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Abstract

Background: Benzodiazepines can exacerbate opioid-induced respiratory depression by furthering the decrease in cen-
tral respiratory drive and causing loss of upper airway patency potentially leading to airway obstruction. This study
aimed to determine if co-administration of benzodiazepines and opioids significantly decreases hypercapnic ventilation
compared with opioids alone.

Methods: We conducted a randomised, double-blind, four-period crossover trial in 20 healthy participants to assess
whether i.v. midazolam (0.0375 mg kg~! in the first five participants; 0.075 mg kg™ in 15 participants) plus oral oxycodone
(10 mg), compared with oxycodone alone, decreases minute ventilation at an end-tidal carbon dioxide (Pco,) of 7.3 kPa
using modified Read rebreathing methodology.

Results: Midazolam administered with oxycodone, compared with oxycodone alone, did not significantly decrease
minute ventilation at an end-tidal Pco, of 7.3 kPa (23.5 vs 25.2 L min~%; mean difference —1.7 L min~?, one-sided 95%
confidence interval —co to 1.6; P=0.21). However, midazolam plus oxycodone increased resting end-tidal Pco, compared
with oxycodone alone (5.8 us 5.6 kPa; mean difference 0.2 kPa, 95% confidence interval 0.0—0.4). Nine of 15 (60%) par-
ticipants fell asleep or snored on midazolam plus oxycodone, compared with 0 of 15 (0%) on oxycodone alone.
Conclusions: Midazolam co-administered with oxycodone did not decrease hypercapnic ventilation, compared with
oxycodone alone, but did affect tidal volume, ventilatory frequency, and resting end-tidal Pco,. These findings support
the hypothesis that benzodiazepines influence ventilation by inducing relaxation of the respiratory muscles and high-
light the need for additional investigations to elucidate the potential for upper airway obstruction when benzodiazepines
and opioids are co-administered.

Clinical trial registration: NCT 04310579.
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Editor’s key points

e Benzodiazepines can worsen opioid-induced respi-
ratory depression by effects on central respiratory
drive and upper airway patency.

e Healthy volunteers were administered oxycodone
with or without midazolam to determine if co-
administration of benzodiazepines and opioids de-
creases hypercapnic ventilation compared with opi-
oids alone.

e Midazolam co-administered with oxycodone did not

further decrease hypercapnic ventilation compared

with oxycodone alone, but did decrease tidal volume,
increase ventilatory frequency, and increase resting
end-tidal Pco,.

Future studies should investigate the potential for

upper airway obstruction when benzodiazepines and

oxycodone are co-administered, especially in at-risk
populations.

There is increased risk of mortality secondary to overdose-
related respiratory depression with concurrent use of opioids
and benzodiazepines, with deaths among patients concomi-
tantly using benzodiazepines and opioids 10-fold higher than
those treated with opioids alone.' > This information promp-
ted the US Food and Drug Administration to make safety
labelling changes for benzodiazepines and opioids to include
boxed warnings about increased potential for respiratory
depression with their co-use in August 2016.*°°

Under normal conditions, when chemoreceptors sense
increased carbon dioxide (CO,) levels in the body, ventilation
increases.” Benzodiazepines might increase the risk of opioid-
induced respiratory depression by decreasing this chemore-
ceptor responsiveness to hypercapnia, thereby decreasing
central respiratory drive.® An alternate hypothesis is that
benzodiazepines negatively affect upper airway patency by
decreasing diaphragmatic contraction and respiratory muscle
strength, which cause airway obstruction and increase risk of
respiratory depression.'%!! To investigate the mechanism by
which benzodiazepines and opioids on their own and co-
administered affect ventilation, this clinical trial evaluated
whether co-administration of oxycodone and midazolam
resulted in differences in hypercapnic ventilatory response
compared with oxycodone alone in healthy participants.

Methods

We conducted a randomised, double-blind, four-period
crossover trial in healthy participants at a clinical pharma-
cology unit (Spaulding Clinical Research, West Bend, WI, USA)
to assess whether relatively low doses of an opioid (oxyco-
done) and benzodiazepine (midazolam) decrease the venti-
latory response to hypercapnia compared with oxycodone
alone. This trial was approved by the local institutional re-
view board (Advarra [https://www.advarra.com]) on March 6,
2020, and registered on ClinicalTrials.gov (NCT 04310579) on
March 17, 2020. All participants provided written informed
consent.

Key inclusion criteria were age 18—50 yr, nonsmoking, and
negative tests for alcohol or drugs of abuse. Key exclusion

criteria were a history of sleep disorder, panic disorder, panic
attacks, generalised anxiety disorder, hypoventilation syn-
drome or obstructive sleep apnoea, opioid or psychotropic
drug use within 60 days of beginning the trial, and inability to
tolerate the ventilatory assessment procedure during
screening. Participants were randomised to one of four treat-
ment sequences using a random number generator in R sta-
tistical software (The R Project for Statistical Computing,
Vienna, Austria [https://www.R-project.org]) (Fig. 1).

Study procedures and interventions

On day 1 of each period, study participants received one of the
following treatments: oxycodone, midazolam, oxycodone and
midazolam, or placebo. Based on prior studies, a 10 mg oral
dose of immediate-release oxycodone was administered at 0 h
to achieve a measurable effect while keeping safety consid-
erations, especially in conjunction with benzodiazepines.’*!3
To align the time of maximum concentration, midazolam
was infused i.v. over 2 min starting at 1.92 h (115 min) at 0.0375
mg kg™ ! for the first five participants and increased to 0.075 mg
kg! for the remaining 15 participants. Because midazolam
administration was timed to ensure that rebreathing proced-
ure was during the time of maximum concentration for both
oxycodone and midazolam, resting measures at 2 h were
collected before midazolam administration, and rebreathing
measures were collected after midazolam administration (Fig.
1c). All participants received ondansetron 4 mg orally 30 min
before oxycodone or placebo administration. A modification
was made after the higher midazolam dose caused substantial
sedation (based on physician assessment) and O, saturation to
decrease below 90% for the first two participants given mid-
azolam 0.075 mg kg~ 1. Subsequently, a nasal cannula was pre-
emptively given to the participants across all treatments after
rebreathing at the 2-h and 3-h time points and at other times
at the clinician discretion.

Ventilatory assessments

Ventilatory measures, including minute ventilation, end-tidal
partial pressure of carbon dioxide (Pcoy), ventilatory fre-
quency, tidal volume, and oxygen saturation, were assessed at
0,1, 2, 3, 4, 6, and 24 h. During each assessment, the modified
Read rebreathing technique was used to assess ventilatory
response to gradually increasing CO, levels (described in detail
in Supplementary Figs S1 and S2). Participants sat in a semi-
supine position fitted with a face mask attached to a pneu-
motachometer (Hans Rudolph, Shawnee, KS, USA) and went
through the ventilatory procedure, which featured breathing
room air, breathing 100% oxygen, hyperventilation, and,
finally, rebreathing.'*'® The procedure continued until end-
tidal Pco, reached 8%, minute ventilation reached 60 L min?,
the participant signalled to terminate the test, the rebreathing
bag deflated, or rebreathing lasted >15 min. Data from all
stages were reviewed by two independent assessors blinded to
the study arm and time of assessments to evaluate the
completeness of data for study outcomes (the excluded as-
sessments are in Supplementary Table S1). The primary
outcome was minute ventilation at an end-tidal Pco, of 7.3 kPa
for midazolam co-administered with oxycodone vs oxycodone
alone at the 2-h time point for all subjects treated with the
higher-dose midazolam. Similar comparisons between mid-
azolam or oxycodone alone and placebo were secondary
outcomes.
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Pharmacokinetic assessments

Plasma concentrations of midazolam, oxycodone, and its
metabolite oxymorphone were measured by validated liquid
chromatography-tandem mass spectrometry methods (LC-
MS/MS) at O, 1, 2, 3, 4, 6, 8, 12, and 24 h after dosing
(Supplementary Tables S2 and S3). Maximum plasma con-
centration (Cmax) and area under the curve (AUC) for oxyco-
done were secondary outcomes.

Data analysis

This study was powered with consideration of the effect of
oxycodone plus midazolam vs oxycodone alone. A sample size
of 20 participants was determined to have 90% power at a one-
sided significance level to detect a 4 L min~! decrease in the
primary endpoint assuming a standard deviation of 5 L min~?,
based on prior studies.'>*?

Minute ventilation at an end-tidal Pco, of 7.3 kPa was
calculated for each rebreathing procedure by fitting individual
minute ventilation and end-tidal Pco, data to linear regression
and interpolating the model-predicted value (Supplementary
Fig. S1). The x-axis intercept and slope of this linear regres-
sion were also analysed.'**”

All data from participants receiving placebo, oxycodone,
and midazolam 0.075 mg kg~ who finished more than one
study period and completed rebreathing assessments at the 2-
h time point were included in the primary analysis without
imputation of missing data. Study arms were compared using
a linear mixed-effects model with participant as a random
effect and fixed effects for treatment order, period, and base-
line minute ventilation at an end-tidal Pco, of 7.3 kPa. Tidal
volume at an end-tidal Pco, of 7.3 kPa, ventilatory frequency at
an end-tidal Pco, of 7.3 kPa, x-axis intercept, and slope were
compared using a linear mixed-effects model with participant
as a random effect at 2 h, whereas sedation and resting res-
piratory measures (minute ventilation, ventilatory frequency,
end-tidal Pcoy, and oxygen saturation) were compared at 3 h.
For pharmacokinetic analyses, all concentrations below the
lower limit of quantification were considered zero. Cpax and
AUC,, were calculated using R noncompartmental analysis.
Patient characteristics are reported with standard descriptive
statistics.

A prespecified interim analysis was performed after the
first five participants to determine that the midazolam dose
needed to be increased to 0.075 mg kg™! for the remaining 15
participants and the oxycodone dose should be kept at 10 mg.
To account for this, a multiplicity adjustment was made based
on alpha spending allocation following the O’Brien—Fleming
approach for two planned analyses (i.e. 0.05 for k=1 and 0.0492
for k=2). Based on this, a one-sided P-value of <0.049 was
considered significant for the primary outcome. For all other
measures, the 95% confidence intervals (CIs) have not been
corrected for multiplicity and should not be used to infer sta-
tistical significance. Statistical analyses were performed in R
(version 4.2.2; The R Project for Statistical Computing).

Results
Study participants

Fifty-four participants were screened, and 20 participants
were enrolled and randomised, with all 20 participants
completing the trial (Fig. 1). Participant and baseline charac-
teristics are summarised in Table 1.

Minute ventilation

Table 2 summarises mean minute ventilation at an end-tidal
Pcoy of 7.3 kPa for all treatment conditions at 2 h, with full-
time courses of minute ventilation at 7.3 kPa end-tidal Pco,
and drug plasma concentrations presented in Figure 2 and
individual-level data in Supplementary Figure S3. Compared
with placebo, oxycodone 10 mg alone significantly decreased
minute ventilation at 7.3 kPa end-tidal Pco, (difference —7.0 L
min~!, one-sided 95% CI —co to —4.0), whereas midazolam
0.075 mg kg~! did not decrease minute ventilation at 7.3 kPa
end-tidal Pco, (difference —1.4 L min~?, one-sided 95% CI —co to
1.8). Compared with oxycodone alone, midazolam 0.075 mg
kg™! co-administered with oxycodone did not significantly
decrease minute ventilation at 7.3 kPa end-tidal Pco, (differ-
ence —1.7 L min~?, one-sided 95% CI —co to 1.6).

Other ventilatory measures

Figure 3 depicts the population-level hypercapnic ventilatory
response curves for each treatment group at 2 h and a sample
individual-patient hypercapnic ventilatory response curve.
The slope of the hypercapnic ventilatory response curve was
increased for midazolam compared with placebo (difference
4.7, 95% CI 2.0—7.4) (Table 2). The x-axis intercept for partici-
pants treated with midazolam (mean 5.9 kPa, 95% CI 5.5—6.4)
was significantly higher than that for those treated with pla-
cebo (mean 4.8 kPa, 95% CI 4.4—5.2; difference 1.1 kPa, 95% CI
0.3—1.9). The co-administration of oxycodone and midazolam
(mean 6.1 kPa, 95% CI 5.6—6.5) had a slightly higher x-axis
intercept than oxycodone alone (mean 5.2 kPa, 95% CI 4.8—5.7;
difference 0.8 kPa, 95% CI —0.1 to 1.7).

Table 2 summarises the mean tidal volume and ventilatory
frequency at an end-tidal Pcop of 7.3 kPa for all treatment
conditions at 2 h, with individual changes from placebo for
each treatment presented in Supplementary Figure S4. Mid-
azolam increased ventilatory frequency (difference 6.7 bpm,
95% CI 4.7—8.7) and decreased tidal volume (difference —886
ml, 95% CI —1191 to —580) compared with placebo, and mid-
azolam co-administered with oxycodone increased ventila-
tory frequency (difference 3.9 bpm, 95% CI 1.9-5.9) and
decreased tidal volume (difference —811 ml, 95% CI —1116 to
—505) compared with oxycodone alone.

Resting respiratory measures including ventilatory fre-
quency, end-tidal Pco,, oxygen saturation, and minute venti-
lation are summarised in Supplementary Figure S5 and
Table S4. Midazolam co-administered with oxycodone
increased resting end-tidal Pco, compared with oxycodone
alone (difference 0.2 kPa, 95% CI0.0—0.4), but midazolam alone
did not reduce end-tidal Pco, compared with placebo (differ-
ence 0.1kPa, 95% CI —0.1 to 0.3) 1 h after midazolam treatment.

Sedation

Participant-reported sedation (Fig. 4), as measured by a 0—100
mm visual analogue scale, was higher in participants treated
with midazolam compared with placebo (difference 13.5, 95%
CI 4.9—-21.9) and oxycodone compared with oxycodone alone
(difference 25.7, 95% CI 17.2—34.2) at the 3-h time point. Oxy-
codone alone increased sedation compared with placebo at 2 h
(difference 11.3, 95% CI 3.4—19.1) and at 3 h (difference 7.9, 95%
CI 0.1-15.7). Immediately after midazolam administration, six
out of 15 (40%) participants given higher-dose midazolam and
nine out of 15 (60%) participants given both midazolam and
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a Flow of participants in study

54 Healthy volunteers assessed for eligibility

34 Not randomized
33 Excluded
25 Did not meet inclusion/exclusion criteria
8 Voluntarily withdrew
1 Eligible to be replacement participant

20 Randomized

5 Randomized to 5 Randomized to 5 Randomized to 5 Randomized to
sequence ABCD sequence BDAC sequence CADB sequence DCBA

5 Received intervention 5 Received intervention 5 Received intervention 5 Received intervention
1 Received oxycodone 1 Received oxycodone 2 Received oxycodone 1 Received oxycodone
10 mg 10 mg 10 mg 10 mg
+ midazolam 0.0375 mg kg™’ + midazolam 0.0375 mg kg™ + midazolam 0.0375 mg kg™’ + midazolam 0.0375 mg kg™’
4 Received oxycodone 4 Received oxycodone 3 Received oxycodone 4 Received oxycodone
10 mg + midazolam 10 mg + midazolam 10 mg + midazolam 10 mg + midazolam
0.075 mg kg™ 0.075 mg kg™ 0.075 mg kg™ 0.075mg kg™

20 Included in analysis

b  Study 4- period crossover design and study drug interventions by treatment group
Day 1 Days 2-3 Day 4 Days 5-6 Day 7 Days 8-9 Days 10
Period 1 Washout Period 2 Washout Period 3 Washout Period 4

Treatment group Study drugsf
A Oxycodone + placebo i.v.

Oral placebo + midazolam i.v.

B
(o3 Oxycodone + midazolam i.v.
D

Oral placebo + placebo i.v.

c Time course of data collection

Rebreathir:|g procedure

w 100% O2 Hyperventilationt Rebreathing
|

!

Midazoilam
administllation

-1 -10 -5 -2

Time (min)

[, I AR

[ T AR

Fig 1. Flow of participants in the study, interventions, and overall study design. (a) Participant consort diagram for the study. (b) Study
design and drug interventions for each treatment group. (c) Ordering of assessments at scheduled sampling time points relative to the
beginning of the rebreathing procedure. Sedation was collected before the beginning of the data collection for respiratory measures.
Resting respiratory measures were collected while breathing room air for 5 min, followed by 3 min of breathing 100% oxygen (O,). For the
2-h time point, midazolam i.v. was administered during the last 2 min of the 100% O, administration. After breathing 100% O,, participants
were asked to take deep breaths for 2 min, and then the rebreathing stage began. After the stopping criteria for rebreathing were met,
pharmacokinetic (PK) data were collected.
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Table 1 Trial participant and baseline characteristics.*Self-
identified race and ethnicity were collected in an open-ended
format by clinical staff.

Characteristic Value (N=20)
Age (yr), median (range) 36 (22—47)
Female sex, n (%) 7 (35)
Race, n (%)*

Black or African American 14 (70)

White 6 (30)
Hispanic or Latino ethnicity, n (%) 2 (10)
Body weight (kg), median (range) 80 (43—92)

Height (m), median (range)

Body mass index (kg m~?), median
(range)

Resting respiratory measurements

1.76 (1.46—1.92)
27.4 (20.5—29.6)

Minute ventilation (L min~?'), median 8.0 (5.3—18.0)
(range)

Ventilatory frequency (bpm), median 15.3 (8.2—21.3)
(range)

End-tidal Pco, (kPa), median (range)
Oxygen saturation (%), median (range)

5.3 (3.8-5.9)
96.4 (93.9-98.9)

oxycodone were reported by the clinician as falling asleep or
snoring. In contrast, O out of 20 participants dosed with oxy-
codone or placebo were falling asleep or snoring.

Pharmacokinetics

Figure 2 depicts plasma concentrations of oxycodone and
midazolam (additional data in Supplementary Fig. S6). The
oxycodone Cpax for participants treated with oxycodone was
21.8 ng ml ™! (36.6 CV%), and AUC,, was 132.2 ngml ' h~! (37.0
CV%). The midazolam Cpax for participants treated with
midazolam was 125.6 ng ml~! (62.5 CV%), and the AUC,, was
316.0 ng ml~ 1 h—' (49.1 CV%). There was no significant change
in the pharmacokinetics of either drug (or metabolites) from
the co-administration of midazolam and oxycodone (details in
Supplementary Table S5).

Safety

No serious adverse events occurred. Fifteen participants (75%)
experienced one or more adverse events; the most common
adverse events were puncture site pain (40%), headache (35%),
and nausea (30%). Supplementary Table S6 presents the inci-
dence and number of adverse events by study arm.

Discussion

In this randomised, double-blind, four-period crossover clinical
trial involving healthy participants, oxycodone 10 mg signifi-
cantly decreased hypercapnic ventilation 2 h after adminis-
tration compared with placebo, midazolam 0.075 mg kg~ ! did
not decrease hypercapnic ventilation compared with placebo,
and co-administration of oxycodone and midazolam did not
significantly decrease minute ventilation at an end-tidal car-
bon dioxide of 7.3 kPa compared with oxycodone alone.

The concurrent use of opioids and benzodiazepines is
associated with a significantly increased risk of mortality
attributed to overdose-related respiratory depression.'™ Co-
administration of midazolam and oxycodone might have

detrimental effects on respiration. This trial shows that oxy-
codone decreases chemoreceptor responsiveness to hyper-
capnia, thereby decreasing central respiratory drive,
consistent with the hypothesised mechanism of opioid-
induced respiratory depression.'>'*'%'7 Conversely, mid-
azolam alone did not decrease hypercapnic ventilation, sug-
gesting that its deleterious effects on respiration occur via a
different mechanism.'®*%!® Exploratory analyses found that
midazolam caused a decrease in tidal volume, consistent with
reported effects of benzodiazepines in the literature and the
hypothesis that benzodiazepines impact ventilation through
relaxation of respiratory muscles (summarised in
Supplementary Table S7).2°7?! One explanation for these ob-
servations is decreased diaphragmatic contraction and
decreased inspiratory and expiratory respiratory muscle
strength, which could lead to increased airway resistance and
possibly obstruction, a known clinical effect of benzodiaze-
pines. However, minute ventilation at an end-tidal Pco, of 7.3
kPa remained unchanged despite this decreased tidal volume
owing to a compensatory increase in ventilatory frequency, as
seen in other studies.?’ ?* We relate the effect on ventilatory
frequency to a GABAa-mediated mechanism.”” When both
drugs were co-administered, no additional effect on minute
ventilation at an end-tidal carbon dioxide of 7.3 kPa was seen
compared with oxycodone alone.

Exploratory analysis showed that participants given both
midazolam and oxycodone had higher resting end-tidal Pco,
compared with oxycodone alone, but those treated with
midazolam did not have increased resting end-tidal Pco,
compared with placebo. This might indicate a pharmacody-
namic interaction whereby co-administration causes greater
airway narrowing or even airway obstruction than with either
drug alone. These findings are consistent with those of
Vodovar and colleagues,’ in which buprenorphine or diaz-
epam on their own did not increase arterial Pco, in rats, but co-
administration led to an increase in arterial Pco, compared
with diazepam alone. In humans, Mora and colleagues®
observed that compared with pretreatment values, co-
administration of a benzodiazepine and opioid increased
end-tidal Pco, but did not decrease the slope of the CO,
response curve or minute ventilation after treatment with
fentanyl 50 pg i.v. and midazolam 2 mg i.v. followed by a
variable-rate midazolam infusion of 0.3—0.5 mg min~!. Other
studies observed different outcomes with respect to the ef-
fects of co-administration of benzodiazepines and opioids on
ventilation.’®?° 3! These discrepancies likely stem from dif-
ferences in the drugs studied, doses, routes of administration,
methodologies to quantify ventilation, and timing of assess-
ments across studies.

Co-administration of midazolam and oxycodone increased
the x-axis intercept, suggesting an increased apnoeic
threshold, resulting in higher carbon dioxide levels before
ventilation increased to counteract hypercapnia, which could
lead to increased risk of respiratory depression in patients
with conditions such as obstructive sleep apnoea or chronic
obstructive pulmonary disease. In our trial, of those partici-
pants who fell asleep, 67% of those treated with midazolam
and 78% of those treated with midazolam and oxycodone
concomitantly were observed to snore during the rebreathing
stage, which might indicate an increase in upper airway
resistance and possibly even airway occlusion.’’ This is
further supported by epidemiologic studies showing that
treatment with benzodiazepines is associated with a higher
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Table 2 Hypercapnic ventilatory response outcomes. *n corresponds to the number of subjects included in each analysis. 'A one-sided
P<0.049 was considered significant for ventilation at Pco, 7.3 kPa because the trial aim was to evaluate if the study drugs decreased
ventilation. The 94.9% CI for oxycodone alone compared with placebo difference is —co to —4.0; midazolam alone compared with
placebo difference is —co to 1.9; and midazolam co-administered with oxycodone compared with oxycodone alone difference is — to
1.7. CI, confidence interval.

Mean difference P-valuef
(one-sided 95% CI)

Mean (95% CI) n*

Minute ventilation at 7.3 kPa end-tidal Pco, (L min~?)

Oxycodone + midazolam

Oxycodone

23.5 (19.4—27.6) 25.2 (21.5-28.9) 15 —1.7 (—o0 to 1.6)' 0.21

Oxycodone Placebo

25.2 (21.5—28.9) 32.2 (28.6—35.9) 20 —7.0 (—o0 to —4.0)1 <0.001

Midazolam Placebo

30.8 (26.8—34.8) 32.2 (28.6—35.9) 15 —1.4 (—oo to 1.8)1 0.24

Oxycodone + midazolam Placebo

23.5 (19.4—27.6) 32.2 (28.6—35.9) 15 —8.7 (—o0 to —4.6)1 <0.001

Oxycodone + midazolam Midazolam

23.5 (19.4—27.6) 30.8 (26.8—34.8) 15 —7.3 (o0 to —3.8) <0.001
Mean (95% CI) n Mean difference (95% CI)
Hypercapnic ventilatory response slope (L min~! kPa™?)

Oxycodone + midazolam Oxycodone

12.1 (9. 0 to 15.2) 9.6 (6.7—12.4) 15 2.6 (0.2—5.3)

Oxycodone Placebo

9.6 (6.7—12.4) 10.3 (7.5-13.2) 20 —0.8 (—3.3t0 1.7)

Midazolam Placebo

15.0(12. 0to 18. 1) 10.3 (7.5-13.2) 15 4.7 (2.0~7.4)

Oxycodone + midazolam Placebo

12.1 (9. 0 to 15.2) 10.3 (7.5—-13.2) 15 1.8 (—1.0 to 4.5)

Oxycodone + midazolam Midazolam

12.1 (9. 0 to 15.2) 15. 0 (12. 0 to 18. 1) 15 —2.9 (5. 8 t0 0.0)
X-axis intercept (kPa)

Oxycodone + midazolam Oxycodone

6.1 (5.6—6.5) 5.2 (4.8—5.7) 15 0.8 (—0.1 to0 1.7)

Oxycodone Placebo

5.2 (4.8-5.7) 4.8 (4.4-5.2) 20 0.4 (—0.3 to 1.2)

Midazolam Placebo

5.9 (5.5—6.4) 4.8 (4.4—5.2) 15 1.1 (0.3-1.9)

Oxycodone + midazolam Placebo

6.1 (5.6—6.5) 4.8 (4.4—5.2) 15 1.3 (0.8—1.8)

Oxycodone + midazolam Midazolam

6.1 (5.6—6.5) 5.9 (5.5—6.4) 15 0.2 (0.4 t0 0.7)
Ventilatory frequency at 7.3 kPa end-tidal Pco, (bpm)

Oxycodone + midazolam Oxycodone

16.7 (14.8—18.7) 12.8 (11.0—14.6) 15 3.9 (1.9-5.9)

Oxycodone Placebo

12.8 (11.0-14.6) 14.0 (12.2-15.8) 20 —1.2 (-3.0 t0 0.7)

Midazolam Placebo

20.7 (18.7—22.7) 14.0 (12.2—15.8) 15 6.7 (4.7-8.7)

Oxycodone + midazolam Placebo

16.7 (14.8—18.7) 14.0 (12.2—15.8) 15 2.7 (0.7-4.7)

Oxycodone + midazolam Midazolam

16.7 (14.8-18.7) 20.7 (18.7—22.7) 15 —4.0 (6.1 to —1.9)
Tidal volume at 7.3 kPa end-tidal Pco, (ml)

Oxycodone + midazolam Oxycodone

1030 (718—1342) 1841 (1560—2122) 15 —811 (—1116 to —505)

Oxycodone Placebo

1841 (1560—2122) 2100 (1819—2381) 20 —260 (~536 to 17)

Midazolam Placebo

1214 (903—1526) 2100 (1819—2381) 15 —886 (—1191 to —580)

Oxycodone + midazolam Placebo

1030 (718—1342) 2100 (1819—2381) 15 —1070 (—1376 to —746)

Oxycodone + midazolam Midazolam

1030 (718—1342) 1214 (903—1526) 15 —184 (—504 to 136)
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a Minute ventilation at end-tidal Pco, of 7.3 kPa
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Fig 2. Primary and secondary outcomes. (a) Model-predicted minute ventilation at an end-tidal Pco, of 7.3 kPa during 6 h after oxycodone
treatment for the primary endpoint (left) and secondary outcomes (right). The points indicate model-estimated means, and error bars
indicate two-sided 95% confidence intervals. (b) Geometric mean plasma concentration of oxycodone (left) and midazolam (right) from
treatment with oxycodone alone and the combination of oxycodone and midazolam. Error bars indicate two-sided 95% confidence in-
tervals. A total of 20 participants per arm were included for the oxycodone and placebo groups, and 15 participants per arm were included
in the analysis for the midazolam and oxycodone + midazolam groups.

risk of obstructive sleep apnoea and an increased prevalence
of acute respiratory failure in those with obstructive sleep
apnoea.’??

This trial is a part of the US FDA'’s proactive work to address
the opioid crisis and help reduce opioid overdoses and deaths
and, more specifically, to better understand the mechanism
for increased risk of respiratory depression with co-use of
benzodiazepines and opioids. In addition, this trial evaluated
an established procedure for studying the effects of other
drugs on exacerbating opioid-induced respiratory depression.
This methodology could be prospectively used for evaluating
the effects of investigational drugs alone or in co-
administration with other drugs on ventilation.

A limitation of this trial was the time of data collection
relative to treatment with midazolam. At 1 h after midazolam
administration (3 h), summarised in Supplementary Table 5S4,
resting oxygen saturation, resting minute ventilation, and
ventilatory frequency were not different between co-
administration of oxycodone and midazolam or oxycodone

alone. At this time point, the pharmacodynamic effects of
oxycodone were also not different compared with placebo.
Collecting these measures closer to the time of administration
of oxycodone and midazolam could have allowed for the
detection of differences in other ventilatory measures
where opioid-induced effects were exacerbated by benzodi-
azepines in prior studies. Another limitation was that the
benzodiazepine dose did not maximise the effect and the
route of administration did not lead to consistent exposures,
which prevented sustained effects on ventilation. In case of
sedation or sleep, staff provided stimulation and coaching to
encourage participants to breathe. This could have interfered
with the natural behavioural control of ventilation and hin-
dered the ability to detect an effect of midazolam on ventila-
tion. Because consciousness significantly influences both
respiratory drive and upper airway muscle strength, by rous-
ing subjects a key effect of the co-administration of benzodi-
azepines and opioids might have been missed.>** Finally, this
trial was a relatively small, healthy participant cohort. With
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Fig 3. Relationship between end-tidal Pco, and minute ventilation. (a) Hypercapnic ventilatory response curves by treatment group based
on the 2-h time point rebreathing data for the whole population (left) and a sample participant (right). A linear mixed-effect model using all
data with participant as a random effect was used to predict the linear relationship between end-tidal Pco, and minute ventilation (top),
tidal volume (middle), and ventilatory frequency (bottom). A total of 20 participants per arm were included for the oxycodone and placebo
groups, and 15 participants per arm were included in the analysis for the midazolam and oxycodone + midazolam groups. (b) Data points
represent all the sample participant measurements collected during the rebreathing stage, lines represent the linear regression for each
treatment for one participant based on measurements during the rebreathing stage, and shaded areas represent the 95% confidence in-
tervals for the linear regression for minute volume (top), tidal volume (middle), and ventilatory frequency (bottom).
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a Participant reported sedation b Participants reported as falling asleep or snoring
by visual analogue score during rebreathing by investigators
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Fig 4. Sedation effects on participants. (a) Linear mixed-effects model-predicted sedation at 3 h for each treatment group. The error bars
indicate two-sided 95% confidence intervals. (b) Number and percent of participants reported as falling asleep or snoring by the inves-
tigator at the 2-h assessment during the rebreathing stage. A total of 20 participants per arm were included in the analysis for the oxy-
codone and placebo groups, and 15 participants per arm were included for the midazolam and oxycodone + midazolam groups.

the number of subjects whose rebreathing data were not us-
able at the primary time point, only 10 subjects had no missing
data for the primary analysis, making the results underpow-
ered to detect a difference in minute ventilation at 7.3 kPa if
there truly was one. By using healthy volunteers, this study
excluded those at highest risk for an overdose with co-
administration of benzodiazepines and opioids.

In conclusion, although midazolam co-administered with
oxycodone did not further decrease hypercapnic ventilation
compared with oxycodone alone, it decreased tidal volume,
increased ventilatory frequency, and increased resting end-
tidal Pcoy in healthy subjects, which suggests that the com-
bination influences ventilation by inducing relaxation of the
respiratory muscles. This is an important foundation for
understanding the underlying mechanisms. However, addi-
tional investigations are necessary to elucidate the potential
for upper airway obstruction when benzodiazepines and
oxycodone are co-administered, especially in at-risk
populations.
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