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Abstract

Objective: Accurate real-time continuous glucose measurements may improve glucose control in the critical care unit. We
evaluated the accuracy of the FreeStyle� Navigator� (Abbott Diabetes Care, Alameda, CA) subcutaneous continuous glucose
monitoring (CGM) device in critically ill adults using two methods of calibration.
Subjects and Methods: In a randomized trial, paired CGM and reference glucose (hourly arterial blood glucose [ABG]) were
collected over a 48-h period from 24 adults with critical illness (mean – SD age, 60 – 14 years; mean – SD body mass index,
29.6 – 9.3 kg/m2; mean – SD Acute Physiology and Chronic Health Evaluation score, 12 – 4 [range, 6–19]) and hyperglycemia.
In 12 subjects, the CGM device was calibrated at variable intervals of 1–6 h using ABG. In the other 12 subjects, the sensor was
calibrated according to the manufacturer’s instructions (1, 2, 10, and 24 h) using arterial blood and the built-in point-of-care
glucometer.
Results: In total, 1,060 CGM–ABG pairs were analyzed over the glucose range from 4.3 to 18.8 mmol/L. Using enhanced
calibration median (interquartile range) every 169 (122–213) min, the absolute relative deviation was lower (7.0% [3.5, 13.0]
vs. 12.8% [6.3, 21.8], P < 0.001), and the percentage of points in the Clarke error grid Zone A was higher (87.8% vs. 70.2%).
Conclusions: Accuracy of the Navigator CGM device during critical illness was comparable to that observed in non–critical care
settings. Further significant improvements in accuracy may be obtained by frequent calibrations with ABG measurements.

Introduction

Abnormalities of glucose metabolism are common
during critical illness and are associated with adverse

outcomes.1 Studies aimed at intensive glucose control have
shown contradictory results with increased rates of hypo-
glycemia.2 Current guidelines suggest frequent glucose
measurements for safe implementation of insulin therapy, but
this increases the workload of the nursing staff.3 Even regular
glucose measurements may fail to identify hypo- or hyper-
glycemia during periods of rapid glucose change, and the use
of accurate continuous glucose monitoring (CGM) may aid
safer insulin therapy during critical illness by identifying real-
time fluctuations in glucose level, prompting treatment to
avoid hypo- and hyperglycemia.

Minimally invasive subcutaneous CGM systems are increas-
ingly used in the management of type 1 diabetes, improving

glycemic control4 and reducing the burden of hypoglycemia.5,6

Placed in the subcutaneous tissue, a miniature probe containing
a glucose oxidase layer generates electrical current proportional
to theglucoseconcentrationintheinterstitialfluid.Calibration is
through finger-stick glucose measurements taken at 12–24-h
intervals. Subcutaneous CGM devices measure glucose in the
interstitial compartment with a physiological lag time. In con-
trast to outpatient use, patients with critical illness may have
disturbed microcirculation owing to a range of factors such as
tissue edema, hemodynamic compromise, and treatment with
vasopressors. These factors, in theory, could affect the accuracy
as well as lag time of subcutaneous CGM, especially at times of
rapid glucose change. An alternative to subcutaneous CGM is
intravascular CGM, but this approach requires dedicated arte-
rial/venous placement free of potential contaminants with the
risk of thrombus in the venous periphery or medical risks asso-
ciated with arterial placement of the sensing element.
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We hypothesized that accuracy of subcutaneous CGM in
intensive care settings may be improved through enhanced
calibration and evaluated the accuracy of the FreeStyle� Na-
vigator� (Abbott Diabetes Care, Alameda, CA) subcutaneous
CGM system using standard and enhanced methods of cali-
bration. An abstract containing some of the data presented in
this article was presented at the 33rd International Symposium
on Intensive Care and Emergency Medicine, held March 2013,
in Brussels, Belgium.7

Research Design and Methods

Patients and study design

The data were collected during a clinical investigation as-
sessing the efficacy of closed-loop insulin delivery in critically
ill adults8 using a prospective, randomized, parallel-group
design. The study was performed in the 24-bed Neurosciences
Critical Care Unit (NCCU) at Addenbrooke’s Hospital, Cam-
bridge, United Kingdom, a tertiary-care trauma and neuro-
surgical referral center in the east of England. The Cambridge
Central Research Ethics Committee approved the study.

Inclusion criteria were 18 years of age and older, expected
stay at the NCCU of at least 48 h, and arterial glucose level
greater than 10.0 mmol/L or already on insulin treatment.
Exclusion criteria included diabetic ketoacidosis, therapeutic
hypothermia, fatal organ failures, and pregnancy.

Written informed consent/assent was obtained prior to
enrollment from either the patient or the next of kin. Patients
were randomized to glucose control by an automated closed-
loop glucose control system with enhanced sensor calibration
or to a standard paper-based intravenous insulin adminis-
tration protocol with sensor calibration according to the
manufacturer’s instructions.

Enhanced calibration protocol

The FreeStyle Navigator sensor with a 1-h warm-up time9

was calibrated at variable intervals ranging from 30 min to 6 h
using arterial blood glucose (ABG) measured by the blood gas
analyzer. The calibrations were more frequent when larger
deviation between sensor and ABG were observed and less
frequent when sensor and ABG agreed. The enhanced cali-
bration protocol was optimized on a validated simulation
environment.10 Subjects were treated by a closed-loop glucose
control system.

Standard calibration protocol

The FreeStyle Navigator CGM device with a 1-h warm-up
time9 was calibrated according to the manufacturer’s in-
structions (1, 2, 10, and 24 h after insertion) using arterial
blood and the built-in point-of-care glucose meter of the Na-
vigator receiver. Each participant’s glucose was controlled
according to the standard paper-based intravenous insulin
administration protocol used in the NCCU.

Common study procedures

Apart from glucose control and the calibration protocol,
other aspects of patient care including nutritional manage-
ment and treatment of hypoglycemia and hyperglycemia
were carried out according to standard treatment protocols in
the NCCU and were identical between treatments. All study-

related activities were carried out for a maximum period of
48 h or until the end of the NCCU stay, whichever came first.

Reference glucose measurements

ABG measurements, made using an on-site blood gas an-
alyzer (cobas b 221; Roche Diagnostics, Burgess Hill, United
Kingdom) at hourly intervals, were used as the reference
standard for the calculation of sensor accuracy metrics.

Statistical analysis

Numerical accuracy was assessed by absolute difference,
absolute relative difference, and International Organization
for Standardization criteria. Clinical accuracy was evaluated
using the Clarke error grid.11 A repeated-measures linear re-
gression model with an autoregressive first-order covariance
structure was fitted to compare numerical accuracy metrics of
the two calibration protocols. The lag time was derived by
calculating the maximum correlation coefficient between
sensor glucose and ABG at a pure time lag of 0, 1, 2, . . . , 24,
and 25 min. This was carried out by delaying sensor glucose in
1-min intervals. The accuracy metrics were calculated by
GStat software (version 1.3; University of Cambridge, Cam-
bridge, United Kingdom), and statistical tests were carried out
using SPSS software (version 19; IBM Software, Hampshire,
United Kingdom). Data are given as mean (SD) or median
(interquartile range) values.

Results

Study participants

Twenty-four subjects completed the study (12 enhanced
calibration and 12 standard calibration). In total, 1,060 ABG–
sensor pairs were obtained (enhanced calibration, 516 pairs;
standard calibration, 544 pairs). The baseline characteristics
of the treatment groups were similar (Supplementary Table
S1; Supplementary Data are available online at www.liebert
online.com/dia) with comparable age and disease severity.
The most common reason for NCCU admission was trauma
followed by post-neurosurgery. The mean Acute Physiology
and Chronic Health Evaluation (APACHE) II scores (mean –
SD) in patients using the enhanced calibration and stan-
dard calibration protocols were 12.9 – 5.0 and 11.2 – 3.4. The
amounts of carbohydrate and total calories as well as the
numbers of feeding interruptions were similar between
the two groups. The proportion of subjects receiving ino-
tropes (42% vs. 33%) and corticosteroids (42% vs. 25%) was
higher using enhanced calibration.

Numerical and clinical accuracy and lag time

Numerical and clinical accuracy was significantly im-
proved using the enhanced calibration protocol compared
with the standard calibration protocol (Table 1). There were
no data points in the Clarke error grid Zones C–E with en-
hanced calibration. Bland–Altman plots (Fig. 1) and Clarke
error grids (Supplementary Fig. S1) of reference and sensor
glucose confirmed the improved performance of enhanced
calibration across the glucose range. There were no data
points in the hypoglycemic range in either protocol. The lag
time was 14 and 12 min for the enhanced and standard cali-
bration protocols, respectively.
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Calibration frequency

The number of calibrations with the enhanced calibration
protocol during the first and second 24-h periods was 9.5 (9,
14) and 7 (4, 8), respectively. This translates to a calibration
interval of 152 (105, 160) and 205 (180, 360) min during the
first and second 24-h period, respectively. With standard
calibration, four calibrations were performed during the first
24 h (1, 2, 10, and 24 h after insertion) and none during the
second 24 h.

Adverse events

There were no adverse events associated with sensor usage
in either calibration protocol.

Discussion

We improved subcutaneous CGM accuracy by more fre-
quent calibrations with reference glucose measurements. Ac-
curacy observed with the enhanced calibration method
exceeded our previously reported observations in type 1 dia-
betes with standard calibration (for enhanced calibration vs.
type 1 diabetes12: median absolute relative deviation, 7.0% vs.
9.9%; Clarke error grid Zone A, 87.8% vs. 78.4%). During the
first 24 h, calibration was performed on average every 2.5 h and
during the second 24 h every 3.5 h. It is important that the
Navigator sensor lag time observed in our study was similar
between the two methods of calibration (14 vs. 12 min for the
enhanced and standard calibration protocols) and comparable
to that recorded in type 1 diabetes.13 This suggests that lag time
is not prolonged in critical illness. We consider the main reason
for the negative - 1.1 mmol bias in the standard calibration arm

to be calibration bias due to biased built-in glucometer read-
ings. This calibration bias then propagated into sensor bias.

During the present study, the proportion of sensor glucose
values within 20% of reference glucose was 88% with the en-
hanced protocol, compared with reported values between 63%
and 75%14–16 other than for Brunner et al.,17 who reported a
higher percentage of 92%. Most intensive care unit studies
evaluated Medtronic (Northridge, CA) sensors,14,16–18 and only
one study evaluated Navigator.19 Further improvements in
accuracy may be achievable through the intravenous sampling
route eliminating or significantly reducing the lag time of
6–15 min reported with subcutaneous sensors.13,20–22 Pre-
liminary studies using the intravenous microdialysis technique
have shown high accuracy (mean absolute relative deviation,
5.6%; data points in Clarke error grid Zone A, 97%).23 Ad-
vantages of subcutaneous glucose monitoring compared with
intravenous measurements include reduced invasiveness ob-
viating the need for dedicated venous placement and a risk of
contamination from dextrose or other medications that may
interfere with glucose measurements. The risk of infection and
thrombosis is lower with the subcutaneous measurement
route. In the present study, the subcutaneous sensor placement
was not associated with any complications, and the high ac-
curacy obtained with frequent calibrations supports the use of
subcutaneous sensing in certain groups of critically ill patients.

The strengths of our study include the randomized con-
trolled study design, the use of hourly ABG to assess out-
comes, comparability of the patient group’s nutrition, and
treatment modalities. Study limitations include the small
sample size in a single center and the parallel study design
involving a subspecialized patient population with relatively
lower mean APACHE scores. The range and mean glucose

Table 1. Numerical and Clinical Accuracy Using the Enhanced Calibration Protocol

and the Standard Calibration Protocol

Enhanced calibration (n = 12) Standard calibration (n = 12) P value

Number of paired points 516 544
Mean plasma glucose (mmol/L) 7.6 (1.4) 10.3 (3.2) <0.001
ISO (%) 87.8 70.2

Clarke error grid (%)
Zone A 87.8 70.2
Zone B 12.2 29.0
Zone C 0.0 0.0
Zone D 0.0 0.8
Zone E 0.0 0.0

Median bias (IQR) (mmol/L) - 0.1 ( - 0.7, 0.4) - 1.1 ( - 2.3, - 0.1) <0.001

Whole range (4.3–18.8 mmol/L)
Median AD (mmol/L) 0.5 (0.3, 1.0) 1.2 (0.6, 2.4) <0.001
Median ARD (%) 7.0 (3.5, 13.0) 12.8 (6.3, 21.8) <0.001
Mean AD (mmol/L) 0.8 – 0.8 1.7 – 1.5 <0.001
Mean ARD (%) 9.6 – 8.9 15.6 – 12.0 <0.001

Euglycemia (3.9–8 mmol/L)
Number of paired points (%) 345 (66.8%) 148 (27.2%)
Median ARD (%) 6.3 (3.4, 12.4) 11.2 (6.0, 18.4) <0.001

Hyperglycemia ( >8 mmol/L)
Number of paired points (%) 171 (33.2%) 396 (72.8%)
Median ARD (%) 8.7 (3.6, 14.4) 13.5 (6.5, 24.6) <0.001

Data shown are mean – SD or median (interquartile range) values. No measurements were observed in the hypoglycemia range.
AD, absolute deviation; ARD, absolute relative deviation; ISO, International Organization for Standardization.
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level using the enhanced calibration protocol were lower than
with the standard calibration protocol.

In conclusion, we achieved a high degree of subcutaneous
CGM accuracy by additional calibrations using reference
glucose. Accurate subcutaneous CGM levels may facilitate
safe and efficacious intensive insulin therapy in critically ill
patients. Larger studies in more diverse patient populations
are warranted to assess the accuracy of CGM and utility of
CGM-based closed-loop systems to achieve safer glucose
control. Furthermore, a head-to-head comparison of subcu-
taneous and intravenous sensors may allow identification of
patient characteristics associated with differential perfor-
mance of subcutaneous and intravascular routes.
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