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Abstract

Objective—To evaluate the clinical effectiveness of bolus dose fentanyl and midazolam to treat
episodic intracranial hypertension (ICH) in children with severe traumatic brain injury (TBI).

Design—Retrospective cohort.

Setting—Pediatric intensive care unit (PICU) in a university-affiliated children’s hospital Level |
trauma center.

Patients—Thirty-one children aged 0-18 years with severe TBI (Glasgow Coma Scale Score <
8) who received bolus doses of fentanyl and/or midazolam for treatment of episodic ICH.

Interventions—None.

Measurements and Main Results—The area under the curve (AUC) from high resolution
intracranial pressure (ICP) pressure-time plots was calculated to represent cumulative ICH
exposure: AUC for ICP above 20 mmHg (AUC-ICH) was calculated in 15 minute epochs before
and after administration of fentanyl and/or midazolam for the treatment of episodic ICH. Our
primary outcome measure, the difference between pre- and post-drug administration epochs
(AAUC-ICH), was calculated for all occurrences. We examined potential covariates including age,
injury severity, mechanism and time after injury; time after injury correlated with AAUC-ICH. In a
mixed effects model, with patient as a random effect, drug/dose combination as a fixed effect, and
time after injury as a covariate, ICH rose after administration of fentanyl and/or midazolam
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(overall aggregate mean AAUC-ICH= +17 mmHg*min, 95%CI 0-34 mmHg*min; p=0.04). The
mean AAUC-ICH increased significantly after administration of high-dose fentanyl (p=0.02), low-
dose midazolam (p=0.006) and high-dose fentanyl plus low-dose midazolam (0.007). Secondary
analysis using age dependent thresholds showed no significant impact on cerebral perfusion
pressure deficit (mean AAUC-CPP).

Conclusions—Bolus dosing of fentanyl and midazolam fails to reduce the ICH burden when
administered for episodic ICH. Paradoxically, we observed an overall increase in ICH burden
following drug administration, even after accounting for within subject effects and time after
injury. Future work is needed to confirm these findings in a prospective study design.
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INTRODUCTION

Traumatic brain injury (TBI) is a leading cause of morbidity and mortality for children in the
United States [1, 2]. The development of intracranial hypertension (ICH) may complicate
TBI, compromising cerebral perfusion pressure (CPP) and leading to herniation syndromes,
and death. CPP, determined by mean arterial blood pressure (MAP) and intracranial pressure
(ICP), is defined by the relationship CPP = MAP — ICP. Based upon Level II-111 evidence,
the 2003 and 2012 clinical guidelines for TBI care recommend treatment of ICP above 20
mmHg [3, 4] and maintenance of CPP above estimated age appropriate thresholds [4, 5].
Notably, we have found that the timing and intensity of ICH-directed therapy favorably
impacts functional outcome [6].

The most recent guidelines for management of severe TBI in pediatric patients do not make
specific recommendations on the use of sedatives and analgesics, yet these medications are
commonly used as first line therapy - 91% of practitioners report using sedatives as first tier
ICH-directed therapy [4, 7, 8]. Specifically, fentanyl and midazolam are commonly used in
the management of critically ill children, primarily for the sedative-analgesic effect that
facilitates mechanical ventilation and lowers oxygen consumption in respiratory failure and
shock states [9]. These drugs are also often used as first tier bolus therapy for the treatment
of episodic ICH in pediatric TBI, despite evidence from both adult and pediatric studies that
such drugs may actually increase ICP [10-13]. This paradoxical response is not fully
understood, but may be due to: 1) vasoregulatory changes in cerebral blood flow from direct
drug effect or in response to altered systemic hemodynamics [14]; 2) altered autonomic
reflexes, or; 3) may vary with the root cause of ICH episodes (e.g. when pain or agitation is
not the cause, then off-target drug effects dominate). In addition to concerns regarding a
deleterious effect of opioids on ICH, evidence of altered gene expression and brain
development in models of physiologic stress and association with postoperative delirium and
cognitive decline in adult patients emphasize the need to limit opioid administration to
situations with clear benefit [15-17]. Similar concerns apply to midazolam, which is
associated with apoptotic neurodegeneration in the developing mouse brain [18], increased
spreading depolarization clusters in adult patients with TBI [19], and increased opioid
tolerance in mechanically ventilated children [20].
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The aim of this study was to determine effectiveness of bolus fentanyl and midazolam in
pediatric TBI patients with ICH by comparing the ICH pressure-time exposure before and
after drug administration. High-resolution ICP monitoring enables quantification of both
magnitude- and time-weighted exposure to ICH, the product of which is termed the
pressure-time exposure (PTE). The PTE captures both the amplitude and duration of this
secondary insult, and is therefore a more robust measure of ICH exposure than traditional
measures such as absolute peak or mean ICP [21-23]. We likewise compared the changes to
CPP in a time-weighted fashion. PTE was also determined during untreated occurrences of
ICH and employed as within-subject control data in our analysis. With this approach, we
were able to isolate the effects of the study drugs, accounting for subject effects and
clinically relevant covariates.

MATERIALS AND METHODS

Setting and patient selection

Monitoring

The Institutional Review Board at Washington University approved all study procedures
with a waiver of written informed consent. St. Louis Children’s Hospital is a 258-bed
tertiary care facility with a 28-bed multidisciplinary medical-surgical-trauma intensive care
unit, serving a large metropolitan area with a multistate catchment area.

We included patients admitted to the hospital between May 1, 2009 and December 31, 2011
who met the following inclusion criteria: age 0-18 years, admission to the Pediatric
Intensive Care Unit (PICU) with severe traumatic brain injury (defined as Emergency
Department post-resuscitation Glasgow Coma Scale Score < 8), who underwent ICP
monitoring with continuous high-resolution physiological data collection, including ICP,
mean arterial blood pressure (MAP), and CPP. Patient demographic and injury severity data
were abstracted from the medical record. An admission computed tomography (CT)
Marshall CT score [24] was assigned by an experienced pediatric neurosurgeon. Time after
injury was based on a best estimate of injury time from parent report or EMS run sheet.

All patients underwent ICP monitoring via either an intraparenchymal monitor (Camino ®,
Integra™ LifeSciences, Plainsboro, NJ), or a ventriculostomy catheter (Codman ®
BACTISEAL® EVD Catheter, Codman & Shurtleff, Inc., Raynham, MA), which were
selected at the discretion of the attending neurosurgeon. Patients with ventriculostomy
catheters and no concurrent intraparenchymal monitor were excluded from analysis because
cerebrospinal fluid drainage precluded continuous ICP measurement. All intraparenchymal
devices were zeroed according to manufacturer’s instructions..

Avrterial blood pressure was recorded continuously via either a radial or femoral arterial
catheter, with the transducer zeroed at the phlebostatic axis; MAP and other hemodynamic
parameters were measured using the IntelliVue MP70 bedside monitor (Philips Healthcare,
Netherlands). CPP was derived from ICP and MAP waveforms, as MAP - ICP.
Neurophysiologic parameters were recorded continuously at 0.56 Hz and digitally archived
using the Mobius™ Multimodality Monitoring System (Integra™ LifeSciences, Plainshoro,
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NJ). Upon PICU discharge, data were downloaded to a secure institutional database. For
analysis, the data were then imported into LABpilot software (Microdialysis AB, Sweden).
Representative 30-minute tracings from two sample patients (one with favorable response to
drug, and one lacking response) are shown in Figure 2. Data were collected until either
monitor discontinuation or death.

Patient Management

Patients were intubated, mechanically ventilated and sedated with fentanyl and midazolam
infusions. Treatment of ICH was guided by an institutional protocol developed jointly by
Pediatric Critical Care Medicine and Pediatric Neurosurgery (See Supplemental Digital
Content) [6]. This protocol was consistent with the 2003 pediatric TBI guidelines and
directed a tiered approach to ICH [25]. The drug choices and dose ranges reflect standard
practice in our intensive care unit at the time, and are consistent with reported practices and
published guidelines in both critically ill children and patients with severe TBI [26-28].

Data Collection

All data were de-identified prior to analysis. We determined if fentanyl and/or midazolam
was administered in response to each ICH occurrence (defined as sustained ICP above 20
mmHg for greater than 5 minutes) by querying the electronic medication administration
record (Allscripts, Chicago, IL). The pre- and post-dose administration study window (15
minute epochs before and after drug administration) was defined based on the
pharmacodynamic properties of fentanyl and midazolam (study drugs) [29, 30]. Study drug
administration occurrences were categorized using standard dose ranges commonly used in
children with severe TBI at our institution (fentanyl high dose (FH): >1 mcg/kg, fentanyl
low dose (FL): <1 mcg/kg, midazolam high dose (MH): >0.1 mg/kg, and midazolam low
dose (ML): < 0.1 mg/kg).

In order to isolate study drug effectiveness in treating episodic ICH, we excluded study drug
administrations confounded by co-administration of other ICH-directed therapies. A priori,
we defined these as (1) concurrent administration of other opioids or benzodiazepines within
the 15 minute periods before or after fentanyl or midazolam administration, (2) bolus dosing
of barbiturate, neuromuscular blockade, or osmotherapies (3% sodium chloride or mannitol)
during the 15 minute period after study drug administration, or (3) pre-treatment
osmotherapy 30 minutes prior to study drug administration. For remaining occurrences we
calculated PTE for both ICP and CPP in 15 minute epochs before and after drug
administration. We excluded sections of tracing with artifact, such as obvious baseline
changes from zeroing, data dropout from electronic interface disruption, or extreme
sustained, nonphysiologic elevations consistent with monitor malposition [21, 31]. The
trapezoidal AUC method was used to calculate PTE from raw pressure versus time plots
(PilotiICU, M Dialysis AB, Johanneshov, Sweden) [21]. This method has been reported by
other investigators, and has been used to interpolate AUC from intermittent ICP
measurements. The AUC for ICP above 20 mmHg was defined as the ICH burden (AUC-
ICH) based on current guidelines for treatment of ICH [4]. Only values of ICP over
threshold of 20 mmHg are used to calculate AUC; no “negative” values from transient ICP
reductions are included in the exposure calculation (as the AUC value for such episodes
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would be zero). The primary outcome measurement, the mean AAUC-ICH, was calculated
as the difference between pre- and post-drug PTE.

Current TBI guidelines define a CPP target range, suggesting there may be age-specific
thresholds with infants at the lower end and adolescents at the upper end [4]. We used age-
specific normal estimates for MAP (50t percentile) and an ICP of 10mmHg to define the
following CPP thresholds for AUC analysis: 45 mmHg for age < 2 years, 50 mmHg for age
2-6 years, 55 mmHg for ages 7-10 years, and 60 mmHg for age >10 years [32].

In order to include the ICP course of untreated ICH episodes in the model, we also
performed AUC analyses on all untreated ICH episodes that met treatment thresholds
(occurrences which represent clinical pathway violations). In many of these cases, however,
it was evident from the medical record that the goals of care had been redirected due to
futility or patients had met neurological criteria for death. In these situations, we closed the
study period after the last recorded ICP-directed therapy to limit overrepresentation of
prolonged periods of untreated ICH, in context judged to be futile. These untreated
occurrences were coded as FO/MO, and included in the mixed model as an additional level of
the fixed effect (drug). For these occurrences, we defined a time zero (tp) as the time at
which treatment should have been given by criteria (sustained ICP over 20 mmHg for
greater than 5 minutes), but was not. In these episodes, the pre and post epochs were the 15
minute intervals flanking to.

Statistical Analysis

All analyses were performed in SAS 9.3 (SAS Institute, Cary, NC). To quantify the ICH
burden, the difference between pre- and post-drug AUC-ICH (the AAUC-ICH) was
calculated for each drug administration occurrence. The AAUC-ICH was entered into a
mixed random effects ANOVA model with drug-dose category as a fixed effect and with
subject and subject*drug-dose interaction as random effects. Replicate episodes were nested
within subject and drug-dose combination by using subject*drug-dose interaction as a
random effect. Degrees of freedom were adjusted with the Kenward-Roger correction.
Similar analyses were done for AAUC-CPP. This mixed effects model contains three
variance components, between subjects, between drug-dose within subjects, and residuals
within the subject*drug dose combination. This method accounts for repeated observations
within the same subject and avoids overestimated degrees of freedom with biased low p-
values. Occurrences of untreated ICH episodes were incorporated as an additional fixed
effect level in the model, to serve as a within-subject control. Potential confounders
including age, post-resuscitation GCS, time from injury to drug administration, mechanism
of injury, administration of neuromuscular blockade and decompressive craniectomy were
separately evaluated for association with the outcomes of interest (AAUC-1CH and AAUC-
CPP). Variables were included in the mixed effects model if significant on univariate
analysis. Continuous variables were compared with Pearson correlations. Categorical
variables were compared with ANOVA or t-tests. Statistical significance was set at
alpha=0.05. Since concurrent administration of neuromuscular blockade (NMB) could
reduce ICH through avoidance of subclinical muscular rigidity due to fentanyl bolus
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administration, we used generalized linear mixed random effects logistic regression to
account for this possible effect of NMB.

Patient demographics and injury characteristics are presented in Table 1. Overall intensity of
ICP-directed therapy as measured by daily PILOT score is summarized in Table 3, and
displayed in Figure 5. We analyzed data from 31 patients, representing 413 ICH occurrences
(Figure 1). Of 92 patients screened, 33 patients were excluded because their GCS score
improved shortly after admission and an ICP monitor was not placed. Thirty-eight patients
met eligibility criteria. Of these, 7 patients were excluded from the analysis because only
one type of drug-dose combination was administered, precluding evaluation in the mixed
effects model. For the 31 patients included in the analysis, there were a total of 413 discrete
occurrences of ICP above 20 mmHg lasting at least 5 minutes. Of these, 211 were treated
with study drugs and 202 were not.

Neither age nor post-resuscitation GCS correlated with AAUC-ICH (Table 2); time after
injury significantly correlated with AAUC-ICH (r= —0.12; p=0.02) and was therefore
included in the mixed effects model. Mechanism of injury, presence of neuromuscular
blockade, and presence of decompressive craniectomy were analyzed as explanatory
variables with ANOVA or Student’s t-test as appropriate. There were no significant
differences in AAUC-ICH for these comparisons; these putative covariates were therefore
not included in the final mixed effects model. There was no difference in use of NMB
amongst fentanyl drug-dose combinations (p = 0.34).

In our final AAUC-ICH model, 133 observations were excluded from the analysis because
time of injury could not be accurately determined in the 8 corresponding subjects. Across all
drug-dose combinations, in aggregate, mean AUC-ICH increased after administration of
fentanyl and/or midazolam (mean AAUC-ICH= +17 mmHg*min, 95% CI 0-34 mmHg*min;
p=0.04). Specifically, there was a significant increase in mean AUC-ICH after
administration of the following drug-dose combinations: high-dose fentanyl (p=0.02), low-
dose midazolam (p=0.006) and high-dose fentanyl plus low-dose midazolam (p=0.007).
AUC-ICH increased for all other drug-dose combinations but the change did not reach
statistical significance (Figure 3).

Using definitions described in the Data Collection section, we analyzed the effect of fentanyl
and/or midazolam administration on the degree and time spent below age-dependent CPP
thresholds (AUC-CPP deficit). In univariate analysis, post-resuscitation GCS correlated with
AAUC-CPP deficit (r= —0.11; p=0.02) and was included in the final AAUC-CPP model.
Analysis of AUC-CPP deficit showed no difference in exposure to CPP below age dependent
thresholds after the administration of fentanyl and/or midazolam (Figure 4).

DISCUSSION

Traumatic brain injury is often complicated by development of ICH, the magnitude and
duration of which are correlated with worse outcomes [21-23, 33]. In order to test the
hypothesis that bolus dosing of fentanyl and/or midazolam reduces ICP burden, we utilized
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high resolution monitoring data to compare time-weighted measures of ICH before and after
drug administration.

We found that bolus administration of fentanyl and midazolam lacked effectiveness in the
treatment of episodic ICH. In a mixed effects model, we found that the study drugs in fact
increased ICH in the majority of drug/dose combinations. The aggregate increase in AUC-
ICH [+17 mmHg*min] represented a +35% change in AUC-ICH from pre-treatment values.
There was no significant change in CPP deficit following administration of these drugs. To
our knowledge, this is the first investigation using high resolution data to show failure of
these two commonly used agents to reduce the ICH burden in children with severe TBI.

Retrospective analysis of clinical decision making has significant limitations. Our main goal
however was to evaluate the effectiveness of bolus fentanyl and midazolam administration in
real world practice, where clinicians choose an intervention based on their clinical
assessment. Retrospectively, it is not possible to determine whether the clinician’s decision
to administer these drugs to treat ICH was physiologically justified, but we were able to
evaluate the response to that decision. As highlighted in Figure 2, there is significant
variance in clinical response to these drugs, both among and within patients. The observed
response depends critically and temporally on the underlying cerebral hemodynamics at the
time, as well as the clinical context. For example, if pain or agitation is the dominant
stimulus at the time of drug administration, then response to drug may be favorable. Lacking
the controlled conditions of a prospective trial, and physiologically driven drug
administration criteria, our retrospective design cannot account for this variance.

Studies in adult patients demonstrate ICP increases following administration of fentanyl [10]
and midazolam [12], as well as other commonly used opioids such as morphine [34], and
sufentanil [11, 14]. These studies were limited by the use of low resolution ICP
measurements, which may miss briefer episodes of ICH and lower the accuracy of AUC-
ICH calculations. Additionally, previous studies evaluated the response to a single bolus
dose of drug, and analyzed ICP for short duration windows. No before and after drug
comparisons of ICH burden were made, rather they reported change relative to the absolute
ICP immediately before drug administration. A cohort of severely injured adult patients was
reported to show no ICP increase in response to fentanyl, morphine or sufentanil [35].
However this design evaluated the response to a titrated opioid infusion, not bolus therapy.
Additionally, this cohort was also treated with induced hypocapnia, and had evidence of
impaired cerebral vasoregulation, both of which likely influenced the ICP responses
observed.

The use of opioids in traumatic brain injury is controversial in adult neurointensive care and
neuroanesthesia. It is well established that several opioids can increase ICP and/or reduce
CPP in adult neurosurgical patients with TBI, subarachnoid hemorrhage [36], and brain
tumors [37]. The mechanism for this response is not fully understood, although opioid-
mediated vasodilation has been proposed (leading to increased brain blood volume in the
presence of abnormal brain compliance) [34]. In recognition of these data, and the lack of
evidence supporting use in children, the 2003 consensus guidelines recommended that use of
fentanyl in pediatric TBI be left to physician discretion [7]. The most recent guidelines do
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not specifically address the use of fentanyl due to the continued lack of clinical studies in
children [4].

Data on the effects of midazolam in patients with ICH is limited. In a study of 12 adult
patients with severe TBI, non significant changes in ICP following bolus midazolam were
reported; notably however, ICP increased significantly when baseline pressure was less than
18 mmHg [12]. This study only compared baseline measurements to intermittent post-bolus
values and was limited by small sample size and the lack of a control group. Current
guidelines do not make specific recommendations on the use of midazolam or other
benzodiazepines in children with severe TBI [4].

We selected high resolution AAUC-ICH as our primary outcome variable. By taking into
account both the level and duration of the insult, this approach allows more robust
determination of the ICH exposure [21]. Automated collection of high resolution ICP
recordings is reliable and accurate, and combined assessment of ICH amplitude and duration
predicts outcome better than peak or mean ICP values alone [22]. While this methodology
has been used to develop bedside early warning systems [23], this is the first application of
high resolution AAUC-ICH analysis to evaluate response to therapy in children.

In this cohort of patients, bolus administration of fentanyl and/or midazolam had no
significant effect on AAUC-CPP. This finding is difficult to explain with the available data.
As opposed the single ICH threshold used in our AAUC-ICH analysis, the AAUC-CPP
analysis used four age-dependent thresholds. Time after injury correlated with AAUC-ICH,
but not with AAUC-CPP, which correlated with post-resuscitation GCS. These differences
preclude direct comparisons between the effect of drug administration on AAUC-ICH and
AAUC-CPP. Interestingly, our data suggests that delta AUC-ICH decreases as time after
injury increases. Given that the slope of this correlation approaches zero, further
interpretation of this relationship is beyond the scope of our study. Future controlled
prospective studies will be needed to adequately address the effect of time after injury on the
response to these medications.

As noted in Figure 3, there was variance in effect seen amongst different drug/dose
combinations, suggesting possible synergistic effects of combined therapy. However, these
specific drug combinations were given across multiple patients, so unknown patient factors
may be confounding these relationships. Additionally, the confidence bounds for the 3
significant combinations overlap, suggesting equivalency of effect.

Our analysis depends upon the accuracy of drug dose administration times as entered into
the electronic medication administration record (eMAR). Our institutional policy specifies
that eMAR times represent time of drug administration, not medication order time, order
sign-off time or time of documentation entry into the medical record. Our inability to
validate the accuracy of eMAR charting could introduce error. However, it seems unlikely
that it would introduce a systematic bias, skewing AUC changes in a unidirectional manner
that would alter the interpretation of our results. Several aspects of our study should be
considered when assessing the external validity of our findings. As noted in Table 1,
mortality in this cohort was 19%, which is higher that reported in recent clinical reports [6,
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38]. Of the six patients who died, three had inflicted TBI, one had a gunshot wound to the
head, two experienced cardiac arrest prior to PICU admission and one patient had GCS=3
with fixed and dilated pupils on admission. The mortality in our cohort is comparable to
previous pediatric TBI studies that included these high mortality risk patients [39, 40]. We
chose to include them because our goal was to evaluate sedation administration in routine
clinical practice. Future prospective clinical trials with adequate inclusion and exclusion
criteria are needed.

We also excluded from analysis 7 patients who only received one type of study drug
combination. The statistical rationale for this was that these patients would have had
confounding between the fixed and random effects, such that their data could not contribute
to the estimation of drug effect in the mixed model. This could be a potential limitation if
these patients differed fundamentally in their disease severity or responsiveness to therapy. It
should be noted however, that receiving only a single type of drug combination does not
imply less intense therapy, just less variance in therapy.

Additionally, during the study period, a proportion of patients received continuous
vasoactive infusions (Table 3). Regardless of the indication, the administration of vasoactive
support may influence the cerebral hemodynamic response to fentanyl and midazolam. This
effect can only be addressed in a prospective clinical trial where hemodynamic effects of
vasoactive medications are measured and accounted for.

We limited our analyses to patients who were monitored with intraparenchymal devices, and
excluded those with only an intraventricular catheter. Patients with intraventricular catheters
often undergo intermittent or even continuous CSF drainage, which requires interruption of
pressure transduction. Since this precludes collection of complete high-resolution data, these
patients were excluded. If there were substantial differences in the responsiveness of these
patients to opioids or benzodiazepines, then excluding them from analysis could introduce
systematic bias, albeit of unclear direction.

In order to isolate the effect of midazolam and fentanyl on ICH, we excluded any study drug
administration event that was confounded by administration of other ICH-directed therapies,
including treatment with osmotic agents in the preceding 30 minute window. In so doing, we
cannot evaluate possible interactions between these medications and other ICH-directed
therapies (i.e. decompressive craniectomy). We feel however that this approach added rigor
to our study design, allowing us to analyze isolated effects of the drugs under study. Our
study is limited by the fact that clinicians may have used interventions such as acute
hyperventilation to treat episodic ICH, confounding the drug effect under investigation.
While our medical record review did not show such interventions, they may have occurred
and not been captured in the medical record.

We included untreated episodes of ICH in our final mixed model. As mentioned, these
episodes represented either protocol deviation, or in many cases cessation of further therapy
due to medical futility. This approach was used to add statistical rigor to the analysis.
Methodologically, assessing both treated and untreated episodes within each subject allows
greater power by increasing design connectivity between subjects. To avoid bias due to

Crit Care Med. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Welch et al.

Page 10

overrepresentation of futile cases, untreated ICH episodes were selected from time prior to
the last treated episode. Excluding such terminal data from analysis is consistent with the
approach used by other investigators [21].

Finally, our study could not identify all possible subject, drug, or disease process effects that
might explain the paradoxical increase in ICP pressure-time burden we observed following
study drug administration. Our retrospective design limits the ability to do this in a rigorous
fashion. For example, certain drug/dose combinations may have altered cerebral
hemodynamics through reduction in systemic blood pressure and cerebral perfusion
pressure. Autoregulatory processes might then be expected to lower cerebral vascular
resistance, and augment cerebral blood flow and volume, which in an injured and poorly
compliant brain, would lead to increased ICH. Future prospective work could investigate this
possibility by including concurrent measurements of cerebral blood flow and volume. Our
analysis did show no difference in the use of continuous NMB infusion amongst different
drug/dose combinations. This has explanatory relevance, in that NMB could conceivably
have ablated subclinical muscle rigidity, and the consequent increase in ICH, during fentanyl
bolus administration. Given our retrospective study design, it is not possible to determine
whether continuous infusions of NMB were achieving adequate paralysis and ablation of
subclinical motor activity.

CONCLUSIONS

Anecdotal clinical experience shows that individual patients may occasionally respond
favorably to bolus dosing of fentanyl and midazolam. However, in this cohort of patients,
bolus dosing of fentanyl and midazolam failed to significantly reduce ICH exposure when
given in response to episodic ICH. In fact, we observed an increase in ICH following
fentanyl and midazolam administration; this increase was significant for several drug-dose
combinations, even after accounting for random subject effects as well as the time between
injury and drug administration. Our results are consistent with previous reports on the use of
bolus fentanyl and midazolam in adults with severe TBI and ICH. Our findings highlight the
need for rigorous prospective evaluation of the administration of bolus fentanyl and
midazolam for treatment of ICH in children with severe TBI.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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92 patients admitted to hospital with severe TBl and GCS < 8

33 with improved GCS, no ICP monitor

38 cases met inclusion criteria

7 cases without eligible treatment
administration

31 cases analyzed

211 treated ICH episodes

Figure 1.

202 untreated ICH episodes

Patient flow diagram; TBI, traumatic brain injury; GCS, Glasgow Coma Scale; ICP,
intracranial pressure; ICH, intracranial hypertension
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Figure 2.
a. Example of a high-resolution tracing from a representative patient showing non-favorable

response to treatment. Time axis represents a 30-minute recording interval, with equal 15-
minute epochs before and after drug administration. Patient met criteria at 5:50. This patient
was a 16-year-old male who suffered a gunshot wound, and presented with GCS 5. Fentanyl
2 mcg/kg and Midazolam 0.04 mg/kg (FH/ML) were given at time 06:00, denoted by the
vertical arrow. Age-based CPP threshold was 60 mmHg.

b. Example of a high-resolution tracing from representative a patient showing favorable
response to treatment. Time axis represents a 30-minute recording interval, with equal 15-
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minute epochs before and after drug administration. Patient met criteria at 4:57. This patient
was a 3-month-old male who suffered a non-accidental trauma, and presented with GCS 6.
Fentanyl 1 mcg/kg and Midazolam 0.1 mg/kg (FL/ML) were given at time 05:07, denoted
by the vertical arrow. Age-based CPP threshold was 45 mmHg.
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Mean AAUC-ICH (mmHg*min)
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Figure 3.
AAUC-ICH mixed model with subject as random effect and drug class as fixed effect. Drug

classes represent each dose class contrasted with situation of no drug. Analyses are
controlled for time after injury. Data represent least squares mean AAUC-ICH with upper
and lower confidence bounds, * represents significance at p <0.05. For fentanyl doses; FH:
>1 mcg/kg, FL: <1 mcg/kg, FO: none. For midazolam doses; MH: >0.1 mg/kg, ML: <0.1
mg/kg, MO: none. No data points for dose FO/MH (all instances of this drug class were
excluded because time after injury data was not available for those patients).
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Mean AAUC-CPP (mmHg*min)
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Figure 4.
AAUC-CPP mixed model with subject as random effect and drug class as fixed effect. Drug

classes represent each dose class contrasted with situation of no drug. Analyses are
controlled for post-resuscitation GCS. Data represent least squares mean AAUC-CPP with
upper and lower confidence bounds. No drug class was significant at p< 0.05. For fentanyl
doses; FH: >1 mcg/kg, FL: <1 mcg/kg, FO: none.

For midazolam doses; MH: >0.1 mg/kg, ML: <0.1 mg/kg, MO: none.
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PILOT Score
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Median PILOT scores by day of therapy. Data represents median, interquartile range (IQR),
and distribution of raw data points. Only one patient was receiving study drugs on day 5.

Crit Care Med. Author manuscript; available in PMC 2017 April 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Welch et al.

Demographic and injury characteristics (n=31)

Table 1

Variable Value
Male/female ratio 65:35
Mean age in years (+ SD) 8 (£ 6)
Mean weight in kg (+ SD) 36 (£ 26)
Mechanism of injury (# and %) MVC 10 (32)
Fall 1(3)
NAT  8(26)
GSW  3(10)
Other 9 (29)
Mean post-resuscitation GCS score (+ SD) 5(3)
Admission Marshall CT category (# and %) | 0(0)
1 17 (55)
m 6 (19)
v 4(13)
\Y 2(6)
VI 0(0)
In-hospital mortality n (%) NR 2(6)
6 (19)

Page 20

Values represent numbers of patients, and values in parentheses represent percentages, unless otherwise noted. MVVC, motor vehicle crash; NAT,
non-accidental trauma; GSW, gunshot wound; GCS, Glasgow Coma Scale.
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Covariate analyses: continuous and categorical variables versus AAUC-ICH

Table 2

Variable Analysis

p-value

Age

Post-resuscitation GCS Pearson correlation

Time from injury to drug administration

(hours)
MvC
Fall
Mechanism of Injury NAT ANOVA
GSW
Other

Neuromuscular blockade (yes/no)
t-test
Decompressive craniectomy (yes/no)

0.55 (r =0.02)
0.99 (r= 0.0006)

0.02 (r=0.12)

0.98

0.17
0.28

Page 21

Potential confounders were evaluated by univariate analyses. Statistical significance was set at alpha=0.05. MVVC, motor vehicle crash; NAT, non-

accidental trauma; GSW, gunshot wound; GCS, Glasgow Coma Scale; ANOVA, analysis of variance.
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