Quantitative MR Imaging Study of Intravitreal Sustained
Release of VEGF in Rabbits
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PURPOSE. To determine whether sustained elevation of vascular endothelial growth factor (VEGF) in
the vitreous cavity causes retinal hyperpermeability [blood–retinal barrier (BRB) breakdown]
before the development of retinal neovascularization (NV) and to document the kinetics of the
integrity of BRB breakdown versus time.
METHODS. Poly(L-lactide-co-glycolide)-based devices loaded with VEGF were implanted intravitreally
in rabbit eyes. Contrast-enhanced magnetic resonance imaging (MRI) methods were used to
identify and quantitate the retinal permeability at various time points after implantation. This was
done with the newly developed MR tracer AngioMARK (Epix Medical, Boston, MA). After the MRI
measurements, fundus photography and fluorescein angiography (FA) also were performed on the
same set of animals.
RESULTS. At 3 days after implantation, the MR images showed a significant retinal leakage into the
vitreous cavity (BRB breakdown) of the VEGF-implanted eyes. To quantitate this leakage, the
permeability surface area product (PS) was measured. At 3 days, the mean PS product was 1.25 ⫾
0.25 ⫻ 10⫺5 cm3/min. Based on the VEGF in vitro release study, this 3-day BRB breakdown
corresponded to a total sustained release of 7.42 ⫾ 0.54 g/ml of VEGF. The fundus and FA
photographs of these VEGF-implanted eyes taken at 4 days after implantation also showed a
considerable level of retinal vascular dilation and tortuosity. By 12 days after implantation, the mean
PS product decreased to 5.83 ⫾ 1.38 ⫻ 10⫺6 cm3/min. However, the retinal NV was observed only
after the second week after implantation. By this time, a total of 10.70 ⫾ 0.92 g/ml of VEGF was
released in a sustained fashion. Also, after the retinal NV development, retinal detachment also was
observed. The control eyes, however, which were implanted with blank devices, remained
unchanged and normal during the entire course of this study (PS ⫽ 5.57 ⫾ 0.66 ⫻ 10⫺7 cm3/min).
CONCLUSIONS. The findings indicate that sustained delivery of elevated amounts of VEGF in the
vitreous cavity induces a BRB breakdown even earlier than 3 days after implantation. This was
achieved after a total sustained release of 7.42 ⫾ 0.54 g/ml of VEGF. This retinal leakage regressed
by more than half by the time the retinal NV developed. Furthermore, a retinal detachment
occurred after this retinal NV. These results are similar to proliferative diabetic retinopathy (PDR).
The sustained elevation of VEGF in the vitreous cavity of rabbit eyes is potentially a good model to
test VEGF antagonists to treat or prevent PDR in humans. The quantifiable change of BRB
breakdown by the contrast-enhanced MRI method is ideal to assess the therapeutic intervention in
vivo without killing the animal and may prove to be clinically useful in humans. (Invest Ophthalmol
Vis Sci. 2000;41:1561–1569)

V

ascular endothelial growth factor (VEGF) is a very potent inducer of angiogenesis,1 is known to induce hyperpermeability of microvessels,2,3 and is also a major
factor in the pathogenesis of ischemic retinopathies such as
diabetic retinopathy (DR),4 which is a leading cause of new
blindness in the western world. VEGF is upregulated by tissue
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ischemia/hypoxia, which results from retinal vascular obstruction in the relatively late stages of DR.5 Elevation of VEGF in the
retina and the vitreous were reported in both humans4 and
animal models6 with ischemic retinopathies. Furthermore,
VEGF is suggested to play a significant role even in nonproliferative DR.1,7,8 It was reported that the continuous hyperglycemic environment in diabetes and the continuous low perfusion of peripheral retinal tissue also might contribute to the
upregulation of VEGF.1,9 As a consequence, VEGF contributes
to the changes in retinal hemodynamics and morphology observed in early DR.7
VEGF is secreted by several ocular cell types, including
endothelial cells, pericytes, ganglion cells, Müller cells, and
photoreceptor cells.5,6,10 –12 Retinal endothelial cells have a
high affinity for VEGF. They not only have both the mechanism
to secrete VEGF, but also a greater number of VEGF receptors
than found on other endothelial cells.13 Sustained delivery of
elevated amounts of VEGF in the vitreous cavity led to the
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development of retinal neovascularization (NV) in the rabbit
animal model.14 This recent demonstration has prompted investigators to use this potential model for testing VEGF antagonists for inhibiting retinal NV and retinopathies in humans. It
is not clear, however, if in the early stages of sustained release
of VEGF in the vitreous cavity, VEGF causes breakdown of the
blood–retinal barrier (BRB). The goals of this study were (1) to
determine whether VEGF causes breakdown of the BRB before
the development of retinal NV, (2) how soon after implantation
BRB breakdown occurs, and (3) to document the integrity of
this BRB breakdown versus time. To carry out this study, we
implanted poly(L-lactide-co-glycolide) copolymer (PLGA)-based
devices loaded with VEGF in the vitreous cavity of rabbit eyes.
The BRB breakdown was investigated by contrast-enhanced
magnetic resonance imaging (CE-MRI) methods.
MR contrast agents, such as gadolinium diethylenetriaminepentaacetic (Gd-DTPA), have been widely used to investigate abnormal leakage in the blood– brain barrier,15,16 and
retinal lesions.17,18 The alterations in the leakage are used to
determine the history of the diseases. The combination of a
long T1 of the vitreous and short echo time (TE) and repetition
time (TR) used in the spin-echo pulse sequence allows the
acquisition of T1-weighted MR images (T1 is the longitudinal
MR relaxation time). The signal intensity enhancement in these
images is mainly caused by the T1 relaxation effect of local
contrast agent concentration. The presence of the contrast
agent facilitates the relaxation of the surrounding vitreous
water protons, leading to shorter relaxation times. This allows
good correlation between the relative signal intensity and local
contrast agent concentration. Unlike other anatomic sites with
heterogeneous tissues and different T1s, the homogeneity of
the vitreous allows a more accurate assessment of local contrast agent concentration because of the uniform relationship
between the contrast agent and the vitreous protons. Consequently, a quantitative measure of the entry of the contrast
agent into the vitreous cavity can be obtained from the contrast
enhanced MR signal intensities.19 This leakage into the vitreous
cavity indicates the retinal hyperpermeability (breakdown of
the BRB). This study is done with AngioMARK MR contrast
agent (Epix Medical, Boston, MA). Its relaxivity in both human
and rabbit plasma (R ⫽ 53.5 ⫾ 3.8 l and 32.5 ⫾ 2.3 l/mmol/sec,
respectively) is at least eight times higher than that of GdDTPAbased contrast agent,20which is 4.7 ⫾ 0.3 l/mmol/sec. Furthermore, AngioMARK has a much more prolonged plasma halflife. These properties, in addition to being highly protein
bound, made AngioMARK ideal for the present study. Increased relaxivity and plasma half-life causes an increase in the
MR signal intensity and therefore a higher sensitivity in detecting retinal leakage into the vitreous cavity.

MATERIALS

AND

METHODS

Polymer Devices
Degradable poly(L-lactide-co-glycolide) (PLGA) copolymers of
composition 50 mol % of L-lactide and 50 mol % glycolide
(Sigma-Aldrich, St. Louis, MO) were used to fabricate the VEGF
sustained delivery devices in the form of a bolt with an overall
length of 3.5 mm with a 1-mm-diameter shaft. The head of the
device was approximately 2 mm in diameter and 1 mm in
length. The polymeric devices were prepared by dissolving
0.31 g of PLGA in 1.2 ml of methylene chloride (Sigma-Al-
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drich). The VEGF solution was prepared by dissolving 230 g
of VEGF in 1 ml of saline solution that contained 27.9 mg of
bovine serum albumin (BSA; Sigma-Aldrich), and 61 mg of
poly(vinyl alcohol) (PVA; Sigma-Aldrich). This VEGF solution
was then added to the PLGA solution, emulsified using a vortex
genie (Fisher Scientific, Pittsburgh, PA) for 2 minutes, and
immediately dipped in dry ice-acetone solution for a quick
freeze. The frozen emulsion was then lyophilized for 24 hours
to obtain a spongelike polymer structure. This was pressed into
plugs weighing 20 mg containing 14.9 g VEGF and 1.8 mg
BSA. Identical plugs also were made without the VEGF to serve
as control plugs.

In Vitro Release of VEGF
The VEGF-loaded plug was placed into 0.5 ml of 0.9% sodium
chloride saline in a closed vial and immersed in a water bath at
37°C. At predetermined intervals, the released medium was
removed and replaced with the same quantity of fresh medium. The amount of VEGF released was measured using a
commercially available VEGF sandwich enzyme-linked immunosorbent assay (ELISA) kit (Chemicon International, Temecula, CA). The optical density of each well was measured by
a plate reader using a 490-nm filter, and the VEGF content was
estimated from the standard curve. The range of detection of
this ELISA kit is 20 to 2500 pg/ml.

Animals and Anesthesia
Five male Dutch Belted rabbits weighing approximately 2.5 kg
were used in these experiments. The animals were treated in
accordance with the ARVO Statement of the Use of Animals in
Ophthalmic and Vision Research, the NIH Guide for the Care
and Use of Laboratory Animals, and our institutional guidelines
on the use of animals in research. Anesthesia was introduced
by intramuscular (IM) injection of ketamine HCl (35 mg/kg)
and xylazine HCl (5 mg/kg). During the MRI procedures (as
described below), anesthesia was maintained with continuous
intravenous (IV) infusion of ketamine HCl (20 – 40 mg/kg/h)
and xylazine HCl (2– 4 mg/kg/h) via an auricular venous catheter (Becton Dickinson, Sandy, UT).
The pupils were dilated before surgery with 2.5% neosynephrine and 1% tropicamide eye drops. A 9-0 monofilament,
Prolene suture (ETHICON, Somerville, NJ) was tied securely
around the shaft of the implant. The conjunctiva was reflected
with scissors and blunt dissection exposing bare sclera on the
superior side of the globe and on the nasal side of the superior
rectus muscle. A circumferential incision was created with a
myringotomy blade approximately 3 mm in length, 4.0 mm
from the limbus. Any bleeding that was encountered generally
remained external to the eye and was allowed to clot spontaneously. Any prolapsed vitreous and clot was then cleanly
removed using scissors. The implant was inserted into the
vitreous space and secured to the wound edges using the
original 9-0 Prolene suture. The suture was then used to close
the wound in a continuous fashion. The conjunctiva was reapproximated with a single 8-0 vicryl suture (ETHICON). The eye
was then examined with a flat contact lens to determine
whether the implant was in a satisfactory location. A small
amount of vitreous hemorrhage was present in most eyes.
However, animals that showed retinal detachment were excluded. Tobrex ointment (Alcon Laboratories) was given immediately after the surgery and twice daily for 3 days.
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Magnetic Resonance Imaging
The animals were examined using MRI on postimplantation
days 3, 12, 19, and 27. The MRI study was performed on a
Philips Gyroscan ASCS-NT 1.5 T clinical scanner (Philips, Eindhoven, The Netherlands) using an 8-cm surface coil. Before the
MR imaging experiments, each animal was anesthetized as
described above and then was gently placed in a Plexiglas
cradle in the supine position. This cradle was then put on the
MRI examination table. The core body temperature was maintained within the normal range using a circulating blanket
connected to a constant temperature bath. Axial T1-weighted
images (spin-echo pulse sequence, TR/TE ⫽ 450/18 msec,
NEX ⫽ 3, a matrix of 256 ⫻ 256, and FOV of 8 cm) with a slice
thickness of 2.5 mm were obtained through the geometric
center of both eye globes of the animal. These slices were
oriented perpendicular to the long axis of the vascularized
medullary ray. Each image required 3 minutes and 52 seconds
to acquire. A control image is acquired first, followed by a
bolus IV injection of the newly developed MR contrast agent
AngioMARK (0.1 mmol/kg; Epix Medical).20,21 Four sequential
postinjection images were then acquired.

MR Image Analysis
The MR image analysis was carried out in the same fashion as
previously reported.17–19,22–24 These images were analyzed
using the NIH program Image for PC (Scion Corporation,
Frederick, MD). In-house developed subroutines were used to
calculate the permeability surface area product (PS; in cm3/
min).17–19,22–24 The analysis consisted of defining a region-ofinterest (ROI) within the vitreous that contains all visible signal
enhancement on the final image, obtaining a mean signal intensity over that ROI and applying that same ROI to the other
images in the set. An external vial (1.3-cm inner diameter)
containing Gd-DTPA– doped water was included in each image
and provided the spatial calibration (number of pixels/cm)
needed for determining the area of the ROI. The PS of each
lesion was calculated for all postinjection images. The postinjection times are defined as the time between the center of
AngioMARK injection and the center of image acquisition,
approximately 2, 7, 12, and 16 minutes for the 1st, 2nd, 3rd,
and 4th postinjection images, respectively.

Fluorescein Angiography
The fluorescein angiography (FA) techniques are noninvasive
methods, and therefore they are an ideal complement to the
MRI techniques that we used in this study. FA was performed
either the day before or after the MRI measurements on both
eyes of the same set of animals. After administration of 10%
sodium fluorescein (0.1 ml/kg; Alcon Laboratories) via the
marginal ear vein, fluorescein angiography was performed
using a Topcon TRC-50X fundus camera (Topcon, East Paramus, NJ).

RESULTS
VEGF In Vitro Release Study
The cumulative release of VEGF from the plug is plotted in
Figure 1. The results show that approximately 80% of VEGF in
the plug was released throughout a 3-week period. During this

FIGURE 1. Cumulative release of VEGF from the PLGA delivery device
in 0.5 ml of 0.9% sodium chloride saline at 37°C. These data are fitted
to a power function of time t, f(t) ⫽ ktn, using a nonlinear square fit
algorithm32; k ⫽ 2.57 ⫾ 0.031 and n ⫽ 0.29 ⫾ 0.05. This suggests that
the VEGF release was governed by diffusion-like process.

period, the plug had a biphasic release pattern: an initial burst
during the 1st week and a linear release thereafter. The amount
of VEGF released after 24 hours and 3 days of incubation was
6.28 ⫾ 0.36 and 7.42 ⫾ 0.54 g/ml (mean ⫾ SE), respectively.

CE-MRI Qualitative Description
PLGA-based devices loaded with 14.9 g VEGF were implanted
into the vitreous of the left eye of five rabbits. Identical blank
devices, that is, without VEGF, were implanted into the vitreous of the right eye of the same rabbits. Both eyes of the same
animal were used to determine the effects induced by the
surgical procedure, the presence of the PLGA plug, the release
of BSA and PVA, and the acidic environment produced by the
degradation of the polymer. In this way, it was possible to
isolate the effect caused by the presence of VEGF in the eye.
Figure 2A is representative of MR images that were obtained through the geometric center of both eye globes of
rabbits before injecting the contrast agent AngioMARK. Figures
2B through 2E show the same image 2, 6.7, 10.7, and 15.2
minutes after injecting the contrast agent, respectively. The
images of Figure 2 were acquired 3 days after implantation.
The signal intensity enhancement in these images is mainly
caused by the T1 relaxation effect of local contrast agent
concentration. The contribution of T2 relaxation by this contrast agent is negligible. Consequently, Figures 2B through 2E
show the entry of the contrast agent into the vitreous space of
the left eye, as indicated by the intensity change on the T1weighted images (indicated by the arrows), whereas the control eye remained unchanged. This entry of the contrast agent
into the vitreous space indicates the breakdown of the BRB of
the left eye at 3 days after implantation. A similar breakdown of
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FIGURE 2. These T1-weighted MR
images were acquired 3 days after
implantation. They are representative of the MR images that were obtained through the geometric center
of both eye globes of the rabbits. (A)
MR image acquired before injecting
the contrast agent AngioMARK. (B
through E) The same MR images as
in (A), acquired 2, 7, 12, and 16
minutes after injecting AngioMARK,
respectively. The arrow shows the
entry of the contrast agent into the
vitreous space of the left eye as indicated by the progressive intensity
change. This indicates breakdown of
the BRB occurring in the left eye at 3
days after implantation. Note that
the control eye remained unchanged
throughout this examination.

the BRB of the eye that was implanted with the VEGF-loaded
implants was found in four of five animals.
To better interpret the MRI results, clinical fundus photographs and fluorescein angiograms were performed on the
eyes of the same set of rabbits. Figure 3A shows the fundus
photograph of the control eye of the rabbit of Figure 2,
whereas Figure 3B shows the eye with the VEGF implant.
These particular images were acquired the day after MR imaging, 4 days after implantation. Figure 3B shows a significant
level of retinal vascular dilation and tortuosity. At this implan-

tation time point, Figure 3B shows no presence of newly
developed vessels. The control eyes remained normal for all
animals. All these findings also were found in the same four of
five rabbits.
Figures 4A through 4D are MR images of the same rabbit
as in Figure 2 and were acquired 3, 12, 19, and 27 days after
implantation, respectively. These are images of the 4th scan
after injection of the contrast agent. At 12 days after implantation, of the four animals with the BRB breakdown, only two
were still displaying a retinal leakage into the vitreous cavity.
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FIGURE 3. Fundus photographs of
the same eyes as in Figure 2 taken at
4 days after implantation. (A) Representative fundus photograph of the
control eye. Note that this control
eye remained normal in the presence
of the control implant. (B) The eye
with the VEGF implant. Note the significant level of retinal vascular dilation and tortuosity.

The intensity of this BRB breakdown, as indicated by the
intensity change on the T1-weighted images of the left eye of
Figure 4B, is less than at 3 days (Fig. 4A). However, the MR
intensity enhancement of the T1-weighted MR images of the
other two animals regressed to below the MRI detection
threshold. At 19 days after implantation, a localized retinal
detachment was detected in all four animals (Fig. 4C). By 27
days after implantation, a much more advanced retinal detachment is observed on the MR images (Fig. 4D). Because VEGF is
a very potent inducer of angiogenesis, we used FA techniques
to particularly monitor the presence of newly developed vessels. The presence of these vessels was observed by 18 days

FIGURE 4. These are the MR images
of the 4th scan (16 minutes after
injection) of the same rabbit eyes as
in Figure 2. The images in (A)
through (D) were acquired 3, 12, 19,
and 27 days after implantation, respectively. In (A) and (B) the arrow
shows the entry of the contrast agent
into the vitreous space of the left
eye. Note the level of the intensity
change as well as of the area of leakage in (B), which are less than at 3
days after implantation (A), indicating a regression in the retinal leakage
by 12 days after implantation. The
arrows in (C) and (D) show the
progress of the localized retinal detachment. This detachment seems to
have started at the same site where
the BRB breakdown occurred. Note
that the control eye remained unchanged and normal in all animals
during the entire course of this
study.

after implantation in the eyes that were implanted with the
VEGF-loaded devices. The control eyes remained unchanged
and normal by all assays during the entire course of this study.

CE-MRI Quantitative Analysis
MR contrast agents, such as Gadolinium-DTPA, have been
widely used to investigate abnormal leakage in the blood– brain
barrier15,16 and retinal lesions.17,18 The alterations in the leakage are used to determine the history of the diseases. A quantitative measure of the leakage can be obtained from the contrast enhanced MR signal intensities using the model of
Berkowitz et al.18 and of Tofts et al.19 in the case of early
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least-squares fit algorithms. These parameters are listed in
Table 1.
Using the AngioMARK plasma parameters of Table 1 and
the enhancement E values (Fig. 5) of each animal eye, we
computed the values of PS product as well as of the permeability constant, k, of AngioMark from plasma to the vitreous
body as described previously18,19,26 (see also Appendix). This
computation was performed on both control and VEGF-implanted eyes at 3 and 12 days after implantation. The values of
PS product and k constant at t ⫽ 2, 6.7, 10.7, and 15.2 minutes
after injection were averaged together to provide us with a
mean PS product and k constant values per animal. The mean
values of these parameters are summarized in Table 2. Because
of retinal detachment (Figs. 4C, 4D), the computation of PS and
k parameters from the MR images were not possible 12 days
after implantation.

DISCUSSION
FIGURE 5. This is a representative time course of the enhancement
factor E after a bolus injection of 0.1 mmol/kg of AngioMARK that was
obtained by analyzing the MR images of Figure 2 using Equation 1. (⽧),
VEGF-implanted eyes; (E), control eyes.

enhancement limit (a brief review is presented in the Appendix). The fractional enhancement (E ) in the MR signal intensity
in the presence of AngioMARK is defined as
E⫽

S共t兲 ⫺ S 0
S0

(1)

where S(t) is the spin-echo signal intensity of the ROI within
the vitreous that contains all visible enhancement on the final
image. In the present study, the final image corresponds to the
one obtained on the 4th postinjection images. S0 is the MR
signal intensity of the same ROI before the MR tracer injection.
Figure 5 is a representative of the time course of E that was
obtained by analyzing MR images of Figure 2 using Equation 1.
The results show a significant signal enhancement E of the
VEGF-implanted eyes throughout the 16-minute scan time.
However, E of control eyes remained unchanged.
Because the present study was performed with the MR
contrast agent AngioMARK, to quantify the PS product, the
plasma parameters of this tracer must be determined. After IV
injection of a bolus dose D (mmol/kg body weight) of a tracer
given at time t ⫽ 0, the plasma concentration of this tracer
decays exponentially25:

冘
2

Cp ⫽ D

a ie ⫺mit

In this study, we used contrast-enhanced MR imaging to investigate the effects of intravitreal sustained release of VEGF on
retinal hyperpermeability in rabbits. The signal intensity enhancement in the T1-weighted MR images is mainly caused by
the T1 relaxation effect of local contrast agent concentration.
This allowed good correlation between the relative signal intensity and local AngioMARK concentration. The use of AngioMARK allowed us to obtain a mean enhancement factor Em of
1.13 ⫾ 0.13 (mean ⫾ SE); the mean value of E of Figure 4 at t ⫽
6.7, 10.7, and 15.2 minutes. This is at least 60% greater than the
one obtained when using Gd-DTPA– based contrast agent at a
dosage of 1 mmol/kg.18 Such a gain in enhancement with
AngioMARK helped us to define a much better ROI during the
drawing of the leaky area, and therefore it provides a more
accurate measure of both the PS product and the permeability
constant k. Furthermore, this gain in enhancement provided a
higher sensitivity in detecting the earliest sign of retinal leakage
into the vitreous cavity. This enhancement is obtained with
AngioMARK dosage of only 0.1 mmol/kg. Such a signal enhancement using this low dosage is extremely desirable in
clinical settings. Indeed, this would allow the detection of
retinal hyperpermeability in ischemic retinopathies in humans,
such as DR, with greater sensitivity using routine clinical doses.
We analyzed the CE-MR images of Figure 2 to quantitate
the entry of the AngioMARK into the vitreous, which indicates
the breakdown of the BRB This was observed as early as 3 days
after implantation. Because control eyes remained unchanged
and normal throughout this study, it suggests that this BRB
breakdown is mediated solely by the sustained elevation of
VEGF in the vitreous. Based on the VEGF in vitro release study,
this 3-day BRB breakdown corresponded to the total sustained
release of 7.42 ⫾ 0.54 g/ml of VEGF. We speculate that VEGF
promoted retinal vascular leakage by increasing the permeabil-

(2)

i⫽1

TABLE 1. AngioMARK Plasma Parameters

where ai and mi are the tracer plasma parameters; i ⫽ 1
describes the early mixing phase between plasma and extracellular water, and i ⫽ 2 describes the later renal excretion
phase. To obtain these parameters, we fitted the data of the
plasma concentration decay of AngioMARK in rabbits that was
reported by Parmelee et al.21 to Equation 2 using nonlinear

Dose D

0.1 mmol/kg

m1
a1
m2
a2

0.198 min⫺1
5.5 kg BW/1
0.0056 min⫺1
7.1 kg BW/1
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TABLE 2 Permeability Constant, k, and PS Product
VEGF-Implanted Eyes

k (min⫺1)
PS (cm3/min)

Control Eyes (n ⴝ 5)

3 Days After Implantation (n ⴝ 4)

12 Days After Implantation (n ⴝ 2)

4.38 ⫾ 0.31 ⫻ 10⫺5
5.57 ⫾ 0.66 ⫻ 10⫺7

8.92 ⫾ 1.31 ⫻ 10⫺4
1.25 ⫾ 0.25 ⫻ 10⫺5

4.31 ⫾ 0.19 ⫻ 10⫺4
5.83 ⫾ 1.38 ⫻ 10⫺6

Values are means ⫾ SE. The k and PS values of control eyes remained unchanged throughout this study.

ity of the interendothelial cell tight junctions and inducing
vesicular transport across the retinal vascular endothelial
cells.27 Because of the significant level of retinal vascular dilation and tortuosity of the VEGF-implanted eye (Fig. 3B) at 4
days after implantation, increased blood flow is another potential mechanism that might have contributed to induce the BRB
breakdown. However, the fact that this BRB breakdown is a
consequence of the sustained release of VEGF in the vitreous
cavity and that it regressed with time suggests that increased
blood flow has little or no role in this BRB breakdown. These
results are the most direct evidence that sustained elevation of
VEGF in the vitreous cavity is sufficient to cause breakdown of
the BRB.
Using the MR image analysis methods as described previously18,19 (see appendix), we computed the breakdown of the
BRB at 3 and 12 days after implantation: PS ⫽ 1.25 ⫾ 0.25 ⫻
10⫺5 and 5.83 ⫾ 1.38 ⫻ 10⫺6 cm3/min respectively. The
control eyes of each animal remained unchanged throughout
this study: PS ⫽ 5.57 ⫾ 0.66 ⫻ 10⫺7 cm3/min. The error
introduced by approximating the increase of the enhancement
E of Figure 5 to a linear function (early enhancement limit) is
found to be no more than 15%. This 15% is well within the SE
of the calculated mean PS values, which typically range between 20% and 25%. The PS products that we measured show
that the BRB breakdown regressed almost by half at 12 days
after implantation in two animals and below the MRI detection
threshold in the other two animals. In this study, we adopted
a 20% E enhancement as our MRI detection threshold. Furthermore, the high value of PS product at 3 days after implantation
is strong evidence that the BRB breakdown occurred earlier
than 3 days after implantation. Based on the VEGF in vitro
study, a total sustained release of 7.42 ⫾ 0.54 g/ml VEGF in
the vitreous cavity is enough to trigger the mechanisms leading
to BRB breakdown even earlier than 3 days after implantation
of the PLGA-based VEGF release device. The presence of newly
developed vessels was observed only at the end of the second
week after implantation. This is in agreement with the results
that were reported by Ozaki et al.14 By this time, our VEGF in
vitro release study shows that a total of 10.70 ⫾ 0.92 g/ml of
VEGF was released in a sustained fashion. This VEGF amount
corresponds approximately to 70% of the total amount of VEGF
loaded in the plug.
In a recent study on alloxan-induced diabetic rabbits,
Vinores et al24 reported that 1 year after the induction of
diabetes, 5 of 12 eyes examined showed retinal vascular leakage with a mean permeability surface area product PS of
1.73 ⫻ 10⫺5 cm3/min, and 2 of 6 eyes examined 1.5 years after
diabetes induction showed leakage with a mean PS product of
8.66 ⫻ 10⫺6 cm3/min. The values of our PS product at 3 and 12
days after implantation (PS ⫽ 1.25 ⫾ 0.25 ⫻ 10⫺5 and 5.83 ⫾
1.38 ⫻ 10⫺6 cm3/min, respectively) are comparable to those

obtained from these alloxan-induced diabetic rabbits. This result illustrates the efficacy of sustained elevation of VEGF in the
vitreous cavity in causing the breakdown of the BRB.
As shown in Figures 4C and 4D, a retinal detachment also
was observed during this same time period. This retinal detachment is probably caused by the vitreous traction that is
induced by the newly developed retinal vessels. The progressive retinal complications observed in this study are similar to
proliferative DR . Consequently, sustained elevation of VEGF in
the vitreous of rabbit eyes could be used as a model for
evaluation of pharmacological anti-angiogenic agents to treat
or prevent retinal NV and BRB breakdown such as in proliferative DR. This is of considerable importance to humans, because of the growing evidence of the role of VEGF as a major
factor in ischemic retinopathies such as DR.28 –30 The noninvasive CE-MRI methods that we used in this study are ideal to
assess the quantifiable changes of BRB breakdown in response
to the therapeutic intervention in vivo.
In summary, we demonstrate that a total sustained release
of 7.42 ⫾ 0.54 g/ml of VEGF in the vitreous cavity of the
rabbit eye is sufficient to cause BRB breakdown even earlier
than 3 days after implantation. This retinal permeability regressed by at least a factor of two between 3 and 12 days after
implantation. The retinal NV, on the other hand, developed
between 12 and 18 days after implantation. After this retinal
NV, a retinal detachment occurred. These results are similar to
proliferative DR. VEGF antagonists can therefore be tested on
this rabbit model to treat or prevent proliferative DR. The in
vivo and quantitative CE-MRI method is ideal for these tests.
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APPENDIX
After IV injection of a bolus dose D (mmol/kg body weight) of
a tracer, such as AngioMARK, given at time t ⫽ 0, the plasma
concentration of this tracer decays exponentially25:

冘
2

Cp ⫽ D

a i e ⫺mit

(A1)

i⫽1

where ai and mi are the tracer plasma parameters; i ⫽ 1
describes the early mixing phase between plasma and extracellular water, and i ⫽ 2 describes the later renal excretion
phase. To obtain these parameters, the measured decay plasma
concentration of the tracer could be fit to Equation 1 using a
nonlinear least-squares algorithm. This technique was used to
fit the data that was reported by Parmelee et al.21 to obtain the
AngioMARK plasma parameters. These AngioMARK plasma
parameters are listed in Table 1.
The resulting tissue or vitreous concentration is18,25

冘
2

Cv ⫽ D k

a i共1 ⫺ e ⫺mit兲/m i

(A2)

i⫽1

where k is the transfer constant or permeability.
The MRI signal from a spin-echo pulse sequence with
short TEs is given by:
S共t兲 ⫽  共1 ⫺ e ⫺TR/T1兲

(A3)

where  is the spin density, TR is the repetition time, and T1 is
the longitudinal MR relaxation time in the presence of AngioMARK. The relaxation rate, 1/T1, is expressed as
1
1
⫽
⫹ R1 Ct
T 1 T 10

(A4)
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where R1 is the relaxivity of AngioMARK, R1 ⫽ 32.5 ⫾ 2.3
l/mmol/kg in rabbit plasma,20 and T10 is T1 in the absence of
the tracer (T10 ⫽ 4 seconds).
The calculation of the parameter k is from the MR signal
enhancement E, which is defined as the fractional increase in
signal in the presence of AngioMARK:
E⫽

S共t兲 ⫺ S 0
S0

By substituting Equation A2 into A6, we obtain the relationship
linking k to E:
E

k⫽

冘
2

R 1T kD

a i共1 ⫺ e ⫺mit兲/m i

(A5)

(A6)

Therefore, the permeability k can be obtained from a single
enhancement value at a particular time t after AngioMARK IV
injection.
The permeability surface area, PS, product (cm3/min) for
a lesion where leakage is contained within the slice thickness
(St) is18,19,31
PS ⫽ k A ROI St

where
T k ⫽ TR

e ⫺TR/T10
1 ⫺ e ⫺TR/T10

(A8)

i⫽1

where S0 is the MR signal intensity before the tracer injection.
In the early enhancement limit, E can be approximated to
a linear function19:
E ⫽ R 1T kC v

1569

(A7)

(A9)

where AROI is the area of the region of interest used to measure
the enhancement.

