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Pharmacokinetics of a combination of amikacin sulfate and penicillin G
sodium for intravenous regional limb perfusion in adult horses
Jorge E. Nieto, Jan Trela, Scott D. Stanley, Sawsan Yamout, Jack R. Snyder

Abstract

The aim of this study was to determine the pharmacokinetics of amikacin and penicillin G sodium when administered in
combination as an intravenous regional limb perfusion (IVRLP) to horses. Seven healthy adult horses underwent an IVRLP in
the cephalic vein with 2 g of amikacin sulfate and 10 mill IU of penicillin G sodium diluted to 60 mL in 0.9% saline. A pneumatic
tourniquet set at 450 mmHg was left in place for 30 min. Synovial fluid was collected from the metacarpophalangeal joint 35 min
and 2, 6, 12, and 24 h after infusion of the antimicrobials. Concentrations of amikacin and penicillin in synovial fluid were
quantitated by liquid chromatography tandem-mass spectrometry analysis. Therapeutic concentrations of amikacin and penicillin
for equine-susceptible pathogens were achieved in the synovial fluid. Maximum synovial concentrations (C__ ) (mean * SE)
for amikacin and penicillin were 132 * 33 wg/mL and 8474 + 5710 ng/mL, respectively. Only 3 horses had detectable levels of
penicillin at 6 h and 1 at the 12 h sample. The combination of amikacin with penicillin G sodium via IVDLP resulted in reported
therapeutic concentrations of both antibiotics in the synovial fluid. The C___:MIC (minimum inhibitory concentration) ratio for
amikacin was 8:1 and Time > MIC for penicillin was 6 h. At 24 h, the mean concentration of amikacin was still above 4 pg/mL.
Terminal elimination rate constants (T, |, .4.,) were 13.6 h and 2.8 h for amikacin and penicillin, respectively. The use of IVDLP
with penicillin may therefore not be practical as rapid clearance of penicillin from the synovial fluid requires frequent perfusions
to maintain acceptable therapeutic concentrations.

Resume

L'objectif de la présente étude était de déterminer la pharmacocinétique de I'amikacine et de la pénicilline G sodique lorsqu’administrées en
combinaison par perfusion intraveineuse régionale d"un membre (PIVRM) a des chevaux. Sept chevaux adultes ont regu une PIVRM dans la
veine céphalique avec 2 g de sulfate d'amikacine et 10 millions d"UI de pénicilline G sodique dilués dans 60 mL de saline 0,9 %. Un tourniquet
pneumatique réglé a 450 mmHg a été laissé en place pour 30 min. Du liquide synovial a été récolté de I'articulation métacarpo-phalangienne
35min, 2, 6,12, et 24 h apres U'infusion des antimicrobiens. Les concentrations d’amikacine et de pénicilline dans le liquide synovial furent
mesurées par spectrométrie de masse en tandem avec la chromatographie en phase liquide. Les concentrations thérapeutiques d’amikacine et
de pénicilline pour des agents pathogénes équins sensibles ont été atteintes dans le liguide synovial. Les concentrations synoviales maximales
(C,,.) [moyenne + écart-type (EC)] pour I'amikacine et la pénicilline étaient de 132 + 33 pg/mL et 8474 + 5710 ng/mL, respectivement.
Seulement 3 chevaux avaient des quantités détectables de pénicilline a 6 h et un seul pour I'échantillon de 12 h. La combinaison d’amikacine et
de pénicilline G sodique via PIVRM a permis de rapporter des concentrations thérapeutiques des deux antibiotiques dans le liquide synovial.
Le ratio C,,, -CMI (concentration minimale inhibitrice) pour I'amikacine était de 8:1 et la période de Temps > CMI pour la pénicilline était
de 6 h. A 24 h, la concentration moyenne d’amikacine était toujours supérieure i 4 ng/mL. Les constantes du taux d'élimination terminal
(T, P lambdar) €taient 13,6 h et 2,8 h pour I'amikacine et la pénicilline, respectivement. L'utilisation de PIVRM avec la pénicilline ne serait
ainsi pas pratique étant donné que la clairance rapide de la pénicilline a partir du liquide synovial requiére des perfusions fréquentes pour
maintenir des concentrations thérapeutiques acceptables.

(Traduit par Docteur Serge Messier)

soft-tissue structures of the distal limb, while limiting systemic

Introduction

Orthopedic infections in horses are life-threatening emergencies
that may affect the animal’s athletic future or require euthanasia.
Intravenous regional limb perfusion (IVRLP) is commonly used to
treat orthopedic infections because it delivers high antimicrobial
concentrations above the minimum inhibitory concentration (MIC)
for common equine bacterial isolates in the synovial, osseous, and

side effects and cost (1—9). Compared with systemic antimicrobial
administration, IVRLP results in higher regional concentration and
reduces the risk of systemic toxicity that leads to renal and gastro-
intestinal side effects (1).

Common pathogens cultured from orthopedic infections in
horses include Enterobacteriaceae, streptococci, staphylococci, and
Pseudomonas spp. (10,11). Most of the studies on regional limb
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perfusion in horses have used aminoglycosides that provide good
coverage for Gram-negative bacteria and Staphylococcus, but lack
activity against other Gram-positive bacteria. Combinations of a
beta-lactam with an aminoglycoside are commonly used systemi-
cally since they provide broad-spectrum coverage and have good
drug synergy (4). At our hospital, a combination of systemic procaine
penicillin and gentamicin is used as a first option for orthopedic
infections until sensitivity results are obtained. Aminoglycosides
used with intravenous regional limb perfusion (IVRLP), which has
been reported in research studies, are the most common antimicro-
bials used regionally in clinical cases with orthopedic infections
(1,4—7,12—15). The use of intraosseous or IVRLP with penicillin has
only been reported in clinical cases (3,6,9,16,17).

When combining beta-lactams with aminoglycosides, both in-vitro
and in-vivo drug interaction has been reported (15,18—20). The
interaction depends on medium, temperature, time, pH, and con-
centration, which results in lower antimicrobial concentration of
both antibiotics and can still occur in body fluids, such as urine. The
reported mechanism of interaction involves a nucleophilic open-
ing of the beta-lactam ring and a reaction with an amino group of
the aminoglycoside to form an inactive amide (18,21). An in-vitro
study comparing the interaction of 6 beta-lactam antibiotics with
5 aminoglycosides found that amikacin was the aminoglycoside
least inactivated by all beta-lactams, retaining its activity with minor
changes at 48 h. The combination of penicillin G and amikacin was
the most stable of all combinations evaluated (21).

Aminoglycosides are commonly used to treat serious enterococ-
cal, mycobacterial, staphylococcus, and Gram-negative bacterial
infections. Among the aminoglycosides, amikacin is useful for
gentamicin-resistant, Gram-negative pathogen infections and is
one of the most commonly used antibiotics in IVRLP due to its
concentration-dependent action (6). Penicillin is still one of the most
commonly used beta-lactam antibiotics in veterinary medicine. Since
penicillin is considered time-dependent in its activity, the time (T) of
drug concentration above the MIC (T > MIC) is important to clini-
cal success (22,23). Unlike aminoglucosides, beta-lactam antibiotics
exhibit little concentration-dependent killing. Penicillin has only
post-antibiotic effect for staphylococci and animal data suggest that
levels need to exceed the MIC for 90% of the dosing interval against
gram-negative bacilli and streptococci, but only 50% to 60% for
staphylococci in neutropenic animals. In nonneutropenic animals,
however, the T > MIC can be reduced to 25% to 30% (23).

Bacterial killing with penicillin depends on time and when admin-
istered via IVRLP is likely to result in local therapeutic concentra-
tions of the antimicrobial for a longer time than is possible with
systemic administration. It has been hypothetized that the use of
time-dependent antimicrobials for IVRLP can be justified because it
is likely to result in therapeutic concentrations of the antimicrobial
in infected ischemic tissues for a longer time than is possible with
systemic administration (6). In addition, after the tourniquet is
released, the high antimicrobial concentrations in the surrounding
tissues may serve as a depot, producing continuous diffusion from
the surrounding tissues to the synovial structures (24,25).

The purpose of this study was to determine the pharmacokinetics
of amikacin and penicillin G sodium when administered in combina-
tion as an IVRLP to healthy adult horses.

Materials and methods

Adult horses, 4 geldings and 3 females, with an average age of
16y (5 to 18 y) and an average weight of 520 kg (500 to 603 kg) were
used in the study. Breeds included 2 Thoroughbreds, 4 Quarter
horses, and 1 Standardbred. Horses were healthy based on physical
examination and had no signs of lameness or musculoskeletal injury.

The protocol was approved by the University of California
Institutional Animal Care and Use Committee. Horses were sedated
with detomidine hydrochloride [0.02 mg/kg body weight (BW)],
intravenously (IV) and butorphanol tartrate (0.02 mg/kg BW, IV),
administered via a 14-gauge (ga) IV catheter placed in a jugular vein.
If horses required additional sedation, detomidine hydrochloride
(0.004 mg/kg BW IV) was administered. Effort was made to main-
tain adequate sedation to prevent limb movement until tourniquet
removal. A pneumatic tourniquet with a 10.5-cm cuff was placed at
the mid-to-proximal antebrachium and insuflated at a pressure of
450 mmHg. On a randomly selected front limb, a 24-mm long, 20-ga
IV catheter was aseptically placed into the cephalic vein approxi-
mately 10 cm proximal to the accessory carpal bone. Two grams
of amikacin sulfate (Amikacin; Teva Pharmaceuticals, Sellersville,
Pennsylvania, USA) and 10 mill IU of penicillin (Penicillin G Sodium;
Sandoz, Princeton, New Jersey, USA) were diluted to a total volume
of 60 mL with saline (0.9% Sodium Chloride; Baxter Healthcare,
Deerfield, Illinois, USA) immediately before infusion and slowly
injected into the cephalic vein over 1.5 min. The tourniquet was
removed 30 min after injection.

Synovial fluid was collected from all 7 horses within 5 min of
tourniquet removal (35 min) and 2, 6, 12, and 24 h after the antimi-
crobials were administered. Synoviocentesis was conducted using
aseptic techniques from the metacarpophalangeal joint using a lateral
approach through the collateral proximal sesamoidean ligament as
previously described (26). Synovial fluid (1 mL) was collected and
immediately centrifuged at 1700 X g for 5 min and frozen at —80°C
until analysis. Horses were evaluated for lameness, joint swelling,
and phlebitis every 24 h for 3 d after the IVRLP.

Measurement of amikacin and penicillin
concentrations in synovial fluid

Concentrations of amikacin and penicillin were quantitated
in horse synovial fluid by liquid-chromatography-tandem mass
spectrometry analysis, using modifications of previously published
methods (27,28). Tobramycin and penicillin V were used as the
internal standard for amikacin and penicillin analyses, respectively.
For amikacin analysis, plasma calibrators were prepared by diluting
the working standard solutions with drug-free synovial fluid col-
lected from horses to concentrations ranging from 1.0 to 600 pg/mL.
Synovial fluid calibrators for penicillin analysis were similarly
prepared to concentrations ranging from 10 to 100 000 ng/mL.
Fresh calibration curves were prepared for each quantitative assay.
In addition, quality control samples, prepared at concentrations
within the standard curve, were included with each sample set as
an additional check of accuracy.

The response for both amikacin and penicillin was linear and gave
correlation coefficients (R?) of 0.99 or better. For amikacin analysis,
the accuracy (percentage of nominal concentration) and precision
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Figure 1. Concentration of amikacin (A) and penicillin (B) in synovial fluid of 7 horses after distal limb perfusion with 2 g of amikacin sulfate and 10 mill
IU of penicillin G sodium. Samples were collected from the metacarpophalangeal joint at 5 min and 2, 6, 12, and 24 h after the tourniquet was removed.

Table l. Individual pharmacokinetic parameters describing the disposition kinetics of amikacin in synovial fluid after intravenous
perfusion of amikacin sulfate (2 g) and penicillin sodium (10 mill IU) in 7 horses. All parameters were generated using non-

compartmental analysis

Pharmacokinetic

parameter Horse 1 Horse 2 Horse 3 Horse 4 Horse 5 Horse 6 Horse 7 Mean + SE
Crax (RE/ML)? 83.0 142.7 102.4 208.8 13.1 95.2 279.4 132.1 + 33.3
T oo ()P 0.58 0.58 0.58 0.58 0.58 0.58 0.58 0.58 = 0.0
AUC,, (h*ug/mL)° 286.6 384.0 510.0 489.0 113.3 249.1 697.1 389.9 = 73.3
T/ tambdaz (N)° 6.65 15.9 8.66 11.7 26.0 11.9 14.3 13.6 = 2.4

@ Maximum synovial concentration.

® Time of maximal synovial concentration.

¢ Area under the curve to the last time point collected.
d Terminal elimination rate constant.

Table Il. Average pharmacokinetic parameters describing the
disposition kinetics of penicillin in synovial fluid after
intravenous perfusion of penicillin G sodium (10 mill IU) and
amikacin sulfate (2 g) in 7 horses. All parameters were
generated using non-compartmental analysis for sparse data

Pharmacokinetic parameter Mean + SE
C, o (Ng/ML)? 8474 = 5710
T oo (NP 0.58

AUC,, (h*ng/mL)° 9247 + 5738
T1/2 lambdaz (h)d 2.82

@ Maximum synovial concentration.

® Time of maximal synovial concentration.

¢ Area under the curve to the last time point collected.
d Terminal elimination rate constant.

(percentage relative to standard deviation) were 93% and 108%
and 3% and 4% at 8.0 and 80.0 p.g/mL, respectively. For penicillin
analysis, accuracy and precision were 98%, 102%, and 98% and 3%,
3%, and 1% for 150, 8000, and 80 000 ng/mL, respectively. Accuracy
and precision for both assays were considered acceptable based on
US Food and Drug Administration (FDA) guidelines for bioanalyti-

cal method validation. The technique was optimized to provide a
minimum limit of quantification (LOQ) of 1 ug/mL and a limit of
detection (LOD) of 0.1 p.g/mL for amikacin and an LOQ of 10 ng/mL
and LOD of 0.5 ng/mL for penicillin.

Pharmacokinetic analysis

Nonlinear least square regression was carried out on the amikacin
concentration in synovial fluid versus time data using commer-
cially available software and non-compartmental analysis (Phoenix
WinNonlin Version 6.2; Pharsight, Carey, North Carolina, USA).
Due to the limited detection time, naive pooling of datum points
was used to combine data from different horses at each time point
before pharmacokinetic analysis of penicillin concentration in syno-
vial fluid. Non-compartmental analysis for sparse data was used to
determine the pharmacokinetic parameters for penicillin. The area
under the curve (AUC) for both amikacin and penicillin was calcu-
lated using the log-linear trapezoidal rule.

No lameness, joint effusion, or obvious phlebitis was observed
in any of the horses. The concentrations of amikacin sulfate and
penicillin G sodium in synovial fluid at different time points are
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presented in Figures 1A and 1B, respectively. Detectable concentra-
tions of amikacin were obtained in synovial fluid of all horses at all
time points. Penicillin was detected in the synovial fluid of 3 horses
at 6 h, in only 1 horse at 12 h, and was not detected in any horses
at 24 h. Pharmacokinetic variables are shown in Tables I and II. No
clinically detectable adverse effects were identified.

It was found that, while a combination of amikacin sulfate and
penicillin G sodium yield therapeutic concentrations of amikacin
and penicillin in the synovial fluid, penicillin concentrations were
maintained for only a short period of time (only 3/7 horses had
detectable levels at 6 h and only 1 at 12 h). It was therefore concluded
that IVRLP with this antibiotic combination may not be practical for
treating clinical cases of sepsis.

As amikacin is a concentration-dependent antimicrobial, the rate
and extent of bacterial killing is associated with high-peak concen-
tration (C_, ) and MIC ratio. For the treatment of susceptible bac-
teria, the C__ :MIC ratio should be 8:1 to 10:1 to maximize its effect
(29,30). It has been reported that concentrations of amikacin from
1to 4 pg/mL and from 2 to 16 pg/mL have an MIC,, for Escherichia
coli and Pseudomonas aeruginosa respectively (31). Using the C,  :MIC
ratio of 8:1 synovial concentrations obtained in this study, 2 g of ami-
kacin achieved therapeutic concentrations for E. coli and P. aeruginosa.
In addition, at the 24-hour time point, the mean concentration of
amikacin was still above 4 wg/mL MIC, which indicates that daily
IVRLP with amikacin is adequate. In addition, aminoglycosides have
a post-antibiotic effect (the continued suppression of bacterial growth
after limited exposure of the organism to an antibiotic). The post-
antibiotic effect of amikacin against staphylococci has been reported
to be 5 to 10 h for clinically achievable concentrations (32). Another
study (33) reported a mean post-antibiotic effect of amikacin of 3.43 h
in equine isolates of methicillin-resistant Staphylococcus aureus.

Although the optimal dose and frequency of amikacin for [IVRLP
require further investigation, it seems that the dose used in this study
provides antimicrobial coverage for at least 24 h. Reported synovial
concentrations in studies using IVRLP with amikacin are highly
variable, probably due in part to different methodologies, includ-
ing dose of antimicrobial, type of tournique, volume and speed of
infusion, vein and joints used, and amikacin determination assay.
Similar to our results, however, other studies have also found wide
ranges in concentration of amikacin in synovial fluids. One of the
reasons we used 2 g of amikacin in this study was in part due to
these wide ranges found in previous studies. Clinicians need to be
aware that, even when the mean value from some studies showed
good MIC concentrations, some horses may achieve low antimicro-
bial concentrations.

Some studies in horses have evaluated amikacin as an IVDLP
using a methodology similar to the present study: horses standing
under sedation, same amikacin dose, perfusion into the cephalic
vein, tourniquet in the antebraquieium, and collecting fluid from
the metacarpophalangeal joint (14,34). Maximum concentrations
of amikacin in synovial fluid in those studies (277 and 50 pg/mL)
compare with concentrations obtained in this study (132 ug/mL).
One of these studies also found a very similar terminal elimination

rate constant [12.9 h in the study by Kelmer et al (34) and 13.6 h in
the present study].

Two IV penicillin G salts are commercially available, sodium and
potassium. Due to more accessible price, penicillin G potassium is
more commonly used at our hospital. As a million IU of penicillin
G potassium contain 1.7 mEq of potassium ion, we therefore chose
penicillin G sodium for this study as well as to prevent the possibil-
ity of hyperkalemia at the moment of tourniquet release. Doses of
1 to 10 mill IU of penicillin G potassium have been used in IVRLP in
clinical cases in horses (6). Since no previous studies of IVRLP have
been conducted with penicillin, we selected a high dose (10 mill IU)
for this study because of the time-dependent characteristics of
penicillin on the basis that a high dose could increase the half-life
of the antibiotic.

Peak serum and synovial fluid concentration in healthy mares
after an intramuscular (IM) injection of aqueous procaine penicillin G
(22 000 IU/kg BW) was 1.42 ng/mL and 0.62 ng/mL, respectively
(35). Furthermore, the mean concentration of penicillin in synovial
fluid peaked at 4 h and decreased to 0.5 wg/mL and 0.23 pg/mL at
12 h and 24 h, respectively. The MIC of penicillin G in the horse for
Streptococcus equui and Streptococcus zooepidemicus has been reported
to be 0.002 to 0.08 pg/mL and 0.06 to 0.25 pg/mL for Corynebacterium
pseudotuberculosis (35). In-vitro killing-curve studies of bacteria have
shown that maximum killing is usually achieved at 3 to 4 times the
MIC when using beta-lactam antibiotics (23).

Using the MIC from the previously mentioned studies, we
achieved therapeutic levels of penicillin in the synovial fluid by
using 10 mill IU in our IVRLP. Although our synovial fluid levels
were higher than those achieved by parenteral administration of IM
procaine penicillin, they dropped to 0.2 pg/mL by 2 h and were not
detectable in 60% of our horses by 6 h. Concentrations of synovial
and peritoneal penicillin parallel serum and penicillin leave the
joint as readily as it enters in relation to serum concentrations (35).
A previous study found that an intraperitoneal penicillin injection
was absorbed and excreted less rapidly when supplemented by
parenteral injections (36). It appears that intraarticular penicillin
would equilibrate rapidly with serum, quickly depleting the synovial
concentration because of the large volume of serum with which it is
equilibrating. It is not known whether parenteral administration of
penicillin in addition to the IVRLP would reduce the steep reduction
of penicillin concentrations in the synovial fluid. The physiochemical
property between aminoglycoside and beta-lactum has been reported
(18,21). One of the horses in this study had a low concentration of
amikacin and penicillin in the synovial fluid and a different horse
with the lowest concentration of synovial penicillin had a very high
concentration of amikacin.

A limitation of the study is that we did not collect blood to
measure antibiotic concentrations before tourniquet removal to
determine the effectiveness of the tourniquet. It is possible that
the tourniquet failed in the horse with low concentrations of both
antibiotics. The physical change of the penicillin molecule to form
metabolites and decretive by-products occurs due to the exposure
to plasma esterase present in the surrounding fluid. In addition,
penicillins have a labile beta-lactam ring that has pronounced sus-
ceptibility to various nucleophiles, acid-base reagents, metal ions,
oxidizing agents, or even solvents such as water and alcohol (37).
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Since we only measured penicillin and not its metabolites or break-
down products, it is not possible to determine whether the penicillin
degraded in the horse with high amikacin and low penicillin levels.

We collected synovial fluid by arthrocentesis from the same joint
on 5 occasions within a 24-hour period. Although the fluid was
clear in all the initial samples, the fluid became serosanguinous in
subsequent samples from some horses. It is possible that hemorrhage
or inflammation as a result of repeated arthrocentesis may have
decreased the concentration of antibiotics and potentially short-
ened its half-life. Although placing an in-dwelling small catheter
could have prevented hemorrhage from repeated arthrocentesis,
the inflammation induced by the catheter could also have affected
concentrations of antimicrobials.

Although there are several studies showing positive results of
synovial sepsis with the use of antimicrobials by IVRLP (1,4,6,8,10),
all pharmacokinetic studies have been conducted in healthy animals
(2,5,7,12,15,28,38). Septic arthritis can cause thrombosis of synovial
vessels and necrosis of the synovial membrane, which may limit
the delivery of systemically administered antibiotics. In addition,
changes in vascular permeability induced by synovitis may increase
the rate of antimicrobials entering or exiting the joint. A study of
experimentally induced septic arthritis showed better outcome in
horses receiving IVRLP with gentamicin than when the drug was
administered intravenously (9). In that study, the perfused joints
had lower nucleated cell counts and terminal bacterial cultures of
synovial fluid and synovial membranes yielded negative results in
50% of joints, compared with 100% of joints treated only by systemic
antimicrobials. A study of experimentally induced synovitis by lipo-
polysacharide injection found a shorter T, and higher C__ after
IVRLP with amikacin compared to normal joints (38). Clinicians need
to be aware, however, that the effect or the degree of antimicrobial
diffusion and clearance in naturally inflamed and/or septic synovial
structures when using IVRLP is not known.

Although we obtained acceptable levels of amikacin and penicil-
lin in the synovial fluid, the levels of penicillin were present only
for a short time. We used a high dose of penicillin in an effort to
maintain antibiotic accumulation in the tissue outside the vascular
space (depot phenomenon), but levels of antibiotics were detectable
in only 40% of the horses in this study at 6 h. It is unknown if higher
or long-lasting concentrations can be obtain if IVRLP is done using
only penicillin as a single antibiotic. When penicillin G sodium is
used by the IV route in horses, it is recommended that it be admin-
istered every 6 h (39). Our results indicate that if penicillin G sodium
is used as IVRLP, it may also need to be administered at similar
intervals. As the use of IVRLP in horses is painful and patients must
be sedated, it is impractical to use IVRLP several times a day. Since
the time that penicillin is above the MIC of the organism is the best
predictor of bacterial killing and clinical efficacy, then the T > MIC
can be maximized by administering the drug by continuous infu-
sion (23). When high regional antibiotic concentration of amikacin
and a beta-lactam antibiotic are desired, an alternative would be to
carry out IVRLP with amikacin and administer the time-dependent
antibiotic using a continuous delivery system (40).

Since the interaction between aminoglycosides and beta-lactam
antibiotics is also concentration-dependent, it is not known if simi-
lar results would be obtained by using different concentrations of

antibiotics than those used in this study. Regardless of the cause
of the rapid reduction of penicillin from the synovial fluid (in-vivo
interaction between amikacin and penicillin or rapid diffusion of
penicillin from the synovial structure to systemic circulation), it is
concluded that IVRLP with the combination used in this study is not
recommended in clinical cases.
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