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Abstract
Background—Prescribed sublingual (SL) buprenorphine is sometimes diverted for intravenous
(IV) abuse, but no human pharmacokinetic data are available following high-dose IV
buprenorphine.

Methods—Plasma was collected for 72 h after administration of placebo or 2, 4, 8, 12, or 16 mg
IV buprenorphine in escalating order (single-blind, double-dummy) in 5 healthy male non-
dependent opioid users. Buprenorphine and its primary active metabolite, norbuprenorphine, were
quantified by liquid chromatography tandem mass spectrometry with limits of quantitation of 0.1
μg/L.

Results—Maximum buprenorphine concentrations (mean ± SE) were detected 10 min after 2, 4,
8, 12, 16 mg IV: 19.3±1.0, 44.5±4.8, 85.2±7.7, 124.6±16.6, and 137.7±18.8 μg/L, respectively.
Maximum norbuprenorphine concentrations occurred 10–15 min (3.7±0.7 μg/L) after 16 mg IV
administration.

Conclusions—Buprenorphine concentrations increased in a significantly linear dose-dependent
manner up to 12 mg IV buprenorphine. Thus, previously demonstrated pharmacodynamic ceiling
effects (over 2–16 mg) are not due to pharmacokinetic adaptations within this range, although they
may play a role at doses higher than 12 mg.
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1. INTRODUCTION
High-dose SL buprenorphine, a partial mu-opioid receptor agonist, has been employed as
substitution therapy for opioid addiction in France since 1996 (Gueye et al., 2002; Thirion et
al., 2002) and in the US since 2002 (Sporer, 2004). Many early clinical studies utilized an
ethanolic buprenorphine solution, while current formulations for buprenorphine opioid
agonist maintenance are two types of SL tablets, one containing buprenorphine alone and a
second combining buprenorphine with naloxone at a fixed dose ratio of 4:1 (2 mg
buprenorphine:0.5 mg naloxone or 8 mg buprenorphine:2 mg naloxone). Oral administration
is not employed clinically because of substantial hepatic first pass metabolism (Cone et al.,
1984).

Prescribed SL buprenorphine is sometimes diverted for IV misuse, a world-wide problem
(Alho et al., 2007; Bazazi et al., 2011; Comer et al., 2010; Moratti et al., 2010; Nordmann et
al., 2012;Otiashvili et al., 2010;Vicknasingam et al., 2010). Human laboratory studies
suggest that both SL and IV buprenorphine have a high safety margin for respiratory
depression and cardiovascular effects because of a ceiling at higher doses (Umbricht et al.,
2004; Walsh et al., 1994). One study of ascending SL buprenorphine doses (4–32 mg 30%
ethanolic solution or 4–16 mg tablet) found a less than proportional relationship between
increasing dose and plasma buprenorphine or norbuprenorphine (its major active metabolite)
concentrations, suggesting that the observed plateau for such pharmacodynamic effects
might be due to pharmacokinetic factors (Harris et al., 2004). We are unaware of any
comparable study with IV buprenorphine.

We evaluated high-dose buprenorphine pharmacokinetics after IV administration to
determine if the ceiling phenomenon for cardiorespiratory effects was due to changes in
pharmacokinetic parameters rather than to pharmacodynamic adaptations (such as changes
in receptor function).

2. METHODS
2.1. Participants

Participants provided written informed consent for this study approved by the National
Institute on Drug Abuse Institutional Review Board and were compensated for their time
and inconvenience. Prior to admission, participants underwent comprehensive medical and
psychological evaluations, and provided a history of self-reported drug use. Volunteers with
a history of IV opioid use must have abused opioids for more than two years, having used at
least once weekly for a minimum of 12 weeks. History of opiate exposure was verified by a
positive urine test. Participants resided on a secure clinical research unit for up to 6 weeks
under 24 h medical surveillance to ensure safety and prevent additional drug use.

2.2. Study design
In this dose-ranging study, buprenorphine pharmacokinetics was tested in a double blind,
double-dummy design. Participants and nursing staff were unaware of the dosing schedule;
the physician monitoring the study was blinded to dose order in the first two sessions, but
was aware of dose escalation in other sessions. SL (1mL) 12 mg/mL or placebo
buprenorphine was placed under the tongue at the beginning of the session and held for five
min, followed immediately by a 4 mL IV injection, administered over 1 min. There were
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seven experimental sessions separated from one another by at least three days. In the first
two sessions, 12 mg SL buprenorphine or placebo were given in random order, followed by
IV placebo injections. In sessions 3 through 7, SL placebo solution was given, and due to
safety concerns, was followed by increasing IV buprenorphine doses (2, 4, 8, 12, and 16
mg).

2.3. Buprenorphine
Buprenorphine hydrochloride was obtained from Reckitt and Colman Products, Ltd., Hull,
UK, (now Reckitt Benckiser Pharmaceuticals, Inc.).. Participants received IV buprenorphine
in 4 mL over one minute during each session. The IV solution (buprenorphine
hydrochloride, 4 mg/mL) was prepared in sterile water for injection, and diluted to 4 mL for
the 2, 4, 8 and 12 mg doses. Sterile water was the placebo IV injection solution. All doses
are expressed as buprenorphine hydrochloride.

2.4. Chemicals and reagents
Buprenorphine (for analysis), buprenorphine-d4, and norbuprenorphine were obtained from
Cerilliant (Round Rock, TX). Norbuprenorphine-d9 was obtained from Isotec, Inc
(Miamisburg, OH). High purity grade n-butyl chloride and acetonitrile were purchased from
Baxter Diagnostics, Inc. (Deerfield, IL), and formic acid (88%) from J.T. Baker
(Phillipsburg, NJ).

2.5. Specimen collection
In each session, whole blood was collected prior to and up to 72 h after buprenorphine
administration, at the following time points; −0.5, 0.17, 0.25, 0.5, 0.75, 1, 2, 3, 5, 7, 12, 24,
48, and 72 h. Whole blood specimens were collected with EDTA, stored on ice and
centrifuged within 2 h. Plasma specimens were stored frozen at −20°C until analysis.

2.6. Extraction/quantitative analysis
Plasma buprenorphine and norbuprenorphine specimens were submitted to the Center for
Human Toxicology, University of Utah, Salt Lake City, Utah for quantitation employing a
previously published method (Moody et al., 2002). Deuterated internal standards (5 ng
buprenorphine-d4 and norbuprenorphine-d9) were added to 1 mL calibrators, controls and
specimens. Buprenorphine, buprenorphine-d4, norbuprenorphine and norbuprenorphine-d9
were monitored with transitions of m/z 468 to 396, 472 to 400, 414 to 101 and 423 to 110,
respectively. Calibration curves (0.1 – 10 μg/L) were established by quadratic equation with
a 1/y2 weighting for buprenorphine and a linear curve with 1/y weighting for
norbuprenorphine. Limits of quantitation for buprenorphine and norbuprenorphine were 0.1
μg/L. Within and between-run imprecision were calculated at three concentrations across
the linear range with coefficients of variation of <12.7%. Bias at the same concentrations
(0.25, 1.0, and 5.0 μg/L) was less than ±15.2%.

2.7. Pharmacokinetic and statistical analysis
Buprenorphine and norbuprenorphine plasma data were analyzed with non-linear regression
analysis with standard non-compartmental analysis. Calculations were performed with
WinNonlin Professional Version 4.0.1. Area under the plasma concentration-time curve
(AUC) was calculated by employing the linear trapezoidal rule. Extrapolation of AUC to
infinity (∞) was determined by dividing the last observed plasma concentration by the
terminal elimination rate constant (ke). The ke was estimated via linear regression of the
time versus log concentration curve. The elimination half-life was derived from t1/2 =
0.693/ke. Plasma clearance (CL) after IV administration was calculated with the equation
CL = Dose/AUC (0 → ∞).
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Results are presented as mean ± standard error (SE) of the mean. Values were compared
using one-way analysis of variance, followed by multiple comparison tests using the
Bonferroni correction. Comparisons were considered significant if p<0.05. All tests were
performed using Prism 3.02 (Graphpad, Inc., La Jolla, CA, USA).

3. RESULTS
3.1. Participants

Data were collected as part of a previously published study documenting buprenorphine
pharmacodynamic effects in 6 participants (Umbricht et al., 2004). Five of six participants
completed all 7 sessions. One participant experienced severe nausea following the 12 mg IV
dose and was unable to complete the study. Therefore, data are only presented for 5 subjects
who received all drug administrations. Participants ranged in age from 32 to 39 years (mean
34.6 ± 1.1 years) and weighed between 62.1 and 82.6 kg (mean 74.7 ± 3.2 kg). Although not
physically dependent, all were regular users of IV heroin at the time of study entry. Mean (±
SE) duration of heroin use was 9.5 ± 2.2 years, with a mean daily amount spent on heroin of
$174 ± 46.1 over 11.2 ± 0.9 days in the prior month. No participant showed evidence of
opioid or alcohol withdrawal while on the research unit and all were in good health and
without psychiatric disturbance other than substance abuse.

3.2. Pharmacokinetic results
The time course of mean ± SE buprenorphine and norbuprenorphine plasma concentrations
after IV administration of 2, 4, 8, 12, and 16 mg buprenorphine is presented in Figure 1A.
Maximum buprenorphine concentrations were 19.3±1.0, 44.5±4.8, 85.2±7.7, 124.6±16.6,
and 137.7±18.8 μg/L, respectively, and almost always detected in the first specimen,
collected 10 min after IV dosing. The dose-maximum concentration relationship was linear
over all doses (correlation = 0.984, up to 41.8% deviation from regression line), but
deviation from the regression line improved to 11.6% (correlation = 0.999) when the 16 mg
dose was omitted from calculations (Figure 2A). Back calculations of dose from mean
maximum buprenorphine concentrations based on the regression line were within ± 12% of
each target dose.

Norbuprenorphine was first detected 10 or 15 min after IV buprenorphine (Figure 1B), with
maximum concentrations of 3.7±0.7 μg/L after 16 mg buprenorphine. There was a linear
dose-maximum concentration relationship over the 2 to 16 mg range (Figure 2B). Mean
maximum norbuprenorphine concentrations were within ± 7% of target dose, with
correlation coefficients > 0.995.

Norbuprenorphine/buprenorphine ratios were less than 0.05 for up to 12 h after
administration of 2, 4, 8, 12, and 16 mg IV buprenorphine. Norbuprenorphine/
buprenorphine ratios increased over time (Figure 3). There were marked increases in
norbuprenorphine/buprenorphine ratios 24 h after 12 and 16 mg IV buprenorphine, and 48 h
after the 2, 4, and 8 mg IV buprenorphine doses. Norbuprenorphine/buprenorphine ratios
remained below 2 [0.01–1.6] up to 72 hours after administration.

Buprenorphine pharmacokinetic parameters are shown in Table 1. Mean buprenorphine area
under the curve ranged from 41.4 to 269.1 h*μg/L after IV doses (Figure 2C). There was a
linear dose-concentration relationship for IV buprenorphine area under the curve (AUC)
over all doses (correlation = 0.986, 14.5% deviation from regression line; Figure 2C), which
improved only slightly with omission of the 16 mg dose (correlation = 0.998, 10.1%
deviation). Mean ± SE buprenorphine clearance, half-life, and volume of distribution were
54.0 ± 1.7 L/h, 25.0 ± 1.3 h, 806.4 ± 38.2 L, respectively, across all doses. There were no
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significant differences in these parameters across the five IV buprenorphine doses (all
P>0.05).

4. DISCUSSION
This study describes IV buprenorphine pharmacokinetics and its primary active metabolite
norbuprenorphine across a higher range of acute doses than previously reported in the
literature (Bullingham et al., 1981, 1980, 1982; Ho et al., 1991; Kuhlman et al., 1996; Olley
and Tiong, 1988). We previously demonstrated the absence of dose-related increases in
physiological and subjective effects from 2–16 mg IV buprenorphine, indicating a ceiling
effect of buprenorphine administered by the IV route (Umbricht et al., 2004). That study
could not determine whether these observed ceiling effects were due to pharmacodynamic or
pharmacokinetic adaptations. A prior study of SL buprenorphine found a less than
proportional relationship between increasing dose and plasma buprenorphine or
norbuprenorphine concentrations, suggesting that the observed ceiling for such
pharmacodynamic effects might be due to pharmacokinetic factors (Harris et al., 2004).

In the present study, while linear increases in mean maximum buprenorphine concentrations
and AUC after IV administration were observed up to 16 mg, deviation from the regression
line was substantially improved when the 16 mg dose was omitted from the calculations for
maximum concentration, suggesting a flattening of linearity at the highest dose (Fig. 2A).
These findings document that pharmacokinetic changes in buprenorphine metabolism and/or
excretion were not responsible for the observed ceiling effects in physiological and
subjective responses at doses up to 12 mg (Umbricht et al., 2004), although pharmacokinetic
changes may contribute at higher doses. A possible mechanism for the somewhat lower
buprenorphine Cmax observed after 16 mg IV buprenorphine could involve distribution and
excretion processes. All doses were administered intravenously, eliminating absorption as a
contributing factor (i.e., there was 100% bioavailability). However, distribution could have
been affected if buprenorphine concentrations at the highest dose exceeded the capacity of
blood transport mechanisms, leaving more buprenorphine available for excretion by the
kidney.

In our study, IV buprenorphine half-life (21.8–28.0 h ± 1.1–4.9) was much greater than that
observed after 1.2 mg IV buprenorphine (3.2 ± 1.3 h; Kuhlman et al., 1996), possibly
because of higher limits of quantification and an inability to quantify low concentrations at
later time points. Earlier studies may have underestimated buprenorphine half-life.
Inaccurate buprenorphine half-lives can be obtained if insufficient sampling times and
insensitive analytical methods are employed that inadequately capture the terminal
elimination phase of buprenorphine excretion. The apparent differences in half-lives across
buprenorphine doses may be due to plasma concentrations after low doses declining rapidly
to the limit of quantification, resulting in underestimation of terminal elimination half-lives.

Half-lives affect variability in reported volumes of distribution and clearance. Mean
apparent volume of distribution following IV doses in the present study was 806.4 ± 38.2 L,
higher than previously reported (334.9 ± 116.2 L and 188–400 L) after lower IV
buprenorphine doses (Bullingham et al., 1983, 1980; Kuhlman et al., 1996). Mean plasma
clearance after five IV doses in the present study was 54.0 ± 1.7 L/h, similar to the range of
59 to 77 L/h reported in previous studies (Bullingham et al., 1983, 1980; Kuhlman et al.,
1996).

In Figure 2, dose concentration curves had intercepts of 0.87 for buprenorphine, 0.11 for
norbuprenorphine and 11.8 for buprenorphine AUC. Although greater than zero, these
intercepts are low and acceptable.
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The mean ± SE maximum norbuprenorphine concentrations after 2, 4, 8, 12, and 16 IV
doses were dose-related, increasing from 0.56–3.68 ± 0.1–0.99 μg/L. Kuhlman et al.
reported a 0.6 ± 0.1 μg/L maximum norbuprenorphine concentration following a 1.2 mg IV
dose (Kuhlman et al., 1996). Mean Tmax plasma norbuprenorphine concentrations occurred
between 0.17 and 0.25 h for IV buprenorphine, consistent with a previously reported Tmax of
0.18 ± 0.2 h (Kuhlman et al., 1996)..

At high doses (3 or 9 mg/kg), norbuprenorphine is more potent than buprenorphine in
producing respiratory depression in the rat (Megarbane et al., 2006). Norbuprenorphine
concentrations in the present study and in human buprenorphine-attributed fatalities were
about 100-fold less than those inducing respiratory depression in rats. The mechanisms
responsible for this discrepancy could be differences in buprenorphine toxicokinetics or to
inherent differences in norbuprenorphine toxicity in humans and rats (Megarbane et al.,
2006). Median plasma buprenorphine and norbuprenorphine concentrations in forensic fatal
cases were 4.9 [1.1–17.9] and 1.6 [0.4–14.0] μg/L, respectively, with mean
norbuprenorphine/buprenorphine ratios of 0.45 [0.08–2.0]. In 23% of these cases, ratios
were >1, but never exceeded 3. Norbuprenorphine concentrations and norbuprenorphine/
buprenorphine ratios reported in our study were similar. Our data showed buprenorphine
concentrations up to 174.8 μg/L from IV administration of clinically relevant opioid
maintenance doses of 2–16 mg, whereas previously, therapeutic buprenorphine blood
concentrations were considered to be less than 5 μg/L (Meyer, 1994). These data suggest
that toxic buprenorphine blood concentration ranges should be reevaluated and emphasize,
as reported previously by Pirnay et al., that prediction of cause of death based on plasma
buprenorphine concentrations alone is difficult (Pirnay et al., 2004).

This study has several limitations. First, there was some accumulation of buprenorphine
across sessions at higher doses, although concentrations were low. Buprenorphine has a long
half-life and was detected more than 72 h after 8, 12, and 16 mg IV buprenorphine at 0.15–
0.54 μg/L. These low residual concentrations would have minimally contributed to
buprenorphine pharmacokinetics. Second, safety concerns dictated that IV doses be given in
ascending rather than randomized order. Third, the number of participants was small.
Fourth, all participants were male, limiting the external validity of the study. A recent study
found that buprenorphine kinetics differ in men and women, related to differences in lean
body mass (Moody et al., 2011).

This study is the first of which we are aware to investigate buprenorphine and its active
metabolite norbuprenorphine following high IV doses. These data provide novel information
on the pharmacokinetics of IV buprenorphine and norbuprenorphine that are clinically
relevant to the IV misuse of diverted SL buprenorphine.

4.1 Conclusion
This study evaluated the pharmacokinetics of a range of IV buprenorphine doses clinically
relevant to the diversion of SL buprenorphine prescribed for treatment of opioid
dependence. Maximum plasma buprenorphine concentrations increased in a linear dose-
related manner up to 12 mg IV buprenorphine, then flattened somewhat at 16 mg. These
data document that the previously demonstrated ceiling phenomenon for physiological and
subjective effects (Umbricht et al., 2004) are most likely due to pharmacodynamic rather
than pharmacokinetic adaptations, at least up to 12 mg.
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Figure 1.
Mean ± SE buprenorphine (A) and norbuprenorphine (B) plasma concentrations after IV
administration of 2 (■), 4 (▲), 8 (▼), 12 (◆) and 16 (●) mg buprenorphine to five non-
dependent IV heroin users. Inset graph (panel A) shows concentrations at later time points at
higher resolution.
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Figure 2.
Mean ± SE maximum plasma buprenorphine (A) and norbuprenorphine (B) concentrations
and area under the curve of buprenorphine concentrations (C) after IV administration of 2, 4,
8, 12 and 16 mg buprenorphine to five non-dependent IV heroin users. Linear regression
calculated on all 5 doses for panels B and C and on 2–12 mg (●) for panel A.
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Figure 3.
Mean ± SE norbuprenorphine/buprenorphine ratio of plasma concentrations after IV
administration of 2 (■), 4 (▲), 8 (▼), 12 (◆) and 16 (●) mg buprenorphine to five non-
dependent IV heroin users.
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