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Nonhuman primates are important preclinical research 
models. They bridge the gap between basic and clinical inves-
tigations; they are necessary for safety and efficacy testing of 
biologics such as antibodies, receptors, and cytokines, because 
these compounds may fail to bind in nonphysiologically similar 
animals; they are the best translational models of disease for 
understanding pathogenic mechanisms that readily translate 
into therapy development; and they can be taught to perform 
sophisticated sensorimotor tasks that test the tactile sensation 
and fine motor control of the digits.1,13 Model limitations are 
diminished with Old World species because they are physi-
ologically similar to humans,64 and rhesus and long-tailed 
macaques are the most commonly studied NHP species.15,19,27 
However, because of the noted physiologic, neuroanatomical, 
reproductive, developmental, cognitive, and social similarities 
that NHP share with humans, their use in biomedical research 
must be balanced with their welfare.58

Innovation in pain management has burgeoned in the last 
decade. Now more than ever, providing adequate postop-
erative analgesia to research animals is an ethical and clinical 
imperative and is now mandated by federal regulations, such 
as the Animal Welfare Act and Regulations, the Public Health 

Service policy, and the Guide for the Care and Use of Laboratory 
Animals.2,3,37,52 Given the tremendous advancement in pain 
management, animal welfare is greatly enhanced by refining 
and providing cutting-edge treatment regimens to NHP used 
in biomedical research.

Identifying novel or improved forms of administration, espe-
cially in the form of long-acting, single-dose formulations, are 
a refinement of significant clinical interest in the care of NHP. 
These analgesic formulations may have the benefit of provid-
ing adequate analgesia while limiting the required handling, 
and thus stress, secondary to repeated-dose administrations. 
Transdermal drug delivery, as with the transdermal fentanyl 
patch, is an appealing alternative to hypodermic injection and 
oral administration, and transdermal delivery systems are gen-
erally noninvasive and inexpensive. In addition, they decrease 
the generation of hazardous medical waste, and they allow 
for the sustained release of drug, which inherently improves 
patient compliance.

Transdermal delivery of drugs can be counterintuitive, given 
that one of the main roles of the skin is to shield the body from 
toxins. The skin is fundamentally impermeable to the entrance 
of foreign molecules. The stratum corneum, the most superficial 
layer of the epidermis, acts as a major barrier to drug absorp-
tion; therefore, to penetrate the skin, a drug should possess 3 
major characteristics: a molecular mass less than 500 Da, a high 
lipophilicity, and a low required daily dosage.47 Opioids, such 
as fentanyl, are a mainstay of balanced analgesia and anesthesia 
both in human and veterinary medicine, being regarded as the 
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standard of care for postoperative analgesia.7,21,24,25,30 Fentanyl, 
a highly selective and potent opioid agonist that mainly acts at 
the μ-opioid receptor with some activity at the δ- and κ-opioid 
receptors, is generally limited to the perioperative and immedi-
ate postoperative period in the form of parenteral injections or 
constant-rate infusions due to poor bioavailability and rapid 
clearance.24,25,30 However, fentanyl possesses all the charac-
teristics needed to penetrate the skin: a molecular weight of 
286 Da, an aqueous solubility of 1:30 to 100 µg/mL, and a low 
daily dosage.40

Transdermal delivery systems of fentanyl in the form of skin 
patches have been approved by the FDA since 1990.53 This mo-
dality is commonly used in human and veterinary medicine to 
provide sustained analgesia to patients. In rhesus macaques, the 
use of fentanyl patches has posed some challenges. Maintaining 
adequate adhesion of the fentanyl transdermal patch on rhesus 
macaques is problematic even with the help of a bandage or 
jacket. Rhesus macaques are highly dexterous, inquisitive, and 
active and are usually housed in pairs or groups to enhance their 
social wellbeing. All of these attributes may affect the constant 
adhesion of the transdermal delivery system.

Compared with the standard transdermal delivery system 
(that, is fentanyl patch), a novel, long-acting transdermal fen-
tanyl solution (TFS; Recuvyra, Elanco, Greenfield, IN) has been 
shown to provide adequate analgesia for a minimum of 4 d with 
a single topical administration at 2.6 mg/kg (50 μL/kg) between 
the scapulae in dogs.24,25,48 This new formulation of a commer-
cial transdermal fentanyl solution is an attractive alternative for 
the control of pain in NHP. This formulation was also recently 
investigated for use and compared with transdermal fentanyl 
patches for efficacy in cynomolgus macaques.7

The primary objective of the present study was to establish 
the pharmacokinetic profile of 2 topical doses of the transdermal 
fentanyl solution (Recuvyra, Elanco) in rhesus macaques; the 
secondary objective was then to compare these data with each 
other and with those previously published in beagles. We hy-
pothesized that TFS at either 1.3 or 2.6 mg/kg (25 and 50 μL/kg)  
topically would provide effective plasma concentrations as 
established in beagles for at least 4 d in rhesus macaques. We 
chose to set the minimum for comparison at 4 d of effective 
plasma concentration to ensure time above the minimal ef-
fective concentration (MEC) for rhesus macaques was at least 
comparable to the available TFS data as established in canines. 
Canine data was used for comparison because the US Food 
and Drug Administration has approved this compound for use 
in dogs and because no TFS data existed for any NHP species 
at the time of study design. The 2 doses were chosen because 
they had been established in dogs as safe and effective, with 
minimal adverse effects noted.24,25 Because of the variable range 
of minimal effective fentanyl concentrations reported in the 
literature in dogs,24,25,28,32,62 humans,29,33,69 and in particular, 
NHP,7,46,54,68 a minimal threshold of 0.2 ng/mL was chosen 
as the absolute lowest effective concentration for fentanyl, as 
determined in humans undergoing surgical procedures,29,33,69 
and the effects of these levels in other species are likely similar 
to those in humans;16,28,42 therefore, the human MEC range of 
0.2 to 1.2 ng/mL is presented here for completeness.

Materials and Methods
Animals. Six healthy, adult rhesus macaques (3 male, 3 

female), housed at the California National Primate Research 
Center (Davis, CA) were used in this pharmacokinetic study. 
A clinical history, physical examination, CBC, and serum bio-
chemical profile were performed on all animals prior to, during 

the 10-wk washout period, and at the conclusion of the study to 
ensure their health and wellbeing prior to and throughout the 
duration of study. At the start of each treatment period, weights 
were collected for accurate dose calculations, and weights and 
ages are presented herein. At the start of the first treatment 
period, body weight (mean ± 1 SD) was 13.5 ± 2.7 kg with a 
median of 12.7 kg and a range of 9.8 to 17.7 kg; at the start of the 
second treatment period, body weight was 13.2 ± 3.2 kg with a 
median of 12.5 kg and range of 8.6 to 18.0 kg. At the start of the 
first treatment period, age was 10.9 ± 3.6 y with a median of 11.0 
y and range of 6.7 to 16.7 y; at the start of the second treatment 
period, age was 11.1 ± 3.6 y with a median of 11.2 y and range 
of 6.9 to 16.9 y. At the start of the study, body condition scores 
(mean ± 1 SD) assigned by using a validated system11 were 
3.9 ± 0.6 with a median of 4.0 and range of 3.5 to 4.5.

All animals were singly housed for approximately 1 wk after 
dosing to accommodate daily observation for any potential 
adverse reactions and then were subsequently pair-housed in-
termittently (paired approximately 0700 to 1500). Animals were 
provided with species-appropriate environmental enrichment, 
fed chow twice daily (LabDiet Monkey Diet 5047, Purina Labo-
ratory, St Louis, MO), offered water without restriction through 
automatic watering devices, and supplemented with fruits and 
vegetables biweekly. Each animal underwent acclimation and 
behavioral conditioning for approximately 3 wk prior to the 
start of the study and throughout the study period to present 
for conscious, cooperative, cageside cephalic venipuncture by 
trained personnel.

The current study was approved by the IACUC of the 
University of California, Davis. Animals were maintained in 
accordance with the USDA Animal Welfare Act and regulations 
and the Guide for the Care and Use of Laboratory Animals.2,3,37 The 
animal care and use program of the University of California, 
Davis is fully accredited by AAALAC, is USDA-registered, and 
maintains a Public Health Services Assurance.52

Study design and sample collection. A 2-period, 2-treatment 
crossover protocol was used to assess the pharmacokinetic 
parameters of 2 (1.3 and 2.6 mg/kg [25 and 50 μL/kg]) topical 
doses of TFS (Recuvyra, Elanco). This clear, colorless to light 
yellow solution contains 5% w/v (50 mg/mL) fentanyl base, 
the skin penetration enhancer octyl salicylate, and the volatile 
solvent isopropanol.17,24,25 Prior to dosing, animals were sedated 
with ketamine (10 mg/kg IM; 100 mg/mL, MWI/VetOne, 
Boise, ID) to facilitate real-life clinical use of TFS in rhesus 
macaques. Before dosing, each macaque was weighed and its 
dorsum shaved midscapulae to ensure accurate dose calculation 
and administration.

In the first treatment period, half of the animals (n = 3) ran-
domly received the 1.3-mg/kg topical dose of TFS, with the 
remaining 3 macaques receiving the 2.6-mg/kg dose. After a 
10-wk washout period, all animals were crossed over to the 
other dose for the second treatment period. As instructed by 
the manufacturer, the TFS was allowed to air dry for 5 min as 
care was taken to ensure correct dose absorption and to avoid 
inadvertent absorption by handlers or conspecifics.17 All dos-
ages were administered topically to the dorsal midscapulae by 
using the manufacturer’s syringe, as previously illustrated.7 
Initial blood samples were collected while macaques recovered 
from sedation, with remaining samples collected through con-
scious, cageside venipuncture from the cephalic vein. Samples 
were obtained at 0, 0.5, 1, 2, 4, 8, 12, 24, 36, 48, 60, 72, 96, 120, 144, 
168, 240, 336, 408, and 504 h after administration of TFS, placed 
in 10-mL collection tubes containing sodium heparin (Becton 
Dickenson, Franklin Lakes, NJ), and immediately stored on ice 
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until processed. All blood volumes collected during this study 
were in compliance with IACUC and institutional standard 
operating procedures for blood collection. Blood samples were 
centrifuged at 3000 × g at 4 °C for 10 min; plasma was harvested 
and stored at –80 °C in 5-mL aliquots in microcentrifuge tubes 
(Thermo Fisher Scientific, Waltham, MA) until assayed.

Selection of dose and site of administration. Because an ap-
propriate dose for rhesus macaques has not yet been established, 
the TFS dose and site of administration were based on those 
established in dogs;24,25 these data were used for all compari-
sons. In addition, the dorsal midscapulae was chosen as the site 
of administration given the ease of administration in sedated 
rhesus macaques prior to a surgical procedure and to reduce 
the likelihood of inadvertent ingestion.

Daily observation. Adverse effects of opioids, specifically 
fentanyl, are generally dose-dependent sedation; respiratory, 
CNS, and circulatory depression; and, in the case of transdermal 
fentanyl patches, rashes at the site of administration, dysphoria, 
constipation, and urinary retention.59 Dedicated, trained person-
nel performed daily observations for 1 wk after administration 
while macaques were singly housed to specifically document 
any potential adverse reactions, most notably in the form of 
sedation or respiratory depression. In addition, stool quality 
was assessed by using objective fecal scoring for 1 wk after 
administration.6 These observations were complemented by 
routine daily health monitoring throughout the treatment and 
washout periods for subjective assessment of appetite, hydra-
tion, and stool quality.

Determination of fentanyl concentration. Plasma samples 
were assayed for fentanyl concentration by using a previously 
described liquid chromatography–tandem mass spectrometry 
method after solid phase extraction.66 A partial validation was 
performed by using rhesus macaque plasma as the matrix. 
Plasma calibrators were prepared by diluting the fentanyl 
working standard solutions into drug-free plasma collected 
from rhesus macaques to obtain concentrations ranging from 
0.01 to 20 ng/mL. Calibration curves were prepared fresh for  
each quantitative assay. In addition, quality-control samples 
(at 3 concentrations within the standard curve) were included 
with each sample set as an additional check of accuracy.

The response for fentanyl was linear and gave correlation 
coefficients (R2) of 0.99 or better. The intraday, interday, analyst-
to-analyst precision and accuracy of the assay were determined 
by evaluating fentanyl concentration in quality-control samples 
in replicates (n = 6). Accuracy was reported as percentage nomi-
nal concentration, and precision was reported as percentage 
relative standard deviation. For fentanyl, accuracy was 113%, 
111%, and 103% for 0.03, 2.0, and 15.0 ng/mL, respectively. 
Precision was 4.0%, 5.0%, and 3.0% for 0.03, 2.0, and 15 ng/mL, 
respectively. All accuracy and precision data met the Food and 
Drug Administration’s requirements for bioanalytical method 
validation.67 The technique was optimized to provide a limit 
of quantitation of 0.01 ng/mL and a limit of detection of ap-
proximately 0.005 ng/mL for fentanyl.

Pharmacokinetic calculations. Pharmacokinetic evaluation of 
plasma fentanyl concentrations was performed by using non-
compartmental analysis and a commercially available software 
program (Phoenix WinNonlin version 6.4, Pharsight, Cary, NC). 
The maximum measured plasma concentration (Cmax) and time 
to maximal plasma concentration (tmax) were obtained directly 
from the plasma concentration data. The terminal first-order 
rate constant was calculated by determination of the slope of 
the terminal portion of the plasma concentration versus time 
curve and the terminal half-life by using the formula (ln 2) / 

the terminal first-order rate constant. Areas under the curve 
from time 0 to the last time point collected (AUC0-last) and from 
0 h to infinity (AUC0-∞) were calculated by using the log-linear 
trapezoidal method. The AUC 0-∞ percentage extrapolated was 
calculated by using the formula [(AUC0-∞ – AUC0-last) / AUC0-∞] × 
100%. Pharmacokinetic parameters and plasma concentrations 
for fentanyl are reported as individual, mean (± 1 SD), and 
median values.

Statistical analysis. Pharmacokinetic parameters from the 
1.3- and 2.6-mg/kg topical TFS doses administered to rhesus 
macaques were compared (Stata 13, StataCorp, College Station, 
TX) with those reported for canines25 at the same doses by us-
ing one-sample t tests. The canine pharmacokinetic parameters 
were used as the basis of comparison because these parameters 
have been shown to exceed the MEC of fentanyl as established 
in humans undergoing abdominal surgery.29

Fentanyl plasma concentrations for the 1.3- and 2.6-mg/kg 
topical doses were compared (Stata 13, StataCorp) at the meas-
ured time points (0, 0.5, 1, 2, 4, 8, 12, 24, 36, 48, 60, 72, 96, 120, 
144, 168, 240, 336, 408, and 504 h after administration) by using 
multilevel mixed-effects linear regression, with time point and 
dose as fixed effects, and animal ID as a random effect. Fentanyl 
concentration at time 0 was below the limit of detection and was 
assigned the value 0 ng/mL for data analysis.

For each measured time point, fentanyl plasma concentra-
tions for the 1.3- and 2.6-mg/kg topical doses were compared 
with the reported range of effective concentrations of 0.2, 0.6, 
and 1.2 ng/mL by using one-sample t tests to test the one-sided 
hypothesis that the mean concentration exceeded each reported 
effective concentration.

Fentanyl plasma concentrations for the 1.3- and 2.6-mg/kg 
topical doses were compared (Stata 13, StataCorp) between male 
and female macaques by using repeated-measures ANOVA, 
with sex, dose, and time and a dose×time interaction as fixed 
effects and animal ID as the repeated-measures term.

Results
All macaques remained healthy throughout the study, and 

no adverse effects were noted after TFS administration at either 
dose. Physical examination and clinical laboratory tests showed 
no abnormalities before or after concluding the study periods. 
No adverse effects, generally or specifically in the form of over-
sedation, respiratory depression, gastrointestinal disturbances, 
or administration site reactions, were noted in any animal, at 
any dose, throughout the observation periods.

Pharmacokinetic parameters in rhesus macaques for both 
doses are shown in Table 1. In macaques, t1/2 was significantly 
longer than in canines at both dose levels (P < 0.01, Table 2). 
In addition, tmax and AUC0-∞ differed significantly between 
macaques and canines at one dose level but not at both dose 
levels (P = 0.02, Table 2).

At both dosages, mean plasma concentrations of fentanyl 
exceeded the lower bound of the MEC (0.2 ng/mL) starting at 
2 h after administration (P = 0.05, Figure 1 A). Mean plasma 
fentanyl concentrations remained above the lower bound of the 
MEC for 7 d at the 1.3-mg/kg dose and for 10 d at the 2.6-mg/
kg dose (P = 0.05, Figure 1 A).

At the 1.3-mg/kg dose, the mean plasma concentration of 
fentanyl was above the average reported effective concentration 
(0.6 ng/mL) from 8 h through 4 d after administration, whereas 
at the 2.6-mg/kg dose, the mean plasma concentration of fen-
tanyl was above the reported average MEC from 4 h through 6 
d after administration (P = 0.05, Figure 1 B).
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At the 2.6-mg/kg dose, the mean plasma concentration of 
fentanyl was above the upper bound of the reported MEC (1.2 
ng/mL) starting at 4 h after administration and remaining there 
through 4 d after administration; the 1.3-mg/kg dose never 
exceeded the reported MEC upper bound of 1.2 ng/mL (P = 
0.05, Figure 1 C).

Fentanyl plasma concentrations differed significantly 
between the 1.3- and 2.6-mg/kg doses from 4 h to 5 d after 
administration (P < 0.01, Figure 1 A). Plasma concentrations 
differed significantly between male and female macaques, with 
fentanyl concentrations lower in male macaques than in female 
macaques (P < 0.01, Figure 2).

Discussion
The current study investigated the use of a novel TFS in rhe-

sus macaques. This fentanyl formulation represents a potential 
analgesic refinement for the care and wellbeing of NHP in bio-
medical research; it also addresses the regulatory requirement 
of providing analgesia in laboratory animal species undergo-
ing potentially painful procedures. This formulation has been 

approved by the FDA for use in dogs,17 and the current rhesus 
data described herein is compared with the previously reported 
canine data.24,25

Fentanyl has been described for use in several species, includ-
ing domestic,9,26,28,32,50,59,71 exotic,34,35,38,45,60,73 and laboratory 
animal species,8,12,21,22,36,49,72 and although fentanyl is cited for 
use8 and has been studied in NHP,7,20,35,46,54,68,70 little exists in the 
literature regarding the pharmacokinetics of fentanyl in rhesus 
macaques. Fentanyl is commonly dosed through the intravenous 
route, either as a bolus or constant-rate infusion, or by means of 
a transdermal delivery system, such as a patch.7,8,21,24,25,32,59 In 
addition, fentanyl is commercially available in a neuroleptan-
algesic combination with droperidol (Innovar-vet) for use as a 
sedative or preanesthetic drug for minor surgical procedures.8,21 
There are also reports of effective transmucosal administration 
of fentanyl to great apes for sedation and immobilization in 
the form of a lollipop treat, given that this route of administra-
tion is approved by the FDA for use in humans.35 The use of 
transdermal fentanyl patches in NHP has been studied but is 
not a standardly used formulation, due to the risk of respira-
tory depression and death after ingestion of the patches.14 For 

Table 1. Pharmacokinetic parameters for fentanyl administered via a single topical application of 1.3 or 2.6 mg/kg in rhesus macaques (n = 6)

1.3 mg/kg 2.6 mg/kg

Mean ± 1 SD Median (range) Mean ± 1SD Median (Range)

tmax (h) 21.3 ± 10.0 24.0 (8.0–36) 30.7 ± 21.3 30.0 (8.0–60.0)

Cmax (µg∕mL) 1.95 ± 0.99 1.57 (1.21–3.83) 4.19 ± 1.69 3.78 (2.34–6.96)

λz (1∕h) 0.007 ± 0.002 0.007 (0.005–0.010) 0.007 ± 0.001 0.007 (0.006–0.008)

t1/2 λz (h)a 90.9 ± 17.3 93.5 (66.9–121) 97.4 ± 13.2 93.9 (87.8–122)

AUC0–∞ (h/µg/mL) 227.0 ± 77.6 213 (144–337) 447 ± 120 399 (328–644)

AUC0–∞ extrapolated (%) 2.69 ± 1.25 2.48 (1.10–4.48) 3.12 ± 1.68 2.59 (1.51–5.35)

AUC0–504 (h/µg/mL) 221.0 ± 76.3 205 (140–333) 433 ± 114 383 (321–612)

Vz/F (L/kg) 864 ± 334 930 (373–1192) 870 ± 218 894 (620–1169)

Cl/F (mL/kg×h) 6297 ± 2082 6117 (3863–9019) 6136 ± 1447 6513 (4036–7924)

λz, terminal slope; AUC0–∞, area under the plasma concentration time–curve extrapolated to infinity; AUC0–504, area under the plasma concentra-
tion time curve from 0 to 504 h (21 d); Cmax, observed maximum plasma concentration; Cl/F, clearance expressed as a function of bioavailability; 
t1/2, plasma half-life; tmax, time to observed maximum plasma concentration; Vz/F, volume of distribution based on the terminal phase expressed 
as a function of bioavailability
aHarmonic mean

Table 2. Comparison of pharmacokinetic parameters (mean ± SE) for fentanyl administered through a single topical application of 1.3 or 2.6 mg/kg 
in rhesus macaques (n = 6), with pharmacokinetic parameters for a single topical application at the same dosages in canines as previously reported25

Dose (mg/kg) NHP Canines P

Cmax (ng/mL) 1.3 1.95 ± 0.40 2.28 ± 0.36 0.45

2.6 4.19 ± 0.69 2.67 ± 0.48 0.08

tmax (h) 1.3 21.33 ± 4.09 58.0 ± 10.9 <0.01
2.6 30.67 ± 8.68 52.0 ± 11.5 0.06

AUC0-∞ (ng×h/mL) 1.3 227.25 ± 31.67 160.0 ± 15.7 0.09

2.6 446.97 ± 49.08 275.0 ± 38.5 0.02

AUC0-∞ extrapolated (%) 1.3 2.69 ± 0.51 2.75 ± 0.89 0.91

2.6 3.12 ± 0.69 3.48 ± 1.74 0.62

t1/2 (h) 1.3 93.65 ± 7.06 53.7 ± 8.48 <0.01
2.6 98.75 ± 5.40 69.6 (± 9.66) <0.01

AUC0–∞, area under the plasma concentration time–curve extrapolated to infinity; Cmax, observed maximum plasma concentration; t1/2, plasma 
half-life; tmax, time to observed maximum plasma concentration;
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this reason, we chose the dorsal midscapulae as site of the 
administration in the current study. In addition, manufacturer 
dosing recommendations and prior studies describe dorsal 

midscapular dosing in beagles.17,24,25 Daily observation was 
performed to ensure the absence of adverse effects, in the form 
of administration-site reactions, oversedation, or more serious 
events, such as respiratory depression or death. No adverse 
reactions were noted in any macaque at either dose.

The 2 doses (1.3 and 2.6 mg/kg topically) evaluated in the 
current study were selected based on those previously studied 
in beagles.25 In rhesus macaques, both doses reached minimal 
effective plasma concentrations, defined herein as 0.2 ng/mL 
as discussed previously. The lower dose (1.3 mg/kg) reached 
this level within 2 h after administration, whereas the 2.6-mg/
kg topical dose reached minimal effective plasma levels within 
1 h afterward. As expected, the maximal plasma concentration 
was approximately 2 times higher with the 2.6-mg/kg dose 
as compared with the 1.3-mg/kg dose. Plasma concentrations 
remained above the minimal effective plasma level of 0.2 ng/
mL longer after the high dose compared with the low dose. In 
addition, AUC values for the high dose were approximately 
2 times greater than those of the low dose. The terminal half-
lives of both doses were comparable to each other and are both 
longer than that previously established (approximately 3 h) for 
fentanyl after intravenous administration of fentanyl citrate 
(Sublimaze, Janssen Pharmaceutica, Titusville, NJ) in rhesus 
macaques.21,24,68 This value is in line with prior observations of 
absorption-dependent (that is, flip-flip) kinetics, a phenomenon 
where the rate of drug absorption is slower than elimination, 
resulting in a terminal half-life that is reflective of absorption 
instead of elimination.23,25,41 This phenomenon is likely a result 
of the TFS formulation, in that the volatile solvent, isopropanol, 
allows for rapid air-drying and dermal absorption within ap-
proximately 5 min after administration and that the compound 
octyl salicylate penetrates the skin and sequesters the fentanyl 
in the stratum corneum for slow, steady absorption into the 
blood stream.25,41

With regard to rhesus macaques, an apparent sex-associated 
difference was noted, in that males had significantly lower 
plasma concentrations than females when dose and time points 
were accounted for as fixed effects (P < 0.01, Figure 2). Other 
studies investigating the effects of sex on opioid, specifically 
fentanyl, pharmacokinetics and efficacy have likewise noted 
sex-associated differences, although little agreement exists 
regarding the cause of these differences. In rats given subcuta-
neous fentanyl, females had significantly lower Cmax and AUC 

Figure 1. Mean plasma fentanyl concentrations (ng/mL) over 504 h 
(21 d) in rhesus macaques administered TFS at a dose of either 1.3 or 
2.6 mg/kg by means of a single topical administration as compared 
with the range of minimum effective concentrations (MEC) in humans 
undergoing abdominal laparotomy. (A) MEC = 0.2 ng/mL. (B) MEC = 
0.6 mg/mL. (C) MEC of 1.2 ng/mL. Error bars represent 1 SEM above 
and below the data point; ×, time points at which fentanyl concentra-
tions for the 1.3-mg/kg dose were significantly (P < 0.05) above the 
respective MEC; ♦, time points at which fentanyl concentrations for 
the 2.6-mg/kg were significantly (P < 0.05) above the respective MEC; 
▪, time points at which fentanyl concentrations differed significantly 
between doses (panel A only).

Figure 2. Mean plasma fentanyl concentrations (ng/mL) over 504 h 
(21 d) in rhesus macaques by sex (3 male, 3 female) administered TFS 
at a dose of either 1.3 or 2.6 mg/kg by means of a single topical admin-
istration. Error bars represent 1 SE above and below the data point.
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0-∞ values and a larger volume of distribution (Vd/F) compared 
with males, suggesting a sex-specific difference related to 
distribution to fat.5,56 A follow-up study investigating drug 
distribution after intravenous fentanyl in male and female rats 
to elucidate sex-specific differences in distribution did not reveal 
a significant sex-associated difference in any pharmacokinetic 
parameter.55 In studies investigating the efficacy of different 
classes of opioids, fentanyl antinociception also showed no 
apparent sex-associated differences, although if present, these 
might be opioid receptor-, assay-, dose-, or time-dependent.4,39 
Although the exact mechanism remains elusive, these potential 
sex-associated differences might be directly or indirectly related 
to differences in body composition; cytochrome P450 concentra-
tions and drug metabolism; sex-steroid effects, specifically based 
on reproductive status or throughout the menstrual cycle; drug 
binding; health status or social habits of the individual; or the 
sex-related pharmacokinetics affecting bioavailability.10,63 The 
apparent sex differences noted herein could be related to any 
of the suggested hypotheses, but it is noteworthy that our data 
show sex-associated effects that are opposite to those previously 
noted in the literature. To further elucidate potential sex-asso-
ciated differences in rhesus macaques and how they compare 
with those in other species, future research using a larger sample 
size is likely indicated. In addition, although determining the 
pharmacodynamics of TFS was beyond the scope of the current 
study, future research may elucidate further understanding of 
these potential fentanyl sex-associated effects.

Both doses evaluated here likely represent appropriate doses 
for this potentially long-acting, potent, topical opioid for use in 
rhesus macaques to provide adequate and effective analgesia 
and to limit or eliminate potential stressors secondary to provid-
ing analgesia. Assuming an absolute minimal effective plasma 
concentration of 0.2 ng/mL, the low dose of 1.3 mg/kg topical 
TFS would provide effective plasma concentrations within 2 h 
of topical administration and would maintain effective levels 
for at least 7 d in rhesus macaques (Figure 1 A). Compared with 
the same dose in beagles, the Cmax and AUC in macaques were 
not significantly different, suggesting a similar pharmacokinetic 
profile at this dose; however, the time to maximal concentra-
tion (tmax) and terminal half-life of fentanyl in rhesus macaques 
were significantly different from those established in beagles. 
In rhesus macaques, the time to maximal concentration was 
significantly shorter (approximately 3-fold faster), whereas the 
terminal half-life was significantly longer than those in dogs 
(P < 0.01, Table 2). Given the range of effective plasma concen-
trations noted in humans and assumed in dogs, the 1.3-mg/kg 
dose may not reach the range of effective plasma levels (that 
is, 0.6 or 1.2 ng/mL, Figure 1 B and C, respectively). Therefore, 
care must be taken to ensure that adequate analgesia is achieved 
if the 1.3-mg/kg dose is used.

In rhesus macaques, the high dose of TFS (2.6 mg/kg topi-
cally) provided plasma concentrations >0.2 ng/mL for at least 
10 d and achieved these levels by 1 to 2 h after administration 
(Figure 1 A). The maximal plasma concentration after 2.6 mg/
kg topical TFS in rhesus macaques was approximately 1.5-fold 
higher than that reported in beagles, and the AUC in macaques 
was greater than in beagles at the same dose (P < 0.02, Table 2). 
The longer terminal half-life may be a result of species-specific 
differences in absorption related to physiochemical properties of 
the skin and subcutaneous tissues, such as the thickness of the 
stratum corneum, densities of hair follicles and apocrine sweat 
glands, vascularity, and potentially a major fentanyl reservoir 
within the stratum corneum that contributes to the longer 
terminal half-life, as suggested in other species.50,61 The high 

dose is likely to provide effective plasma levels of greater than 
1.2 ng/mL for as long as 4 d after administration (Figure 1 C).

The MEC is defined as the minimal drug concentration in 
serum required to produce a desirable therapeutic effect; this 
level can vary as much as 6-fold in humans, depending on in-
dividual responsiveness, as shown by the human fentanyl MEC 
range of 0.2 to 1.2 ng/mL.25,29 In the case of opioids, the MEC 
is a concept that suggests that continuous analgesia should be 
achieved when the serum concentration of a particular opioid 
is maintained in excess of its MEC value and that the analgesic 
effect will abate when the serum opioid concentration decreases 
below the MEC value.29 Unfortunately, MEC values for fen-
tanyl are difficult to establish and fluctuate between species 
and individual patients. In addition, reported MEC values for 
fentanyl rely on the study design, intensity of surgical stimu-
lus, the postoperative period, previous opioid treatment and 
tolerance of the subjects, the characterization and monitoring 
of analgesia, and the activity level of the patients (at rest or in 
movement).16,28,29,42,44,54,69 Because limited information exists 
in the literature regarding the pharmacokinetics and efficacy 
of fentanyl in rhesus macaques, we considered both 0.2 and 1.2 
ng/mL as limits of a minimally effective range in plasma on the 
basis of the range in humans.

Although establishing an MEC of fentanyl in rhesus macaques 
was beyond the scope of this pharmacokinetic study, discussing 
the MEC established in other species is helpful. Fentanyl MEC 
varies between species and individuals; studies in dogs suggest 
an MEC ranging from 0.4 to 1.3 ng/mL,25,32,43,62 whereas other 
studies using fentanyl patches in dogs advocate a mean MEC 
of 0.6 ng/mL62 to 1.2 ng/mL.43 In cats, fentanyl MEC have been 
estimated at 1.6 to 1.7 ng/mL.32 In humans, fentanyl MEC varies 
from 0.6 to 3 ng/mL;57 however, most studies that included a 
surgical stimulus reported MEC values between 0.9 to 2.0 ng/
mL,33,69 with a 6-fold difference in MEC between patients. In 
human studies in which the patient titrates the delivered dose of 
fentanyl, patients required a larger dose during the first 6 h after 
surgery; this higher drug requirement is believed to be necessary 
to establish a steady-state drug concentration, which depends 
on the drug’s half-life.29 In addition, even minor movements, 
such as deep breathing, and ambulation, were associated with 
a higher fentanyl demand or higher visual analog scale score  
(a visual pain scoring system used in human medicine to evalu-
ate adequate analgesia).29,44

In addition to the variability that exists regarding species- 
specific and individual characteristics, different pharma-
cokinetic profiles of fentanyl in rhesus macaques have been 
reported. One study investigating increasing doses of intrave-
nous boluses of fentanyl and measuring tail latency responses 
in rhesus macaques suggested a serum MEC of 2.97 ng/mL as 
measured by radioimmunoassay,54 whereas in the present study 
we measured plasma fentanyl concentrations by using liquid 
chromatography–mass spectrometry as described recently.7,24,25 
In one study65 comparing fentanyl plasma concentrations in 
horses as measured by both radioimmunoassay and liquid 
chromatography–mass spectrometry, radioimmunoassay was 
less accurate and overestimated concentrations near the lower 
limit of quantitation. This finding suggests that the assay tech-
niques by which fentanyl concentrations were measured (that 
is, radioimmunoassay compared with liquid chromatography–
mass spectrometry) and the medium from which the drug is 
measured (that is, plasma compared with serum) may contribute 
to discrepancy among reports,65 such that results from different 
studies may not be directly comparable.
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A limitation of this study was the need for ketamine sedation 
prior to topical administration of the fentanyl dose in the study 
subjects. Both ketamine and fentanyl are metabolized in the hu-
man liver through the cytochrome P450 pathway, specifically 
via the enzyme CYP3A4;18,21,31,51 therefore, competition during 
metabolism may alter the clearance of one or both drugs. To 
the best of our knowledge, the enzymes responsible for the 
metabolism of fentanyl and ketamine in rhesus macaques have 
not yet been elucidated. If similar to the situation in humans, 
the same enzyme is responsible for metabolism of both com-
pounds in macaques, thus potentially affecting the calculated 
pharmacokinetic parameters we reported here. However, be-
cause sedation is recommended for effective administration of 
TFS, the use of ketamine in the current study is representative 
of the clinical situation.

Given the variability that exists between species, individu-
als within the same species, and study designs investigating 
the MEC and efficacy of fentanyl analgesia, future research is 
needed to more accurately determine the MEC of fentanyl for 
clinical use in rhesus macaques. The current study shows that 
a single 1.3-mg/kg topical dose of TFS in rhesus macaques 
may provide 7 d of effective plasma levels when assuming 
the reported lower bound MEC of 0.2 ng/mL as established 
in beagles; this dose achieves these plasma levels within 2 h of 
administration. In comparison, a single 2.6-mg/kg topical dose 
of TFS in rhesus macaques provided 10 d of effective plasma 
levels (0.2 ng/mL) within 1 h of administration. TFS should be 
dosed preoperatively to ensure adequate plasma concentrations 
prior to any painful stimuli being elicited. In addition, future 
investigation of this compound for use in other NHP and labo-
ratory animal species is likely indicated as well.

In conclusion, the present study established the pharma-
cokinetic profiles for the 1.3- and 2.6-mg/kg topical doses of 
TFS in rhesus macaques and compared those parameters with 
each other and with those previously reported in beagles at the 
same doses. Our findings confirmed that both doses of TFS in 
rhesus macaques have similar pharmacokinetic profiles, with 
significantly longer half-lives than in dogs, and remain above 
the minimal effective plasma concentration (0.2 ng/mL) for 7 
and 10 d, respectively. Therefore, the use of this novel, long-
acting, single-dose, TFS represents an important refinement for 
the provision of sustained analgesia, reduction of stress from 
repeated dosing of analgesics and interactions with personnel, 
and, ultimately, improvement of animal welfare of NHP used 
in biomedical research.
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