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Abstract
Background—Control of hyperglycemia improves outcomes, but increases the risk of
hypoglycemia. Recent evidence suggests that blood glucose variability (BGV) is more closely
associated with mortality than either isolated or mean BG. We hypothesized that differences in
BGV over time are associated with hypoglycemia and can be utilized to estimate risk of
hypoglycemia (<50 mg/dL).

Materials & Methods—Patients treated with intravenous insulin in the Surgical Intensive Care
Unit of a tertiary care center formed the retrospective cohort. Exclusion criteria included death
within 24 hours of admission. We describe BGV in patients over time and its’ temporal
relationship to hypoglycemic events. The risk of hypoglycemia for each BG measurement was
estimated in a multivariable regression model. Predictors were measures of BGV, infusions of
dextrose and vasopressors, patient demographics, illness severity, and BG measurements.

Results—66,592 BG measurements were collected on 1392 patients. Hypoglycemia occurred in
154 patients (11.1%). Patient BGV fluctuated over time, and increased in the 24 hours preceding a
hypoglycemic event. In crude and adjusted analyses, higher BGV was positively associated with a
hypoglycemia (OR 1.41, p<0.001). Previous hypoglycemic events and time since previous BG
measurement were also positively associated with hypoglycemic events. Severity of illness,
vasopressor use, and diabetes were not independently associated with hypoglycemia.

Conclusions—BGV increases in the 24 hours preceding hypoglycemia, and patients are at
increased risk during periods of elevated BG variability. Prospective measurement of variability
may identify periods of increased risk for hypoglycemia, and provide an opportunity to mitigate
this risk.
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INTRODUCTION
Hyperglycemia in both the peri-operative and intensive care unit (ICU) settings is associated
with increased morbidity and mortality among diverse patient populations[1–7]. As a result,
the use of intensive insulin therapy (IIT) to control blood glucose has been widely adopted
in the ICU setting. Since the first study on IIT and outcomes by Van den Berghe[8], an
extensive body of literature has emerged. While the 2001 study showed a decrease in
mortality associated with IIT, a number of large randomized studies since that time have not
been able to reproduce the benefits in terms of morbidity and mortality[9–11]. A recent
meta-analysis showed no significant benefit with the use of IIT when combining all
studies[12]. However, a subgroup analysis showed that the data still favors the use of IIT in
the surgical ICU population. In this group, IIT still appears to be beneficial in decreasing
infectious complications and improving survival[8, 13–19]. However, controversy persists
over the appropriate patient population, and optimum target range for blood glucose (BG)
control. This is due, in part, to concerns over hypoglycemia with tight glucose control (80–
110 mg/dL)[9, 11, 12, 20, 21].

A number of factors have been shown to be associated with risk of hypoglycemia, including
time on intensive insulin therapy [22], requirement for dialysis, decreases in nutrition
provided without concurrent decreases in insulin, diabetes mellitus, sepsis, need for
vasopressors, and BMI[23–25]. Hypoglycemia’s contribution to the risk of mortality
remains uncertain, due to variability in the severity of hypoglycemia, accuracy of
monitoring, time intervals between monitoring (altering the period of hypoglycemia),
institutional differences in insulin therapy protocols, and the variability in patient severity of
illness and clinical disease state among various studies. Thus, studies have yielded
conflicting results[26–28]. While target range for glucose control and insulin protocol type
and compliance contribute to hypoglycemic events, patient-specific factors also contribute to
the overall risk of hypoglycemia. Recent evidence suggests that BG variability is more
strongly associated with mortality than either isolated or mean BG levels in the critically ill
patient population[29–45]. In the outpatient diabetic population, wide fluctuations in BG
level and increased BG variability have been associated with hypoglycemia[46]. Whether or
not a patient’s blood glucose variability is associated with subsequent hypoglycemia in
critically ill patients has not been previously studied. We hypothesized that individual
differences in BG variability over time in critically ill surgical patients are associated with
hypoglycemia and can be utilized to estimate a patient’s risk of hypoglycemia.

MATERIALS AND METHODS
A retrospective analysis was performed on a cohort of critically ill surgical patients admitted
to the Surgical Intensive Care Unit (SICU) of a tertiary care, academic medical center from
June 1, 2006 to September 1, 2009. All patients within the SICU receive critical care
consultation and management until discharge from the ICU. Patient care management is at
the discretion of the ICU attending physician according to established evidence-based
practice management guidelines.

This study was approved by the Vanderbilt University Institutional Review Board. Inclusion
criteria consisted of treatment with a computerized IIT protocol to maintain euglycemia (80–
110 mg/dL) and remaining on protocol for at least five BG measurements and 12 hours. All
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patients in the cohort were 18 years of age or older, and were admitted to the SICU either
directly (from the operating or upon transfer from another facility), or transferred from the
surgical floor after a prior period of hospitalization requiring a sub-acute level of care.
Vanderbilt University has a separate trauma ICU and medical ICU; therefore, all patients
included in the study were surgical patients and did not include trauma or medical ICU
patients. Patients who died within 24 hours of admission to the ICU were excluded.

Insulin Protocol and Blood Glucose Measurements
All critically ill, mechanically ventilated patients with serum BG values above 110 mg/dL
are placed on an intravenous computerized insulin protocol. Vanderbilt University Medical
Center uses a computerized, automated care provider order entry (CPOE) system to achieve
euglycemia with the use of an intravenous insulin infusion. Blood glucose measurements are
scheduled every 2 hours by registered nurses using the SureStep®(OneTouch®) Professional
Blood Glucose Monitoring System (Lifescan, Inc., Milpitas, CA). This CPOE euglycemia
algorithm has been previously described[47, 48]. It uses a modification to a protocol
published by White et al. [49] and Bode et al. [50] with dose computed according to the
following formula:

The multiplier (M) variable is initially set to 0.03 and adapts according to a set protocol,
although it can never fall below zero. Blood glucose values exceeding the high target
threshold on two consecutive BG measurements, or exceeding 200 mg/dL on one reading,
trigger a multiplier increase of 0.01. Blood glucose values below the low target threshold
decrease the multiplier by 0.01, and BG values below 60 mg/dL decrease the multiplier by
0.02. When BG values fall below the low target threshold, the protocol orders a calculated
dose of intravenous 50% dextrose to correct or prevent hypoglycemia. The intravenous
insulin infusion is simultaneously withheld for two hours. Insulin is dispensed by the
pharmacy as 150 units of regular insulin in 150 mL of normal saline (1U/1mL
concentration). Blood glucose levels are measured at least every 2 hours for patients who are
not hypoglycemic, and every hour for patients with a recent hypoglycemic episode.

Data Collection
Patient factors including gender, age, weight, date of hospital and ICU admission, mortality,
Acute Physiology and Chronic Health Evaluation II (APACHE II) score at ICU admission,
and diagnosed diabetes were obtained from the electronic health record and the SICU
registry. The SICU registry is an IRB-approved repository of clinical data that is
prospectively collected and maintained on every patient admitted to the SICU. Patient
weight was missing for 92 patients (6.6% of the study group) and was imputed to the
population median (85 kg) and APACHE II score was missing for 43 patients and imputed
to the population median (22). All components of the insulin protocol (BG values, test times,
insulin dose, multiplier, adherence to IIT protocol, and treatment with a dose of 50%
dextrose) are recorded prospectively, and each eligible patient had multiple recorded BG
measurements. Blood glucose measurements during the first 12 hours (induction phase) on
the IIT protocol were excluded. Because blood glucose levels are not symmetrically
distributed, blood glucose values were transformed to symmetrize and normalize the
distribution of BG values as described by Kovatchev[51]. Time variable data for each
patient included data from the IIT protocol, current vasopressor use, and current dextrose-
containing intravenous fluid (IVF) provision.
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Assessment of Blood Glucose Variability
Blood glucose variability was measured in two ways. First, the standard deviation of BG
measurements and median absolute change in successive BG values (current BG-previous
BG) was calculated for each patient’s ICU stay, and comparisons made between patients
who experienced a hypoglycemic event compared to patients who did not. Then, BG
variability was evaluated temporally in the 24 hours preceding an individual BG
measurement of interest (index BG) by computing the absolute difference between
successive BG measurements. Patient-specific blood glucose variability is reported using the
standard deviation and the average absolute change in successive BG measurements,
calculated over the entire SICU stay. In the multivariable model, at each point in time when
blood glucose was tested, recent blood glucose variability was defined as the absolute
change in BG over the previous 3 test intervals (Figure I). Because blood glucose variability
is not stable within individual patients over their entire ICU stay, cumulative measures of
BG variability over the entire encounter are inappropriate when modeling a patient’s risk of
hypoglycemia at a single time point in their ICU stay. The modeling data set contains one
record for each BG test in an eligible patient after the patient has been on the IIT protocol
for 12 hours and has had four previous blood glucose measurements. Recent blood glucose
data are not used when there is a gap of 6 or more hours between blood glucose
measurements.

Statistical analysis
Normally distributed continuous variables were summarized by reporting the mean and
standard deviation and compared using two sample t tests for independent samples.
Continuous variables that were not normally distributed were presented by reporting the
median and interquartile range (IQR) and compared using the Wilcoxon rank-sum test.
Differences in proportions were compared using a χ2 test.

Multivariate logistic regression models were fit to predict hypoglycemia (<50 mg/dL) at the
next BG test. A hypoglycemic event was defined as BG <50 mg/dL in order to maximize
power (a cut point of 40 mg/dL provided too few hypoglycemic patients to allow robust
modeling) while still selecting a BG level that would be expected to be clinically important.
Measurements of BG, time between successive BG measurements, and BG variability were
calculated using data beginning at 12 hours after SICU admission to allow for stabilization
on the IIT protocol. Blood glucose variability during this early period after admission is
likely dominated by protocol-based insulin dosing striving to bring a patient’s BG into the
target range, rather than patient-specific characteristics. Blood glucose values are repeated
measures within patients and this correlation must be accounted for within the model to
prevent overly optimistic standard errors. Therefore, robust covariance estimates using the
Huber-White method to adjust the variance-covariance matrix for clustered data are
presented[52, 53]. Model terms included absolute change from previous BG over the three
previous BG measurements, diagnosed diabetes, patient age (4 knot spline), gender, weight
(3 knot spline), current vasopressor use and volume of 5% dextrose infused in the two hours
preceding the index measurement, time elapsed from the previous blood glucose test, and
the cumulative count of previous hypoglycemic events (<60 mg/dL). For regression
modeling, a BG of <60 mg/dL was used to define previous hypoglycemia, in order to
include ‘near miss’ hypoglycemic events. Patient weight, rather than BMI, was included in
the model due to missing height values for patients early in the study period. Variables were
fit as restricted cubic splines where relationships were non-linear[54]. The model was cross-
validated with 40 data segments using the R Design package[54]. All confidence intervals
(CI) are at the 95% level, and a two-sided p value of <0.05 indicated statistical significance.
Analysis was performed using R version 2.11.0 (www.r-project.org).
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RESULTS
During the study period, a total of 78, 136 BG measurements were collected on 1392
patients. After excluding BG measurements taken in the first 12 hours after SICU admission
and following 6 hour gaps in IIT treatment, 66, 592 BG measurements (85.2%) remained for
analysis and modeling. Hypoglycemia (<50 mg/dL) occurred in 154/1392 patients (11.1%).
Demographics and clinical characteristics of those who experienced one or more
hypoglycemic events compared to those who did not are displayed in Table I. Patients who
experienced a hypoglycemic episode were older, weighed less, were sicker (higher
APACHE II score and had an increased length of stay (LOS)), with higher maximum
glucose, higher BG variability, and higher mortality.

Blood Glucose Control
During the study period, nearly half of the BG values recorded fell in the IIT target range of
80–110 mg/dL, indicating that the computerized tool functions well to control BG in a
narrow range (Table II). Only 0.3% of values fell below 50 mg/dL for an overall
hypoglycemic rate of 11.1% of patients. 9.2% of values were hyperglycemic in the >150
mg/dL range.

Measures of Variability
Fifty patients who experienced a hypoglycemic event during their SICU stay and fifty
patients who did not experience a hypoglycemia event during their SICU stay were
randomly selected, and their blood glucose values over time were plotted in spaghetti plots.
Figure II shows the raw blood glucose values over time for these 100 patients. Blood
glucose variability is higher for patients who experienced a hypoglycemic event, compared
to those who did not. Blood glucose variability was then quantitatively assessed over the
entirety of patients’ SICU stays (using data from all patients) by calculating the SD of BG
measurements and median absolute change in BG values (current blood glucose-previous
blood glucose). Both the cumulative SD of BG measurements (0.48 vs. 0.33, p <0.001), and
the cumulative median absolute change in blood glucose values (0.33 vs. 0.27, p <0.001)
was significantly higher in patients who experienced a hypoglycemic event compared to
those who did not (Table I). Blood glucose variability was then evaluated temporally in the
24 hours preceding each individual BG measurement, and using all available BG tests. In
the 24 hours preceding a hypoglycemic event, blood glucose variability increased compared
to the 24 hours preceding a non-hypoglycemic BG value (Figure III). Blood glucose
variability also increased in the 24 hours preceding a BG value of >200 mg/dL. BG
variability in individual patients is not stable, as seen in Figure IV, in which patients are
classified as being, on average, in the highest quartile of BG variability or the low/normal
quartiles in each 12 hour segment. In this unadjusted analysis, the risk of hypoglycemia was
3.2 times higher when a patient was in a state of high BG variability. Overall, there were 3.3
hypoglycemic events/1,000 hours of high BG variability compared to 1 hypoglycemic event/
1,000 hours of low BG variability.

Multivariate Regression Models
A multivariate logistic regression model was fit with occurrence of hypoglycemia at the next
BG measurement as the outcome of interest. Odds ratios for predictors with confidence
intervals based on robust covariance estimates are presented in Table III. Recent blood
glucose variability (i.e. in the preceding 8 hours) was significantly higher in patients who
experienced a hypoglycemic event at the next BG measurement (OR 1.39, p-value <0.0001).
While recent BG variability is independently associated with hypoglycemia, increasing age,
lower weight, longer BG measurement intervals, and previous hypoglycemic events were
also associated with higher risk. Baseline severity of illness, gender, patient age, vasopressor
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use, and history of diabetes were not independently associated with hypoglycemia when
controlling for BG variability, weight, and time between measurements.

DISCUSSION
The use of IIT to control BG in ICU settings has been fairly widely adopted, particularly in
surgical ICUs. Controversy regarding appropriate targets for glycemic control persists and
interpretation of the data from various trials are confounded by varying rates of
hypoglycemia and hypoglycemia’s possible influence on outcome. In addition, there is
considerable controversy surrounding the issue of whether IIT is beneficial or harmful, and
to which populations. In surgical patients, the weight of data still supports controlling blood
glucose[12], although the best target range remains elusive. Certainly, IIT protocols increase
patients’ risk of hypoglycemia, and methods by which to minimize this risk represent an
important clinical challenge. Our data shows that a computerized provider order entry
insulin protocol is effective in maintaining BG values in a narrow range relative to most
published protocols, with nearly half of recorded BG values falling between 80–110 mg/dL.
However, in our SICU, 11.1% of patients placed on IIT experience a hypoglycemic episode
of less than 50 mg/dL. In order to limit hypoglycemic events without altering successful
glucose control, we sought to identify markers that could stratify an individual patient’s risk
of hypoglycemia to allow intervention prior to its occurrence.

The analysis presented demonstrates that BG variability differs between patients and within
individual patients over the course of critical illness in response to the same CPOE based
insulin therapy protocol. Factors identified to be independently associated with subsequent
hypoglycemic events (<50 mg/dL) include previous episodes of hypoglycemia (<60 mg/dL,
to include ‘near miss hypoglycemic events’), time since the previous BG measurement, BG
variability in the last 8 hrs, and patient weight. Analysis of BG variability demonstrates that
patients who experience a hypoglycemic event while in the ICU have higher BG variability
over the course of their ICU stay. In addition, BG variability increases in the 24 hours
preceding a hypoglycemic event. Blood glucose variability also increases in the 24 hours
preceding a hyperglycemic BG value (>200 mg/dL). This finding likely represents either
patients whose BG is highly variable, such that they are rapidly moving between
hyperglycemic and hypoglycemic values (defining the population at highest risk for
hypoglycemia), or else patients who have had a clinical change, such as the occurrence of an
infection, who are hyperglycemic and the IIT protocol is ordering higher doses of insulin to
bring their BG values back into goal range. In the latter group of patients, this variability is
expected during the normal functioning of an IIT tool designed to drive BG to a goal range
of 80–110 mg/dL. The computerized protocol is designed to limit BG variability when BG
values are within range. Therefore, elevated BG variability prior to a hypoglycemic event is
a function of differences in patient behavior on IIT, while elevated BG variability prior to a
BG value of >200 mg/dL in patients who are experiencing a short period of hyperglycemia
is secondary to proper functioning of the tool to bring patient BG to a euglycemic range of
80–110 mg/dL.

An individual patient’s BG variability also differs over the course of critical illness and
increased variability is associated with increased risk of hypoglycemia. These differences in
patient response during the course of critical illness suggest that potentially dynamic patient
characteristics may be as important as insulin therapy protocol implementation in driving a
patient’s risk of hypoglycemia. Whether the prospective detection of increased BG
variability can be used to limit the rate of hypoglycemia remains to be determined.
Additionally, the physiologic etiology of increased variability is unknown.
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That the time since the previous BG analysis is independently associated with hypoglycemia
deserves some further discussion. These findings are consistent with our previous work that
demonstrated a 3% rate of BG less than 60 mg/dL if blood sample analysis extended beyond
3 hours and only 1% if it did not[55]. Our protocol calls for analysis at least every 2 hours,
regardless of glucose range and stability. In some cases, IIT protocols have allowed less
frequent measurements after glucose values are “stable”. A recent randomized study of
nurse titration every 2 hours with and without the availability of every 5 minute glucose
values also demonstrated that more frequent glucose analysis can reduce severe
hypoglycemia (1.6% intervention vs. 11.5 % control, p − 0.031)[56]

The strengths of this study include its large sample size, robust data collection into a
centralized data warehouse, and effectiveness of the computerized IIT protocol in both
bringing patients into target range and minimizing hypoglycemia. There are several
important limitations however. First, as with many retrospective, uncontrolled analyses,
causality cannot be inferred. For example, the role of increased BG variability as an effect of
increased disease severity, or a contributing cause, cannot be determined from this data.
Additionally, these findings are particular to the computerized IIT protocol to maintain BG
of 80–110 mg/dL in use at Vanderbilt University Medical Center, and may not be
generalizable to other IIT protocols or less rigorous IIT guidelines. Finally, APACHE II
scores and weight were imputed for patients with missing values, thus introducing potential
bias if true values differed significantly from imputed values.

CONCLUSIONS
Patients who experience hypoglycemia are characterized by higher BG variability prior to
the hypoglycemic event. BG variability increases in the 24 hours preceding a hypoglycemic
event, and patients with high BG variability are at increased risk of hypoglycemia during the
period of time their BG remains highly variable. Prospectively measuring BG variability
may provide a means for early identification of high-risk patients on IIT, and provide new
diagnostic and therapeutic opportunities to mitigate this risk. Future studies should focus on
identifying the phenotypic and genotypic factors that determine BG variability.
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Figure I. Computing recent blood glucose variability
Recent blood glucose variability is the absolute difference between the four preceding BG
values.
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Figure II. Blood glucose over time for Hypoglycemic and Non-Hypoglycemic patients
Blood glucose values for 50 randomly-selected hypoglycemic patients (defined as one or
more hypoglycemic events) and 50 randomly-selected non-hypoglycemic patients (defined
as zero hypoglycemic events) plotted over time. Each plot represents 10 patients.
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Figure III. Blood glucose variability in 24 hours preceding BG measurement of interest (index
BG)
Blood glucose variability is higher prior to hypo- and hyper- glycemic glucose values, while
euglycemic values are preceded by very low blood glucose variability. For all patient
glucose values within a particular range (line style) at the index BG, variability is plotted for
the preceding 24 hours in 6-hour intervals. Immediately prior to hypoglycemic events (BG
<= 50 mg/dL), BG variability increases rapidly. BG variability also increased in the 24
hours preceding a BG value of >200 mg/dL.
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Figure IV. The Relationship Between Hypoglycemia, Blood Glucose Variability, and Time in
ICU Stay
This figure shows the relationship between hypoglycemia and BG variability. Proportion of
patients are on the y axis, and time is on the x axis. Each horizontal row is a patient,
showing BG variability over time, with similar patients grouped together. Medium gray is
low variability and dark grey is high variability. Hypoglycemic events during periods of low
variability are noted by light dots, and hypoglycemic events during periods of high
variability are noted by dark dots. The size of the dot corresponds to number of events, with
larger dots indicating more events. Most patients have low BG variability. But, variability
changes over time, with patients moving from periods of low variability to periods of high
variability. When BG variability is high, the risk of hypoglycemia is higher. Overall, there
are 3.3 hypoglycemic events (BG <= 50 mg/dL) for every 1,000 hours of high blood glucose
variability and 1 hypoglycemic event for every 1,000 hours of low BG variability.
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Table I
Patient demographics

There are 1,392 patients. Because we are only using blood glucose test results after the patient has been on the
protocol for 12 initial hours and has 4 valid previous blood glucose test results, we are using 66,592 distinct
blood glucose test results out of 78,136 blood glucose tests performed on these 1,392 patients during the study
period.

Hypoglycemic Patients n= 154 Non-Hypoglycemic Patients n= 1,238 p-value

Age (yrs)* 60.7 (14.3) 58.2 (14.5) 0.04

Males (%) † 58.4 59.7 0.8

Patient weight (Kg)* 81.3 (26.2) 87.4 (26.6) 0.01

History of diabetes (%) † 26.6 33.4 0.11

APACHE II ‡ 21 (16–25) 19 (15–23) 0.001

Hospital LOS ‡ 22.6 (14.2 – 35.1) 12.5 (7.6 – 21.1) <0.0001

ICU LOS ‡ 14.8 (8.7–24.5) 5 (2.9 – 9.9) <0.0001

Average blood glucose ‡ 109 (105–114) 108 (101 – 117) 0.9

Max glucose ‡ 197 (169 – 239) 150 (126 – 185) <0.0001

SD transformed blood glucose‡ 0.48 (0.42 – 0.57) 0.33 (0.23–0.42) <0.0001

Average change in transformed blood glucose values 0.33 (0.27 – 0.41) 0.27 (0.21 – 0.36) <0.0001

Mortality (%)† 24.7 12.5 <0.0001

*
Mean ±SD; compared using two sample t-test

†
Proportion; compared using χ2 test

‡
Median (IQR); compared using Wilcoxon rank-sum test

§
For average blood glucose, the median transformed blood glucose was determined for each patient. The values in this table represent the back-

transformed median and IQR of these values by outcome.

Bold values indicate statistical significance
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Table II

Blood Glucose Control

Blood Glucose Category Count (%)

<=50 mg/dL 208 (0.3)

51–80 mg/dL 4,155 (6.2)

81–110 mg/dL 29,895 (45.0)

111–150 mg/dL 26,182 (39.3)

151–200 mg/dL 5,198 (7.8)

>200 mg/dL 954 (1.4)
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Table III

Model covariates with odds ratios and 95% confidence intervals based on robust covariance estimates.

Predictors independently associated with hypoglycemia Exposure OR 95% CI

Change in BG lag1† IQR (0.1–0.45) 1.42* 1.29 – 1.57

Change in BG lag2† IQR (0.1–0.46) 1.07* 0.96 – 1.19

Change in BG lag3† IQR (0.1–0.46) 1.17* 1.07 – 1.28

Weight (kg) IQR (70–103) 0.72* 0.56 – 0.93

Time since previous BG measurement (hours) IQR (1.68–2.33) 1.45* 1.33 – 1.58

Count of previous hypoglycemic episodes (41 60) 0 Reference

1 1.69 1.12 – 2.53

2 1.45 0.94 – 1.90

3 or more 4.14 2.56 – 6.70

Predictors not independently associated with hypoglycemia IQR/exposure OR 95% CI

Diagnosed diabetes Y/N 0.88 0.63 – 1.22

Female sex Y/N 0.96 0.75 – 1.37

Current vasopressors Y/N 1.19 0.86 – 1.64

Patient age (years) IQR (50.6–69.9) 1.39* 0.92–2.12

Volume of 5% dextrose infused (ml) IQR (0–73) 0.98* 0.87–1.12

Baseline APACHE II score IQR (17–26) 0.95* 0.75–1.21

Hours on protocol IQR (49–247) 0.91* 0.82–1.02

*
OR for risk associated with 75th percentile compared to 25th percentile is shown

†
Represents BG after standard transformation applied
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