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Purpose: To prospectively predict the effectiveness of a clinically
used nanochemotherapeutic agent by detecting and mea-
suring the intratumoral uptake of an x-ray contrast agent
nanoprobe by using digital mammography.

Materials and
Methods:

All animal procedures were approved by the institutional
animal care and use committee. A long-circulating 100-
nm-scale injectable liposomal probe encapsulating 155
mg/mL iodine was developed. Preliminary studies were
performed to identify the agent dose that would result in
adequate tumor enhancement without enhancement of the
normal vasculature in rats. This dose was used to image a
rat breast tumor (n � 14) intermittently for 3 days by
using a digital mammography system; subsequently, the
animals were treated with liposomal doxorubicin. The pre-
dictive capability of the probe was characterized by creat-
ing good- and bad-prognosis subgroups, on the basis of
tumor enhancement found during imaging, and analyzing
the tumor growth after treatment of the animals in these
two subgroups.

Results: A dose of 455 mg of iodine per kilogram of body weight
was found to produce an undetectable signal from the
blood while achieving enough intratumoral accumulation
of the probe to produce adequate signal for detection. The
good- and bad-prognosis subgroups demonstrated differ-
ential tumor growth rates (P � .003). An inverse linear
relationship between the contrast enhancement rate con-
stant during imaging and the tumor growth rate constant
during treatment was found (slope � �0.576, R2 �
0.838).

Conclusion: In this animal model, quantitative measurement of vascu-
lar permeability enabled prediction of therapeutic respon-
siveness of tumors to liposomal doxorubicin.
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Nanoscale therapeutic interventions
are increasingly important ele-
ments of cancer therapy (1,2).

Nanoparticles (3,4) can be effective de-
livery vehicles for toxic chemotherapeu-
tic drugs, increasing delivery efficiency
to the targeted tumor while reducing
off-target delivery (5). Liposomal an-
thracyclines were the first nanothera-
peutic agents to be approved for clinical
use as the first line for treatment of
AIDS-related Kaposi sarcoma and re-
lapsed ovarian cancer (6) and are under
investigation in numerous clinical trials
(128 active studies) for treatment of
many types of cancer, especially breast
cancer, which accounts for 41 active
clinical trials (7).

In addition to the cytotoxic effect
of the drug at the molecular level, the
success of systemically delivered
nanotherapeutic agents for solid tu-
mors is critically dependent on the ac-
cess that these agents have to tumors
through the so-called leaky vascula-
ture of the tumor microvasculature
network. This network consists of an

immature blood microvessel system,
with hypervascularization, abnormal
vascular architecture, increased leak-
age through the vessel wall, and lack
of lymphatic drainage (8,9). Nanopar-
ticles preferentially accumulate in
solid tumors by means of passive con-
vective transport through leaky endo-
thelium (extravasation) that is caused
by pores varying from approximately
100 to 800 nm (10–12). The phenom-
enon is termed the enhanced perme-
ation and retention effect. To date to
our knowledge, there exist no clinical
tools to determine whether tumor
blood vessels are permeable to nano-
particles in this fashion. For instance,
the current clinical protocols for lipo-
somal doxorubicin consist of a stan-
dard dose every 3–4 weeks (13). No
prior knowledge of tumor vessel sta-
tus, especially leakiness, is taken into
account for the dose scheduling. How-
ever, it is well known that the degree of
tumor vasculature leakiness differs not
only among same-type tumors but even
spatially in the same tumor (14–16).

Our purpose was to prospectively
predict the effectiveness of a clinically
used nanochemotherapeutic agent by
detecting and measuring the intratu-
moral uptake of an x-ray contrast agent
nanoprobe by using digital mammogra-
phy.

Materials and Methods

The contrast agent formulation used in
this study is similar to one that has
been licensed to a start-up company,
Marval Biosciences (Houston, Tex),
founded by two authors (A.V.A. and
R.V.B.).

Fabrication of the Nanoscale X-ray Probe
A highly concentrated iodine solution
(650 mg of iodine per milliliter) was
prepared by dissolving iodixanol pow-
der (lyophilized from Visipaque 320;
GE Healthcare, Milwaukee, Wis) in
pure water, with stirring and heating
at 70°C. The rest of the procedures
(E.K., with 7 years of experience in
nanoparticle fabrication) were similar
to those described previously (17).
The liposomal probe contained 72
mg/mL of lipids and 155 mg/mL of
iodine, and 100% of the iodine was
encapsulated within the liposomes.
The mean diameter of the liposomes
was 96 nm (standard deviation, 8 nm),
a size known to prevent renal clear-
ance. An in vitro leakage experiment
against isotonic phosphate-buffered
saline exhibited very low leakage of
the encapsulated iodine (�5% of the
initial payload) during 3 days.

Animal Model
All animal procedures were approved
by the institutional animal care and use
committee at Georgia Institute of Tech-
nology, Atlanta, Ga. Our study took
place from February 15, 2007, to De-
cember 10, 2007. A 0.2-mL aliquot con-
taining 106 cancer cells (13762 MAT B
III cell line; American Type Culture Col-
lection, Manassas, Va), a mammary ad-
enocarcinoma, was subcutaneously in-
jected into the right flank of 53 8–9-
week-old female Fisher rats (Harlan,
Indianapolis, Ind). Caliper measure-
ments were used to estimate tumor size,
and the tumor volume, Vtum, was calcu-
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Advances in Knowledge

� Imaging studies of a rat breast
tumor model by using a clinical
digital mammography system re-
sulted in identification of a dose of
a long-circulating 100-nm-scale
liposomal probe containing a high
concentration of iodinated con-
trast agent (155 mg/mL) that pro-
duced undetectable signal from
the blood while the accumulation
of the agent in the tumor pro-
duced adequate signal for detec-
tion.

� Imaging of the extravascular in-
tratumoral accumulation of the
nanoprobe allowed detection and
quantification of the tumor vascu-
lar permeability, which varied
among animals.

� The imaging measurements of the
tumor vascular permeability to
the nanoprobe allowed prediction
of the effect of a subsequent treat-
ment with liposomal doxorubicin
of similar composition and parti-
cle size as the nanoprobe.

Implication for Patient Care

� An a priori determination of the
extent of tumor vascular perme-
ability to nanoparticle-based ther-
apy can facilitate personalized
therapy and spare potential non-
responders from the rigors of a
chemotherapeutic regimen.
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lated as follows: Vtum � (d1
2 � d2)/2,

where d1 and d2 are the minimum and
maximum diameters (E.K., with 6 years
of experience in animal handling and
procedures).

X-ray Imaging
Imaging was performed by using a
clinical digital mammography system
(Senographe 2000D; GE Healthcare)
(S.S. and I.S., with 10 and 6 years of
experience in medical physics, respec-
tively). To maximize the number of pho-
tons with energies above the k edge of
iodine (approximately 33.2 keV) (18),
imaging was performed at 49 kVp and
63 mAs by using a rhodium target and
the available 25-�m-thick rhodium fil-
ter, with an added 0.254-mm-thick cop-
per filter (19). The resultant x-ray spec-
trum was estimated by using a simula-
tion program (XSPECT; Henry Ford
Health Systems, Detroit, Mich), which
uses semiempirical models (20).

To estimate the radiation dose to
the animals during imaging, a previously
validated Monte Carlo simulation for
dosimetry studies (21) was modified to
include a simplified version of the ani-
mal geometry (I.S.). In the simulation, a
rat was represented as a 10-cm-long cyl-
inder of water with a 4-cm diameter. To
estimate the dose to the cylinder from
the x-ray spectrum used in the imaging
studies, the Monte Carlo simulation
was performed repeatedly with mono-
chromatic x-rays with energies from
20 to 49 keV in 0.5-keV steps. To
achieve the necessary statistical accu-
racy, 1 million photons per energy
level were simulated. The monochro-
matic results were combined with the
x-ray spectrum obtained with the sim-
ulation program by using the method
described by Boone (22).

Preliminary Dose Study
Initially, pilot imaging sessions were
performed to determine the appropri-
ate dose of the probe that would result
in appropriate tumor enhancement with
no detectable enhancement of the vas-
culature in rats. For this task, 16 ani-
mals were injected with the probe at
doses that resulted in iodine concentra-
tions in the blood that ranged from 6 to

20 mg/mL, with 2 mg/mL intermediate
steps (two animals per dose), and were
subsequently imaged at times of 0.5, 1,
5, and 10 minutes and of 24, 72, and
120 hours. From the acquired images,
the dose threshold level above which
the vasculature was not highlighted was
identified with visual inspection by two
reviewers in consensus (E.K., S.S.).

Effectiveness Prediction Study
At day 6 after tumor inoculation (tu-
mor volume, approximately 300
mm3), 14 animals were imaged before
(0 minutes) and at defined times after
(2 and 30 minutes and 24 and 72
hours) intravascular injection of the
probe at the dose identified in the pre-
liminary dose study. As a control for
the imaging portion of the study, six
animals that were also inoculated with
the tumor but received an injection
with 0.5 mL of saline only were im-
aged at the same times. Immediately
after the last imaging session (at day 9
after tumor inoculation), the animals
received an intravascular injection
with liposomal doxorubicin at a dose
of 10 mg/kg doxorubicin. As a control
for the treatment portion of the study,
15 animals that underwent the same
tumor inoculation and probe injection
at the same times as the study group
did not receive an injection with lipo-
somal doxorubicin. Liposomal doxoru-
bicin was prepared by following estab-
lished methods (23). The tumor
growth in each animal was monitored
every day by using caliper measure-
ments. The maximum size that tumors
were allowed to grow was 3 cm. When
the tumor reached 3 cm in diameter or
when animals showed any signs of
pain, prostration, labored breathing,
sunken eyes, any skin ulcers, emacia-
tion or anorexia, the animals were im-
mediately euthanized by using a CO2

chamber. Otherwise the animals were
euthanized 21 days after tumor inocu-
lation.

Image Analysis
The sequential image acquisitions pro-
vided the dynamics of the probe’s in-
tratumoral accumulation over time.
The gray levels were measured in raw

data (Digital Imaging and Communica-
tions in Medicine format) by using
software (ImageJ; National Institutes
of Health, Bethesda, Md). An ellipsoid
region of interest was used for the
measurements surrounding the entire
tumor lesion (E.K.), and the average
value of the gray levels in the region of
interest was used as the tumor en-
hancement. Because mammography is
not a tomographic modality, the ob-
served tumor enhancement repre-
sents the summation of the absolute
enhancement caused by the contrast
agent and the enhancement of overly-
ing tissue structures. To normalize
with respect to the overlying tissues,
relative enhancement was computed
by subtracting the enhancement value
before contrast agent administration
(time, 0 minutes) from the enhance-
ment value after contrast agent admin-
istration (time, �0 minutes). Tumors
that presented a relative enhancement
of less than 50 digital units on the
24-hour postinjection image were as-
signed to the bad-prognosis subgroup,
whereas tumors with a relative en-
hancement of 50 digital units or more
were assigned to the good-prognosis
subgroup.

As a control, the relative enhance-
ment of a normal section of tissue was
also measured on each image by select-
ing a region of interest that included
only soft tissue and completely excluded
the tumor (E.K.). The relative enhance-
ment of this region of interest was com-
puted by using the same methods as
those described for computing the rela-
tive enhancement of the tumor.

For enhanced visibility of the images
for publication, the radiographic images
were histogram matched and sharp-
ened by using unsharp masking. Both
processes were performed by using the
software. This processing was per-
formed for display of the images only;
the quantitative analysis was performed
with the original unprocessed images.

Immunohistochemical Analysis and
Histologic Evaluation of Explanted Tumors
For histologic examination, animals
(n � 2) were injected at day 6 with the
probe (455 mg of iodine per kilogram of
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body weight) tagged with rhodamine.
At 48 hours after injection, the animals
were euthanized and the tumors were
explanted. To visualize the tumor mi-
crovasculature, the tissue slices were
immunohistochemically stained for the
specific endothelial antigen CD31 (BD
Biosciences Pharmingen, San Diego,
Calif). The tissues also were stained
with the nuclear stain 4�,6-diamidine-2-
phenylindole. The staining procedures
followed established methods (24). The
tumor sections were imaged at �10
with a microscope (Eclipse 80i; Nikon,
Melville, NY) upright by using a
charged-coupled device camera (Mi-
crofire; Optronics, Golate, Calif) that
interfaced with the software (Neurolu-
cida; MicroBrightField Bioscience, Wil-
liston, Vt) to obtain a montage of each
section. The histologic analysis was per-
formed to verify the presence of ex-
travascular intratumoral accumulation
of the probe and its location with re-
spect to the tumor vasculature (E.K.).

Data and Statistical Analysis
To determine the significance of the
gray-level variation and tumor volumes
among the various animal groups at dif-
ferent times, one-way analysis of vari-
ance with the post hoc Bonferroni test
was performed (SPSS 15 for Windows;
SPSS, Chicago, Ill). A P value of less
than .05 was used to confirm significant
differences at the 95% confidence level.
The Anderson-Darling test was per-
formed to verify that the data followed a
normal distribution. The tumor en-
hancement profiles and tumor growth

curves were fitted into an exponential
function (25) by using nonlinear regres-
sion (Levenberg-Marquardt algorithm)
to compute the enhancement rate con-
stant and the tumor growth rate con-
stant, respectively (Polymath 5.0; Poly-
math Software, Willimantic, Conn).
The area under the curve of the signal
enhancement profiles was estimated by
using the Gauss-Legendre orthogonal
polynomial approximation. The correla-
tion between the signal enhancement
and the tumor growth rate was deter-
mined by using linear regression. Be-
sides the Pearson product moment cor-
relation, the correctness of the model
was evaluated by examining the plots of
the residuals and other statistical tests
(SPSS 15 for Windows; SPSS).

Results

Imaging by Using a Clinical
Mammography System
Figure 1 shows the modeled x-ray spec-
trum that resulted from the tube voltage
and filter settings and the addition of the
copper filter. With these operating con-
ditions, the animal received an esti-
mated radiation dose of 0.39 mGy per
imaging session. In the pilot imaging
sessions in which animals were injected
with different doses of the probe, the
threshold level for visualization of blood
vessels was approximately 12 mg of io-
dine per milliliter in the blood (or a dose
of 800 mg of iodine per kilogram).

For instance, although no vessels
were visible before injection, they be-

came clearly visible in normal tissue and
at the tumor 1 minute after injection of
the probe at a dose of 1344 mg of iodine
per kilogram, producing a concentra-
tion of approximately 20 mg of iodine
per milliliter in blood (Fig 2). To elimi-
nate signal from the blood vessels and
probe the extravasation into the tumor,
the dose selected for imaging after con-
trast agent administration was 455 mg
of iodine per kilogram, producing a con-
centration of approximately 7 mg of io-
dine per milliliter in blood, a concentra-
tion less than the threshold level for de-
tection of iodine in the blood. This
allowed detection of the extravasated
nanoprobes as early as 24 hours after
injection, with no interference from the
vascular signal (Fig 3). On the images
obtained after injection, no blood ves-
sels were visible in the normal tissue,
whereas enhancement of the spleen,
liver, and tumor could be clearly seen.
Spleen and liver enhancement is consis-
tent with clearance of liposomes via the
reticuloendothelial system. Figure 4
shows two examples of how tumors
were enhanced by the extravasated
probe. The spatial and temporal vari-
ability of this enhancement, suggesting
that each tumor had different tumor
vasculature leakiness, could be clearly
seen.

Histologic Evaluation of Extravasated
Probe Tumor Distribution
The tumor was characterized by a
highly vascularized peripheral rim and
an internal core with low vasculariza-
tion. The extravasated liposomes were
localized in the well-vascularized pe-
riphery of the tumor in a patchy distri-
bution (Fig 5).

Tumor Imaging
During the 3-day time of imaging, some
tumors exhibited a rapid and substantial
increase of enhancement, whereas other
tumors showed a slow and low increase
(Fig 6). Overall, the tumor enhance-
ment displayed a variation among the
animals, with the standard deviation of
55 digital units representing 50% of the
mean value of 110 digital units 3 days
after injection (Fig 6b). Although the
tumor displayed substantial enhance-

Figure 1

Figure 1: Graph shows estima-
tion of 49-kVp rhodium/rhodium
(0.025 mm of rhodium) x-ray
spectrum with added 0.254-mm
copper filter, according to simula-
tion program.
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ment, no enhancement was observed in
normal tissues, confirming that the
nanoprobe levels in the blood were be-
low the detectable threshold level by
using mammography. In contrast, tu-
mors in the control group of rats that
did not receive a contrast agent re-
mained unenhanced, implying that no
endogenous changes of the tumor tissue
contributed to the enhancement.

Quantifying Treatment Effectiveness as a
Function of Probe Extravasation
Liposomal doxorubicin slowed the
progress of the tumor, displaying sig-
nificant effectiveness 3 days after ini-
tiation of treatment, comparing con-
trol with treated groups (Fig 6c, 6d).
The tumor response exhibited a vari-
ation, reflected by the tumor growth
curve having standard deviations
ranging from 10% to 35% of the mean
value. Higher uptake of the probe by
the tumor, indicating leakier vascula-
ture, was associated with a slower tu-
mor growth rate, suggesting a better
therapeutic outcome with liposomal
doxorubicin. Although the tumors of
five animals grew marginally, the rest
of the animals had to be euthanized

Figure 2

Figure 2: Whole-body images in rat with breast tumor in right flank obtained by using clinical digital mam-
mography system. Left: Before administration of high dose (1344 mg of iodine per kilogram) of probe. Right:
At 1 minute after. Administration resulted in vasculature visualization of tumor site and normal tissues.

Figure 3

Figure 3: X-ray images display 5-day intratumoral fate of probe in rat breast tumor model before and 24, 72, and 120 hours after administration of probe at dose of 455
mg of iodine per kilogram. After injection, images showed that no blood vessels were visible in normal tissue; spleen, liver, and tumor were clearly seen.
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vascularized tumor xenografts have
shown substantial variation in intratu-
moral accumulation and antitumor ef-
fects (26–30). Besides animal studies,
the biodistribution of radiolabeled li-
posomes was studied in cancer pa-
tients, showing a considerable hetero-
geneity of the liposomal intratumoral
deposition between different cancer
types and between patients with the
same tumor type (31). However, no
attempt was made in that study to cor-
relate the efficiency of a subsequent
liposomal doxorubicin treatment.

The variability of the intratumoral
contrast agent uptake captured during

the 3-day imaging sessions provided
an accurate prognosis of the effect of
liposomal doxorubicin on tumor
growth rate. Because the timescale of
extravasation of nanocarriers such as
liposomal doxorubicin to tumors is on
the order of a few days, the 3-day-
imaging–derived enhancement rate
constant correlated well with the tu-
mor growth. The variable tumor re-
sponse to the treatment observed in
our study is consistent with human
breast tumor xenografts in nude mice
treated with liposomal doxorubicin,
where the tumor growth curve had
standard deviations of about 30% of

the mean value (26). The variability of
tumor response to treatment depends
on the type and the status of the tumor
when treatment is initiated. Even in
the aggressive model (32) used in our
study, in which imaging was used to
probe the vascular permeability of a
tumor growing at a fast rate, the prog-
nosis and antitumor effect of liposo-
mal doxorubicin were significantly
correlated.

Consistent with results in earlier
reports (12,27,33), the liposomes
showed a patchy distribution concen-
trated in the periphery of the tumor,
where there is high vascularization,

Figure 6

Figure 6: (a) Three-day pattern of enhancement after injection of probe (455 mg of iodine per kilogram) in rats (n � 14) indicates high variability of tumor leakiness.
(b) Tumor enhancement caused by probe was significantly higher than that of normal tissue, which showed no substantial enhancement. Inset: Region used for measure-
ment of normal tissue. Without administration of probe, tumor lesion of control group of animals (n � 6) showed no substantial enhancement. Data presented as mean �
standard deviation on b and c. (c) Comparison of tumor growth rate of untreated group (n � 15) and group treated with liposomal doxorubicin (n � 14) at day 9 (arrow,
also on d) showed significant difference after day 12. � � P � .005. (d) Tumor in each animal of treated group responded differently to nanotherapeutic agent, as indi-
cated by variable tumor growth curves. Data for control are presented as mean � standard deviation.
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associated with high levels of angio-
genic and permeability factors (34,35).

It is important to note that the goal
of our study was not to induce regres-
sion but to be able to noninvasively
probe the enhanced permeation and re-
tention effect status of a given tumor in
a given animal and to correlate this sta-
tus to the extent of change in tumor
growth rate with administration of sys-
temic nanotherapeutic agents. In this
aggressive tumor model, the protocol to
induce regression of tumor would re-
quire multiple injections of systemic
nanotherapeutic agents, but this re-
quirement would obfuscate the goals of
the study, which were to facilitate non-
invasive probing of the enhanced per-
meation and retention effect status of
tumors to predict the degree of extrav-
asation of systemically administered
nanotherapeutic agents.

A limitation of our study was that
the feasibility of the predictive capabil-
ity of the nanoprobe was demonstrated

in a single-tumor model, although hu-
man cancer as a disease is much more
heterogeneous than one experimental
tumor model in terms of both tumors
and hosts. Further testing in more tu-
mor models is required to fully assess
the value of this approach in clinical
practice.

In summary, the extravasation of
the nanoprobe was probed in a rat
breast tumor by using a clinical mam-
mography unit, and the animals were
subsequently treated with liposomal
doxorubicin of similar composition and
particle size as the probe and as the
clinically used liposomal chemotherapy
to evaluate the predictive effectiveness
of the probe. Imaging allowed the iden-
tification of good-prognosis and bad-
prognosis subgroups prior to treatment.
These subgroups demonstrated differ-
ential tumor growth rates after adminis-
tration of the therapeutic agent. Our
study demonstrates a contrast agent
with the potential of helping to predict

the therapeutic outcome of a clinically
used nanoparticle-based chemothera-
peutic agent. Taking into consideration
the idea that mammography prevails as
the only method of low-cost mass
screening of the general population for
nonpalpable breast cancer, the visual-
ization of the extravascular accumula-
tion of the probe and, at the same time,
the invisibility of the vasculature makes
mammography an attractive noninva-
sive method for prediction of the out-
come of cancer therapy. Finally, in our
study, although planar x-ray imaging en-
abled prognosis by employing a clini-
cally relevant breast cancer imaging mo-
dality, mammography, we hypothesize
that such a strategy would also be possi-
ble with tomographic methods (eg,
computed tomography), yielding fur-
ther insights.

Practical application: Prediction of
systemic liposomal chemotherapeutic
effectiveness with iodinated liposomal
probes and clinical digital mammogra-

Figure 7

Figure 7: (a) Correlation of tumor growth rate constant(Ktumor growth) and
prognostic assessment (enhancement rate constant [Kenhancement] ) was signifi-
cant (R 2 � 0.838; P � .001). On basis of imaging-based prediction, treated
animals were classified as good-prognosis (n � 9) and bad-prognosis (n � 5)
subgroups. (b) Tumor enhancement of two subgroups was significantly differ-
ent. (c) Response of good-prognosis subgroup to chemotherapy was signifi-
cantly better. † and ‡ � P � .0005 and P � .002, compared with control group
and bad-prognosis subgroup, respectively. Bad-prognosis subgroup showed
decreased tumor growth when compared with control group. � � P � .005.
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phy would facilitate personalized treat-
ment of breast cancer.
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