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EDITOR’S PERSPECTIVE

What We Already Know about This Topic

e (lassical opioid analgesics engage two distinct transduction path-
ways after p-opioid receptor activation, the G-protein—coupled sig-
naling pathway and the (3-arrestin pathway

e The G-protein pathway is primarily involved in analgesia, reward,
and liking, while the B-arrestin pathway is involved in adverse
effects such as respiratory depression

e Qliceridine is a p-opioid receptor agonist that selectively engages
the G-protein—coupled signaling pathway with reduced activation of
the B-arrestin pathway

What This Article Tells Us That Is New

e Utility functions were developed from population pharmacokinetic—
pharmacodynamic analyses of oliceridine and morphine concentra-
tion—effect relationships in 29 healthy male volunteers

e The utility function was defined as the probability of providing
analgesia, an increase in hand withdrawal latency of 50% or
more, minus the probability of producing respiratory depression, a
decrease of the ventilatory response to hypercapnia of at least 25%

e Qver the clinically relevant concentration range, oliceridine had a
higher probability of providing analgesia than producing respiratory
depression, while morphine had a higher probability of producing
respiratory depression than providing analgesia

pioid analgesics, the cornerstone of contemporary
treatment of acute moderate to severe pain, come with
numerous adverse effects, of which respiratory depression is

ABSTRACT

Background: To improve understanding of the respiratory behavior of
oliceridine, a p-opioid receptor agonist that selectively engages the G-protein—
coupled signaling pathway with reduced activation of the 3-arrestin pathway,
the authors compared its utility function with that of morphine. It was hypoth-
esized that at equianalgesia, oliceridine will produce less respiratory depres-
sion than morphine and that this is reflected in a superior utility.

Methods: Data from a previous trial that compared the respiratory and
analgesic effects of oliceridine and morphine in healthy male volunteers
(n = 30) were reanalyzed. A population pharmacokinetic—pharmacody-
namic analysis was performed and served as basis for construction of
utility functions, which are objective functions of probability of analge-
sia, P(analgesia), and probability of respiratory depression, P(respiratoryﬁ
depression). The utility function = P(analgesia > 0.5) — P(respiratoryg
depression > 0.25), where analgesia > 0.5 is the increase in hand with- §
drawal latency in the cold pressor test by at least 50%, and respiratory%
depression > 0.25 is the decrease of the hypercapnic ventilatory response§
by at least 25%. Values are median = standard error of the estimate.
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Results: The two drugs were equianalgesic with similar potency values
(oliceridine: 27.9 + 4.9ng/ml; morphine 34.3 + 9.7 ng/ml; potency ratio, &
0.81; 95% Cl, 0.39 to 1.56). A 50% reduction of the hypercapnic ventila-
tory response by morphine occurred at an effect-site concentration of 33.7 2
+ 4.8ng/ml, while a 25% reduction by oliceridine occurred at 27.4 + 3.5ng/ %
ml (potency ratio, 2.48; 95% Cl, 1.65 to 3.72; P < 0.01). Over the clinically g
relevant concentration range of 0 to 35ng/ml, the oliceridine utility function é
was positive, indicating that the probability of analgesia exceeds the probabil- =
ity of respiratory depression. In contrast, the morphine function was negative, E
indicative of a greater probability of respiratory depression than analgesia.
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Conclusions: These data indicate a favorable oliceridine safety profile over S
morphine when considering analgesia and respiratory depression over the z
clinical concentration range.

(AnesTHEsloLogy 2020; 133:559-68)

potentially life-threatening due to disturbance (and at high
dose silencing) of respiratory centers in the pons and brain-
stem after activation of locally expressed p-opioid recep-
tors.! The fact that the number of opioid-related deaths has
recently sharply increased is therefore not surprising given
the dramatic increase in prescription and illicit opioid use
and misuse in the last decade.>® Classical opioid analgesics,
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such as morphine, oxycodone, and fentanyl, are full ago-
nists at the p-opioid receptor.! After receptor activation,
these opioids engage two distinct transduction pathways,
the G-protein—coupled signaling pathway and the [(-ar-
restin pathway, with separate pharmacologic effects.*® The
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G-protein pathway is primarily involved in analgesia, reward,
and liking, whereas the B-arrestin pathway is involved in
adverse effects such as respiratory depression and gastrointes-
tinal effects, as well as the attenuation of analgesic effects.>
Considering the high incidence and potentially serious con-
sequences of respiratory toxicity, recent focus has been on
the development of a new class of opioids, biased ligands,
which are p-receptor agonists that selectively engage the
G-protein—coupled signaling pathway with reduced activa-
tion of the B-arrestin pathway.”® Biased ligands may have an
advantage over nonbiased, or non-elective p-opioid recep-
tor agonists as they may be associated with less respiratory
depression. The experimental opioid oliceridine (formerly
known as TRV130) is a biased ligand that is being developed
for treatment of moderate to severe acute pain.>

Although both opioid benefit and toxicity, such as respi-
ratory depression, arise from the same treatment, it is not
straightforward how to consider these contrasting effects
simultaneously since these endpoints have different con-
centration—effect relationships.” We have recently devel-
oped utility or safety functions of several opioids to capture
their contrasting effects into one function.'”"* The utility
function is an economic concept from decision theory and
has been used in various scientific areas to describe multi-
ple effects of treatment or behavior integrated into a single
13715 The functions we developed are
based on population pharmacokinetic—pharmacodynamic
analyses of the opioid concentration—effect relationships.

number or function.

In the current study, we compared the utility of the
biased ligand oliceridine and the classical opioid mor-
phine. Analgesia and respiratory data from three recently
published studies were reanalyzed.'""® The first data set is
an experimental study performed in healthy volunteers.'
The two other data sets are clinical studies in postoperative
patients."'® The utility functions were constructed from
the experimental study. In an exploratory analysis, we next
extrapolated the results of the utility analyses to patients in
clinical practice by calculating the utility values at occur-
rence of respiratory depression events in patients treated
with either morphine or oliceridine for postoperative pain.
We hypothesize that the utility function of oliceridine is
superior to that of morphine and that the results of the
utility function analysis can be extrapolated to clinical prac-
tice. We postulate that respiratory depression events occur at
specific predefined utility values.

Materials and Methods

This study is a reanalysis of three earlier published data sets
on comparison between oliceridine and morphine on anal-
gesic efficacy and respiratory depression.'® The aims of
the current study are to compare benefit (analgesia) and
harm (respiratory depression) of oliceridine and morphine
as measured by their respective utility functions. We next
extrapolated the results of the utility analysis to patients in
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clinical practice by calculating the utility values at occur-
rence of respiratory depression events in patients treated
with either morphine or oliceridine for postoperative pain.

Healthy Volunteer Study (Study 1003): Development of
Utility Functions

Utility functions were derived from an experimental
study performed in healthy male volunteers.'® All sub-
jects received an intravenous oliceridine bolus dose of 1.5,
3, and 4.5mg and an intravenous morphine bolus dose of
10mg on four separate visits. On each occasion, two phar-
macodynamic endpoints were obtained, the cold pressor
test as a test of analgesia and the ventilatory response to
hypercapnia at a fixed increase in inspired carbon dioxide
concentration as a test for respiratory depression. The setup
is explained in detail elsewhere.'® In brief, the cold pressor
test was performed by submerging one hand in a continu-
ous circulating water bath held at 2.0 £ 0.05°C.The time
from immersion to hand withdrawal from the water bath
was measured by stopwatch (pain tolerance). Pain intensity
was quantified using the 11-point numeric pain rating scale
at the time of hand removal. The maximum allowable time
of hand immersion was 180s. Measurements were obtained
before dosing (baseline) and at t = 10 and 30 min, and 1, 2,
3,4, 6,and 8h after dosing.

The ventilatory response to hypercapnia was obtained
from each subject by having them breathe 5% carbon
dioxide in 95% oxygen via a facemask from a rebreathing
gas-mixing system for 5min at t = 0 (before dosing) and
0.5, 1, 2, 3, and 4h after dosing. Fifth minute ventilation,
respiratory rate, flow rates, and end-tidal carbon dioxide
concentration were measured and used in the calculation
of the ventilatory response to hypercapnia (minute ventila-
tion/end-tidal carbon dioxide concentration).

Venous blood samples were obtained for measurement
of oliceridine and morphine and its metabolite mor-
phine-6-glucuronide in plasma. Samples were obtained
at 2, 12, and 30min and 1, 2, 3, 4, and 8h after dosing.
Oliceridine was quantified in plasma by a validated liquid
chromatography—tandem mass spectrometry assay as previ-
ously reported.”” The lower quantitation limit was 0.05ng/
ml. The assay was linear in the range 0.05 to 50ng/ml,
with precision ranging between 1.9 and 7.3% and accuracy
between 9.4 and 13.8%, respectively. The morphine and
morphine-6-glucuronide assay used was a proprietary third-
party assay not previously published. The morphine quan-
titation range was 0.500 to 100ng/ml with precision (%
coeflicient of variation) between 5.0 and 14.2% and accu-
racy (% bias) between —1 and 2%. The quantitation range
for morphine-6-glucuronide was linear between 2.5 and
500ng/ml, with a lower limit of quantitation of 2.5ng/ml.
Assay precision ranged between 3.7 and 8.7%, and accuracy
ranged between —5.0 and —0.9%. Both assays showed accept-
able stability under room temperature and freeze—thaw con-
ditions. We here report on the oliceridine and morphine

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.
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data. The morphine-6-gludronide data were not considered
in the creation of the utility functions as we know that the
contribution of morphine-6-glucronide to analgesia in indi-
viduals with a normal renal function is rather small.’
Pharmacokinetic—Pharmacodynamic Modeling. The phar-
macokinetics and pharmacodynamics of oliceridine and
morphine were analyzed with NONMEM VII (Icon Plc,
USA), a software package for nonlinear mixed effects
modeling, using a population approach.”’ All NONMEM
files are available from the authors. In stage 1 of the anal-
ysis, the pharmacokinetic analysis, the individual empiri-
cal Bayesian estimates of the pharmacokinetic parameters
were obtained and subsequently applied in stage 2, the
pharmacodynamic analysis.

Analgesia and ventilation data were analyzed separately.
The optimal pharmacokinetic model was obtained by fit-
ting the oliceridine and morphine plasma concentration to
two and three compartment pharmacokinetic models. The
number of compartments in the model was determined by
the magnitude of the decrease in the minimum objective
function value (chi-square test, P < 0.01 considered signif-
icant). The observed hysteresis between plasma concentra-
tion and biophase (the postulated effect compartment) was
characterized as a first-order process with rate constant ke0.

For the hand latency withdrawal data,a log-logistic distri-
bution was assumed, and censored data (cutoff times = 1805s)
were considered. The predicted latency time is used as the
median of the log-logistic distribution,

E(t
Predicted latency (t) = latency at baseline x [ 1+ CE( )]

C100

where the latency at baseline is the latency before any drug
administration, CE(t) is the drug concentration in the bio-
phase or postulated effect-site at time t, and C100 is the
biophase drug concentration causing the doubling of the
withdrawal latency. In the case where the hand withdrawal
latency reached the cutoff value, the probability of the cen-
sored observation is

logP (withdrawal time > cutoft ) = survival and survival

=-og[1+ (observation / prediction)z]

where Z is a shape factor; otherwise,

logP (withdrawal time = observation) =log(Z) — log(prediction)

+(Z x log(observation / prediction) +2 X survival)

Ventilatory response to hypercapnia-plasma concentra-
tion data were modeled with an inhibitory sigmoid maxi-
mum effect model with occurrence of apnea at high drug
concentrations,

Ventilatory response to hypercapnia (t) = (Ventilatory response
to hypercapnia at baseline) —(Ventilatory response to

hypercapnia at baseline) X[Ck (t) / Cx]” /[1+ (Ce(t) / Cx)” |

Utility of Opioid Treatment

where the ventilatory response to hypercapnia at baseline
is the response before any drug administration, ¥ is a shape
parameter, and Cx 1s the biophase drug concentration caus-
ing a reduction of the ventilatory response to hypercapnia
by factor x. Given the differences in effect size, for oliceri-
dine, x was set at 25% (C25), and for morphine, x was set
at 50% (C50). With the C25 for the oliceridine model,
the parameter estimation improved, with disappearance
of seemingly significant covariances between parameters
when using a C50.

To determine whether the models adequately describe

the data, plots of the individual predicted versus measured
data and residuals versus time were created and inspected.
To allow a visual predictive check of the final pharmacoki-
netic or pharmacodynamic models, the normalized predic-
tion discrepancies were estimated.? To that end, 300 Monte
Carlo simulations were performed that were based on the
final model considering the distributions of the fixed and
random effects. The number of times an observation was
greater than the model prediction was counted, and then
the normalized prediction discrepancies are given by the
counts divided by 300, transformed via the inverse normal
distribution. Under the null hypothesis that the model is
correct, the normalized prediction discrepancies should
have a standard normal distribution. It was visually checked
that the normalized prediction discrepancies versus time
showed no trends, heteroscedasticity, or both. Parameter
estimates are reported as median * standard error of the
estimate.
Utility Functions. The utility function was defined as the
probability of obtaining the desired effect, analgesia, minus
the probability of obtaining a side effect, in this study respi-
ratory depression. The threshold for the desired effect was
set at a 50% or more increase in hand withdrawal latency
relative to the predrug baseline values (analgesia > 0.50); the
threshold for respiratory depression was set at a decrease
of at least 25% of the ventilatory response to hypercapnia
relative to pre-drug baseline levels (respiratory depression
> 0.25),

Utility = P(analgesia = 0.50) —P(respiratory depression = 0.25)

where P is probability.

The utility was a function of the biophase or postulated
effect-site concentrations of oliceridine or morphine. The
threshold for respiratory depression was chosen given the
obtained data; for analgesia, several thresholds were tested
ranging from a 10% to a 200% increase in latencies. We here
present the utility data with a threshold of 50%.

The utilities were calculated from the population pharma-
cokinetic and pharmacodynamic model with the estimated
values for the population and their inter-individual variability
parameters (0%); see Supplemental Digital Content table S1
(http://links.Iww.com/ALN/C434; pharmacokinetic param-
eter estimates) and table 1 (pharmacodynamic parameter esti-
mates). Two X 10,000 simulations (once for antinociception
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Table 1. Pharmacodynamic Parameter Estimates

Estimate + Standard

Parameter Error of the Estimate

v? = Standard Error
of the Estimate

? = Standard Error
of the Estimate

Hand withdrawal latency
Oliceridine

Hand withdrawal latency at baseline (s) 401 +2.6
Potency parameter C100 (ng/ml) 279+49
Parameter Z 71+04
Blood-effect-site equilibration half-life (min) —
Morphine
Hand withdrawal latency at baseline (s) 444+ 37
Potency parameter C100 (ng/ml) 343+9.7
Parameter Z 9.7+1.0
Blood-effect-site equilibration half-life (h) 06+0.2
Ventilatory response to hypercapnia
Oliceridine
Ventilatory response to hypercapnia at 0.40 + 0.02
baseline (I - min"' - mmHg™)
Potency parameter C25 (ng/ml) 274+ 35
Parameter y 1 (fixed)
Parameter F 0.62 +0.09
Parameter o2 0.125 = 0.025
Morphine
Ventilatory response to hypercapnia at 0.41 +0.02
baseline (I - min"' - mmHg™")
Parameter C50 (ng/mL) 33.7+48
Parameter v 1 (fixed)
Blood-effect-site equilibration half-life (h) 1.24 +0.15
Parameter o2 0.014 + 0.002

0.12+0.03 0.46 = 0.14
0.68 +0.21 0.22 = 0.06

0.17 £ 0.54
1.28 +0.06
0.16 = 0.09
1.11+0.60

0.07 £ 0.03 0.02 £ 0.01

0.24+0.12 0.21+0.18
0.29+0.25 —

0.07 = 0.02

0.27 £0.10

w? and v? are between-subject and between-occasion variances (on the log scale). —, not included in the statistical model. Hand withdrawal latency: C100 is the drug concentration
causing a doubling of the withdrawal latency, and parameter Z is a steepness coefficient of the log-logistic distribution. Covariances were present for oliceridine for v2 between C100
and baseline hand withdrawal latency: 0.27 + 0.09; covariances were present for morphine for w? between C100 and baseline hand withdrawal latency: —0.19 + 0.12, between
parameter Z and C100: —0.08 + 0.05, and between parameter Z and baseline hand withdrawal latency: 0.33 + 0.17. Ventilatory response to hypercapnia: C25 and C50 are the drug
concentrations causing a 25% and 50% reduction of baseline ventilatory response to hypercapnia; v is a steepness parameter, o2 the within-subject proportional error variance. For
oliceridine, parameter F relates baseline ventilatory response to hypercapnia to blood-effect-site equilibration half-life by blood-effect-site equilibration half-life = baseline ventilatory

response to hypercapnia x F.

and once for the ventilatory response to hypercapnia) were
performed using NONMEM’ simulation step for oliceridine
and once more for morphine. The occurrences of desired and
side effects (i.e., analgesia and respiratory depression) were
determined and divided by 10,000 to estimate these probabil-
ities (note that these are uncorrelated because no correlations
between the ®® were identified in the pharmacodynamic
analysis). To assess the uncertainty in these measures (probabil-
ities), a Bayesian estimation step with noninformative priors
was added after the importance sampling step in all pharma-
codynamic analyses. This is a substitute for a bootstrap anal-
ysis.” The step yielded 10,000 estimates of both the typical
model parameters and the interindividual variances (®?).

Extrapolation of Utility Functions to Clinical Practice

Clinical Studies. The data from two double-blind random-

ized clinical studies,!”'®

comparing oliceridine, morphine,
and placebo for the treatment of moderate to severe acute
pain after either bunionectomy (study 3001) or abdomi-
noplasty (study 3002), were used to extrapolate the find-

ings from the experimental study to clinical practice. In the

Anesthesiology 2020; 133:559-68

current analyses, the placebo data were not used. We used
the data from the experimental study to create individual
utility P(analgesia > 0.50) — P(respiratory depression > 0.25).
Study 3001. Patients (average age, 40 yr) scheduled to
undergo an elective unilateral, first metatarsal bunionectomy
with osteotomy and internal fixation were enrolled in the
study. The surgical procedure was performed under a contin-
uous popliteal sciatic nerve block with oral oxycodone 5mg
every 4h when the anesthetic was deemed insufficient. The
nerve block and oxycodone therapy (if needed) were con-
tinued after surgery; the infusion of the local anesthetic was
terminated at 3 AM on postoperative day 1. Exclusion criteria
included chronic opioid or nonsteroidal anti-inflammatory
drug therapy for treatment of pain, diagnosis or suspicion of
sleep-disordered breathing, use of centrally acting drugs that
could affect the response to opioid medication (e.g., antide-
pressants, antipsychotics, neuroleptics, adrenergic medica-
tion), or parenteral corticosteroid use. Patients were enrolled
in the study when they experienced moderate pain (pain
score of 4 or greater on an 11-point numerical rating scale
ranging from 0, no pain, to 10, most severe pain imaginable)

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.
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within 9h after discontinuation of the sciatic nerve block
and oral oxycodone. Details of the experimental design and
inclusion/exclusion criteria may be found elsewhere."”

The patients included in the current analysis were ran-
domized to receive one of three regimens of oliceridine
or one morphine regimen. Oliceridine treatment con-
sisted of a loading dose of 1.5mg followed after 10 min
by patient-controlled analgesia doses of 0.1mg (0.1mg
regimen), 0.35mg (0.35mg regimen) or 0.5mg (0.5mg
regimen). The patient-controlled analgesia system had a
lockout period of 6 min. Patients randomized to the mor-
phine group received a morphine loading dose of 4 mg fol-
lowed after 10 min by patient-controlled analgesia doses of
1 mg with lockout period of 6 min. Additionally, if needed,
the supervising clinician could administer a supplemental
intravenous dose of 0.75mg oliceridine or 2mg morphine
starting 1h after the initial loading doses at a minimum 1-h
interval. If study medication was insufficient (numerical rat-
ing score greater than 4), the patients could receive rescue
medication (oral etodolac 200mg) every 6h when neces-
sary. None of the patients received supplemental oxygen.
Study duration was 48 h.

Study 3002. American Society of Anesthesiologists I or
II—classified patients (average age, 38 yr) scheduled to
undergo elective abdominoplasty under general anes-
thesia (propofol/fentanyl with or without volatile anes-
thetics or muscle relaxants) were enrolled in the study.
Exclusion criteria included a history of opioid hypersen-
sitivity, diagnosis of sleep apnea, use of chronic opioid
therapy, use of any analgesic medication within the 48-h
before surgery, use of nonsteroidal anti-inflammatory
drugs for more than 2 weeks within the 6 months before
surgery, use of centrally acting drugs that could affect the
analgesic response, use of oral or parenteral corticoste-
roids, surgery lasting more than 2.5h, and occurrence of
surgical/anesthetic complications. Further details of the
inclusion/exclusion criteria and experimental design are
presented elsewhere.”® In brief, patients included in the
current analysis were randomized to receive patient-con-
trolled analgesia demand doses of morphine (1 mg)
or oliceridine (0.1, 0.35, or 0.5mg) in the postopera-
tive period. Initially, all patients received a loading dose
(oliceridine 1.5mg, morphine 4mg) followed 10min
later by patient-controlled analgesia. After each successful
patient-controlled analgesia opioid administration, there
was 6-min lockout period. Clinician-administered sup-
plemental doses of oliceridine (0.75mg) or morphine
(2mg) were allowed as often as needed at 1-h intervals. If
treatment with study medication was inadequate, patients
could receive rescue medication (etodolac 200 mg) every
6 h when the numerical rating score was 4 or greater. The
study duration was 24 h.'8

Utility Values at Respiratory Depression Events. Drug dos-
ing data of studies 3001 and 3002 were used to calculate
the individual patient utility functions over time. For each

Utility of Opioid Treatment

patient, we calculated utility values and a priori postulated
that a respiratory event should likely occur when the utility
function 0.2 or less. A respiratory event was defined by the
occurrence of an arterial hemoglobin-oxygen saturation
less than 90%, a respiratory rate of 8 breaths/min or less, or
a sedation score of 3 or more as measured on the Moline—
Roberts Pharmacologic Sedation Scale.?

Results

Healthy Volunteer Study

This study was completed in 29 healthy male volunteers
with the characteristics age, 19 to 50 yr, and body mass
index, 19 to 32kg/m?. Oliceridine displayed a dose-depen-
dent increase in plasma concentration with peak concentra-
tions (mean * SD) at 8.7 to 11 min after dosing of 56.8 *
60.6ng/ml (1.5mg), 96.6 £ 87.4ng/ml (3.0mg), and 145.1
+ 110.5ng/ml (4.5mg). For morphine 10mg, mean peak
concentration, observed at 3.5min, was 209.6 *+ 175.9ng/
ml (fig. 1A).

Pharmacokinetic Data Analysis. For both oliceridine and
morphine, the final pharmacokinetic models consisted of
one central compartment and one peripheral compart-
ment The estimated pharmacokinetic model parameters are
given in Supplemental Digital Content, table S1 (http://
links.Iww.com/ALN/C434). Overall between-subject vari-
ance on all parameters was 0.08 * 0.03 for the oliceridine
data and 0.04 £ 0.01 for the morphine data. The individual
pharmacokinetic data fits for intravenous oliceridine 1.5, 3,
and 4.5 mg and morphine 10 mg are given in Supplemental
Digital Content, figure S1A (http://links.lww.com/ALN/
C434). Goodness-of-fit plots (individual predicted vs. mea-
sured data, conditional individual weighted residuals vs.
time, and normalized prediction discrepancies) are given
in Supplemental Digital Content figure S2 (http://links.
Iww.com/ALN/C434). Inspection of the data fits and all
three diagnostic plots indicate that the two-compartment
pharmacokinetic models of oliceridine and morphine ade-
quately described the data.

Pharmacodynamic Data Analysis. The baseline hand with-
drawal latency (46 £ 6s, mean * SD) increased to 94 = 195
after 1.5mg oliceridine, 120 £ 195 after 3.0 mg oliceridine,
and 129 * 18s after 4.5 mg oliceridine (fig. 1B) at 10 min
after dosing, after which the latencies decreased over time
toward baseline values about 2h after dosing. The lack of a
further increase at 4.5mg is related to the cutoft of 180s.
Peak latency after 10 mg morphine occurred at 30 min and
was 89 t 20s. Ventilatory response to hypercapnia values
at baseline (0.39 + 0.04 1 - min"' - mmHg™") reduced to
0.32 £ 0.04 (1.5mg), 0.27 £ 0.03 (3.0mg), and 0.25 £
0.02 (4.5mg) | - min"' - mmHg™" after 30 min, after which
the ventilatory response to hypercapnia slowly increased
(fig. 1C). After 10 mg morphine, the ventilatory response
to hypercapnia reduced to 0.30 + 0.04 1 - min™ - mmHg!
at t = 30min. In contrast to oliceridine, the return of
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Fig. 1. Pharmacokinetic and pharmacodynamic data after intravenous injection with oliceridine and morphine in healthy volunteers. (4) Plasma
oliceridine and morphine concentrations. (B) Hand withdrawal latencies. (C) Ventilatory responses to hypercapnia. Three oliceridine doses were
injected, 1.5mg (gray symbols), 3mg (blue symbols), and 4.5mg (orange symbols), and one morphine dose of 10mg (red symbols). Data are

mean + 95% Cl.

morphine toward baseline was considerably slower and was
not reached during the time of the experiment (fig. 1C).
The hand withdrawal latency and ventilatory response
to hypercapnia data were adequately fitted by the pharma-
codynamic model (see Supplemental Digital Content, figs.
S3, S4, S5, and S6 for the individual data fits and good-
ness-of-fit plots, http://links.lww.com/ALN/C434). The
antinociceptive pharmacodynamic model was able to take
the censored data (i.e., the hand latency boundary of 180s)
into consideration (Supplemental Digital Content, fig. S3,
http://links.Iww.com/ALN/C434).
model parameter estimates are given in table 1. The two

Pharmacodynamic

drugs were equianalgesic with C100 values (the biophase
or steady-state plasma concentration causing a doubling of
the hand withdrawal latency) of 27.9 + 4.9 (median % stan-
dard error of the estimate) ng/ml for oliceridine and 34.3
+ 9.7ng/ml for morphine (potency ratio, 0.81; 95% CI,
0.39 to 1.56). However, morphine had a 2.48-fold greater
respiratory potency (95% CI, 1.65 to 3.72) compared to
oliceridine with a reduction by morphine of the ventilatory
response to hypercapnia by 50% at 33.7 + 4.8 ng/ml against
a ventilatory response to hypercapnia reduction by oliceri-
dine of 25% at 27.4 + 3.5 ng/ml. Hysteresis between plasma
concentration and effect was quantified by the blood-ef-
fect-site equilibration half-life (table 1). For the cold pressor
test, the value of the blood-effect-site equilibration half-
life for oliceridine was not quantifiable given the chosen
sampling times, suggesting that the equilibrium between
plasma and effect-site concentration was almost instanta-
neous. In contrast, morphine had a blood-effect-site equil-
ibration half-life for antinociception of 0.6 + 0.2h. In the
respiratory assay, the oliceridine value of the blood-effect-
site equilibration half-life (0.25h) was shorter than that of
morphine (1.2 + 0.2h) and was dependent on the baseline
ventilatory response to hypercapnia value (table 1).

Utility Functions. The utility function shows a marked dif-
ference between oliceridine and morphine (fig. 2). The

Anesthesiology 2020; 133:559-68

function for oliceridine is positive (fig. 2, blue line), which
indicates that oliceridine has a higher probability of analgesia
than respiratory depression. At high concentrations (greater
than 30ng/ml), the probabilities of the two endpoints are
not different. In contrast, the morphine utility (fig. 2, orange
line) 1s predominantly negative, which indicates a higher
probability of respiratory depression than analgesia. At the
low concentration end (0 to 7.5ng/ml), the probabilities of
analgesia and respiratory depression do not differ.

Extrapolation of Utility Analysis to Studies 3001 and 3002

In clinical studies 3001 and 3002, patients undergoing bun-
ionectomy (3001) under sciatic nerve block and abdomi-
noplasty (3002) under general anesthesia were treated using
intravenous patient-controlled analgesia with either oliceri-
dine (n = 309 patients,at demand doses 0of 0.1,0.35, 0r 0.5 mg)
or with morphine (n = 159 patients). For each patient, the
utility function was calculated over time and utility values at
a respiratory depression event were noted (fig. 3). We a priori
defined utility value limits below which we expected a respi-
ratory event to occur, i.e., at a utility value of 0.2 or less. A
total number of 96 respiratory events was observed, 60 times
during oliceridine administration (combined over all three
dose regimens) and 36 times during the single morphine
treatment regimen. The measured utility values indicate that
the majority of events (83/96, 86%) occurred at utility values
of 0.2 or less (oliceridine 47/60, morphine 36/36; fig. 3C).

Discussion

Respiratory depression is a major complication of opi-
oid therapy, since it is potentially life-threatening. The use
of prescription and illicit opioids is associated with a high
number of fatalities due to respiratory depression.>* Also, in
perioperative care, patients on opioids experience adverse
respiratory events in high numbers,” often not fatal, but

Copyright © 2020, the American Society of Anesthesiologists, Inc. Unauthorized reproduction of this article is prohibited.

Dahan et al.

2202 4990j00 L0 U0 Jasn uaple yeysianun Aq ypd'gL000-0'00600202/v€ LS 1.5/65S/€/€€ Liipd-ajoie/ABojoisayisaue/Biobyese sqnd)/:dpy woy papeojumoq


http://links.lww.com/ALN/C434
http://links.lww.com/ALN/C434

Dahan et al.

preventable fatalities do occur."* Opioid analgesia and side
effects frequently coincide, and the benefit of treatment relies
heavily on the occurrence and severity of adverse events.
We developed a utility function that combines various end-
points into a single function allowing objective and precise
comparisons among opioid analgesics.”'? Here we report
on the comparison of a novel opioid, oliceridine, and mor-
phine. Oliceridine is the first opioid of a new class, so-called
biased ligands, that are biased toward the G-protein—coupled
transduction pathway with a lesser effect on the [-arres-
tin pathway, and consequently may produce less respiratory

3¢ Qliceridine is intended to be used to treat

17,18

depression.
acute moderate to severe pain.'”'® The question remains
whether oliceridine has a superior utility relative to mor-
phine in terms of analgesia and respiratory depression.

Our analyses were performed in several steps. First, we
performed a pharmacokinetic-pharmacodynamic analysis
of the concentration-effect data derived from a volunteer

study.'® The antinociceptive assay was the cold pressor test, a

Utility of Opioid Treatment

sensitive test of opioid analgesic effects,” while the ventilatory
response to hypercapnia, an equally sensitive measure of opi-
oid-induced respiratory depression,® was used to quantify the
opioid effect on respiration. From the pharmacokinetic—phar-
macodynamic data, we constructed the utility function that
gives the difference between the probabilities of analgesia and
respiratory depression. This function incorporates the con-
trasting opioid effects into one function, and consequently
it may be used to compare opioid utilities. We also used this
function to predict whether a respiratory depression event
in clinical practice is likely to occur for a given probability
of analgesia. For example, we expect such events when the
probability of respiratory depression exceeds that of analgesia
(fig. 3). To determine whether the utility functions differed
significantly, we determined concentration ranges at which
their 95% CI did not overlap (fig. 2). The utilities differed
significantly over the range of 12 to 35ng/ml (which is the

19,29

clinical concentration range for both drugs),"”” with posi-

tive values for oliceridine and negative values for morphine.

— Oliceridine
—— Morphine

0 25

50 75 100

Concentration (ng/mL)

Fig. 2. Utility functions constructed from the pharmacokinetic and pharmacodynamic analysis of the volunteer data. Utility = the difference
in probability of analgesia and probability of respiratory depression. The utility functions are a function of the biophase oliceridine or morphine
concentration. In blue, the oliceridine utility function (blue continuous line is the mean with blue 95% Cl band). In orange, the morphine utility

function (continuous lines are the mean with orange 95% Cl band).
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Fig. 3. (Aand B) Utility values in two postoperative patients treated with oliceridine (4) or morphine (B). The green lines denote dosing events
with a patient controlled intravenous infusion system. The X's mark the occurrence of a respiratory depression event. All events occur at utility
values of 0.2 or less. (0) Box plots of utility values at a respiratory depression events in patients treated with oliceridine or morphine after
surgery for bunionectomy under peripheral nerve block or abdominoplasty under general anesthesia. There were 96 respiratory depression
events; 86% of these events occurred at utility values of 0.2 or less (oliceridine 47 out of a total of 60 events, morphine 36/36).

Above the concentration of 35ng/ml, the two drugs behave
similarly, with utility values not significantly different between
opioids (fig. 2). Overall, these data indicate a superior utility
of oliceridine over morphine in terms of its safety profile and
consequently a clinical benefit of oliceridine over morphine
in the clinical concentration range.

Data from two clinical trials on the comparison of effi-
cacy of oliceridine and morphine in the treatment of post-
operative pain were used to determine whether respiratory
depression events would occur at predefined utility values.
In patients treated with oliceridine and morphine, there
were 60 and 36 respiratory events, respectively. Respiratory
depression events occurred at utility values of 0.2 or less in
86% of events (fig. 3). One may argue that the threshold for
analgesia of 50% (obtained from experimental pain) is too
low when considering postoperative pain related to tissue
injury. We additionally calculated utility values at a more
stringent value of 0.75, i.e., P(analgesia > 0.75), with respi-
ratory depression events occurring at utility values of 0.2
or less in 94% of cases. Choosing the exact threshold values
for (prediction of) respiratory depression events in clinical
practice is challenging and the choice of thresholds has not
been settled as of yet. Still, our current analysis does show
an adequate association between occurrence of a respira-
tory depression event and utility value. Consequently, we
argue that opioids with utility values greater than 0.2 over
a large clinical concentration range will have fewer respi-
ratory events than opioids with utility values of 0.2 or less.
In this respect, the experimental and clinical analyses show
that oliceridine has a superior utility than morphine at util-
ity values greater than 0.2. It may be argued that rather than
using the utility function to predict respiratory depression
events, P(respiratory depression) may be useful. However,
this specific probability does not consider the effect of
appropriate pain relief. P(respiratory depression) may be
used to predict respiratory depression events when not in
pain, for example in recreational opioid users.

Anesthesiology 2020; 133:559-68

This study has some methodologic issues that deserve
comment. (1) We constructed the utility functions from
a volunteer study and used experimental endpoints that
are considered precise and simultaneously are well-ac-
cepted surrogate measures of analgesia and respiratory
depression. Our approach allowed the comparison of two
opioids using standardized endpoints in a healthy popu-
lation without confounding factors that might influence
the study outcome, such as variations in pain perception,
underlying disease, comedication, age effects, or other
unknown factors. (2) We extrapolated the pharmacoki-
netic data from the volunteer study to construct the utility
functions in patients receiving plastic surgery. The phar-
macokinetic analysis of experimental study 1003 that we
performed resulted in similar parameter estimates compared
to an earlier analysis of grouped data from volunteers and
patients (including studies 1003 and 3001)." Additionally,
the patients from clinical trials 3001 and 3002 were rela-
tively healthy (American Society of Anesthesiologists class
I or II) and within the same age range and body weight
as the volunteers of the experimental study 1003. (3) Our
analgesia and respiratory depression thresholds are arbi-
trary. Possibly, more stringent thresholds, e.g., P(analgesia >
1.0) or P(respiratory depression > 0.75), better reflect the
effects of opioids in clinical practice. However, we chose
to use thresholds that were within the quantitative range of
pharmacodynamic observations in the experimental study
(fig. 1, B and C). Still, even at higher threshold values, the
superiority of oliceridine over morphine persisted (data not
shown), which suggests that the analysis is not overly sensi-
tive to the chosen thresholds. (4) The two clinical trials that
were used to validate our assumptions differed significantly
in anesthesia technique and amount of tissue damage and
consequently in nociception, with greater nociception in
postoperative patients after abdominoplasty surgery. This
was reflected by a better fit of utility values with respect
to respiratory depression events in the bunionectomy study
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than the abdominoplasty study (data not shown). We com-
bined both data sets as we reasoned that postoperative pain
relief should be similarly optimal, irrespective of tissue dam-
age and anesthesia technique. (5) Residual levels of anes-
thesia or use of comedication may have affected respiratory
depression events. We assume that these confounders did
not differ between treatment arms. Still, these confound-
ers as well as many other, often poorly understood, fac-
tors may have caused respiratory depression events to occur
at utility values above or below the predefined threshold
value of 0.2. (6) Our observation that respiratory depression
events occurred at utility values of 0.2 or less in 86% of
events is reassuring, but ideally, the utility function should
be constructed from analgesic drug concentration effect
data obtained in postsurgical patients. This is a challeng-
ing but necessary task, so that the concept of the utility
function acquires a definite place in clinical pharmacology.
Therefore, currently, the utility function is best considered
a novel pharmacologic paradigm that enables determina-
tion of simultaneous intended and adverse behaviors of
therapeutics (determined in experimental studies under
well-defined and standardized conditions), and allows the
comparison of utilities among such treatments in terms of
probability of benefit and harm. (7) The pharmacokinetic
and pharmacodynamic parameter estimates and associated
analyses were based on venous sampling and may not be
compared to studies that used arterial sampling. Finally, (8)
the subjects in the experimental study were all male. We
know that the opioid effect in men and women may differ,
which is true for both the respiratory and analgesic effects
of morphine.*' Future studies should include both sexes,
allowing comparison between men and women.

Despite these limitations, these clinical utilities are a use-
ful way to compare two drugs within a given class, and are
useful in showing clinical meaningful differences between
two medications. The utility functions demonstrate that
oliceridine better separates analgesia from respiratory
depression than morphine, within the clinically relevant
concentration range. Prediction of respiratory depression
events based on the utility function should currently be
considered exploratory, and further studies are needed to
confirm our approach and results.
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