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Abstract
Rationale and Objectives—To assess the applicability of a novel macromolecular
polyethylene glycol (PEG)-core gadolinium contrast agent for monitoring early antiangiogenic
effects of bevacizumab using dynamic contrast-enhanced (DCE) magnetic resonance imaging
(MRI).

Materials and Methods—Athymic rats (n = 26) implanted with subcutaneous human
melanoma xenografts underwent DCE-MRI at 2.0 T using two different macromolecular contrast
agents. The PEG core cascade polymer PEG12,000-Gen4-(Gd-DOTA)16, designed for clinical
development, was compared to the prototype, animal-only, macromolecular contrast medium
(MMCM) albumin-(Gd-DTPA)35. The treatment (n = 13) and control (n = 13) group was imaged
at baseline and 24 hours after a single dose of bevacizumab (1 mg) or saline to quantitatively
assess the endothelial-surface permeability constant (KPS, μL·min·100 cm3) and the fractional
plasma volume (fPV,%), using a two-compartment kinetic model.

Results—Mean KPS values, assessed with PEG12,000-Gen4-(Gd-DOTA)16, declined
significantly (P< .05) from 29.5 ± 10 μL·min·100cm3 to 10.4±7.8 μL·min·100 cm3 by 24 hours
after a single dose of bevacizumab. In parallel, KPS values quantified using the prototype MMCM
albumin-(Gd-DTPA)35 showed an analogous, significant decline (P < .05) in the therapy group.
No significant effects were detected on tumor vascularity or on microcirculatory parameters in the
control group between the baseline and the follow-up scan at 24 hours.

Conclusion—DCE-MRI enhanced with the novel MMCM PEG12,000-Gen4-(Gd-DOTA)16 was
able to monitor the effects of bevacizumab on melanoma xenografts within 24 hours of a single
application, validated by the prototype, animal-only albumin-(Gd-DTPA)35. PEG12,000-Gen4-
(Gd-DOTA)16 may be a promising candidate for further clinical development as a macromolecular
blood pool contrast MRI agent.
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Functional and molecular imaging techniques have been examined extensively to define
their potential for monitoring the tumor angiogenesis. Established morphologic assessments
relying on tumor size such as Response Evaluation Criteria in Solid Tumors (RECIST) 1.1
do not have adequate sensitivity for detection of tumor responses to antiangiogenic therapy
in a desirable short time period (1). Data indicate that magnetic resonance (MR) morphology
alone, including size or contrast enhancement, will not be adequate to monitor angiogenesis
treatment (2). Dynamic, contrast-enhanced (DCE) MR imaging (MRI) enhanced with
macromolecular contrast media (MMCM) has been investigated in experimental studies for
monitoring tumor angiogenesis, based on the dependence of endothelial macromolecular
permeability on tissue vascular endothelial growth factor (VEGF) activity. VEGF potently
increases macromolecular permeability whereas inhibition of VEGF, shown with a variety
of antiangiogenesis drugs and cancer models, reduces macromolecular permeability (3–6).
The range of diagnostic utility for MMCM-enhanced MRI in cancer characterization has
been demonstrated in recent years using animal models and the prototypic MMCM albumin-
(Gd-DTPA)35 in differentiating benign and malignant tumors, in grading the degree of
tumor aggressiveness, in detecting early responses to antiangiogenesis drug therapy, and in
use as a predictive biomarker of tumor response (3,7–9). However, albumin-(Gd-DTPA)35 is
considered to be poorly suited for use in humans because of incomplete elimination and
concerns of immunogenicity (10). Hence, new MMCM are being sought that have blood
kinetic properties similar to albumin-(Gd-DTPA)35 and will be appropriate for application in
humans. Among currently investigated macromolecular contrast agents are polymers,
dendrimers, and noncovalent complexes of small molecule agents with proteins including
novel biodegradable compounds such as a polydisulfide with Gd-DOTA monoamide side
chains (11) or triazine dendrimers derivatized with a DOTA or DTPA (12).

The current study advances the evaluation of polyethylene glycol (PEG) core Gd
macromolecular contrast agents, specifically PEG12,000-Gen4-(Gd-DOTA)16, representing
a novel class of macromolecular contrast agents. PEG-core MMCM are designed
specifically for clinical safety in humans, while meeting the physicochemical and
pharmacologic requirements of contrast agents intended for quantitative MRI
characterization of blood vessels (13–15). This initial experimental study was conducted to
investigate the applicability of PEG12,000-Gen4-(Gd-DOTA)16 for monitoring of
antiangiogenic therapy analogous to the established prototype albumin-(Gd-DTPA)35.

Bevacizumab is a humanized monoclonal antibody directed against VEGF-A, a potent
signaling molecule produced by many types of cancer cells. VEGF promotes angiogenesis
known to result in new tumor vessel formation necessary for both exponential growth and
metastasis. Bevacizumab was the first governmentally approved and commercially available
angiogenesis inhibitor in the United States and it remains in approved clinical use for
treatment of colon, lung, kidney, and brain cancers (16). The Food and Drug Administration
decision to revoke bevacizumab approval in breast cancer patients in November 2011 was
mainly based on the circumstance that patients risk potentially life-threatening side effects
without definite proof that bevacizumab will provide a benefit, such as delay tumor growth,
that would justify those risks (17). This underscores the need in health care to identify
clinically feasible, quantitative, cost-effective, and reliable methods to characterize tumor on
an individual patient basis (18). An imaging-based technique capable of monitoring
angiogenesis inhibition on an individual patient basis could find widespread application in
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the management of patients with breast cancer or other neoplastic diseases. The technique
ideally should indicate efficacy of therapy both quickly and, in the case of drugs, after only a
single test administration.

We therefore hypothesized that DCE-MRI enhanced with the novel PEG-core MMCM is
able to assess the early antiangiogenic effects of bevacizumab on experimental melanoma
xenografts 24 hours after a single dose, compared to an established, animal-only prototype
MMCM, albumin-(Gd-DTPA)35. The purpose of our study was to investigate if significant
changes in tumor endothelial permeability or tumor vascularity induced by bevacizumab can
be assessed with PEG12,000-Gen4-(Gd-DOTA)16 and compare the results to albumin-(Gd-
DTPA)35 for validation purposes.

Materials and Methods
Animal Model

Experiments were conducted in accordance with guidelines for the care and use of
laboratory animals as described by the National Institutes of Health and were approved by
the institutional animal care committee. A total of 26 athymic rats (Hsd: RH-Foxn1rnu,
Harlan, Indianapolis, Indiana) were implanted with subcutaneous melanoma xenografts
(MDA-MB-435) over the right abdominal flank, randomized to the therapy (n = 13) or the
control group (n = 13), and imaged by DCE-MRI at 2.0 T. In the treatment and control
group, seven subjects were investigated by PEG12,000-Gen4-(Gd-DOTA)16-enhanced MRI;
in six subjects, MRI was enhanced with albumin-(Gd-DTPA)35. All rats were imaged twice,
at baseline and 24 hours after a single intraperitoneal dose of bevacizumab (1 mg) or a
volume-equivalent injection of saline. DCE-MRI enhancement data were analyzed using a
two-compartment kinetic model, described in detail elsewhere (19), to generate quantitative
estimates of the endothelial-surface permeability constant (KPS) (μL·min·100 cm3) as a
parameter of vascular permeability, and the fractional plasma volume (fPV, %) as a
parameter of tumor vascularity.

Contrast Media
Seven bevacizumab-treated and seven control subjects received the PEG-cascade polymer
PEG12,000-Gen4-(Gd-DOTA)16 (Fig 1) with an effective molecular weight of 194 kDa and
a T1-relaxivity (mM−1s−1) of 9.9 (at 10 MHz and 37°C) (13–15,20) by standardized fast
manual bolus injection via a tail vein catheter at a dose of 0.04 mmol Gd/kg body weight.
The remaining 12 subjects were imaged using the prototype MMCM albumin-(Gd-
DTPA)35, synthesized in our laboratory following the methods of Ogan et al (21). This
prototype MMCM has an effective molecular weight of a 180 kDa, a T1-relaxivity of 11
mM−1s−1/Gd ion and 385 mM−1s−1/Gd albumin core, was administered at a dose of 0.03
mmol Gd/kg body weight. Blood half-lives for PEG12,000-Gen4-(Gd-DOTA)16 and for
albumin-(Gd-DTPA)35 were was 49 ± 6 minutes and 54 ± 11 minutes, respectively (14).

PEG Core MMCM Synthesis
PEG diols (the form of PEG with two hydroxyl terminal groups) having near-uniform size
(polydispersity index < 1.05) and molecular weights of 12,000 Da were used as starting
materials (Nektar Therapeutics, Huntsville, Alabama). The PEG diols were converted to the
bisamine, followed by a multistep divergent dendrimer synthesis based on the PEG bisamine
conducted using N2, N6-di-t-butyloxycarbonyl (Boc) L-lysine as the repeating unit via t-
Boc peptide chemistry. Specifically, four cycles (eight steps) were needed for the synthesis
of generation-4 dendrimers. PEG12,000-Gen4-(Gd-DOTA)16 has 32 amino groups, in
theory, available for conjugation. For these synthesized polymeric amines, the difference
between the measured and theoretical number of amino groups was found to be <5%.
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Polymeric amines were then conjugated in N,N-dimethylformamide with the
monofunctionalized, amino-reactive, succinimidyl ester of tri-t-butyl DOTA-MeGly,
synthesized from its carboxy precursor. The resulting polymer-DOTA conjugates were then
treated with 1:1 trifluoroacetic acid/water to remove the protecting t-butyl groups, and then
complexed with Gd ions at pH 5. After further purification by dialysis the PEG-core
dendrimeric contrast agent PEG12,000-Gen4-(Gd-DOTA)16 was obtained. The purity of the
final MMCM product was confirmed by size-exclusion HPLC (>99.9%) and formulated as a
20 mM Gd solution and sterile-filtered twice.

Dynamic MRI
For both contrast media, MRI was performed using an Omega CSI-II system operating at
2.0 Tesla (Bruker Instruments, Fremont, California). The system is equipped with Acustar
S-150 self-shielded gradient coils. Rats were placed within a custom-built, birdcage
radiofrequency coil (length 7.6 cm, inner diameter 4.5 cm) in the supine position. A series of
nine precontrast T1-weighted inversion recovery centric-ordered fast gradient-recalled echo
images (repetition time/echo time = 6.0/1.5 milliseconds, NA = 1, flip angle α = 10°, matrix
64 × 64 field of view 50 × 50 mm, slice thickness = 3 mm), with TI varying between 100
and 2500 milliseconds, were obtained to calculate baseline relaxation rates (R1) for tumor in
each animal by curve fitting (22). Because the inversion recovery snapshot fast low-angle
shot method is inadequate for measuring the R1 of flowing blood, the baseline R1 in the
inferior vena cava was taken to be 0.752 seconds−1, which is the mean blood R1 in rats at
37° C and 2 Tesla measured in more than 200 previous specimens (8). Dynamic MRI was
performed using a T1-weighted three-dimensional spoiled gradient refocused sequence
acquiring two precontrast and 28 postcontrast images with high spatial resolution and
repetition time = 50 ms, echo time = 3 ms, NA = 1, flip angle (α) = 90°, matrix = 128 × 128
× 16, field of view = 50 × 50 × 48 mm, slice thickness = 3 mm, acquisition time 1 minute,
42 seconds, per image.

Data Analysis
A Sun Sparc 10 workstation (Sun Microsystems, Mountain View, California) with MR
Vision Software (MR Vision Co., Winchester, Massachusetts) was used to process and
analyze the acquired image data. Regions of interest signal intensity measurements were
acquired over the blood in the inferior vena cava and the tumor periphery at each time point.
The tumor periphery was defined as the outer 2-mm rim of the whole tumor, shown in
previous studies to be a sensitive tumor zone in which to evaluate the effects of angiogenesis
inhibitors on vital tumor tissue (23). Post-contrast R1 values were calculated based on the
measured signal intensities and the calculated values of precontrast R1 based on the
inversion recovery data. Differences between the precontrast and post-contrast R1 values
(ΔR1) in blood as well as in tumor tissue were assumed to be directly proportional to the
concentration of gadolinium in the tissue. Estimates of the KPS (μL·min·100 cm3) and the
fPV (%) were calculated based on kinetic analysis of the ΔR1 data. Briefly, a
monoexponential function was used to fit the blood ΔR1 data, serving as a forcing function
for the two-compartment, unidirectional kinetic model used to fit the tumor ΔR1 data. Both
blood and tissue models were fit to the data concurrently using the SAAM II software
(SAAM Institute, Seattle, Washington), which employs a weighted, nonlinear least-squares
estimation algorithm. Measurement errors in the ΔR1 data were assumed to be independent
and Gaussian, with zero mean and fractional standard deviation (SD) known within a scale
factor determined from the data. Weights were optimally chosen (ie, equal to the inverse of
the variance of the measurement error). The precision of the parameter value estimates was
determined from the covariance matrix at the least-squares fit. For statistical analysis,
comparison of MMCM-based estimates for KPS and fPV was performed using one-way
analysis of variance. Statistical significance was defined as P < .05. All statistical testing
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was performed using the GraphPad Prism software (GraphPad software, San Diego,
California).

Results
Contrast agents were well tolerated in all animals without adverse effects noted during the
course of the experiment. Mean tumor volume at baseline in the therapy group was 826 ± 35
mm3, in the control group 797 ± 26 mm3, measured in three dimensions by caliper, with no
significant effects on tumor size within the short 24-hour course of the experiment.
Individual values for MRI-estimated parameters of tumor microcirculation are presented in
Table 1 and Figure 2. Theoretical and measured effective molecular weights (MW), T1
relaxivities, and blood half-lives for PEG12,000-Gen4-(Gd-DOTA) and albumin-(Gd-
DTPA)35 are presented in Table 2.

DCE-MRI Enhanced With PEG12,000-Gen4-(Gd-DOTA)16

In the bevacizumab-treated therapy group imaged with PEG12,000-Gen4-(Gd-DOTA)16, the
KPS declined significantly (P < .05) from baseline to 24 hours after a single dose of
bevacizumab (29.5 ± 10.4 μL·min·100 cm3 to 10.4 ± 7.8 μL·min·100 cm3). Using the same
PEG core MMCM, no significant change in KPS was observed in the control group between
baseline and 24-hour measurements (41 ± 34 μL·min·100 cm3 vs. 35 ± 14 μL·min·100 cm3).
No significant change in tumor vascularity was detected over 24 hours for either the
bevacizumab- or the saline-treated tumors (fPV%, bevacizumab group: 3.1 ± 1.6% vs. 3.6 ±
1.4%, P > .05, saline group: 4.5 ± 13 % vs. 4.2 ± 1.1 %, P > .05). A representative set of
PEG-enhanced DCE-MRI images is shown in Figure 3.

DCE-MRI Enhanced With Albumin-(Gd-DTPA)35

DCE-MRI in bevacizumab-treated tumors enhanced with albumin-(Gd-DTPA)35 revealed a
significant reduction(P < .05) of KPS between baseline and 24 hours (32 ± 15 μL·min·100
cm3 to 0 μL·min·100 cm3), in agreement with the declining endothelial permeability in the
bevacizumab-treated tumors imaged with PEG12,000-Gen4-(Gd-DOTA)16. Of note, in the
experiment using albumin-(Gd-DTPA)35, endothelial permeability dropped below detection
level in all seven investigated tumors (KPS at 24 hours = 0 μL·min·100 cm3). No significant
effects were detected on endothelial permeability in control groups or on tumor vascularity
in the therapy or the control group (P > .05). A representative set of DCE-MRI images
enhanced with albumin-(Gd-DTPA)35 is shown in Figure 4.

Discussion
With increasing clinical application of novel molecular cancer therapies, such as inhibitors
of angiogenesis, functional and molecular imaging modalities are increasingly
complementing established morphological imaging. These techniques, such as RECIST 1.1,
have been shown to be not sufficiently sensitive for timely monitoring of therapy (1).
However, the use of DCE-MRI does allow for the noninvasive investigation of functional
parameters of tissue microcirculation that may be applicable as imaging biomarkers of
therapy response to anti-angiogenic therapies (24). Additionally, novel developments in
molecular imaging including nanosized contrast agents and theranostic agents increasingly
allow for the characterization of the tumor microenvironment on a cellular level with options
for dedicated drug delivery (25–27). Published studies on the applicability of DCE-MRI
with clinically available small-molecular contrast medium (molecular weight <1 kDa) for
monitoring angiogenesis and anti-angiogenic therapies reveal controversial results with
regard to the pathophysiologic correlate and validity of the assessed noninvasive parameters
of microcirculation (28,29). Additionally, a lack in standardization of acquisition and
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postprocessing protocols (30) may be in part responsible that some investigators had
difficulties to duplicate each others' results (31). Alternatively, macromolecular contrast
media (molecular weight >60 kDa) have been proposed for monitoring antiangiogenic
treatment because they follow a primarily intravascular distribution profile with a
pronounced extravasation through the hyperpermeable endothelium of angiogenically active
tissues under VEGF stimulation, allowing for a sensitive assessment of angiogenic activity
in tumors (29,32).

Results of our study show that PEG12,000-Gen4-(Gd-DOTA)16 and albumin-(Gd-DTPA)35
perform in similar fashion in the monitoring of antiangiogenic effects of bevacizumab using
DCE-MRI. The novel MMCM PEG12,000-Gen4-(Gd-DOTA)16, based on a linear backbone
of PEG, with an effective MW in the range of circulating proteins, can be applied to assess
the therapeutic response to a single dose of the VEGF antibody bevacizumab in human
melanoma xenografts in rats using DCE-MRI. A statistically significant (P < .05) reduction
in KPS to the macromolecular contrast agent PEG12,000-Gen4-(Gd-DOTA)16 was
detectable only 24 hours after administration of the VEGF-inhibiting drug. Our current
results are in line with a published study (14) investigating DCE-MRI enhanced with PEG,
gadolinium-based contrast media of different molecular weights, including PEG12,000-
Gen4-(Gd-DOTA)16, in subcutaneous tumor xenografts and healthy tissues that showed a
significantly stronger extravasation of PEG12,000-Gen4-(Gd-DOTA)16 molecules was
present in angiogenically active tumor tissue than in angiogenically less active muscle. This
finding may also reflect the significantly reduced extravasation of PEG12,000-Gen4-(Gd-
DOTA)16 molecules in the investigated melanoma xenografts following angiogenesis
inhibition with bevacizumab. PEG core MMCM, which contain numerous covalently bound
stable, macrocyclic chelates of gadolinium, were designed specifically for clinical safety
while retaining physicochemical and pharmacologic properties essential for quantitative MR
vascular imaging (15). All the individual components of the assembled PEG-based MMCM
including the polymeric PEG core, terminal amino cascade functions, and DOTA chelates of
gadolinium are previously shown to be well-tolerated in humans and each single component
is currently approved for clinical application (14,15).

Corresponding to the experiments with PEG12,000-Gen4-(Gd-DOTA)16, a statistically
significant reduction of KPS was observed using albumin-(Gd-DTPA)35. Of interest, each of
the seven melanoma xenografts investigated with albumin-(Gd-DTPA)35 showed a decline
of tumor endothelial permeability below the detection level 24 hours after the administration
of bevacizumab. The degree of the vascular response varied for both investigated MMCM
with the specific tumor with pre- versus post-KPS differences ranging from zero (no change)
to 100% declines in response to bevacizumab treatment. This demonstration of a variable
but gradable response can be anticipated based on the recognized variability in cancer
biology and in drug responsiveness for individual tumors: even cancers with similar
histopathology can differ widely in behavior and VEGF expression (32). The specific
biology that underlies the application of macromolecular probes to assess the angiogenesis
process is that permeability to macromolecular solutes is a direct indication of the activity of
VEGF. VEGF is the highly potent signaling molecule that plays a central role in the
angiogenesis process. VEGF, also known as vascular permeability factor, increases the in-
growth of new cancer microvessels, while simultaneously increasing macromolecular
permeability as much as 50,000 times more strongly than histamine (33). Inhibition of
VEGF, shown with an array of antiangiogenesis drugs and in multiple cancer types, reduces
macromolecular permeability (3–6,14,32). With regard to tumor vascularity, neither
PEG12,000-Gen4-(Gd-DOTA)16 nor albumin-(Gd-DTPA)35 showed a significant change of
fractional plasma volume following bevacizumab treatment in the therapy group or from the
administration of saline in the control group.
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Unlike the PEG core MMCM design, albumin-(Gd-DTPA)35 was never intended for human
use because of concerns for immune-mediated toxicity and limited stability of the DTPA
chelate for gadolinium. The current study extends earlier encouraging results produced with
the use of albumin-(Gd-DTPA)35 by demonstrating the applicability of a class of novel
MMCM based on a linear core of PEG with numerous macrocyclic DOTA chelates of
gadolinium attached to both ends. The molecular design takes advantage of the known
clinical safety and high water solubility of PEG combined with the high thermodynamic
stability and demonstrated safety of the DOTA-Gd complex to yield the desired large
molecular configuration to mimic the vascular permeability and distribution behavior of
human proteins (14,15).

Our study results are limited in several aspects. Only one tumor type was examined in a
heterotopic, subcutaneous rat model with potentially altered tumor physiology. Only one
inhibitor of angiogenesis, the VEGF-antibody bevacizumab, was examined at one
posttreatment time point (24 hours) and only one comparison contrast agent (albumin-[Gd-
DTPA]35) was included. Earlier time points were not tested in this study, but may also have
been able to show a permeability response. By necessity, the subject population was limited
to animals. Pending future governmental approval of MMCM for human use, a similar study
in patients could evaluate possible advantages of macromolecular MRI contrast media for
monitoring antiangiogenic therapy in a clinical setting.

In conclusion, the novel macromolecular contrast agent PEG12,000-Gen4-(Gd-DOTA)16,
based on PEG and developed for clinical development, was successfully applied for
monitoring the early antiangiogenic effects of bevacizumab in a human melanoma model in
rats using DCE-MRI. Validation experiments using the established prototype MMCM
albumin-(Gd-DTPA)35 revealed a comparable performance for both macromolecular
compounds in the investigated experimental setup. Current study results support the
hypothesis that DCE-MRI enhanced with the innovative macromolecular contrast medium
PEG12,000-Gen4-(Gd-DOTA)16 could be a valuable tool to individually tailor
antiangiogenesis drug treatment. Similarly, the same MRI technique could help to
individualize decisions on dosage and optimal timing for drug administration.
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Figure 1.
Schematic chemical structure of the polyethylene glycol (PEG) core dendrimeric contrast
agent PEG12,000-Gen4-(Gd-DOTA)16. This new class of macromolecular contrast medium
consists of a linear PEG core and two peripheral lysine-dendrimer amplifiers, which are
conjugated, with multiple highly stable Gd-DOTA chelates serving as signal enhancing
groups in magnetic resonance imaging. PEG12,000-Gen4-(Gd-DOTA)16, being extremely
hydrophilic and bulky, creates a water shield around the polymer, making the effective size
(molecular weight [MW] = 194 kDa) much greater than indicated by the actual MW (27
kDa).
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Figure 2.
Line graphs depict the development of individual values for polyethylene glycol 12,000-
Gen4-(Gd-DOTA)16 for tumor endothelial permeability and tumor vascularity from baseline
to follow-up (24 hours) in the therapy and the control groups. Note the decline of
endothelial-surface permeability constant (KPS) after a single intraperitoneal dose of 1 mg
bevacizumab in the therapy group as well as the omnidirectional development of KPS in the
control group. No significant effects on tumor vascularity were noted in the therapy or in the
control groups.

Cyran et al. Page 11

Acad Radiol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
(a-j). Representative set of T1-weighted spoiled gradient dynamic magnetic resonance
images enhanced with the candidate polymer macromolecular contrast medium polyethylene
glycol 12,000-Gen4-(Gd-DOTA)16 precontrast and 2, 5, 10, 15, 20, 25, 30, 40, 50, and 60
minutes after injection. Note the enhancement of the human cancer xenograft over the left
lateral flank (arrowhead), most prominent in the tumor periphery, as well as the strong and
time persistent enhancement of the inferior vena cava (arrow) as it passes through the rat
liver.
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Figure 4.
(a-j). Representative set of T1-weighted spoiled gradient dynamic magnetic resonance
images enhanced with the prototype macromolecular contrast medium albumin-(Gd-
DTPA)35 precontrast and 2, 5, 10, 15, 20, 25, 30, 40, 50, and 60 minutes after injection.
Note the enhancement of the human cancer xenograft over the left lateral flank (arrowhead),
most prominent in the tumor periphery, as well as the strong and time persistent
enhancement of the inferior vena cava (arrow) as it passes through the rat liver.
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