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Abstract

Background: Few papers discuss the pragmatics of conducting large, cluster randomized clinical trials. Here we
describe the sequential steps taken to develop methods to implement the Randomized Evaluation of Sedation
Titration for Respiratory Failure (RESTORE) trial that tested the effect of a nurse-implemented, goal-directed, comfort
algorithm on clinical outcomes in pediatric patients with acute respiratory failure.

Methods: After development in a single institution, the RESTORE intervention was pilot-tested in two pediatric
intensive care units (PICUs) to evaluate safety and feasibility. After the pilot, the RESTORE intervention was simplified to
enhance reproducibility across multiple PICUs. The final RESTORE trial was developed as a cluster randomized clinical
trial where the unit of randomization was the PICU, stratified by PICU size, and the unit of inference was the patient.
Study execution was revised based on our Data and Safety Monitoring Board’s recommendation to consult with the
Department of Health and Human Services’ Office of Human Research Protection (OHRP) on how best to consent
eligible subjects. OHRP deemed that the RESTORE intervention posed greater than minimal risk and that all enrolled
subjects provide consent reflecting their level of participation.

Results: Thirty-one PICUs of varying size, organization and academic affiliation participated and over 2800 critically ill
infants and children supported on mechanical ventilation for acute pulmonary disease were enrolled. The primary
outcome for the trial was the duration of mechanical ventilation; secondary outcomes included time awake and
comfortable, total sedative exposure and iatrogenic withdrawal symptoms. Throughout the clinical trial the investigative
team worked to maintain treatment fidelity, enrollment milestones and co-investigator enthusiasm. We considered the
potential impact of competing clinical trials through a decision-making framework.

Conclusions: The RESTORE clinical trial was a large and complex multicenter study that has provided the necessary
evidence to guide sedation practices in the field of pediatric critical care. Specific issues that were unique to this trial
included level of consent, adding clinical sites to augment enrollment and evaluating the potential impact of
competing clinical trials.

Trial registration: ClinicalTrials.gov, Identifiers: Pilot trial: NCT00142766; Retrospectively registerd on 2 September 2005.
Cluster randomized trial: NCT00814099. Registered on 23 December 2008.
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Background
Providing sedation to help comfort critically ill infants and
children supported on mechanical ventilation is a routine
aspect of pediatric intensive care [1–3]. However, sedative
exposure is associated with iatrogenic injury [4–12]; spe-
cifically, sedatives may depress spontaneous ventilation
and prolong the duration of mechanical ventilation, may
impair the neurological examination necessitating diag-
nostic testing and, when discontinued, may precipitate iat-
rogenic withdrawal syndrome (IWS) prolonging hospital
stay [13–19]. In adult intensive care, data have supported
a shift in sedation goals from an unresponsive patient to a
calm, easily aroused, readily evaluated, critically ill patient
[20–22]. Sedation strategies tested in adult intensive care
units (ICUs) include daily prospective identification of a
sedation endpoint, nurse-implemented sedation protocols
that include daily arousal assessments and/or titration of
sedation, synchronizing level of sedation with the ventila-
tor strategy and spontaneous breathing trials. After hos-
pital discharge, post-traumatic stress disorder occurs less
frequently in more awake adult ICU patients managed
with daily sedative interruptions [23, 24].
Without data, clinician bias impacts local sedation prac-

tices with a net effect of wide variation in sedation man-
agement practices across all pediatric intensive care units
(PICUs) [1]. To address this lack of pediatric-specific data,
we performed the Randomized Evaluation of Sedation
Titration for Respiratory Failure (RESTORE) clinical trial
[25]. RESTORE was a multicenter cluster randomized clin-
ical trial that tested the effect of a pediatric sedation
management protocol on clinical outcomes in pediatric
patients with acute respiratory failure. Here we describe
the sequential steps taken to develop the methods and im-
plement RESTORE that tested the effect of a nurse-imple-
mented, goal-directed, comfort algorithm on clinical
outcomes in pediatric patients with acute respiratory fail-
ure. We discuss the importance of pilot-testing and scal-
ing up a clinical intervention, consideration of the level of
consent in a cluster randomized trial, methods to augment
enrollment and assessing potential impact of competing
clinical trials.

Methods
Development of the RESTORE-beta protocol
A multidisciplinary task force from the medical-surgical
pediatric intensive care unit at Boston Children’s Hos-
pital led by MAQC designed and implemented eight
successive drafts of the pediatric-specific sedation
protocol (RESTORE-beta) over a 2-year period (1999–
2001) [26]. Unique features of the protocol included
matching the therapeutic sedation goal to the individual
patient’s trajectory of illness, mandated sedation titra-
tion every 8 h in the non-acute phase, a rapid opioid
wean followed by a slow benzodiazepine wean and the

use of methadone only in patients with IWS complicat-
ing recovery [27].

Pilot-testing RESTORE-beta
From 2003 to 2006, we performed a two-center, stepped-
wedge pilot test of RESTORE-beta in children supported on
mechanical ventilation for acute respiratory failure in two
PICUs: Children’s National Medical Center, Washington,
DC and Children’s Hospital Wisconsin, Milwaukee, WI
(R21 HD045020; Curley). For this trial each institution im-
plemented RESTORE-beta as standard of care for sedation
management in all children with primary respiratory failure.
Both PICUs provided baseline data on their sedation prac-
tices for 3months. After that, one PICU was randomized to
start the intervention phase while the second PICU contin-
ued usual care. After 9months, the second PICU imple-
mented RESTORE-beta while protocol sustainability was
evaluated in the first PICU. Both units used the same
sedation, pain and withdrawal scoring assessment tools and
extubation readiness test. Each PICU implemented RE-
STORE-beta as a unit-based standard of care and data were
collected in a subset of patients with primary pulmonary
disease. Inclusion and exclusion criteria are shown in
Table 1. The study was reviewed and approved by the co-
ordinating center and local Institutional Review Boards.
Legal guardians provided informed consent for data collec-
tion in one PICU and the local Institutional Review Board
waived the need for informed consent in the other PICU.
Over 27 months, 2095 pediatric patients supported on

mechanical ventilation were screened and data were col-
lected from 245 patients who met study criteria.
Enrolled patients were 2.4 years of age (median; IQR
0.5–11.3 years), 54% male, with predominately normal
cognitive and functional health [28]. Common reasons
for mechanical ventilation included pneumonia (38%),
bronchiolitis (17%) and thoracic trauma (10%). Their
Pediatric Risk of Mortality III (PRISM III) score was 9
(median; IQR 5–17), with an associated risk of mortality
of 5% (median; IQR 2–22%) [29].
The primary efficacy outcome for this pilot trial was

duration of mechanical ventilation. Median duration of
mechanical ventilation decreased during the intervention
phase at both sites (141 to 107 h at site 1 and 177 to 162 h
at site 2). Adjusting for age group, PRISM III score,
Pediatric Outcome Performance Category (POPC) at en-
rollment and site, the estimated common adjusted hazard
ratio was 1.24 between the intervention and baseline
phases (95% confidence interval 0.91–1.67; P = 0.17),
which corresponded to a 19% (− 10 to 40%) reduction in
median duration of mechanical ventilation.
From a safety perspective, the combined unplanned

extubation rate for the two sites during the intervention
phase was 2.6/100 ventilator days, which was within the
range of published rates (0.25 to 3.0/100 ventilator days)
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[30–34]. Arousal assessments were performed in 13 pa-
tients and lasted 290 min (median; IQR 75–2160min).
One patient did not awaken during an assessment,
which prompted a neurological evaluation that identified
an intracranial hemorrhage. There were also trends to-
ward decreased PICU and hospital lengths of stay, less
opioid exposure and fewer days of opioid exposure dur-
ing the intervention phase.
Based on these pilot data and clinician debriefing

after the pilot, we made the following changes to
RESTORE-beta:

� Improve care provider buy-in and facilitate
implementation by assuring medical and nursing
PICU leadership support using a signed contract
showing support

� Improve protocol compliance by emphasizing the
RESTORE goal to ensure an awake yet comfortable
patient using the lowest effective dose of a limited
number of analgesics and sedatives for the shortest
period of time

� Enhance treatment fidelity by linking the arousal
assessment to the patient’s sedation level

� Rename the “plateau phase” the “titration phase” to
reinforce that the goal of that phase of the protocol is
to titrate, not maintain comfort medication infusions

� Avoid confusion in drug titration by simplifying the
algorithm by matching the frequency of drug
titration (every 8 h) in the titration and weaning to
extubation phases

� Assure compliance with extubation assessment by
modifying the extubation readiness test when the
patient is spontaneously breathing with an
oxygenation index of ≤ 6. (Use a SpO2 – Estimated
PaO2 conversion table to estimate the PaO2 in
patients without an arterial line.)

� Make dose titration consistent by changing the rate
of opioid weaning from 20% every 12 h to 10% every
8 h in the weaning phase

RESTORE – Phase III clinical trial
During study design, we rejected the idea of performing a
before/after trial as we did in the pilot because changes in
usual PICU care could occur over time and impact study
outcomes. We also considered randomization by patient,
team and PICU. We rejected patient-level randomization
because the intervention required a PICU-wide practice
change in how clinical teams work together. Patient
randomization could lead to group contamination over
time and be disruptive to unit operations since bedside
teams could be responsible for caring for patients in each
group at the same time. We rejected team randomization
because multiple teams rotate in a PICU over the course
of a day. We chose cluster randomization by PICU to limit
contamination between groups. In addition, a multicenter
clinical trial allows potential bias to be distributed across
diverse practice settings, allows the comprehensive assess-
ment of patient risk, allows the determination of the level
of protocol compliance necessary to assure desired patient
outcomes and increases the generalizability of study
results. We therefore developed the multicenter, cluster
randomized clinical trial testing the RESTORE protocol on
the duration of mechanical ventilation in pediatric
patients supported on mechanical ventilation for acute
respiratory failure (U01 HL086622 and HL086649; Curley
and Wypij).
We selected a parallel cluster randomized clinical trial

design rather than a stepped-wedge design because (1)
there were no data to support the RESTORE interven-
tion and (2) PICUs were hesitant to implement an un-
tested intervention. The hybrid stepped-wedge cluster
randomized trial (intervention delivered in half the
PICUs randomized to the intervention in a stepped-
wedge fashion with the remainder functioning as con-
trols) could have been selected as an alternative to the

Table 1 Randomized Evaluation of Sedation Titration for
Respiratory Failure (RESTORE) eligibility criteria

Inclusion criteria:

• ≥ 2 weeks of age, ≥ 42 weeks post-menstrual age, and < 18 years
of age

• Supported on mechanical ventilation for acute lung disease. Lung
disease includes both airways and parenchymal disease

Exclusion criteria:

• Cyanotic heart disease with unrepaired or palliated right to left
intracardiac shunt

• History of single ventricle at any stage of repair

• Congenital diaphragmatic hernia or congenital/acquired diaphragm
paralysis

• Primary pulmonary hypertension

• Critical airway (e.g., post laryngotracheal reconstruction) or
anatomical obstruction of the lower airway (e.g., mediastinal mass)

• Ventilator dependent (including non-invasive) on PICU admission
(chronic assisted ventilation)

• Neuromuscular respiratory failure

• Spinal cord injury above the lumbar region

• Pain managed by patient-controlled analgesia (PCA) or epidural
catheter

• Patient transferred from an outside ICU where sedatives had already
been administered for more than 24 h

• Family/medical team have decided not to provide full support
(patient treatment considered futile)

• Enrolled in any other critical care interventional clinical trial
concurrently or within the last 30 days

• Known allergy to any of the study medications

• Pregnancy

Curley et al. Trials          (2018) 19:687 Page 3 of 10



parallel cluster study though we predicted that the
PICUs were relatively homogeneous with a small intra-
cluster correlation coefficient (ICC) so that our parallel
study would tend to deliver better statistical perform-
ance than a stepped-wedge trial. Logistically, we were
also prepared to start all intervention sites at approxi-
mately the same time.
Initially we designed the study using the PICU as the

unit of randomization where all patients in the random-
ized PICU would receive the intervention and provide
deidentified information. However, during this time, the
Department of Health and Human Services’ Office of
Human Research Protection (OHRP) produced opinions
around risks to subjects enrolled in clinical trials [35].
Based on the newly published recommendations, the RE-
STORE Data and Safety Monitoring Board (DSMB)
asked that we contact OHRP to opinion on our planned
strategy and need for informed consent. OHRP then
opinioned that RESTORE was a research intervention
that posed more than minimal risk and that all parents/
legal guardians should provide informed consent. There-
fore, RESTORE was implemented as a parallel cluster
randomized controlled trial where PICUs assigned to the
intervention group implemented the RESTORE protocol
as a research intervention only on consented subjects
while PICUs randomized to the control group continued
their usual sedation practices and data were collected
only on consented subjects.
The RESTORE intervention was an organizational

change directed at all PICU clinicians and included:

1. Team education on the use of the sedation protocol in
pediatric patients supported on mechanical ventilation

2. Team identification of the patient’s trajectory of
illness and daily prescription of a sedation goal

3. A nurse-implemented, goal-directed, comfort
algorithm that guides moment-to-moment
titration of opioids and benzodiazepines

4. Team feedback on sedation management performance

The unit of randomization was the PICU, the unit
of inference was the patient and we controlled for
center effects.
The study was reviewed and approved by the DSMB

and all local Institutional Review Boards, including those
of the clinical and data coordinating centers. Legal
guardians of all study participants provided written
informed consent using one of three separate consent
documents (baseline phase, usual care, or intervention)
that described the cluster randomized design and the
risk associated with their level of participation (data
collection with/without intervention). Inclusion and
exclusion criteria were unchanged from the pilot study
(Table 1). Screening was performed at least once daily in

each PICU to identify potential subjects. Daily data collec-
tion occurred in all enrolled subjects from endotracheal
intubation until the end of their scheduled sedation ther-
apy, hospital discharge, or day 28 (whichever occurred
first). Half of all enrolled subjects continued to be followed
at approximately 6months post PICU discharge for com-
parison of long-term outcomes. The primary outcome of
this Phase III clinical trial was the duration of mechanical
ventilation. Secondary outcomes are shown in Table 2.

Collaborating centers
Clinical sites were recruited from the Pediatric Acute
Lung Injury and Sepsis Investigators (PALISI) Network.
Participating PICUs mock screened their unit for 1
month to evaluate their available patient population and
completed an organizational assessment describing their
participating unit structure, work processes, change pro-
cesses and sedation practices. Organizations with more
than one PICU selected one participating PICU that
housed their general medical patients. All participating
PICUs (1) verified that they did not have a sedation
protocol in place, (2) showed evidence of critical care
nursing and physician leadership support, (3) agreed to
implement the same pain, sedation and withdrawal
assessment instruments and (4) could enroll a minimum
of three subjects per month. Because of the cluster ran-
domized design, the participants needed to agree to the

Table 2 Randomized Evaluation of Sedation Titration for Respiratory
Failure (RESTORE) secondary outcome variables

• Time to recovery of acute respiratory failure (from endotracheal
intubation to first meeting criteria to be tested for extubation readiness)

• Duration of weaning from mechanical ventilation (from first meeting
criteria to be tested for extubation readiness to first successful
extubation – defined as extubation for more than 24 h)

• Occurrence of adverse events: inadequate pain management,
inadequate sedation management, clinically significant iatrogenic
withdrawal symptoms, unplanned extubation, airway irritation from
movement of the endotracheal tube within the airway, extubation
failure/reintubation within 24 h of extubation, dislodgement of vascular
access or drainage tubes, ventilator-associated pneumonia (VAP)a,
catheter-associated blood stream infection (CA-BSI)a, and stage 2+
pressure ulcers. Report of a new critical airway will be assessed through
hospital discharge or day 90 (whichever occurs first)

• Detection of life-threatening neurological events

• Occurrence of iatrogenic withdrawal symptoms

• PICU and hospital LOS

• Hospital costs

• Protocol implementation costs

• Cost-effectiveness

• In-hospital mortality

• Post-discharge quality of life and emotional health
aThe National Nosocomial Infections Surveillance System (NNIS) definitions will
be used to define VAP and CA-BSI. All cases of VAP and CA-BSI will be
adjudicated by a process outlined by Cook et al. [47]. LOS length of stay, PICU
pediatric intensive care unit
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research design where PICUs would be randomized to
the RESTORE intervention as a research protocol while
the remaining PICUs continued usual care and would
continue to maintain their current practices in the
control PICUs. During the pre-randomization period,
all PICUs provided baseline data on their usual sedation
practices and provided approximately 3months of base-
line data so that site comparability at trial entry could be
evaluated. A natural grouping of PICUs emerged based on
the number of eligible patients: small, medium and large.
In 2009, the study began with 22 sites randomized

(12 intervention and 10 control). Because of the need
to obtain consent in control PICUs where only data
collection was occurring versus the intervention units
where a change in practice was being performed, we
anticipated lower consent rates in the intervention
PICUs. Based on our previous experience, we antici-
pated a consent rate of > 85% in control PICUs and a
consent rate of 60% in intervention PICUs [36, 37]. Be-
cause of these estimates, we randomized more sites to
the intervention arm. Study enrollment was subse-
quently reviewed in June 2010. Enrollment rates from
these 22 sites were slightly lower than expected. To in-
crease enrollment rates, we added nine sites in 2010,
following the same site selection procedures and
randomization scheme as for the original sites. Specific-
ally, we recruited them from the PALISI Network, per-
formed an organizational assessment, classified them by
size and randomized them by size, five to the interven-
tion arm and four to the control arm.

Study procedures
Study procedures were focused to enhance treatment
fidelity as follows. Each participating center identified a
physician-nurse-pharmacist co-investigator team re-
sponsible for discipline-specific education, compliance
assessment and retraining. After randomization, co-in-
vestigators from the intervention sites attended a
start-up meeting and completed a competency-based
training program and certification process prior to en-
rolling intervention patients. This process included re-
view of the web-based Manual of Operations and study
videos.
After the start-up meeting, intervention PICUs con-

ducted team training for 1 month and then implemented
the RESTORE sedation protocol on consented patients.
Team training included all clinicians (physicians, nurses,
clinical pharmacists, respiratory therapists) involved in the
management of intubated and mechanically ventilated pa-
tients. Training materials included discipline-specific slide
packages, informal case discussions, a video of the nurse-
implemented, goal-directed, comfort algorithm and
arousal assessment, pocket reminder cards and bedside
booklets. Prior to the intervention phase, all physicians,

unit-based clinical pharmacists and nursing staff were re-
quired to demonstrate their understanding of the inter-
vention by completion of a discipline-specific, scenario-
based self-assessment evaluation requiring a score of ≥
80%. If a score was < 80%, retraining was required, and
the assessment repeated until the score was ≥ 80%. In
addition to the core physician-nurse-pharmacist team,
additional multidisciplinary “Champions” served as unit-
based resources for the RESTORE protocol. Champions
provided clinicians access to a RESTORE protocol expert
at all times.
During routine daily multidisciplinary patient care rounds,

the protocol directs clinicians to identify the patient’s trajec-
tory of illness and prescribe a daily sedation goal. The bed-
side nurse then used the algorithm with complementary
standardized order set to titrate the comfort medica-
tions to the prescribed sedation target. The order set
served three purposes: (1) reinforcement of training,
(2) decreased delay in implementing a change in sed-
ation and (3) enhanced protocol compliance.
The decision to require consent for each intervention

patient impacted the trial by providing staff utilizing RE-
STORE with less experience using the protocol. Because
of this we required a minimal enrollment of three subjects
per month and a rigorous training and quality improve-
ment plan. To assure protocol compliance, reinforce edu-
cation and assess safety during the intervention period,
one site co-investigator rounded separately on each study
patient each day. During these investigator rounds, the
co-investigator or nurse champion offered staff support
and retraining as necessary and completed a “Walk
Rounds Report” that collected data around these topics
and issues. Any deficits identified during walk rounds was
addressed with the care team to assure compliance with
the protocol. The reports were summarized weekly to pro-
vide team feedback on RESTORE performance.

Post-discharge quality of life and emotional health
Follow-up was conducted on a stratified random sample
of approximately half of the consented subjects. To en-
sure that the sample was representative of all subjects in
the trial, the sample was stratified by study site and age.
Consenting families were sent a reminder letter and cop-
ies of the follow-up assessment instruments by mail and
called 6 months (± 1 month) after PICU discharge.
We monitored our follow-up rates monthly and in-

creased our sampling ratio when necessary to meet ex-
pected milestones. Follow-up rates did not differ by
treatment arm. Treatment group differences in patients
with follow-up were similar to those in the main trial,
with patients in the intervention arm being younger and
having lower risk of mortality, less frequent history of
asthma and a different distribution of primary diagnosis
category [38].
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Statistical considerations
The PICUs were block randomized by size (small,
medium and large) to assure a balanced allocation be-
tween the control and intervention groups.
With respect to the primary outcome, duration of

mechanical ventilation, subjects were assigned 28 days
if they were still intubated after 28 days or if they were
transferred or died prior to day 28 without remaining
extubated for > 24 h prior to transfer/death. This
mortality-adjusted duration of mechanical ventilation is
a continuous variable that is effectively equivalent to
ventilator-free days [39]. We anticipated that the mor-
tality rate in the first 28 days would be low and similar
between the control and intervention groups. If that
was not the case in the study, we would have performed
a secondary analysis excluding these deaths from the
analysis, effectively comparing the duration of mechan-
ical ventilation among survivors. If the mortality rate
was higher than anticipated and/or is unbalanced be-
tween control and intervention groups, we planned to
conduct a competing risks analysis, treating extubation
and death as two competing events.
The primary analysis compared the duration of mech-

anical ventilation in intervention and control subjects
using Kaplan-Meier survival curves and proportional
hazards regression adjusting for age group, PRISM III
score and POPC at enrollment. We considered PICU as
a cluster variable in the survival analyses using Lin and
Wei’s sandwich variance estimator [40].

Study monitoring
An independent DSMB monitored the clinical trial for
adverse events, adherence to study protocol and poten-
tial early stopping. To determine if early stopping was
warranted, group sequential monitoring was used to as-
sess for efficacy and the method of stochastic curtail-
ment was used to assess for futility. The sample size was
adjusted using an O’Brien-Fleming stopping rule to ac-
commodate three formal interim analyses after approxi-
mately 400, 1200 and 1800 subjects [41].

Sample size and power considerations
We hypothesized that patients managed with a pediatric
sedation management protocol would experience a
shorter duration of mechanical ventilation compared with
those not managed with the sedation protocol. The study
team determined that a 20% reduction in the duration of
mechanical ventilation was clinically important. This clin-
ically important 20% reduction, or hazard ratio of 1.25,
was plausible based on the results of the pilot study.
Assuming independent observations and proportional

hazards between treatment groups, 892 events (success-
ful extubations) were required for a two-sided, 0.05-level
log-rank test to achieve 90% power to detect a 20%

reduction in ventilation duration with the intervention
assuming three interim analyses (East, Version 5.3, Cytel
Statistical Software, Cambridge, MA, USA). As we ex-
pected no more than 15% of the subjects to be censored
at 28 days given our experience with the prone position-
ing study [37] and the pilot sedation management study,
we required 1050 subjects to achieve this power. How-
ever, because observations from subjects at the same site
may be correlated, we inflated this sample size to
account for the ICC in our cluster randomized trial de-
sign [42]. The ICC for the Martingale residuals of extu-
bation times was estimated to be 0.00 in the seven-site
prone-positioning study [37] and 0.01 in the two-site
pilot sedation management study. Conservatively based
on the first 22 RESTORE sites, using ICC = 0.01 leads to
1990 total subjects needed. Increasing the number of
sites or number of subjects will increase the power. We
chose 2448 enrolled subjects as our target sample size,
guaranteeing 90% power to detect a 20% reduction in
length of extubation controlling for censoring, three for-
mal interim analyses for early stopping and modest
within-site correlations.

Quality control
Pediatric critical care nurses with research experience
uniquely served as study monitors and conducted site
visits, beginning at least 6 months after the start of the
intervention phase of the trial. The design of the trial re-
quired that intervention sites implement the interven-
tion on consented subjects and that control sites not
implement the protocol. We monitored the intervention
in the intervention sites and monitored aspects of the
protocol in the control sites to assess protocol drift. All
visits included an observation during multidisciplinary
rounds, spot check of interrater reliability on assessment
tools and an audit of at least 10% of randomly selected
data. To maintain competency in study procedures, sites
were required to enroll a minimal number of patients
per month. If enrollment dropped under the minimum
for three consecutive months, the site was required to
implement a quality improvement plan that included
physician and nurse retraining.

Competing trials
During the RESTORE clinical trial, there were several
other large, multicenter clinical trials recruiting similar
patients in the PALISI Network [43, 44]. As investiga-
tors, we sought every opportunity to share potential
subjects while maintaining study integrity. The impact of
co-enrollment on RESTORE and each competing trial
was systematically evaluated by creating a “Co-Enroll-
ment Decision-Making Grid” that summarized the
shared population, enrollment window, timing of the
intervention and duration of study, (Table 3). We also
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considered the study endpoints; specifically, any overlap-
ping primary and/or secondary outcomes. If possible, we
described the magnitude of the interaction of the two in-
terventions; for example, whether one intervention
would dilute or enhance the effect of the other interven-
tion. We considered the level of randomization (patient

or site) and the potential for enrollment imbalance at
each site and in total; for example, enrolling only septic
patients with acute respiratory failure thus removing
them from RESTORE. We considered the potential im-
pact on data interpretation and whether we had suffi-
cient power to evaluate potential interactions. From a
safety perspective, we evaluated whether the specified
adverse events could be clearly attributed to either or
both interventions. Finally, we considered the potential
consent burden placed on parents/legal guardians, and
the workload burden placed on site investigators and/or
the bedside team. The completed Co-Enrollment
Decision-Making Grid along with a recommendation
from the Steering Committee was then sent to the DSMB
and NIH for their review and final recommendation
[25, 45–48]. With RESTORE, observational studies were
typically approved, and interventional studies were not. If
co-enrollment was not allowed, a local randomization
scheme avoided clinician bias on what study to offer con-
secutive eligible parents/legal guardians.

Results
The RESTORE clinical trial was successfully completed
in 2013 and the results of the primary trial and second-
ary manuscripts have been published with others in
development using the data set obtained in this large
clinical trial [25, 49–54]. Briefly, the trial demonstrated
that the RESTORE intervention did not impact the
duration of mechanical ventilation but could be safely
implemented by nurses at multiple sites and reduce
sedative exposure while keeping patients in a more
awake state than those in the control group.

Discussion
Here we describe the development, pilot-testing, final
design and implementation of the RESTORE clinical trial
so that other clinical trialist can better understand its
genesis, preliminary testing, rationale and challenges in
performing an appropriately powered, complex clinical
trial in pediatric critical care. The study began in June
2009 and ended in December 2013. We enrolled 309
patients during the baseline phase, 59 patients while
intervention sites were completing training, and 2449
patients during the intervention phase with 1225 in the
intervention arm and 1224 in the control arm. The
primary and numerous secondary papers have been
published [25, 45–49].
Pilot-testing RESTORE-beta was an important step in

the research process to assure that a protocol, developed
at one site, could be successfully implemented at unique
sites. The pilot study allowed for the evaluation of the
safety and efficacy of the protocol, education methods
and study governance needed for the subsequent large,
complex clinical trial. This step was key in developing

Table 3 Co-enrollment decision-making grid

Impact of co-
enrollment

Trial A Trial B

Scientific integrity

Intervention-related

1. Population of concern Overlap?

2. Enrollment window Which closes first?

3. Timing of intervention Overlap?

4. Study period Overlap?

5. Exclusion criteria Conflict?

Overlapping endpoints

6. Primary endpoint Overlap?

Potential impact?

7. Secondary and
exploratory endpoints

Overlap?

Potential impact?

Other

8. Magnitude of interaction Known/unknown?

Dilution/enhancement
of effect?

9. Level of randomization Same/different?

10. Timing of
randomization

Same/different?

11. Potential of imbalance Yes/no?

12. Effect of co-enrollment Contamination?

Data interpretation

13. Power to determine
interactions

Sufficient/insufficient?

14. Attribution of adverse
events

Easy/difficult?

Feasibility/burden

15. Parent/legal guardian
burden

Yes/no?

16. Site investigator burden Yes/no?

17. Bedside clinical team
burden

Yes/no?

18. Current sharing scheme Yes/no?

Additional considerations

19. Impact on publication Known/unknown?

20. Intervention use off-
protocol

Yes/no?

21. Priority High/low?

22. Possible sharing
arrangement
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the strategies to assure compliance, such as daily walk
rounds and immediate education and/or clarification for
the bedside care team and site visits from clinical
monitors.
The study was initially designed as a cluster randomized

clinical trial using the PICU as the unit of randomization
with all patients in the randomized PICU receiving the
intervention. At its first meeting, the DSMB requested
that OHRP be consulted to advise on the appropriate level
of consent. The DSMB determined that OHRP opinions
around risks to subjects enrolled in clinical trials produced
at the time of this protocol development could affect
protocol design. Once opinioned that the intervention
posed more than minimal risk, the investigative team
redesigned the trial so that the intervention was only
applied to consented subjects in PICUs randomized to
receive the intervention. This opinion avoided local
controversy and variation on the level of consent. The
decision impacted the trial by providing staff in the ran-
domized PICU less experience with the protocol. We ac-
commodated this by requiring a minimal enrollment of
three subjects per month and implementing a rigorous
training and quality improvement plan if this benchmark
was not met.
The evaluation of enrollment numbers during the

trial allowed for recruitment of additional sites so that
the study could be completed on time. Little informa-
tion is available about how to add sites to a cluster
randomized clinical trial. Important considerations in-
cluded the process of identifying sites, avoiding selec-
tion bias and maintaining consistent training processes.
The decision to evaluate the effect of competing trials

was important for RESTORE and other clinical trials per-
formed during the same time period. The decisions to
prioritize enrollment and discuss co-enrollment strat-
egies allowed successful completion of RESTORE and
other pivotal trials [43, 44].
Rather than seeking an elusive ideal drug, the RESTORE

protocol focuses on optimal clinical decision-making. This
study tests an explicit team approach for sedation man-
agement, with an emphasis on maintaining a minimum
yet effective dose of sedation while minimizing iatrogenic
injury. Since the RESTORE protocol provides a team ap-
proach to help improve sedation management of critically
ill infants and children it can potentially be used with mul-
tiple combinations of drugs used to manage comfort in
intubated children.

Conclusions
The RESTORE trial was successfully completed and the
primary and numerous secondary papers have been pub-
lished. The data have the potential to significantly
improve the care of critically ill infants and children by
developing a generalizable strategic approach that

optimizes patient comfort and tolerance of invasive sup-
port. We describe the development, pilot-testing, design
and implementation of the RESTORE clinical trial so that
clinicians can better understand its genesis, preliminary
testing, rationale and challenges in performing an appro-
priately powered complex clinical trial using cluster
randomization. Specific issues that investigators should
consider when developing clinical trials include the level
of consent, plans for adding clinical sites to augment en-
rollment and dealing with competing clinical trials.

Abbreviations
DSMB: Data and Safety Monitoring Board; ICC: Intra-cluster correlation; ICUs: Adult
intensive care units; IWS: Iatrogenic withdrawal syndrome; OHRP: Office of Human
Research Protection; PALISI: Pediatric Acute Lung Injury and Sepsis Investigators;
PICU: Pediatric intensive care unit; POPC: Pediatric Overall Performance Category;
PRISM III: Pediatric Risk of Mortality III; RESTORE: Randomized Evaluation
of Sedation Titration for Respiratory Failure; RESTORE-beta: Protocol used
in pilot study

Acknowledgements
We thank all investigators, coordinators and participants who participated in
this work.

Funding
The pilot work was supported by the National Institute of Health (NIH); Eunice
Kennedy Shriver National Institute of Child Health and Human Development
(NICHD) R21 HD045020 (Curley); the cluster randomized trial was funded by the
National Heart, Lung and Blood Institute (NHLBI) and National Institute
of Nursing Research (NINR) U01 HL086622 (Curley) and U01 HL086649
(Wypij). (NCT00814099).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the first author upon reasonable request.

Authors’ contributions
MAQC, BD, LAA and DW conceived of the idea for the project. MAQC, RGG,
DJS, JKA and COC led the pilot project. MAQC and DW led the cluster
clinical trial. MACQ, RGG and DW wrote the first draft of the manuscript.
All authors contributed to and approved the final manuscript.

Ethics approval and consent to participate
Pilot trial: the study was reviewed and approved by the coordinating center
and local Institutional Review Boards. Legal guardians provided informed
consent for data collection in one PICU and the local Institutional Review
Board waived the need for informed consent in the other PICU.
Cluster randomized trial: the study was reviewed and approved by all local
Institutional Review Boards, including those of the clinical and data coordinating
centers. Legal guardians provided informed consent for data collection in
control PICUs and consent for the intervention in the treatment PICUs.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

Author details
1School of Nursing, University of Pennsylvania, Philadelphia, PA, USA.
2Perelman School of Medicine at the University of Pennsylvania, Philadelphia,
PA, USA. 3Research Institute, Children’s Hospital of Philadelphia, Philadelphia,
PA, USA. 4Department of Pediatrics, Medical College of Wisconsin,
Milwaukee, WI, USA. 5Critical Care Section, Children’s Hospital of Wisconsin,

Curley et al. Trials          (2018) 19:687 Page 8 of 10



9000 W. Wisconsin Avenue, MS #681, Milwaukee, WI 53226, USA.
6Information Services Department, Boston Children’s Hospital, Boston, MA,
USA. 7Department of Plastic Surgery, Children’s National Health System,
Washington, DC, USA. 8Pediatric Intensive Care Unit, American Family
Children’s Hospital, Madison, WI, USA. 9Department of Critical Care Medicine,
Children’s National Medical Center, Washington, DC, USA. 10Department of
Cardiology, Boston Children’s Hospital, Boston, MA, USA. 11Department of
Biostatistics, Harvard School of Public Health, Boston, MA, USA. 12Department
of Pediatrics, Harvard Medical School, Boston, MA, USA.

Received: 16 August 2018 Accepted: 24 November 2018

References
1. Rhoney DH, Murry KR. National survey on the use of sedatives and

neuromuscular blocking agents in the pediatric intensive care unit. Pediatr
Crit Care Med. 2002;3:129–33.

2. Twite MD, Rashid A, Zuk J, Friesen RH. Sedation, analgesia, and
neuromuscular blockade in the pediatric intensive care unit: survey of
fellowship training programs. Pediatr Crit Care Med. 2004. https://doi.org/10.
1097/01.PCC.0000144710.13710.2E.

3. Marx CM, Rosenberg DI, Ambuel B, Hamlett KW, Blumer JL. Pediatric
intensive care sedation: survey of fellowship training programs. Pediatrics.
1993;91:369–78.

4. Durbin CG. Sedation in the critically ill patient. New Horiz. 1994;2:64–74.
5. Barrientos-Vega R, Mar Sanchez-Soria M, Morales-Garcia C, Robas-Gomez A,

Cuena-Boy R, Ayensa-Rincon A. Prolonged sedation of critically ill patients
with midazolam or propofol: impact on weaning and costs. Crit Care Med.
1997;25:33–40.

6. Brook AD, Ahrens TS, Schaiff R, et al. Effect of a nursing-implemented
sedation protocol on the duration of mechanical ventilation. Crit Care Med.
1999;27:2609–15.

7. Kollef MH, Shapiro SD, Silver P, et al. A randomized, controlled trial of
protocol-directed versus physician-directed weaning from mechanical
ventilation. Crit Care Med. 1997;25:567–74.

8. Kress JP, Pohlman AS, O’Connor MF, Hall JB. Daily interruption of sedative
infusions in critically ill patients undergoing mechanical ventilation. N Engl J
Med. 2000;342:1471–7.

9. Randolph AG, Wypij D, Venkataraman ST, et al. Effect of mechanical
ventilator weaning protocols on respiratory outcomes in infants and
children: a randomized controlled trial. JAMA 2002;288:2561–1568.

10. Guidelines for the management of adults with hospital-acquired, ventilator-
associated, and healthcare-associated pneumonia. Am J Respir Crit Care
Med. 2005. https://doi.org/10.1164/rccm.200405-644ST.

11. Cook DJ, Walter SD, Cook RJ, et al. Incidence of and risk factors for
ventilator-associated pneumonia in critically ill patients. Ann Intern Med.
1998;129:433–40.

12. Elward AM, Warren DK, Fraser VJ. Ventilator-associated pneumonia in
pediatric intensive care unit patients: risk factors and outcomes. Pediatrics.
2002;109:758–64.

13. Schweickert WD, Gelbach BK, Pohlman AS, Hall JB, Kress JP. Daily
interruption of sedative infusions and complications of critical illness in
mechanically ventilated patients. Crit Care Med. 2004;32:1272–6.

14. Arnold JH, Truog RD, Orav EJ, Scavone JM, Hershenson MB. Tolerance and
dependence in neonates sedated with fentanyl during extracorporeal
membrane oxygenation. Anesthesiology. 1990;73:1136–40.

15. Arnold JH, Truog RD, Scavone JM, Fenton T. Changes in the
pharmacodynamic response to fentanyl in neonates during continuous
infusion. J Pediatr. 1991;119:639–43.

16. Fonsmark L, Rasmussen YH, Carl P. Occurrence of withdrawal in critically ill
sedated children. Crit Care Med. 1999;27:196–9.

17. Anand KJ, Ingraham J. Pediatric tolerance, dependence, and strategies for
compassionate withdrawal of analgesics and anxiolytics in the pediatric ICU.
Crit Care Nurse. 1996;16:87–93.

18. Franck LS, Vilardi J, Durand D, Powers R. Opioid withdrawal in neonates
after continuous infusions of morphine or fentanyl during extracorporeal
membrane oxygenation. Am J Crit Care. 1998;7:364–9.

19. Tobias JD. Tolerance, withdrawal, and physical dependency after long-term
sedation and analgesia of children in the pediatric intensive care unit. Crit
Care Med. 2000;28:2122–32.

20. Schweickert W, Hall JB. Agitation in the critically ill patient: a marker of
health or a plea for treatment? Crit Care Med. 2005;33:263–5.

21. Riker RR, Picard JT, Fraser GL. Prospective evaluation of the Sedation-
Agitation Scale for adult critically ill patients. Crit Care Med. 1999;27:1325–9.

22. Bair N, Bobek MB, Hoffman-Hogg L, Mion LC, Slomka J, Arroliga AC.
Introduction of sedative, analgesic, and neuromuscular blocking agent
guidelines in a medical intensive care unit: physician and nurse adherence.
Crit Care Med. 2000;28:707–13.

23. Kress JP, Gehlbach B, Lacy M, Pliskin N, Pohlman AS, Hall JB. The long-term
psychological effects of daily sedative interruption on critically ill patients.
American Respir Criti Care Med. 2003;168:1457–61.

24. Girard TD, Kress JP, Fuchs BD, et al. Efficacy and safety of a paired sedation
and ventilator weaning protocol for mechanically ventilated patients in
intensive care (Awakening and Breathing Controlled trial): a randomised
controlled trial. Lancet. 2008. https://doi.org/10.1016/S0140-6736(08)60105-1.

25. Curley MA, Wypij D, Watson RS, et al. Protocolized sedation vs usual
care in pediatric patients mechanically ventilated for acute respiratory
failure: a randomized clinical trial. JAMA. 2015. https://doi.org/10.1001/
jama.2014.18399.

26. Curley MAQ, Dodson BL, Arnold JH. Designing a nurse-implemented
sedation algorithm for use in a pediatric intensive care unit. Pediatr Crit
Care Med. 2003;4:A158.

27. Lugo W, Lee E, Cash J, Vernon DD, Ward RM. Opioid abstinence syndrome
in the PICU: frequency of signs. J Pediatr Pharmacol Ther. 2003;8:232–3.

28. Fiser DH. Assessing the outcome of pediatric intensive care. J Pediatr. 1992;
121:68–74.

29. Pollack MM, Patel KM, Ruttimann UE. The pediatric risk of mortality
III—Acute physiology score (PRISM III-APS): a method of assessing
physiologic instability for pediatric intensive care unit patients. J Pediatr.
1997;131:575–81.

30. Marcin JP, Rutan E, Rapetti PM, Brown JP, Rahnamayi R, Pretzlaff RK. Nurse
staffing and unplanned extubation in the pediatric intensive care unit.
Pediatr Crit Care Med. 2005;6:254–7.

31. Kapadia FN, Bajan KB, Raje KV. Airway accidents in intubated intensive care
unit patients: an epidemiological study. Crit Care Med. 2000;28:659–64.

32. Rivera R, Tibballs J. Complications of endotracheal intubation and
mechanical ventilation in infants and children. Crit Care Med. 1992;20:193–9.

33. Little LA, Koenig JC Jr, Newth CJ. Factors affecting accidental extubations in
neonatal and pediatric intensive care patients. Crit Care Med. 1990;18:163–5.

34. Benjamin PK, Thompson JE, O’Rourke PP. Complications of mechanical
ventilation in a children’s hospital multidisciplinary intensive care unit.
Respir Care. 1990;35:873–8.

35. Mann H. Controversial choice of a control intervention in a trial of ventilator
therapy in ARDS: standard of care arguments in a randomised trial. J Med
Ethics. 2005;31:548–53.

36. Bateman ST, Lacroix J, Boven K, Forbes P, Barton R, Thomas NJ, Jacobs
B, Markovitz B, Goldstein B, Hanson JH, Li HA, Randolph AG, for
thePediatric Acute Lung Injury and Sepsis Investigators Network.
Anemia, blood loss, and blood transfusions in North American children
in the intensive care unit. Am J Respir Crit Care Med. 2008. https://doi.
org/10.1164/rccm.200711-1637OC.

37. Curley MAQ, Hibberd P, Finemean L, Wypj D, Mei-Chung S, Thompson
J, et al. Effect of prone positioning on clinical outcomes in children
with acute lung injury: a randomized controlled trial. JAMA. 2005;294(2):
229–37.

38. Watson RS, Asaro LA, Hertzog JH, Sorce L, Kachmar AG, Dervan LA, Angus
DC, Wypij D, Curley MAQ, for the RESTORE Study Investigators* and the
Pediatric Acute Lung Injury and Sepsis Investigators (PALISI) Network. Long-
term outcomes after protocolized sedation vs usual care in ventilated
pediatric patients. Am J Respir Crit Care Med. 2018. https://doi.org/10.1164/
rccm.201708-1768OC.

39. Schoenfeld DA, Bernard GR, Network A. Statistical evaluation of ventilator-
free days as an efficacy measure in clinical trials of treatments for acute
respiratory distress syndrome. Crit Care Med. 2002;30:1772–7.

40. Lin DY, Wei LJ. The robust inference for the Cox proportional hazards
model. J American Stat Assoc. 1989;84:1074–8.

41. O’Brien PC, Fleming TR. A multiple testing procedure for clinical trials.
Biometrics. 1979;35:549–56.

42. Xie T, Waksman J. Design and sample size estimation in clinical trials
with clustered survival times as the primary endpoint. Stat Med. 2003;
22:2835–46.

Curley et al. Trials          (2018) 19:687 Page 9 of 10

https://doi.org/10.1097/01.PCC.0000144710.13710.2E
https://doi.org/10.1097/01.PCC.0000144710.13710.2E
https://doi.org/10.1164/rccm.200405-644ST
https://doi.org/10.1016/S0140-6736(08)60105-1
https://doi.org/10.1001/jama.2014.18399
https://doi.org/10.1001/jama.2014.18399
https://doi.org/10.1164/rccm.200711-1637OC.
https://doi.org/10.1164/rccm.200711-1637OC.
https://doi.org/10.1164/rccm.201708-1768OC
https://doi.org/10.1164/rccm.201708-1768OC


43. Agus MS, Wypij D, Hirshberg EL, Srinivasan V, Faustino EV, Luckett PM, et al.
Tight glycemic control in critically ill children. N Engl J Med. 2017. https://
doi.org/10.1056/NEJMoa1612348.

44. Moler FW, Silverstein FS, Holubkov R, Slomine BS, Christensen JR, Nadkarni
VM, et al. Therapeutic hypothermia after in-hospital cardiac arrest in
children. N Engl J Med. 2017. https://doi.org/10.1056/NEJMoa1610493.

45. Weiss SL, Asaro LA, Flori HR, Allen GL, Wypij D, Curley MA. Multiple organ
dysfunction in children mechanically ventilated for acute respiratory failure.
Pediatr Crit Care Med 2017. https://doi.org/10.1097/PCC.0000000000001091.

46. Bateman ST, Borasino S, Asaro LA, et al. Early high-frequency oscillatory
ventilation in pediatric acute respiratory failure. A Propensity Score
analysis. Am J Respir Crit Care Med. 2016. https://doi.org/10.1164/rccm.
201507-1381OC.

47. Best KM, Asaro LA, Franck LS. Patterns of sedation weaning in critically ill
children recovering from acute respiratory failure. Pediatr CritCare Med.
2016. https://doi.org/10.1097/PCC.0000000000000572.

48. Faustino EV, Gedeit R, Schwarz AJ, et al. Accuracy of an extubation readiness
test in predicting successful extubation in children with acute respiratory
failure from lower respiratory tract disease. Crit Care Med. 2017;45:94–102.

49. Watson RS, Asaro LA, Hertzog JH, et al. Long-term outcomes after protocolized
sedation vs usual care in ventilated pediatric patients. Am J Respir Crit Care
Med. 2016;2018. https://doi.org/10.1164/rccm.201708-1768OC.

50. Tortorici MA, Kochanek PM, Poloyac SM. Effects of hypothermia on drug
disposition, metabolism, and response: a focus of hypothermia-mediated
alterations on the cytochrome P450 enzyme system. Crit Care Med. 2007.
https://doi.org/10.1097/CCM.0b013e3181921c9d

51. Cook DJ, Blythe D, Rischbieth, et al. Enrollment of intensive care unit
patients into clinical studies: a trinational survey of researchers' experiences,
beliefs, and practices. Crit Care Med. 2008;36:2100–5.

52. Randolph AG. The unique challenges of enrolling patients into multiple
clinical trials. Crit Care Med. 2009;37:S107–11.

53. Larntz K, Neaton JD, Wentworth DN, Yurik T. Data analysis issues for
protocols with overlapping enrollment. Stat Med. 1996;15:2445–53
discussion 2455-8.

54. Grant MJC, Schneider JB, Asaro LA, Dodson BL, Hall BA, Simone SL, et al.
Dexmedetomidine Use in Critically Ill Children With Acute Respiratory
Failure. Pediatr Crit Care Med. 2016. https://doi.org/10.1097/PCC.
000000000000941.

Curley et al. Trials          (2018) 19:687 Page 10 of 10

https://doi.org/10.1056/NEJMoa1612348
https://doi.org/10.1056/NEJMoa1612348
https://doi.org/10.1056/NEJMoa1610493.
https://doi.org/10.1097/PCC.0000000000001091
https://doi.org/10.1164/rccm.201507-1381OC
https://doi.org/10.1164/rccm.201507-1381OC
https://doi.org/10.1097/PCC.0000000000000572
https://doi.org/10.1164/rccm.201708-1768OC.
https://doi.org/10.1097/CCM.0b013e3181921c9d
https://doi.org/10.1097/PCC.000000000000941
https://doi.org/10.1097/PCC.000000000000941

	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Development of the RESTORE-beta protocol
	Pilot-testing RESTORE-beta
	RESTORE – Phase III clinical trial
	Collaborating centers
	Study procedures
	Post-discharge quality of life and emotional health
	Statistical considerations
	Study monitoring
	Sample size and power considerations
	Quality control
	Competing trials

	Results
	Discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

