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Tolerance to Opioid-Induced Respiratory 
Depression in Chronic High-Dose Opioid 
Users: A Model-Based Comparison With 
Opioid-Naïve Individuals
Marijke Hyke Algera1,†, Erik Olofsen1,†, Laurence Moss2, Robert L. Dobbins3, Marieke Niesters1,  
Monique van Velzen1 , Geert Jan Groeneveld1,2, Jules Heuberger2, Celine M. Laffont3,† and Albert Dahan1,*,†

Chronic opioid consumption is associated with addiction, physical dependence, and tolerance. Tolerance results in 
dose escalation to maintain the desired opioid effect. Intake of high-dose or potent opioids may cause  
life-threatening respiratory depression, an effect that may be reduced by tolerance. We performed a pharmacokinetic-
pharmacodynamic analysis of the respiratory effects of fentanyl in chronic opioid users and opioid-naïve subjects to 
quantify tolerance to respiratory depression. Fourteen opioid-naïve individuals and eight chronic opioid users received 
escalating doses of intravenous fentanyl (opioid-naïve subjects: 75–350 µg/70 kg; chronic users: 250–700 µg/70 kg). 
Isohypercapnic ventilation was measured and the fentanyl plasma concentration-ventilation data were analyzed using 
nonlinear mixed-effects modeling. Apneic events occurred in opioid-naïve subjects after a cumulative fentanyl dose 
(per 70 kg) of 225 (n = 3) and 475 µg (n = 6), and in 7 chronic opioid users after a cumulative dose of 600 (n = 2), 
1,100 (n = 2), and 1,800 µg (n = 3). The time course of fentanyl’s respiratory depressant effect was characterized 
using a biophase equilibration model in combination with an inhibitory maximum effect (Emax) model. Differences 
in tolerance between populations were successfully modeled. The effect-site concentration causing 50% ventilatory 
depression, was 0.42 ± 0.07 ng/mL in opioid-naïve subjects and 1.82 ± 0.39 ng/mL in chronic opioid users, 
indicative of a 4.3-fold sensitivity difference. Despite higher tolerance to fentanyl-induced respiratory depression, 
apnea still occurred in the opioid-tolerant population indicative of the potential danger of high-dose opioids in causing 
life-threatening respiratory depression in all individuals, opioid-naïve and opioid-tolerant.

Prolonged use of opioids, such as morphine, oxycodone, or 
fentanyl, is associated with addiction, physical dependence, 
and tolerance.1–3 Tolerance occurs due to adaptive changes at 

the neuronal level and results in the need for dose escalation 
to maintain the desired intensity of response.1,3–5 Importantly, 
the consumption of high-dose or potent opioids is potentially 
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Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE 
TOPIC?
 Consumption of high-dose or potent opioids may cause life-
threatening respiratory depression. Although opioid tolerance 
may reduce opioid respiratory effects, there are ample animal 
data that show lower and slower development of tolerance to 
opioid-induced respiratory depression.
WHAT QUESTION DID THIS STUDY ADDRESS?
 To address opioid respiratory depression tolerance in hu-
mans, the pharmacokinetics and respiratory behavior of esca-
lating intravenous fentanyl doses were tested in opioid-naïve 
individuals and chronic opioid users. Fentanyl respiratory de-
pression potency was estimated using a modeling approach.

WHAT DOES THIS STUDY ADD TO OUR KNOW- 
LEDGE?
 Fentanyl was 4.3-fold less potent in chronic opioid users 
compared with opioid-naïve individuals. Despite the evident 
tolerance to respiratory depression, apneic events did occur in 
opioid-tolerant individuals albeit at higher opioid doses than in 
opioid-naïve individuals.
HOW MIGHT THIS CHANGE CLINICAL PHARMA-
COLOGY OR TRANSLATIONAL SCIENCE?
 In the current opioid epidemic, many chronic opioid users 
die of a fatal opioid overdose. Our current data demonstrate 
that despite opioid tolerance, fatal apneas may occur, especially 
upon dose escalation.
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life-threatening, as it may cause opioid-induced respiratory de-
pression (OIRD) and ultimately death from silencing of neu-
rons in brainstem respiratory networks.6 When tolerance to 
analgesic and euphoric opioid effects coincides with tolerance 
to opioid respiratory effects, tolerance may reduce the respira-
tory effects of opioids. However, several animal studies indicate 
that tolerance to the analgesic and respiratory effects are disso-
ciated with lower and slower development of tolerance to OIRD 
than of other opioid effects.7–9

Although there is indirect proof for the development of toler-
ance to the respiratory effects of chronic opioid use in humans,10,11 
no studies systematically addressed chronic tolerance to respiratory 
opioid effects. To examine this issue, we conducted a secondary 
analysis of data from a clinical study on the ability of buprenor-
phine, a partial agonist at the mu-opioid receptor, to prevent fen-
tanyl-induced respiratory depression.12 The descriptive analysis of 
that study is reported elsewhere12,13; here, we report on a popu-
lation pharmacokinetic/pharmacodynamic (PK/PD) analysis of 
the control (placebo) arm of that study in which escalating doses 
of fentanyl were administered to opioid-naïve individuals and 
chronic opioid users while measuring isohypercapnic ventilation. 
The aim of the present analysis was to compare the respiratory de-
pression potency of fentanyl in a population that chronically uses 
high-dose opioids and an opioid-naïve population.

METHODS
This study was part of a larger project aimed at assessing the effect of bu-
prenorphine vs. placebo on fentanyl-induced respiratory depression and 
was performed from March 2018 through January 2019.12,13 We here 
report on the part in which participants received placebo and fentanyl 
(in the other part of the study, the same subjects received buprenorphine 
and fentanyl). The protocol was approved by the Medical Review and 
Ethics Committee of the BEBO Foundation (Assen, The Netherlands) 
and registered at European Union Drug Regulating Authorities Clinical 
Trials Database under identifier 2017-004858-42. Before enrollment, all 
participants gave written informed consent. Study procedures were con-
ducted according to good clinical practice guidelines and the Declaration 
of Helsinki.

Participants
Healthy volunteers of either sex, aged 18–45  years, body mass index 
18–30  kg/m2, without a history of any substance use disorder, were 
eligible to participate. Exclusion criteria included inability to give in-
formed consent; pregnancy/lactation; positive pregnancy test on the 
morning of the experiment; current substance use disorder accord-
ing to the criteria of the Diagnostic and Statistical Manual of Mental 
Disorders 5th edition; a history of any medical, psychiatric, or neu-
rologic condition; smoking (including e-cigarettes) or having smoked 
in the last 6  months; use of nicotine replacement products; alcohol 
consumption > 20 units/week (men) or > 13 units/week (women); use 
of any medication within 14  days or 5 half-lives before dosing; opi-
oid use (including opioid antagonists) within 30 days before dosing; 
use of medication that induces/inhibits relevant cytochrome P450 
(CYP450) enzymes; history of suicidal ideation or suicide attempt 
within 1 or 6 months prior to informed consent, respectively; abnor-
mal blood chemistry values; or any other condition that, in the opin-
ion of the investigators, could interfere with the ability to participate 
in the study.

Chronic opioid users of either sex, 18–55  years, body mass index 
18–32  kg/m2, using daily doses of opioids ≥  90  mg oral morphine 

equivalents, and in stable condition as defined by the investigator and 
based on their medical history, vital signs, electrocardiogram, and 
blood and urine analysis were eligible to participate. Exclusion criteria 
were inability to give informed consent; pregnancy/lactation; positive 
pregnancy test on the morning of the experiment; inability to abstain 
from smoking during experimental sessions; alcohol consumption 
> 27 units/week (men) or > 20 units/week (women); use of medication 
that induces/inhibits relevant CYP450 enzymes; history of suicidal 
ideation or suicide attempt within 1 or 6  months prior to informed 
consent, respectively; abnormal blood chemistry values; or any other 
condition that, in the opinion of the investigators, could interfere with 
the ability to participate in the study.

Study design
Opioid-naïve volunteers were admitted on the day before dosing with 
fentanyl; chronic opioid users were admitted 2–5 days before dosing, and 
those not taking oxycodone were transitioned to oral oxycodone at least 
2 days before dosing. This procedure ensured washout of the regularly 
used opioids and titration to an adequate individualized bridging sched-
ule. Only when stable dosing with oxycodone was reached and the subject 
was doing well (as judged by the investigators), the subject was admitted 
into the fentanyl dosing part of the study. The last dose of oxycodone 
was administered no less than 15 hours before the expected study drug 
administration.

After arrival in the laboratory at 8 am, all participants received an intra-
venous line for administration of study medication and an arterial line for 
blood sampling. The arterial line was placed in the radial artery opposite 
to the arm through which the study drug was infused. Isohypercapnic ven-
tilation was measured for ~ 6 hours. Isohypercapnia was such that minute 
ventilation before any drug administration was stable at 20  ±  2 L/min-
ute. To maintain isohypercapnia, we used the dynamic end-tidal forcing 
technique, which is described elsewhere.14,15 In brief, subjects breathed 
through a facemask, attached to a pneumotachograph/pressure transducer 
system (Hans Rudolph Inc.) and three mass flow controllers (Bronkhorst 
High-Tech, Ruurlo, The Netherlands) for the delivery of O2, CO2, and 
N2. The mass flow controllers were controlled by a computer running cus-
tom-made software RESREG/ACQ (Leiden University Medical Center, 
Leiden, The Netherlands) that controlled end-tidal gas concentrations by 
varying inspired concentrations and captured ventilation data. The gas 
concentrations were measured at the mouth (Datex Capnomac, Helsinki, 
Finland), and arterial oxygen saturation was measured by pulse oximetry 
(Masimo, Irvine, CA). One-minute breath-to-breath ventilation averages 
were used in the analyses.

The study was performed at isohypercapnia with constant target 
end-tidal oxygen concentrations of 13.5 volume%.14,15 After hypercap-
nic ventilation had stabalized, a continuous intravenous infusion with 
normal saline was started (i.e., placebo treatment, part of the larger trial 
of buprenorphine vs. placebo) and continued until the end of the ex-
periment. The start of the saline infusion was t = 0 minute. At t = 120, 
180, 240, and 300 minutes, escalating intravenous fentanyl doses were 
administered over 90 seconds. In opioid-naïve subjects, the intravenous 
fentanyl (Hameln Pharmaceuticals , Gloucester, UK) doses (per 70 kg) 
were 75 µg at 120 minutes, 150 µg at 180 minutes, 250 µg at 240 min-
utes, and 350 µg at 300 minutes. In chronic opioid users, the intrave-
nous fentanyl doses (per 70 kg) were 250 µg at 120 minutes, 350 µg at 
180 minutes, 500 µg at 240 minutes, and 700 µg at 300 minutes. In case 
of an apneic episode (defined as a 20-second pause in respiration) or 
drop in SpO2, the participants were stimulated to breathe. In all cases, 
this was sufficient to restore ventilation and return oxygen saturation 
above 94%. Subsequent fentanyl dosing was not performed if the partic-
ipant experienced prolonged apnea or required stimulation for breath-
ing following a previous dose or for any other reason as determined by 
the investigators (e.g., overt sedation, nausea, restlessness, and subject 
discomfort). Stimulated, nonspontaneous breathing data were set at 
zero (apnea) for data analyses.
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Blood sampling and fentanyl assay. Blood samples were drawn from 
the arterial line for measurement of fentanyl plasma concentrations. 
Sampling times for determination of fentanyl plasma concentrations 
were t = 120, 122, 125, 130, 135, 140, 150, 180, 182, 185, 190, 195, 
200, 210, 240, 242, 245, 250, 255, 260, 270, 300, 302, 305, 310, 315, 
320, 330, 360, 375, 420, 480, and 540  minutes. In case a fentanyl 
bolus was not administered, sampling continued at hourly intervals 
and again according to schedule from 360  minutes on. Plasma was 
separated within 30 minutes of blood collection and stored at −20°C 
until analysis.

Fentanyl plasma concentrations were determined using a liquid 
chromatography with tandem mass spectrometry assay. Human 
K2EDTA plasma containing fentanyl and the internal standard, fen-
tanyl-d5, were extracted with methyl tert-butyl ether after the addi-
tion of sodium carbonate (liquid-liquid extraction). After extraction, 
a small portion of the organic phase was transferred to an autosam-
pler vial that contained formic acid in water. An aliquot was injected 
on a Sciex API 5500 liquid chromatography with tandem mass spec-
trometry equipped with a high-performance liquid chromatography 
column. The peak area of the m/z 337 → 188 fentanyl product ion was 
measured against the peak area of the m/z 342 → 188 fentanyl-d5 inter-
nal standard product ion. Quantitation was performed using weighted 
(1/x2) linear least squares regression analyses generated from calibra-
tion standards prepared immediately prior to each run. The assay was 
fully validated for linearity, selectivity, recovery, matrix effect, accu-
racy, precision, and stability before application to the sample analysis. 
The calibration range was 0.100–50.0  ng/mL. The overall accuracy 
and precision for quality control samples during the sample analyses 
were all within 5.3%. All the plasma samples were analyzed within the 
established stability window.

Population pharmacokinetic/pharmacodynamic analyses
As previously mentioned, the study was part of a larger project com-
paring the effect of buprenorphine vs. placebo on fentanyl-induced 
respiratory depression. The effect of buprenorphine vs. placebo were 
evaluated at 2 occasions separated by 10–17  days in opioid-naïve 
volunteers and a minimum of 40  hours in chronic opioid users. A 
two-sequence, single-blind crossover design was used for opioid-naïve 
volunteers, whereas in chronic opioid users, an open-label design was 
used with the placebo session preceding the buprenorphine session. 
The present PD analysis focuses on the placebo arm only; the PK 
analysis includes data from both placebo and buprenorphine arms, 
allowing interoccasion variability to be assessed. PK and PD data 
were analyzed with nonlinear mixed-effects modeling software ver-
sion VII (NONMEM; ICON Development Solutions, San Antonio, 
TX). Empirical Bayesian estimates obtained from the population PK 
analysis was used in the population PK/PD analysis (sequential PK/
PD approach). For the population PK analysis, the first-order condi-
tional estimation method was used; concentration data were log-trans-
formed for analysis. For the population PK/PD analysis, the stochastic 
approximation expectation maximization with interaction algorithm 
was used, followed by importance sampling for objective function 
evaluation. The number of stochastic approximation expectation 
maximization iterations was determined automatically by NONMEM 
and convergence was confirmed by visual inspection. For both PD and 
log-transformed PK data, residual variability was assumed to be addi-
tive and normally distributed. Between-subject variability and when 
applicable, interoccasion variability, were estimated assuming log-nor-
mal distributions. Differences between opioid-naïve participants and 
chronic opioid users were evaluated. The covariate analysis was per-
formed using forward selection and backward elimination, with nom-
inal alpha levels of 0.05 (difference in minimum objective function 
value (ΔMOFV): 3.84) and 0.001 (ΔMOFV: 10.83), respectively.

Two-compartment and three-compartment models were tested for 
the population PK analysis. Based on prior knowledge and mechanistic 

reasons,16 clearances (CLs) were allometrically scaled to liters per hour at 
70 kg body weight by CL = CLTV(weight/70)0.75 and compartment vol-
umes were scaled to 70 kg body weight by V = VTV(weight/70) (typical 
value (TV)). For the population PK/PD analysis, an effect compartment 
was postulated to account for the hysteresis between the fentanyl plasma 
concentrations and effect on ventilation.17 This effect compartment equil-
ibrates with the plasma compartment with plasma-effect-site equilibration 
half-life (t½ke0).

The 1-minute ventilation averages were then modeled using an inhibi-
tory sigmoid maximum effect (Emax) model17,18

and

where RF is the fraction of the opioid receptors bound by fentanyl, CE 
the fentanyl concentration at the postulated effect-site, C50 the fentanyl 
concentration at the postulated effect-site causing 50% depression of ven-
tilation, V(t) minute ventilation, VB baseline ventilation, and α a param-
eter that combines receptor reserve and intrinsic ligand activity. Apnea 
data were censored at zero using M3 methodology in NONMEM. The 
α > 1 allowed for the possibility that apnea occurred at finite fentanyl 
concentrations.

Model selection was based on MOFV (applying the likelihood ratio 
test for nested models), goodness-of-fit plots (observed vs. predicted data, 
and weighted residuals vs. time), prediction-corrected and variability-cor-
rected visual predictive checks,19 and normalized prediction discrepan-
cies.20 It was visually checked that the normalized prediction discrepancies 
vs. time showed no trends, heteroscedasticity, or both. Data are reported as 
mean ± SD or estimate ± standard error of the estimate, unless otherwise 
stated.

RESULTS
Twenty-two persons were included in the study, 14 opi-
oid-naïve subjects (7 men/7 women, mean age: 24 years (range 
20–35 years), weight: 72 ± 4 kg, body mass index: 23.0 ± 4.0 kg/
m2) and 8 chronic opioid users (3 men/5 women, mean age: 
42 (range 31–53  years), weight: 77  ±  11  kg, body mass index: 
26 ± 4 kg/m2) that used high-dose opioids for at least 3 months 
(range 0.25–29  years; Table 1). Two opioid-naïve individuals 
withdrew consent after their first fentanyl dosing session but 
their data were included in the analysis (PK/PD data for one 
subject and only PK data for the other). Two chronic opioid 
users were in a medically supervised substitution setting. One 
used intranasal heroin obtained from the harm reduction clinic, 
and the other was on stable substitution treatment with bu-
prenorphine. Both had concurrent use of other drugs of abuse, 
including cocaine and cannabis. Other chronic opioid users 
were taking prescription opioid medications (predominantly 
oral oxycodone or fentanyl transdermal patch) for a variety of 
chronic pain conditions. The mean morphine-equivalent dose 
was 220 ± 134 mg per day. All chronic opioid users were suc-
cessfully transitioned to oxycodone and, on average, 114  mg 
oxycodone (range 50–315 mg) was consumed daily on bridging 
days. On the study day, no oxycodone or any opioid other than 
fentanyl was consumed.

All participants completed the session without unexpected 
side effects. The median number of fentanyl doses was two (range 
2–3) in opioid-naïve individuals and four (range 2–4) in chronic 

(1)RF(t)= (CE(t)∕C50)∕(1+CE(t)∕C50)

(2)V(t)=VB×[1−α×RF(t)]
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opioid users. The reason for dose restrictions was unstable breath-
ing with episodes of apnea or drops in SpO2  <  85% after the 
previous dose, or persistent nausea. Apneic events occurred in 9 
opioid-naïve subjects after a cumulative fentanyl dose (per 70 kg) 
of 225  µg (n  =  3) and 475  µg (n  =  6), and in 7 chronic opioid 
users after a cumulative dose of 600 µg (n = 2), 1,100 µg (n = 2), 
and 1,800 µg (n = 3). The cumulative intravenous fentanyl dose 
administered was four-times higher in chronic opioid users 
(1,455 ± 595 µg) than opioid-naïve subjects (349 ± 124 µg).

An example of an experiment in an opioid-naïve individual is 
given in Figure 1. The first two intravenous fentanyl doses (70 and 
140 µg at t = 120 and 180 minutes) caused a rapid decline in ven-
tilation and small drops in SpO2; the subsequent dose of 240 µg at 
240 minutes caused the rapid onset of apnea and was accompanied 
by a short drop in SpO2 to 86%. The subject was verbally stimu-
lated to breathe to increase SpO2 to values > 94%. Thereafter, the 
subject resumed spontaneous breathing, no further stimulation 
was needed, and no subsequent fentanyl injections were given.

Population pharmacokinetic-pharmacodynamic data analyses

Pharmacokinetics. The final population PK model was a three-
compartment model that was superior to a two-compartment 
model based on the likelihood ratio test (ΔMOFV  >  500, 
P < 0.001). Best, median, and worst fits are given in Figure S1, 
with corresponding goodness-of-fit plots, including normalized 
predicted discrepancies, in Figure S2. Inspection of the data 
fits and the diagnostic plots indicate that the model adequately 
described the data. The PK parameter estimates are given in Table 
2. The opioid state of the participants was initially identified as a 

significant covariate with respect to peripheral compartment V2 
and intercompartmental clearance Q2, but was not retained in the 
final model following backward elimination.

Pharmacodynamics. The 1-minute ventilation averages were 
well-described by the inhibitory Emax model as observed by the 
best, median, and worst data fits (Figure 2), and diagnostic plots 
(Figure 3 and Figure S2). As observed in Figure 2b, apneic 
episodes were adequately described by the model. The PK/PD 
parameter estimates are given in Table 2. Initially, the variance-
covariance matrix for individual random effects (Ω) allowed for 
the estimation of covariances between all individual PK/PD 
parameters, except between VB and σ (additive error term with 
associated interindividual variability). This model had a MOFV 
of 20,974.15. Including a separate value for the potency parameter 
C50 between the populations reduced the MOFV by 17.25 points 
(P < 0.001). Setting covariances to zero, except for the covariance 
between C50 and α, had no significant effect on the MOFV 
(ΔMOFV  =  0.38). Finally, fixing the population mean of α to 
1 (interindividual variability still estimated) had no significant 
impact on the MOFV (ΔMOFV = 3.56 < 3.84).

C50 estimates were 0.42 ± 0.07 ng/mL and 1.82 ± 0.39 ng/mL 
in opioid-naïve subjects and chronic opioid users, respectively, in-
dicating a 4.3-fold lower sensitivity to fentanyl in chronic opioid 
users. The delay between fentanyl plasma concentration and effect 
(t½ke0) was similar between populations: 17.2 ± 3.0 minutes. As 
stated above, the covariance between C50 and α was 0.17 ± 0.06 
(ρ = 0.74, ΔMOFV = 12.51). The population mean of α was fixed 
to 1, and although this would suggest that apnea occurs at high 
(infinite) fentanyl concentrations, the fact that interindividual 

Table 1 Description of the individual participants with chronic opioid use

Age, 
years Sex

Weight, 
kg

BMI, 
kg/m2 Underlying condition Substance use (since)a Bridging

44 F 68 24 Anal fissures Oxycodone 60 mg/day (2017) 60 mg oxycodone/day

52 M 79 25 Substance abuse Cannabis (1986), heroin 250 mg/day 
(1989), cocaine (1989)

60 mg oxycodone/day

53 F 89 32 Polyneuropathy of the lower 
left extremity

Fentanyl transdermal patch 50 mg/
hour (2012)

50 mg oxycodone/day

34 F 64 30 Ehlers-Danlos syndrome Oxycodone 60 mg/day (2007), 
fentanyl transdermal patch 75 mg/

hour (2014)

100 mg oxycodone/day

46 M 93 31 Lower back pain due to 
disc herniation

Cannabis (2005), oxycodone 60 mg/
day (2012), fentanyl transdermal 

patch 25 mg/hour (2017)

50 mg oxycodone two 
times/day

33 F 86 23 Pelvic and back pain Oxycodone 90 mg/day (2015), 
fentanyl transdermal patch 75 mg/
hour (2017), tapentadol 50 mg/day 

(2018)

80 mg oxycodone three 
times/day

31 F 70 23 Persistent pain following 
humerus fracture

Cannabis (2009), oxycodone 60 mg/
day (2018)

60 mg oxycodone/day

48 M 71 22 Substance abuse Cocaine (1990), heroin (1995–2013), 
cannabis (2000), buprenorphine 

16 mg/day (2013)

Oxycodone 40 mg six 
times/day

42 ± 9 77 ± 11 26 ± 4

BMI, body mass index.
aSubstance use at screening.
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variability parameter was estimated indicates that α was greater 
than 1 in some subjects, and consequently that apnea had a cer-
tain probability to occur at each of the fentanyl doses administered 
(Figures 3–5). The probability of apnea was predicted for nine 
intravenous fentanyl doses (75–2,000 µg, all per 70 kg; Figure 4). 
Because we analyzed 1-minute ventilation averages per definition, 
apnea is now defined as a pause in spontaneous respiration of at 
least 60  seconds. Probabilities of apnea in chronic opioid users 
were many-fold lower than in the opioid-naïve population for a 
similar fentanyl dose. For example, after an intravenous administra-
tion of 500 µg fentanyl, the maximum probabilities of apnea were 
2.6% and 23% in chronic opioid users and opioid-naïve individu-
als, respectively. In chronic opioid users, the probability of apnea at 
fentanyl doses < 500 µg was < 1% and 0% at a dose of 75 µg.

The steady-state relationships between fentanyl plasma concen-
tration and isohypercapnic ventilation are shown in Figure 5a,b, 
covering the 0–3  ng/mL range, which corresponds to the lower 
dose tested in opioid-naïve individuals (75 µg). Figure 5c,d depicts 
the simulated effect of an intravenous fentanyl administration of 
250 µg in opioid-naïve individuals and 1,000 µg in chronic opioid 

users on isohypercapnic ventilation. Opioid-naïve individuals had 
a higher probability of apnea that lasted longer after 250 µg fen-
tanyl (probability = 11%; Figure 5) than chronic opioid users after 
1,000 µg fentanyl (probability = 9.7%).

DISCUSSION
We studied the PKs and respiratory effects of fentanyl in 
chronic opioid tolerance. The data came from a clinical study 
where escalating intravenous fentanyl doses were administered 
to opioid-naïve volunteers and chronic opioid users while 
measuring isohypercapnic ventilation. The fourfold higher 
fentanyl doses administered in chronic opioid users indicate 
that these individuals are best described as opioid-tolerant. 
Still, data from studies in animal and humans indicate that 
tolerance to the antinociceptive, analgesic, and hedonistic ef-
fects of chronic opioid consumption is not directly translated 
into tolerance to respiratory depression.5,7–10 Tolerance to 
opioid analgesia and euphoria develops faster and more exten-
sively than tolerance to respiratory depression. Here, we show 
that the fentanyl effect-site concentration to decrease isohy-
percapnic ventilation by 50% in a small population of chronic 
opioid users (average timespan of opioid use: 10  years, aver-
age daily dose of oral morphine equivalents: 220 mg) is 4.3-
fold higher than in a population of opioid-naïve individuals 
(Table 2). However, despite the evident tolerance to fentan-
yl-induced respiratory depression, apneic episodes did occur 
in seven opioid-tolerant individuals. These data indicate that 
these individuals remain in danger of life-threatening respi-
ratory depression upon dose escalation or upon use of opioids 
of increasing potency. This is further corroborated in simu-
lations (Figures 4 and 5): the probability of apnea increased 
from 10% after 1,000 µg to 21% after 2,000 µg fentanyl (doses 
per 70 kg) in chronic opioid users.

Opioid tolerance has PK and/or PD components.5 PK com-
ponents include metabolic enzyme induction (which causes en-
hanced opioid clearance) or upregulation of drug transporters in 
brain endothelial cells, such as P-glycoprotein, that enhance opi-
oid efflux from the brain compartment.5,21–24 Fentanyl is metab-
olized in the liver by CYP3A4 enzyme and is a P-glycoprotein 
substrate.21,22,24 No significant differences in fentanyl PK 
parameters, including clearance, were observed between opi-
oid-naïve individuals and chronic opioid users. Although greater 
estimates for V2 and Q2 were obtained in chronic opioid users 
during model development, those were not sufficiently signif-
icant to be retained in the final model. In addition, based on 
simulations, they would not have contributed to PD differences 
between the two populations. Although we cannot exclude a po-
tential P-glycoprotein upregulation, the similar t½ke0 values in 
the two populations suggest that this phenomenon would be of 
minor clinical relevance.

In our model, the larger fentanyl C50 value in chronic opioid 
users relative to opioid-naïve individuals reflects the PD compo-
nent of opioid tolerance. Various cellular and molecular adapta-
tions during chronic opioid exposure are associated with tolerance 
development.1,4,5 One such adaptation that is particularly of 
importance to our results is receptor desensitization (related to 

Figure 1 Example of effect of three fentanyl administrations 
(75 µg/70 kg, 150 µg/70 kg, and 250 µg/70 kg) on isohypercapnic 
ventilation in an opioid-naïve individual (subject #110). Top panel: 
The measured fentanyl plasma concentrations (Conc.). Middle 
panel: 1-minute ventilation averages (blue symbols = spontaneous 
breathing, red symbols = stimulated breathing during a 12-minute 
apneic period following the third fentanyl administration) and end-
tidal CO2 concentration (green line); bottom panel: oxygen saturation 
(SpO2).
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receptor endocytosis, degradation, and downregulation) mediated 
by neuronal upregulation of protein kinase C.1,24 It has been spec-
ulated that the observation of lower and slower development of 
tolerance to OIRD relative to analgesia is related to lower levels of 
protein kinase C in brainstem respiratory neurons.25 Interestingly, 

the observation that ethanol reverses tolerance to morphine-in-
duced respiratory depression in mice may possibly be related to 
the inhibition of protein kinase C activity by ethanol.25 Other 
mechanisms of opioid tolerance development include β-arrestin-2 
recruitment, increased adenylate cyclase activity, activation of 

Table 2 Parameter estimates for fentanyl population pharmacokinetic and PK/PD models

Estimate ± SEE (%RSE) ω2 ± SEE (%CV) ν2 ± SEE (%CV)

Pharmacokinetics

V1, L at 70 kg 10.5 ± 1.47 (14) 0.430 ± 0.113 (73) 0.047 ± 0.020 (22)

V2, L at 70 kg 14.4 ± 2.65 (18) 0.518 ± 0.115 (82) —

V3, L at 70 kg 166 ± 9.63 (5.8) 0.060 ± 0.018 (25) —

CL, L/minute at 70 kg 1.26 ± 0.08 (6.3) 0.087 ± 0.019 (30) 0.009 ± 0.003 (9.4)

Q2, L/minute at 70 kg 2.03 ± 0.29 (14) 0.388 ± 0.088 (69) 0.022 ± 0.018 (15)

Q3, L/minute at 70 kg 2.29 ± 0.17 (7.6) 0.098 ± 0.038 (32) 0.018 ± 0.007 (14)

σ 0.15 ± 0.009 (6.0)

Pharmacodynamics

VB, L/minute 22.9 ± 0.60 (2.6) 0.014 ± 0.006 (12) —

C50, ng/mL

Opioid-naïve individuals 0.42 ± 0.07 (16) 0.620 ± 0.174 (93) —

Chronic opioid users 1.82 ± 0.39 (21) —

α 1 (FIX) 0.080 ± 0.029 (29) —

t½ke0, minute 17.2 ± 3.03 (18) 0.636 ± 0.199 (94) —

σ 2.54 ± 0.14 (5.7) 0.066 ± 0.065 (26) —

Covariance between C50 and α was 0.17 ± 0.06.
σ, residual error component; C50, the fentanyl effect-site concentration causing a 50% decrease in ventilation; α, parameter that combines receptor reserve and 
intrinsic ligand activity; CL, clearance; CV, coefficient of variation for interindividual or interoccasion variability (calculated as 

√

exp(ω2)−1 multiplied by 100); 
PD, pharmacodynamic; PK, pharmacokinetic; Q2–3, intercompartmental clearances; RSE, relative standard error; SEE, standard error of estimate; t½ke0, effect-
site equilibration half-life (delay between plasma concentration and effect); ν2, interoccasion variability; VB, isohypercapnic baseline ventilation; V1–3, volumes of 
pharmacokinetic compartments 1–3; ω2, interindividual variability.

Figure 2 Best, median, and worst pharmacodynamic data fits (based on the coefficient of determination, R2) in opioid-naïve subjects (a–c) 
and chronic opioid users (d–f). Blues dots are the 1-minute averages of the measured breath-to-breath ventilation data; the red line is the data 
fit. The black triangles indicate the time of the intravenous fentanyl administrations.
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N-methyl-d-aspartate receptors, and glia cell activation.1,4,5 Their 
role in chronic tolerance to OIRD is unknown.

In our population of chronic opioid users, the majority of 
participants were polydrug users (Table 1). The effect of poly-
drug use on the development of tolerance to OIRD is unknown. 
Many opioid overdose victims have multiple substances in their 
system,26,27 and additional substance use possibly reduces tol-
erance to chronic opioids. As stated above, ethanol reduces 
tolerance to morphine in mice.25 Further studies in larger pop-
ulations are required to improve our understanding of the inter-
active effect of centrally acting legal substances (ethanol), as well 
as illicit and prescription drugs on the development of tolerance 
to OIRD. Additionally, it is important to realize that tolerance 
is a dynamic phenomenon and tolerance to OIRD may decline 
after a period of abstinence, contributing to an increased risk of 
fatalities related to opioid overdose following detoxification or 
incarceration.25,28,29

Ventilation was described by an inhibitory Emax model whereby 
ventilation is a function of α × RF (Eq. 2), where RF is the fraction 
of opioid receptors activated by fentanyl and α, a parameter that 
incorporates receptor reserve and intrinsic ligand activity. In cases 
where α < 1, ventilation displays an apparent maximum in venti-
latory depression. In such cases, apnea is not reached, even at very 
high concentrations with full receptor occupancy; α  <  1 occurs 
with mu-opioid receptor partial agonists, such as buprenorphine.17 
In our analysis, the population mean for α was not different from 
1, but the estimated interindividual variability in α indicated that 
apnea could occur with α > 1 at the individual level (Table 2). We 
earlier modeled ventilation using a different (power) function that 
predicts that apnea occurs at a finite opioid plasma concentration 
in all subjects.30,31 We preferred the current approach, as the Emax 
model is more versatile and apnea did not occur in every subject. 
Our modeling results in opioid-naïve subjects are in agreement 
with earlier findings, with, for example, similar values for α (0.91) 

Figure 3 Prediction-corrected and variability-corrected visual predictive checks of the pharmacodynamic model in opioid-naïve subjects (a) and 
chronic opioid users (b). The dots are the 1-minute ventilation averages. The continuous blue line is the simulated median, the thick broken 
blue line is the 95% confidence interval of the simulated median, and the thin dotted blue line is the simulated 2.5th and 97.5th percentiles. 
The continuous orange line is the measured median ventilation and the thin broken orange line is the measured 2.5th and 97.5th percentiles. 
Probability of apnea in opioid-naïve subjects (c) and chronic opioid users (d). The red symbols are the probabilities of the observed apneic 
episodes; the yellow areas are the simulated 95% confidence intervals of the probability of apnea.

Figure 4 The probability of apnea in opioid-naïve subjects (a) and chronic opioid users (b) for nine intravenous fentanyl doses: 
1 = 75 µg/70 kg, 2 = 150 µg/70 kg, 3 = 250 µg/70 kg, 4 = 350 µg/70 kg, 5 = 500 µg/70 kg, 6 = 700 µg/70 kg, 7 = 1,000 µg/70 kg, 
8 = 1,500 µg/70 kg, and 9 = 2,000 µg/70 kg. In chronic opioid users, the probability of apnea at doses < 500 µg/70 kg is < 1%.
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and t½ke0 (16 minutes).17,32 PK modeling results are also consistent 
with previous analyses, with similar clearance estimate (0.98 L/min-
ute) and volumes of distribution of the same order of magnitude.17

Finally, the two study populations were not age-matched. 
Hence, it may be reasoned that some of the observed differences 
were related to age (opioid-naïve subjects: 20–35  years, vs. opi-
oid-tolerant subjects: 31–52  years). We are unaware of major 
differences in opioid PKs and (respiratory) PDs between these 
relatively close age ranges. In fact, we earlier observed that elderly 
opioid-naïve subjects (range 66–77  years) display an enhanced 
sensitivity to the respiratory effects of oxycodone compared with 
younger opioid-naïve subjects (range 21–28 years).33 This suggests 
that any impact of using age-matched controls would be to favor a 
greater C50 ratio.

In conclusion, we compared the respiratory effects of fentanyl 
in chronic opioid users and opioid-naïve individuals. Differences 
in tolerance between populations were successfully characterized 
by PK/PD modeling. Although we observed that the fentanyl 
effect-site concentration required to decrease isohypercapnic 
ventilation by 50% in chronic opioid users was 4.3-fold higher 
than that in opioid-naïve individuals, apneic events still occurred, 
albeit at higher fentanyl doses than in opioid-naïve individuals. 
These data, supported by model simulations, exemplify the po-
tential danger of fentanyl in causing life-threatening respiratory 
depression in both opioid-naïve and opioid-tolerant individuals.

SUPPORTING INFORMATION
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