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Abstract
Background and Objectives Naloxone for opioid overdose treatment can be administered by intravenous injection, intramus-
cular injection, or intranasal administration. Published data indicate differences in naloxone pharmacokinetics depending 
on the route of administration. The aim of this study was to analyze pharmacokinetic data in the same way that we recently 
successfully applied the concept of the finite absorption time in orally administered drug formulations.
Methods Using the model equations already derived, we performed least squares analysis on 24 sets of naloxone concentra-
tion in the blood as a function of time.
Results We found that intramuscular and intranasal administration can be described more accurately when considering zero-
order absorption kinetics for finite time compared with classical first order absorption kinetics for infinite time.
Conclusions One-compartment models work well for most cases. Two-compartment models provide better details, but have 
higher parameter uncertainties. The absorption duration can be determined directly from the model parameters and thus 
allow an easy comparison between the ways of administration. Furthermore, the precise site of injection for intramuscular 
delivery appears to make a difference in terms of the duration of the drug absorption.

Key Points 

Finite absorption time affects oral pharmacokinetics and 
its modeling.

Emergency overdose antidote naloxone, administered 
intravenously, intramuscularly, or intranasally, follows 
similar models.

One- and two-compartment model-fitting to several sets 
of data prove them adequate and better than classical 
models.

1 Introduction
Opioid overdose is a dynamic public health epidemic. 
Naloxone HCl injection has been used for nearly 50 years to 
reverse the effects of opioids. Naloxone acts as a non-selec-
tive and competitive opioid antagonist. Its binding affinity is 
highest for the μ-opioid receptor, then the δ-opioid receptor, 
and lowest for the κ-opioid receptor [1].

Naloxone is administered intravenously, intramuscularly, 
and intranasally [2]. In the community setting, individuals 
who lack the medical expertise to titrate a dose to achieve a 
desired response are using the intranasal and intramuscular 
products [2]. This common use of naloxone aims to counter 
slow or shallow breathing in opioid overdose before emer-
gency treatment is available.

A number of pharmacokinetic studies [3–11] have been 
carried out for the non-compartmental analysis of naloxone 
after intranasal and intramuscular administration. These pub-
lications are mainly focused on the relative bioavailability 
of naloxone upon intranasal and intramuscular administra-
tion. We recently found [12] that naloxone pharmacokinet-
ics after intranasal and intramuscular administration can be 
described with the recently developed physiologically-based 
finite time pharmacokinetic (PBFTPK) models [13–15]. In 
this work, we analyze all available data published in the 
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literature [3–11] by performing compartmental analysis 
applying classical approaches as well as PBFTPK models. 
These models were developed for orally administered drugs 
with time restrictions for intestinal (≤ 5 h) and colon drug 
absorption (≤ 30 h) [13–15]. Due to the limited residence 
time of nasal sprays on the nostril mucosa, it was thought 
that the PBFTPK models could also be applied for the analy-
sis of naloxone intranasal data. In addition, the absorption 
of drugs after intramuscular administration is well known 
to depend on the injection site as well as on physiological 
factors, e.g., the depth of fat in gluteal injections. Accord-
ingly, classical and PBFTPK models were applied to nalox-
one intranasal and intramuscular pharmacokinetic studies 
to elucidate naloxone absorption characteristics in terms of 
the type of kinetics, the input rate(s), and the duration of 
absorption.

The aim of this study was to explore the utility and appli-
cability of PBFTPK modeling to intramuscular and intrana-
sal pharmacokinetic data in the same way that we recently 
successfully applied the concept of the finite absorption time 
in orally administered drug formulations.

2  Methods

From the nine pharmacokinetic naloxone studies reported 
here [3–11], we analyzed the six studies [4, 5, 7, 8, 10, 11] 
which included the measured naloxone blood concentra-
tions, Cb(t), as a function of time, t, post-dose. Twenty-four 
datasets were found in the six studies that met this criterion. 
The Cb(t) plots were digitized by transferring the published 
figures to the Windows utility MS Paint, reading off the 
coordinates of axes ranges and data points and perform-
ing linear interpolation to recover the data shown in the 

published papers They were then analyzed with a variety of 
models assuming one- and two-compartment disposition. 
Two types of naloxone input rates were considered assuming 
one-compartment model disposition for the intranasal and 
intramuscular administration, namely, classical first-order 
absorption of infinite duration (Eq. S1) or zero-order absorp-
tion for finite absorption time (FAT), τ, considering one (Eq. 
S2), two, or three consecutive absorption stages [13–15]; 
All the equations used are reported in the Supplementary 
Information.

The number of parameters determined varied from 3 for 
the simplest models to 7 for the most complex ones. The 
least-squares method was implemented within the program-
ming environment of Igor by WaveMetrics [14, 15] for all 
fitting work. Parameter uncertainties, co-variances, and cor-
relations between them were determined to help assess the 
quality of each fit. Fit residuals, i.e., differences between 
experimental and calculated points, were also plotted as an 
additional criterion for the quality of each fit.

3  Results

3.1  Intravenous Data

The best fits using the two-compartment model equation 
(Eq. S6) for the two datasets [5, 8] are presented in Fig. 1.

3.2  Intramuscular Data

The analysis of eight sets of naloxone intramuscular data is 
presented in Fig. 2. Only one out of eight datasets follows 
classical first-order absorption kinetics, Fig. 2b. In this case, 
volunteers received 0.8 mg of naloxone as an injection to the 

Fig. 1  Best fits of Eq. S6 to intravenous data upon administration 
of a bolus naloxone dose of 0.4 mg. The top part of each plot is the 
residual plot; key: a [8], b [5]; symbols: D dose, Vc volume of central 
compartment, k12, k21, k10 rate micro-constants in two compartment 

models, α, β hybrid rate constants of distribution and elimination, 
respectively, A, B pre-exponential factors, χ2 sum of squares of devia-
tions, R2 correlation coefficient



457Naloxone Intranasal/Intramuscular Pharmacokinetics

deltoid muscle while receiving remifentanil by a target-con-
trolled infusion; the average value of tmax was found equal 
to 7.75 min [7]. Seven datasets (Fig. 2a, c, d, e, f, g, h) were 
described nicely by the PBFTPK models [13–15]. Three of 
them (Fig. 2a, g, h) were described by a two-compartment 
model and four of them (Fig. 2c, d, e, f) by a one-compart-
ment model. All fitting results based on classical first-order 
absorption with either one- or two-compartment model 
kinetics are reported in the Supplementary Information.

The findings presented in Fig. 2 are tabulated in Table 1, 
which shows the estimates for the duration of drug absorp-
tion stages, the site of injection, and the dose administered 
for seven naloxone intramuscular administrations described 
by PBFTPK models [14, 15].

3.3  Intranasal Data

The analysis of the 14 datasets is presented in Fig. 3. Only 
2 of them are best described by a two-compartment model, 
while 12 follow one-compartment model disposition.

4  Discussion

4.1  Intravenous Data

Both iv datasets [5, 8] were best described by a two-
compartment model (Fig. 1). Quite similar β estimates, 
0.016 ± 0.0016 and 0.011 ± 0.008 min,−1 were found for 
the two datasets analyzed. Moderate values, 4.9 and 3.4, 
were found for the ratio of the micro-constants k12, k21 in 
the two studies [5, 8], indicating a rather quick approach 
to equilibrium between the central and the peripheral 
compartments.

4.2  Intramuscular Data

Based on the data presented in Table 1, the mean termina-
tion of naloxone absorption, τ, regardless of the site of 
injection or the dose administered, is 10 ± 5 min, exclud-
ing the second very slow absorption stage of Fig. 2h. 
For the studies including deltoid muscle administration, 
regardless of the dose administered, the mean termination 
of naloxone absorption is 4.7 min (mean of two datasets); 
the corresponding values for naloxone injection to gluteus 
maximus (one dataset) and anterolateral aspect of the thigh 
(four datasets) are 14.4 and 11.8 min, respectively. These 

results are associated with the proximity of the injection 
sites to the vasculature of the relevant tissues. It seems 
that the injection to the deltoid muscle results in shorter 
termination of naloxone absorption compared to the glu-
teus maximus and the anterolateral aspect of the thigh 
injections. However, the variation of time to maximum 
concentration, interpreted as FAT in this study, following 
different sites of injection is very well known [16].

4.3  Intranasal Data

Twelve intranasal datasets follow one-compartment model 
disposition and two datasets follow two-compartment 
model disposition, Fig. 3. However, in all the cases stud-
ied and regardless of the disposition model, it was found 
that naloxone absorption terminates at a specific time τ; this 
corresponds to the FAT of the PBFTPK models developed 
recently [13–15]. The estimate of the mean for the dura-
tion of naloxone absorption using all 14 datasets shown in 
Fig. 3 is 16 ± 3 min; it should be noted that this estimate 
is based on all the different types of naloxone nasal admin-
istration and doses used in the studies [4, 5, 7, 9, 10]. It is 
also noted that all the naloxone intranasal profiles exhibit a 
single concentration maximum, which corresponds to nalox-
one absorption from the nasal epithelium. The absence of a 
second peak rules out the absorption of naloxone from the 
gastrointestinal tract due to swallowed particles.

The analysis presented here was based on the mean data 
reported in the literature. A better analysis could be based 
on a mixed effects modeling approach with a common sin-
gle model, e.g., the most frequently used two-compartment 
model. Unfortunately, this modeling exercise requires indi-
vidual data, which are not reported in the literature.

The present successful analysis of the intranasal and 
intramuscular data using PBFTPK models shows the appli-
cability and utility of these models. This is also the case 
in a recent study [17] on the complementarity of PBPK 
(bottom–up) and PBFTK (top–down) approaches; the lat-
ter revealed the physically sound termination of the drug 
absorption process in contrast to exponentially reaching 
the 100% plateau at infinite time generated by the PBPK 
models. The PBFTPK models were also sufficiently pow-
erful for the analysis of the complex absorption kinetics 
of mavoglurant [12], which has so far been analyzed with 
stochastic approaches.

However, a word of caution is required since the phar-
macodynamic (PD) aspects of naloxone injections or intra-
nasal administration were not examined here. In fact, the 
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penetration of naloxone to the brain of rats is very rapid, 
due to its lipophilic nature, followed by a rapid decline 
of naloxone quantities in the brain [18]. Parallel profiles 
for naloxone quantities in the brain and naloxone blood 
levels were recorded in rats a long time ago [18], while 
the nasal to brain delivery of naloxone in humans has been 
studied recently [19]. Several comprehensive reviews for 
naloxone penetration into the human brain following intra-
nasal administration have been published (e.g., [20]). In 
this context, PBFTPK-PD models could be launched for 
the analysis of relevant data such as those found in a very 
recent study of intramuscular and intranasal administration 
of epinephrine [21].

5  Conclusion

The utilization of PBFTPK models [13–15] enabled us to 
assess for the first time the termination of naloxone absorp-
tion from the intramuscular and intranasal formulations. 
The results demonstrate that the completion of naloxone 
absorption is more rapid when injected into the deltoid 

muscle compared to other routes of intramuscular admin-
istration or via the intranasal route. This is an additional 
positive property of the intramuscular administration apart 
from the better bioavailability of naloxone compared to 
the intranasal route reported previously [8]. All the above 
are helpful for the optimization of the use of naloxone in 
the community setting due to the urgent need to counter 
breathing problems in opioid overdose. It is advised that 
the FAT concept and the relevant PBFTPK models [13–15] 
be combined with pharmacodynamic recordings and mod-
els to elucidate the pharmacokinetic–pharmacodynamic 
profile of naloxone upon intramuscular and intranasal 
administration.

Fig. 2  Blood concentration-time data, and best fits after intramuscu-
lar administration at different intramuscular injection sites of different 
naloxone doses. The top part of each plot is the residual plot. Key: 
a [8, 12], b [7], c [5], d [4], e [10], f [11], g [11], h [11]; symbols: 
F, F1, F2 bioavailable fractions, Vd volume of distribution, τ, τ1, τ2 
duration of absorption stage, ka first order absorption rate constant, ke 
elimination rate constant; other symbols are defined in Fig. 1. The tri-
angle denotes the end of the absorption process. Panel a has appeared 
in [12], but is included here for completeness

◂ Table 1  Intramuscular administration of naloxone

Estimates for the duration of naloxone absorption stage(s) in the 
seven studies described by PBFTPK models [14, 15]
The results from Fig.  2b are not included because they are best 
described by the classical model for which FAT is not defined

References Dose (mg) Injection site FAT (min)

8 0.8 Deltoid 3.9
5 0.4 Deltoid 5.4
4 0.4 Gluteus maximus 14.4
10 2 Anterolateral aspect of the 

thigh
13.5

11 0.4 Anterolateral aspect of the 
thigh

7.3

11 0.8 Anterolateral aspect of the 
thigh

15

11 2 Anterolateral aspect of the 
thigh

9.5
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Fig. 3  Blood concentration-time data, and best fits after intranasal 
administration of different doses of naloxone. The top part of each 
plot is the residual plot. The triangle denotes the end of the absorp-

tion process. Panel a has appeared in [12], but is included here for 
completeness. Key: a, b [8]; c [7]; d, e, f [5]; g, h, I, j [4]; k, l, m, n 
[10]; symbols defined in Figs. 1 and 2
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