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Abstract

Purpose: (1) To determine ketorolac concentrations in selected ocular tissues following the intracameral
administration of phenylephrine and ketorolac injection 1%/0.3% (OMIDRIA�) delivered in irrigation solution
during lens replacement surgery in beagle dogs. (2) To compare the ketorolac initial dose and resultant
concentrations from the above study to those achieved in aqueous and vitreous by topical administration in
patients undergoing cataract surgery or vitrectomy, respectively.
Methods: Lens replacement surgery with phacoemulsification was performed in 20 female beagle dogs. A fixed
combination of phenylephrine and ketorolac injection 1%/0.3% was diluted 125-fold into the balanced salt
solution and delivered intracamerally during the phacoemulsification procedure. Ketorolac concentration was
determined by liquid chromatography/mass spectrometry.
Results: Concentrations of ketorolac when administered by the intracameral route in the dosing solution in dogs
were found to be considerably higher in both aqueous and vitreous compared to what is achieved with topical
dosing in patients.
Conclusions: Adequate therapeutic concentrations of ketorolac in aqueous and vitreous humor were achieved
even at 10 h postdose. Critical concentrations in the aqueous that envelopes the iris/ciliary body, which are sites
of prostaglandin E2 synthesis, and the vitreous are not achieved by topical dosing in clinical studies after the
surgery, but are by direct intracameral dosing as determined in this study. Based on these studies and clinical
data, phenylephrine and ketorolac injection 1%/0.3% delivered during surgery as an irrigation solution may
preclude the need for topically administered pre- and postoperative NSAIDs.
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Introduction

While cataract surgery has made many technical
advances over the past 20 years,1–3 the administration

of ophthalmic drugs accompanying the surgery remains reliant
on topical drug delivery, which has changed little for several
decades. Dosing topically multiple times before cataract sur-
gery with nonsteroidal anti-inflammatory drugs (NSAIDs) or
corticosteroids has become very commonplace.4–6 The purpose
of the present study was to compare the ketorolac total dose and
concentrations in ocular tissues achieved utilizing an in-
tracameral administration of phenylephrine (PE) and ketorolac
(KE) injection 1%/0.3% diluted in buffer solution in a canine

model of lens replacement surgery with those achieved by
topical dosing in human cataract surgery and also from patients
undergoing vitrectomies. A preliminary report with some of
these findings was recently published.7 The available tissues
common to animal and human clinical studies are aqueous and
vitreous humors. Phenylephrine concentrations were not deter-
mined in this study because comparable clinical samples were
not available. Likewise, sampling times were limited to corre-
spond to the availability of clinical samples. While it is recog-
nized that dog ocular pharmacokinetics may differ in significant
ways to that of humans, this study does raise questions about the
usefulness of topical dosing of NSAIDs before cataract surgery,
particularly when intraoperative administration is available.
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Methods

Canine studies

This study was conducted in adherence to the ARVO
Statement on the Use of Animals in Ophthalmic and Vision
Research. All of the dog studies were conducted at Covance,
Madison, Wisconsin, and were approved by the Covance
Institutional Review Board. The dog was chosen for this
study because of the availability of replacement lenses, and
the absence of fibrin aggregates commonly seen in rabbits.8

In addition, the retinal circulation and anatomy in dogs more
closely resembled that of humans with some notable ex-
ceptions such as the presence of a tapetum.9

Preoperative treatment and surgery were performed as
previously described.10 Twenty female beagle dogs were
used in the experiments following an acclimation period of
11 days. Animals were between 8 and 9 months of age and
of similar size. All animals were found to have normal
ophthalmic examinations before the study.

Surgical procedure

Following an overnight fast, dogs were treated preoper-
atively with one topical drop of 1% tropicamide, 2.5%
phenylephrine, and an antibiotic solution every few minutes
for a total of 4 doses. Additional topical drops of tropica-
mide were administered to maintain pupil dilation as needed.
Dogs were given an intravenous injection of dexamethasone
(0.1 mg/kg) and oxymorphone (0.2 mg/kg). Anesthesia was
provided by an intravenous injection of dexmedetomidine
(0.01–0.02 mg/mg) followed by intubation. Sevoflurane with
oxygen was used as an inhalant for anesthesia. The eyes of
each animal were treated with a solution of 1% povidone–
iodine/5% betadine for ophthalmic use.

Intraocular lens replacement was performed on the right
eye of each animal by a veterinary ophthalmologist. Fol-
lowing a corneal incision, aqueous humor was exchanged
for 1% sodium hyaluronate, and an anterior capsular flap
was created. The lens was extracted by phacoemulsification
followed by irrigation and aspiration of the lens cortex using
4 mL of phenylephrine and ketorolac injection 1%/0.3%
(OMIDRIA�)11 diluted into 500 mL of balanced salt solu-
tion (BSS; McKesson, GA). After dilution in BSS, the ad-
ministered concentrations were 0.008% phenylephrine and
0.00024% ketorolac.

The lens capsule was filled with viscoelastic and a foldable
acrylic dog-specific lens (DIOP, Dioptrix, France), which was
allowed to unfold. The corneal incision was closed, and any
remaining viscoelastic removed by irrigation and aspiration
using the above diluted irrigation solution. The anterior
chamber was reinflated by an injection of up to 1 mL of
diluted (OMIDRIA�)/BSS. In addition, the diluted irrigation
solution was used for corneal hydration throughout the pro-
cedure. The total surgery time ranged from 19 to 39 min.

Sample collection

Due to the nature of phenylephrine and ketorolac injection
1.0%/0.3% in BSS administration as an irrigation solution, a
rinse solution, and for corneal hydration, the method used to
estimate the total drug delivered during the procedure was as
follows: ocular tissues, aqueous, cornea, iris/ciliary body, lens
capsule, palpebral conjunctiva, bulbar conjunctiva, vitreous,

anterior and posterior sclera, vitreous, retina, retinal choroid/
retinal pigment epithelium (RPE), and plasma samples were
collected immediately after the surgical procedure (time 0),
and at 2, 6, 8, and 10 h postoperatively. Aqueous samples
were obtained using a syringe and samples were frozen.
This was followed by the removal of the entire right eye,
which was then frozen in liquid nitrogen. Within 3 days, all
of the samples listed above were obtained, rinsed, blotted,
and refrozen until analysis.

For each of the tissues listed above, an estimate of the
initial dose of ketorolac was achieved by determining the
concentration of ketorolac in each, then multiplying the
concentrations by the corresponding individual tissue
weights and summing those values. The total plasma
amount for each dog was derived by multiplying the mea-
sured plasma concentration by the published plasma vol-
ume,12 again multiplying that amount by the animal weight
for each dog in kg. A similar methodology as described
above was used to determine ocular tissue distribution at all
remaining time points (ie, 2, 6, 8, and 10 h postoperatively).

Sample analysis

Ketorolac concentrations in aqueous humor and vitreous
were determined by protein precipitation in methanol, water
(1:1), and then ascertained using liquid chromatography/
mass spectrometry. Ocular tissue samples were homoge-
nized in methanol/water (1:1) and extracted by 0.05% for-
mic acid in methyl tert-butyl ether. Control solutions of
ketorolac—d4, were used as an internal standard. Samples
were mixed by vortex and centrifuged for 5 min at
2,500 rpms. The supernatant extracts were transferred and
dried to completeness under a stream of nitrogen gas.

The resulting residue was reconstituted in 60:40:0.05 wa-
ter:methanol:formic acid. Samples were stored in a chilled au-
tosampler until analysis. The mobile phase A consisted of 0.1%
formic acid in 5% methanol:95% water. The mobile phase B
consisted of 0.1% formic acid in methanol. A Waters X-bridge
C18 column (50 mm · 2.1 mm · 3.5mm) was used in line with a
Phenomenex C18 SecurityGuard cartridge (4 · 2 mm), heated
to 30�C. Initial conditions were held at 35% mobile phase B for
1 min following sample injections. A linear gradient was ap-
plied to increase mobile phase B to 95% over the next 2 min,
followed by a hold and equilibration time at a rate of 0.5 mL/
min. The total run time of the assay was less than 5 min.

The fragment ions, ketorolac (m/z 256.1/m/z 105.0) and
ketorolac-d4 (m/z 260.2/m/z 104.9), were detected by mul-
tiple reaction-monitoring MS/MS using characteristic frag-
mentation of each ion resulting from collision-induced
dissociation. The instrument used was a Sciex API-4000 Q-
Trap, set to positive electrospray ionization with an ion
spray voltage of 5,000 V and gas temperature of 550�C. The
dwell time that the instrument scans for each ion was set at
200 ms/ion for each cycle. The retention time for both
samples on the HPLC column was *2.81 min. Biofluid and
tissue calibration ranges were from 2.5 to 5,000 ng/mL in
solvent extracts. Levels of the ketorolac were calculated in
the extract fluids as ng/mL. Following analysis, the tissue
concentrations were back—calculated to ng/g values ac-
counting for the tissue weights of each sample. Calibration
standards were derived from multiple processed tissues, and
therefore, an average tissue weight was used in the calcu-
lation of ketorolac levels in calibration standards.
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All data were analyzed with Analyst�1.5.1 software

Ketorolac concentrations are reported as mean – standard
error of the mean (SEM) in ng/mL. All values in this study
were above the limits of detection (2.5 ng/mL). The values
obtained were compared with published values for the IC50

values against human recombinant COX-1 and COX-2 en-
zymes.13 Estimates of the Ki were calculated followed by
estimations of 90% inhibition. Note that these are human
recombinant COX-1 and COX-2 values and not canine
COX-1 and COX-2 inhibition results, which may be very
different. To compare the above values with those reported
by Katsev et al.,14 values in this study identified as below
1 ng/mL (below limits of detection) were divided by 2 to
obtain a mean – SEM.15 In some cases where literature
values were followed by standard deviation of the mean,
these were recalculated as SEMs for consistency.

Results

Table 1 shows the mean weights/volumes, –SEMs of dog
ocular tissues along with the concentrations – SEMs, and
calculated total amount of ketorolac in each tissue separated
out into the anterior and posterior segments immediately
after lens replacement surgery (time 0). This table shows
the means of 4 determinations where individual weights
were multiplied times ketorolac concentrations (n = 4). The
total plasma amount of ketorolac was obtained by multi-
plying the published plasma volume of drugs by the body
weight in kilogram12 times the mean plasma concentration
at time 0. The summed total gives an estimate of the total
dose delivered by a formulation of ketorolac (0.0024%)
and phenylephrine (0.008%) as diluted in irrigation solu-

tion. The total estimated dose was 12.70 mg. The highest
total amounts of ketorolac are found in the aqueous and
vitreous. In the vitreous, it is likely due to the total greater
mass of this tissue.

The plasma concentration of ketorolac in the canine study
immediately after surgery was determined to be 4.70 – 0.73
SEM ng/mL (Table 2). This value is somewhat higher than
the amount in plasma reported in a clinical study11 of 1.0–
4.2 ng/mL. The lower limits of detection were not stated for
this study. However, if the amount present in plasma is
estimated reflecting the differences in dog vs. human plasma
volumes, the estimated concentration would be 1.65 ng/mL,
which is in line with the findings of that clinical study.

These findings suggest that higher plasma levels (11–
23 ng/mL in 8/28 patients) observed16 may be associated
with topical dosing. The lower limits of detection were not
identified in the above source.

At 2 h postsurgery, plasma levels of ketorolac were un-
detectable in 14 of 16 animals. This suggests that absorption
into the systemic circulation occurred during the initial
dosing procedure. Further analysis of the tissue distribution
indicated that the largest percentage of dosed ketorolac was
located in the anterior segment at initial time points.

The total ketorolac, as well as that contained in aqueous,
iris/ciliary body, vitreous, retina, and choroid/RPE tissues
are shown graphically in Fig. 1 over the 10-h time course.
After a rapid drop in ketorolac levels over the first 2 h, ke-
torolac levels continued to decline, but at a slower rate. Ke-
torolac concentrations were sufficient to inhibit both COX-1
and COX-2 (human recombinant results13) in all tissues and
at all time points studied.

Aqueous concentrations of ketorolac are shown in Fig. 2
by intracameral dosing of phenylephrine/ketorolac with lens

Table 1. Tissue Weights and Total Dose in Plasma and Ocular Tissues at Time 0

Tissue
Mean weight

mg(mL) – SEM
Tissue concentration
mg/g(mL) – SEM

Total dose
(mg) – SEM

Anterior segment Aqueous 0.429 – 0.066 16.80 – 0.47 7.26 – 0.202
Cornea 0.122 – 0.003 2.86 – 0.05 0.35 – 0.006
Conjunctiva 0.119 – 0.009 1.37 – 0.41 0.076 – 0.041
Iris/ciliary body 0.130 – 0.012 2.81 – 0.42 0.36 – 0.055
Anterior sclera 0.285 – 0.016 1.05 – 0.091 0.30 – 0.026
Lens capsule 0.013 – 0.002 1.41 – 0.41 0.019 – 0.005
Total.. — 8.37 – 0.34

Posterior segment Retina 0.059 – 0.001 1.83 – 0.36 0.11 – 0. 02
Vitreous 1.90 – 0.06 1.13 – 0.37 2.13 – 0.71
Choroid/RPE 0.080 – 0.002 1.59 – 0.05 0.15 – 0.02
Posterior sclera 0.252 – 0.011 0.64 – 0.16 0.16 – 0.04
Total.. — 2.55 – 0.79

Plasma 379.0 0.00470 – 0.00073 1.78 – 0.28

Total ketorolac Anterior+posterior + Plasma = 12.70 – 1.41

SEM, standard error of the mean.

Table 2. Plasma Levels Following Topical and Intracameral Administration of Ketorolac

as an Irrigation Solution

Drug tested Species Determined Ketorolac (ng/mL)

Intracameral irrigation solution phenylephrine+ketorolac Canine 4/4 4.70 (1.65)a

Intracameral irrigation solution phenylephrine+ketorolac Human 10/1411 1.0–4.2
0.5% Ketorolac topical Human 8/2816 11–23

aValue in parenthesis estimated using human plasma volume.
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implant surgery, and compared with those achieved by topi-
cal dosing in human subjects. At all measured time points,
concentrations of ketorolac in the aqueous by intracameral
dosing were in excess of that required for 90% inhibition of
both COX-1 and COX-2.13 Effective concentrations of ke-
torolac in the aqueous were also achieved by topical dosing.

The center graph shows concentrations achieved by 2
dosing regimens. Patients in the 1-h time point self-dosed
0.45% ketorolac BID 1 day before surgery, and the morning
of the surgery. This was followed by 4 additional doses 1 h
before the surgery.17 Concentrations achieved in this study
are similar to those achieved at 6 h following intracameral
administration. Topical dosing of ketorolac 0.40% at 6 h
before surgery resulted in a considerably lower concentra-
tion of ketorolac in aqueous18 compared with results
achieved by intracameral dosing.

The last panel shows the before and after concentrations
of ketorolac associated with cataract surgery.14 Following
surgery, ketorolac levels are significantly reduced and do
not provide sufficient concentrations to significantly inhibit
COX-1 or COX-2. In contrast, substantial levels of ketor-
olac are evident at even 10 h after intracameral dosing in the
aqueous (205 – 52 ng/mL, mean – SEM)—levels sufficient
to inhibit prostaglandin synthesis.

To address the question of whether topical dosing of
NSAIDs reaches therapeutic concentrations in the posterior
segment, a comparison was made between vitreous levels
after intracameral dosing with lens implant surgery at 2, 6,
and 10 h with those levels detected in vitreous surgery in
patients undergoing a vitrectomy,19 as shown in Fig. 3.
These patients received 0.4% ketorolac 4 times per day
before the vitectomy.19 Levels of ketorolac following in-
tracameral dosing are in excess of those needed for a greater
than 90% inhibition of both COX-1 and COX-2. However,
after topical dosing with ketorolac, levels in the vitreous are
insufficient to inhibit COX-1 or COX-2.18

FIG. 1. Decline of ketorolac over a 10-h period after intracameral dosing with phenylephrine/ketorolac delivered in
irrigation solution in lens replacement surgery in dogs. This figure shows the ketorolac concentration in ng – SEMs at 0, 2, 6,
8, and 10 h of aqueous, iris/ciliary body, vitreous, choroid/RPE, and retina following lens implantation surgery in dogs after
dosing with phenylephrine/ketorolac, delivered in irrigation solution. The final concentrations were 0.008% phenylephrine
and 0.00024% ketorolac. In addition, the concentrations required to inhibit COX-1 and COX-2 by 50% are shown based on
results using human recombinant COX-1 and COX-2.13 This suggests that sufficient levels of ketorolac are present in these
tissues to inhibit both isoforms of COX-1 and COX-2 at time points studied. RPE, retinal pigment epithelium; SEM,
standard error of the mean.

FIG. 2. Ketorolac concentrations in aqueous humor at 2,
6, and 10 h after dosing with 0.008% phenylephrine and
0.00024% ketorolac compared with topical dosing. This
figure shows concentrations of aqueous humor expressed as
mean ng/mL – SEM for time points 2, 6, 8, and 10 h after
lens implantation surgery in dogs (4 samples/time point)
using 0.008% phenylephrine and 0.00024% ketorolac de-
livered intracamerally through the irrigation solution. The
next set of values (red bars) shows topical dosing (clinical
study) at 1 and 6 h after dosing. This results in adequate
concentrations to completely inhibit COX-1 (>90% inhibi-
tion) at these time points. As shown (green bars), topical
dosing also achieves adequate aqueous levels before sur-
gery. However, determinations with topical dosing followed
by cataract surgery revealed a substantial loss of ketorolac,
which was insufficient to inhibit COX-1 or COX-213,14

(human recombinant COX-1 and COX-2) bringing into
question whether this is reflected in tissue levels such as in
the iris/ciliary body as well.
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Discussion

Suitable methods for estimating the total dose received by
ocular irrigation solutions were not found in the literature. Yet,
this information is needed to compare this method with topical
dosing and to determine possible systemic exposure. This ar-
ticle describes 1 method for partially achieving this objective.

In this study, the total estimated dose of ketorolac given via
phenylephrine and ketorolac injection 1%/0.3% (OMIDRIA)
diluted in irrigation solution and administered intracamerally
during surgery provides considerably higher concentrations in
target ocular tissues where needed than topical dosing.

Although topical drug administration does provide some
delivery of drug to the anterior segment, much of it is lost
during lens replacement surgery14 as it is likely displaced
during cataract surgery by viscoelastic material and irrigation
solutions, and furthermore, it does not provide effective con-
centrations to the posterior segment.20 The presence of ketor-
olac in the aqueous during and immediately after cataract
surgery is critical due to its contact with tissues such as iris/
ciliary body that generate the release of the inflammatory
prostaglandin PGE2.

21–22 It is possible that treatment with
topical NSAIDs before surgery may provide adequate levels in
some tissues despite the loss in the aqueous, but it also seems
likely that ocular tissues in direct contact with the aqueous
would experience a considerable loss of NSAIDs. Thus, the
topically delivered ketorolac present in the iris/ciliary body
would be anticipated to decline rapidly as the ketorolac is in
equilibrium with that of the aqueous concentration.

The question can be raised that if other NSAIDs suffer the
same fate as ketorolac following topical administration with
cataract surgery (ie, are washed out), then how do these drugs
inhibit the miotic response associated with surgery? An in-
hibition of the miotic response to lens surgery by ketorolac,
bromfenac, and nepafenac (amfenac) has been reported in
several studies.23–25 A possible explanation is that the inhi-
bition of prostaglandins is not the mechanism responsible for
the antimiotic effect.26 In this publication,26 the conclusion
was that the mechanism of action of NSAIDs in inhibiting the
miotic effect induced by surgery is unknown.

In addition, ketorolac, bromfenac, and nepafenac
(amfenac—the active metabolite) had concentrations in
vitreous19 below what would result in significant inhibition
of COX-1 or COX-2. Thus, the likely mechanism by which
NSAIDS prevent cystoid macular edema would be that they
inhibit prostaglandin formation in the anterior chamber,
which limits their availability to reach the retina.

Other studies have been conducted with intracameral
dosing of ketorolac using a fixed amount by direct injection.
A direct comparison can be made for vitreous concentrations
as reported.27 This study conducted in rabbits reported a
vitreous concentration of 0.163 – 0.04mg/mL following the
intracameral dosing of 250mg/0.05 mL within 2 h. This rep-
resents 0.065% of the administered dose (250mg). In the
present study, the percent of estimated total initial dose was
13.5% in the vitreous at 2 h postoperatively. The lower
amount in the vitreous in the rabbit study may represent
species differences (ie, rabbits vs. dogs) or other factors such
as concentration of the injected material throughout the eye.
Perhaps using a diluted drug in an irrigation solution en-
hances the surface area of absorption to the back of the eye.

It should be recognized that the aqueous humor in the dog
(Table 1) is approximately twice that of human aqueous.
This suggests that the dog aqueous would potentially hold
twice the total amount of drug versus humans, assuming
equal concentrations. Prevention of inflammation and the
development of cystoid macular edema following cataract
surgery may require adequate anti-inflammatory drug con-
centrations in both the anterior and posterior.28–30

With respect to the anterior segment, there is a constitu-
tive expression of both COX-1 and COX-2 in the normal
human eyes with localization in the ciliary body and iris.22

This finding makes it critically important that adequate
levels of NSAIDs be present in the human aqueous that
surrounds these tissues during the surgical procedure. Fur-
thermore, there are no enzymatic mechanisms for removal
of PGE2 resulting from the activity of COX-1 and COX-2 in
the normal eye. PGE2 is only removed by a specific trans-
porter31 and also diffuses to the back of the eye where it may
play a key role in the development of cystoid macular
edema. This is particularly true during lens implant surgery
when the contents of the lens capsule and anterior chamber
are displaced by irrigation solutions or viscous substances to
maintain the shape of the eye during surgery.3 These pro-
cedures remove much of the topically administered drugs
from the anterior segment.14 This is critical because
NSAIDs prevent the formation of inflammatory prosta-
glandins originating from the iris and surrounding tissues.22

These results suggest that the beneficial effects of topical
NSAIDs in the inhibition of cystoid macular edema result
from the inhibition of PGE2 formation in other tissues an-
terior to the posterior segment such as the iris/ciliary body.

FIG. 3. Vitreous concentrations of ketorolac following
dosing during lens replacement surgery in dogs and comparison
with concentrations achieved by topical dosing. This figure
shows ketorolac concentrations in the vitreous after dosing with
0.008% phenylephrine and 0.00024% ketorolac in irrigation
solution during lens replacement surgery in dogs. Topical
dosing 4 times with 0.4% ketorolac 3 days before vitrectomies
did not achieve concentrations in the vitreous to significantly
inhibit COX-1 or COX-2,19 suggesting that beneficial effects of
ketorolac in patients in preventing cystoid macular edema are
likely due to its effects in the anterior segment. These findings
in this study were also extended to other NSAIDs, including
bromfenac and nepafenac (amfenac). None of these drugs
achieved inhibition exceeding 50% of PGE2 concentrations in
the published studies19 (results not shown). NSAIDs, non-
steroidal anti-inflammatory drugs.
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Conclusions

The intracameral administration of diluted phenylephrine
and ketorolac 1%/0.3% in a dog study was found to achieve
therapeutic levels of ketorolac during surgery in both the
aqueous and vitreous. The therapeutic drug levels were
maintained for at least 10 h after surgery.

In contrast, topical dosing with NSAIDs does not provide
sufficient aqueous prostaglandin-inhibiting concentrations
during or after surgery at the intraocular structures where
they are needed most—in target tissues such as the iris and
ciliary body. Furthermore, topical dosing does not provide
therapeutic NSAID levels in the posterior segment as mea-
sured by vitreous drug levels of ketorolac.

This study underscores the need to have pre-emptive anti-
inflammatory drug activity present throughout the surgical
procedure and during the early postoperative period (ie,
after the surgical insult has been completed). These findings
are consistent with other published studies.

Based on animal studies and clinical data,32,33 phenyl-
ephrine/ketorolac 1% and 0.3% injection delivered during
surgery as an irrigation solution may preclude the need for
topically administered pre- and postoperative NSAIDs.
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