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Purpose. To determine the elimination rates of subconjunctivally injected model drugs using dynamic

contrast-enhanced magnetic resonance imaging (DCE-MRI).

Methods. Gadolinium-diethylenetriaminopentaacetic acid (Gd-DTPA) and gadolinium-albumin (Gd-

albumin) were injected in rabbits. Experiments were performed in vivo and post mortem and injection

volumes of 200 and 600 ml were administered. Signal intensity values from MR images were converted to

concentration of contrast agent to determine the mass clearance rates from subconjunctival space.

Results. Injection volume did not have a significant effect on clearance rate for both Gd-DTPA and Gd-

albumin. The clearance rate of Gd-DTPA in vivo was about nine times faster than that post mortem. The

in vivo and post mortem clearance rates of Gd-albumin were not significantly different. The in vivo half-

life of Gd-DTPA was about 22 min while that of Gd-albumin was about 5.3 h.

Conclusions. DCE-MRI was used to quantitatively compare the subconjunctival clearance rates of Gd-

DTPA and Gd-albumin. Dynamic clearance mechanisms present in vivo significantly reduced the

subconjunctival concentration of Gd-DTPA but not Gd-albumin. Lymphatic clearance does not seem to

be as significant as clearance by blood, as evidenced by data from Gd-albumin injections. Larger

injection volumes may allow for longer retention times and prolonged release of drug.

KEY WORDS: drug transport barrier; magnetic resonance imaging; ocular pharmacokinetics;
subconjunctival injection; transscleral drug delivery.

INTRODUCTION

Subconjunctival injections are routinely performed in
patients to administer drugs such as corticosteroids (1) and
antibiotics (2) for ocular treatment. Drug solutions injected
into the subconjunctival space form a localized depot, which
may allow for long-term sustained delivery. After subcon-
junctival injection, drugs penetrate the eye directly through
the underlying tissues (3) and therapeutic concentrations can
be achieved in the vitreous (4). While subconjunctival
injections are commonly performed, the retention time of
drug and the rate of drug elimination from the depot are
unknown and have not been investigated in detail.

Fluorescence, autoradiography and drug extraction from
tissues are traditional techniques used to study drug penetra-
tion and elimination in the eye. (3,5–7) However, methods
which require data measurement from tissues ex vivo may
not yield accurate results as the spatial distribution of drugs

may change during the time interval that tissues are being
harvested. The need to sacrifice multiple animals at various
time points also renders these techniques inefficient for serial
time studies.

Previous methods of examining the change in drug levels
in the subconjunctival space after injection include extracting
drug from the excised depot (8) and using a scintillation
counter to measure the rate of loss of gamma-emitting
materials (9). Drug extractions are inefficient since they
require the use of multiple animals and it is also difficult to
successfully remove the entire depot for analysis. The
measurement of gamma-emitting compounds can give quan-
titative results in vivo but lacks information on spatial
distribution. Magnetic resonance imaging has recently been
introduced as a non-invasive approach to assess the subcon-
junctival delivery of ionic permeants (10). The study by Li
et al analyzed concentration levels of Mn2+ and MnEDTA2j

in the anterior chamber, posterior chamber, and the vitreous
to assess the permeation and clearance of model ionic
permeants. In our study, we measured the concentration
levels of model drugs injected into the subconjunctival space
using three-dimensional DCE-MRI. The rate of drug
clearance was determined by following the concentration
changes of the injected contrast agent from the local depot.

DCE-MRI was previously shown to be a useful tool for
obtaining information regarding the spatial and temporal
distribution of drugs in vivo (11). In ocular research, DCE-
MRI has become a valuable method in the study of the
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integrity and permeability of the blood–retinal barrier (12–
14). Ocular pharmacokinetic data have also been acquired
with DCE-MRI by using a calibration curve to convert T1 or
signal intensity values to the concentration of the contrast
agent (15,16).

Recent studies have demonstrated that elimination
mechanisms present in vivo such as conjunctival lymphatic
clearance and blood flow can significantly reduce the
penetration of drugs to the vitreous (16) and anterior
chamber (10) after transscleral delivery. The effect of
dynamic clearance mechanisms on drug concentration levels
in the subconjunctival space was studied by performing
experiments in vivo and post mortem. Two different contrast
agents, Gd-DTPA (590 Da) and Gd-albumin (67.5 kDa),
were used as model drugs to understand the effect of
molecular weight on clearance rate. The effect of injection
volume was also studied by administering two different
volumes (200 and 600 ml) of contrast agent.

MATERIALS AND METHODS

Animal Setup

Female New Zealand White rabbits weighing 3–3.5 kg
were purchased from Covance Laboratories, Inc. (Vienna,
VA, USA) and were used according to the guidelines set
forth in the ARVO statement for the Use of Animals in
Ophthalmic and Vision Research. Rabbits were intubated
and inhalational isoflurane (1.5–2%) was administered
through the endotracheal tube. Pulse and oxygenation,
temperature, end-tidal CO2 and respiratory rate were mon-
itored during the entire MRI scan period. Proparacaine 1%
ophthalmic drops (Allergan America, Hormigueros, PR)
were used topically on the eye. The superonasal quadrant
was exposed by placing a 9-0 vicryl suture at the limbus and
rotating the eye downward. A 24 gauge � 3/4 in. long
intravenous catheter (Terumo Medical Corporation, Somer-
set, NJ) was prepared as described in a previous study (17).
The catheter was inserted and held in place by a puncture
through the eyelid and advanced at least 5 mm superonasally
under the conjunctiva. The needle was carefully withdrawn,
leaving the tip of the catheter under conjunctival tissue. The
eyelids were closed with tissue adhesive (Vetbond, 3 M
Animal Care Products, St. Paul, MN) and the tip of the
catheter was joined to a 7 m silicone/PE-10 tubing by a
friction fit (17). Prior to connecting the catheter, the tubing
was prefilled with either Gd-DTPA (Magnevist; Berlex, Inc.,
Monteville, NJ) diluted to 1 mM in phosphate buffered saline
(PBS; pH 7.4) or Gd-albumin (Galbuim, Biopal, Inc.,
Worcester, MA) diluted to 0.1 mM protein in PBS. The
contrast solution was faintly colored with 100 mg/mL sodium
fluorescein (Akorn, Inc., Decatur, IL) to a final concentration
of 0.5 mg/mL to enhance visibility of the fluid in the tubing.
The bolus was administered after the rabbit was placed into
the magnet and preliminary scans were acquired. The contrast
solution was injected outside the scan room through a 1 mL
syringe joined to the tubing with a 30 gauge needle.

MRI Experiment

Experiments were performed using a 4.7 Tesla MRI
system (Bruker Instruments, Billerica, MA). 2 mL glass vials
filled with PBS and the injection contrast solution were taped
over the eye as reference standards. The rabbit was placed on
a cradle and the entire head inserted in a volume coil.
T1-weighted images were acquired using a 3D gradient echo
sequence. The sequence parameters were: TR/TE=40/5 ms, field
of view (FOV)=9 cm�4.59 cm�9 cm, matrix=256�128�128,
pulse angle 30- and averages = 1. The FOV was positioned to
capture both eyes and the standard solution and the pixel
resolution was 0.703 mm�0.179 mm�0.703 mm. One scan was
acquired before bolus injection with each scan lasting 11 min.
After injection, scans were acquired in continuous succession for
at least 3 h for 200 ml injections and 5 h for 600 ml injections.
Rabbits used for post mortem experiments were euthanized by
pentobarbital overdose (200–250 mg/kg) within one hour prior to
the start of the scan. All experiments were repeated at least in
triplicate.

Image Analysis

MR images were analyzed using a program written in
MATLAB (Mathworks, Natick, MA) designed to read and
display Bruker file images. To convert signal intensities into
concentration values of Gd-DTPA or Gd-albumin, a signal
intensity vs. concentration calibration curve was constructed
as described in previous studies (17,18) using samples of
varying concentrations of contrast agent in PBS. Since
injections were performed using large solution volumes and
most of the subconjunctival bleb consisted of fluid, PBS was
assumed to adequately model the fluid-filled tissue. The
calibration curve was constructed by scanning the PBS
samples using the same MR imaging parameters used for
the rabbit experiments.

To obtain concentration values of the contrast agent in
the subconjunctival space after injection, the entire 3D image
set was normalized to the signal intensity of the contrast
agent standard at each time point. The images were set to a
threshold signal intensity level equivalent to a concentration
of 0.01 mM for Gd-DTPA and 0.005 mM for Gd-albumin
(detection limit).

Mass balance analysis was performed on individual slices
which were all taken from one of the three dimensions. The
in-plane resolution of the images used in analysis was
0.703�0.179 mm. For each slice that contained visible pixels
in the subconjunctival space after thresholding, a region-of-
interest (ROI) was manually drawn around the hyperintense
bleb. The signal intensity of each pixel in the ROI was
converted to a concentration of Gd-DTPA or Gd-albumin
using the signal intensity vs. concentration calibration curve.
After converting the signal intensity value to concentration
for each pixel in the ROI, the mass of contrast agent in each
pixel was computed by multiplying the pixel volume
(0.088 mm3) by concentration. By taking the sum of the
mass of contrast agent in each slice, the total mass of contrast
agent in the subconjunctival space was computed for each
time point. The number of pixels that were included in each
ROI was also recorded and multiplied by the pixel volume to
obtain the total volume occupied by the contrast agent in the
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subconjunctival space at each time point. The average
concentration of contrast agent in the subconjunctival space
was calculated by dividing the total mass by the total volume.

The mass clearance data was fit to an exponential
function, M = Aejkt, where M is the total mass of contrast
agent in the subconjunctival space at time t, A is a constant,
and k is the rate constant for clearance. Regressions were
performed using Microsoft Excel (Microsoft Corporation,
Redmond, WA) on semi-log plots of M vs. time, and values

of k were computed from each experiment. The half-life was
derived from the rate constant (t1/2=0.693/k).

RESULTS

Figures 1 and 2 show serial images acquired immediately
after a 200 ml and 600 ml subconjunctival injection of Gd-
DTPA, respectively. The images show a comparison of the in

vivo and post mortem scans. The color bar indicates the

Fig. 1. Images acquired during in vivo and post mortem experiments after 200 ml Gd-DTPA injection. Times indicate minutes after injection.

The volume occupied by Gd-DTPA is also shown in red by 3-dimensional reconstruction.

Fig. 2. Images acquired during in vivo and post mortem experiments after 600 ml Gd-DTPA injection. Times indicate minutes after injection.

The volume occupied by Gd-DTPA is also shown in red by 3-dimensional reconstruction.
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concentration of Gd-DTPA determined after conversion
from signal intensity. Immediately after injection, the Gd-
DTPA solution appears as a localized depot in the subcon-
junctival space at a high concentration. Over time, the
concentration of Gd-DTPA in the subconjunctival bleb
decreases dramatically in vivo for both injection volumes.
About 3 h post-injection of 200 ml and 4 h post-injection of
600 ml, most of the Gd-DTPA molecules have disappeared
from the depot in vivo. However, in the post mortem case for
both injection volumes, the Gd-DTPA concentration de-
crease is not nearly as significant.

The Gd-DTPA mass clearance data for 200 and
600 ml injection experiments is plotted in Fig. 3A (in vivo)
and B (post mortem). The plots also show the regression lines
for the exponential fit of the mass data. The slopes of the
regressions are given as average mass clearance rates (k) in
Table I. While the k value for the 600 ml injection data
appears to be less than the k value for the 200 ml data, the
results from a one-tailed Mann–Whitney U test reveals
that this difference is not significant for p=0.05 in both the
in vivo and post mortem studies. The k values for 200 and
600 ml injections of Gd-albumin are also similar, and are
not statistically different.

Figures 1 and 2 also present three-dimensional visual
reconstructions of the apparent volume of Gd-DTPA, which
were created by merging the slices that crossed through the
subconjunctival bleb. These reconstructions are shown adja-
cent to the MR images at each respective time point. The
apparent subconjunctival volume occupied by Gd-DTPA
decreases dramatically in vivo while the post mortem scans
show a slight increase in volume. This effect is also shown in
Fig. 3C and D which are plots of the apparent Gd-DTPA
volume in the subconjunctival space. Figure 3E and F are
plots of the average concentration of Gd-DTPA in the
subconjunctival space. They show a decrease in average
concentration for all experiments.

MR images from 200 ml injections of Gd-albumin are
shown in Fig. 4. A comparison of the in vivo Gd-albumin
images in Fig. 4 to the in vivo Gd-DTPA images in Fig. 1 for
the 200 ml injection volume indicates that the concentration
of Gd-albumin decreases more slowly with time compared to
Gd-DTPA. This observation is further substantiated by the
quantitative representation of mass clearance given in Fig. 5A
(DTPA) and B (albumin). The average in vivo half-life of
Gd-DTPA is 22 min and of Gd-albumin is 5.3 h, as presented
in Table I. Figure 5A and B also show that the post mortem
decline of Gd-albumin concentration is about four times
slower than the post mortem decline of Gd-DTPA for the
200 ml injection experiments, as evidenced by the calculated
half-lives which are given in Table I.

The mass clearance data in Fig. 5B shows a slightly faster
decrease of Gd-albumin in vivo compared to Gd-albumin

post mortem. Table I gives the respective half-lives as 5.3 h in
vivo and 12.8 h post mortem. However, a one-tailed Mann–
Whitney U test (p=0.05) suggests that the difference between
the in vivo and post mortem clearance rates is not significant
for Gd-albumin.

The apparent volume of Gd-albumin shows a slight
increase post mortem (Fig. 5D). A similar effect is seen in
Fig. 5C for the volume of Gd-DTPA post mortem. The in
vivo volume of Gd-DTPA shows a considerable decrease,
whereas that of Gd-albumin is less prominent. The faster
decrease in volume of Gd-DTPA may reflect the higher
clearance rate of Gd-DTPA than Gd-albumin from the
subconjunctival space, since the volume decrease is due to
the reduction in the number of pixels with signal intensities
above the threshold.

Figure 5E and F show a decrease in average concentra-
tion of Gd-albumin in the subconjunctival space for all
experiments. This trend also correlates with the images
shown in Fig. 4, which show a slight decrease in the overall
concentration of Gd-albumin.

DISCUSSION

Our study gives a quantitative comparison of the
clearance of Gd-DTPA and Gd-albumin following subcon-
junctival injection in rabbits. The clearance rates of Gd-
DTPA and Gd-albumin were determined by measuring the
changes in signal intensity by means of DCE-MRI and
converting these values into mass.

Results from in vivo experiments show that the mass
decrease of Gd-DTPA is faster compared to that post
mortem. This indicates that there are dynamic clearance
mechanisms that are present in vivo but not post mortem. In
vivo, drugs can be cleared from the subconjunctival depot by
diffusion into surrounding tissues and also by entering
lymphatic and blood vessels located in the conjunctiva (16,
19). Post mortem, drug elimination from the depot occurs
mainly by diffusion since blood and lymphatic flow are
presumed absent. While the clearance rate of Gd-DTPA in

vivo was substantially higher than that post mortem, the in
vivo and post mortem clearance rates of Gd-albumin did not
differ significantly. This indicates that in vivo clearance
mechanisms such as blood and lymph flow have a considerable
effect on the elimination of Gd-DTPA but not on Gd-albumin.

Gd-DTPA molecules are smaller (<1 nm) and lower in
molecular weight than Gd-albumin (4 nm). Drug absorption
after subcutaneous injection has been shown to decrease
linearly with increasing molecular weight (20), and a similar
dependence may exist after subconjunctival injection. The
disposition of nanoparticles following subconjunctival injec-
tion has been shown to display a size-dependence, with
smaller particles reaching undetectable levels in the perioc-

Table I. Summary of Average Rate Constants Acquired In Vivo and Post Mortem

Contrast Agent, Injected Volume k (In Vivo) (minj1) Half-life (hrs) k (Post Mortem) (minj1) Half-life (hrs)

Gd-DTPA, 200 ml 0.0317 0.36 0.0035 3.3

Gd-DTPA, 600 ml 0.0247 0.47 0.0028 4.1

Gd-albumin, 200 ml 0.0022 5.3 0.0009 12.8

Gd-albumin, 600 ml 0.0018 6.4 – –
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ular tissue while larger particles were almost entirely retained
(21). Small drug molecules (<1 kDa) are thought to be
preferentially absorbed by the blood capillaries while pro-
teins larger than about 16 kDa are taken up primarily by the
lymphatic system (20,22). The large molecular radius of Gd-
albumin may hinder its entry into blood vessels so that
clearance by blood flow is negligible. However, lymphatic
vessels permit the entry of large particles and Gd-albumin
may be cleared by the lymphatics present in the conjunctiva.
Since albumin molecules are able to gain rapid access to
lymphatic vessels but not to blood vessels, they are used in
lymphatic flow studies which require administration by
subcutaneous injection (Schornack, PA et al. Proc Intl Soc
Mag Reson Med, ISMRM, 2001;58) (23,24). Gd-DTPA, on
the other hand, should be easily cleared by both blood and
lymphatics because of its small size. Our results show that the
in vivo Gd-albumin clearance rate from the subconjunctival
space was significantly slower than Gd-DTPA clearance rate
by a factor of about 14, as seen from the values in Table I.
These results may be indicative of the selective clearance of
Gd-albumin through lymphatic vessels and the relatively low
flow rate of lymph compared to that of blood (22). Our
results also show that the clearance rates of Gd-albumin in
vivo and post mortem are not significantly different. If Gd-
albumin is cleared mostly by lymph and not by blood flow,
this may suggest that lymphatic clearance after subconjunc-
tival injection is not significant.

With the cessation of blood or lymph flow in the post
mortem animal, a nearly zero clearance rate for both Gd-
DTPA and Gd-albumin is expected. In our study, the post
mortem decrease in mass is most likely due to the diffusion of
contrast agent molecules out of the subconjunctival space. As
molecules diffuse away from the subconjunctival depot, they
will begin to fill the pixels that lie on the periphery of the

injection site. But many of these pixels will have very low
concentrations of contrast agent and will remain below the
threshold value (0.01 mM for Gd-DTPA and 0.005 mM for
Gd-albumin). Although these pixels contain contrast agent
molecules, they are removed during image analysis. There-
fore, the total mass of contrast agent decreases over time
because molecules are continuously moving from high to low
concentration areas, increasing the number of molecules
residing in pixels that fall below the threshold. Since the
diffusion of Gd-DTPA is faster than Gd-albumin, the post
mortem Bclearance^ of Gd-DTPA is also faster than that of
Gd-albumin.

On the other hand, the apparent volume was reported to
increase in post mortem experiments. As molecules diffuse
out of the depot, more molecules will enter the pixels
surrounding the injection site. This will increase the concen-
tration of contrast agent and in some cases the increase may
be sufficient for pixels to have values above the threshold.
These pixels are then counted as part of the subconjunctival
depot during image analysis, and the volume will increase
with time.

The volume measured in our studies represents the
apparent volume of contrast agent in the eye, not the volume
of the subconjunctival bleb. The changes in volume and mass
of subconjunctival fluid may be different from that of the
contrast agent. While fluid clearance may affect solute
clearance, the technique used in our study cannot distinguish
between fluid and solute clearance, and other measurement
methods are necessary to explore these mechanisms in detail.

Maurice and Ota previously reported on the kinetics of
subconjunctival injections in 1978 (9). They reported that
the half-life of 22Na was 9 min while that of albumin was
9 h. Our data shows that the half-life of Gd-DTPA after a
200 ml injection in vivo is about 22 min, which based on its
molecular size, fits reasonably with Maurice and Ota_s
findings. The half-life of Gd-albumin reported in our study
(5.3 h) also compares to the half-life of 9 h reported by
Maurice and Ota. The discrepancy may be explained by
the difference in data acquisition, as Maurice and Ota
measured radioactive-labeled albumin from sections of

Fig. 4. Images acquired during in vivo and post mortem experiments after 200 ml Gd-albumin injection. Times indicate minutes after injection.

The volume occupied by Gd-albumin is also shown in red by 3-dimensional reconstruction.

Fig. 3. Gd-DTPA change in mass, apparent volume and average

concentration after 200 ml and 600 ml subconjunctival injection in vivo

(A, C, E) and post mortem (B, D, F). Values are given as mean T SD.

Lines indicate regression for mass clearance data. r2 values:Í=0.99,

r=0.99, Ì=0.84, q=0.97.

R
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excised tissue from enucleated eyes. For comparison to
other tissues, Pain et al (25) reported a 3.6 h half-life for
the clearance of albumin from subcutaneous injections in
healthy human volunteers. Their clearance data showed a
single exponential decay over times up to three hours.

Our results also showed that there was no significant
difference in clearance rate between the 200 and 600 ml injection
volumes. Previous studies using intramuscular injections
reported a higher rate of absorption of hydrophilic drugs when
the compounds were administered in smaller injection volumes
(26,27). This is expected as a high interface area to injection
volume ratio increases the drug absorption rate (28,29). However,
in our study, the Mann–Whitney U test results determined that
the clearance rates of 200 and 600 ml injections did not differ
significantly. This may be due to a significant range in k values
obtained for each volume, caused by variability in depot shape
and size. The surface area to volume ratio also may not be
significantly different for 200 and 600 ml injections because of the
bleb shape, and a smaller volume may need to be tested.

While injection volume may not affect the rate of
clearance, the larger volume injection did allow for longer
retention times of contrast agent in the subconjunctival space.
A comparison of mass values after 200 and 600 ml injections
shows that there are higher amounts of Gd-DTPA in the
subconjunctival space after the 600 ml injection at any given
time point. This may be of clinical importance when longer
retention times of drugs are required in the subconjunctival
space to produce prolonged release of drug.

There are several limitations of the DCE-MRI technique
used in our study. The concentration range of contrast agent
detected by our DCE-MRI method is only about 2 log units.
The effect of dose on clearance rate could not be studied due
to the narrow concentration detection range. Concentration
changes occurring beyond this range are undetectable with
our technique and more sensitive methods such as measure-
ment of T1 may be required. The differences in relaxation
times of PBS and subconjunctival tissue may contribute to
error in the conversion of signal intensity to concentration,
because our calibration was based on PBS and not on
subconjunctival tissue. However, since the subconjunctival
bleb is comprised mostly of fluid and not tissue, we assumed
that PBS would adequately model the subconjunctival bleb.
Also, our choice of Gd-DTPA as a low molecular weight
model drug may not be fully adequate since Gd-DTPA is a
hydrophilic molecule and may exhibit pharmacokinetic
behavior that is different from lipophilic drugs. In following
animal care and use guidelines, inhalational isoflurane was
required to maintain general anesthesia. Clearance rates may
be different in an anesthetized vs. a non-anesthetized animal,
as the effect of inhalational isoflurane on blood and
lymphatic flow in the eye is unknown.

Other non-invasive pharmacokinetic imaging tools be-
sides MRI include PET and SPECT (30–32). These nuclear
imaging techniques have been widely used to assess the
distribution of radiolabeled drugs in various applications such

as the determination of pharmacokinetics of anticancer
therapies (33) and drugs for pulmonary delivery (34). The
increased utilization of non-invasive pharmacokinetic imag-
ing tools may enable better understanding of drug clearance
and distribution in future drug delivery studies for the eye.

CONCLUSION

DCE-MRI is a useful technique that allows non-invasive
in vivo data measurement in real-time. Our study demon-
strates that sufficient spatial and temporal resolution can be
achieved with DCE-MRI to capture the kinetic changes of
subconjunctival drug clearance. DCE-MRI also enables the
quantitation of data through the conversion of signal
intensity to concentration. Results from subconjunctival
injections of Gd-DTPA and Gd-albumin indicate that active
clearance mechanisms (such as lymphatic and blood flow)
can affect drug elimination rates. Lymphatic clearance does
not seem to be as significant as clearance by blood, as
evidenced by data from Gd-albumin injections. Injection
volume (in the range of 200–600 ml) does not significantly
alter clearance rate, but higher injection volumes allow for
longer retention times of drug.
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