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Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

The increased prevalence of high-potency opioids, their possible use as chemical
weapons, and the potential threat to public health and national security suggest
the need for higher initial naloxone doses.

WHAT QUESTION DID THIS STUDY ADDRESS?

PK-PD models based on naloxone auto-injector clinical data combined with opi-
oid PK-PD models were used to provide insight as to how IM-administered 10 mg
naloxone (NAI 10 mg) can reverse OIRD caused by high-potency opioids.
WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

Model-based simulations demonstrated that NAI 10 mg administration resulted
in subjects returning to predefined ventilation thresholds faster than with NAI
2mg. A second dose administered at 60 min post-opioid exposure expedited venti-
lation recovery and delayed renarcotization. NAI 10 mg administered up to 60 min
before fentanyl or carfentanil exposure helped prevent rapid and profound OIRD.
HOW MIGHT THIS CHANGE DRUG DISCOVERY DEVELOPMENT,
AND/OR THERAPEUTICS?

The use of PK-PD modeling, including the identification of relevant mechanistic
and physiological components, is a valuable tool to assess the effects and gain
insight into the clinical effectiveness of opioid antagonists.

INTRODUCTION

The increased prevalence of more potent illicitly manu-
factured fentanyl and other synthetic opioids (e.g., nita-
zenes), also classified as high-potency opioids, presents
public health and national security threats to civilians and
military communities,'™ and has created new challenges
for the adequate treatment of opioid exposures. In general,
opioids that are at least 50 times more potent than mor-
phine are defined as high-potency opioids’ and include
semi-synthetic opioids like the partial agonist buprenor-
phine and synthetic opioids like fentanyl and carfen-
tanil. These potent opioids bind to the mu-opioid (MOP)
receptor in the central nervous system (CNS) and cause
respiratory depression within min of exposure.® In addi-
tion, high-potency opioids may increase the likelihood of
renarcotization (the return of respiratory depression and
CNS symptoms after initial naloxone administration and
response).

Naloxone was approved by the US Food and Drug
Administration (FDA) in 1971 and has been used for over
five decades to quickly and effectively reverse opioid-
induced respiratory depression (OIRD) and opioid-
induced CNS depression without widely reported or
serious adverse effects. Naloxone is an opioid antagonist
that competitively binds to the MOP receptors in the CNS
preventing opioids from binding and exerting their effects.
When administered in the absence of opioids, naloxone
exhibits essentially no pharmacologic activity. Prior to

2021, the FDA defined initial naloxone dosing as 0.4-2mg
for intravenous (IV), intramuscular (IM), or subcutaneous
(SC) administration and 2 or 4mg for intranasal (IN) ad-
ministration.”® As more potent opioids become available,
higher doses of naloxone hydrochloride (HCI) are needed
to reverse OIRD and opioid-induced CNS depression. In a
previously published simulation study using an opioid re-
ceptor quantitative systems pharmacology model, 2 mg IM
naloxone was unable to reduce MOP receptor occupancy
to 50% within 10 min when the fentanyl plasma exposure
was 75ng/mL. However, higher doses of naloxone, 5mg
and 10 mg IM, decreased MOP receptor occupancy by fen-
tanyl to below 50% in 5.5 and 4 min, respectively, which
are within a window for a potential successful resuscita-
tion.’ In 2021, the FDA approved two new out-of-hospital
prescription naloxone products that deliver 5 mg of nalox-
one IM/SC or 8 mg IN.'>!! Dosage and administration in-
structions for these out-of-hospital use products state that,
if the desired response is not obtained or maintained after
a single dose, subsequent naloxone doses can be adminis-
tered every 2-3min as necessary, with no defined upper
limit on the amount of naloxone that can be administered.

The FDA approved a prescription 10mg naloxone
auto-injector (NAI 10mg) for IM/SC use in 2022.'* The
pharmacokinetic-pharmacodynamic (PK-PD) model-
ing analysis described here was used to demonstrate that
administration of NAI 10mg can help reverse or prevent
OIRD, including OIRD associated with the administration
of lethal doses of high-potency opioids.
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METHODS

Naloxone population PK model
development

The naloxone population PK model was developed using
a total of 2063 PK measurements from two clinical stud-
ies in 48 healthy adult subjects evaluating the PK pro-
files of four naloxone doses administered IM/SC using
naloxone auto-injectors (NAI): EVZIO® 0.4mg (one or
two doses), EVZIO® 2mg (NAI 2mg), and NALOXONE
HYDROCHLORIDE injection (NAI 10mg). The clini-
cal study protocols were approved by an accredited
Institutional Review Board and all study subjects signed
informed consent forms prior to participating. Detailed
methods are provided in the Appendix S1.

Construction of mechanistic OIRD PK-PD
models and reversal by naloxone

Mechanistic OIRD PK-PD models were constructed
using published models for buprenorphine (a partial ago-
nist with a long duration of response and slow receptor
dissociation),* morphine (a full agonist considered the
“standard” opioid),"* and fentanyl (a fast-acting, syn-
thetic, high-potency opioid)," and further validated with
external clinical observations from the literature. Detailed
methods are provided in the Appendix S1.

Carfentanil, a synthetic, high-potency opioid with slow
receptor dissociation, has limited published PK and PD
data in humans. Available data from studies evaluating
IV fentanyl and carfentanil doses and PK time profiles
in mice'® and rabbits'”'® were used with interspecies al-
lometric scaling to predict carfentanil PK parameters in
humans, based on the similarities of fentanyl and carfen-
tanil (i.e., carfentanil is a structural analogue of fentanyl).
The PD parameters of the MOP receptor binding model
for carfentanil and naloxone were obtained from an FDA
source." Detailed methods for the carfentanil mechanistic
PK-PD model creation are provided in the Appendix S1.

The final naloxone population PK model was incorpo-
rated into the constructed PK-PD models of OIRD to con-
duct the simulations.

Model-based simulations

The effect of NAI 10mg on the reversal of OIRD was eval-
uated in three clinical simulation scenarios using different
IV-administered opioids and doses. The opioids evalu-
ated were buprenorphine (0.9, 9.9, 18.9 ug/kg), morphine
(0.2, 2.2, 4.2mg/kg), fentanyl (2.1, 23.1, 44.1 pg/kg), and

carfentanil (0.2, 2.2, 4.2pg/kg). The lowest doses of bu-
prenorphine, morphine, and fentanyl were selected based
on published data as corresponding to 50% suppression
in ventilation when administered IV. The lowest dose of
carfentanil was the human equivalent of the half maxi-
mum effective concentration (defined by bradypnea and/
or loss of posture) in non-human primates when admin-
istered SC.?° For all four opioids, the middle dose was the
mid-point between the low and high doses and the highest
doses were 21 times the lowest dose. The 21-fold differ-
ence was based on unpublished data on renarcotization of
non-human primates after administration of carfentanil
(SC) and 10mg naloxone (IM). The highest doses repre-
sent lethal doses of morphine, fentanyl, and carfentanil.

In the first modeling simulation scenario, all opioid
doses were evaluated. Naloxone (NAI2mg and NAI 10 mg)
was administered IM/SC when there was a 60% reduction
in ventilation (i.e., 40% ventilation) following morphine,
fentanyl, or carfentanil exposure. Below the 40% threshold
for spontaneous breathing was defined as unsafe with the
potential for respiratory complications.'*?! For buprenor-
phine, naloxone was administered after a 30% reduction
in ventilation due to buprenorphine's slow respiratory de-
pressant effect onset.** The effect of NAI 2mg, NAI 10 mg,
or no naloxone on OIRD was assessed by the time required
to recover to the 40% or 70% ventilation threshold and the
percentage of subjects that recovered to each threshold.

In the second modeling simulation scenario, using only
the highest opioid doses, the cumulative effect of admin-
istering two NAI 10 mg on OIRD and renarcotization was
evaluated. The second NAI 10mg was administered IM/
SC at 60 min after opioid exposure in all subjects who re-
ceived an initial naloxone dose. Timing for administration
of the second naloxone dose was based on data from the
first modeling simulation scenario. The time required to
reach 85% of baseline ventilation (considered near normal
ventilation) and the time to renarcotization were assessed
in all subjects who received naloxone. Renarcotization
was defined as ventilation recovering to 85% and then
dropping below 85%.

The last modeling simulation scenario evaluated the
ability of NAI 10mg administered prophylactically to
minimize the impact of OIRD. NAI 10mg was adminis-
tered IM/SC at 60, 30, 15, and 5min before exposure to the
highest fentanyl and carfentanil dose. Maximum ventila-
tion suppression and time to reach maximum ventilation
suppression were calculated.

In all simulations, NAI was administered at the de-
fined thresholds or designated times without delay as
these products are ready-to-use and do not require assem-
bly. Two hundred simulation trials of 100 subjects each
were conducted. The inter-individual variability (ITV) for
PK and PD parameters and baseline ventilation identified
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from the literature’*"* was used for buprenorphine, mor-

phine, and fentanyl. The IIVs of relevant carfentanil PK
and PD parameters were assumed to be 15%. The statisti-
cal summaries and plots focused on the central tendency
(median) and its uncertainty (90% confidence interval

[CID.

Analysis software

The naloxone population PK and OIRD mechanistic
PK-PD analyses were performed in an environment in-
terfaced by Pirana (version 2.9.4) in which NONMEM
(version 7.3), PsN (version 4.6.0), xpose (version 4.5.3),
and R (version 3.3.1 or later) were incorporated in an inte-
grated manner for data manipulation, estimation, simula-
tion, and for graphical and statistical summaries.

RESULTS
Population PK modeling of NAI

Following IM/SC administration of naloxone via NAI, the
naloxone concentration—time profiles were best described
by a two-compartment PK model with three transit ab-
sorption compartments and linear first-order elimina-
tion from the central compartment. Apparent clearance
(CL/F) was allometrically scaled with body weight; no
other covariates were found to be significant. Detailed re-
sults are provided in the Appendix S1.

Mechanistic PK-PD models of OIRD

The mechanistic PK-PD models for buprenorphine and
morphine are three-compartment PK models with com-
bined effect-compartment and receptor kinetics mod-
els with linear transduction functions. The fentanyl
model is a two-compartment PK model with an effect-
compartment link model with a fractional E ,, PD model.
Validation results for the mechanistic PK-PD models of
buprenorphine, morphine, and fentanyl are provided in
the Appendix S1.

Interspecies allometric scaling was used to predict
carfentanil PK parameters due to lack of carfentanil PK in
humans. Two PK scenarios were evaluated: Scenario 1 was

ASCPT

human carfentanil PK based on mouse data (¢,/,~5h) and
Scenario 2 was human carfentanil PK based on rabbit data
(t;,~1h). The mechanistic carfentanil PK-PD model was
a two-compartment PK model with a PD model of a com-
bined effect-compartment and receptor kinetics model
with a linear relationship between ventilation and carbon
dioxide. Human carfentanil PK and PD model parameters
are presented in Table S8. Validation of the constructed
model could not be conducted due to a lack of published
carfentanil human clinical data.

PK-PD model-based simulations
Different opioid doses

In this simulation, most to all of the subjects met the venti-
lation thresholds to receive naloxone after exposure to the
middle and highest opioid doses, while the lowest opioid
doses resulted in a smaller percentage of subjects reaching
the predefined ventilation threshold to receive naloxone
(Table S9). The ventilation time courses of OIRD reversal
with NAI 10mg, NAI 2mg, and no naloxone are presented
as medians and 90% CIs in Figure 1. The percentage of
subjects who recovered and the rescue time required to
recover to the predefined ventilation thresholds after NAI
administration following opioid exposure are presented in
Table 1. For morphine, fentanyl, and carfentanil, a higher
percentage of subjects recovered to predefined ventilation
thresholds after NAI 10 mg administration compared with
NAI 2mg, except in situations where all subjects recov-
ered. Furthermore, NAI 10 mg resulted in a faster recov-
ery to 40% or 70% of baseline ventilation than when no
naloxone or NAI 2mg was administered for all opioids
and doses.

For the highest opioid doses, the median rescue times
to restore ventilation to predefined thresholds after NAI
10mg or NAI 2mg administration, respectively, were 17
or 212min (40% of baseline ventilation) and 24 or 370 min
(70% of baseline ventilation) for 18.9pg/kg buprenor-
phine; 162 or 451 min (40% of baseline ventilation) and
478 or 541 min (70% of baseline ventilation) for 4.2 mg/kg
morphine; and 9 or 36 min (40% of baseline ventilation)
and 13 or 312 min (70% of baseline ventilation) for 44.1 pg/
kg fentanyl. With the middle and highest doses of carfen-
tanil, ventilation was quickly suppressed to ~10% of base-
line. As expected, the time course of OIRD reversal after

FIGURE 1 Effect of NAI 10mg, NAI 2mg, and no naloxone on ventilation time course for opioid-induced respiratory depression.

As soon as the ventilation response dropped below the horizontal dotted line, the naloxone dose was given (i.e., 30% reduction for

buprenorphine and 60% reduction for morphine, fentanyl, and carfentanil from ventilation baseline). The solid lines and shaded areas

represent the medians and 90% CIs of the median, respectively.
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TABLE 1 Recovery to 40% or 70% of baseline ventilation following naloxone administration after opioid-induced respiratory depression.

Opioid (IV)
Buprenorphine
0.9pg/kg

Buprenorphine
9.9ng/kg

Buprenorphine
18.9ug/kg

Morphine
0.2mg/kg

Morphine
2.2mg/kg

Morphine
4.2mg/kg

Fentanyl
2.1pg/kg

Fentanyl
23.1pg/kg

Fentanyl
44.1pg/kg

Carfentanil
Scenario 1
0.2pg/kg
Carfentanil
Scenario 1
2.2pg/kg
Carfentanil
Scenario 1
4.2pg/kg
Carfentanil
Scenario 2
0.2pg/kg
Carfentanil
Scenario 2
2.2png/kg
Carfentanil
Scenario 2
4.2pg/kg

Recovery
ventilation
threshold (%)

40
70
40
70
40
70
40
70
40
70
40
70
40
70
40
70
40
70
40
70

40
70

40
70

40
70

40
70

40
70

% Subjects who recovered to threshold®

Rescue time (min)®

Median [90% CI]

Median [90% CI]

NAI 2mg

92.3 [80-100]
55.9[39.95-73.11]
71.1 [62.99-78.03]
16.95 [11-24.11]
62.5 [54.89-70.51]

9.8 [5.4-15.11]
100 [100-100]
100 [100-100]

94 [90.67-98]

48.5 [37.4-55.03]

77 [69-83]

21 [14.95-27]
100 [100-100]
100 [100-100]

95.8 [92.5-99]
75.5 [68.8-81.92]
72 [65.28-79.41]
54.25 [45.18-63.51]
100 [96.2-100]
85.7 [79.08-92.5]

54.5 [46.5-62.01]
26.3 [19.19-34.33]

37 [30-46]
15 [9.96-22.05]

100 [100-100]
100 [100-100]

98 [95-100]
81 [75-87]

91 [86-95]
57 [48-65]

NAI10mg

93.55 [80-100]
66.7 [47.34-81.2]
69.75 [61.39-78.01]
25.15 [17.39-32.61]
62.3 [53.8-70.21]
16.5[10.99-23.11]
100 [100-100]
100 [100-100]

97 [93.86-99]

58 [49-65.03]

83 [78-89]

29 [21.95-37.1]
100 [100-100]
100 [100-100]
100 [98.9-100]
100 [98.9-100]

99 [97.8-100]

98.9 [96.8-100]
100 [98.09-100]
96.6 [92.2-100]

81 [73.98-87]
58 [49-65.32]

68 [59.95-75]
43 [34.28-52]

100 [100-100]
100 [100-100]

99 [97.95-100]
91.9 [87-95]

96 [92-99]
76 [68.95-82]

NAI2mg

47.65 [13.99-158.39]
198.1 [44.93-417.19]
200.25 [97.5-263.84]
339.9 [46.5-476.11]
212.1 [84.5-286.86]
370 [40.88-504.05]
15.8 [11.2-25.41]
237.1 [160.15-299.99]
351.35 [312.77-385.01]
506.8 [480.79-529.82]
450.9 [422.06-477.07]
540.65 [514.99-563.08]
3.4[2.7-4.4]
6[5.2-7]
16.7 [14.8-18.7]
31.95 [28-37.9]
36.2 [29.2-45.81]
311.8 [220.55-383.42]
15.2 [13.1-17.41]
41.85[37.59-48.1]

26 [22-30.23]
48.6 [41.8-56.43]

28.2 [23.59-33.6]
50.45 [41.4-59.9]

15.4 [13.29-18.21]
47.45 [41.58-59.78]

165.6 [55.99-266.11]
417.7 [360.81-453.61]

338.5 [277.43-389.6]
474.9 [431.74-507.18]

NAI10mg

9[6.39-23.4]
29.7[17.58-75.14]
16.15 [8.4-279.4]
25.95 [16.36-41.62]
17.3 [8.6-268.62]
23.7[15.98-48.1]
8.4 [6.39-11.01]
25.3[19.5-45.72]
21.9[18.18-30.83]
413.9 [264.69-477.62]
161.8 [29.8-365.07]
477.9 [288.23-526.33]
2.2[1.7-2.8]
3.7[3.2-4.3]
6.4 [5.8-6.8]
8.8 [8-9.4]
9[8.4-9.8]
13.4 [12.4-14.6]
9.9 [8.59-11.61]
32.6 [30.09-35.6]

19.85 [17.8-22.8]
42.45[39-47.01]

22[19.09-24.61]
45 [39.79-49.2]

10.2 [8.8-11.91]
33.4[30.9-37.2]

24.8 [22.1-30.22]
78.75 [57.4-192.11]

34.75 [27.09-57.44]
175.35 [68.53-320.04]

Note: Scenario 1: carfentanil ¢, ,, =~5h; Scenario 2: carfentanil t,,=~1h.

Abbreviations: CI, confidence interval; IV, intravenous; NAI, naloxone auto-injector.

“Based on subjects who received a naloxone dose at the threshold level (i.e., at a 30% reduction from baseline ventilation for buprenorphine and a 60%
reduction from baseline ventilation for morphine, fentanyl, and carfentanil).

PRescue time: The difference between the timepoint when naloxone is first administered and when ventilation first recovered back above the threshold (40% or
70% of baseline ventilation).

NAI administration was different based on the half-life of
carfentanil. Specifically, for Scenario 1 (t,,~5h), ventila-
tion rapidly recovered initially to 40% or 70% of baseline
but, by 2h post-carfentanil exposure, it began to decline

again due to the long carfentanil half-life, whereas in
Scenario 2 (t,,~1h), the ventilation also rapidly recovered
initially, then continued recovering toward baseline rather
than declining (Figure 1). Median rescue times after NAI



1728 |

YANG ET AL.

ASCPT

10mg or NAI 2mg administration, respectively, for 4.2 ng/
kg carfentanil were 22 or 28 min (40% of baseline venti-
lation) and 45 or 50min (70% of baseline ventilation) for
Scenario 1 and 35 or 339min (40% of baseline ventila-
tion) and 175 or 475min (70% of baseline ventilation) for
Scenario 2.

Second dose of NAI 10mg

The cumulative effect of a second dose of NAI 10mg on
OIRD was evaluated to represent situations where a single
dose is not sufficient to reverse respiratory depression and/
or there is a risk of renarcotization. A second NAI 10 mg
was administered at 60 min after exposure to the highest
opioid doses in subjects who received an initial dose of
NAI 10mg. Ventilation versus time profiles (medians
and 90% CIs) for the effect of two NAI 10mg on OIRD
are presented in Figure 2. The time for renarcotization
to occur after administration of a second NAI 10mg at
60min was compared with a single NAI 10mg in Table 2.
The data for buprenorphine and morphine should be
interpreted with caution as there were low percentages of
subjects who recovered to 85% ventilation with one or two
doses of NAI 10mg.

A second NAI 10mg contributed to further recovery
from buprenorphine-induced respiratory depression,
but the reversal effect was minimal, and eventually, the
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ventilation declined again due to the slow dissociation ki-
netics of buprenorphine. A larger percentage of subjects
recovered to at least 85% of baseline ventilation when ad-
ministered two NAI 10mg versus one. Regardless of the
number of naloxone doses received, the percentage of
subjects who experienced renarcotization was similar, but
the time to renarcotization was prolonged when two NAI
10 mg were administered instead of one (259 vs. 184 min,
respectively).

A second NAI 10mg contributed to further recovery
from morphine-induced respiratory depression; how-
ever, ventilation began to decline again around 2h and
at ~6h post-morphine exposure, ventilation slowly began
to return toward baseline. A larger percentage of subjects
recovered to at least 85% of baseline ventilation when ad-
ministered two NAI 10 mg (12%) vs. one (6%) and the time
to renarcotization was prolonged with two NAI 10mg
compared with one (190 vs. 122 min, respectively).

When exposed to fentanyl, a second NAI 10 mg resulted
in 100% of subjects recovering to at least 85% of baseline
ventilation compared with 94% with one NAI 10 mg. Two
NAI 10mg resulted in a lower percentage of subjects ex-
periencing renarcotization compared with a single dose
(40% vs. 51%, respectively) and a prolonged time to renar-
cotization (304 vs. 156 min, respectively).

Administration of a second NAI 10mg contributed to
a faster transient improvement in OIRD after exposure
to carfentanil with a half-life of ~1h (Scenario 2) and
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FIGURE 2 Effect of a second dose of NAI 10 mg on ventilation time course for opioid-induced respiratory depression. As soon as the

ventilation response dropped below the horizontal dotted line, the first naloxone dose was given (i.e., 30% reduction for buprenorphine

and 60% reduction for morphine, fentanyl, and carfentanil from ventilation baseline) and the second naloxone dose was given at 60 min
following opioid exposure. The solid line and shaded area represent the median and 90% CI of the median, respectively.
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TABLE 2 Impact of two NAI 10mg doses on renarcotization following opioid-induced respiratory depression.
% Subjects who % Subjects who
recovered to at least 85% experienced Time to renarcotization
. #of NAL  yontilation® renarcotization® (min)°
Opioid 10mg
Opioid dose (IV) doses Median [90% CI] Median [90% CI] Median [90% CI]
Buprenorphine 18.9ug/kg 1 6.2 [2.2-10.5] 66.7 [28.42-100] 183.65 [102.76-298.98]
2 11.7 [6.5-16.8] 69 [45.4-90.9] 258.8 [177.5-340.3]
Morphine 4.2mg/kg 1 6[3-11] 25 [0-55.67] 121.65 [66.94-229.07]
2 12 [7-18] 37.5 [14.25-62.5] 190 [143.72-301.66]
Fentanyl 44.1pg/kg 1 93.6 [88.8-97.9] 51.2 [41.88-60.53] 155.5[135.2-177.21]
2 100 [98.9-100] 39.9 [31.2-48.52] 303.7 [279.6-338.18]
Carfentanil 4.2pg/kg 1 26.3 [20-34.05] 90.25 [78.27-100] 296.2 [242.32-352.31]
(Scenario 1) 2 41.2 [33-48] 81.8 [72.06-91.72] 340.65 [295.39-390.62]
Carfentanil 4.2pg/kg 1 50.25 [40.38-58] 4.3[0-10.91] 289.8 [189.16-418.57]
(Scenario 2) 2 67 [59-74] 4.2[0-7.53] 334.2 [218.6-438.98

Note: Scenario 1: carfentanil ¢, ,: ~5h; Scenario 2: carfentanil ¢ ,: ~1h.

Abbreviations: CI, confidence interval; IV, intravenous; NAI, naloxone auto-injector.

“Among subjects who received naloxone dose.

®Among subjects who recovered to at least 85% of baseline ventilation.

“If the percentage of subjects who experienced renarcotization was zero per simulation, it was excluded to calculate a statistical summary of the time of
renarcotization. Renarcotization was defined by ventilation returning to above 85% baseline and then dropping below 85%.

prolonged improvement in ventilation after exposure to
carfentanil with a half-life of ~5h (Scenario 1), but only
slightly decreased the percentage of subjects experienc-
ing renarcotization for Scenario 1 (82% with two NAI
10mg vs. 90% with one). In both carfentanil scenarios, a
larger percentage of subjects recovered to 85% of baseline
ventilation when administered two NAI 10mg vs. one.
Similarly, for both scenarios, two NAI 10 mg resulted in
delayed renarcotization compared with a single NAI 10 mg
(Scenario 1: 341 vs. 296 min, Scenario 2: 334 vs. 290min,
respectively).

Injection time of NAI 10mg prior to opioid
exposure

The ability of NAI 10mg to impact ventilation when ad-
ministered prior to fentanyl or carfentanil exposure was
evaluated. NAI 10mg was administered 60, 30, 15, or
5min before exposure to 44.1 pg/kg fentanyl or 4.2 pg/kg
carfentanil. Ventilation vs. time profiles (medians and
90% ClIs) are presented in Figure 3 and maximum ventila-
tion suppression and time to reach maximum ventilation
suppression are presented in Table 3.

The impact of naloxone on fentanyl-induced respi-
ratory depression is dependent on the time of naloxone
administration relative to fentanyl exposure. When NAI
10mg was administered 5min prior to fentanyl expo-
sure, fast-acting fentanyl caused a maximum ventilation

suppression of 49% of baseline since naloxone was still
being absorbed. Administration of NAI 10mg at 15 or
30min prior to fentanyl exposure minimized fentanyl-
induced respiratory depression so ventilation remained
near normal (83-84% of baseline). With administration of
NAI 10mg at 60 min prior to fentanyl exposure, the maxi-
mum ventilation suppression was 77% of baseline suggest-
ing naloxone clearance is impacting its ability to suppress
fentanyl-induced respiratory depression.

Overall, NAI 10 mg prevented the profound respiratory
depression that is expected with a lethal carfentanil dose.
When NAI 10 mg was administered 15 min prior to carfent-
anil, the maximum ventilation suppression was about 55%
of baseline for Scenario 1 and 45% of baseline for Scenario
2. After initial stabilization in ventilation (at ~60-90 min
post-opioid exposure), additional carfentanil toxicity was
observed in Scenario 1 due to carfentanil's ~5-h half-life,
resulting in more profound respiratory depression. In
Scenario 2, severe respiratory depression was mitigated;
however, the extent of initial ventilation suppression was
greater than in Scenario 1 (36% vs. 46% of baseline, respec-
tively). Additional carfentanil toxicity was not observed in
Scenario 2 due to carfentanil's ~1-h half-life.

DISCUSSION

Opioid exposure results in CNS and respiratory depression,
where the extent of symptoms can vary (e.g., drowsiness to
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areas are medians and 90% CIs of median, respectively from 200 simulation trials of 100 subjects per each simulation. Time represents the
time since administration of NAI 10 mg.

TABLE 3 Maximum ventilation suppression and time following administration of NAI 10 mg prior to fentanyl or carfentanil exposure.

Opioid dose
Opioid (Iv)

Fentanyl 44.1pg/kg

Carfentanil
(Scenario 1)

4.2pg/kg

Carfentanil
(Scenario 2)

4.2png/kg

NAI dose

0
10mg

10mg

10mg

Time of naloxone
administration prior
to opioid exposure
(min)

NA

5

15

30

60

NA

5

15

30

60

NA

5

15

30

60

Maximum ventilation

suppression®

Median [90% CI]

0.09 [0.05-0.14]
0.49 [0.42-0.56]
0.83 [0.8-0.86]

0.84 [0.81-0.86]
0.77 [0.73-0.8]

0.01 [0.01-0.01]
0.54 [0.42-0.69]
0.55 [0.43-0.71]
0.53 [0.41-0.68]
0.46 [0.35-0.63]
0.01 [0.01-0.01]
0.42[0.31-0.56]
0.45 [0.34-0.57]
0.42 [0.32-0.54]
0.36 [0.26-0.48]

Time to reach maximum
ventilation suppression (min)®

Median [90% CI]

9.9 [9-10.9]

2.6 [2.4-2.7]

8.9 [7.7-10.1]
12.7 [10.9-15.2]
13.3[11.5-15.2]
15.8 [15.59-16.3]
38.9 [32.5-46.43]

54.05 [44.7-88.3]
55.3 [45.98-78.1]
50.65 [42.6-59.8]
10[9.7-10.3]
29.35 [22-43.61]
62.65 [46.58-83.67]
65.2 [50.48-86.3]
57.9 [45.2-59.8]

Note: Scenario 1: carfentanil ¢, ,: ~5h; Scenario 2: carfentanil t;,: ~1h.
Abbreviation: NA, not applicable.
*Maximum ventilation suppression (relative to baseline).

"Time between opioid exposure and maximum ventilation suppression.

incapacitation, slow/shallow breathing to no respiration).
The speed and severity of OIRD are affected by the
opioid dose, type of opioid and its metabolites, route of
opioid administration, and drug interactions. The use
of high-potency opioids or large quantities of opioids
has resulted in the need for higher doses of naloxone
to reverse OIRD. The extent of naloxone's response is
determined by a combination of naloxone and opioid
PK and PD characteristics, including equilibrium rates

during biophase distribution and receptor kinetics for
naloxone and the opioid. The objective of this analysis was
to evaluate the ability of 10mg of naloxone administered
IM via an auto-injector (NAI 10 mg) to reverse OIRD using
PK-PD model-based simulations. The simulated clinical
scenarios included different IV doses of four opioids
representing a spectrum of activity in terms of agonist
potential and potency. Intravenous administration of
opioids results in 100% bioavailability and therefore
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provides the highest possible systemic exposure compared
with other routes of administration (i.e., worst case).

The population naloxone PK model in this analysis
is a two-compartment model with three transit absorp-
tion compartments and linear first-order elimination
from the central compartment. A two-compartment
model has been reported in the literature for nalox-
one after IV administration.'> In the current analysis,
the CL/F of naloxone following IM/SC administration
using NAI was 3.26 L/min while the published reported
clearance of naloxone following IV administration was
3.45L/min."* The estimates of the apparent total vol-
ume of distribution (Vd/F) was ~486 L, which is larger
than the total Vd following IV administration reported
in the literature (i.e., 114L)."”* The difference in clear-
ance and volumes of distribution between the current
analysis and literature may be explained by the differ-
ent routes of administration (IM vs. IV) and the bio-
availability of IM naloxone. In one published study, the
bioavailability of IM naloxone was reported as 35-36%
compared with IV.?® With consideration of the bioavail-
ability of IM administration using NAI, the estimated
CL is slightly smaller, and the volume of distribution is
larger, but overall, the difference is not considered sig-
nificant. During model development, body weight was
identified as a significant covariate on CL/F, but the im-
pact of body weight on CL/F and thereby the area under
the naloxone plasma concentration-time curve (AUC)
was determined as not clinically significant. Therefore,
in the model simulations, body weight in the virtual
population was fixed at 70kg. A consideration to note,
while a dose-linear naloxone population PK model was
considered adequate to represent the clinical data in
this analysis, a more-than-dose-proportional increase in
Cax Was observed in the NAI 10 mg clinical study (i.e.,
dose-normalized geometric mean ratio [90% CI] for C,,,
of 1.21 [1.07, 1.37] for 10mg and 2mg). Adjusting the
naloxone population PK model to account for this may
result in even faster recovery to defined rescue ventila-
tion thresholds.*

Mechanistic PK-PD models of the effect of opioids
(buprenorphine, morphine, and fentanyl) on ventilation,
the PD end point, were constructed and validated. Binding
kinetic models for ventilation were used for buprenor-
phine and morphine, and a fractional E,,, model was
used for fentanyl according to the literature.”*** The E,,,,
model for fentanyl was selected because it was already
developed and validated on fentanyl-induced respiratory
depression as reported in the literature.'> Also, receptor
binding assay results show that fentanyl has rapid equi-
librium (within 10min) and dissociation (t;,,~6.8min),
with complete dissociation by 1h.?* Per the literature, the
binding receptor kinetics of fentanyl would be faster than

ASCPT

morphine, and the order of difficulty for naloxone rever-
sal would be buprenorphine > morphine > fentanyl." This
was also demonstrated in the current modeling analysis.
To account for the competitive binding of naloxone and
fentanyl at the same MOP receptor, a competitive ligand
binding model?* was used.

There is limited published human PK and PD data on
carfentanil. Therefore, the same PK model structure as
fentanyl (two-compartmental PK model) was used with
the assumption that the PK behaviors (similar distribu-
tion) are the same between fentanyl and carfentanil as
carfentanil is a fentanyl analog with similar lipophilicity.
The carfentanil PK parameters in humans were extrapo-
lated with an interspecies allometric scaling method using
reported IV data in the same species (mouse and rabbit)
for both carfentanil and fentanyl. This approach led to the
prediction of two different sets of carfentanil PK parame-
ters (CL and V) in humans. In Scenario 1, the carfentanil
half-life was estimated to be ~5h, consistent with a carfen-
tanil human case 1rep0rt.25 In Scenario 2, the carfentanil
half-life was estimated to be ~1h, consistent with a paper
that reported human PK data up to 90 min post-opioid
exposure.26 Overall, the simulation outcomes in Scenario
1 illustrated the naloxone reversal effect of OIRD in the
presence of carfentanil with a longer duration of action
(due to a longer half-life). In Scenario 2, the short carfen-
tanil half-life and smaller V1 (central compartment vol-
ume) resulted in the simulation outcomes representing a
worst-case scenario around its maximum concentration
(observed as a sharp decline in ventilation), but a rapid
reversal of carfentanil-induced-respiratory depression by
NAI 10mg due to carfentanil’s short half-life even with its
slow dissociation kinetics.

In the first two simulation scenarios, naloxone was
immediately administered IM/SC (representative of
proper NAI use) once ventilation dropped below the
predefined threshold following IV administration of the
opioid. After naloxone administration following expo-
sure to high opioid doses, ventilation continued to drop
briefly due to the time necessary for naloxone to be ab-
sorbed from the injection site and cross the blood-brain
barrier (biophase distribution). Severe acute hypoxemia
and subsequent naloxone resistance were not evaluated
because there was no delay in administering naloxone
and the model did not presume a delay in providing nal-
oxone treatment.

In the first simulation scenario, NAI 10mg admin-
istration resulted in a faster return to 40% and 70%
ventilation thresholds for all opioids and doses com-
pared with NAI 2mg. Similarly, a higher percentage of
subjects recovered back to the 70% ventilation rescue
threshold for the two highest opioid doses after NAI
10 mg administration compared with NAI 2 mg. Overall



1732 |

YANG ET AL.

ASCPT

with the lowest buprenorphine, morphine, and fentanyl
doses, smaller percentages of subjects reached the de-
fined ventilation threshold requiring naloxone admin-
istration, and little or no differences in the percentage
of subjects that recovered back to the thresholds were
observed for NAI 10 mg and NAI 2 mg. Therefore, subse-
quent simulation scenarios were conducted using only
the highest opioid doses.

In the second simulation scenario, administration of a
second NAI 10 mg at 60 min post-opioid exposure resulted
in further ventilation recovery with a higher percentage of
subjects reaching the defined thresholds with faster rescue
times. For long-acting opioids with slow unbinding kinet-
ics (e.g., buprenorphine, carfentanil [Scenario 1]), there is
likely a risk of renarcotization even with two NAI 10mg
because of naloxone's short half-life resulting in a shorter
duration of action than that of the opioid. However, these
simulations demonstrated a significant duration of re-
sponse after the administration of a single NAI 10mg
and a longer delay of renarcotization after a second NAI
10mg was administered 60 min post-opioid exposure. The
carfentanil PK-PD simulation results obtained in these
first two simulation scenarios are comparable to study
results evaluating carfentanil-induced respiratory de-
pression in non-human primates, their recovery using a
human equivalent of 10 mg of naloxone, and the potential
of renarcotization (animal data, unpublished).

In the last simulation scenario, NAI 10 mg administra-
tion at each timepoint prior to opioid exposure reduced the
initial respiratory depressive-effect of fentanyl or carfent-
anil. Naloxone is slightly less effective in reducing OIRD
when administered 5 or 60 min prior to fentanyl exposure,
since at the time of fentanyl administration naloxone is
still being absorbed or has already begun to be cleared,
respectively. Prophylactic administration of naloxone be-
fore carfentanil exposure prevented profound respiratory
depression; however, in the simulation with a carfentanil
half-life of 5h, the mitigating effects of naloxone were lim-
ited and increased respiratory depression is predicted after
~2h post-opioid exposure.

The development of these mechanistic opioid-naloxone
PK-PD models provides a framework to evaluate other as-
pects of opioid-naloxone interactions and will facilitate the
development of other models exploring different routes of
administration (for opioid and/or naloxone). Future mod-
eling studies could investigate the impact of biological
factors such as chemoreceptors that influence the venti-
lation response to changes in oxygen and CO, levels (e.g.,
hypoxic environments), opioid metabolites that may im-
pact the duration or extent of respiratory depression, or
genotypic variations of enzymes that influence opioid me-
tabolism. Known drug interactions (e.g., benzodiazepine-
opioid or alcohol-opioid) that may influence respiration

could also be evaluated in future modeling. As described
in Reference [23], the FDA developed a PK-PD naloxone-
opioid model that included different physiological condi-
tions, rescue end points, naloxone administration timing,
route of opioid administration, and the basis of the carfen-
tanil PK model. They conducted independent simulations
using their model. The FDA's analysis further supports
the data presented in this aricle and the clinical efficacy
of NAI 10mg and illustrates that the use of PK-PD mod-
eling to evaluate the antagonistic effects of drug dosing
schemes is beneficial, especially when clinical studies are
unethical

Overall, the PK-PD model-based simulation results
provided evidence that NAI 10 mg can reverse respiratory
depression caused by exposure to high-potency opioids,
even at doses surpassing lethal levels; NAI 10 mg reduces
the risk of renarcotization by these opioids; and if used
prophylactically, NAI 10 mg could help prevent profound
OIRD caused by high-potency opioids.
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