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COMPARISON OF AMIKACIN PHARMACOKINETICSIN A
KILLER WHALE (ORCINUS ORCA) AND A BELUGA WHALE
(DELPHINAPTERUS LEUCAYS)

Butch KuKanich, D.V.M., Mark Papich, D.V.M., M.S, Dipl. A.C.V.C.P., David Huff, D.V.M., and
Michael Stoskopf, D.V.M., Ph.D., Dipl. A.C.Z.M.

Abstract: Amikacin, an aminoglycoside antimicrobial, was administered to a killer whale (Orcinus orca) and a
beluga whale (Del phinapterus leucas) for the treatment of clinical signs consistent with gram-negative aerobic bacterial
infections. Dosage regimens were designed to target a maximal plasma concentration 8-10 times the minimum inhib-
itory concentrations of the pathogen and to reduce the risk of aminoglycoside toxicity. Allometric analysis of published
pharmacokinetic parameters in mature animals yielded arelationship for amikacin’s volume of distribution, in milliliters,
given by the equation Vd = 151.058(BW)**. An initial dose for amikacin was estimated by calculating the volume
of distribution and targeted maximal concentration. With this information, dosage regimens for i.m. administration were
designed for a killer whale and a beluga whale. Therapeutic drug monitoring was performed on each whale to assess
the individual pharmacokinetic parameters. The elimination half-life (5.99 hr), volume of distribution per bioavailability
(319 mi/kg), and clearance per bioavailability (0.61 ml/min/kg) were calculated for the killer whale. The elimination
half-life (5.03 hr), volume of distribution per bioavailability (229 ml/kg), and clearance per bioavailability (0.53 ml/
min/kg) were calculated for the beluga whale. The volume of distribution predicted from the allometric equation for
both whales was similar to the calculated pharmacokinetic parameter. Both whales exhibited a prolonged elimination
half-life and decreased clearance when compared with other animal species despite normal renal parameters on bio-
chemistry panels. Allometric principles and therapeutic drug monitoring were used to accurately determine the doses
in these cases and to avoid toxicity.
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INTRODUCTION cepted extended-interval aminoglycoside dosing
(EIAD) used in most hospitals.*®* The duration of
the PAE in vivo has been demonstrated to be as
long as 15.2 hr after treatment with amikacin.® The
most common adverse effects of aminoglycosides
include nephrotoxicity, ototoxicity, and neuromus-
cular blockade.® Accumulation of aminoglycosides
in the renal tubular cells by pinocytosis produces
renal tubular injury.r The EIAD also has the ad-
vantage of reducing exposure to the drug concen-
trations that may induce renal toxicosis.®
Amikacin has the broadest spectrum of activity
of the aminoglycosides because of its enhanced re-
sistance to aminoglycoside-inactivating enzymes. It

Amikacin is a semisynthetic aminoglycoside an-
timicrobial with a broad spectrum of activity in-
cluding gram-positive and gram-negative aerobic
bacteria, Pseudomonas spp., and members of the
Enterobacteriaceae. Amikacin's primary site of ac-
tion is the 30S ribosomal subunit. The aminogly-
cosides' bactericidal activity is concentration de-
pendent: the higher the concentration, the higher
the rate of bacterial death. Aminoglycosides also
exhibit a concentration-dependent postantibiotic ef-
fect (PAE): continued bacterial death even when
the concentration is below the minimal inhibitory
concentration (MIC) of the pathogen.® The PAE al-

lows effective antimicrobial protocols to be imple-
mented with extended intervals of dosing. In hu-
man medicine, this has evolved into the widely ac-
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has virtually no oral absorption but has bioavail-
ability greater than 90% after extravascular paren-
teral administration in most species (Table 1).
Aminoglycosides are polar, basic molecules with
avolume of distribution limited to extracellular flu-
ids, and eliminated primarily by glomerular filtra-
tion.® These properties have allowed accurate esti-
mation of gentamicin dose recommendations across
mammalian species using the principles of allom-
etry.”* That is, body composition of extracellular
fluid is consistent among mammals and can be pre-
dicted from interspecies scaling.**1° Gentamicin re-
nal clearance and plasma elimination half-life have
also been predicted from allometric relation-
ships.*1® When these principles were applied to the
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Table 1. Comparative GFR and selected amikacin pharmacokinetic parameters for various species. Note the sim-
ilarities between the glomerular filtration rates and amikacin clearance.?

GFR Cl; t, vd F
Species (ml/min/kg) (ml/min/kg) (hr) (ml/kg) (%)

Humans®717 1.37 13 2.3 270 98
Catsto1 2.72 1.46 1.30 170 95
Dogs>2 3.97 4.00 0.85 223 >90
Goats*# 2.26 2.16 1.41 263 102
Horses's® 1.83 1.49 1.44 198 95
Beluga whale 0.53° 5.03 2290

Killer whale 0.61° 5.99 3190

2GFR, glomerular filtration rate; Cl;, total body clearance of amikacin; t,,, elimination half-life; Vd, volume of distribution at steady

state; F;, biocavailability after intramuscular administration.
® Corrected for bioavailability.
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Figure 1. Panel A: Log-og allometric plot of ami-

kacin elimination half-life (hr) and body weight (kg) for
various animals for which pharmacokinetic data are avail-
able. Panel B: Log-og allometric plot of amikacin vol-
ume of distribution (ml) and body weight (kg) for various
animals for which intravenous pharmacokinetic data are
available.

elimination half-life of amikacin, there was not a
strong allometric relationship (Fig. 1). However, al-
lometric analysis of amikacin's volume of distri-
bution in adult animals revealed a relationship with
the equation:

Vd = a(BW)° (@)

where Vd is the volume of distribution (area meth-
od), in milliliters, a is the allometric coefficient, b
is the allometric exponent, and BW is the body
weight of the animal in kilograms. Linear regres-
sion on a log-Hog scale of pharmacokinetic data
available from other species yielded the values. a
= 151.058, b = 1.043, with a coefficient of deter-
mination (r2) 0.97 (Fig. 2). This relationship is par-
ticularly useful for amikacin because it alows ini-
tial dosages to be calculated from the pharmaco-
kinetic relationship:

Dose = (Vd) X (C) )

where Vd is the volume of distribution (area), and
C is the targeted drug concentration. This equation
ordinarily is applied regardless of the route of ad-
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Figure 2. Semilogarithmic plot of plasma concentra-
tion versus time for i.m. amikacin (10 mg/kg) in a killer
whale and i.m. amikacin (12 mg/kg) in a beluga whale.
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ministration because i.m. administration produces
rapid absorption, and high bioavailability (>90%)
is expected in most mammals. However, we hy-
pothesized that bioavailability from i.m. injection
in whales may be less compared with other mam-
mals due to leakage of drug through the needle tract
because cetacean skin is relatively nonelastic.
Equation 2 allowed us to derive an initial dose, but
an estimation of the dosing interval required a de-
termination of the elimination half-life, which can
be prolonged in certain animals.

To maximize efficacy of aminoglycosides, we
sought a maximum plasma concentration (Cy,,x) at
least 8-10 times the MIC of the pathogen.'¢ To min-
imize nephrotoxicity, the dosage regimen also
should produce low trough plasma concentrations.
Recommended trough ranges for amikacin in hu-
mans are between <1 and <7 pg/ml. However, no
controlled studies have compared toxicity from var-
ious regimens or among species.>® The amikacin
MICs of the most common bacterial pathogens en-
countered at the North Carolina State University
Veterinary Teaching Hospital (NCSU-VTH) are 1—
4 pg/ml. Therefore, the Clinical Pharmacology Ser-
vice at the NCSU-VTH uses a target peak concen-
tration of 40 pg/ml for dosage adjustments. These
two cases of whales monitored at NCSU-VTH il-
lustrate the use of therapeutic drug monitoring and
alometric scaling for amikacin dosage determina-
tion.

CASE REPORTS

Case 1l

A 23-yr-old, 2,400-kg female killer whale (Or-
cinus orca) became lethargic and anorectic. Diag-
nostic blood panels showed neutrophilia, increased
fibrinogen levels, and an elevated erythrocyte sed-
imentation rate, consistent with an inflammatory
condition. Allometric analysis calculated the vol-
ume of distribution to be 211 ml/kg, using Equation
1. To achieve targeted plasma concentrations of 40
pg/ml, the calculated dosage was 8.5 mg/kg using
Equation 2. However, because a bioavailability for
i.m. amikacin in cetaceans is unknown, a conser-
vative estimate of 85% yielded a corrected dosage
of 10 mg/kg, using Equation 3.

Corrected dose = dose + bioavailability (3)

Treatment was initiated with amikacin (Amiglyde-
V, Fort Dodge, Fort Dodge, lowa 50501, USA; 10
mg/kg) administered i.m. in the epaxial muscles
with a 15.25-cm needle every 24 hr. Ceftazidime
(Fortaz, Glaxo Wellcome, Research Triangle Park,
North Carolina 27709, USA; 20 mg/kg, i.m.) was
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Table 2. Pharmacokinetic parameters calculated from
a killer whale dosed 10 mg/kg i.m., g 24 hr, and a beluga
whale dosed 12 mg/kg i.m., g 24 hra

Killer Beluga
Variable whale whale

A, (Vhr) 0.12 0.14
t, A, (hr) 5.99 5.03
MRT (hr) 5.70 6.78
Cl/F (ml/min/kg) 0.61 0.53
Vd,./F (ml/kg) 31861 228.63
AUC,_. (hr X ug/ml) 27139  380.82
AUMC,_, (hr X hr X pg/ml) 1546.68 2589.56
Crax (ng/ml) 33.64 41.09
T (D) 1.00 2.42

a\,, first-order rate constant; t,, \,, half-life of the terminal por-
tion of the curve; MRT, mean residence time; Cl, total body clear-
ance per bioavailability; Vd,./F volume of distribution of the area
during the elimination phase per bioavailability; AUC, ., area un-
der the curve from O to infinity; AUMC,_., area under the first
moment curve from O to infinity; C,., maximum concentration;
T time to maximal concentration.

also administered every 24 hr, for which concen-
trations also were monitored at the NCSU-VTH
Clinical Pharmacology Service. Three days after
treatment was initiated, blood samples for amikacin
plasma analysis were obtained before i.m. admin-
istration (time 0) at 0.5 and 1 hr and at 3.5 hr after
injection for amikacin pharmacokinetic analysis. A
fifth time point was extrapolated to 24 hr using the
time 0 sample. Plasma was separated within 1 hr
of obtaining the sample and stored refrigerated for
48 hr until analysis was completed. Plasma ami-
kacin concentrations were determined using fluo-
rescence polarization immunoassay (TDx, Abbott
laboratories, Abbott Park, Illinois 60064, USA).
Compartmental (one compartment with an absorp-
tion phase) and noncompartmental analyses were
performed with a commercially available pharma-
cokinetics program and are presented in Table 2
(WinNonLin 4.01, Pharsight, Mountain View, Cal-
ifornia 94040, USA). The plasma profile for the
compartmental model is presented in Figure 2,
which estimates both the absorption and elimina-
tion phases.

The elimination half-life was 5.99 hr, clearance
(per biocavailability) was 0.61 ml/min/kg, and the
volume of distribution (per bioavailability) was 319
ml/kg. The maximal plasma concentration was
33.66 pg/ml, lower than our targeted concentration
of 40 pg/ml. A new dose of 13 mg/kg i.m. was
recommended to achieve the targeted plasma con-
centration using Equation 2 and the calculated vol-
ume of distribution (area). The trough concentra-
tion, 1.62 pg/ml, was within the recommended
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trough range (<1 to <7 pg/ml); however, extending
the dosing interval was recommended if prolonged
treatment was planned. Because the peak concen-
tration was lower than our prediction based on the
dose calculated from the allometric equation and
Vd, we hypothesized that the lower than expected
concentration was caused by alower bioavailability
than the 85% we initially assumed. Intramuscular
bioavailability of 65% would explain the difference
between our predicted peak concentration and the
actual concentration (8.5 mg/kg/0.65 = 13 mg/kg).

Case 2

A 6-yr-old, 550-kg female beluga whale (Del-
phinapterus leucas) developed lethargy and anorex-
ia. Results of a diagnostic blood panel revealed
neutrophilia, elevated fibrinogen, and an elevated
erythrocyte sedimentation rate, indicative of active
inflammation. Physical examination revealed no ab-
normalities. Allometric analysis yielded a volume
of distribution of 198 mi/kg using Equation 1.
Equation 2 predicted the dose to achieve a plasma
concentration of 40 pg/ml to be 8 mg/kg. We as-
sumed a 65% bioavailability from i.m. injection
based on our experience in case 1. Therefore, in the
beluga whale, we adjusted the recommended dos-
age to 12 mg/kg using Equation 3. Therapy was
initiated with amikacin (12 mg/kg, i.m. with a
15.25-cm needle in the epaxial musculature every
24 hr), clindamycin (Antirobe, Pharmacia & Up-
john, Kalamazoo, Michigan 49001, USA; 7.5 mg/
kg, p.o., b.i.d. in fish), and itraconazole (Sporanox,
Janssen Pharmaceutica, Titusville, New Jersey
08560, USA; 2.5 mg/kg p.o., b.i.d in fish). Four
serial plasma samples were obtained 7 days after
the initiation of treatment to assess the individual
pharmacokinetics of amikacin. Blood samples were
obtained just before i.m. injection, 0.8 and 2.42 hr,
and 7 hr after injection. A fifth time point was ex-
trapolated to 24 hr, using the presample value. The
samples were handled and analyzed as in case 1.
In addition, protein binding was assessed to ensure
that it was not contributing to the increased elimi-
nation half-life.

The plasma profile for the compartmental model
is presented in Figure 2. The elimination half-life
was 5.3 hr, the clearance (per biocavailability) 0.53
ml/min/kg, and volume of distribution (per bio-
availability) 229 mi/kg (Table 2). The protein bind-
ing, as determined by a 30,000—molecular weight
micropartition device (Centrifree, Millipore Cor-
poration, Bedford, Massachusetts 01730, USA),
was 11 = 3%. The maximal concentration of ami-
kacin, 41.09 png/ml, was very close to the targeted
value of 40 pg/ml. The trough concentration, 1.99
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po/ml, was within the recommended trough range
(<1 to <7 pg/ml); however, extending the dosing
interval was recommended if prolonged treatment
was planned.

DISCUSSION

We identified a lower systemic clearance (0.61
and 0.53 ml/kg/min) for amikacin in these whales
than would be predicted from allometric principles.
The low clearance rate resulted in longer than ex-
pected half-lives (5.99 and 5.03 hr), but the volume
of distribution was within the value predicted from
alometric analysis.’® The horse, a terrestrial mam-
mal similar in size to the beluga whale, has a clear-
ance of 1.49 ml/min/kg and a half-life of 1.44 hr
(Table 1).2® Amikacin is primarily cleared by glo-
merular filtration, with clearance rates among spe-
cies that correspond to glomerular filtration rates
(GFR; Table 1). The decreased systemic clearance
of amikacin exhibited in the killer and beluga
whales may be attributed to a low norma GFR,
physiologic changes due to the primary disease
process, or alterations caused by previous diseas-
es.!® There is no evidence that the concurrent drugs
administered in these cases affect aminoglycoside
pharmacokinetics. A literature search revealed no
information on the GFR of healthy cetaceans. How-
ever, the GFR of another marine mammal, the el-
ephant seal (Mirounga angustirostris), has been
shown to be as low as 0.49 mi/kg/min in midlac-
tation females and 1.03 mi/kg/min in late-lactation
females.® Glomerular excretion of a drug is aso
dependent on protein binding of the drug.*®* The
protein binding in the beluga was only 11%, which
does not account for the decreased clearance.
Chemistry parameters, including blood urea nitro-
gen, creatinine, and uric acid, were monitored
throughout the course of treatment and remained
within normal limits.

The uncertainty of the reason(s) for the de-
creased clearance and prolonged half-life present in
the killer and beluga whales and the potential tox-
icities of aminoglycoside antimicrobials warrant
further investigation. Examining the GFR or phar-
macokinetics (or both) of amikacin in healthy killer
and beluga whales could differentiate between in-
dividual and interspecies variations in the clearance
of the drug.

The initial dose estimates for both whales were
65% lower than the calculated dose. The low esti-
mate of the dose could be attributed to low bio-
availability, leakage of the drug through the injec-
tion tract, injection into the blubber layer, or slow
absorption. Our initial estimate of the dose for the
killer whale was low because Equation 2 does not
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include an adjustment for bioavailability less than
100%. Interindividual and intraindividual variabil-
ities are also possible, which affect predicted plas-
ma concentrations.

CONCLUSIONS

These cases illustrate the use of therapeutic drug
monitoring to make accurate dose adjustments after
the initiation of treatment. Therapeutic drug moni-
toring is not only used to avoid toxicity but also to
assure therapeutic success by achieving appropriate
plasma concentrations. Therapeutic drug monitor-
ing can be performed with a few samples (only four
were used in these cases), with flexible timing of
sampling, and can provide valuable information to
make accurate dosage recommendations, which
will maximize effectiveness and minimize adverse
effects. Analysis of amikacin in plasmais available
in most hospitals and diagnostic laboratories. These
cases also demonstrate the usefulness of allometric
scaling for making initial dosing estimates, espe-
cidly in species where few data are available on
the pharmacokinetics of a drug. Allometric analysis
of amikacin’s volume of distribution allowed initial
estimates for doses for which no previous data are
available. However, it aso showed that in whales,
alometric scaling may not be accurate for predict-
ing the half-life for a drug such as amikacin elim-
inated via the renal system.
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