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Abstract
Background and Objectives  Midazolam rectal gel is a novel rectal formulation that may be a promising and potential alter-
native to oral administration for pediatric sedation. The objective of this study was to evaluate the safety, pharmacokinetics, 
pharmacodynamics, and absolute bioavailability of midazolam rectal gel in healthy Chinese subjects.
Methods  An open-label, single-dose, randomized, two-period, two-treatment, crossover clinical study was conducted in 22 
healthy subjects (16 males and six females), each receiving 2.5 mg intravenous midazolam in one period and 5 mg mida-
zolam rectal gel in another period (the dosages here were calculated as active midazolam). Safety, pharmacokinetic, and 
pharmacodynamic assessments were conducted throughout the study.
Results  All of the subjects completed both treatment periods. The formulation of rectal gel was well tolerated, with no seri-
ous adverse events occurring. After a single rectal dose of 5 mg midazolam rectal gel, it was absorbed rapidly with a median 
value of time to peak concentration (Tmax) of 1.00 h, and mean values of the peak concentration (Cmax) and area under the 
concentration–time curve (AUC​0–t) of 37.2 ng/mL and 137 h·ng/mL, respectively. The absolute bioavailability of rectal gel 
was 59.7%. The rectal gel exhibited a relatively delayed onset but a more stable sedative effect and a longer duration when 
compared with intravenous midazolam.
Conclusion  Midazolam rectal gel may be a feasible alternative with a high level of acceptance in pediatric sedation and 
enhanced bioavailability compared to an oral formulation. The modeling results may help to disclose out the exposure-
response relationship of midazolam rectal gel and support the design of an escalating-doses study and pediatric extrapolation 
study.
Clinical trial registration  The study was registered at http://​www.​china​drugt​rials.​org.​cn (No. CTR20192350). 

Key Points 

This is the first study to characterize the pharmacokinetic 
and pharmacodynamic properties of a novel midazolam 
rectal gel formulation in humans.

The bioavailability of midazolam rectal gel was 59.7%, 
which was slightly higher than the reported oral bioavail-
ability of midazolam (40–50%).

The pharmacodynamic results indicated that midazolam 
rectal gel has a relatively delayed onset but a more stable 
sedative effect and a longer duration when compared 
with intravenous midazolam.

Pharmacokinetic-pharmacodynamic modeling in adults 
could provide a scientific basis for the design and devel-
opment of future pediatric clinical trials.
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1  Introduction

Pediatric patients during diagnosis and treatment often suf-
fer from intractable stress, anxiety, and tension, and may 
require pharmacological sedation to undergo examinations 
such as endoscopic examination, magnetic resonance imag-
ing (MRI) examination, and induction of anesthesia. Mida-
zolam, the representative agent used for sedation, is a ben-
zodiazepine with rapid onset and a short duration of action 
[1, 2]. Human cytochrome P450 3A4 (CYP3A4) has been 
identified as the major enzyme responsible for the hepatic 
and intestinal metabolism of midazolam [3]. The major 
metabolite is 1 hydroxymidazolam, which also has phar-
macological activity [4, 5]. The elimination half-life (t1/2) 
of midazolam ranges between 1.8 and 6.4 h [6]. Midazolam 
acts as an agonist on gamma-aminobutyric acid (GABA) 
receptors, which respond to the major inhibitory neurotrans-
mitter in the mammalian brain [7].

For pediatric sedation, midazolam is available in vari-
ous dosage forms. Oral dosage forms are the most common 
forms, but it is also common for children to spit them out 
or regurgitate them because of their bitter taste and diffi-
culty in swallowing them [8]. Despite the syrup masking 
the bitter taste, midazolam hydrochloride syrup contains 
sorbitol, which could increase the risk of gastrointestinal 
adverse effects [9, 10]. The intravenous route causes pain, 
fear, and anxiety in pediatric patients. As one alternative, the 
transmucosal route (e.g., intranasal, intrarectal) could reduce 
the first-pass effect, increase bioavailability, and improve 
the acceptance of pediatric patients. Although intranasal 
administration is relatively painless, it may cause sneezing, 
coughing, and drug expulsion [11]. However, the intrarectal 
route currently has no formal dosage forms, only intrave-
nous midazolam given as an enema [12].

As a candidate for administration via the intrarectal route, 
a novel midazolam rectal gel formulation was developed by 
Xinjiang Tefeng Pharmaceutical Co., Ltd. (Urumqi, China). 
The pre-clinical safety data from rectal administration in 
rabbits showed low pungency for this novel formulation. 
Moreover, the rectal gel exhibited a rapid onset of action, 
rapid distribution and elimination, and high bioavailabil-
ity (74.1%) in rabbits [13]. Additionally, pharmacokinetic 
experiments in rats suggested that the time to peak concen-
tration (Tmax) of midazolam rectal gel was shorter than that 
of the oral solution (0.17 h vs. 0.31 h), and the correspond-
ing values for the peak concentration (Cmax) and area under 
the concentration-time curve (AUC) were higher than those 
for the oral solution (Cmax: 73.48 ng/mL vs. 26.62 ng/mL, 
AUC: 48.68 h·ng /mL vs. 28.85 h·ng/mL) (data not pub-
lished). All these pre-clinical results support the hypoth-
esis that midazolam rectal gel may produce a better curative 
effect in the clinic and has a certain developmental value. 

However, to date, the bioavailability and pharmacokinetic 
properties of the novel formulation in humans after rectal 
administration have not yet been reported.

Therefore, we conducted this study to assess the safety, 
absolute bioavailability, pharmacokinetics, and pharma-
codynamics of the novel midazolam rectal gel in humans. 
According to the guidance from the US Food and Drug 
Administration (FDA), the exposure-response relationship 
in adults should be clear before conducting clinical studies 
in the target pediatric population [14]. Thus, in the present 
study, the midazolam rectal gel was first trialed in healthy 
adults, and the leakage of the novel formulation after rectal 
administration was also estimated.

2 � Methods

2.1 � Subjects

The enrollment criteria for this study were healthy Chi-
nese subjects, aged 18–45 years, with a body mass index 
(BMI) 19–26 kg/m2, and good health based on physical 
examination, measurement of vital signs, and clinical labo-
ratory tests. Subjects were ineligible for enrollment if they 
had liver disorders or renal disease that might significantly 
alter metabolism and elimination, and were also excluded if 
they had used any medicines within 2 weeks or drugs that 
inhibit or induce hepatic metabolism within 1 month before 
screening. The oxygen saturation (SpO2) was to be higher 
than 95%. Respiratory disorder and anorectal disease were 
also included in the exclusion criteria. Subjects with a dif-
ficult airway were also excluded, including a limited mouth 
opening, restricted movement of the neck mentum and jaw, 
rheumatoid spondylitis, temporomandibular arthritis, and a 
high Mallampati score (≥ 3) [15]. Subjects had to abstain 
from alcohol, green tea, caffeine drinks, and grapefruit dur-
ing the study.

2.2 � Study Design

This was an open-label, single-dose, randomized, two-
period, two-treatment crossover clinical study in healthy 
adults. The order in which each subject received intrave-
nous midazolam or midazolam rectal gel was determined by 
a randomization table. The randomization table was gener-
ated by statisticians using SAS 9.4 software, and subjects 
were randomly assigned to one of the two administration 
sequences in a ratio of 1:1 to ensure equal arrangement of 
the order of the subjects. The study consisted of two phases, 
a pilot study and a pivotal study. The pilot study was con-
ducted on four males, and the pivotal study included 12 
males and six females. The study days were separated by a 
7-day washout period in each phase. Subjects were required 
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to fast overnight (at least 10 h) and were deprived of drink-
ing water (at least 2 h) before administration, while standard 
meals (low-fat) and water intake were allowed and provided 
4 h and 2 h post-dose, respectively. On the day of administra-
tion, subjects received either 5 mg midazolam rectal gel (5 g/
bottle, each 1 g of gel contains 2 mg midazolam (0.2% w/w), 
Tefeng Pharmaceutical Co., Ltd, Xinjiang, China), or 2.5 
mg intravenous midazolam (10 mg/2 mL, Roche Products 
Limited, Basel, Switzerland), and were allowed to get out of 
bed 4 h after dosing (note: the presented dosages here were 
calculated as active midazolam). For intravenous administra-
tion, intravenous midazolam was diluted with 0.9% sodium 
chloride solution to 0.25 mg/mL, and then the solution was 
administered via infusion pump at a constant infusion rate of 
60 mL/h for 10 min. For rectal administration, subjects were 
requested to defecate (if possible) and clean their perianal 
region before dosing. The rectal tube connected to a syringe 
containing the drug was lubricated with paraffin oil, and then 
gently inserted into the anus at 6 cm. After dosing, subjects 
were required to contract the anus sphincter and maintain 
the lateral position. In order to evaluate the leakage of mida-
zolam rectal gel, the perianal region was covered with sterile 
gauze fixed with medical tape for 2 h.

2.3 � Safety Evaluation

All subjects were continuously observed and monitored by 
anesthesiologists on the day of drug administration. The 
bedside monitoring including ECG, blood pressure, respira-
tion rate, and pulse oxygen saturation was performed within 
2 h after administration to ensure the safety of the subjects. 
The safety was evaluated based on adverse events (AEs), 
physical examination, vital signs, 12-lead ECGs, subjects’ 
chief complaint, and other laboratory tests throughout the 
study. All AEs were recorded and reported in compliance 
with Good Clinical Practice (GCP). Based on the Common 
Terminology Criteria for Adverse Events (CTCAE) v5.0, 
AEs were classified into five grades (grade 1: mild; grade 
2: moderate; grade 3: severe or medically significant but 
not immediately life-threatening; grade 4: life-threatening 
consequences; grade 5: death related to AE). Subjects were 
to be followed up when AEs or unusual changes in clinical 
tests were noted.

2.4 � Pharmacokinetic Evaluation and Statistics

2.4.1 � Sample Collection for Pharmacokinetic Analysis

A series of venous blood samples (4 mL) were collected into 
tubes containing dipotassium ethylenediaminetetraacetic 
acid (K2EDTA) at 0 min (pre-dose), 5 min, 10 min, 15 min, 
30 min, 45 min, 60 min, 75 min, 90 min, 2 h, 3 h, 4 h, 6 h, 8 
h, and 12 h post-dose. Samples were centrifuged at 1500×g 

for 10 min (4 °C) within 1 h after collection. Plasma was 
separated and stored at −80 °C until analysis.

2.4.2 � Bioanalytical Assay

The concentrations of midazolam and 1-hydroxymida-
zolam in plasma were analyzed using a validated liquid 
chromatography-tandem mass spectrometry assay (LC–MS/
MS) method at the laboratory of Xihua Scientific Co., Ltd. 
(Shanghai, China). The LC–MS/MS system was conducted 
with a Sciex API 5000 tandem MS (Applied Biosystems, 
CA, USA) coupled with a Waters Acquity UPLC system 
(Waters, MA, USA). Samples were pre-purified by metha-
nol, and the analytes were analyzed using midazolam-d4 and 
1-hydroxymidazolam-d4 as internal standards. The calibra-
tion ranges were from 0.5 to 250 ng/mL, and 0.2 to 100 ng/
mL for midazolam and 1-hydroxymidazolam, respectively. 
The intra-run and inter-batch precision were less than 14.2%, 
and accuracy was between –9.0 and 8.0%.

2.4.3 � Pharmacokinetic Analysis

The pharmacokinetic parameters including Cmax, Tmax, t1/2, 
AUC to time infinity (AUC​0–∞), and AUC from 0 h to the 
last measurable time point (AUC​0–t) were calculated by 
Phoenix WinNonlin (version8.1, Certara, Co., Princeton, 
NJ, USA) using non-compartmental analysis. Cmax and Tmax 
were obtained from the observed plasma concentration-time 
profiles. AUC was estimated using the linear trapezoidal lin-
ear interpolation rule. AUC​0–∞ was calculated as AUC​0–t + 
Ct/λz, where Ct was the last detected concentration and λz 
was the slope of the log-linear regression of the terminal 
declining phase. The t1/2 value was calculated as ln2/λz using 
the best-fit model.

F (bioavailability) was calculated as (AUC​0–t rectal/AUC​0–t i.v.) ×  
(dosei.v./doserectal). Rmetabolite/parent % was calculated as  
(AUC​0–t 1-hydroxymidazolam/MW1-hydroxymidazolam)/(AUC​0–t midazolam 
/MWmidazolam) × 100 (where MW is molecular weight). All 
the pharmacokinetic parameters were expressed as mean and 
standard deviation (SD) or median and range (Tmax).

2.5 � Drug Leakage Evaluation

After rectal administration, the perianal region was gently 
covered with disposable medical gauze, which was fixed 
with medical adhesive tape. The gauze was removed 2 h 
after dosing and stored in a self-sealing bag at −20 °C until 
analysis.

The concentration of midazolam in gauze was also ana-
lyzed by the laboratory at Xihua Scientific Co., Ltd., using 
a validated liquid chromatography method. The gauze was 
repeatedly sonicated and soaked with a specific diluent sol-
vent, and then the resulting solution was filtered and injected 
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to determine the concentration of midazolam. The calibra-
tion range was from 0.05 to 102.67 μg/mL, and the lower 
limit of quantitation was 0.05 μg/mL. The leakage amount 
of the gel was calculated as the midazolam amount in the 
gauze/the dose amount·100%.

2.6 � Pharmacodynamic Evaluation

Pharmacodynamic assessments were conducted at 0 (pre-
dose), 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 
80, 85, 90, 100, 110, 120, 130, 140, 150, 160, 170, and 180 
min after intravenous and rectal administration. Modified 
Observers Assessment of Alertness and Sedation (MOAA/S) 
score assessments and BIS (bispectral index) monitoring 
were selected for the pharmacodynamic analysis [16, 17].

The MOAA/S scale is widely used in clinical practice 
with regard to sedation, and is described as follows: 0 (does 
not respond to trapezius squeeze or electric simulation), 
1 (responds to painful trapezius squeeze), 2 (purposeful 
response to mild prodding or shaking), 3 (responds after 
name called loudly or repeatedly), 4 (lethargic response to 
name), and 5 (responds readily to name spoken) [18]. A 
MOAA/S score of 3–4 has been determined to be an appro-
priate sedative score [19], which was also applied in our 
study (baseline: MOAA/S 4; threshold: MOAA/S 3). The 
MOAA/S recording was evaluated and recorded by the 
anesthesiologists.

The bispectral index (BIS) is an FDA-approved index 
for evaluating the level of sedation by integrating elec-
troencephalographic descriptors into a digital signal [20]. 
The BIS index ranges from 0 to 100, where 0 means elec-
troencephalographic silence and 100 means full wakeful-
ness [21]. A BIS value between 80 and 60 has been con-
sidered medium sedation [22], and this was also applied 
in our study (Baseline: BIS 80; Threshold: BIS 60). The 
BIS monitor (BIS Vista, Medtronic; Boulder, CO, USA) 
conducted the BIS recording with a bilateral BIS sensor 
in this study.

The pharmacodynamic parameters were also calculated 
by Phoenix WinNonlin 8.1 using non-compartmental 
analysis, including maximum effect (Emax), time to reach 
Emax (TEmax), area under the effect curve that was below 
the baseline and above the effect curve (AUEC_Below_B), 
area under the effect curve that was below the thresh-
old and above the effect curve (AUEC_Below_T), the total 
duration time when the effect was below the Baseline 
(Time_Below_B), and the total duration time when the effect 
was below the Threshold (Time_Below_T). AUEC was cal-
culated using the linear trapezoidal linear interpolation 
rule. AUEC_Below_B and AUEC_Below_T can be understood 
as the total net drug effect with medium sedation and gen-
eral anesthesia, respectively [23]. The Time_Below_B and 
Time_Below_T show the duration of sedation and general 

anesthesia, respectively. Emax and TEmax were directly 
obtained from the observed MOAA/S or BIS-time profiles. 
All pharmacodynamic parameters were expressed as mean 
and SD or median and range (TEmax).

2.7 � Pharmacokinetic–Pharmacodynamic Evaluation

The pharmacokinetic/pharmacodynamic relationship was 
investigated by the sequential pharmacokinetic/pharmaco-
dynamic modeling approach, which means developing the 
pharmacokinetic model first, then fixing post hoc pharma-
cokinetic parameters, and finally fitting the pharmacody-
namic model with the predicted pharmacokinetic data and 
observed pharmacodynamic data [24]. The pharmacokinetic/
pharmacodynamic model was built by maximum likelihood 
models of Phoenix NLME 8.1.

Linear one- and two-compartment structural models were 
assessed for pharmacokinetics. The indirect models were 
considered for the pharmacodynamic structural model. The 
inter-individual variability (IIV) was evaluated on all param-
eters and assumed to follow a log-normal distribution. The 
residual error was tested with the additive, proportional, and 
combined (additive and proportional) models. The potential 
covariates included body weight, gender, age, and admin-
istration route (intravenous or rectal). The model selection 
criteria were the plausibility of parameter estimate, the coef-
ficient of variation (%CV) of parameter estimate less than 
40% with the smallest Akaike’s information criteria (AIC) 
value.

3 � Results

3.1 � Demographics

Twenty-two healthy subjects (16 males and 6 females) rang-
ing in age from 18 to 41 years (mean age, 27 years), in body 
weight from 51.6 to 77.5 kg (mean weight, 65.0 kg), in body 
height from 153 to 181 cm (mean height, 167.9 cm), and in 
BMI from 19.9 to 25.4 kg/m2 (mean BMI, 22.9 kg/m2) were 
finally included in this study.

All subjects completed the study and were enrolled in the 
safety, pharmacokinetic, and pharmacodynamic analysis. No 
significant protocol deviations occurred during the study.

3.2 � Safety

The midazolam rectal gel and intravenous  midazolam 
appeared to be well tolerated throughout the study with no 
serious AEs occurring. For midazolam rectal gel, two sub-
jects experienced four AEs (incidence rate 9.09%), including 
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elevated levels of triglyceride and uric acid, diarrhea, and 
hypotension. For intravenous midazolam, two subjects expe-
rienced two AEs (incidence rate 9.09%), including urine 
occult blood positive and hypotension. Among the AEs, 
the hypotension included in the adverse reactions of intra-
venous midazolam (Hypnovel®) labeling occurred in both 
treatments and was considered to be drug related. All AEs 
were grade 1 (mild), and subjects recovered without any 
medical treatment by the end of the study. No unexpected 
adverse reactions were observed in the study. Mild sedation 
was noted in all subjects after drug administration.

3.3 � Pharmacokinetic Results

The mean plasma concentration-time curves of midazolam 
and 1-hydroxymidazolam after administration of 5 mg 
midazolam rectal gel or 2.5 mg intravenous midazolam 
are depicted in Fig. 1. The corresponding pharmacokinetic 

parameters are presented in Table 1. The mean Cmax and 
AUC​0–t of midazolam for 5 mg treatment of midazolam rec-
tal gel were 37.2 ng/mL and 137 h·ng/mL, respectively. The 
corresponding parameters for 2.5 mg treatment of intrave-
nous midazolam were 120 ng/mL and 115 h·ng/mL, respec-
tively. Furthermore, drug leakage after rectal administration 
was less than 0.01%, which was negligible. Thus, the mean 
absolute bioavailability for midazolam rectal gel was calcu-
lated as 59.7%. Additionally, the mean terminal elimination 
t1/2 for midazolam rectal gel was 3.45 h, which was consist-
ent with intravenous midazolam (3.58 h).

For the metabolite of 1-hydroxymidazolam, the mean 
Cmax and AUC​0–t values for midazolam rectal gel were 9.81 
ng/mL and 35.5 h·ng/mL, respectively. The corresponding 
parameters for intravenous midazolam were 4.30 ng/mL and 
14.6 h·ng/mL, respectively. The ratio of the AUC of metabo-
lite to that of parent (Rmetabolite/parent) for midazolam rectal gel 
was 25.5%, which was higher than intravenous midazolam 
(12.2%).

Fig. 1   Mean (SD) plasma concentration-time curves of midazolam (a 
linear ordinates, b logarithmic ordinates) and 1-hydroxymidazolam 
(c linear ordinates, d logarithmic ordinates) after intravenous (IV) 

administration of 2.5 mg midazolam (purple) or rectal administration 
of 5 mg midazolam rectal gel (yellow)
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3.4 � Pharmacodynamic Effects

The mean BIS and MOAA/S value-time curves after admin-
istration of 5 mg midazolam rectal gel or 2.5 mg intrave-
nous midazolam are shown in Fig. 2. The main pharma-
codynamic parameters are presented in Table  2. After 
rectal administration, the effect onset time was relatively 
delayed compared with that of intravenous administration, 
but the duration of the effect was longer (Fig. 2). For BIS 
monitoring analysis, the mean maximum effect (Emax) of 
midazolam rectal gel was 65.7, which was similar to that of 
intravenous midazolam. The TEmax (0.96 h) of rectal gel was 
slightly later than that of the injection (0.67 h). It has been 
reported that a BIS value between 80 and 60 is considered 
to be moderate sedation [22]. Therefore, when calculating 
the pharmacodynamic parameters using Drug Effect of Non-
Compartmental Analysis in Phoenix WinNonlin 8.1, BIS 
values of 80 and 60 were set as “Baseline” and “Threshold,” 
respectively. The AUEC_Below_B and Time_Below_B values for 
the rectal gel were 7.65 and 1.09, respectively, which were a 
little higher and longer than for the injection (5.71 and 0.82 
h). Additionally, the AUEC_Below_T and Time_Below_T values 
for the rectal gel were similar to that for the injection (0.21 
vs. 0.21, 0.05 h vs. 0.03 h). Moreover, as shown in Table 3, 
the pharmacodynamic results of MOAA/S were roughly 
similar to those with BIS monitoring.

3.5 � Pharmacokinetic–Pharmacodynamic 
Relationship

A two-compartment structure with linear elimination, IIV 
on volume of central compartment (Vc), clearance (CL), 
and volume of the peripheral compartment (Vp), propor-
tional residual error, body weight on V, and administration 
route on CL, Vp and intercompartmental clearance (Q) was 
investigated to describe midazolam pharmacokinetic data 
well (see Eqs. 1–3). An effect compartment was used to 
link pharmacokinetic part and pharmacodynamic part (see 
Eq. 4). The sigmoid Emax model with IIV on Emax and half 
maximal effective concentration (EC50) and proportional 
residual error accurately described the relationship between 
the drug concentration in effective compartment and BIS 
(see Eq. 5).

The parameters were well estimated with CV% < 35% (see 
Table 3). The goodness-of-fit plots (in Fig. 3), the concordance 
plots, and the residual plots [see Figs. S1 and S2 in the Online 
Supplemental Material (OSM)] presented good agreement 
between the observed and predicted data. The visual predicted 
plots were used for validation (see Fig. 4), which indicated 
the final model is robust and stable. The key steps for build-
ing a pharmacokinetic/pharmacodynamic model are shown 

in Table S1 (OSM). The pharmacokinetic/pharmacodynamic 
model equations are shown in Eqs. (1–5):

where Ac represents the drug amount in the central com-
partment, Ap represents the drug amount in the peripheral 
compartment, Aa represents the rectal dose, A1 represents 
the intravenous dose, Cc represents plasma concentration, 
ce represents drug concentration in the effect compartment, 
Ka represents absorption rate constant, Ke0 represents equi-
libration rate constant,CL represents clearance, Q represents 
intercompartmental clearance, Vc represents volume of cen-
tral compartment, Vp represents volume of the peripheral 
compartment, E represents the BIS value, E0 represents the 
baseline of the BIS value, Emax represents the minimal BIS 
value (maximum drug effect), EC50 represents half maximal 
effective concentration, and hill represents the shape factor.

4 � Discussion

Midazolam rectal gel is designed for pediatric sedation, and 
rectal drug delivery aims to improve adherence in pediatric 
patients. Currently, diazepam is the only rectally adminis-
tered FDA-approved benzodiazepine for pediatric patients 
[25]. But pediatric patients treated with rectal diazepam have 
a risk of respiratory depression [26]. Additionally, rectal 
chloral hydrate and rectal thiopental can cause irritation in 
the pediatric population [27, 28]. Pentobarbital hydrogel for 
rectal administration is in the development pipeline, but the 
stability of a rectal drug formulation has limited its applica-
tion in pediatric procedural sedation [29]. Hence, a safe, 
effective, and child-friendly sedation is urgently required. 
The aim of this prospective study was to evaluate the safety, 
pharmacokinetics, pharmacodynamics, and absolute bioa-
vailability of a novel rectal gel formulation of midazolam in 
healthy Chinese subjects. The results of our study may help 

(1)
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Q

Vc
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to figure out the exposure-response relationship of mida-
zolam rectal gel and support pediatric extrapolation studies 
or the design of clinical studies in pediatric patients.

Rectal administration of a single dose of midazolam rec-
tal gel was well tolerated and safe in healthy Chinese sub-
jects. The rectal gel is easy to administer and causes minimal 
discomfort. This means midazolam rectal gel may be a suit-
able product for the pediatric population.

After a single rectal dose of 5 mg midazolam rectal gel, 
midazolam was absorbed rapidly with a median Tmax of 1.00 
h, which was slightly slower than the oral administration of 
midazolam (Tmax: 30 min) [30]. The mean Cmax (37.2 ng/
mL) of midazolam rectal gel was significantly lower than 
that (120 ng/mL) of intravenous midazolam, while the AUC​
0–t (137 h·ng/mL) value of midazolam rectal gel was higher 
than that of intravenous midazolam (115 h·ng/mL) and oral 
midazolam tablets (119 h·ng/mL, 7.5 mg) [30]. Furthermore, 
the mean AUC​0–t and the t1/2 values after intravenous admin-
istration in our study were similar to those (109.2 h·ng/mL, 
4.03 h) reported in the literature [31]. The determination 
results of drug leakage evaluation indicated that the drug 
leakage after rectal administration was negligible. There-
fore, the mean absolute bioavailability for midazolam rectal 
gel was calculated as 59.7%, which is slightly higher than 
the oral bioavailability of midazolam (40–50%) [32]. From 

a physiological point of view, the rectal gel was inserted 
6 cm into the rectum in our clinical study, meaning that 
the bulk of midazolam would be delivered to the superior 
rectal vein, and then delivered to the portal vein, and sub-
sequently into the liver. Only a small amount of midazolam 
would avoid hepatic first-pass elimination by transporta-
tion of the inferior rectal vein [33]. The mean AUC​0–t (35.5 
h·ng/mL) and Cmax (9.81 ng/mL) values of 1-hydroxymi-
dazolam after rectal administration were higher than those 
(14.6 h·ng/mL, 4.30 ng/mL) of 1-hydroxymidazolam after 
intravenous administration. After oral administration of the 
7.5 mg midazolam tablet, the mean AUC​0-t and Cmax val-
ues of 1-hydroxymidazolam were 56.0 h·ng/mL and 39.0 
ng/mL, respectively [30]. Comparing the Rmetabolite/parent 
values of the 2.5 mg treatment of intravenous midazolam 
(12.2%), 5 mg treatment of midazolam rectal gel (25.5%), 
and 7.5 mg treatment of midazolam tablet (44.8%), it can be 
inferred that the first-pass effect of oral administration was 
slightly higher than that of rectal administration. Moreover, 
the improved bioavailability for midazolam rectal gel was 
consistent with our previous study [34], in which we found 
that 9.9% midazolam rectal gel could avoid hepatic first-
pass metabolism. The pharmacokinetic results indicated that 
midazolam rectal gel might be more modest and safer than 

Table 1   Pharmacokinetic parameters after 2.5 mg midazolam administered intravenously and 5 mg midazolam gel administered rectally

F = (AUC​0–t rectal /AUC​0–t i.v.) × (dosei.v./doserectal); Rmetabolite/parent % = (AUC​0–t 1-hydroxymidazolam/MW1-hydroxymidazolam)/(AUC​0–t midazolam/
MWmidazolam) × 100
Values are expressed as mean ± SD, except for Tmax, which are median (minimum, maximum)
Cmax maximum concentration, t1/2 terminal elimination half-life, AUC​0–t area under the concentration–time curve from 0 h to the last measureable 
time point, AUC​0–∞ area under the concentration–time curve from 0 h to time infinity, Tmax time to peak concentration, CL clearance, Vz volume 
of distribution, F bioavailability, Rmetabolite/parent AUC ratio of metabolite to parent, MW molecular weight

Compound Parameter Unit Groups

Intravenous dose: 2.5 mg Rectal dose: 5 mg

Midazolam Cmax ng/mL 120 ± 42.1 37.2 ± 9.24
t1/2 h 3.58 ± 0.99 3.45 ± 0.89
AUC​0–t h·ng/mL 115 ± 19.5 137 ± 37.3
AUC​0–∞ h·ng/mL 122 ± 20.7 148 ± 42.2
Tmax h 0.17 (0.08, 0.17) 1.00 (0.25, 2.00)
CL L/h 21.0 ± 3.54 –
Vz L 108 ± 32.6 –
CL/F L/h – 36.4 ± 10.8
Vz/F L – 179 ± 67.2
F % – 59.7 ± 12.1

1-Hydroxymidazolam Cmax ng/mL 4.30 ± 1.71 9.81 ± 4.26
t1/2 h 3.54 ± 1.04 2.81 ± 0.68
AUC​0–t h·ng/mL 14.6 ± 4.88 35.5 ± 14.2
AUC​0–∞ h·ng/mL 16.2 ± 5.09 37.7 ± 14.9
Tmax h 0.50 (0.25,0.75) 1.00 (0.25, 2.00)
Rmetabolite/parent % 12.2 ± 3.13 25.5 ± 7.89



428	 S. Zhou et al.

intravenous midazolam, which is especially important for 
the pediatric population.

The BIS value and MOAA/S score were recorded and 
applied to assess the sedation of subjects. Compared with 
intravenous administration, the effect onset time of rectal 
administration was relatively delayed (BIS: 0.96 h vs. 0.67 
h; MOAA/S: 0.75 h vs. 0.33 h), but the effect was more 
stable, and the duration was longer. The TEmax values of 
BIS and MOAA/S for midazolam rectal gel were consist-
ent with the time to reach Cmax of plasma midazolam. The 
mean Emax of midazolam rectal gel was similar to that of 
intravenous midazolam (BIS: 65.7 vs. 68.0; MOAA/S: 2.91 
vs. 3.05). The sedative effects were similar after rectal and 
intravenous administration. BIS values were < 90 in 100% 
of the subjects after rectal and intravenous administration; 

< 70 in 68.2% of the subjects after rectal administration 
and in 54.6% of the subjects after intravenous administra-
tion; < 60 and > 40 in 31.8% of the subjects after rectal 
administration and in 27.3% of the subjects after intrave-
nous administration. For MOAA/S analysis, MOAA/S 
values were ≤ 4 in 100% of the subjects after rectal and 
intravenous administration; ≤ 3 in 81.1% of the subjects 
after rectal administration and in 59.1% of the subjects after 
intravenous administration; ≤ 2 in 36.4% of the subjects 
after rectal administration and in 40.9% of the subjects after 
intravenous administration. Based on the bioavailability 
of midazolam rectal gel (59.7%), the system exposure of 
5 mg midazolam rectal gel was about 2.99 mg, which is 
higher than 2.5 mg intravenous midazolam. The calculated 
AUEC_Below_B and Time_Below_B (the effective duration of 

Fig. 2   Mean (SD) BIS (a) and 
MOAA/S (b) value-time curves 
after intravenous (IV) admin-
istration of 2.5 mg midazolam 
(purple) or rectal administration 
of 5 mg midazolam rectal gel 
(yellow). BIS bispectral index, 
MOAA/S modified observers 
assessment of alertness and 
sedation
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sedation) values for BIS after rectal administration were 7.65 
and 1.09, respectively, which were a little higher and longer 
than intravenous administration (5.71 and 0.82 h). Moreo-
ver, the AUEC_Below_T and Time_Below_T values for BIS after 
rectal administration were similar to those for intravenous 
administration (0.21 vs. 0.21, 0.05 h vs. 0.03 h), suggest-
ing that higher efficacy and safety might be achieved with 
midazolam rectal gel. As shown in Table 2, the pharmaco-
dynamic parameters of MOAA/S were roughly similar to 
those of BIS, and the results indicate that compared with 
intravenous administration, rectal administration has a rela-
tively delayed onset but a more stable sedative effect and a 
longer duration.

The BIS index is subjective and continuous, which is 
appropriate to establish the exposure-response relationship 
with plasma midazolam concentrations [35]. As mentioned 
in the FDA guidance, a known exposure-response rela-
tionship can be used to support different routes of admin-
istration [36]. Our study integrated the concentrations of 

midazolam-BIS profiles for intravenous and rectal adminis-
tration to develop the pharmacodynamic model. Consider-
ing the time course of pharmacokinetics and pharmacody-
namics, the sequential pharmacokinetic/pharmacodynamic 
modeling approach was used in our study. The final phar-
macokinetic/pharmacodynamic model was a two-compart-
ment pharmacokinetic model with effect compartment and 
sigmoid Emax pharmacodynamic model. The “elimination 
phase” and “rapidly distributed phase” were shown in the 
intravenous pharmacokinetic profile, which indicated a two-
compartment model as the structural model. However, it is 
hard to find biphasic distribution from the rectal pharma-
cokinetic profile. The potential reason is that the absorption 
phase could make a “rapidly distributed phase” indistinct. 
So, the administration route could be the covariate on CL, 
Vp, and Q. Body weight was taken as the covariate on Vc, 
which could be interpreted through the high lipid solubility 
of midazolam [32]. The effect compartment was added in 
our pharmacokinetic-pharmacodynamic model to describe 
the transport of midazolam from the plasma to the brain. 
The indications for midazolam rectal gel are for the pedi-
atric population. Based on the completed pharmacokinetic/
pharmacodynamic data of rectal administration in adults, 
population pharmacokinetic or physiological-based phar-
macokinetic/pharmacodynamic models should be devel-
oped to simulate the blood concentration-effect time curve 
of midazolam rectal gel in a pediatric population with dif-
ferent dosages and different age groups, so as to provide 
reference for pediatric dosage selection. When extrapolat-
ing this pharmacokinetic/pharmacodynamic model to a 
pediatric population, the following points should be paid 
attention to when performing pediatric extrapolation. Firstly, 
the estimated Emax was 15.6, which means the lowest BIS 
value can reach 15.6 (deep hypnotic state) [37]. However, 
some physiological changes would result in differences in 
pharmacokinetic-pharmacodynamic behaviors in the pedi-
atric population. Benzodiazepines that act on the GABAA 
receptor are the mainstay of treatment for neonatal epileptic 
seizures. However, neonates have fewer GABAα1 subunits 
and more GABAα2/3 subunits than adults, which makes 
neonates less responsive to benzodiazepines [38]. Secondly, 
the EC50 was 22.06 ng/mL, which is the total plasma con-
centration of midazolam, since only the free drug is phar-
macologically active. Therefore, the age-related differences 
in the unbound fraction of plasma (fup) of midazolam should 
be taken into consideration when pediatric extrapolation is 
conducted [39]. Furthermore, the development of metabo-
lizing enzymes could affect pediatric pharmacokinetics. 
CYP3A4 was identified as the major enzyme responsible for 
the metabolism of midazolam. The development of CYP3A4 

Table 2   Pharmacodynamic parameters after 2.5 mg midazolam 
administered intravenously and 5 mg midazolam gel administered 
rectally

BIS baseline: 80; BIS threshold: 60; MOAA/S baseline: 4; MOAA/S 
threshold: 3
Values are expressed as mean ± SD, except for TEmax, which are 
median (minimum, maximum)
BIS bispectral index, MOAA/S modified observers assessment of 
alertness and sedation, Emax maximum effect (minimal BIS value), 
TEmax time to reach maximum effect, AUEC_Below_B area under the 
effect curve that is below the baseline and above the effect curve, 
AUEC_Below_T area under the effect curve that is below the threshold 
and above the effect curve, Time_Below_B total duration time when 
effect is below the baseline, Time_Below_T total duration time when 
effect is below the threshold

Parameter Unit Groups

Intravenous Rectal

BIS Emax – 68.0 ± 9.36 65.7 ± 8.79
TEmax h 0.67 (0.17, 2.33) 0.96 (0, 2.83)
AUEC_Below_B – 5.71 ± 6.26 7.65 ± 5.99
AUEC_Below_T – 0.21 ± 0.94 0.21 ± 0.64
Time_Below_B h 0.82± 0.68 1.09 ± 0.62
Time_Below_T h 0.03± 0.09 0.05 ± 0.10

MOAA/S Emax – 3.05 ± 1.13 2.91 ± 0.75
TEmax h 0.33 (0, 2.17) 0.75 (0.33, 1.83)
AUEC_Below_B – 0.33 ± 0.49 0.30 ± 0.30
AUEC_Below_T – 0.09 ± 0.15 0.04 ± 0.08
Time_Below_B h 0.30 ± 0.42 0.37 ± 0.30
Time_Below_T h 0.12 ± 0.20 0.06 ± 0.11
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is age-related; CYP3A4 shows low activity in fetuses and 
reaches adult values at about 1 year of age [40].

5 � Conclusions

In conclusion, as the first study to evaluate the safety, phar-
macokinetics, and pharmacodynamics of a novel rectal gel 
formulation of midazolam, the absolute bioavailability of 
midazolam rectal gel was calculated as 59.7%. which is 
slightly higher than the oral bioavailability of midazolam. 

The pharmacodynamic results indicated that rectal admin-
istration of midazolam rectal gel has a relatively delayed 
onset but a more stable sedative effect and a longer dura-
tion when compared with intravenous administration of 
midazolam. Midazolam rectal gel was well tolerated and 
had an acceptable safety profile in healthy subjects. There-
fore, midazolam rectal gel may be a feasible and safe alter-
native for pediatric patients requiring sedation. A phase I 
clinical study would support a future study design with 
escalating doses and pediatric extrapolation.

Table 3   Parameters estimates for the final pharmacokinetic and pharmacodynamic model

Vc volume of central compartment, CL clearance, Vp volume of the peripheral compartment, Q intercompartmental clearance, Ka absorption 
rate constant, BW body weight, Route administration route (intravenous:1 and rectal:2), Ke0 equilibration rate constant, EC50 half maximal 
effective concentration, Emax maximum effect (minimal BIS value), hill the shape factor, CN conditional number, OFV objective function value, 
CV coefficient of variation, 95% CI 95 percent confidence interval

Parameter (units) Estimate %CV 95% CI

Vc (L) 19.05 9.45 (15.51–22.58)
CL (L/h) 21.38 3.42 (19.94–22.82)
Vp (L) 46.82 4.65 (42.54–51.1)
Q (L/h) 44.62 10.84 (35.13–54.12)
Ka (1/h) 0.42 6.51 (0.36–0.47)
BW on Vc 1.6 31.61 (0.61–2.59)
Route on CL 0.44 14.23 (0.32–0.57)
Route on Vp 1.07 21.87 (0.61–1.53)
Route on Q – 1.29 – 11.87 (– 1.59 to – 0.99)
Ke0 (1/h) 11.64 13.43 (8.58–14.71)
EC50 (ng/mL) 22.06 7.01 (19.03–25.1)
E0 92.21 0.57 (91.19–93.23)
Emax 15.6 7.78 (13.22–17.98)
Hill 8.08 24.9 (4.13–12.02)
Residual variability
 Proportional error for pharmacokinetics (%) 28.73 4.62 (26.12–31.34)
 Proportional error for pharmacodynamics (%) 8.77 5.59 (7.81–9.73)

IIV (ω2)
 IIV Vc (%CV) 0.16 (39.99) 23.54 (0.09–0.23)
 IIV CL (%CV) 0.05 (21.92) 28.99 (0.02–0.08)
 IIV Q (%CV) 0.02 (15.74) 40.17 (0.01–0.04)
 IIV EC50 (%CV) 0.22 (47.24) 24.46 (0.12–0.33)
 IIV Emax (%CV) 0.13 (35.98) 23.44 (0.07–0.19)

CN
 CN for pharmacokinetics 385
 CN for pharmacodynamics 5.4

OFV
 OFV for pharmacokinetics 3712
 OFV for pharmacodynamics 8251
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