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Comparative Effectiveness of Midazolam-Based Sedation
on the Need for Intracranial Pressure Lowering Therapies
in Traumatic Brain Injury
Rianne G.F. Dolmans,1,* Giovanni Russo,2 James Anstey,2 Ewout W. Steyerberg,3 Fabio S. Taccone,4 Andrew Udy,5,6

Giuseppe Citerio,7 Carole Ichai,8 Rafael Badenes,9 John Prowle,10 Ari Ercole,11 Mauro Oddo,12 Antoine Schneider,13

Stefan Wolf,14 Raimund Helbok,15,16 David Nelson,17 D. Jamie Cooper,5,6 and Mathieu van der Jagt18

Abstract
Sedatives play an important role in the management of patients with severe traumatic brain injury (sTBI)
in the intensive care unit (ICU). Benzodiazepines are common for sedation (midazolam-based) but have
been discouraged for non-brain-injured patients in the ICU. This study aimed to investigate the effect of
midazolam-based sedation versus non-midazolam-based sedation on the need for intracranial pressure
(ICP) lowering therapies in patients with sTBI in the ICU. We studied patients with sTBI (Glasgow Coma
Sale £8) from 14 ICUs in Europe and Australia, who received ICP monitoring and continuous instrumen-
tal variable (IV) sedation for at least 24 h. We analyzed the association between sedation strategy and
the need for ICP lowering therapies during the first 7 ICU days using a multivariable logistic regression
model, adjusted for clinical markers of injury severity. We also analyzed the center as an IV in a random
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effects model to address potentially unmeasured confounding. Among 227 patients with sTBI, 152 (67%)
received midazolam-based sedation. These patients had a lower age and higher median Glasgow Coma
Scale on admission compared with 75 patients in the non-midazolam-sedated group. In logistic regres-
sion analyses, patients with midazolam-based sedation had higher odds of receiving hyperosmolar ther-
apy (odds ratio [OR]: 3.4, 95% confidence intervals [CI]: 1.6–7.7). This effect could not be confirmed in the
instrumental variable analysis (hyperosmolar therapy: OR: 1.3, 95% CI: 0.1–13.1). The mean ICU length of
stay was significantly longer in the midazolam-based sedation group compared with the non-midazolam-
based sedation group (19 vs. 13 days, hazards ratio 0.6, 95% CI: 0.4–0.8). Midazolam-based sedation was
common for patients with sTBI without a significantly increased need for ICP therapies but an association
with longer ICU stay. Larger prospective comparative effectiveness studies are needed regarding sedation
strategies in critically ill patients with TBI.

Keywords: intracranial pressure; neurocritical care; sedation; traumatic brain injury

Introduction
Sedatives and analgesics play an important role in the
management of patients with severe traumatic brain
injury (sTBI) in the intensive care unit (ICU), which
is aimed at the prevention of secondary brain injury
(SBI).1–4 There is wide variation, however, in the use
of sedative agents because of a lack of evidence and
guidelines on their use.2,5,6 Benzodiazepines have
been used for sedation in patients with TBI for many
years in the ICU setting, with midazolam being the
most common.4 Midazolam has the advantage of less
severe side effects (e.g., hemodynamic instability) com-
pared with most other sedative agents, and therefore, it
could be intensified more easily when the therapy inten-
sity level (TIL) is escalated.4,7–10 Disadvantages of mid-
azolam may include tissue accumulation, especially
in patients with renal dysfunction, with prolonged
sedation and duration of mechanical ventilation.4,7,11–13

Besides midazolam, there is increased use of propo-
fol and other sedative agents such as dexmedetomi-
dine and clonidine.11 Some appear to be equally
effective in managing intracranial pressure (ICP),
one of the main modifiable components of SBI, but
with less tissue accumulation and shorter drug-
elimination time.4,11

A previous study investigated the early use (first
24–72 h after ICU admission) of sedative agents in
relation to clinical outcomes in patients with sTBI in
the ICU.14 The current study aimed to investigate the
association of midazolam-based sedation versus non-
midazolam-based sedation with the need for ICP low-
ering therapies during the first 7 days in patients with
sTBI in the ICU.

Materials and Methods
Study setting and data collection
In this study, data from 14 ICUs in Europe and Aus-
tralia were prospectively collected and analyzed. Two
centers were from Melbourne, Australia, 2 were from
the United Kingdom (London and Cambridge), and
the other 10 were from Europe (Valencia, Spain, Inns-
bruck, Austria, Stockholm, Sweden, Lausanne, Swit-
zerland, Monza, Italy, Paris and Nice, France, Berlin,
Germany, Brussels, Belgium, Rotterdam, Netherlands).
Ethics approval for this study was obtained locally
by each center. Centers collected data from at least
20 patients each. Inclusion criteria were adult patients
(>18 years of age) with sTBI (i.e., Glasgow Coma
Scale [GCS] £8 after resuscitation or prior to intuba-
tion). All patients received ICP monitoring by an
external ventricular drain (EVD) or intraparenchy-
mal catheter within 24 h of admission that remained
in situ for at least 72 h of their ICU stay. In addition,
all patients received continuous intravenous sedation
with midazolam and/or propofol and/or dexmedeto-
midine and/or clonidine for at least 24 h. Exclusion
criteria were death within <72 h from admission as
well as rapid improvement within 72 h, permitting
removal of their ICP monitor before this time. Base-
line characteristics, vital signs, injury severity scores
([ISS], GCS, pupil reactivity, Marshall computed tomog-
raphy [CT] score, APACHE II, IMPACT score), seda-
tion data, and ICP lowering therapies were collected
for each patient using the clinical records of the
patients ICU stay. Sedation infusion rates were
recorded at midday each day. ICP was assessed four
times a day. Clinical outcomes such as ICU length
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of stay, hospital length of stay, ICU mortality,
in-hospital mortality, and Glasgow Outcome Scale
Extended (GOS-E) at hospital discharge have already
been reported in a previous study.14 We report these
outcomes for completeness because analyses and
patient selection for this study were slightly different.
GOS-E at hospital discharge was defined as deceased
(GOS-E 1), unfavorable outcome (GOS-E 2–4), or
favorable outcome (GOS-E 5–8).

Outcome measurements
The primary outcome measurements were ICP lower-
ing therapies at any time during ICU stay as defined
in the TIL score that was available from the data col-
lected and included EVD placement for cerebrospinal
fluid (CSF) drainage, barbiturate coma, neurosurgical
clot evacuation, decompressive craniectomy, thera-
peutic hypothermia (temperature 32–35�C), and use
of hyperosmolar therapy (mannitol and/or hypertonic
saline). A summary TIL score was not possible due to
a lack of dosing data. ICU and hospital length of stay
were secondary outcomes.

Statistical analysis
Patients were stratified into two groups: midazolam-
based sedation versus non-midazolam-based sedation.
We defined the “midazolam-based group” as those
patients treated with continuous intravenous midazo-
lam infusion alone or with another sedative agent for
1 or more days during the first 7 days of their ICU
stay. The “non-midazolam-based group” were patients
treated with propofol and/or clonidine and/or dexme-
detomidine or a combination of these (as long as they
did not receive midazolam) during the first 7 days of
their ICU stay. The chi-square exact test was used to
compare categorical variables, and the Kruskal–Wallis
test was used to compare continuous variables. Multi-
variable logistic regression models, adjusted for clinical
markers of injury severity (ISS, GCS, pupil reactivity,
Marshall CT score, APACHE II, IMPACT score), were
used to analyze the association between sedation strat-
egy and any ICP lowering therapy as well as the six
individual, dichotomized (yes/no) ICP lowering thera-
pies as outcomes. Moreover, an instrumental variable
analysis was performed with a preference for midazo-
lam per center as the exposure variable. Preference for
midazolam per center was defined as the chance of
getting midazolam-based sedation at each center. A
random effect model adjusted for unmeasured con-
founding based on the center effect. Finally, a sensitivity

analysis was performed excluding patients with a pri-
mary decompressive craniectomy on day one. For sec-
ondary outcome analyses, a Cox proportional hazards
model was used. All statistical analyses were performed
in R Studio (version 2022.07.1). A p value below 0.05
was considered significant.

Results
Baseline characteristics
In total, 227 patients with sTBI were included, of
whom 152 patients (67%) received midazolam-
based sedation and 75 patients (33%) received non-
midazolam-based sedation. Mean age was lower in the
midazolam-based sedation group compared with the
non-midazolam-based sedation group (43 – 19 years
vs. 49 – 18 years). Patients in the midazolam-based
group had a higher median GCS total score on admis-
sion (3, interquartile range [IQR]: 3–8 vs. 3, IQR: 3–5)
as well as higher median GCS motor score on admis-
sion (1, IQR: 1–5 vs. 1, IQR: 1–2) compared with
patients in the non-midazolam-based sedation group.
Prehospital hypoxemia (25% vs. 10%, respectively), as
well as opioid use (100% vs. 89%, respectively), was
more common in the midazolam-based group com-
pared with the non-midazolam-based group (Table 1).
The IMPACT score was lower in the midazolam group
(10, IQR: 7–12) versus the non-midazolam group
(12, IQR: 9–14). The mean ICP course between
the midazolam-based sedation group and the non-
midazolam-based sedation group is shown in Figure 1.

ICP lowering therapies
ICP lowering therapies were given in 84% of patients
with midazolam-based sedation and in 72% of patients
with non-midazolam-based sedation. Specifically, addi-
tional ICP lowering therapies such as therapeutic hypo-
thermia (32% vs. 17%), barbiturate coma (16% vs. 5%),
and hyperosmolar therapy (68% vs. 41%) were more
common in the 152 patients in the midazolam-based
sedation group compared with the 75 patients in the
non-midazolam-based sedation group, respectively.
Other ICP lowering therapies such as neurosurgery
for clot evacuation, craniectomy, and EVD require-
ment for CSF drainage were not different between
groups (Table 2).

Sedation strategy and ICP lowering therapies
On multivariable logistic regression analysis, when
correcting for multiple potential confounders (e.g.,
age, gender, admission weight, injury severity score,
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IMPACT score, and opioid use), we found that
patients with midazolam-based sedation had higher
odds of receiving hyperosmolar therapy (odds ratio
[OR]: 3.4, 95% confidence interval [CI]: 1.6–7.7) com-
pared with patients with non-midazolam-based seda-
tion. The odds of any ICP lowering therapy or
therapeutic hypothermia, EVD for CSF drainage, neu-
rosurgery for clot evacuation, and craniectomy were
comparable between groups. The number of patients

with barbiturate coma was low (16% in midazolam
groups vs. 5% in non-midazolam group), and all patients
with barbiturate coma received opioids. Therefore, we
were unable to perform a regression analysis with cor-
rection for confounders for this specific ICP therapy
(Table 3). In the instrumental variable model, there
was no statistically significant association between mid-
azolam preference versus non-midazolam preference
and the need for ICP lowering therapies (Table 3).

FIG. 1. Mean intracranial pressure during ICU stay in patients with midazolam-based (A) and non-mida-
zolam-based sedation (B). ICU, intensive care unit.

Table 1. Baseline Demographics

Midazolam-based sedation Non-midazolam-based sedation

Number of patients 152 (67) 75 (33)
Age (mean [SD]) 42.5 (–19) 49.1 (–18)
Gender (%)
Female 31 (20) 18 (24)
Male 121 (80) 57 (76)

Admission weight (mean [SD]) 77 (14) 88 (107)
APACHE II score (median [IQR]) 19 (15, 25) 21 (16, 26)
IMPACT score (median [IQR]) 10 (7, 12) 12 (9, 14)
Injury Severity Score (median [IQR]) 32 (25, 42) 29 (25, 38)
GCS on admission (median [IQR]) 3 (3, 8) 3 (3, 5)
GCS motor score on admission (median [IQR]) 1 (1, 5) 1 (1, 2)
Prehospital hypoxemia (SpO2 < 90%; %) 34 (25) 7 (10)
Prehospital hypotension (SBP <90 mmHg; %) 24 (17) 12 (17)
Prehospital fluid volume given (mean [SD]) 887 (907) 767 (1131)
Prehospital osmotherapy (%) 12 (10) 8 (20)
Pupil reactivity (%)
Non-reactive 23 (16) 14 (19)
One reactive 18 (12) 15 (20)
Both reactive 104 (72) 45 (61)

Mass lesion on CT (%) 113 (72) 41 (59)
Traumatic subarachnoid hemorrhage (%) 109 (72) 53 (71)
Marshall CT score (median [IQR]) 3 (2, 5) 3 (2, 5)
Mean ICP (SD) 14 (4) 12 (3)
Opioid use 152 (100) 67 (89)
NMBA use 42 (28) 14 (19)

CT, computed tomography; GCS, Glasgow Coma Scale; ICP, intracranial pressure; IQR, interquartile range; NMBA, neuromuscular blockade
agents; SBP, systolic blood pressure; SD, standard deviation.
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Sensitivity analysis—craniectomy on day 1
In a sensitivity analysis excluding patients with a pri-
mary decompressive craniectomy on day 1, we found
similar results where patients with midazolam-based
sedation had higher odds of receiving hyperosmolar
therapy (OR: 3.8, 95% CI: 1.5–10) as an ICP therapy
compared with patients with non-midazolam-based
sedation. The odds for the other ICP therapies were
not different between groups. In the random effect
model, however, we found no significant differences
(Table 4).

Clinical outcomes
Hospital length of stay, ICU mortality, in-hospital
mortality, and GOS-E at hospital discharge were simi-
lar in both groups. ICU length of stay, however, was
significantly longer in the midazolam-based sedation
group compared with the non-midazolam-based
sedation group (19 – 15 days vs. 13 – 8 days, respec-
tively; Table 5). When adjusting for confounding fac-
tors, these results remained statistically significant
(hazards ratio 0.6, 95% CI: 0.4–0.8; Table 6).

Discussion
We found that most patients with sTBI had
midazolam-based sedation. These patients received
somewhat more treatment escalations (hyperosmolar
therapy, therapeutic hypothermia, EVD for CSF
drainage, neurosurgery for clot evacuation, and crani-
ectomy as ICP lowering therapies) compared with
patients with non-midazolam-based sedation. Differ-
ences were not confirmed, however, in instrumental
variable analyses, which adjusted for center-level pref-
erence as the instrument. This suggests that using mid-
azolam was not superior in controlling ICP, compared

Table 2. ICP Lowering Therapies by Sedation Strategy

Midazolam-based
sedation

Non-midazolam-based
sedation

Number of patients 152 75
Any ICP lowering therapies 128 (84) 54 (72)
Therapeutic hypothermia (%) 48 (32) 13 (17)
Barbiturate coma (%) 24 (16) 4 (5)
Neurosurgery for clot
evacuation (%)

50 (35) 24 (35)

Craniectomy (%) 48 (32) 19 (25)
Craniectomy on day 1 (%) 46 (30) 19 (25)
EVD required for CSF
drainage (%)

53 (35) 16 (21)

Hyperosmolar therapy 103 (68) 31 (41)

CSF, cerebrospinal fluid; EVD, external ventricular drain; ICP,
intracranial pressure.
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with other drugs, in this patient cohort. Furthermore,
ICU length of stay was longer when using midazolam-
based sedation, which aligns with previous research in
non-TBI populations.15,16 This comparative effective-
ness study focused on ICP treatments. A previous
report from the same databases showed similar clinical
outcomes with both sedation strategies.14 Hence, both
clinical outcomes and TIL for ICP appear relatively
independent of using midazolam as a component of
the sedation strategy.
Previous research has been performed on the influ-

ence of sedative choice on cerebral (ICP, cerebral per-
fusion pressure (CPP), cerebral blood flow (CBF),
cerebral metabolic rate of oxygen (CMRO2) and sys-
temic (mean arterial pressure; MAP) physiology
parameters.3,6,17–37 Even though randomized controlled
trials are scarce,20,36–38 and the majority of research are
small interventional trials or observational studies, no
clear relation has been found between sedative choice
and cerebral and systemic physiology parameters to
date. This results in a lack of consensus on the preferred
method of sedation in patients with TBI in the ICU.2

To the best of our knowledge, this is the first study
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Table 5. Clinical Outcomes by Sedation Strategy

Midazolam-based
sedation

Non-midazolam-based
sedation

Number of patients 152 75
ICU length of stay

(mean [SE])
19 (1) 13 (1)

Hospital length of stay
(mean [SE])

32 (3) 24 (2)

ICU mortality (%) 37 (24) 16 (21)
In-hospital mortality (%) 41 (27) 18 (24)
Glasgow outcome scale

extended at hospital
discharge (%)

Deceased 41 (37) 18 (32)
Favorable 14 (13) 9 (16)
Unfavorable 56 (51) 29 (52)

ICU, intensive care unit; SE, standard error.

Table 6. Cox Regression Model on ICU and Hospital
Length of Stay

ICU length
of stay

Hospital length
of stay

HR (95% CI) HR (95% CI)

Midazolam-based sedation 0.6 (0.4–0.8) 1.1 (0.8–1.6)
Non-midazolam-based sedation Ref Ref

The statistical model was adjusted for age, gender, admission
weight, injury severity score, IMPACT score, and opioid use.

CI, confidence interval; HR, hazards ratio; ICU, intensive care unit.
Bold type indicates significance.
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comparing sedation in relation to the need for ICP low-
ering therapies.
The current study investigated six ICP lowering

therapies: therapeutic hypothermia, barbiturate coma,
neurosurgery for clot evacuation, EVD for CSF drain-
age, craniectomy, and hyperosmolar therapy. Com-
paring midazolam versus other sedative agents in
patients with TBI has been the topic of many studies.
To date, none of these studies, however, have found
superiority of midazolam over other sedative agents
or vice versa in terms of controlling ICP,21,39 cerebral
oxidative stress,31 markers of neurological injury,40 or
neurological outcome.21,39,40 Nevertheless, propofol is
recommended for the control of ICP,41 and there is a
common clinical assumption that propofol leads to
better control of ICP compared with midazolam
despite a lack of good quality comparative data.4 Our
study does not clearly indicate that there may be a
clear superiority of sedative agents in terms of ICP
lowering therapies in patients with TBI. Nonetheless,
the role of sedation on ICP control remains to be dis-
cussed since sedatives can be indicated to control
other parameters influencing ICP such as arterial
hypotension, hypo- or hypercapnia, hypoxia, and
increased cerebral oxygen use (CMRO2).

42,43

Primary decompressive craniectomy, removing the
bone flap without its replacement for the treatment of
intracerebral mass, is commonly performed in patients
with TBI to prevent increased ICP.44–46 For our sensi-
tivity analysis, we have excluded patients undergoing a
primary decompressive craniectomy on day 1 with the
assumption that they will need fewer ICP therapies
since ICP may immediately be controlled. Therefore,
this group of patients might have skewed the results of
our analysis. Nevertheless, the sensitivity analysis indi-
cated similar results.
Regarding sedative choice and its relation with clin-

ical outcomes, the current study is in line with previ-
ous research indicating that patients with TBI with
midazolam-based sedation have longer ICU length of
stay.3,9,21,47 This may be related to the accumulation
of active metabolites with prolonged infusions,48 with
no differences in mortality or GOS-E at hospital
discharge.39,40

A limitation of the current study is the retrospec-
tive nature of this research, with a substantial number
of analyses done. We caution that the substantial
number of analyses increases the chance of focusing
on a chance finding rather than a true causal

relationship. Moreover, long-term neurological out-
comes as well as depth of sedation were not collected.
Nor were we able to investigate renal function in the
midazolam-based sedation group which can be a con-
founder for ICU length of stay due to accumulation of
active metabolites in renal failure.49 We could not
include the validated TIL score due to insufficient gran-
ular data in this dataset. Instead, we included most com-
ponents of the TIL score as binary variables, when
available. One of the strengths of this article is that the
statistical analyses included various state-of-the-art
approaches, including instrumental variable analyses.
Also, this is an international multicenter study including
centers from both Europe and Australia, increasing gen-
eralizability due to a diverse population coverage. In
addition, confounder adjustment included instrumental
variable analysis with the center effect, which theoreti-
cally leverages variability between centers that is not
accounted for by confounding by indication, enhanc-
ing the potential of the associations found to be
interpreted as being causal in relation to propensity
scores.50 The disadvantage of this refined analysis is
a large variance due to low statistical power. The
number of patients may have been too small to iden-
tify the true effects of midazolam-based versus non-
midazolam-based sedation if they did exist resulting
in no convincing conclusions. More reliable results
are only possible with far larger numbers of patients.

Conclusions
Midazolam-based sedation is common for patients
with sTBI and is not clearly related to the need for
ICP lowering therapies in patients with sTBI in the
ICU compared with non-midazolam-based sedation
strategies. Midazolam-based sedation was associated
with increased ICU length of stay. More extensive
prospective comparative effectiveness studies regard-
ing the benefits of different sedation strategies in crit-
ically ill patients with TBI are needed.

Transparency, Rigor,
and Reproducibility Statement
This study was not formally registered because of the
retrospective nature of this article. The analysis plan
was not formally pre-registered, but the team mem-
ber with primary responsibility for the analysis certi-
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size of 260 subjects was planned based on the avail-
ability of the data from the participating centers. The
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actual sample size was 227 subjects. Data were acquired
between January 1, 2015, and December 31, 2015. Data
were collected using the clinical records of the patients
ICU stay. Data were analyzed using R Studio (version
2022.07.1). All equipment and software used to perform
analysis are widely available from R Studio. Key inclu-
sion criteria and clinical outcomes were assessed by
investigators with a clinical background in intensive care
medicine, neurology, and neurosurgery. Effect sizes and
confidence intervals have been reported in the abstract
and main text for all outcomes. Statistical analysis and/
or review was performed by a qualified statistician
(E.W.S.). Methods of statistical analysis have been
reported in the text. Data from the study are not avail-
able because data cannot be de-identified. The analytic
code used to conduct the analyses presented in this
study is not available in a public repository. They may
be available by emailing the corresponding author.
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