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Abstract

Naloxone is a World Health Organization (WHO)-listed essential medicine and is the first choice for treating the respiratory
depression of opioids, also by lay-people witnessing an opioid overdose. Naloxone acts by competitive displacement of
opioid agonists at the p-opioid receptor (MOR). Its effect depends on pharmacological characteristics of the opioid agonist,
such as dissociation rate from the MOR receptor and constitution of the victim. Aim of treatment is a balancing act between
restoration of respiration (not consciousness) and avoidance of withdrawal, achieved by titration to response after initial doses
of 0.4-2 mg. Naloxone is rapidly eliminated [half-life (#,,,) 60—120 min] due to high clearance. Metabolites are inactive.
Major routes for administration are intravenous, intramuscular, and intranasal, the latter primarily for take-home naloxone.
Nasal bioavailability is about 50%. Nasal uptake [mean time to maximum concentration (7,,,,) 15-30 min] is likely slower
than intramuscular, as reversal of respiration lag behind intramuscular naloxone in overdose victims. The intraindividual,
interindividual and between-study variability in pharmacokinetics in volunteers are large. Variability in the target population
is unknown. The duration of action of 1 mg intravenous (IV) is 2 h, possibly longer by intramuscular and intranasal admin-
istration. Initial parenteral doses of 0.4-0.8 mg are usually sufficient to restore breathing after heroin overdose. Fentanyl
overdoses likely require higher doses of naloxone. Controlled clinical trials are feasible in opioid overdose but are absent in
cohorts with synthetic opioids. Modeling studies provide valuable insight in pharmacotherapy but cannot replace clinical

trials. Laypeople should always have access to at least two dose kits for their interim intervention.

1 Introduction

Naloxone was developed in the 1960s as a pure p-opioid
receptor (MOR) antagonist [1-3]. It counteracts the actions
of opioids, such as reduced/arrested respiration, reduced
level of consciousness, and miosis and constipation. After
approval by the Food and Drug Administration (FDA) in
1971 for parenteral use, naloxone entered clinical practice in
hospitals and in prehospital medicine. In hospitals, typically
low and titrated intravenous naloxone doses were used to
counteract opioid-induced postoperative respiratory depres-
sion while avoiding provocation of pain. Larger initial doses
were required to restore respiration in opioid overdoses.
Notably, the effect of naloxone depends not only on the dose
the opioid but also on the pharmacological characteristics
of the opioid in question, as well as the constitution of the
victim [4].

The opioid epidemic, with increasing numbers of deaths
from overdose, has sparked new interest in naloxone
[5]. However, overdose cases are threatened not only by
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respiratory failure but also from the risk of airway occlu-
sion including positional asphyxia [6].

Take-home naloxone (THN), that is, preprovision of
naloxone for future administration by laypeople who may
be present at an overdose scene, was proposed in the late
1990s [7, 8] by harm reduction advocates at clinical addic-
tion arenas across Europe, North America, and Australia.
Only parenteral formulations were available at that time,
with intramuscular administration being the emerging pre-
ferred route, especially using prefilled syringe formulations.
However, laypeople were usually not familiar with this pro-
cedure. Therefore, the improvised nasal naloxone devices
(INNDs) were introduced. A mucosal atomizer device
(MAD) was typically attached to a syringe containing 2 ml
of a parenteral formulation of 1 mg/ml concentration. This
enabled laypeople to administer a simple and prompt interim
opioid antagonism to overdose victims via a nasal spray.
However, the administration volume of 2 ml by the INNDs
far exceeds the recommended volume of 0.1-0.2 ml for nasal
use [9], so the systemic dose given was unknown. Surpris-
ingly, no studies of the pharmacokinetics of the INNDs,
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Naloxone is a safe and effective drug in opioid overdose.
Its efficacy is lower in opioids that dissociate slowly
from the p-opioid receptors (MOR), such as buprenor-
phine and carfentanil. There are large intraindividual
variations in its pharmacokinetics. Titration of two or
more doses every 3 min until satisfactory response (res-
toration of respiration and not consciousness) to avoid
withdrawal is the key to effective treatment.

Take-home naloxone, enabling use of naloxone by
bystanders, is a lifesaving intervention. The nasal route is
often preferred. At least two-dose kits should be prepro-
vided to bystanders. It is an interim intervention, and an
ambulance should always be called for.

An initial dose of 0.4—0.8 mg by needle in heroin over-
dose is well established. Comparable doses (adjusted
for bioavailability) of nasal naloxone also works well in
these victims. This is documented in controlled clini-
cal studies in the target population. Higher doses may
be required in overdoses with the more potent opioid
fentanyl, but evidence of need for a great increase of
naloxone dose remains uncertain. Controlled clinical
trials have not yet been conducted in synthetic opioid
overdose cohorts, and safe dosing of naloxone cannot be
determined by volunteer or modeling studies only.

which are increasingly used for THN, were published [10,
11] until 2019 [12].

There were few publications on the pharmacokinetics of
naloxone until 2016. Most studies concerned intravenous
administration, alongside a few studies on the population
kinetics and pharmacodynamics of naloxone [13—15]. From
2012 onwards, the FDA and the National Institute on Drug
Abuse (NIDA) in the USA supported the pharmaceutical
industry to develop noninjectable alternatives to needle
administrations. Among the noninjectable alternatives,
the nasal administration was preferred by laypeople [16].
Finally, in 2016, the first plausible study on nasal naloxone
pharmacokinetics was published [17]. In the subsequent
years, several studies of the pharmacokinetics of intrave-
nous, intramuscular, and intranasal naloxone in healthy vol-
unteers were published, from both academic institutions and
the pharmaceutical industry.

The aim of this narrative review is to give an updated
presentation of the pharmacokinetics and dynamics of nalox-
one and its clinical use, especially for the nasal administra-
tion of approved products. The safety of the nasal naloxone
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sprays, considering naloxone’s pharmacokinetics and phar-
macodynamics, and the characteristics of various opioids
involved in overdoses are also discussed.

2 Methods

This narrative review is based on papers identified by
searches primarily in PubMed (Supplementary Information)
and the examination of reference lists of papers deemed to
be relevant by the authors. Priority was given to studies in
humans or human material, with some exceptions. Gray lit-
erature (literature that is not formally published in sources
such as books or journal articles) in general was not used.
Information of gray literature relating to this subject can be
found elsewhere [5, 18, 19].

3 History of Naloxone

Naloxone hydrochloride (molecular formula C;oH,;NOHCI,
CAS number 357-08-4) was synthetized in 1960 by Fishman
in the laboratory of Lewenstein. The inventors were granted
a USA patent in 1966 [20] claiming that naloxone was a
“more potent antagonist to the respiratory effects of potent
analgesics than the antagonists hitherto known” [1].

The primary characterization of the pharmacologi-
cal actions of naloxone in rodents was done by Blumberg
and coworkers [21, 22]. Naloxone was shown to be a pure
antagonist with no analgesic activity of its own and was not
only a far more potent opioid antagonist than nalorphine but
was essentially without toxic effects at therapeutic doses [1].
Now that the basis for its clinical use had been established,
naloxone became a valuable tool in the exploration of opi-
oid receptors and the endogenous opioid system by Hughes,
Kosterlitz, and Terenius, respectively, in the mid-1970s [1].

It was Foldes and coworkers who first studied the effi-
cacy of naloxone in man [2, 3]. Naloxone had no effect on
respiration in anesthetized patients and offered significantly
greater protection against oxymorphone-induced respiratory
depression than nalorphine [2].

After approval by the FDA in 1971, parenteral doses in
the range of 0.4-2 mg were used for opioid overdose, while
smaller doses (0.04—0.08 mg) were used to counteract post-
operative respiratory depression. Titration of naloxone dose
was always the key to successful treatment, i.e., to restore
respiration without provoking pain postoperatively or with-
drawal symptoms in opioid-dependent overdose victims.
The clinical significance of naloxone was highlighted by its
introduction to the WHO “List of Essential Medicines” in
1983 [23].

With the introduction of take-home naloxone (THN) at
the end of the twentieth century, broadening naloxone’s
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use to become a tool in the hands of laypeople, approved
nasal naloxone sprays were developed and introduced,
with approvals from 2016 onwards. Guiding this develop-
ment, the FDA required that any nasal spray should pro-
vide similar or higher plasma concentrations than the most
common reference administration 0.4 mg intramuscular
injection (IM). The FDA supported the use of high nalox-
one doses in THN to reduce the risk for underdosing at the
potential cost of more adverse events such as withdrawal.
As a result, an unintended consequence has been higher
systemic naloxone exposure from the nasal sprays than
from the reference administration [5]. Little consideration
has been given thus far to whether this is a disadvantage
or an added benefit.

3.1 Miscellaneous Use

Naloxone has been explored for reversal of cardiogenic
shock [24], dissociative and eating disorders [25, 26], and
prevention of latent sensitization of postsurgical pain [27].
Naloxone has also been added to oral opioid formulations
to reduce constipation [28]. A combination of oxycodone
and naloxone was reported to reduce drug liking [29, 30].

4 Pharmaceutical Properties

Naloxone (17-allyl-4,5-alpha-epoxy-3,14-dihydroxy-
morphinan-6-one, Fig. 1) is a synthetic morphinane alka-
loid that is morphinone in which the enone double bond
has been reduced to a single bond, the hydrogen at posi-
tion 14 has been replaced by a hydroxy group, and the
methyl group attached to the nitrogen has been replaced
by an allyl group [31]. Naloxone hydrochloride is a white-
to-off-white powder that is soluble in water, acids, and
alkali but only slightly soluble in alcohol and insoluble in
ether and chloroform. The physiochemical characteristics
of naloxone are summarized in Table 1. Naloxone is a
racemic drug, the L-enantiomer, levonaloxone, being the
active isoform in opioid receptors [33].

5 Mechanism of Action

Naloxone has a high affinity for MOR, to which it competi-
tively binds and antagonizes. The binding affinity of nalox-
one to MOR is about 1 nM [34-37]. It is suggested that
naloxone needs to block 50% of MOR to reverse the effects
of an opioid overdose [38]. Naloxone crosses blood—brain
barrier readily and has fast receptor association/dissociation

kinetics. Naloxone acts as an inverse agonist causing the
rapid removal of any other drugs bound to these receptors.

Naloxone is a pure MOR receptor antagonist and pos-
sesses no intrinsic activity. Therefore, it has been difficult to
describe its pharmacodynamic effects. Glass et al. [39] stud-
ied naloxone and nalmefene in healthy volunteers exposed to
fentanyl to establish their potencies and durations of action.
They showed a clear dose—response in percent recovery of
the slope of the CO,-response indicating a pharmacokinetic
explanation for the duration of agonist reversal. Ventilatory
depression recurred at a naloxone concentration of 0.28 ng/
ml. Naloxone effect depended on the plasma concentration
of the agonist at the time of reversal, the duration of agonist
infusion, and the dose of the antagonist [39].

Cassel et al. [37] studied the comparative binding kinetics
of naloxone and a longer-acting MOR antagonist, alvimo-
pan, in vitro in membrane preparations expressing the cloned
human MOR. The in vitro half-life for dissociation of the
naloxone from the p-opioid receptor complex was less than 1
min, while longer-acting antagonists, such as alvimopan, had
a slower dissociation rate than naloxone (¢,,,= 30-44 min
versus 0.82 min, respectively) demonstrating that receptor
kinetics modulate the antagonist effects of naloxone.

Yassen et al. (see “Pharmacometric studies” section
below) demonstrated a biophase equilibration half-life of
buprenorphine of 173 min [15], while Kim et al. reported
receptor dissociation half-lives (k.;) of 41-68 min for
buprenorphine and 6.8 min for fentanyl, respectively [40].
The dissociation half-life of naloxone is between 0.82 [37]
and 2.44 min [35].

Despite these earlier studies, robust estimates for the
opioid receptor blockade by opioid antagonists were not
available until recently. Trgstheim et al. [41] reviewed the
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Fig.1 The chemical structure of the p-opioid receptor antagonist
naloxone. An asymmetric carbon atom creates a chiral structure,
resulting optical isomers of which only the levo-isomer is biologically
active in the p-opioid receptor
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Table 1 The physiochemical characteristics of naloxone

Reference
Molecular weight (Daltons) 327.4 PubChem?
Pk, 794  ChEMBL®
Water solubility (mg/1 at 25 °C) 1.415  PubChem
Lipid solubility (log P) 2.09 Hansch et al. [32]

https://pubchem.ncbi.nlm.nih.gov/compound/Naloxone#section=
Chemical-and-Physical-Properties. Accessed 5 March 2023

Zhttps://www.ebi.ac.uk/chembl/. Accessed 5 March 2023

existing positron emission tomography data for a detailed
analysis of central opioid receptor blockade after opioid
antagonism. Positron emission-based techniques can be
used to estimate receptor blockade, because antagonist
drugs prevent accumulation of the radiotracer in the brain
[41]. In two positron emission tomography [42, 43] and
two dual-detector studies [44, 45] [''C] carfentanil was
used to quantify MOR blockade with intravenous nalox-
one. Furthermore, timing information was available from
a dual detector study with intravenous naloxone [44]
and a positron emission study with intranasal naloxone
[46]. The authors estimated the time-to-peak blockade
from the time series data of [!'C] carfentanil activity in
the absence and presence of an antagonist in these stud-
ies. Blockade estimates were based on the mean signal
recorded between 45-65 min after intravenous naloxone
administration. From the log-logistic model an median
effective dose (EDs;) of 0.0023 mg/kg was obtained and
an elimination rate constant k = 0.006 was obtained with
an average blockade half-life of 110 min [41]. Time-series
data from dual-detector studies with [''C] carfentanil [44,
47] showed a maximum reduction in activity from the
control condition (i.e., no naloxone) at 23—-29 min after
administration of intravenous naloxone. Trgstheim et al.
[41] showed that 0.1-1.5 mg/kg of intravenous naloxone
can completely block all three major opioid receptors.
Pharmacokinetic investigations of concentrated intranasal
formulations of naloxone indicate that the drug is rapidly
absorbed into the bloodstream, with peak plasma concentra-
tions in plasma reached in 20-30 min [17, 48]. Johansson
et al. [46] characterized the p-opioid receptor occupancy
in healthy, young male volunteers after 2 and 4 mg doses
of intranasal naloxone by positron emission tomography.
Maximum MOR occupancy during the first 60 min after
naloxone administration occurred in a dose-dependent man-
ner (54-82% and 71-96% range in occupancy after 2 and 4
mg intranasal naloxone, respectively). ''“/Carfentanil was
rapidly displaced from p-opioid receptors after intranasal
naloxone as the time taken to achieve 50% occupancy ranged
from 11 to 14 min and from 5 to 13 min after 2 and 4 mg
doses, respectively. Receptor occupancy was maintained
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at these levels during the 60 min observation period. The
agonist carfentanil was rapidly (5-14 min) displaced from
p-opioid receptors after 2—4 mg intranasal naloxone dose.
Later, after 360 min, a markedly lower p-opioid receptor
occupancy was observed, indicating rapid clearance of
naloxone from the brain. The half-life of disappearance of
MOR occupancy was estimated to be approximately 100
min. The authors also demonstrated that plasma naloxone
concentrations predicted the MOR occupancy in brain, con-
sistent with the early observations by Glass et al. [39]. The
dose-occupancy model calculation resulted an average half
maximal effective concentration (EC,) estimate in plasma
of 0.70 + 0.12 ng/ml.

The above studies demonstrate that the disposition of
naloxone in and out of the brain (effect) compartment and
receptor kinetics are fast, and the major limiting factor
determining the presence of naloxone at its target site is the
elimination half-life from the plasma. Moreover, an opioid’s
affinity for the opioid receptor and their kinetics of associa-
tion and especially dissociation have an impact on the ease
of reversal by naloxone [15, 49].

6 Pharmacokinetics
6.1 Metabolism

Although pharmacokinetic studies were sparse until 2015,
the metabolism of naloxone was already explored in the
seventies. The formation of its major metabolite, naloxone-
3-glucuronide (N3G), at that time considered to be by the
liver, was rapid. After a radioactive dose, 24-37% appeared
in the urine by 6 h [50, 51]. N3G is pharmacologically inac-
tive. Minor naloxone metabolites were also EN-3169 formed
by N-dealkylation and EN-2265 formed by reduction [52].

Studies on the formation of N3G in blood were published
far later. First, Papathanasiou et al. [53] measured serum
concentrations of N3G after a high dose infusion (3.25 mg/
kg) study in healthy volunteers. Their major findings were
that enzyme saturation did not occur and that N3G kinet-
ics best fitted to a two-compartment model. Tylleskar et al.
confirmed [54] the previous claims of a rapid formation of
N3G with mean time to maximum concentration (7,,,,) of
9.4 min and 17 min after intravenous bolus doses of 1.0 and
0.4 mg IV to healthy volunteers, respectively, far more rapid
than, for instance, the corresponding 28 min for midazolam’s
major metabolite 1-hydroxy midazolam [55].

6.2 Administration Forms of Naloxone

The oral bioavailability of naloxone is only 1-2%, mak-
ing this route and the rectal route (bioavailability of 15%)
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unsuitable for emergency use of naloxone [56]. However, as
stated above, oral naloxone in combination with an opioid
may reduce constipation without reducing analgesia. Sub-
cutaneous administration of naloxone has been used in the
past. Strang et al. examined different potential administration
forms without the needle and concluded that of the trans-
mucosal forms, intranasal, buccal and sublingual were the
most desirable [16]. However, no buccal formulations have
come to the market [57], and major limitations to sublin-
gual administration are uncontrolled swallowing and vomit
in the oral cavity. Pharmacokinetic data on subcutaneous
and sublingual administration of naloxone can be found in
gray literature [18].

Dose-corrected (to 1 mg) peak plasma concentrations
(Cpay and area under the plasma concentration-time curve
(AUC) are calculated in the three tables below character-
izing the major administration forms of naloxone. This
allows a direct comparison of the performance of the
respective sprays.

6.3 Intravenous

Intravenous administration is characterized by very rapid
onset of action, enabling titration of naloxone every third
minute to achieve the desired effect whilst avoiding with-
drawal symptoms. Intravenous administration requires
skill, and venepuncture also may increase the risk for
blood contamination and disease transmission. Intrave-
nous administration is favored in hospital settings where,
for postoperative respiratory depression, low initial doses
(0.04-0.08 mg) were typically used. Intravenous use in
prehospital care has decreased over the years.

Only a few small studies on intravenous administration
were published in the pioneer era of naloxone [50, 58-60],
based on quantification with radioactive immune assays
(RIA) and sampling times of 120 min only. Low doses
were used (0.04-0.4 mg). The major findings were that
naloxone had a short elimination half-life of about 60—120
min, confirmed later by Albeck et al. [61] using higher
doses, longer sampling, and quantification of plasma con-
centrations with high-performance liquid chromatogra-
phy (HPLC) with electrochemical (ED) detection. A total
clearance of about 2000 ml/min and a volume of distribu-
tion of 200 1 was found in the early studies; however, more
reliable figures of volume of distribution of 482 1 and total
clearance of 3656 ml/min were reported more recently by
Tylleskar et al. [62]. Both of these are in the same range as
reported earlier by Yassen et al. and Papathanasiou et al.
[15, 53] in their population kinetic studies.

Pharmacokinetic data for intravenous administra-
tion of naloxone are presented in Table 2. In the era of
development of appropriate nasal naloxone sprays, liquid

chromatography tandem mass spectrometry (LCMSMS)
was used for quantification. Two studies differ from the
others by a shorter duration of sampling than 6 h [63, 64],
respectively; the former is also under exposure of the vol-
unteers to the opioid remifentanil. As can be seen, 0.4-2
mg doses were studied. The short elimination half-lives
(t,),) found previously were confirmed; central tendencies
with arithmetic means were between 70 and 74 min, except
for Gufford et al.’s small study (n = 6) that reported a
geometric mean of 91 min [64]. Dose-corrected values
(to 1 mg) AUCs varied from 3.65 to 5.4 ng X h/ml. This
variation is surprising, as all drug is accounted for when
given intravenously.

6.3.1 Intravenous Infusion

Intravenous infusion of naloxone may be required in some
severe opioid intoxications, that is, large doses in general,
and especially with long-acting opioids (methadone and
carfentanil) or opioids with strong affinity to, or slow dis-
sociation from, the opioid receptors, such as buprenorphine
and carfentanil.

Experiences with naloxone infusions in young children
are reported by Lewis et al. [65] and Gourlay and Coul-
thard [66] after codeine-induced respiratory depression and
a near-fatal overdose of nor-methadone, respectively. Infu-
sions rates were about 25 pg/kg/h and were continued for
about 10 h. The treatments were uncomplicated.

Waldron et al. reported naloxone infusion in a case of
methadone overdose in adults [67]. Bradberry and Raebel
described two adult cases with naloxone infusion in metha-
done and heroin overdoses. An infusion rate of 2.5 pg/kg/h
for 12 and 30 h, respectively, successfully restored respira-
tion in both [68].

Goldfrank et al. [69] constructed a dosing nomogram for
continuous infusion of naloxone. It was based on determina-
tion of a beta-elimination rate constant after 120 min sam-
pling and subsequent reverse phase HPLC-ED quantification
in seven overdose patients. The predictions were tested in
eight healthy volunteers. Bolus doses of 2 and 4 mg and
infusion rates of 1.5 and 3 mg/h were employed, that is, far
higher than in the clinical reports above. Based on computer
simulations, an infusion rate of half the clinically determined
initial bolus dose should be given each hour, in addition, a
second half initial dose should be given 15 min after start
of infusion.

This study was conducted before the era of synthetic opi-
oids. It is likely that higher infusion rates will be required
in intoxications with slowly dissociating opioids, such as
buprenorphine, in doses of 0.2-0.4 mg needing naloxone
(4 mg/h in healthy volunteers [15]) or carfentanil, also with
slow receptor dissociation kinetics [70].
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Table 2 Pharmacokinetics of IV naloxone

Source References Dose (mg) N C,, (ng/ml) Dose- T,ax (min) AUC,,, (ng X Dose- 1, (min)
corrected h/ml) corrected
Choax AUC
Skulberg et al [77] 0.4 22 7.44 (9.67)* 18.6 3.54.2)? 1.84 (1.49)* 4.6 74 (32.1)*
(2019)
Tylleskaretal.  [63]°P°d 1.0 12 14.1(9.98- 14.1 - 3.65 (3.05- 3.65 -
(2018) 18.2)° 4.27)°
McDonald et al.  [83] 0.4 34 5.94 (92.9)° 14.9 2 (1-5)¢ 2.05 (0.4)¢ 5.13 75 (13)*
(2018)
Tylleskaretal.  [48] 1.0 12 142 (9.13-19.2) 14.2 2.25 (1.70- 4 (345455 4 70 (60.1-78.7)°
(2017) b 2.80)°
Gufford et al. [64] 2.0 6 — - - 10.8 (8.92, 54 91 (64-130)°
(2017) 13.2)°

From Strang et al. with permission [5]
 Arithmetic mean (SD)

® Arithmetic mean (95% CI)
¢Geometric mean (90% CI)

dMedian (min, max)

¢Geometric mean (90%CI)

°Pioidpartly under opioid exposure

Infusions of naloxone has also been used postoperatively
in the past. Rawal et al. infused 5 and 10 pg/kg/h to gall-
bladder-operated patients under a postoperative epidural
with morphine. The lowest infusion rate that maintained
analgesia and stimulated respiration in all patients, while
patients receiving the higher infusion rate needed additional
morphine. A lower infusion rate (3.4 pg/kg/h) after high-
dose fentanyl (127 pg/kg) in cardiac surgery allowed early
extubation [71].

Apparently, far higher doses were required in the young
children with overdose to reverse the opioid effects com-
pared with those given to the adult subjects.

6.4 Extravascular Dosing: Intramuscular
Administration

Intramuscular administration usually results in a fairly
rapid drug uptake and onset of action and, due to forma-
tion of a depot, a longer duration of action than intrave-
nous naloxone. It requires less skill and can be employed
by laypeople in take-home naloxone (THN) programs. It
also clearly carries a risk for blood contamination. Intra-
muscular dosing is often favored by many emergency
medicine systems (EMS). Typically doses of 0.4-0.8 mg,
sometimes up to 2 mg, were used in opioid overdose.

To the best of our knowledge, no study on the phar-
macokinetics of intramuscular naloxone was published
before 2016 [17]. The first approved device for THN was
the Evzio intramuscular autoinjector containing 0.4 mg
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of naloxone. However, no studies of its pharmacokinetics
were published; although, gray literature references had
been published previously [5, 19].

A total of five studies of intramuscular administration
of naloxone in volunteers, including one on Evzio 2.0 mg
intramuscular autoinjector, have more recently been pub-
lished (Table 3). Doses ranged from 0.4 to 2 mg, and the
number of participants from 12 to 34. Central tendencies
for T,,,, varied from 7.8 to 30 min, and the fastest was
under influence of the opioid remifentanil.

The dose-corrected (to 1 mg) area under the curve
extrapolated to infinity (AUC; ) after intramuscular nalox-
one was rather similar, varying from 4.29 to 5.05 ng X h/
ml, also under remifentanil exposure. Dose-corrected C,,,,,
varied more, from 2.1 ng/ml of the Evzio 2 mg device to
more than 4.5 ng/ml in the two studies by Skulberg et al.
Regarding variability, note that all studies showed signifi-
cant interindividual variability on the central parameters
reported.

6.5 Extravascular Dosing: Intranasal Administration

The endothelial lining of the nasal mucosa has character-
istics that makes it very open to the external environment.
The mucosa is also extensively perfused. Due to the small
volume of the nasal cavity (100-150 ml), volumes more than
0.15 ml should be avoided to reduce loss to the pharynx
[9]. Mucociliary transport clears up the mucosal surface
within 15 min, a critical time-window for drug uptake. Sep-
tal abnormalities, nasal trauma, nose-bleeding, and mucus
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may result in lower nasal absorption of naloxone in people
who use opioids (PWUO) [5, 72].

Nasal administration is preferred by laypeople [16]. The
risk for blood contamination to the caregiver is small. Nasal
uptake may be slower than intramuscular (Fig. 2; Skulberg
et al. [73], Tsekouras and Macheras [74]), but this is likely
compensated for by the fact that it takes less time to admin-
ister nasally than any needle alternative [75].

In the studies of Krieter et al. [12] on improvised nasal
naloxone devices (INND), nasal spray volumes of 2 ml were
used, while Gufford et al. used the mucosal atomizer device
(MAD) to administer 0.1 and 0.2 ml. In all other studies,
the Aptar spray devices were used to deliver the dose in 0.1
ml (Table 4). Lapidot et al used the dry powder device of
Aptar. It should be noted that two approved concentrated
sprays, Nalscue (0.9 mg) and Kloxxado (8 mg), are not
included in Table 4 as they have only been reported in gray
literature, but data can be found in previous publications [5,
19]. Three of the studies on nonapproved formulations [48,
62, 76] were closely related to one of the approved ones
[77]. In one study, the volunteers were exposed to the opioid
remifentanil [76].

Dose-corrected C,,,, for the approved nasal sprays were
similar (1.33—1.69), lower than the dry powder formulation

Table 3 Pharmacokinetics of IM naloxone

of Lapidot et al. (2.3) but far higher than the INNDs
(0.6-0.7). The study of Skulberg et al. (2018) under remifen-
tanil had a longer T, ,, than the others (28 min versus 15-19
min, respectively). Both Lapidot et al. and Skulberg et al.
(2018), the latter with remifentanil, had by far the highest
dose-corrected AUCs of about 3.4 ng X h/ml.

Tylleskar et al. was the first to publish a study on abso-
lute bioavailability (54%) of a concentrated nasal naloxone
formulation [48]. Nasal bioavailability relative to intramus-
cular was about 75% in Skulberg et al. (2018) in subjects
exposed to the opioid remifentanil. For the others (except
Gufford et al., see below) the relative nasal bioavailability
was 47-54%.

There was a significant variability in terminal elimination
half-life of naloxone in the different studies. Mean/median
t,, was 61-144 min for all; however, the approved (labeled
in bold) varied from 70-132. Thus, the span was larger than
for both intravenous and intramuscular naloxone (Tables 2
and 3).

Gufford et al. [64] included only six subjects and had
only 240 min sampling for their pharmacokinetic analysis.
Whether this or the different composition explain the devi-
ating results for T, ., dose-corrected C, ., and relative bio-

max?
availability remains uncertain.

max

Source Reference Dose (mg) N Cp,, ng/ml° Dose- T (min)? AUC;; (ng xh/ Dose- 11, (min)®
corrected ml)* corrected
Crax AUC
Moss et al. 2020 5 14 14.9 (48.5) 2.98 19 (4.8-33.0) 21 (15.4) 4.2 94.8 (17.8)
Moss et al. 2020 2 14 4.41(33.1) 2.21 (16.8 (4.8-34.8) 7.67 (14.2) 3.84 85.8 (25)
Skulbergetal.  [77] 0.8 22 3.73 (3.34) 4.66 13.6 (15.4)* 3.43 (0.66)* 4.29 85 (26.5)*
2019
Krieter et al. [12] 2.0 27 3834 2.1 30 (6-180) 8.87 (18.5) 4.93 84 (18.4)
2019"
Skulberg etal.  [75]°P¢ 0.8 12 3.62 (2.64-4.60)* 4.53 7.75 (5.01-10.5)° 4.07 (3.28- 5.08 70 (59.5-79.8)°
2018 4.87)>¢
McDonald et al.  [83] 04 34 1.27(55.8) 3.18 10 (4-90) 2.01(17.7) 5.03 81 (16)*
2018
Gufford et al. [64] 2.0 6 3.1(2342° 155 22.5 (10-60)* 7.23 (6.43-8.12)° 3.61 100 (89-111)°
2017
Krieter et al. [17] 0.4 29 0.90 (31.2) 2.25 24.0 (6.0-126) 1.8 (22.7) 4.5 78 (27.8)°
2016

Modified from Strang et al. with permission [5]
2 Arithmetic mean (SD)

b Arithmetic mean (95% CI)

“Geometric mean (%CV)

9Median (min, max)

¢Geometric mean (90% CI)

fEvzio 2 mg device

SAUC,

opioidpartly under OplOld exposure
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Fig.2 Time course (left: 0-240 min, right: 0-60 min) of plasma con-
centrations of intravenous and intramuscular naloxone (0.4 mg) and
concentrated intranasal formulations of 1, 2, and 4 mg naloxone. Note
the initial closeness of serum concentrations of the regulatory golden
standard 0.4 mg intramuscular dose and the 2 mg intranasal dose.

The approved formulations (Table 4, labeled in bold) have
very different compositions [19]; however, they provided
fairly similar performance. The relative bioavailabilities
were between 46% and 52%, T,,,, was between 15 and 30
min, dose-corrected C,,,, was from 1.33 to 1.69 ng/ml, and
dose-corrected AUC was from 2.13 to 2.42 ng X h/ml. Note
that for each of these formulations, the dose-corrected C,,,,,
AUC was independent of dose, indicating a linear dose—con-

centration relationship (Fig. 3).
6.5.1 Improvised Nasal Naloxone Devices

Krieter et al. (Table 4) reported in an important study data
on the pharmacokinetics of improvised nasal naloxone
devices INNDs [12]. Dose-corrected C,,,, and AUC; ; were
far lower than for the concentrated formulations, and the
bioavailability was between 19% and 23%, less than half
that of the concentrated ones. This means that the systemi-
cally absorbed dose of a standard 2 mg in 2 ml solution
administered nasally is about 0.4 mg at best. Note that even
lower bioavailabilities for the INNDs were reported in gray
literature [5, 19].

Vanky et al. gave 10 pg/kg (0.7 mg in a 70 kg person) by
MAD using a 0.4 mg/ml solution (repetitive doses of 0.1
ml). T, was 14 min and C_,, of 1.09 ng/ml [78]. Malmros

max max
Ollson et al. [79] used a similar procedure with a higher

A\ Adis

160 200 240

Note also that plasma concentrations after 2 mg intranasal naloxone
surpass that of 0.4 mg intramuscular naloxone after 6 min and stay
above that of intramuscular for the remaining 120 min. Also, note the
dramatic overshoot by the 4 mg dose compared with the 0.4 mg intra-
muscular dose. Redrawn from McDonald et al. [83] with permission

dose (20 pg/kg) in children (6 months to 10 years). Serum
concentrations were between 2 and 6 ng/ml at the end of the
20-min sampling period. Dose-corrected plasma concentra-
tions (for body surface area) were far higher in children than
previously shown in adults [78].

6.5.2 Variability

Both central tendencies and variability are reported with
different methods in the various papers. This reduces the
value of comparisons between the studies, especially for
the variability. However, it is clear that there may be both
significant intraindividual (Fig. 4) and interindividual vari-
ability. The latter is clearly shown (Table 4) when comparing
central pharmacokinetic data of Narcan 4 mg from Lapidot
et al. [80] with the Narcan 4 mg data from Krieter et al. [17],
administered with identical liquid sprays. The Narcan spray
had C,,, of 5.3 and 8.3 ng/ml, T,,,, of 30 and 13 min, and
AUC;; of 8.5 and 13.2 ng X h/ml, respectively, in Krieter
et al.’s and Lapidot et al.’s studies. While T}, by Lapidot
et al. was 43% lower, the C,,,, and AUC; ; were about 155%
of Krieter et al.’s figures. This variability, even in healthy
volunteers, is evident in every aspect and underlines the need
for the possibility of repeat dosing in opioid overdose.
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Fig.3 Dose—concentration A
linearity for maximum serum
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under the curve (AUC) after 41
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different studies [48, 62] with §
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for a two-dose administration by © 21
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6.5.3 Solution Versus Powder

Middleton et al. [81] reported pharmacokinetic data after
intranasal application of crushed buprenorphine/naloxone
tablets (two strengths) in recreational users of prescription
opioids. T, of naloxone was about 18-20 min, dose-cor-
rected C,,, of 0.8-1.2 ng/ml, and AUC 0-72h of 0.8-1.0
ng X ml/h. Bioavailability was 24-30%. Except for bioavail-
ability, these values were similar to the INNDs.

Lapidot et al. compared head-to-head a new dry-powder
formulation with the Narcan nasal liquid spray [80], both
4 mg. Although T,,,, was about the same for powder and
liquid, C,,,, was more than 10% higher with powder. The
AUC,; ratio was 1.08 in favor of the dry powder, indicat-
ing about 8% higher bioavailability than for the comparator
Narcan nasal spray. Powder has an advantage in cold climate
zones, since it does not freeze (although extremes of cold

temperature appear not to damage naloxone [82]).
6.6 Intramuscular Versus Intranasal

T .« values of intramuscular and intranasal administrations
overlapped with large variabilities; consequently, these
pharmacokinetic studies cannot be used altogether to depict
potential differences in onset of action between the admin-
istration forms (Table 3).

As expected from the relative bioavailabilities, both dose-
corrected C,,, and AUC were far higher after IM adminis-
tration. Perhaps more interesting is whether interindividual
variability is different between the two administration forms.
Contrary to what one might expect (Tables 3 and 4), the
variability in the three regulatory studies [17, 77, 83] in T,
and dose-corrected C,,,,, (except in Skulberg et al. 2019 [77])

did not differ much between the administration forms, while

A\ Adis
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variability in dose-corrected AUC seemed higher for all after
IN.

While the automated intramuscular Evzio device and the
disposable single-dose nasal sprayers may not require train-
ing for successful use by laypeople [17, 84], this was not the
case for INNDs [84]. Indeed, the Evzio device was strik-
ingly superior to INND, both regarding speed of administra-
tion (0.9/0.5 min versus 6/2 min, respectively) and success
rates (90-100% versus 0-57%), without and with training,
respectively.

6.7 Drug Interactions

The effect of nasal decongestants are only described in gray
literature [19]. By and large, the effect of oxymetazoline was
modest, except for C,,,,, which was reduced by about 40%.

Skulberg et al. [63] unexpectedly observed that exposure
in healthy volunteers to the opioid remifentanil resulted in
an IN/IM bioavailability of 75% [76], which is a significant
difference compared with 52% without remifentanil [77].
A follow-up study by Tylleskar et al. [54] determined that
the increased nasal bioavailability was likely caused by a
reduction of the presystemic metabolism of the swallowed
portion of the nasal dose.

7 Pharmacometric Studies

7.1 Modeling Studies

The pharmacokinetics of naloxone has been studied
quite extensively by means of noncompartmental analy-

ses and reporting summary statistics. However, there
are few actual pharmacometric studies with population
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Fig.4 Inter- and intraindividual variability of the absolute bio-
availability of intranasal naloxone [AUC(IN)/AUC(IV) x DOSE(IV)/
DOSE(IN)] based on AUC,_;,; in 22 healthy volunteers. Not only
does the absolute nasal bioavailability vary from about 20% to almost

pharmacokinetic—pharmacodynamic modeling (Table 5).
The population modeling approach utilizes nonlinear mixed
effect modeling to determine between-subject and residual
unexplained intraindividual variability [85-87]. This method
enables identifying subject-specific factors that may be valu-
able when optimizing drug-dosing strategies.

Dowling et al. [88] evaluated the pharmacokinetics of
naloxone in an open-label crossover study in six male vol-
unteers. Intravenous (0.8 and 2 mg), intramuscular (0.8 mg),
and intranasal (0.8 and 2 mg) administrations were studied.
A three-compartment model, with first order absorption [15]
for the model for intramuscular and intranasal administra-
tion, was used (Table 6). Between-subject variability was
included on clearance and central volume, and the effect of
lean body weight and weight covariates were incorporated
on clearance, and central volume, respectively. The very
poor intranasal bioavailability of 4% reported was probably
aresult of high intranasal volumes as well as low analytical

IN2x 1.4 mg
IN 1.4 mg

0.8

100% between individuals but also is usually reproduced in an indi-
vidual. Similar findings were observed for the relative intranasal to
intramuscular bioavailability in the same subjects [19]

sensitivity [48], rendering little data for accurate determina-
tion of nasal AUC.

Recently, Papathanasiou et al. [53] developed a pharma-
cokinetic model that characterized the pharmacokinetics
of naloxone and naloxone-3-glucuronide after high-dose
intranasal target-controlled infusion in healthy subjects.
The authors administered a total intravenous dose of 3.25
mg/kg in a stepwise approach for 75 min with a step dura-
tion of 25 min. A three-compartment model was used to
describe naloxone pharmacokinetics and body weight was
incorporated to volume of the peripheral compartment (V,).
The model adequately described naloxone and naloxone-
3-glucuronide pharmacokinetics and the pharmacokinetic
parameters (Table 5) from the final model are in line with
previous results; although, the reported volume estimates are
larger. The results indicate that the naloxone pharmacokinet-
ics remain linear, even after high doses [53].

Algera et al. [89] reviewed human studies on reversal
using models that describe and predict the time course

A\ Adis
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Table 5 Overview of published population pharmacokinetic naloxone models

Covariates

BSV on CL (%) Residual error

VSS# (1)

Central clear-
ance (I/min)

Structural model

Dosing

N

Population

Author

Additive

Proportional

16.4%
31.7%

25.3

114
38

3.45

2-cmt

Bolus

44
6

Healthy volunteers

Yassen et al. [15]

LBW on

0.001 (fixed)

7.6

1.5

3-cmt

Bolus

Healthy volunteers

Dowling et al. [88]

CL, WT
onV,

123 NA NA -
187

3.6
3.84

2 cmt

Bolus

40
80

Healthy volunteers

Olofsen et al. [13]

WTonV,

0.029

5.1%

11.4

3-cmt

Infusion®

Healthy volunteers

Papathanasiou et al. [53]

BW body weight; CL central clearance; cmt compartment; LBW lean body weight; V; volume of the central compartment; V, volume of the peripheral compartment; VSS apparent steady state

volume; BSV between-subject variability; WT body weight; NA not available

#Sum of the compartmental volumes

bA total dose of 3.25 mg kg 1 naloxone was administered IV in a step-wise approach for 75 min (time 0 to 75 min) with a step duration of 25 min

of pharmacokinetics and dynamics of opioids and rever-
sal agents. Their analysis provides a detailed overview of
opioid-induced respiratory depression through pharmacoki-
netic—pharmacodynamic modeling.

Yassen et al. [15] studied the pharmacokinetics and phar-
macodynamic interaction between buprenorphine and nalox-
one in 40 healthy volunteers. They used minute ventilation
as a biomarker for respiratory depression. Ventilation was
measured with a dynamic end-tidal forcing technique using
a pneumotachograph, and blood samples were drawn for
naloxone and buprenorphine plasma concentration analy-
ses. Two doses of buprenorphine (0.2 mg and 0.4 mg/70
kg) were tested, and half of the dose was administered as
a bolus at £ = 0 min, followed by a continuous 1-h infu-
sion of the remaining dose. Increasing naloxone doses (1-7
mg) or placebo was given 30 min after buprenorphine bolus,
one-half of the dose as a bolus and the remaining half as a
30-min infusion.

Two- and three-compartment models best described
the pharmacokinetics of naloxone and buprenorphine,
respectively (Table 5). A combined biophase equilibra-
tion-receptor association—dissociation pharmacodynamic
model was used to evaluate the competitive interaction
between buprenorphine and naloxone at the MOR. For
buprenorphine, the rate constants of receptor associa-
tion and dissociation were 0.203 ml/ng/min and 0.0172/
min, respectively, and the equilibrium dissociation con-
stant (Kpp) was 0.18 nmol/l. The half-life (¢,,) of biophase
equilibration (#,,,) was 173 min. The same f,,, has been
previously reported for antinociceptive and respiratory
depressant effects of buprenorphine, indicating that dis-
position kinetics of buprenorphine within the brain tis-
sue was not influenced by naloxone disposition kinetics.
Buprenorphine had slow receptor association—dissociation
kinetics compared with naloxone, the latter with a half-life
of biophase distribution of 6.5 min. The receptor dissocia-
tion kinetics were faster compared with the pharmacoki-
netics in plasma and were not rate-limiting in naloxone
kinetics of action at the opioid receptor. Simulation of
buprenorphine-induced respiratory depression indicated
that the reversal was poorer when naloxone doses over 4
mg/h were used.

Olofsen et al. [13] evaluated the effects of three dif-
ferent naloxone doses (0.025-0.4 mg) on morphine and
morphine-6-glucuronide-induced respiratory depression
in 24 healthy volunteers using a single-blinded, placebo-
controlled, randomized study design. They refrained from
plasma sampling to avoid the excitatory effects on breath-
ing and simulated pharmacokinetic data instead. However,
the likelihood for bias was considered low. Also, the phar-
macokinetic parameter estimates were in accordance with
the previous results by Yassen et al. [15] (Table 5). The
mechanism-based pharmacokinetic—pharmacodynamic
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model was applied to estimation of parameters related
to biophase distribution and receptor association—disso-
ciation kinetics. Naloxone reversed the morphine-induced
respiratory depression faster than that of morphine-6-glu-
curonide. This was attributed to the receptor kinetics of
the opioid used. The authors postulate that an opioid with
lower rate factor values (k,, and k.g) results in more dif-
ficult and slowly developing reversal when intravenous
bolus dosing is used [90]. Thus, the receptor association-
dissociation kinetics of the opioid agonist, not that of
the antagonist, dictates the reversal. Furthermore, these
findings explain the previous results by Yassen et al. [15]
that greater naloxone doses have no effect on the speed of
reversal.

Measurements of pupillary size has also been used as
a biomarker for assessing the effect of naloxone on the
action of an opioid [63, 64, 76, 91]. Pupillary response
may serve as an indicator of respiratory depression [92].
Also, miotic pupils outperformed other opioid overdose
criteria in guiding prehospital naloxone administration
[93].

Gufford et al. [64] used 4 mg oral alfentanil to compare
the effect of 2 mg intramuscular and intranasal naloxone in
six volunteers. By using oral alfentanil, the pupillary size
is determined by both the concomitant alfentanil and the
naloxone concentrations. However, the authors only found a
modestly higher extent of alfentanil reversal after intramus-
cular administration than after intranasal.

Skulberg et al. and Tylleskar et al. [63, 76] used target-
controlled infusion of remifentanil to enable effect studies
of naloxone in 12 volunteers. This procedure gave a steady
level of remifentanil in blood. In contrast to Gufford et al.’s
procedure [64], the only variable that changed pupillary size
was the concomitant blood concentrations of naloxone. In
contrast to Gufford et al. [64], Skulberg et al. [76] showed
that intramuscular 0.8 mg naloxone increased pupillary size
far more than a similar (in mg) intranasal dose. In Tylleskar
et al.’s study [63] a full reversal of the opioid effect was
achieved within 3 min by 1 mg naloxone intravenously.
Moreover, the duration of action of this dose was 118 min
(Fig. 5), and the minimum effective blood concentration of
naloxone at steady state was 0.5 ng/ml. Finally, the hyster-
esis plot (Fig. 6) was similar for both arterial and venous
concentration of naloxone, indicating that both arterial and
venous blood samples can be used in pharmacokinetic/-
dynamic modeling.

Loimer et al. [91] exposed addicted and nonaddicted sub-
jects to intranasal naloxone (1 mg/0.4 ml) to detect opioid
dependence. They found a significant decrease in pupillary
size at 10 min in addicts. Note that the clinical outcome, a
withdrawal rating score, increased significantly simultane-
ous to the decrease in pupillary size. In another study by the
author [94], it was shown that intranasal naloxone was as

effective as intravenous naloxone in provoking withdrawal
distress in these patients.

As already mentioned, the clinical pharmacology of
naloxone does not stand alone; it depends on many factors,
not least the characteristics of the agonist it is counteract-
ing [4]. Unfortunately, similar studies as described above
are neither available for heroin/6-Monoacetylmorphine
(6MAM) nor fentanyl. However, some studies may shed
light over these drugs in relation to naloxone. First, it is a
common belief that the blood-effect site equilibration time
depends heavily on lipid solubility, for instance, in the case
of fentanyl. This is not true; the anesthetic opioid alfentanil
is far less lipid soluble than fentanyl, but its onset of action
is much faster in man [95].The blood-effect site equilibra-
tion time for fentanyl (6.3 min) [95] is similar to that of
naloxone [13, 15]. T,,,, of 6 MAM is 1-2 min and 6 min after
intravenous and intramuscular injection in man, respectively
[96]. Indication of cerebral uptake of 6MAM is only found
in a study of rats (Gottas et al. [97]), in which the T, of
6MAM in the brain extracellular fluid was reached at 4.3
min, 2.3 min after T,,,, in blood. The review of Kiyatkin
et al. suggests that both intravenous fentanyl and heroin rap-
idly reduce oxygen levels in freely moving rats [98]. These
data may indicate that the onset time of fentanyl overdose is
not dramatically faster than for heroin [99-101] for which
a real-world median onset time of less than 17 min was

Pupil Diameter (mm)

%0 0 30 60 90 120

Time (min)

Fig.5 Time course of pupil diameter in healthy volunteers exposed to
remifentanil and naloxone [n = 12, mean (95% confidence interval)].
Remifentanil was started at + = —12 min and stopped at r = 90 min
(orange, horizontal line). Miosis was rapidly reversed by a naloxone
bolus of 1 mg intravenously given at t = 0. The blue broken line is
the regression line [fix) = — 0.0292x + 6.9924)] and is based on the
period 19-89 min. It crosses the nadir baseline (black dotted line) at
118 min. The blood concentration of naloxone at this point was 0.5
ng/ml, which is the minimum effective concentration of naloxone in
steady state. Redrawn from Tylleskar et al. [63] with permission
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Fig.6 Hysteresis plot of pupil diameter and naloxone concentration
during a remifentanil infusion with stable blood concentrations (see
legend for Fig. 5). The red line represents arterial samples, and the
blue line represent venous samples. The direction of time is illus-
trated by the arrow. This finding allows for the use of venous concen-
trations in PK/PD modeling. Redrawn from Tylleskar et al. [63] with
permission

observed in a safe injection facility [6]. However, there is
also solid experimental evidence that piperidine analogues,
such as fentanyl, differ pharmacologically from morphinane
analogs, such as morphine and heroin, both when it comes to
onset of action and sensitivity of naloxone [102—104]. The
study of Hill et al. [104] is of particular interest, as assumed
equipotent doses of 6MAM, the active metabolite of heroin,
and fentanyl was compared in freely moving mice. Onset
of respiratory depression with fentanyl was faster than for
6MAM, and naloxone reversed heroin-induced respiratory
depression more readily than that of fentanyl.

However, chest wall rigidity from the fentanyl analogues
(with a more rapid onset of action than respiratory depres-
sion) may be very serious, as it may cause sudden deaths
after fentanyl overdose [101]. The muscle rigidity can be
antagonized by naloxone [101, 105]; although, naloxone
may be inefficient against vocal cord closure [106, 107].

7.2 Simulation of Clinical Scenarios

Skulberg et al. [77] used simulations to demonstrate the time
course of blood concentrations after laypeople administra-
tion of 1.4 mg naloxone intranasally 10 min before arrival
of EMS, who administered 0.4 mg intramuscularly (Fig. 7).
Nasal dose administered by bystanders provided higher
serum concentrations of naloxone than after the intramuscu-
lar administration by EMS for at least 20 min. Moreover, the
combination of these two administrations performed better
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than 0.8 mg intramuscular by EMS at any time. Finally, the
interim 1.4 mg nasal naloxone performed as well as EMS 0.4
mg IM, even when given only 2 min before arrival of EMS.

In a recent study [108], the blood concentration—time
courses of clinically relevant dosing regimens for nalox-
one currently used to treat opioid overdose were simulated
from a sample of 53 volunteers. (Fig. 8). We evaluated
dosing against the concentration—time course after a sin-
gle 0.4 mg intramuscular naloxone dose since, regulatory
studies in healthy volunteers, the C,,,, (0.9-1.3 ng/ml) and
T2 (10-24 min) of 0.4-mg intramuscular doses are often
used as a guidance for nasal naloxone alternatives and
are considered indicative of the lowest acceptable blood
levels of naloxone [5]. Tylleskar et al. [63] determined
a mimum effective naloxone concentration of 0.5 ng/ml
under steady-state remifentanil agonism, and this value
was used to guide considerations regarding duration of
action. Levels in the same range were reported prevously
for fentanyl [39] and carfentanil [46]. McDonald et al. [18]
suggested that an intramuscular dose resulting in C,,,,
above that of 0.8 mg (about 3.65 ng/ml, Table 4) could
be helpful in guiding dosing to reduce the risk for adverse
naloxone effects, in line with the WHO’s recommendation
from the heroin era of an upper limit for the initial dose
of naloxone [109]. A recent randomized clinical trial on
heroin overdose confirmed that 0.8 mg intramuscular dose
was highly effective with a low rate of adverse effects,
such as withdrawal symptoms [73].

The first set of simulations was conducted with the final
pharmacokinetic model only to evaluate the model output for
naloxone concentration—time profiles for single or repeated
bolus dosing using the intravenous, intranasal, or intramus-
cular routes. Clinically relevant dosing schemes were simu-
lated for 2 h using single and repeated naloxone doses of 0.9,
1.4, 2.0, and 4.0 mg, corresponding to the doses of four com-
mercially available nasal sprays Nalscue, Ventizolve/Respi-
nal, Nyxoid, and Narcan, respectively (Fig. 9). These simula-
tions were conducted to evaluate the probability of achieving
clinically effective serum concentrations, as well as project
the risk of the intervention provoking adverse events; all the
commercially available nasal naloxone formulations, except
the 0.9 mg/dose, seemed to perform adequately regarding
the clinical effect during the initial 10—-15 min. Moreover, all
tested IN doses performed better than both intravenous (IV)
and intramuscular (IM) dosing for at least 120 min because
the concentrations remained above 0.5 ng/ml for 60-90 min
longer than after, for instance, the 0.4 mg IM dose. There
may, however, be an increased risk of withdrawal with doses
above 2 mg given intranasally, even more with repeated dos-
ing, as discussed previously [110-112]. However, it should
be emphasized that these suggestions are based on simula-
tion results from healthy volunteers only, and further stud-
ies are needed to evaluate clinical response. Also based on
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Fig.7 Simulated time courses of mean naloxone concentrations
(lines) and standard deviations as shaded areas: 0.8 mg intramuscular
(dark gray), 0.4 mg intramuscular (light gray), and 1.4 mg intrana-
sal (blue). Time of administration of injected naloxone is # = 0 min.
A Intranasal 1.4 mg administered 10 min prior to injected naloxone
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Fig.8 Simulated concentration—time profiles of plasma naloxone
after various common clinical dosing schemes in opioid overdose. A
pharmacokinetic model based on our own data and 1000 simulations
were used (Anesthesiology, manuscript in review) [108]. Two intrave-
nous (0.4 and 2 mg, shown in gray and black, respectively) and three
intramuscular doses (0.4, 0.8, and 2.0 mg, shown in light blue, yellow
and blue, respectively) were simulated using the final pharmacoki-
netic model. The lower dotted line suggests the duration of action,
represented by an experimentally determined minimum effective
concentration of 0.5 ng/ml [76] and the upper dotted line suggests an
increased risk of withdrawal, represented by the C,,, (3.2 ng/ml) and
0.8 mg intramuscular dose [18, 109]

previous findings, naloxone reversal is dependent on multi-
ple factors, not least pharmacological characteristics of both
agonist and antagonist [13, 15] as shown before [70].
Moss et al. [36] used a quantitative systems pharmacol-
ogy model to depict effective intramuscular naloxone doses
at high fentanyl blood concentrations. At the most clini-
cally relevant levels of fentanyl (25 ng/ml, see discussion
below), 2 mg naloxone intramuscular effectively reduced

(0.4 and 0.8 mg). B Simulation of the shortest time (2.25 min) benefi-
cial to administer the intranasal spray, rather than wait for naloxone to
be injected by medical personnel. C Simulation of 1.4 mg intranasal
naloxone when intramuscular 0.4 mg naloxone is injected to a patient
10 min before the intranasal dose. Redrawn from Skulberg et al. [77]

the receptor occupancy of fentanyl to 50% within 3 min,
conforming with reversal of opioid toxicity [38]. However,
this dose failed at 75 ng/ml, while 5 and 10 mg reached the
desired receptor blockade within 5.5 and 4 min, respectively.

Mann et al. [70] recently published a comprehensive,
advanced physiopharmacological modeling of intramuscular
naloxone (2 mg) on respiratory depression and cardiac arrest
from opioid overdose. Lethal doses of fentanyl and carfen-
tanil were calculated from an autopsy database (about 500
cases). It was concluded that carfentanil had slower receptor
dissociation kinetics than fentanyl, which made it more dif-
ficult to reverse. The modeling confirmed that a rapid nalox-
one uptake in the initial phase is important. Naloxone 2 mg
intramuscularly prevented more cardiac arrests in fentanyl
than carfentanil intoxications (less at the higher doses), and
the concentrated intramuscular naloxone (in 0.1 ml) worked
better than that in 1.0 ml.

In contrast to the experimental studies of Hill et al. and
Kiyatkin [98, 104], Moss et al. and Mann et al. did not
include 6MAM, the active metabolite of heroin, as a refer-
ence in their modeling [36, 70]. This is unfortunate, not only
could we have learned more about differences in response to
naloxone, but the abundance of clinical research on effective
naloxone dosing in heroin overdose could be translated to
fentanyl. Figures for fentanyl were taken from forensic data
in both simulation studies. These may be disturbed by post-
mortem redistribution processes [113]. There may also be
a considerable overlap in autopsy blood concentrations and
concentrations of those surviving an overdose [113]. Mean
autopsy concentrations of fentanyl are usually about 10-15
ng/1[70, 114, 115], far lower than those used by Moss et al.
[36]. Finally, it is unclear how Mann et al. converted from
autopsy blood concentrations to doses in mg [70]. Modeling
is an excellent tool to illustrate relative pharmacological dif-
ferences between compounds but have shortcomings when it
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Fig.9 Simulated plasma concentration profiles after single bolus
doses (0.9, 1.4, 2.0, or 4.0 mg) of intranasal naloxone, alone or with
remifentanil dosing (A and B, respectively) using a pharmacokinetic

comes to real-life extrapolations, as all models are based on
uncertain assumptions as discussed above. Thus, they cannot
replace controlled studies in the target population.

8 Special Populations

Unlike most other modern medicines, naloxone’s pharma-
cokinetics were never studied in special populations, except
for oral intake in liver failure.

It is generally recommended to be careful when dosing
naloxone to elderly; however, elderly may also be more
susceptible to opioids [116]. Care should also be taken in
patients with pre-existing cardiovascular and pulmonary dis-
ease and those on potentially cardiotoxic drugs. However,
it is not known whether these groups should be given lower
doses in opioid overdose compared to younger people.

Due to limited data, the risk of using naloxone in preg-
nant women is not determined. Its use in opioid depend-
ent women may cause withdrawal in both fetus and woman.
Breast-feeding can be continued after naloxone exposure.

Children (less than 5 years/20 kg) frequently suffer more
severe intoxications than adults. This may be due to dif-
ferences in drug disposition in children compared to adults
[116, 117]. Consequently, naloxone doses of 0.1 mg/kg may
be required [116]. However, initial lower doses of naloxone
are used in opioid-exposed neonates, as withdrawal may be
life-threating in neonates [118].

In subjects with severe hepatic failure, systemic uptake of
naloxone after oral administration may increase, especially
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standard, an intramuscular 0.4 mg bolus dose, is shown in blue

when large doses (8 mg) are given. Apparently clinically
relevant concentrations of naloxone were seen for a couple
of hours [119].

9 Clinical Effects of Naloxone

Naloxone has no prominent biological effect in healthy vol-
unteers after administration, even with high doses [53, 120],
although Cohen et al reported behavioral changes after accu-
mulative doses up to 4 mg/kg over 3 days [121]. In opioid
overdose, naloxone reverses the effects of the opioid over-
dose triad, that is, respiratory failure, stupor, and pinpoint
pupils (miosis). The introduction of take-home naloxone for
bystanders/first responders, including by peer drug users as
well as by family or by others in the general public, has cer-
tainly saved many lives [122, 123] and is now strongly sup-
ported by the World Health Organization and by the United
Nations, as well as through THN programs at the national
level. It is important to note that naloxone also reverses mus-
cle rigidity associated with overdose with fentanyl and its
analogues [101, 105, 107], although possibly not vocal cord
closure [106]. Interestingly, with a different clinical issue,
oral naloxone may also reduce constipation when combined
with oral opioid analgesics [28].

9.1 Adverse Effects

Naloxone is a safe drug. In subjects on opioid analgesics for
chronic pain or in postoperative patients, care must be taken
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to avoid provocation of pain. In opioid overdose reversal, the
major adverse effect is precipitation of withdrawal symptoms,
especially as this may cause hostility and self-discharge with
further drug-seeking [124, 125], a pattern which we have
termed “behavioural toxicity” [126]. Withdrawal is not con-
sidered life threatening in adults [124]; however, the condition
may be more severe in the neonates as stated above. With-
drawal symptoms are confusion, restlessness, nausea, and
retching/gagging/vomiting. Piloerection, lacrimation, and nasal
discharge can be seen, and tachycardia and hyperventilation are
not trivial effects. Opioid withdrawal is very unpleasant for
the victim and needs to be avoided not only for compassionate
reasons but also because it may trigger further drug use [111].

There are many reports of pulmonary complications such
as pulmonary edema, aspiration pneumonia and pneumonitis
when naloxone has been used. Pulmonary edema has been
associated with postoperative naloxone in healthy young
people [127, 128]. Linking noncardiac pulmonary edema
to naloxone in opioid overdose may be dubious [116], since
opioid overdose itself may also be associated with the condi-
tion. Nevertheless, recent reports have connected naloxone
to pulmonary edema [129-131]. Moreover, Farkas et al.
reported that naloxone doses exceeding 4.4 mg increased
the risk for pulmonary complications after opioid overdose
[132]. Kummer et al. [130] also found that similar high
doses of naloxone were associated with pulmonary edema,
supporting that naloxone by itself may cause pulmonary
problems.

Naloxone has also been associated with cardiopulmo-
nary effects. The mechanism may be a surge of adrenaline
and noradrenaline with circulatory consequences in sub-
jects under anesthesia [133, 134]. More details on circula-
tory effects can be found in the review by Rzasa-Lynn and
Galinkin [135].

9.2 Adverse Effects in Emergency Medical Setting
and Take-Home Naloxone (THN)

Gaddis and Watson [136] reported two cases of naloxone-
related violent behavior after intravenous bolus naloxone 2
mg. The interesting conclusion was that naloxone should
not be used prehospital in patients with diminished levels
of consciousness unless respiratory depression was also
present. Buajordet et al. [112] published the first systematic
study in 2004 on adverse events from naloxone in opioid
overdose in the Oslo ambulance service. The numbers of
adverse effects (45%), especially withdrawals, were alarm-
ing and related both to dose and to the intravenous admin-
istration form. The study resulted in more careful dosing
of naloxone in the years to come as shown by our group
[110]. In the Bradford Hill analysis of published evidence
on take-home naloxone (THN) [122], McDonald and Strang
found far lower adverse event rates, such as withdrawals of

about 3% and 2% agitation/vomiting. The introduction of
intranasal Narcan (4 mg naloxone-HCL) changed the field
by increasing naloxone doses in THN. Avetian et al. [137]
reported a total of 38% adverse events for the Narcan spray,
14% classified as withdrawal, 12% had irritability/anger
and aggressive behavior, and 10% were vomiting/retching.
These symptoms are not trivial; vomiting may, for instance,
lead to aspiration. The difference between the two studies
is striking [122, 137]. The report of Thompson et al. [138]
is an interesting response in this context. Initial doses (0.4
and 2 mg, respectively) in a heroin dominated cohort (about
85 %) had similar response to initial dose and requirement
of additional doses, but the rate of adverse effects was 2%
in the 0.4-mg lower dose and 29% in the 2-mg dose. Also,
Moustaqim-Barette et al. [139] reported significant increase
in adverse events with number of naloxone ampoules (0.4
mg IM each) in THN programs. Isoardi et al. [140] studied
the outcome of a single intramuscular dose of 1.6 mg by
the EMS for opioid overdose. They concluded that a rate of
severe agitation of 7% and signs of withdrawal in 39% of
the victims was acceptable. This conclusion was refuted in
an accompanying editorial by Wightman and Lewis [141].
Moe et al. concluded that association of dose with adverse
events [142] remains unanswered in this population. Finally,
they also believed that withdrawal may impede postover-
dose care, as it may induce hostility from the victim toward
the health care personnel (although not observed in a recent
report [143] but supported in another [144]). Suspected
fentanyl exposure, suspected benzodiazepine exposure, and
higher doses of naloxone were associated with more frequent
withdrawal symptoms [143].

9.3 Recurrent (Rebound) Toxicity

Recurrent or rebound toxicity is return of overdose symp-
toms after treatment with naloxone. This may be due the
short action of naloxone, or a reintoxication to overcome
a naloxone blockade. A 12-h observational period is com-
monly considered. Vilke et al. [145] saw no fatal compli-
cations within 12 h in 998 out-of-hospital administrations
of naloxone. However, Rudolph et al. [146] reported that
0.13% of 2245 out-of-hospital administrations died from
probable recurrent toxicity after discharge on scene. In
Wampler et al.’s study [147], no deaths occurred within
48 h in 592 patients who overdosed not transported to the
hospital. The safety of leaving an opioid intoxication at the
scene was confirmed by Tylleskar et al. [110], in which
none of about 980 cases suffered recurrent toxicity. How-
ever, about 4% of 201 patients who overdosed included in
arandomized controlled trial had another callout requiring
naloxone within 12 h [73].

The situation is different in hospitalized patients. Watson
et al. [148] reported an overdose recurrence rate of 31 %
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in hospitalized overdose victims. Boyd et al. [149] found
similar rates in victims hospitalized after prehospital nalox-
one was given. Management of severe opioid overdose may
necessitate naloxone infusion to manage recurrent toxicity
[150].

10 Clinical Trials

Nasal naloxone has been compared with intravenous [151]
or intramuscular naloxone in five randomized controlled
studies of opioid overdoses (see Supplementary Informa-
tion for details). Three of the studies were open-label studies
[151-153], while two were double-blinded studies [73, 154].
All studies were ethically sound, and all were conducted by
academic groups. Despite large dose variations, they showed
that intranasal administration was feasible and effective,
but the onset of action after intranasal dosing was slower
than with intramuscular administration. In the randomized
double-blinded study by Skulberg et al., an approved 1.4
mg naloxone nasal spray delivering about 0.77 mg nalox-
one systemically was compared with 0.8 mg intramuscular
dose in patients who overdosed on opioids [73]. The fraction
of reversed cases was similar up to 3 min; thereafter, the
effect of the nasal administration (1.4 mg) lagged behind the
intramuscular dose. At 10 min, the difference was 2.3 min
(Fig. 10). However, both administration forms were consid-
ered safe with few adverse effects.

0.754

0.251

Probability of unsatisfactory respiration

p <0.0001

0.004

5

10.1 Dosing, Safety, and Efficacy

Titration of naloxone increases the extent to which person-
alization of care can be achieved while ensuring safety in
management of opioid overdose. Patients with opioid toler-
ance frequently have a response to low doses of naloxone
that are sufficient to restore breathing without provoking
withdrawal [116]. When possible, intravenous administra-
tion, while requiring skills in venepuncture and is most often
used in the hospital, is probably the best method for titration
as onset of action is rapid and easily titratable [116].

In other settings, including EMS, intramuscular adminis-
tration is a good choice with initial doses of 0.4—0.8 mg [73,
110]. Higher doses increase the risk of provoking withdrawal
symptoms [155].

For layperson administration (as with THN), the nasal
route is probably the most favorable [16], in particular for
operational reasons when in the hands of nonmedical per-
sonnel. THN is an interim treatment, and an ambulance
should always be called immediately. Some training before
being equipped with naloxone is recommended. It has been
shown that, after training, laypeople are able to give incre-
mental doses according to response [156].

The experience in several parts of the world with off-label
improvised nasal naloxone devices (INND) is interesting and
warrants consideration. INND with assumed systemic doses
of 0.4 mg at best seemed to work adequately, both before
and after the rise of death from fentanyl intoxications [19].
However, after the regulatory approval and introduction of

=+ IN
-+ IM

Time after naloxone dosing (min)

Fig. 10 A randomized, double-blinded comparison of naloxone given
intramuscularly (0.8 mg, blue) or intranasally (1.4 mg, brown) by the
ambulance service in opioid overdose (n = 201) Shaded areas repre-
sent 95% confidence interval. Kaplan—Meier plot showing the prob-
ability of not having reached satisfactory respiration (10 breaths/min).
Curves are similar until 3 min, and the restoring of respiration is 2.3
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min slower after the intranasal dose at 10 min. In real life, this differ-
ence is probably smaller, as intranasal administration is likely faster
to complete than intramuscular. These intoxications were also more
serious than those in an unselected material in the same catchment
area [110]. Redrawn from Skulberg et al. [73]
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Narcan 4 mg in the USA, the naloxone doses increased sig-
nificantly [139]. This increase may have been less driven
by medical science than by the fact that there was, from
the point onwards, no approved naloxone spray for opi-
oid overdose with a unit dose lower than 4 mg, although
a 3-mg spray was recently approved for over-the-counter
nonprescription use. In contrast, across Europe and in Aus-
tralia, naloxone nasal spray with doses of 1.4 and 2.0 mg of
naloxone hydrocholoride are available. Interestingly, Moe
et al. have reported that not only naloxone dosing for heroin
overdoses has increased dramatically in the USA but also
that naloxone dosing in Europe and Asia was lower than
that in the USA, under seeming similar conditions [142].
Unambigious science-based evidence for a medically
needed, large increase in naloxone dose for fentanyl over-
dose is, at the time of writing, still lacking [19, 141, 144],
perhaps obscured by the great public and emergency medical
concern about the epidemic rise of opioid overdose deaths.
Nevertheless, recent modeling studies does support use of
higher naloxone doses with the synthetic opioids [36, 70]. In
considering the doses of INND, it is likely that all approved
formulations, delivering far more naloxone systemically than
the INNDs, are much safer products to consider for THN,
not least since they are also usually provided in two-spray
packages. Therefore, the continuation of a place for INNDs
in contemporary take-home naloxone programs is dubious.
See Dale [19] for more information on this topic.

10.2 Need for Further Research

There is a lack of comparative knowledge of the receptor
kinetics and the receptor interaction with naloxone relating
to fentanyl and heroin by means of 6MAM in man. Such
knowledge would have made it easier to transfer the vast
evidence for heroin overdose treatment to the case of fenta-
nyl and its analogs.

Consideration of the pharmacokinetics in target popu-
lations is important. The adequacy and generalizability of
pharmacokinetic data from healthy volunteers, on which
new naloxone products are approved, both with single and
repeated doses, is dubious. The target population may have a
history of extensive abuse of drugs by snorting with cocaine-
triggered ulceration or may have obstructed nasal passages
from a cold or hay fever. Moreover, patients with opioid
tolerance frequently have a response to low doses of nalox-
one that are sufficient to restore breathing without provok-
ing withdrawal [116]. In addition, multiple drugs are often
seen in opioid overdoses, not least with tranquilizers that
may obscure the overdose picture. The target population may
have impaired liver function resulting from chronic hepatitis
C. Also, comparison with IV naloxone may not be meaning-
ful since the IV route is often inaccessible in an emergency

situation as a result of scarring and damage to surface veins
caused by chronic injecting abuse and also collapsed vascu-
lature in the overdose emergency scenario. However, studies
of the pharmacokinetics of naloxone in the target population
are ethically challenging but not impossible [10].

Also, industry-independent postmarketing studies would
add more knowledge to the field, and qualitative follow-up
with interviews of victims give a deeper insight into their
experiences. Input from ground level experts with first-hand
experience is essential [144], also in the planning of clinical
trials [73].

Clinical, controlled studies [73, 154] in the target popula-
tion may compensate for the lack of basic pharmacology and
pharmacokinetic studies. Recent publications (conducted
in EMS or safe injection facilities) have shown that both
blinding and randomization under these difficult clinical
circumstances are nevertheless possible. Research ethical
challenges were also overcome. There is overwhelming
evidence for dosing levels of naloxone in heroin overdose.
However, future studies should compare intramuscular and
nasal two-step dosing regimens. Moreover, there are no pub-
lished randomized, controlled studies on two-dose naloxone
in fentanyl cohorts. We need to know if a two-step dosing
of nasal naloxone not exceeding 2 mg compares well with
a two-step intramuscular schedule using 0.8 mg in fentanyl
overdose. To enable comparison along studies, respiratory
rate and Glasgow coma scale must be reported. The focus
should be on criteria for the severity of the overdose, not
just on the opioid in question. The latter should be used
as an explanatory variable. Finally, new drugs/treatment
options, for instance nalmefene, as an alternative to naloxone
[4] should be tried against naloxone in target populations,
examining speed of onset of benefit as well as duration of
action and adverse effects. This is essential in view of the
huge intra and interindividual variability, as well as vari-
ability, between studies conducted in homogenous cohorts
of young healthy volunteers. One may ask, is it more ethical
to abstain from controlled studies in this vulnerable minority
than to conduct them [10]?

11 Discussion

The use of naloxone by laypeople has sparked a renewed
interest in naloxone, not least for noninjectable administra-
tion alternatives. This intervention saves lives. Naloxone is
an essential medicine due to its specificity to, and lack of
any effect on, the MOR. Naloxone’s clinically significant
effect is the antagonism of MOR agonists. The overall safety
of naloxone in opioid overdose is excellent; however, the
dramatic increase in doses observed recently raises concern
such as possible cardiopulmonary complications [132].
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All treatment with naloxone is empirical [116] and is a
balancing act between restoration of respiration and provo-
cation of withdrawal symptoms or premature awakening. All
cases, whether iatrogenic in-hospital or self-inflicted over-
doses in the community, are unique when it comes to dosing
and being dependent on the pharmacological characteris-
tics of actual opioid (the dose), as well as the constitution
of the victim [4]. Moreover, there is significant intra- and
interindividual variability, and variability between studies
even in healthy volunteers in pharmacokinetic studies for all
administration forms, which supports the need for individual
titration. Consequently, bystanders should have at least a
two-dose offer. The aim of naloxone treatment is to achieve
adequate ventilation instead of awakening the victim, a con-
sideration that is particularly important as opioid overdoses
are often combined with sedatives, such as benzodiazepines,
also depressing respiration themselves, on which naloxone
has no action [157].

Naloxone is eliminated according to a three-compartment
model. Its clearance exceeds the liver perfusion by far; how-
ever, the site of extrahepatic biotransformation is unknown.
Naloxone has no active metabolites. Bearing in mind the
combination of high clearance and a modest volume of dis-
tribution, its terminal half-life of 1-2 h is not surprising.
However, these data are from young healthy volunteers, and
pharmacokinetic studies in the relevant special populations
are still disappointingly scarce.

Intravenous administration is the most controllable
administration form, allowing for repeated doses, especially
when also controlling the victim’s ventilation, e.g., in the
hospital. This controllability allows for intravenous infusion
in severe intoxications and longer-duration interventions,
for instance, by methadone and carfentanil. With ingestion
of large doses by children, intravenous infusion is often an
important tool.

Intramuscular administration with its relatively rapid
uptake is common in prehospital care. The risk for adverse
effects with similar intramuscular naloxone doses are lower
than for intravenous administration [158]. Duration of action
is longer when naloxone is given intramuscularly than
intravenously.

The nasal route is increasingly frequently used in take-
home naloxone (THN). This route is characterized by some-
what slower onset of action than by the intramuscular route
[73]; however, this is partly compensated by the shorter time
required to apply as nasal spray. Unlike needle-based alter-
natives, the risk for blood contamination is small. Also, the
duration of action maybe longer (Fig. 9) with nasal naloxone
than for the needle alternatives, possibly due to a poten-
tial depot function of the nose. Since laypeople may not
be able to control ventilation, it is of vital importance that
they understand that THN provides interim treatment only
and that an ambulance must also be called immediately,
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otherwise lives may be lost. Laypeople should, in general,
have two doses available, and it seems reasonable to assume
that dividing the dose administration, even with time interval
between the two nasal administrations, may reduce the inci-
dence of provocation of withdrawals in victims. Laypeople
have been found to be able to titrate naloxone dose according
to effect [159].

Reviews by Algera et al. [89] and Kim et al. [40] show
that naloxone reversal is dependent on the several factors:
the dose of naloxone administered and its elimination half-
life, the kg value of the opioid that requires reversal, nalox-
one’s potency in dissociating the opioid from the MOR
(dependent on Kp,). Naloxone has a short half-life, and its
brain effect diminishes rapidly. Increase in naloxone expo-
sure with alternative dosing modalities (such as using infu-
sions or intranasal dosing) will increase duration of reversal
but will not affect the beginning of action. Considering phar-
macodynamic determinants, modeling studies have shown
that naloxone’s potency differs depending on the opioid that
is reversed. Finally, naloxone reversal is slowed down when
opioids with high ¢, 5k 4, such as buprenorphine, are present
and may even be impossible by a bolus dosing.

Even dosing procedures for naloxone in the hospital
are controversial [160]. For THN, widely different opin-
ions exist about the choice of an initial dose by laypersons.
The highest dosing for intranasal use is found in the USA
by means of Narcan 4 mg (X 2) and Kloxxado 8 mg (x1),
compared with 1.4 mg by Ventizolve and 2 mg (x 2) for
Nyxoid in Europe and Australia. There are obvious indica-
tions that fentanyl overdoses may require higher naloxone
doses than for heroin, not least from modeling studies [36,
70], but these should not replace controlled trials. The lack
of products with lower nasal doses in the USA may have
led to a higher dosing level on an “administrative” basis.
The driving force for the higher dosing is a relevant fear of
more severe intoxications by the potent synthetic opioids,
such as fentanyl, combined with a real fear that laypersons
might consider their treatment as a complete treatment (i.e.,
not as an interim action) and might consequently not call
for EMS. These fears are reasonable, the potency of some
of these illicitly manufactured drugs may certainly cause
more unintended, severe intoxications than usually seen
with heroin. However, there are also calls for moderation
regarding naloxone dosing [132, 144, 160]. Although the
pharmacological properties of fentanyl differ from those of
heroin, not least with regard to risk of muscle rigidity, one
may question if this explains the dramatic increase in the
USA. Notably, not only the dosing of naloxone for fentanyl/
ultrapotent opioids increased after 2015 but also the nalox-
one dose for heroin overdoses increased from 0.8 to 2.0 mg,
a strong indication that “administrative” factors are impor-
tant [142]. While effective doses of naloxone are well known
for heroin, similar quality of evidence is lacking for fentanyl.
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The absence of controlled clinical trials in a synthetic opioid
overdose is striking and limits our understanding and ability
to respond optimally [142].

There is thus need for more knowledge. However, studies
in real patients are very demanding, both logistically and
research ethically. Overdoses takes place almost everywhere,
and it is likely that relevant studies under controlled condi-
tions can only take place in the ambulance services or at safe
injection facilities [73, 154]. When such studies have been
conducted, the challenge of informed consent was handled
adequately. We urge the FDA and the pharmaceutical com-
panies with products in the overdose reversal field to conduct
similar studies in US cohorts and internationally. Finally,
it should also be ethically possible to conduct studies on
naloxone disposition in which PUWOs are included [10].

12 Conclusions

Naloxone is an essential and safe medicine, which is
invaluable in management of opioid overdose. Its effect
depends on the pharmacological characteristics of the
actual opioid and the constitution of the victim. When pos-
sible, naloxone should be given in divided doses accord-
ing to its effect on respiration to avoid withdrawal, not
least since sedatives may also be a part of the overdose.
Bystanders should have been preprovided with at least two
doses. Bystander treatment is an interim and an ambu-
lance must always be called. Dosing of naloxone is well
known in heroin overdose, but a safe initial dose in fenta-
nyl overdose is not yet established, and there is so far no
evidence from controlled clinical trials to guide decisions
on optimal naloxone dose. This “undone science” with
regard to naloxone needs urgent attention so that science
can guide evolving clinical practice and important regula-
tory decisions.
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