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Abstract

Objectives—Test whether hyperglycemic critically ill children with cardiovascular and/or
respiratory failure experience more ICU-free days when assigned to tight glycemic control with a
normoglycemic versus hyperglycemic blood glucose target range.

Design—Multi-center randomized clinical trial.
Setting—Pediatric ICUs at 35 academic hospitals.

Patients—Children aged 2 weeks to 17 years receiving inotropic support and/or acute
mechanical ventilation, excluding cardiac surgical patients.
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Interventions—~Patients receive intravenous insulin titrated to either 80-110 mg/dL (4.4-6.1
mmol/L) or 150-180 mg/dL (8.3-10.0 mmol/L). The intervention begins upon confirmed
hyperglycemia and ends when the patient meets study-defined ICU discharge criteria or after 28
days. Continuous glucose monitoring, a minimum glucose infusion, and an explicit insulin
infusion algorithm are deployed to achieve the BG targets while minimizing hypoglycemia risk.

Measurements and main results—The primary outcome is ICU-free days (equivalent to 28-
day hospital mortality-adjusted ICU length of stay). Secondary outcomes include 90-day hospital
mortality, organ dysfunction scores, ventilator-free days, nosocomial infection rate,
neurodevelopmental outcomes, and nursing workload. To detect an increase of 1.25 ICU-free days
(corresponding to a 20% relative reduction in 28-day hospital mortality and a one-day reduction in
ICU length of stay), 1414 patients are needed for 80% power using a two-sided 0.05 level test.

Conclusions—This trial tests whether hyperglycemic critically ill children randomized to 80—
110 mg/dL benefit more than those randomized to 150-180 mg/dL. This study implements
validated bedside support tools including continuous glucose monitoring and a computerized
algorithm to enhance patient safety and ensure reproducible bedside decision-making in achieving
glycemic control.

Keywords
Pediatric critical care; Stress hyperglycemia; Insulin therapy; Randomized clinical trial

1. Introduction

Stress hyperglycemia, a state of abnormal metabolism with elevated blood glucose (BG)
concentrations, is common in critically ill patients with cardiovascular and/or respiratory
failure [1]. Tight glycemic control (TGC) to 80-110 mg/dL (4.4-6.1 mmol/L) was originally
shown to reduce morbidity and mortality in a large randomized clinical trial (RCT) of
critically ill adult surgical patients [2] but results were not reliably replicated with
subsequent adult studies, including one large multi-center study which demonstrated
increased mortality [3] as well as independent risk of hypoglycemia [4] from TGC.
Similarly, RCTs in critically ill children to date, largely or exclusively enrolling cardiac
surgical populations, have demonstrated inconsistent results from TGC. While the first
pediatric RCT [5] showed substantial benefit, including significant reductions in mortality,
length of stay (LOS), and infection rate despite relatively high rates of severe hypoglycemia
(<40 mg/dL; 2.2 mmol/L), subsequent pediatric trials demonstrated no reductions in
mortality, LOS, or infections [6,7]. In the small subgroup of non-cardiac-surgical patients,
there was narrow benefit detected in reduction of healthcare costs over a period of one year
[6]. A smaller study of critically ill children with severe burns showed a significant reduction
in burn-related morbidities with TGC [8]. Thus, no study of TGC has yet been conducted
exclusively in critically ill children who are not cardiac surgical or burn patients. In addition,
a survey of practicing pediatric intensivists identified wide variability in glycemic control
practices, with stated equipoise for study of TGC for this population [9].

The unique goal of the Heart and Lung Failure — Pediatric INsulin Titration trial (HALF-
PINT; NTC01565941) is to target the pediatric intensive care unit (ICU) population with
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cardiovascular and/or respiratory failure who are not post-operative cardiac surgical patients.
HALF-PINT is also distinctively designed to minimize hypoglycemia and maximize safety
by taking advantage of the latest glucose monitoring technologies, as well as an explicit
computer-guided insulin dosing spreadsheet. These safeguards are designed to maintain
severe hypoglycemia rates at rates lower than the usual care rates for hypoglycemia in ICUs
[7]. Eligibility criteria are designed to include pediatric ICU patients with cardiovascular
and/or respiratory failure who have new-onset hyperglycemia. We thereby enroll the target
cohort of pediatric ICU patients with the greatest risk of mortality and longest lengths of
stay who could benefit from this intervention [10,11].

This manuscript describes the design and rationale for this National Institutes of Health-
funded (U01 HL107681) multi-center, international randomized clinical trial. The study
compares outcomes of hyperglycemic critically ill children aged 2 weeks to 17 years with
cardiovascular and/or respiratory failure treated with an explicit insulin dosing algorithm to
titrate intravenous insulin, together with continuous glucose monitoring and a minimum
recommended glucose infusion rate, who are randomized to achieve BG target ranges of 80—
110 mg/dL (4.4-6.1 mmol/L; TGC-1) vs. 150-180 mg/dL (8.3-10.0 mmol/L; TGC-2).

2. Material and methods

2.1. Study overview

The study is coordinated by a Clinical Coordinating Center (CCC) with staff from both CCC
Principal Investigators’ sites (PIs MA, VN) and a Data Coordinating Center (DCC; Pl DW,
U01 HL108028). Patients are screened and recruited at 35 sites in the United States, Canada,
and Australia. Central ethics review was arranged at the Boston Children’s Hospital
Institutional Review Board (IRB) to be available for sites willing to cede ethics review
authority with appropriate signed institutional agreements. Ten sites have established this
reliance relationship, while the remaining sites are conducting local IRB review and
oversight. Study protocol modifications are developed collaboratively between the study’s
ten-member leadership committee and a steering committee comprised of co-investigators
from all participating sites. We plan to enroll 1414 patients randomly assigned to one of the
two TGC target groups. Patient screening began in March 2012. A study flow chart is
presented in Fig. 1.

2.2. Patient selection

Study inclusion criteria were chosen to ensure a critically ill non-cardiac-surgery pediatric
population with confirmed hyperglycemia and at high risk for hospital mortality and
prolonged ICU LOS. Exclusion criteria were chosen to exclude patients who had the greatest
risk of harm from hypoglycemia, the least potential for benefit due to low acuity, as well as
patients who would not be able to meet the study criteria for ICU discharge within 28 days.
Inclusion and exclusion criteria are enumerated in Table 1.

Families of potential study patients are approached by the local study team upon
confirmation of hyperglycemia [two consecutive BGs of 2150 mg/dL (8.3 mmol/L)] after
obtaining permission from the attending physician to approach the family. However, from
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the onset of the study in March 2012 to November 2014, families were approached when
patients had one BG > 130 mg/dL (7.2 mmol/L) so that the patients could be more quickly
randomized if and when they develop two consecutive BGs of 2150 mg/dL. This process
was abandoned when it became clear that families, across multiple sites, were more reluctant
to grant consent when their child did not yet qualify for the intervention.

Attending physicians are asked to confirm that eligible female patients are not pregnant prior
to their families being approached to minimize any risk to the fetus from study-induced
hypoglycemia. An informed consent and/or assent discussion with the family and/or patient
takes place in the ICU or in a nearby private room. Patients whose families decline
participation in the study are managed according to usual practice by the local clinical team,
which may or may not include therapy for glycemic control. Consented subjects with
confirmed hyperglycemia are randomized to one of the two treatment arms.

Patients are not approached for enrollment if they are already enrolled in a study that has
been determined to be a competing clinical trial. This assessment is made formally by the
HALF-PINT leadership committee based upon a structured analysis of the potential
interactions between the two trials. If both allocation arms of an RCT are well within the
usual standard of care, co-enrollment is allowed. For oncologic non-randomized protocols
and observational trials without a therapeutic intervention, co-enrollment is also allowed.

2.3. Study protocol

After a patient with confirmed hyperglycemia is enrolled, the study protocol begins with
randomization of the patient into one of the two TGC groups. Randomization is
accomplished using a web-based, DCC-guided process. Using permuted blocks of random
sizes of 4, 6, or 8 and an allocation ratio of 1:1, treatment assignment lists for each site were
generated by the DCC and stored in a secure database that was queried only at the time of
randomization. To obtain the treatment group assignment, site staff log into the study
website and complete a series of questions to confirm the patient’s eligibility for the trial. At
the culmination of this process, the next treatment group assignment in the site-specific list
is issued. Timing of BG measurements, dosing of insulin, and dextrose rescue boluses, are
guided by the Children’s Hospital EuglyCemia for Kids Spreadsheet (CHECKS) [7,12] with
a user interface specifically designed for the HALF-PINT study. To facilitate ease of use,
reproducibility, and scalability into the large number of participating ICUs, the user
interface, shown in Fig. 2, places instructions at the same location on the screen when the
program is running and only accepts values entered in specific locations on the screen.
CHECKS calculates insulin therapy dose recommendations from discrete BG values, which
are measured at the bedside with a glucose meter and entered into the spreadsheet by trained
bedside staff at time intervals recommended by the CHECKS algorithm. Timing is guided
by sensor glucose (SG) measurements obtained from a continuous glucose monitor (CGM)
that reports interstitial glucose concentrations every 5 min [13,14]. SG values are first used
to estimate whether the insulin infusion rate should be changed or whether a dextrose rescue
bolus is needed, and if so to prompt the study staff to obtain a bedside BG measurement. For
safety reasons, only the BG measurement from the glucometer is used to effect changes in
insulin infusion dosing rates or the amount of glucose needed in the rescue bolus.
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The CHECKS algorithm recommends insulin infusion rates and/or the need for a dextrose
rescue bolus based on rules derived from proportional-integral-derivative control theory
[15]. In this approach, the recommended insulin infusion rate is calculated as the sum of
three components. The first component, proportional, is based on the difference between the
measured glucose value and the upper target range (110 or 180 mg/dL depending on
treatment arm). The second component, integral, serves as a background infusion rate and
provides insulin to maintain the glucose level within target range. The third component,
derivative, adjusts the rate up or down depending on whether the glucose values are
increasing or decreasing. The infusion is suspended whenever the sum of the three
components is negative, and a dextrose rescue bolus is given whenever the glucose
concentration is anticipated to fall below 60 mg/dL within 30 min (anticipated glucose value
based on the current glucose value and its rate-of-change; amount of dextrose proportional
to the negative insulin infusion rate calculated from the three components).

Additional rules are used to instruct the user when to check the SG and when to obtain a
blood sample for measurement of BG. Recommended time intervals for obtaining blood
samples range between 30 and 360 min, with the frequency depending on the estimated risk
of hypoglycemia. For example, following a dextrose rescue bolus, the algorithm
recommends a blood sample be taken within 30 min of the previous sample to confirm the
rescue was successful. During insulin infusion, BG measurements are requested a minimum
of once every 120 min. Instances in which a patient is not receiving insulin and SG
measurements are within the assigned TGC range, the algorithm allows up to 360 min
between BG entries. The bedside clinician is requested to enter SG and/or BG data at these
time points and thereafter follow instructions provided on the user interface screen which
was programmed as a Microsoft Excel® VBA (Visual Basic for Applications) form.

In order to enhance safety, an initial insulin dosing limit is imposed by default at 0.3
units/kg/h; however, this may be altered once the physiologic needs of the particular patient
are confirmed by local study personnel. All manipulations to the safety features of an
individual’s dosing algorithm are made with the knowledge of HALF-PINT clinical
leadership as well as the bedside clinical team. Such changes are necessary in order to
provide safety limits for the population at large, but allow for occasional extreme
physiologic variability when specific clinical situations are encountered.

Data validation is performed to confirm that entries are within the analytical range for the
glucose meter (for BG measurement) and glucose sensor (for SG measurement). These
safety measures are intended to minimize user errors that commonly occur with spreadsheet
applications. Values entered by the user are copied to their correct cell locations located on a
Microsoft Excel® spreadsheet which performs all of the algorithm calculations. All
calculation steps are transparent to the user and can be manually verified for accuracy. A
prominently displayed timer on the user interface shows the time remaining (in hours/
minutes) until the next required SG and/or BG entry. All bedside computers are configured
to enable live monitoring as well as troubleshooting by the CCC staff at any time (LogMeln
Inc., Boston MA). Defined events, such as hypoglycemia, or overrides by bedside staff of a
CHECKS recommendation, trigger an immediate and automatic email to site study staff and
CCC staff members to maintain continuous situational awareness.
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Insulin therapy begins once the CGM sensor has been placed and insulin has arrived at the
patient’s bedside from pharmacy. The nurse, with an institution-specific standard prescriber
order set, initiates the intravenous infusion according to the study algorithm spreadsheet if
the glucose concentration is 2110 mg/dL (6.1 mmol/L) in TGC-1, or 2180 mg/dL (10.0
mmol/L) in TGC-2. Thereafter, insulin is recommended by CHECKS anytime the BG is
anticipated to be above the upper limit of the assigned TGC range, based on the rate of
change of BG and the patient’s calculated basal insulin requirement. In TGC-2, insulin is
discontinued when BG drops below 150 mg/dL, but no attempt is made to raise BG above
150 mg/dL using dextrose or other carbohydrates. The alarm on the receiver of the CGM is
set to notify bedside clinicians of a glucose level < 70 mg/dL (3.9 mmol/L) in both study
groups. The alarm level is set conservatively to warn of impending hypoglycemia (<60
mg/dL) and enable earlier assessment and intervention to prevent the occurrence of
hypoglycemia. CHECKS prompts for calibration of the CGM every 6 to 12 h; if 6 h have
passed since the most recent calibration, CHECKS will require calibration on the next
glucose meter BG entered into the spreadsheet. The insulin infusion continues until the
patient meets study-defined ICU discharge criteria or after 28 days of study intervention or
loses sufficient venous/arterial access for insulin infusion and blood samples, at which point
the insulin infusion is discontinued. Insulin infusion is also discontinued if CGM is
terminated for any reason, for example in the rare event of multiple sensor failures.

In order to ensure a continuous supply of glucose, avoid metabolic starvation, and minimize
the risk of hypoglycemia, the protocol recommends the following minimum glucose infusion
rate: patients < 6 years of age should receive a continuous dextrose infusion of at least 5
mg/kg/min and patients =6 years of age should receive a continuous dextrose infusion of at
least 2.5 mg/kg/min [16]. The glucose infusion rate may be delivered via dextrose
intravenous infusion, dextrose content in other medications, dextrose-containing parenteral
nutrition infusions, or as equivalent carbohydrate content in enteral feeds.

We have incorporated several devices into the study design to mitigate the risk of
hypoglycemia, to ensure consistency across all participating sites, and to address limitations
of prior studies. First, a CGM is placed in the subcutaneous tissue, most commonly in the
lateral thigh, occasionally in the abdomen. The Medtronic Enlite® Continuous Glucose
Monitoring System (Medtronic Diabetes, Northridge CA), approved by the Food and Drug
Administration (FDA) for use in patients aged 18 years and older with diabetes mellitus, was
used in the first 20 patients. Due to unforeseen technical failures, the Dexcom G4 Platinum
CGM system (Dexcom, San Diego CA), approved by the FDA for use in patients 18 years
and older with diabetes mellitus, is in use for the remainder of patients. The Dexcom system
uses a platinum electrode coated with glucose oxidase and generates a current which is
proportional to the glucose concentration in the interstitial fluid and displays the glucose
concentration every 5 min.

The CGM provides an advantage over conventional TGC protocols that use periodic BG
measurements in that it provides continuous glucose trending information and alarms that
can be acted on rapidly, prompting a BG check potentially minutes to hours before a
scheduled BG check would have otherwise been due. Thus, CGM offers protection against
sudden unexpected decreases in BG, which are common in the ICU environment [17]. The
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Dexcom system is not labeled for use with acetaminophen as acetaminophen is known to
falsely elevate the glucose measurement. To ensure these readings do not affect the
CHECKS algorithm measurement error, a software “button” has been installed in the
CHECKS Excel® spreadsheet (see Fig. 2 — acetaminophen button) to block the provider
from entering SG readings for three hours after the administration of acetaminophen,
whether oral, rectal, or intravenous. The bedside nurse is responsible for activating this mode
with each acetaminophen administration, which alerts the CHECKS algorithm to suspend
reliance on the CGM values for 3 h.

The second device in HALF-PINT to standardize practice and minimize site differences is
the Nova StatStrip (Nova Biomedical, Waltham MA) bedside glucose meter for BG
determination. This device, which meets standards for precision and accuracy in a wide
range of conditions, requires a small sample size of 1.2 uL, provides a result in 6 s, and is
the only point-of-care hospital BG measurement device approved by the FDA for use in the
critical care setting. The manufacturer sequestered a supply of a single test strip
manufacturing lot to be shared across all sites in order to minimize variability over the
course of the trial. Using manufacturer-supplied hardware and software, data from each
meter is periodically uploaded directly into the CCC central database, thereby protecting
against human error with data entry. Blood is drawn preferentially via a pre-existing arterial
line, or alternatively from a freely-flowing venous line, if local site practice allows. Capillary
blood samples are only allowed on a temporary basis while improved vascular access is
being actively sought. Nurses or study personnel were required to perform quality control
procedures on the glucose meters at least once every 24 h while in use.

Third, to control for dilution or contamination of blood samples and to mitigate infection
risk due to frequent blood sampling, we employ the VAMP Jr.® venous/arterial blood
management protection system (Edwards Lifesciences, Irvine CA) to obtain blood samples
[7]. This device allows for reinfusion of “waste” volumes, thereby minimizing the volume of
blood wasted in comparison to standard practice. In addition, while standard nursing
practice involves accessing a line three times for each blood draw (i.e., once for waste
withdrawal, once for sample withdrawal, and once for flush administration), the VAMP Jr.®
requires only a single line access for each blood draw. As there are multiple equivalent FDA-
approved products and local practices, sites are required either to use the VAMP Jr.® or a
locally preferred system that is judged by CCC leadership to be functionally equivalent.

Protocols and study documents for the trial are maintained at a secure study website,
designed with multiple levels of access, on which regulatory, training resource, and informed
consent documents are stored and available to study staff. Study staff supports a 24-h
international toll-free hotline which may be accessed by local site study staff if their local
leadership is unable to successfully troubleshoot any issue, ranging from a protocol question
to a technical issue with the computer or CGM. CCC staff maintains the ability to securely
and remotely access all laptops in the study in order to troubleshoot and remedy any
computer issue that may arise.
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2.4. Nurse training

As facile manipulation of study devices by bedside staff is a critical part of the conduct of
the HALF-PINT protocol, nurse training is a requirement for certification to care for a
HALF-PINT patient. This is accomplished through a multimodal infrastructure including
on-site training by manufacturer representatives where appropriate (VAMP Jr.®, Nova
StatStrip®), and using live local or remote training sessions or recorded videos for the
remainder of devices (CGM, CHECKS). All nurses complete an initial competency test, as
well as annual tests, in order to establish and maintain certification with all devices and with
the HALF-PINT insulin infusion algorithm. Records for each nurse at every site are
maintained centrally by the CCC on the password-protected study website. One device, the
Nova StatStrip®, requires a unique login for each nurse, only allowing use if active
certification status is verified. Refresher videos for all devices are offered during the online
web-based randomization process.

2.5. Study measurements and outcomes

The primary outcome of this trial is ICU-free days to Day 28, which is equivalent to 28-day
hospital mortality-adjusted ICU LOS. Although many trials conducted within the pediatric
critical care setting have measured surrogate markers, we believe that the potential
improvements in clinical outcomes provide the best comparison by which to evaluate the
benefits, costs, and risks of the intervention. The 28-day mortality outcome has been
recognized as the standard in several adult TGC and other ICU trials [3,18-21]. ICU LOS
has also been a primary target in several additional important studies [22,23]. Secondary
outcomes include 90-day hospital mortality, severity of organ dysfunction, ventilator-free
days to Day 28, incidence of nosocomial infections, insulin algorithm safety, insulin
algorithm performance, neurodevelopmental health, and nursing workload.

Baseline, clinical, and laboratory data are collected daily by study staff from Day 0 (day of
randomization) until the patient meets study-defined ICU discharge criteria or Day 28 is
reached, whichever occurs first. Data collected beyond Day 28 includes ICU and hospital
discharge dates as well as 90-day hospital mortality. Secondary outcomes are detailed in
Table 2. ICU LOS is calculated based upon the following site-independent discharge criteria
that must be true for at least 24 consecutive hours: patient is extubated, off of any non-
invasive ventilation that provides =5 cm H,O pressure or has reached pre-morbid
tracheostomy, ventilator, or non-invasive ventilator settings, and is able to maintain age-
appropriate mean arterial pressures without the use of vasopressors or inotropes. High flow
nasal cannula = 5 L/min is considered a form of non-invasive ventilation, and needs to be
discontinued in order for the patient to be considered discharged from the study.

Severity of organ dysfunction during the study period is measured daily. The PEdiatric
Logistic Organ Dysfunction (PELOD) scores are used to describe the severity of organ
dysfunction [24,25]. A documented relationship exists between severity of organ
dysfunction as measured by PELOD score and the risk of death in critically ill children
[26,27]. Ventilator-free days during the 28 days following randomization is reported as a
useful outcome in clinical trials because the measure encompasses both reduction in the
duration of mechanical ventilation and improvement in mortality [28,29]. The end of the
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patient’s duration of mechanical ventilation is defined as the date/time of extubation for
patients who are intubated or, for patients with a tracheostomy, the date/time of the
discontinuation of mechanical ventilation or date/time of resumption of pre-morbid
ventilator settings where appropriate. Mechanical ventilation is only considered to be
discontinued when it is not reinstituted within 24 h.

We use the 2008 Centers for Disease Control’s published definitions [30] for the following
nosocomial infections attributable to the ICU stay: total bloodstream infections including
central venous line-associated bloodstream infections, respiratory tract infections including
ventilator-associated pneumonias, urinary tract infections, and wound infections that occur
>24 h post-randomization in the ICU or within 48 h of discharge to the non-1CU inpatient
unit. Device-related infections will be counted per 1000 device days, and non-device-related
infections will be counted per 1000 ICU days.

Neurodevelopmental health is assessed at baseline and at approximately one-year post-ICU
discharge. The Vineland Adaptive Behavioral Scales-I1 (Vineland-I1) [31] is assessed at
follow-up to evaluate the child’s overall adaptive functioning. The Vineland-I1 focuses on
the child’s ability to appropriately adapt to conceptual, social, and physical circumstances. It
includes domain scores in communication, daily living skills, and socialization as well as a
maladaptive behavior index, and as such it provides a comprehensive understanding of the
child’s development by assessing typical performance in day-to-day activities required for
personal and social sufficiency. The Child Behavior Checklist (CBCL) [32] and Pediatric
Quality of Life Inventory (PedsQL) [33] are completed by the parent/guardian after HALF-
PINT enrollment to evaluate pre-ICU behavioral problems and health-related quality of life.
They are also completed one-year post-ICU discharge to determine if any changes in
neurodevelopmental status are modulated by the level of TGC or exposure to hypoglycemia
in the ICU. The CBCL consists of several age-dependent behavioral syndrome scales (e.g.,
aggressive behavior, anxious/depressed) as well as internalizing and externalizing problems
scales to describe their child’s ability to appropriately internally process and externalize
emotions and social circumstances. The PedsQL consists of physical and psychosocial
health summary scores and an overall health-related quality of life measure to describe their
child’s general functional health. All instruments are validated in English and Spanish for
children aged 2-18 years.

TGC protocols are typically managed by bedside nurses. In practice, there has been
substantial resistance to adherence with TGC by nursing staff due both to the increased
workload stemming from frequent BG monitoring and changes in infusion rate, and to
concerns about the risk of hypoglycemia [34,35]. While critical care nurses continuously
multi-task and prioritize care based on patient safety and treatment efficacy, little is known
about how best to implement and sustain TGC practices. To evaluate protocol
implementation and the potential burden placed on bedside nurses when managing a patient
on TGC, we use the Subjective Workload Assessment Technique (SWAT) [36] and National
Aeronautics and Space Administration-Task Load Index (NASA-TLX) [37] to characterize
the nursing staff experience while using TGC protocols. The SWAT and NASA-TLX are two
widely-adaptable assessment tools that have been used to describe perceived workload. Both
tools place a task in context of a respondent’s baseline rating of time, cognitive, and stress
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burdens. An anonymous baseline survey that contains demographic variables and ratings
scales for the SWAT and NASA-TLX are given to all nurses trained on the HALF-PINT
protocol. Once a patient has been randomized into a HALF-PINT TGC protocol, bedside
nurses are randomly selected to complete an anonymous follow-up survey describing their
perceived workload associated with managing a patient on TGC [38]. The follow-up survey
will provide modified SWAT and NASA-TLX scores to create a perceived workload profile
for TGC-related nursing activities over several intervals of the study period. Additional
survey questions that describe the nurse’s ability to complete non-TGC-related nursing
activities, compare TGC-related to general ICU nursing workload, as well as describe a
nurse’s overall perception of TGC will also be reported. One item comparing TGC-related
nursing activities to ICU-specific tasks has been adapted from the Nine Equivalents of
Nursing Manpower Use Score (NEMS) [39], a validated assessment tool representative of
usual critical care bedside nurse workload. De-identified data (by nurse and site) will be
reported using both qualitative and summary statistics.

2.6. Statistical analysis

All primary analyses will be performed on an intention-to-treat basis. We hypothesize that
patients randomized to TGC-1 and insulin titration to 80-110 mg/dL will experience lower
mortality and shorter ICU LOS (and so higher ICU-free days) than those managed with
TGC-2 (150-180 mg/dL). In our power calculations, for the TGC-2 group we conservatively
hypothesized an 8% 28-day hospital mortality rate and, among survivors, used the same ICU
LOS distribution as the Paediatric Intensive Care Audit Network (PICANet) survivors (mean
8.5 days) [40,41]. A survey of the Pediatric Acute Lung Injury and Sepsis Investigators
(PALISI), a US collaborative of 79 pediatric ICUs, indicated a willingness to change
practice based upon results of a clinical trial which demonstrated a 20% mortality reduction
combined with a one-day reduction in ICU LOS [5,9]. Thus, for the TGC-1 group we
assumed a 6.4% mortality rate (20% decrease from 8%) and, among survivors, an ICU LOS
distribution with mean 7.5 days (a one-day, or 11.8% decrease, from 8.5 days). The TGC-1
group ICU LOS distribution among survivors was derived from a proportional odds model,
effectively shifting the distribution of ICU LOS among survivors in the TGC-2 group to
yield a new distribution with mean ICU LOS of one fewer day. This equates to an expected
increase of 1.25 ICU-free days, from 17.94 to 19.19, if TGC-1 is superior to TGC-2, and
requires a sample size of 1274 randomized patients (637 per group) for 80% power with a
two-sided alpha level of 0.05. These sample size calculations needed adjustment to allow for
interim analyses and potential early stopping for efficacy or futility. Based on East \ersion
5.4 (Cytel Statistical Software, Cambridge MA), allowing looks after 50%, 67%, 83%, and
100% of the data have accrued and assuming general endpoints based on treatment effects
estimated through generalized linear regression models requires a sample size of 1414
patients (707 per group).

This clinically important reduction in mortality and ICU LOS appears to be plausible based
on the results achieved in the Leuven pediatric ICU trial [5]. The Leuven trial, conducted in
a predominantly pediatric cardiac surgical population (N = 700), used comparably lower BG
target ranges and was complicated by 44% incidence of severe hypoglycemia in children < 1
year of age. Nonetheless, the Leuven trial achieved a 55% relative decrease in 30-day ICU
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mortality (2.3% vs. 5.1%, p = 0.047) and a 10% reduction in ICU LOS (5.51 vs. 6.15 days, p
=0.017).

ICU-free days will be considered to be zero for patients who did not meet study-defined ICU
discharge criteria or were transferred or died (in the ICU or hospital) by Day 28. Due to the
equivalent but inverse relationship between ICU-free days to Day 28 and hospital mortality-
adjusted ICU LOS, we will analyze the latter using proportional hazards regression in order
to adjust for age group (<2, 2-6, and =7 years of age) and severity of illness. In particular, an
ICU-free day value of zero will be analyzed as having a hospital mortality-adjusted ICU
LOS of 28 days. Whether patients are censored at 28 days or have this outcome of 28 days
will lead to the same statistical inferences, since no observations of the primary outcome
will be longer than 28 days.

Analysis of the primary outcome will be performed on an intention-to-treat basis. The
primary outcome will be collected for all patients who were randomized including those
who never received the intervention, except if the guardian withdrew full consent. Patients
whose guardian withdrew full consent will be assigned the worst outcome (i.e., zero ICU-
free days) in the intention-to-treat analysis. The primary outcome and all secondary
outcomes will be analyzed on a per-protocol basis, excluding randomized patients who never
received the intervention and those whose guardian withdrew full consent. These analyses
will use proportional hazards regression for time to event outcomes (using the exact method
to handle tied observations), linear regression for continuous outcomes, and logistic
regression for binary outcomes adjusting for age group and severity of illness.

2.7. Study oversight

An independent Data and Safety Monitoring Board (DSMB), recruited and coordinated by
the National Heart, Lung, and Blood Institute, monitors the trial for adverse events,
adherence to the study protocol, and potential for early stopping. The DSMB met after the
first 50 randomized patients were studied, and will continue to meet approximately every six
months until completion of the trial. Following each meeting the DSMB makes a
recommendation regarding continuation, modification, or discontinuation of the trial. The
first interim look for potential early stoppage for efficacy or futility is scheduled after
accrual of outcome variables for 50% of patients. Changes to the protocol are recommended
by the DSMB based upon its independent review of study data as well as newly available
TGC data from other populations.

The study core leadership committee collaborated with the DSMB to create rules to classify
important adverse events in terms of severity and their relatedness to the study protocol.
Particular attention is given to hypoglycemia events, which were most concerning to the
DSMB as a potential risk of the study insulin infusion protocol. All hypoglycemic glucose
meter BG measurements < 60 mg/dL are reviewed by the CCC, classified, and reported to
the DSMB. Severe hypoglycemia events (BG < 40 mg/dL) are reported to the DSMB chair
on an expedited timeline. Hypoglycemia events occurring three or more hours after
discontinuation of the study-guided insulin infusion are classified as unrelated to the study.
Hypoglycemia events occurring within three hours of the patient’s most recent dose of
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insulin are classified as possibly, probably, or definitely related to the study as determined by
the proximity of the event to the last insulin dose.

3. Discussion

HALF-PINT addresses an important gap in the field of glycemic control in the pediatric
ICU. Prior trials of TGC in this population have raised important questions about the use of
this therapeutic modality in our critically ill patients, specifically those with cardiovascular
and/or respiratory failure unrelated to cardiac surgical disease. Many studies have
demonstrated the association between hyperglycemia and poor outcomes in this population
[22,42-44], but only three prior publications described prospective, randomized
interventions which have the ability to assess causality, not including an RCT in burned
children [8]. In a single center trial enrolling 75% cardiac surgical patients, Vlasselaers
found a marked 55% relative reduction in 30-day ICU mortality, attributed to TGC
implementation, a magnitude of improvement no other RCT in modern pediatric critical care
has been able to achieve with any intervention [5]. The subsequent Control of
Hyperglycaemia in Paediatric intensive care (CHiP) trial, published after the initiation of the
HALF-PINT trial, did not demonstrate any survival benefit in the entire cohort, notably with
a similar percentage of cardiac surgical patients (61%) [6]. Both trials were complicated by
significant severe hypoglycemia (Vlasselaers, 25%; CHiP, 7.3%), and neither utilized CGM
technology or explicit electronic bedside decision support. Of note, roughly one-third of the
randomized CHiP patients never became hyperglycemic. The Safe Pediatric Euglycemia
after Cardiac Surgery (SPECS) trial examined TGC in an exclusive cardiac surgical
population and did not demonstrate any outcome benefit, even with a substantially lower rate
of severe hypoglycemia (3.3%) using the explicit methodology CHECKS algorithm and
CGM [7]. Taken together, there is substantial evidence both for [5] and against [6,7] the
benefits of TGC.

Although a meta-analysis of the above studies demonstrated no net benefit in critically ill
children [45], a total of only 706 non-cardiac-surgical pediatric ICU patients had been
studied as of the start of the HALF-PINT trial (550, if non-hyperglycemic CHiP patients are
excluded), as compared with 2343 cardiac surgical patients. HALF-PINT was designed to
address the gaps in the spectrum of high risk critically ill patients who may potentially
benefit from TGC. These design features include recruitment of patients who are critically ill
and hyperglycemic, but not cardiac surgery patients, and use of a TGC protocol with bedside
decision support which incorporates the latest technology in order to maximize achievement
of target TGC ranges while minimizing the risk of severe hypoglycemia.

HALF-PINT was designed to test the hypothesis that 80-110 mg/dL is the superior target
glucose range compared with 150-180 mg/dL. The higher target range was chosen based
upon a survey of pediatric intensivists [9] and consensus recommendations reported in
statements from multiple critical care and endocrine societies (150-180 [46]; 140-180 [47];
140-200 [48]). A summary of surveyed opinions of pediatric intensivists indicated that
physicians had equipoise between higher and lower target ranges, that they did not believe
“no glycemic control” represented standard of care, and that they were unwilling to infuse
dextrose to purposefully elevate glucose concentration above 150 mg/dL.
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Taking all these factors into account, we desighed HALF-PINT as a practical, replicable test
of insulin therapy to two target ranges in an enriched population of hyperglycemic critically
ill children. We did not intend to conduct a glycemic clamp trial comparing glycemia at two
ranges (80-110 vs. 150-180 mg/dL).

3.1. Rationale for outcome measures

The primary outcome variable in the HALF-PINT trial is ICU-free days to Day 28, which is
equivalent to 28-day hospital mortality-adjusted ICU LOS. Mortality, the common primary
outcome in adult TGC studies, is an impractical endpoint in the pediatric cohort, with an
expected mortality in this population of 10% or less. The primary benefit of choosing ICU-
free days is that it incorporates mortality, but also takes into account global resolution of all
ICU interventions, primarily respiratory and cardiac supportive interventions. Our definition
of ICU LOS is operationalized by physiologic features, and does not require the patient to be
physically out of the ICU, merely off ICU therapies. This choice is in contrast to the primary
outcome in the Vlasselaers trial (change in C-reactive protein from baseline) [5], but very
similar to the primary outcome in the CHiP trial (ventilator-free days) [6].

A key emerging secondary outcome measure for all pediatric critical care trials is long-term
neurodevelopmental outcomes following an ICU intervention. The most significant concern
for implementing TGC stems from insulin-induced hypoglycemia, which has been
associated with severe and long-term effects on the developing brain [49] as well as
mortality [4,50]. This risk of TGC, above and beyond the high baseline rate of hypoglycemia
seen in critically ill children even without insulin infusion, has served as a deterrent to
physicians treating hyperglycemia in the pediatric ICU. Previous trials exploring TGC in
both adults and children have achieved mixed results in reducing mortality at the cost of
frequent and excessive hypoglycemia in the treatment arm targeting lower BG. The Leuven
group reported that children experiencing severe hypoglycemia fared no worse in
neurodevelopmental status than patients who did not have hypoglycemia, but the
Normoglycemia in Intensive Care Evaluation-Survival Using Glucose Algorithm Regulation
(NICE-SUGAR) study in adults reported the opposite to be true [3]. More recent data from
SPECS in the pediatric cardiac surgical population demonstrated worse neurodevelopmental
outcomes at follow-up in patients one year of age with moderate or severe hypoglycemia
(<50 mg/dL [2.8 mmol/L]) compared with mild or no hypoglycemia [51]. These inconsistent
findings underscore the importance of measuring long-term neurodevelopmental status to
gain a better understanding of the long-term effects of TGC as well as hypoglycemia in the
pediatric ICU population. Without data supporting the long-term safety of TGC protocols, it
is unlikely that TGC will be adopted purely on the basis of short-term efficacy.

3.2. Protocol considerations

In designing the HALF-PINT trial, we sought to expand on the successful and safe
implementation of TGC from the SPECS study by adopting the most current glucose sensor
technology and making improvements to the computerized insulin titration algorithm
previously used in our SPECS trial [7]. In our previous iterations of this spreadsheet, clinical
staff had to enter blood glucose values directly into an Excel® spreadsheet, limiting options
for error checking and data verification. Modifications for CHECKS in the HALF-PINT
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study, therefore, included user interface features and automatic range checking which allow
for the user to double-check for possible keystroke errors prior to entering values into the
algorithm. The interface also features a graph showing the entered BG values and insulin
infusion rates over the span of 24 h, with the intent of enabling clinical staff to more readily
identify trends in the patient’s BG. Finally, the ability of the CCC staff to remotely monitor
each patient at the bedside via LogMeln also enables a high level of technical support as
well as quality assurance that the trial is being actively and appropriately managed by
bedside clinicians.

A critical tool used in this study to maintain patient safety is the CGM. It is implemented in
HALF-PINT as an off-label use of an FDA-approved device, since it is not labeled for use in
the ICU, nor in non-diabetics, nor in children below 18 years of age. Local or central IRBs
approve use of the CGM as a Non-Significant Risk device that serves as an “early warning
system’ for hypoglycemia by audibly alarming when the glucose drops below 70 mg/dL (3.9
mmol/L), allowing the bedside clinician to intervene sooner than is possible with
conventional TGC protocols that employ periodic blood sampling for BG measurement. The
combination of CGM with open loop electronic decision support tool provides the safest
study protocol delivery with optimal data collection and ability to easily track protocol
deviations for any reason.

The HALF-PINT study protocol was specifically designed to avoid inconsistencies with
glucose measurement methods that have been subject to criticism in other TGC trials. This is
achieved by standardizing devices across all sites; i.e., same glucose meter at all sites, same
test strip manufacturing lot across sites, same CGM system, and same insulin titration
algorithm. Uniform training is also implemented across all sites, including international
sites. Central administration of all glucose meters from the CCC headquarters allows for
active monitoring of device upkeep and seamless, reliable data collection. Use of the VAMP
Jr.® (or an equivalent device) to ensure undiluted sampling mitigates the risks of anemia and
infection and also leads to greater consistency and reliability of the blood glucose
measurement.

4. Conclusions

Since the value of TGC in the ICU was first demonstrated fifteen years ago, there have been
many studies and much debate over the extent of its efficacy and which populations may
derive benefit or harm. HALF-PINT is another important trial in this process of thoroughly
examining our care and testing key practices using large multi-center RCTs. HALF-PINT is
expected to provide an important contribution to this body of work, with its focus on
hyperglycemic critically ill, non-cardiac-surgical children.
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Screen ICU daily and assign subject identifiers to eligible patients
Include: Mechanical ventilation expected >24 hours and/or on pressors for hypotension
Exclude: Post-op cardiac surgery, redirection of care, diabetes, chronic vent dependence

\:

Obtain consent when patient meets randomization criteria
Follow BGs q 4hrs or according to standard ICU practice for up to 28 days
If patient has two consecutive BGs > 150 mg/dL (8.3 mmol/L) obtain consent and randomize
Randomize patient within 24 hours of first qualifying BG > 150 mg/dL (8.3 mmol/L)
Note: study team may opt to obtain consent earlier, following single BG > 130 mg/dL (7.2 mmol/L)

v

Randomize 1,414 subjects

TGC-1
80-110 mg/dL
(4.4-6.1 mmol/L)

TGC-2
150-180 mg/dL
(8.3-10 mmol/L)

Maintain BG range until ICU discharge or 28 days post-randomization
Continuous glucose monitoring and Excel®-based insulin infusion algorithm (“CHECKS”)

v

Outcomes
Primary: ICU-free days (28-day hospital mortality-adjusted ICU LOS)
Secondary:  90-day mortality, severity of organ dysfunction, ventilator-free days,
nosocomial infections, insulin algorithm safety and performance metrics,
neurodevelopmental outcomes at 1 year post-ICU, nursing workload

Fig. 1.
Flow diagram for trial.
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CHECKS

3! Luglycemia for Kids Spread

0:54:35

Sl ACETAMINOPHEN

15015 1500 9/15/15 141 91825 200 S/16/15 a0 3/16/15 13:00 sh16/15 1300
Tarly glucose. Enter sensor View Excel®
entry. information protocol Spreadsheet

Fig. 2.
Children’s Hospital EuglyCemia for Kids Spreadsheet (CHECKS) interface.
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Table 1

Heart and Lung Failure — Pediatric INsulin Titration trial inclusion and exclusion criteria.

Inclusion criteria

1 Cardiovascular failure (on intravenous vasopressors or inotropes, i.e., dopamine or dobutamine > 5 pg/kg/min, or any dose of
epinephrine, norepinephrine, phenylephrine, milrinone, or vasopressin if used to treat hypotension) ana/or
Respiratory failure (acute mechanical ventilation via endotracheal tube or tracheostomy)

2 Age = 2 weeks and corrected gestational age = 42 weeks

3 Age < 18 years (has not yet had 18th birthday)

Exclusion criteria

1 rz\lf[:onger has cardiovascular or respiratory failure (as defined in inclusion criterion 1), or is expected to be extubated in the next

2 Expected to remain in ICU <24 h

3 Previously randomized in HALF-PINT

4 Enrolled in a competing clinical trial

5 Family/team have decided to limit or redirect from aggressive ICU technological support

6 Chronic ventilator dependence prior to ICU admission (non-invasive ventilation and ventilation via tracheostomy overnight or
during sleep are acceptable)

7 Type 1 or 2 diabetes

8 Cardiac surgery within prior 2 months or during/planned for this hospitalization (extra-corporeal life support or non-cardiac
surgery is acceptable)

9 Diffuse skin disease such that placement of a subcutaneous glucose sensor would be difficult to secure

10 Therapeutic plan to remain intubated for >28 days

11 Receiving therapeutic cooling with targeted body temperatures < 34 °C

12 Receiving a ketogenic diet

13 Ward of the state

14 Pregnancy
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Table 2

Trial secondary outcomes.

a A W N P

90-day hospital mortality

Severity of organ dysfunction [24,25]

Ventilator-free days

Incidence of nosocomial infections (bloodstream, pulmonary, urinary tract, and wound hospital-acquired infections).

Algorithm safety as measured by severe hypoglycemia (blood glucose <40 mg/dL; <2.2 mmol/L) incidence and duration, lipid
activation (serum triglycerides, free fatty acids, and lipoprotein profile), lactate, and byproducts of metabolic stress related to
hypoglycemia.

Algorithm performance as measured by time to glucose target range, percent of time in target range, time-weighted glucose
average, 24-hour insulin sensitivity index, and 72-hour variability index.

Vineland Adaptive Behavioral Scales-11 (Vineland-11) [31] is assessed at one year post-ICU discharge to evaluate the child’s
overall adaptive functioning.

Developmental neurobehavioral outcomes as measured by Child Behavior Checklist (CBCL) [32] and Pediatric Quality of Life
Inventory (PedsQL) [33] at baseline and at one year post-1CU.

Nursing workload as measured by the Subjective Workload Assessment Technique (SWAT) [36] and National Aeronautics and
Space Administration-Task Load Index (NASA-TLX) [37].
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