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Abstract

BACKGROUND—In some studies, tight glycemic control with insulin improved outcomes in
adults undergoing cardiac surgery, but these benefits are unproven in critically ill children at risk
for hyperinsulinemic hypoglycemia. We tested the hypothesis that tight glycemic control reduces
morbidity after pediatric cardiac surgery.

METHODS—In this two-center, prospective, randomized trial, we enrolled 980 children, 0 to 36
months of age, undergoing surgery with cardiopulmonary bypass. Patients were randomly
assigned to either tight glycemic control (with the use of an insulin-dosing algorithm targeting a
blood glucose level of 80 to 110 mg per deciliter [4.4 to 6.1 mmol per liter]) or standard care in
the cardiac intensive care unit (ICU). Continuous glucose monitoring was used to guide the
frequency of blood glucose measurement and to detect impending hypoglycemia. The primary
outcome was the rate of health care—associated infections in the cardiac ICU. Secondary outcomes
included mortality, length of stay, organ failure, and hypoglycemia.

RESULTS—A total of 444 of the 490 children assigned to tight glycemic control (91%) received
insulin versus 9 of 490 children assigned to standard care (2%). Although normoglycemia was
achieved earlier with tight glycemic control than with standard care (6 hours vs. 16 hours,
P<0.001) and was maintained for a greater proportion of the critical illness period (50% vs. 33%,
P<0.001), tight glycemic control was not associated with a significantly decreased rate of health
care—associated infections (8.6 vs. 9.9 per 1000 patient-days, P = 0.67). Secondary outcomes did
not differ significantly between groups, and tight glycemic control did not benefit high-risk
subgroups. Only 3% of the patients assigned to tight glycemic control had severe hypoglycemia
(blood glucose <40 mg per deciliter [2.2 mmol per liter]).

CONCLUSIONS—Tight glycemic control can be achieved with a low hypoglycemia rate after
cardiac surgery in children, but it does not significantly change the infection rate, mortality, length
of stay, or measures of organ failure, as compared with standard care. (Funded by the National
Heart, Lung, and Blood Institute and others; SPECS Clinical Trials.gov number, NCT00443599.)

*The Safe Pediatric Euglycemia after Cardiac Surgery (SPECS) study investigators are listed in the Supplementary Appendix,
available at NEJM.org.
Copyright © 2012 Massachusetts Medical Society.
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Congenital heart defects are the most common birth defects, with approximately 20,000
pediatric cardiothoracic surgical procedures performed each year in the United States.12
Postoperative morbidity and mortality among infants and young children remain relatively
high3; thus, identification of modifiable risk factors during postoperative critical care is
important for continued improvement in outcomes. Tight glycemic control has emerged as a
potential approach to reduce morbidity in adult cardiac medical*® and surgical®.’
populations, but it has not proved to be generalizable to all critical care patients.8-11

The incidence of hyperglycemia (blood glucose level >126 mg per deciliter [7.0 mmol per
liter]) after cardiac surgery in infants and young children is uniformly high, reaching more
than 90% in some series.12-15 Retrospective studies of the possible association between
hyperglycemia and perioperative morbidity in this population have yielded mixed
results.14.16-18 One pediatric clinical trial compared tight glycemic control with standard
glucose management in a mixed critical care population of medical and surgical patients,
primarily those who had undergone cardiac surgery.1® Tight glycemic control was
associated with several benefits but also extremely high rates of severe hypoglycemia (<40
mg per deciliter [2.2 mmol per liter]). Routine use of tight glycemic control in the pediatric
cardiac intensive care unit (ICU) is controversial, owing both to contradictory results of the
trials evaluating this approach in adults and concerns about potentially deleterious effects of
insulin-induced hypoglycemia on the developing brain.

The Safe Pediatric Euglycemia after Cardiac Surgery (SPECS) trial reported here tested the
hypothesis that tight glycemic control in the cardiac ICU would reduce perioperative
morbidity — specifically, the rate of health care-associated infections — in young children
after cardiac surgery with cardiopulmonary bypass. To minimize the risk of hypoglycemia
associated with tight glycemic control, our study protocol specified the use of a
subcutaneous continuous glucose monitor as a means of determining the frequency of blood
glucose measurement and detecting impending hypoglycemia, paired with an explicit
insulin-dosing algorithm.20.21

STUDY DESIGN

This randomized, controlled trial was conducted in the cardiac ICUs at Boston Children’s
Hospital and the University of Michigan C.S. Mott Children’s Hospital. Children 0 to 36
months of age who were being admitted to the cardiac ICU after undergoing cardiac surgery
with cardiopulmonary bypass were included. Children with diabetes or without adequate
intravascular access were excluded. The study was approved by the institutional review
board at each institution, and written informed consent was obtained from parents or legal
guardians. All authors vouch for the accuracy of the data and the fidelity of the study to the
protocol, which is available with the full text of this article at NEJM.org.

INTERVENTIONS AND OUTCOMES

A detailed description of the study methods was published previously.22 Study participants
were randomly assigned to either tight glycemic control or standard care in the cardiac ICU
postoperatively according to a permuted-block design with stratification according to center.
Operating-room clinicians were unaware of the study-group assignments. The preoperative
plan was to administer intraoperative glucocorticoids to all children at both institutions who
required hypothermic circulatory arrest and to all children at Boston Children’s Hospital
who were younger than 1 year of age; preoperative glucocorticoids were not given. The
study protocol was initiated immediately after postoperative admission. Bedside clinicians in
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the cardiac ICU were aware of the study-group assignments, given the need to manage
insulin therapy and the potential harm of administering placebo fluid.

The group assigned to tight glycemic control (hereafter referred to as the glycemic-control
group) received an intravenous infusion of regular human insulin at the lowest dose
necessary to achieve normoglycemia (defined as a blood glucose level of 80 to 110 mg per
deciliter [4.4 to 6.1 mmol per liter]). Dose adjustment was guided by frequent bedside
measurements with a blood glucose meter (LifeScan SureStep Flexx in Boston and Roche
ACCU-CHEK Inform in Michigan).23 Glucose levels were entered into a proportional—
integral—derivative insulin-dosing algorithm2% on a Microsoft Excel spreadsheet displayed
on a dedicated laptop computer at the patient’s bedside. A continuous glucose monitor
(Guardian REAL-Time device, Medtronic Diabetes) was used for the duration of insulin
therapy in the glycemic-control group to guide the frequency of blood glucose checks and to
alert the bedside nurse to impending or actual hypoglycemia; however, no decisions
regarding insulin dosing or glucose rescue were made solely on the basis of readings from
continuous glucose monitors.

Continuous glucose monitoring was used in the standard-care group only for the first 3 days
in the cardiac ICU, to alert bedside clinicians to impending hypoglycemia. The standard-
care group had no set target range for blood glucose management; patients were treated
according to the preference of the attending cardiac intensivist. A blood-sampling system
(VAMP Jr., Edwards Lifesciences) was used in both groups to reduce blood loss, sample
dilution, and the risk of catheter contamination associated with frequent blood draws. The
study protocol was discontinued on removal of the arterial catheter, at the time of discharge
from the cardiac ICU, or 30 days after randomization, whichever came first.

The primary outcome was the number of health care-associated infections (i.e., pneumonia,
bloodstream, urinary tract, and surgical-site infections, as defined by the Centers for Disease
Control and Prevention24), per 1000 patient-days in the cardiac ICU. All infections were
adjudicated by local infection-control clinicians who were unaware of the study-group
assignments. Multiple infections in an individual patient were included in the calculation of
the overall rate. Pneumonia, bloodstream, and urinary tract infections were tracked for 30
days in the cardiac ICU or until 48 hours after discharge from the cardiac ICU. Surgical-site
infections were tracked for 30 days after the index procedure. Secondary outcomes were
mortality, the number of days of mechanical ventilation, the length of stay in the cardiac
ICU, the length of stay in the hospital, the proportion of children with hypoglycemia, and
measures of organ failure. The duration of mechanical ventilation, arterial catheterization,
the stay in the cardiac ICU, and the stay in the hospital was considered to be 30 days for
patients with a duration of more than 30 days and for children who died in the cardiac ICU
by the 30th day. Nutritional intake and indexes of glycemic control were tracked during the
period of critical illness, as defined by the presence of an arterial catheter.

SERIOUS ADVERSE EVENTS

Severe hypoglycemia (blood glucose level, <40 mg per deciliter) was considered to be a
serious adverse event.2> Mild hypoglycemia (blood glucose level, 50 to 59 mg per deciliter
[2.8 to 3.3 mmol per liter]) and moderate hypoglycemia (blood glucose level, 40 to 49 mg
per deciliter [2.2 to 2.7 mmol per liter]) were considered to be nonserious adverse events.
Other tracked serious adverse events were hypokalemia (potassium level, <2.0 mmol per
liter), bleeding and thrombotic complications, renal and hepatic failure, necrotizing
enterocolitis, and neurologic injury, including seizures.
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STATISTICAL ANALYSIS

We calculated that enrollment of 980 patients would provide a statistical power of 80% to
detect a 50% difference in the rate of health care—associated infections between treatment
groups at a two-sided alpha level of 0.05, assuming an average baseline rate of 10.9
infections per 1000 patient-days in the cardiac ICU. Analysis of the primary outcome
variable was conducted with the use of exact Poisson regression (with adjustment for site)
performed on an intention-to-treat basis. Additional analyses were performed on a per-
protocol basis. A priori planned analyses were conducted for high surgical risk (defined as a
Risk Adjustment in Congenital Heart Surgery [RACHS-1] category2 of >3 or not
assignable, on a scale from 1 to 6, with higher categories indicating greater risk) and
prolonged stay in the cardiac ICU (defined as =3 days); the latter analysis was based on a
postrandomization factor. In a secondary analysis, we used logistic regression with
adjustment for site to examine factors that might be associated with infection within the first
30 days, including a RACHS-1 category of 3 or higher (or not assignable), an age of 30 days
or younger, the placement of an implant during surgery, hyperglycemia (blood glucose level
initially or at any time during the period of critical illness, >110 mg per deciliter or >180 mg
per deciliter [10.0 mmol per liter]), prolonged stay in the cardiac ICU (=3 days), and
postoperative glucocorticoid therapy.

Binary variables were analyzed with the use of stratified exact tests, with adjustment for site.
Continuous and length-of-stay variables were analyzed with the use of stratified Wilcoxon
rank-sum tests, with adjustment for site. P values were not adjusted for multiple
comparisons. Data on glycemic control included all blood glucose concentrations measured
with the use of a bedside glucose meter and in the central hospital laboratory. Time-
weighted blood glucose averages were calculated from serial measurements. Glucose
measurements were interpolated from available measurements, with the time to the target
range (the interval between randomization and the first measured glucose level of 80 to 110
mg per deciliter) and the percentage of time in the target range calculated from half-hour
values from the interpolated curves. All reported P values are two-tailed. Statistical and
graphical analyses were performed with the use of SAS software, version 9.3 (SAS
Institute); StatXact, version 9.0 (Cytel); and GraphPad Prism, version 6.0 (GraphPad
Software).

Data were presented to an independent data and safety monitoring board appointed by the
National Heart, Lung, and Blood Institute at 6-month intervals. One formal analysis was
conducted at 50% enrollment to consider early termination of the study for safety, efficacy,
or futility.2’

RESULTS

STUDY PARTICIPANTS

Enrollment began in September 2006 and ended in May 2012. A total of 989 children
underwent randomization; 496 were assigned to tight glycemic control and 493 to standard
care. Nine children were withdrawn before study initiation and were not included in the per-
protocol analyses (Fig. 1).

The baseline characteristics of the treatment groups were similar (Table 1). There were no
significant or clinically important differences between groups with regard to demographic
variables, surgical complexity, or intraoperative or postoperative therapies, including
cardiopulmonary bypass techniques, delayed sternal closure, and extracorporeal membrane
oxygenation. No children received insulin intraoperatively.
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USE OF INSULIN AND BLOOD GLUCOSE VALUES

Ninety-seven percent of the children (954 of 980) had at least one glucose measurement
above 110 mg per deciliter. Ninety-one percent of the children in the glycemic-control group
(444 of 490) received insulin therapy per protocol, as compared with 2% of the children in
the standard-care group (9 of 490), who received insulin at the discretion of the treating
physician (P<0.001) (Table 2). The median amount of insulin administered during the first
full day in the cardiac ICU was 0.2 units per kilogram in the glycemic-control group. There
was adherence to 98% of protocol recommendations. In addition to continuous glucose
monitoring, bedside nurses performed a median of 14.2 blood glucose measurements
(interquartile range, 11.4 to 17.2) per 24-hour period in children in the glycemic-control
group and 3.6 measurements (interquartile range, 3.0 to 4.4) in children in the standard-care
group. The two groups had similar blood glucose values on admission (Table 2; and Fig. S1
in the Supplementary Appendix, available at NEJM.org); however, normoglycemia was
achieved significantly earlier in the glycemic-control group than in the standard-care group
(Table 2, and Fig. S1 in the Supplementary Appendix). In addition, children in the glycemic-
control group had lower time-weighted glucose averages in each of the first 3 days in the
cardiac ICU (Fig. 2A) and had lower time-weighted glucose averages overall (Table 2).

The rate of severe hypoglycemia (<40 mg per deciliter) was 3% in the glycemic-control
group (16 of 490 patients) as compared with 1% in the standard-care group (5 of 490
patients) (P = 0.03), and the rate of total hypoglycemia (<60 mg per deciliter [3.3 mmol per
liter]) was 19% versus 9% (P<0.001). No episode of hypoglycemia was associated with
seizures, hemodynamic instability, arrhythmia, or any other identifiable symptoms. Rates of
hypokalemia (potassium level, <2.0 mmol per liter) were similar in the two groups (3% in
the glycemic-control group and 4% in the standard-care group, P = 0.60).

NUTRITIONAL MANAGEMENT

During the first 7 days of the study protocol, total nutritional intake and percentage of intake
as enteral nutrition were similar in the two treatment groups (Fig. 2). During the period of
critical illness, children in the glycemic-control group received a median of 41%
(interquartile range, 19 to 65) of their total caloric intake enterally, and those in the standard-
care group received 38% (interquartile range, 11 to 66) enterally (P = 0.24). Dextrose
accounted for a median of 100% (interquartile range, 71 to 100) of total parenteral caloric
intake in the glycemic-control group and for 100% (interquartile range, 72 to 100) in the
standard-care group (P = 0.94).

OUTCOMES

In the intention-to-treat analysis, which included data from all 989 patients, the rate of health
care—associated infections at 30 days after randomization was 8.9 per 1000 patient-days in
the cardiac ICU in the glycemic-control group and 9.8 per 1000 patient-days in the standard-
care group (P = 0.78). In the per-protocol analysis, which included data from 980 patients,
the infection rate was 8.6 per 1000 patient-days in the cardiac ICU in the glycemic-control
group and 9.9 per 1000 patient-days in the standard-care group (P = 0.67; relative risk of
infection with tight glycemic control vs. standard care, 0.88; 95% confidence interval [CI],
0.48 to 1.59) (Table 3). There were no significant differences between the two groups with
respect to any of the four types of infection that were tracked. Furthermore, tight glycemic
control did not confer any benefit relative to standard care with regard to 30-day or in-
hospital mortality, length of stay in the cardiac ICU, length of stay in the hospital, duration
of mechanical ventilation, duration of vasoactive support, or other measures of organ failure
(Table 3). Thirty-day and in-hospital mortality were 1% and 2%, respectively, across both
treatment groups and in each group. Subgroup analyses did not reveal significant differences
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in outcomes for patients with a RACHS-1 category of 3 or higher (or not assignable) or a
length of stay in the cardiac ICU of 3 days or more.

On the basis of logistic regression with adjustment for site, factors significantly associated
with 30-day infection were a RACHS-1 category of 3 or higher (or not assignable) (P =
0.002), an initial blood glucose level of more than 180 mg per deciliter (P = 0.02), a blood
glucose level that was more than 180 mg per deciliter at any time during the period of
critical illness (P = 0.006), a prolonged stay in the cardiac ICU (=3 days, P<0.001), an age of
30 days or younger (P = 0.02), and post-operative glucocorticoid therapy (P = 0.03). After
adjustment for a prolonged stay in the cardiac ICU (odds ratio for infection with a prolonged
ICU stay as compared with an ICU stay that was not prolonged, 6.7; 95% CI, 2.9 to 15.2),
no other factor, including treatment group, was significantly associated with 30-day
infection.

DISCUSSION

This study showed that tight glycemic control, as compared with standard care in the cardiac
ICU, did not change the rate of health care—associated infections, mortality, the length of
stay in the cardiac ICU, or several organ-specific end points. Glucose control was achieved
in the intervention group quickly and with low rates of severe hypoglycemia in our study as
compared with previous studies.

The present trial assessed the benefits of tight glycemic control in infants and young
children recovering from cardiac surgery, on the basis of published studies indicating that
tight glycemic control improved important clinical outcomes in adult cardiac medical and
surgical patients.*~ We enrolled high-risk, relatively homogeneous, critically ill children in
our study because this is the pediatric population that would be most likely to benefit from
tight glycemic control. Mortality was an inadequate end point for this trial because in this
patient population, deaths are largely attributable to underlying cardiac anatomy and the
technical quality of surgical repair.3-2° Furthermore, low mortality at high-volume pediatric
cardiac surgical centers would necessitate a prohibitively large sample to achieve adequate
power with this end point. The rate of health care—associated infections was chosen as the
primary outcome because of its relevance with respect to clinical outcomes and health care
costs.30 Our infection rate proved to be similar to the rates in other cohorts.3132 The
biologic plausibility of reducing infection rates with tight glycemic control is supported by
previous clinical trials and in vitro models.33-35

In contrast to previous trials involving adults, our study showed no benefit of tight glycemic
control in critically ill children who had undergone cardiac surgery, though the reasons are
unclear. Unlike the findings in adults, normoglycemia was achieved in virtually all the
children in our standard-care group without insulin therapy in the first 48 hours after
surgery. This is a limited window to produce a benefit of tight glycemic control as compared
with standard care. Whether there are age-related differences in the biologic sequelae of
hyperglycemia in pediatric and adult populations of cardiac surgical patients is unknown.
One meta-analysis suggested that the high proportion of nutrition delivered parenterally as
dextrose was an important positive predictor of a beneficial effect of tight glycemic
control.38 However, despite extensive use of dextrose for parenteral nutrition in our study
population, similar benefits were not observed.

Our results also differ from those of the one previous randomized trial of tight glycemic
control in children, which showed reductions in mortality, length of stay in the ICU, and rate
of infection in a mixed critical care population of medical and surgical patients.19 This study
did not lead to widespread adoption of tight glycemic control in children, in part because of
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an unacceptably high rate of severe hypoglycemia resulting from the extremely low target
glucose values specified by the study protocol. We chose normal, accepted glucose targets
for our study, achieved with the use of a structured, explicit, and easily replicable insulin-
dosing algorithm that incorporated data from continuous subcutaneous glucose monitoring.
Though not directly comparable, the time-weighted glucose average in our study was similar
to the average of all values measured in the intensive-insulin cohort in the previous study, in
which the glucose target was 70 to 100 mg per deciliter (3.9 to 5.6 mmol per liter).1® As in
the previous trial, the children in our study had a relatively high reliance on parenteral
nutrition, and the majority of the children received all parenteral calories as dextrose at
similar rates of infusion in the two trials. Marked differences between the two studies in the
rate of infection (33% in the previous study vs. 5% in our study) and 30-day mortality (4%
vs. 1%) and in the amount of insulin administered in the glycemic-control groups (median
amount during the first full day in the ICU, approximately 1.5 units per kilogram vs. 0.2
units per kilogram). These differences suggest important dissimilarities between study
populations and settings in these two trials.

The strengths of our study include high adherence to the study protocol and the fact that
nearly all patients received the treatment to which they were randomly assigned. To
minimize bias, the study investigators, intraoperative care teams, and adjudicators of the
primary outcome were unaware of the treatment-group assignments until the study had been
completed. Blood glucose management was relatively uniform in the intervention group, as
guided by a detailed dosing algorithm, and very few patients in the standard-care group
received insulin. The rate of severe hypoglycemia was the lowest reported in any
prospective trial to date, at or below the background rate among critically ill children not
enrolled in a trial.37-39 The key features of our trial design that were implemented
specifically to minimize hypoglycemic episodes were an explicit insulin-dosing algorithm,
continuous glucose monitoring, and the use of a blood-sampling device to eliminate dilution
as a source of measurement error. Investigators in future trials might consider incorporating
these components to maximize safety, reproducibility, and success.

Certain limitations of this trial must be considered. Bedside clinicians in the cardiac ICU
were aware of the study-group assignments because of the requirement to closely monitor
blood glucose concentrations during insulin infusion. It was not feasible to use a placebo in
the standard-care group, owing to potential harm with excess fluid administration. In
addition, the protocol did not specify glucose control or fluid administration in the standard-
care cohort; instead, we monitored practice patterns, which were reported on a regular basis
to the data and safety monitoring board, and did not detect any changes in terms of either an
increase in insulin use or a reduction in dextrose administration. Bedside glucose meters,
though helpful in maximizing timeliness and minimizing cost, are less accurate than blood
gas analyzers or central laboratory devices*? and may have detracted from our ability to
achieve ideal glycemic control.

In summary, our trial showed that tight glycemic control targeting a glucose level of 80 to
110 mg per deciliter did not change the rate of health care—associated infections, mortality,
or length of stay in the cardiac ICU as compared with standard care. Postoperative pediatric
patients who have undergone cardiopulmonary bypass surgery, although perhaps the most
likely among critically ill children to benefit from tight glycemic control, are unique; thus,
results from this study cannot be extrapolated to other pediatric critical care populations.
Moreover, the study was conducted in two large pediatric cardiovascular programs, and the
findings may not be generalizable to other centers, where infection and complication rates
and mortality may differ.
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1422 Patients were assessed for eligibility
and found to be eligible

433 Were excluded
416 Declined to participate
17 Had other reasons

\

989 Underwent randomization

\

\

496 Were assigned to tight glycemic control

493 Were assigned to standard care

6 Were withdrawn before study
initiation
1 Was withdrawn by investi-
gator preoperatively owing
to inadequate staffing _
1 Was withdrawn by surgeon |
immediately after surgery
owing to acute condition
3 Had CPB surgery canceled
1 Died shortly after surgery

\

\

3 Were withdrawn before study
initiation
1 Had surgery rescheduled
to a date on which enroll-
ment was not open
1 Had CPB surgery canceled
1 Died shortly after surgery

analysis

490 (98.8%) Were included in per-protocol

analysis

490 (99.4%) Were included in per-protocol

Figure 1. Assessment, Randomization, and Follow-up of the Study Patients
CPB denotes cardiopulmonary bypass.
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Figure 2. Glucose, I nsulin, and Nutrition, According to Treatment Group
Data in all the panels are for full 24-hour days during the period of critical illness. Panel A
shows time-weighted blood glucose averages calculated from all blood glucose samples on
the day of postoperative admission to the cardiac intensive care unit (ICU) (day 1) and the

subsequent 6 days (7 a.m. to 6:59 a.m.). Panel B shows total daily insulin delivery. Panel C
shows average daily glucose infusion rates. Panel D shows the daily percentage of nutrition

delivered through the enteral route. Panel E shows total kilocalories of nutrition per
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kilogram of body weight per day. In each panel, the boxes represent the interquartile range
(25th percentile to 75th percentile) and the horizontal lines the median; the whiskers extend
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to the 5th and 95th percentiles. To convert the values for glucose to millimoles per liter,
multiply by 0.05551.
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Table 1

Baseline Characteristics of the Study Patients. *

Tight Glycemic Control

Standard Care

Variable (N = 490) (N = 490)
Enrolled in Boston — no. (%) 323 (66) 325 (66)
Age at surgery

Median — mo 43 4.9

Interquartile range — mo 1.8-9.7 2.3-10.8

<30 days — no. (%) 99 (20) 90 (18)
Female sex — no. (%) 241 (49) 217 (44)
Preoperative weight — kg

Median 5.3 5.7

Interquartile range 3.7-75 39-78
RACHS-1 category — no. (%) 7

1 22 (4) 33(7)

2 205 (42) 207 (42)

3 157 (32) 147 (30)

4 62 (13) 60 (12)

50r6 32(7) 29 (6)

Not assignable 12 (2) 14 (3)
Premature — no. (%) 68 (14) 71 (14)
Chromosomal anomaly — no. (%) 94 (19) 98 (20)
Noncardiac structural abnormality — no. (%) 60 (12) 69 (14)
Duration of cardiopulmonary bypass — min

Median 104 105

Interquartile range 72-143 74-140
Deep hypothermic circulatory arrest — no. (%) 78 (16) 77 (16)
Highest intraoperative glucose value — mg/dlr

Median 186 192

Interquartile range 157-230 157-232
Intraoperative glucocorticoid therapy — no. (%) 255 (52) 247 (50)
Intraoperative insulin therapy — no. 0 0
Implant left during surgery — no. (%) 317 (65) 320 (65)
Delayed sternal closure — no. (%) 63 (13) 58 (12)
ECMO support — no. (%) 12 (2) 12 (2)
Postoperative glucocorticoid therapy — no. (%) 226 (46) 213 (43)

*
There were no significant differences in baseline characteristics between the treatment groups. ECMO denotes extracorporeal membrane

oxygenation.

Page 14

fThe scale for Risk Adjustment in Congenital Heart Surgery (RACHS-1) categories ranges from 1 to 6, with higher categories indicating greater

risk.
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’tTo convert values for glucose to millimoles per liter, multiply by 0.05551.
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Table 2

Blood Glucose Management and Insulin Therapy, According to Study Group. ™

Tight Glycemic Control ~ Standard Care

Variable (N = 490) (N = 490) P valuel
Blood glucose at postoperative admission to the cardiac ICU 0.71

Median — mg/dl 135 136

Interquartile range — mg/dI 107-173 106-171

>110 mg/dl — no. (%) 352 (72) 356 (73) 0.83
Treated with insulin therapy — no. (%) 444 (91) 9(2) <0.001

Duration of insulin therapy — days

Median 2 0
Interquartile range 2-4 0-0

Adherence to protocol recommendations — no./total no. (%)7 27,080/27,736 (98) NA

Time to the target range — hré <0.001
Median 6 16
Interquartile range 4-10 7-26

Time in the target range — % <0.001
Median 50 33
Interquartile range 34-63 11-54

Time-weighted blood glucose average — mg/dI <0.001
Median 112 121
Interquartile range 104-120 109-136

Hypoglycemia — no. (%)7

Severe 16 (3) 5(1) 0.03
Any 93 (19) 45 (9) <0.001
Hypokalemia — no. (%)// 1503 19(4) 0.60

*
ICU denotes intensive care unit, and NA not applicable.

fP values for the comparison between treatment groups were calculated with the use of stratified exact tests or stratified Wilcoxon rank-sum tests
with adjustment for site, as appropriate.

JtProtocoI recommendations were defined as individual dosing changes that were recommended by the insulin-dosing algorithm. Nonadherence
was noted when a bedside nurse overrode a recommendation.
§The time to the target range was defined as the interval between randomization and the first measured blood glucose level of 80 to 110 mg per

deciliter (4.4 to 6.1 mmol per liter). The analysis included patients with a blood glucose level of more than 110 mg per deciliter at admission to the
cardiac ICU.

”Severe hypoglycemia was defined as a blood glucose level below 40 mg per deciliter (2.2 mmol per liter) and any hypoglycemia as a blood
glucose level below 60 mg per deciliter (3.3 mmol per liter).

y/ . ! . .
Hypokalemia was defined as a potassium level below 2.0 mmol per liter.
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Table 3
Study Outcomes and Adverse Events, According to Study Group.
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Tight Glycemic Standard Care
Control (N =490) .
Variable (N =490) P Value
30-day rate of health care-associated infections — no. of infections/1000 patient- 8.6 9.9 0.67
days in the cardiac ICU t
Infections — no. of patients (%)
Any infections 1.00
Yes 24 (5) 24 (5)
No 466 (95) 466 (95)
No. of infections 0.78
0 466 (95) 466 (95)
1 24 (5) 22 (4)
2 0 2(<1)
Type of infection — no.
Pneumonia 3 3
Bloodstream 3 4
Urinary tract 2 6
Surgical site 16 13
30-Day mortality — no./total no. (%)% 5/488 (1) 6/484 (1) 0.77
In-hospital mortality — no./total no. (%) 11/490 (2) 11/489 (2) 1.00
Length of stay in the cardiac ICU — days§ 0.24
Median 3 3
Interquartile range 2-6 2-6
Length of stay in the hospital — days§ 020
Median 8 7
Interquartile range 5-15 5-13
Arterial catheter — days§ 0.55
Median 2 2
Interquartile range 1-5 1-5
Readmission to the hospital within 30 days — no./total no. (%) 44/483 (9) 34/478 (7) 0.29
Mechanical ventilation — days§ 0.61
Median 3 2
Interquartile range 2-5 1-5
Cardiac index on day 2 — liters/min/m?7 0.61
Median 2.0 1.8
Interquartile range 1.1-2.8 1.2-2.6
Cardiopulmonary resuscitation — no. (%) 9(2) 10 (2) 1.00
Vasoactive support — days 0.78
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Tight Glycemic Standard Care
Control (N =490) .

Variable (N =490) P Value

Median 2 2

Interquartile range 0-5 0-5
Maximum inotrope score on day 1 in cardiac icu’ 1.00

Median 3 3

Interquartile range 0-8 0-8
Any tachyarrhythmia — no. (%) 81 (17) 87 (18) 0.61
Days of tachyarrhythmia/1000 patient-days in the cardiac ICU 66 76 0.18
Serum lactate 6 hr after admission to the cardiac ICU — mmol/liter 0.45

Median 1.6 15

Interquartile range 1.1-2.4 1.0-2.4
Dialysis-dependent renal failure — no. (%) 5(1) 6 (1) 0.77
Time to first 12-hr negative fluid balance — hr 0.71

Median 34.8 34.0

Interquartile range 18.5-42.1 18.4-41.3
Seizures — no. (%) 3(<1) 6 (1) 0.34
Red-cell transfusion — no. (%) 270 (55) 252 (51) 0.27

*
P values for the comparison between treatment groups were calculated with the use of stratified exact tests or stratified Wilcoxon rank-sum tests
with adjustment for site, as appropriate.

flnfections include pneumonia, bloodstream, and urinary tract infections, which were tracked for up to 30 days in the cardiac ICU or until 48 hours
after discharge from the cardiac ICU, and surgical site infections, which were tracked for 30 days after the index procedure. For patients who
remained in the cardiac ICU for more than 30 days, the number of patient-days in the cardiac ICU was considered to be 30.

iEight patients were lost to follow-up between hospital discharge and day 30.

§The duration of the stay in the cardiac ICU, the stay in the hospital, arterial catheterization, and mechanical ventilation were considered to be 30
days for patients with a duration of more than 30 days and for the 11 patients who died in the cardiac ICU by the 30th day.

”The cardiac index on day 2 was measured in 191 patients at Boston Children’s Hospital.

The inotrope score quantifies the amount of cardiovascular support received by children after cardiac surgery, with higher scores indicating a

greater requirement for pressor agents.28
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