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Introduction

Intravenous regional limb perfusion (IVRLP) is an effective
technique for delivering high concentrations of antimicrobial
agents to synovial structures of the distal limb in horses
suffering from septic arthritis or osteomyelitis.1 Septic arthri-
tis and osteomyelitis are challenging to treat and require
immediate aggressive treatment to save the career and even

the life of affected horses.2,3 Therapeutically effective antimi-
crobial tissue and synovial fluid concentrations in the distal
limb are difficult to reach through systemic routes of adminis-
tration.4 Also, administration of systemic antimicrobials may
result inpotentially fatal side effects suchasantibiotic-induced
colitis, which can be avoided through local administration.5

Amikacin sulphate is the most commonly used
antimicrobial in IVRLP in both clinical and experimental
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Abstract Objective The aim of this study was to determine the time (Tmax) to the maximum
concentration (Cmax) of amikacin sulphate in synovial fluid of the radiocarpal joint (RCJ)
followingcephalic intravenous regional limbperfusion (IVRLP)using2 gofamikacin sulphate.
Methods Cephalic IVRLP was performed with 2 g of amikacin sulphate diluted in 0.9%
NaCl to a total volume of 100mL in six healthy adult mixed breed mares. An Esmarch’s
rubber tourniquet was applied for 30minutes and the antibiotic solution was infused
througha23-gaugebutterfly catheter. Synovial fluidwas collected from theRCJ prior to the
infusion and at 5, 10, 15, 20, 25 and 30minutes after completion of IVRLP. The tourniquet
was removed after the last arthrocentesis. Synovial fluid amikacin sulphate concentrations
were determined by liquid chromatography/tandem mass spectrometry.
Results The calculated mean Tmax occurred at 15 minutes (range: 10–20minutes)
post-perfusion. The highest synovial fluid amikacin sulphate concentration was noted
at 10 minutes in 2 horses, 15 minutes in 2 horses and 20minutes in 2 horses. The
highest mean concentration was 1023 µg/mL and was noted at 20 minutes. Synovial
mean concentrations were significantly different between 15 and 30minutes.
Clinical Significance In this study noTmax occurred after 20 minutes; thus, 30 minutes
of tourniquet application time appear to be excessive. The 20minutes duration of
tourniquet application appears sufficient for the treatment of the RCJ in cephalic IVRLP
using 2 g amikacin sulphate in a total volume of 100mL.
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settings.6–16Amikacin sulphate is a concentration-dependent
antibiotic medication of the aminoglycoside class of antimi-
crobials that is active againstmost commonaerobicpathogens
isolated from equine orthopaedic infections.17 It is the most
common choice of antimicrobial in cases of septic arthritis or
osteomyelitis prior to obtaining culture and sensitivity
results.18Additionally, the concentration-dependent pharma-
cological activity of amikacin sulphate, including its a long
post-antibiotic effect,makes it a suitable candidate fordelivery
of regional high concentrations.19 The bactericidal effect and
extent of post-antibiotic effect of amikacin sulphate are de-
pendenton themaximumconcentration:minimum inhibitory
concentration ratio (Cmax:MIC) achieved in synovial fluid after
administration.19 A Cmax:MIC ratio of 8:1–10:1 has been
suggested for effective treatment of orthopaedic infections
with amikacin sulphate in horses.13,20

Administration of amikacin sulphate through IVRLP avoids
nephrotoxic effects associated with prolonged systemic ad-
ministration of aminoglycosides in horses, with expected low
serum concentrations also after the release of the tourni-
quet.16On the contrary to described positive aspects of a local
administration, a recent study concluded that intra-articular
administration with as low as 250mg amikacin sulphate was
markedly cytotoxic to joint cells.21 Adverse effects of high
amikacin sulphate concentrations to joint cells delivered
through IVRLP have not been investigated.

Intravenous regional limb perfusion in standing horses
requires heavy sedation due to pain and discomfort caused
by the tourniquet.22 Post-sedation effects are a concern in
continuous treatment when daily heavy sedation is required
for an extended period, causing delayed gastric emptying
which could lead to colic.23,24 Additionally, the use of tourni-
quets in humanmedicinehas been associatedwith ischaemia-
reperfusion injuries, neural ischaemia and wound hypoxia,
leading to a recommended tourniquet application time of less
than1hour.25,26 In cattle, side effects due to reperfusion injury
havebeen observed after 90minutes of tourniquet application
time.27 These adverse effects, although not investigated, could
also be present in the equine population advocating for the
tourniquet application time to be as short as possible. The
current recommended tourniquet application time for stand-
ing horses in regional limb perfusion is 30minutes in clinical
settings and in experimental studies.1,28

Several studies have investigated the ideal tourniquet
application time for IVRLP by comparing synovial fluid con-
centrations at different timepoints post-infusion. Previously it
has been suggested that the time to peak concentration (Tmax)
occurs 15minutes post-infusion after IVRLP with 1.25 g of
amikacin sulphate in the lateral/medial palmar/plantar vein of
horses under general anaesthesia.9 A recent report concluded
that 20minutes of tourniquet application time resulted in
similar synovial fluid antimicrobial concentrations in both the
radiocarpal joint and metacarpophalangeal joint as did a
30minute application time, when 1 g of amikacin sulphate
was infused in cephalic IVRLP utilizing a pneumatic tourni-
quet.10 The same group found no significant difference in
synovial fluid concentrations of amikacin sulphate in the
radiocarpal joint and metacarpophalangeal joint following a

10 and a 30minutes tourniquet application time.29 In these
studies, the joints were evaluated separately, only two time
points were compared and the synovial fluid amikacin sul-
phate concentration throughout the complete tourniquet ap-
plication time was not evaluated.

Based on a current literature search, there are no studies
investigating the appropriate tourniquet application time for
cephalic IVRLP by synovial fluid sampling of the radiocarpal
joint in 5minutes intervals. Such a model is needed to collect
moredataandenable comparisonbetweenseveral timepoints
throughout thefirst30minutesof tourniquet application time.
The aim of this study was to establish the time to peak
concentration (Tmax) of amikacin sulphate in synovial fluid
of the radiocarpal joint after cephalic IVRLP with 2 g of
amikacin sulphate in standing, sedated horses. Our hypothesis
was that theTmaxwouldoccurbefore the30-minute timepoint
in all horses.

Materials and Methods

Animals
Six (n¼ 6) adult mixed breed mares were used in the study.
The ages of the participating horses ranged from 2 to18 years
(median: 9.5 years) and their body weight ranged from 285
to 470 kg (median: 372 kg). Prior to commencement of the
study, all horses underwent thorough physical examinations
and their haematology were assessed. Only horses with no
observed lameness at a walk, no evidence of orthopaedic
problems on palpation and normal clinical and haematolog-
ical values were included. All horses were given tetanus and
influenza vaccinations 2 weeks prior to the initiation of the
study and were housed individually with hay and water ad
libitum. The study was approved by the University Animal
Care and Use Committee (MD-16–14812–3).

Regional Limb Perfusion and Sampling
One forelimb of each horse (n¼ 6) was randomly assigned to
treatment (by coin toss). The area of the medial, palmar and
dorsal radius was aseptically prepared and local peri-neural
anaesthesia was performed with mepivacaine HCl 2%
(Mepivacaine, Ceva Animal Health, Glenorie, Australia), to
desensitize the ulnar, median and musculocutaneous nerves,
with a volume of 10mL at each location.30 A 10� 5 cm area
overlying the cephalic vein at the level of the chestnut was
clipped and aseptically prepared. All horses received IV deto-
midine hydrochloride (Domosedan, Orion Pharma Animal
Health, Espoo, Finland) 0.01mg/kg and IV butorphanol tartrate
(Butomidor, Richter Pharma AG, Wels, Austria) 0.01mg/kg,
one time through IV injection, prior to tourniquet application.

Two10 cmrollednon-elasticgauzebandages (SionMedical,
Sderot, Israel) were placed over the vasculature proximal to
the prepared infusion site in the cephalic vein and an 8 cm
wide rubber Esmarch’s tourniquet (Degania Medical, Degania
Bet, Israel) was placed on top of the gauze with the distal
border of the tourniquet 5 cm proximal to the chestnut. A 23
gauge and 2 cm long butterfly catheter was inserted in an
asepticmanner in the cephalic vein and directed distally. After
blood flow into the extension set was observed, the catheter
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was secured to the skin with cyanoacrylate adhesive. Subse-
quently, the catheter was used for infusion of 4mL (2 g) of
amikacin sulphate (Amikacin, Anfarm Hellas, Attiki, Greece),
diluted in96mLof0.9%NaCl to a totalvolumeof100mL.16The
solutionwasmanually infused continuously over�2minutes,
using five 20mL syringes.

The dorsal aspect of the carpuswas clipped, and aseptically
prepared one time. Synovial fluid (1mL) was collected percu-
taneously from the radiocarpal joint using a 21-gauge, 4 cm
long needle between the distal radius and the proximal
articular surfaceof theradiocarpal bone, lateral to theextensor
carpi radialis tendon while lifting the forelimb in a slightly
flexed position. Samples were collected in empty urine collec-
tion tubes (BD Vacutainer, New Jersey, United States) before
infusion (time 0) and at 5, 10, 15, 20, 25 and 30minutes post
perfusion. Thetourniquetwaskept inplaceduring thesynovial
sampling and removed 30minutes after termination of the
antimicrobial infusion. Samples were centrifuged and the
supernatant frozen at –80°C in empty 2mL plastic vials until
processed for amikacin sulphate concentration determination
8 weeks after the samples were obtained.

After sampling was completed, all horses received phen-
ylbutazone at 2.2mg/kg IV twice daily for 2 days. They were
walked and evaluated daily for 7 days for lameness or other
complications related to venipuncture and arthrocentesis.

Synovial Fluid Preparation
Samples were prepared and analyzed using liquid
chromatography/tandem mass-spectrometry as previously
described.16 Briefly, synovial fluid samples were mixed with
double-distilled water, followed by acetonitrile for protein
precipitation. The extract was mixed with hexane and
dichloromethane and finally, the aqueous phasewas analysed
by liquid chromatography/tandem mass-spectrometry. Agi-
lent 1200 (Agilent Technologies, Waldbronn, Germany) liquid
chromatography system (binary pump, degasser, heated col-
umn compartment and autosampler) connected to Applied
Biosystems API 4000 (Applied Biosystems, Toronto, ON,
Canada)mass spectrometer was utilized. The chromatograph-
ic separationwasperformedonaSymmetryC18column(3.5µ,
2.1� 100mm, Waters, Massachusetts, United States)

Calibration curves were prepared by adding known
amounts of amikacin sulphate to drug-free synovial fluid
within the range of 0.5 to 2500 µg/mL.

Each calibration curvewasprepared on three occasions, in
triplicate on three different days. The accuracy, intra-day and
inter-day precision were calculated for the lower level of
quantification, the mid-level of quantification and the high
level of quantification (0.5, 250, 2,500 µg/mL).

Statistical Methods
Cmax and Tmax were determined by visual observation of the
data. The sphericity assumption of the data was assessed
using Mauchly test of sphericity. Repeated measure analysis
of variance (ANOVA) test was used to assess the effects of
time on synovial fluid amikacin sulphate concentrations. The
correlation between body weight and synovial fluid amika-
cin sulphate concentration was assessed using Spearman

correlation. Post-hoc analysis was performed through re-
peated measures ANOVA pair wise comparisons default
(Least Significant Difference test). Statistical analyses were
performed using statistical software program SPSS (IBM
SPSS STATISTICS software version 25, IBM, New York, United
States). Statistical significance was set at p< 0.05.

Results

All baseline synovial fluid amikacin sulphate concentrations
were 0 µg/mL. The mean synovial fluid amikacin sulphate
Tmax was 15minutes (range: 10–20minutes) and the mean
highest concentration (Cmax) was 1153 µg/mL (range:
588–1950 µg/mL) (►Table 1). There was no significant
correlation between synovial fluid amikacin sulphate con-
centration and body weight (Rho¼ 0.143, p¼ 0.79).

The mean synovial fluid amikacin sulphate concentration
increased until 20minutes and, subsequently, decreased
until 30minutes which was the last sampling point
(►Fig. 1). The overall change in mean amikacin sulphate
concentration was significant over time. In post-hoc analysis
mean amikacin sulphate synovial fluid concentrations at all
time points were significantly different to Time 0 and to the
5-minute time point. For the remaining time points, signifi-
cant differences were found in the mean amikacin sulphate
synovial fluid concentration only when comparing the con-
centration at 15minutes to 30minutes (►Fig. 1).

No significant arthrocentesis or venipuncture related
adverse effects were observed throughout the study. Two
horses had mild visible swelling at the site of infusion
throughout the IVRLP and were suspected to have minor
perivascular administration of the perfusate. All samples
were obtained and analysed successfully. Accuracy of the
synovialfluid analysiswaswithin the range of 92 to 107% and
the precision was within the range of 7.6 to 14.3%.

Discussion

The time of peak concentration of amikacin sulphate in the
synovial fluid of the radiocarpal joint, following IVRLP in
standing horses, was observed between 10 and 20minutes
from the completion of the amikacin sulphate infusion. This
supports our hypothesis that Tmax of amikacin sulphate in
synovial fluid would occur before the 30-minute time point
when delivered through cephalic IVRLP in the current formu-
lation. The findings of this study were in agreement with the
recent reports suggesting that 20minutes of tourniquet appli-
cation time for IVRLP are sufficient to reach Tmax of amikacin
sulphate in the distal interphalangeal and metacarpophalan-
geal joints.9,10,31Thus, thewidelyusedand reported30-minute
tourniquet application time appears excessive, when measur-
ingconcentrationsofamikacinsulphate in the radiocarpal joint
and other joints. The accumulated data, from the current study
and several other recent studies,9,10,31may lead to an adjusted
recommendation for shorter tourniquet application time but
should be interpreted with the knowledge that the study
protocols in thecurrentandpreviousstudieswerenot identical
regarding dose of amikacin sulphate and perfusate volume.
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The findings of the current study differ from previous
publications that found no difference in synovial fluid
amikacin sulphate concentrations between the 30-minute
time point and earlier sampling time points.10,29 We found
a significant reduction in the mean amikacin sulphate
synovial fluid concentration between the 15- and 30-min-
ute time point and none of the included horses had a Tmax

greater than 20minutes. Although the highest mean syno-
vial fluid concentration was observed at the 20-minute time
point, it was not significantly different to the 30-minute
time point. This is most likely due to the large standard
error accompanying the mean along with the small sample
size (►Fig. 1).

Repeated sedation is commonly needed to limit discomfort
and movement throughout the typically used 30minutes
tourniquet application time when performing IVRLP.10 A
shorter tourniquet application time results in a decreased
amount of sedation required for the procedure. In horses
receiving daily IVRLP, the accompanying sedation could in-
crease the risk of colic since detomidine hydrochloride in
combination with butorphanol tartrate significantly delays
gastric emptying rate.23,24

In addition, the risk of tourniquet side effects would poten-
tially be decreased. Tourniquet side effects have not been
investigated in horses but are well known in humanmedicine
as post-tourniquet syndrome. Pain from neural ischaemia and

Table 1 Amikacin sulphate concentrations in radiocarpal joint synovial fluid from 5 to 30minutes after cephalic intravenous
regional limb perfusion with 2 g of amikacin sulphate in 6 horses.

Synovial fluid amikacin sulphate concentration over time

Time
(min)

Horse A
310 kg
µg/mL

Horse B
327 kg
µg/mL

Horse C
470 kg
µg/mL

Horse D
285 kg
µg/mL

Horse E
466 kg
µg/mL

Horse F
376 kg
µg/mL

Mean
372 kg
µg/mL

Standard
deviation

5 185 115 337 437 807 175 343 256.6

10 442 479 849 561 1950 630 818 572.7

15 961 588 1010 616 1490 495 860 373.2

20 746 539 1110 1680 1720 343 1023 582.8

25 918 278 1040 680 1380 399 783 413.2

30 753 307 783 386 1030 534 632 272.6

Note: Maximum concentration (Cmax) in each horse is indicated with bold numbers. Standard deviations are given to the mean Cmax at each time
point. Values are given in µg/mL.

Fig. 1 Mean synovial fluid amikacin sulphate concentration at each time point with standard error bars. The mean synovial fluid amikacin
sulphate concentration increased until 20 minutes and, subsequently decreased until 30 minutes. Results of repeated measures analysis of
variance pair wise comparisons default (Least Significant Difference test) showed significant differences between time points 0 and 5 minutes
and all other time points marked with “�” in the graph. p-Values for comparing time point 0 and other time points ranged between p¼ 0.002 and
0.022. p-Values for comparing time point 5 and other time points were between p¼ 0.003 and 0.022. A significant difference between time point
15 minutes and 30 minutes is marked in the graph with “�.” p-Value for the difference between 15 and 30 minutes was p¼ 0.018.
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complications in wound healing due to wound hypoxia are
complications associated with reperfusion injury following
prolonged tourniquet application (> 45–60minutes).25,26 The
risk of these complications could all be decreased with a
shorter tourniquet application time. However, the clinical
significance of shortening the time from 30minutes to 20 is
speculative andboth timepoints are shorter than themaximal
recommended tourniquet duration of 1 hour.25,26

In the present study, and in several previous IVRLP studies
evaluating synovial fluid amikacin sulphate concentrations in
various joints in standing horses, synovial fluid concentration
varied widely among horses.8,13,15,32 The large variability of
antimicrobial synovial fluid concentrations in IVRLP has been
suggested to occur due to multiple reasons including tourni-
quet failure and drug leakage to the systemic circulation
caused by limb movement or faulty application of the tourni-
quet.8,13,15,32 The significance of the variability in synovial
concentrations, is questionable in the current study since
concentrations achieved, did not indicate tourniquet failure
and reached above the MIC values of susceptible pathogens
most commonly isolated from orthopaedic infections.17,18

Reported MIC of amikacin sulphate of commonly isolated
pathogens from musculoskeletal infections ranges between
16 and 64 µg/mL.20 Although some strains of methicillin-
resistant Staphylococcus aureus have a reported MIC of 500
µg/mL the median MIC for amikacin sulphate for methicillin-
resistant-Staphylococcus aureus in one study was reported to
be 32µg/mL.19Hence, the recommendedCmax:MIC ratio of 8:1
was reached in all horses but a 10:1 ratio for themost resistant
pathogens (> 64 µg/mL) was only reached in 4/6 horses
advocating for a higher dosage in horses suffering from resis-
tant infections. The reported dosage of amikacin sulphate in
IVRLP ranges between 500mg and 3 g.6–8,10,12–16,20 We
choose to use 2 g in this study based on our clinical experience
and previous studies that reached desirable MIC levels of
synovial fluid amikacin sulphate with this dose.6,16 To avoid
potential cytotoxicity of amikacin sulphate described after
intra-articular administration, the dose could be titrated
according to MIC of the cultured pathogens, keeping in mind
that bacteriology samples from equine orthopaedic infections
frequently yield negative growth.17

In the current and previous studies sampling synovial
fluid from the carpal joints, the forelimb was flexed during
the arthrocentesis. This movement does not appear to influ-
ence the synovial fluid amikacin sulphate concentra-
tion.8,10,13,15,20,29,33,34 The influence of repeated sampling
of synovial fluid on the amikacin sulphate synovial fluid
concentration is unknown, not accounted for in previous
studies, and should be further investigated. The two horses
with suspected perivascular leakage had similar synovial
fluid concentrations to the other horses, and the swelling
disappeared shortly after tourniquet removal. Therefore, the
leakage did not interferewith reaching therapeutic amikacin
sulphate synovial fluid concentrations.

Peri-neural anaesthesia of the ulnar, median and muscu-
locutaneous nerves was performed to minimize pain caused
by the tourniquet. This is suggested to be the most efficient
anaesthetic method in IVRLP.8 Several studies have evaluated

the IVRLP efficacy under general anaesthesia to control for the
influenceofmovementonperfusion.8–10,19A studycomparing
synovial fluid amikacin sulphate concentrations between
anaesthetized and sedated horses, in the radiocarpal joint
andmetacarpophalangeal joint, did not find significant differ-
encebetween the twomethods. Actually, in that study, general
anaesthesia had the effect of decreasingmetacarpophalangeal
joint synovial fluid concentrations of amikacin sulphate.10

Another study concluded that their results did not support
the use of general anaesthesia in IVRLP as it had no positive
effect on the pharmacokinetics of amikacin sulphate in syno-
vial fluid following IVRLP compared with standing horses and
failed to be a clinically relevant solution.8

An Esmarch’s wide rubber tourniquet was used in this
study. Although with the pneumatic tourniquet the pressure
is measurable and more consistent,14 the wide Esmarch’s
tourniquet is effective in sustaining haemostasis of the distal
limb and allowing accumulation of high concentration of
antibiotic medications.14,16,32

The high concentration of synovial fluid amikacin sul-
phate reached in this study is consistent with the findings of
other recent studies from our laboratory. This is likely
supportive of the technique we are implementing, including
the use of the cephalic vein, a wide Esmarch’s tourniquet, 2 g
of amikacin sulphate in 100mL volume; divided in five 20mL
syringes, and peripheral nerve anaesthesia. The accuracy and
precision of the analysis of the synovial fluid amikacin
concentration were� 15%, except for� 20% in lower level
of quantification. These values are in agreement with rec-
ommended acceptance criteria (guidance for industry, Food
and Drug Administration [FDA]).35

There are several limitations to this study, including a small
study groupwith large variation in the results. The same dose
of antibiotic medication and perfusate volume was used
throughout the study group despite variations in bodyweight.
This uniform dosage could have affected the results, although
no significant correlationwas foundbetweenbodyweight and
synovialfluid amikacin sulphateconcentration. Previous stud-
ies administering precise dosages did not avoid large varia-
tions in synovial fluid antimicrobial concentrations through
individual dosages.13Additionally, since only radiocarpal joint
synovial fluid was sampled, these results cannot be applied to
other synovial structures, subcutaneous tissue, skinorbone.At
last, although the study protocolwas completely uniform, four
different veterinary surgeons applied the tourniquet, per-
formed the IVRLP and sampled the radiocarpal joint.

The results of the present study support the reduction in
tourniquet application timefrom30 to 20minutes for cephalic
vein IVRLP with 2 g of amikacin sulphate in 100mL volume
when targeting the radiocarpal joint. However, further inves-
tigations are required to evaluate if this is applicable to
perfusion of other tissues and other synovial structures and
to ensure the clinical validity of this protocol.
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