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Blood Glucose Measurements in Critically 111 Patients
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Abstract

sensor devices is given.

| Diabetes Sci Technol 2012;6(1):22-28

Studies on tight glycemic control by intensive insulin therapy abruptly changed the climate of limited interest
in the problem of hyperglycemia in critically ill patients and reopened the discussion on accuracy and reliability
of glucose sensor devices. This article describes important components of blood glucose measurements and
their interferences with the focus on the intensive care unit setting. Typical methodologies, organized from
analytical accuracy to clinical accuracy, to assess imprecision and bias of a glucose sensor are also discussed.
Finally, a list of recommendations and requirements to be considered when evaluating (time-discrete) glucose

Introduction

Hyperglycemia is part of the natural stress response
of humans.! Nevertheless, clinical and scientific interest
in the dysregulation of the normal glucose homeostasis
has emerged only recently. Before the landmark trial by
Greet Van den Berghe and coworkers in 2001, blood
glucose (BG) levels were only sporadically measured, mainly
in patients with known diabetes mellitus.? In patients
without established diabetes mellitus, blood hyperglycemia
was tolerated to very high levels. Current practice in those
days, although poorly documented, would recommend
administration of insulin when BG levels would exceed
the renal threshold of +220 mg/dl.® But even short-term
peaks of over 300 mg/dl were not aggressively treated.

The studies on tight glycemic control (TGC) by intensive
insulin therapy abruptly changed this climate of limited
interest in and complacency towards the problem of hyper-

glycemia. In the Leuven proof-of-concept studies, the
BG levels were kept tightly between 80 and 110 mg/dl.>*
The strategy of TGC decreased mortality and morbidity
in surgical critically ill patients and morbidity in
medical critically ill patients. Results of the Leuven
proof-of-concept studies were swiftly incorporated in
international guidelines, and intensive care units (ICU)
all over the world started implementing TGC. Most likely,
the methodology for TGC, as practiced in the well-
controlled Leuven studies, was not ready for worldwide
implementation. This became clear with the publication
of data from the Normoglycemia in Intensive Care
Evaluation and Survival Using Glucose Algorithm
Regulation (NICE-SUGAR) study in 2009.° Implementation
of TGC in a pragmatic multicenter trial, accepting among
others a wide array of BG measurement devices, turned
out to increase the mortality risk.®”
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In daily clinical practice, the paradigm suddenly shifted

from tolerating a wide range of higher BG levels to "

actively targeting the narrow normoglycemic range of > ¥ ”. e X

80-110 mg/dl. This change in clinical “context” is having

a strong impact on the methodology of BG measure- Enzyme Specimen Interferences
ments and explains why glucose sensors that were Hexokinase Avrterial Anemia
earlier found accurate (in higher glucose ranges) have Glucose oxidase Capillary Medication
appeared to be less reliable in these lower “normal” Glucose dehydrogenase Venous Operator

glucose ranges.

General Aspects of Blood Glucose
Measurements

For obvious reasons, BG readings from the devices used
are the centerpiece of TGC. A BG reading is the result of
the integration of different components. Blood is drawn
from a patient and subsequently analyzed for glucose
concentration in a device. Each may induce variability in
the final glucose reading (Table 1).5-1°

Enzymes for Blood Glucose Measurement

The ultimate reference technique to measure glucose
levels accurately is mass spectrometry. As this is a labor-
intensive and expensive approach, alternative methods
have been developed. All time-discrete glucose sensor
devices are based on enzymatic reactions in which
glucose is a converted value. It is important to realize
that these enzymes are used in central laboratory
devices, blood gas analyzers, and handheld BG meters.
Hexokinase is used only in central laboratory analyzers.
Therefore, this method is regarded as the second best
reference method for BG measurement. Glucose oxidase
and glucose-1-dehydrogenase are the other enzymatic
reactions. At the level of the enzymatic conversion
of glucose or at the level of the cofactor used herein,
interferences may happen. The glucose oxidase reaction
requires water and oxygen. Therefore, high oxygen tensions,
which may occur in mechanically ventilated patients,
could result in falsely lower BG levels in glucose oxidase
systems, which use a mediator. Reducing agents, such as
ascorbic acid (vitamin C) and acetaminophen (paracetamol),
tend to induce underestimation of BG levels."! The main
advantage of the glucose oxidase enzymatic reaction is
its specificity to glucose.

This is the chief problem with glucose dehydrogenase
systems, which may detect nonglucose sugars such as
maltose, mannose, and xylose. A well-known example is
the glucose dehydrogenase with the cofactor pyrrolo-
quinoline quinone, which overestimates BG levels in
patients on peritoneal dialysis with icodextrin, a maltose
polymer. A mutant of the glucose dehydrogenase appears

to be selective for glucose.!? Glucose dehydrogenase-based
systems are, on the other hand, generally less vulnerable
(than glucose oxidase-based systems) to interferences for
nonsugar medications and oxygen.

Arterial, Capillary, and Venous blood

The source of the sample and the specimen matrix in
which BG levels are measured has attracted much attention
in the debate on TGC. In healthy humans, fasted arterial
glycemia is already 5 mg/dl higher than capillary and
10 mg/dl higher than venous glycemia.®'? In critically
ill patients, it is questionable whether capillary blood
reflects the blood or the interstitial fluid compartment.
The interstitial fluid compartment often dramatically
increases when the patient becomes edematous. Therefore,
it may no longer reflect the glucose levels in the blood.
While interstitial glycemia may still correlate with arterial
BG levels, the absolute glucose concentrations may strongly
differ. The response time of changes in BG concentrations
in the interstitial compartment may also be slower than
in the arterial blood. This lag time became more apparent
when subcutaneous near-continuous BG sensors, measuring
the interstitial glycemia, were compared with arterial
BG levels.”® Reliable trending may suffice in clinical practice,
e.g, in cardiac output measurements, as one can easily
correlate the cardiac output with markers of organ
perfusion (such as blood lactate concentrations). However,
for BG control, one can only rely on the measurements
themselves as clinical signs of hypoglycemia are masked
by the sedation of critically ill patients.

Venous blood may be a good alternative to arterial
blood. In daily practice, this blood is drawn from a
deep venous catheter as frequent vena punctures are
impossible in those patients. However, there is a risk of
glycemia overestimation if highly concentrated dextrose
solutions are administered through the same multiple
lumen catheter.

Interferences

Blood glucose levels measured in plasma or serum are
111 times higher than measurements in whole blood,
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provided that the patient has a hematocrit (Hct) of
40-45%. This is explained by the higher water content,
which contains the glucose, in plasma. Most glucose
meters nowadays are calibrated to report plasma glucose
levels. Before embarking on TGC, one has to verify that
the BG meter to be used incorporates the whole blood
plasma factor. However, the aforementioned conversion
factor is only valid when the patient has a normal Hct.
Since the 1990s, anemia is widely tolerated in critically
ill patients due to restrictive transfusion policies.>!® As a
result, the average Hct in critically ill patients is often
between 25% and 30%, which has been shown to strongly
increase the error in BG measurements.”’® Anemia mainly
results in overestimation of glycemia, leading to over-
treatment with insulin and finally inducing hypoglycemia.
A mathematical correction for anemia may prevent these
measurement and treatment errors.!® The rise in mortality
rate in patients on intensive insulin therapy in the NICE-
SUGAR study may be related to the use of inaccurate
BG meters in critically ill patients.” Other interference
factors that hinder accurate and reliable glucose measure-
ments are the administration of medication (such as
ascorbic acid and paracetamol), varying oxygen levels
(particularly high levels of pO,), and acidosis. Finally,
the operator error is presumably a large, important
factor in erroneous BG readings but unfortunately hard
to quantify.”

Assessment of Imprecision and Bias

Inaccurate BG measurements can be attributed to bias
(average error) and imprecision (variability of repeated/
reproduced measurements of a sample). Needless to say
that interference gives rise to imprecision in the BG
measurements. This imprecision generally goes unnoticed
to the user, which only amplifies the risk of making
wrong treatment decisions, particularly overdosing
the insulin dosage. This may eventually lead to hypo-
glycemia, which may still go unnoticed as the BG meter
may give falsely elevated readings. Karon and colleagues®
have shown by simulation modeling for TGC that a
frequency of 4% large dosing errors may occur when
an imprecision of 20% is accepted. Conversely, when
imprecision is kept below 10%, dosing errors are virtually
avoided. This modeling was done on a database of BG
concentrations from critically ill patients on TGC with two
different protocols. Nevertheless, already 10 years before,
it was shown that to provide 95% of the right insulin
dose, both imprecision and bias should be less than 2%.!

There is a consensus among clinical chemists and the
Food and Drug Administration that current BG meters
have to be improved for use in the ICU in the context of

TGC.2>2> However, to what extent and by which criteria
this improvement should be measured is still unclear.
Methodologies for analyzing the performance of BG
meters can be organized in two groups. The first group
measures analytical accuracy using common statistical
techniques, whereas the second group assesses the direct
clinical implementation.?

Analytical Accuracy Methods

Probably, the most widely used statistical technique for
evaluating BG meters is the correlation coefficient. However,
it must be noted that the computation of the correlation
between two variables does not give any information
on the accuracy of the sensor device under study.
Regression (or correlation) measures the strength of the
relation between two variables, which is different from
the numerical agreement. A strong relation (and a high
correlation coefficient) between two sensor devices that
measure the exact sample is obvious and expected, but
gives no guarantee that the effective measurement error
is small.?® In addition, correlation coefficients can be
easily augmented by enlarging the measurement range
or by increasing the number of samples, as also shown
in the following example. The correlation coefficients of
two handheld BG meters were > 0.94 when tested against
a blood gas analyzer across all BG levels in critically
ill patients.?® However, in the TGC range of 80-110 mg/dl,
the correlation coefficient fell below 0.67. Also in the
low BG range (<80 mg/dl), the correlation coefficient was
unacceptably low. Computing the mean absolute or
relative difference is another rather simple technique for
approaching analytical accuracy but is not favored as
skewness in the data can easily mislead the analysis.

More sophisticated methods estimate total error. This
numerical value is the result of approaching different
types of errors: bias, short-term imprecision (repeatability),
long-term imprecision (reproducibility), and random (non-
controllable) user interferences. This is elegantly described
by Krouwer and Cembrowski.?” Computation of total error
is not straightforward when taking into account random
(user) interferences that are typically noncontrollable.
When considering only the bias and the imprecision,
total error can be computed with the Westgard equation
(% total error = % average bias + 1.96 * coefficient of
variation) as used in a study on the performance of BG
meters in the context of diabetes during pregnancy.”
Another known technique to approach total error was
developed by Bland and Altman.*-! In this graphical
method, the differences of the paired measurements
are plotted against the average of the two values. Next,
the limits of agreement (i.e, mean difference + 196 =
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standard deviation) show the 95% confidence intervals.
An important side effect of these more sophisticated,
parametric analyses is the normality condition (data are
normally distributed) on which these techniques are
founded. Important deviations from this assumption
may lead to wider real confidence intervals and,
subsequently, to wrong assessments of the glucose sensor.
The Bland-Altman analysis has been used for evaluation
of BG meters in the context of TGC. Because of the
practice of TGC, the meters were tested in a clinical
context of median glycemia of 108 mg/dl. In two
independent studies, the 95% confidence interval of the
tested meters was larger than the TGC target range of
30 mg/dl (= 110 mg/dl — 80 mg/dl).?*3*> The study by
Karon and colleagues® tested a handheld BG meter in
the context of moderate glycemic control (median BG of
149 mg/dl), comparing capillary, arterial, and venous
blood. While the median bias for -capillary blood
(+2.5 mg/dl) was much lower than the median bias
for arterial and venous blood (+15 mg/dl), the 95%
confidence interval for venous (+85 mg/dl) and capillary
blood (55 mg/dl) were considerably higher than for
arterial blood (£35 mg/dl). This could mean that arterial
blood sampling in a handheld BG meter gives a constant
overestimation of the actual BG level but may result in a
better analytical precision.

Another drawback, present with all standard analytical
accuracy measures, is the equal severity of error for
the entire glucose range, which can lead to an under-
estimation of measurement errors in the hypoglycemic
range. Indeed, a specific deviation in the hypoglycemic
zone may lead to severe clinical decision errors, whereas
the same deviation in the hyperglycemic zone would not
lead to different clinical treatments. A different evaluation
of two seemingly equal measurement errors may be
appropriate. In general, we can conclude that statistical
methods may lack clinical interpretation while focusing
on the analytical accuracy.

Clinical Accuracy Methods

Standards describing the requirements for glucose sensor
devices used for self-monitoring by patients with diabetes
were set in the past by international organizations. Most
known and used are the International Organization for
Standardization (ISO) criteria.3* These criteria can be
summarized as follows:

1. For real or “reference” glucose values <75 mg/dl,
the value resulting from the BG meter under study
must fall within +15 mg/dl limits

2. For reference values >75 mg/dl, target variability is
defined as +20%.

The glucose sensor under study is found acceptable if
these ISO criteria are met in 95% of the individual paired
glucose measurements. A drawback of these criteria is the
strict differentiation between “accurate” and “not accurate”.
No requirements are given concerning the glucose values
that fall outside the “accuracy” limits. The 5% of the
glucose values that may fall outside this target zone may
lead to clinically wrong decisions and potential danger
for the patient. For example, undetected hypoglycemia
(which is wrongly monitored as hyperglycemia) can lead
to an increase of the insulin infusion and subsequently
to a further decrease of the blood glucose.

The first authors to use ISO criteria in the context of TGC
were Kanji and colleagues.®® They divided the reference
range of the ISO error grid in three areas (hypoglycemia
<80 mg/dl, normoglycemia 80-145 mg/dl, hyperglycemia
>145 mg/dl) and used the 20% allowed error across the
entire glycemic range. They elegantly showed that when
using a blood gas analyzer for BG measurements, only
1% of the data fell outside the 20% allowed error zone.
The proportion of data points outside the ISO-acceptable
target zone rose to 12% when using a handheld BG meter
measuring arterial blood and to 27% when -capillary
blood was used for the handheld BG meter. Furthermore,
the majority of the measurements outside the 20% error
target zone were overestimations of glycemia, which may
lead to overtreatment with insulin. Certainly, the 9% of
capillary BG levels that overestimate in the hypoglycemia
zone when using the handheld BG meter hold the risk of
failure to detect and treat hypoglycemia. When working
in the context of BG control with a BG target between
81 and 135 mg/dl, 59% of the BG readings were outside
the ISO target range when whole arterial BG values were
converted to serum values.>® Unconverted, only 90.4% of the
BG values were within the ISO target range. This really
highlights the importance of knowing whether a BG
meter (handheld or blood gas analyzer) reports serum-
converted BG levels.

Another acknowledged criterion was set by the American
Diabetes Association® in 1996, wherein, a target variabi-
lity of preferably less than +5% (analytical error) and,
at the most, +10% (total error) was recommended for
all glucose concentrations between 31 and 400 mg/dl.
This requirement may have been too powerful as in vitro
relative standard deviations obtained for handheld
BG meters typically vary from 3% to 10% (or higher)
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depending on the presence of proteins in the solution.®
It is clear that in vivo variability is higher due to the
influence of biological parameters related to the patient,
the blood sample, etc.

A methodology often considered as standard for analyzing
a time-discrete glucose sensor is the Clarke error grid
analysis.®* Kovatchev and associates*” reformulated this
assessment technique toward a method to evaluate near-
continuous glucose monitoring systems, whereas Parkes
and colleagues®’ presented an alternative consensus error
grid (for time-discrete glucose sensors). The advantage of
these methods lies in the simplified clinical evaluation of
the sensor device under study. Paired glucose measure-
ments are visually plotted in areas that interpret the
clinical severity of the error. The number of errors per
region indicate the acceptability of the device (eg, for
Clarke error grid, a glucose sensor is acceptable if at
least 95% of the measurements fall in zone A, maximum
5% of the measurements lie in zone B, and 0% of the
measurements are in zone C, D, and E*). The error grid
technique, however, lacks statistical interpretation and
has a low degree of robustness.** Slight deviations from
a measured value by the sensor under study can lead
to a shift of the plotted reference-test observation point
to a different area and, subsequently, to a potentially
different clinical interpretation and analysis of the test
sensor. In the context of glycemic control in critically
ill patients, error grids were used in combination with
Bland—-Altman plots by Slater-Maclean.*” Analogous results
were obtained for both analyses, but there is, unfortunately,
no certainty as observed by Vlasselaers and colleagues.?

In general, we can conclude that clinical accuracy methods
analyze BG readings in terms of clinical use while
ignoring statistical fundamentals. Clinical accuracy methods
are also sensitive to the measured observations as slight
deviations may shift the assessment (no robust techniques).

A methodology that may combine the best of both
worlds is the recently developed GLYCENSIT procedure.*®
This tool considers the evaluation of a BG meter from
three different perspectives. First, the persistency of
the measurement errors, grouped in a hypo- normo-,
or hyperglycemic zone, is studied. Over- and under-
estimation of the reference sensor may depend on
the magnitude of glycemia. Though nonpersistent
measurement behavior is not favored, the device can be
reprogrammed afterwards, aiming at more consistent
measurement errors (e.g, by subtracting/adding the mean
difference computed for each glycemic range). Second,
the accuracy of the device is evaluated by analyzing the

number of violations against ISO criteria.* Instead of
counting this number of violations (as done in the classical
clinical accuracy methods described earlier), Van Herpe
and colleagues selected a statistically sound bootstrap
technique. Finally, the reliability of the sensor is studied
by estimating tolerance intervals that indicate the range
in which the reference value would lie for new test
glucose readings.

The advantages of the GLYCENSIT tool can be summarized
as follows. First, this methodology is based on (non-
parametric) statistics that return statistically reliable
conclusions that are clinically interpretable. Next, the
severity of error is made independent of the magnitude
of the BG as all measurement errors are transformed
using a normalization function.*® Finally, GLYCENSIT
enables the user to review the data from three different
perspectives. As a drawback, it must be noted that
GLYCENSIT is a guide rather than a strictly defined
“accurate/nonaccurate” sensor evaluation methodology.
The required active contribution of the user may hinder
widespread use of the tool. The GLYCENSIT procedure
is therefore implemented as a web tool aiming to
reduce this hurdle (ittp://www.esat.kulewven.be/ GLYCENSIT).
A thorough GLYCENSIT analysis revealed several
characteristics for two bedside glucometers applied in
the ICU.% Statistical results showed a high accuracy level
for one sensor, whereas the second sensor had more
persistent (but less accurate) measurement behavior.

To conclude, statistical tests are only meaningful when
sufficient amounts of data are available. From a statistical
point of view, as many data as possible should be
considered in a statistical test, whereas in a clinical
environment, however, clinical and financial restrictions
may be present. At the GLYCENSIT Web site, the probability
level as a function of the statistical significance and the
number of paired observations is visualized. Though the
graphs are intentionally designed for use in the third
phase of the GLYCENSIT analysis, they can be consulted
as an approach to the number of paired samples required
when designing sensor evaluation studies. Finally, all
glucose measurements are ideally spread over the full
glycemic range and sampled from different patients from
the population of the intended use.

Conclusions

Studies on TGC have led to a shift from tolerating a
wide range of (high) BG levels toward strictly controlling
glycemia within narrow target limits. This change of
clinical context reopened the discussion on accuracy
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and reliability of glucose sensor devices. This article has
described our perspectives on BG monitoring and the

Table 2.

corresponding requirements. The ten most important
aspects and recommendations are listed in Table 2.

List of Recommendations and Requirements for Time-Discrete Glucose Sensor Devices

1. The sensor device must be tested under real-life conditions, similar to its use in clinical practice (in order
to take into account most random interferences).
2. The sensor device must be tested in a population of the intended use (i.e., similar patient group as

P target patient population, e.g., diabetes of pregnancy vs TGC in critically ill patients).
3. Sufficient number of patients and sufficient number of measurements per patient are required for
statistical reasons.
4. Glucose measurements should be spread over the full glycemic range.
Blood glucose range 5. The median and interquartile ranges of the glucose measurements must be reported to clarify the clinical

context and compared with the patient’s target glucose range.

Glucose sensing in the ICU

6. Sampling of arterial blood is a prerequisite when applying TGC in the ICU. In noncritically ill patient
populations, the use of venous/capillary blood is accepted, assuming physiological features (e.g., lag
time) typical of the sampling compartment are understood.

Evaluation methodology

7. Glucose sensor performance should be evaluated both for the full glycemic range as well as for the
individual hypo/normo/hyperglycemic range.

8. Limits of agreement (e.g., Bland-Altman analysis) should be smaller than the difference of the patient’s
target zone (e.g., 110 mg/dl — 80 mg/dl = 30 mg/dl in the context of TGC in critically ill patients),
preferably over the entire glycemic range, in case of nonpersistent measurement behavior for each
individual hypo/normo/hyperglycemic range.

9. Sensor accuracy should be computed with respect to clinically defined criteria, preferably statistically
based (e.g., GLYCENSIT Phase 2 for the ISO criteria).

10. Overestimation measurement behavior in the hypoglycemic range may lead to clinically wrong treatment
decisions and should be avoided accordingly.

Funding:

The research was supported by the Flemish government: FWO
(G.0557.08, G.0533.06), Industrial Research Fund (HB/10/039), IWT
(TBM project 100793), and Methusalem Programme. Further support
was obtained from Research Council KUL, GOA/2007/14, GOA/11/05,
GOA/10/09, CoE EF/05/006, PFV/10/002; IUAP P6/04; IBBT, and a
postdoctoral fellowship of the Clinical Research Fund, University
Hospitals Leuven.

Disclosures:

Tom Van Herpe is a postdoctoral researcher at the Katholieke Universiteit
Leuven. Dieter Messoten is an associate professor at the Katholieke
Universiteit Leuven.

References:

1. Bagshaw SM, Egi M, George C, Bellomo R; Australia New Zealend
Intensive Care Society Database Management Committee. Early blood
glucose control and mortality in critically ill patients in Australia.
Crit Care Med. 2009;37(2):463-70.

2. Van den Berghe G, Wouters F, Weekers F, Verwaest C, Bruyninckx
F, Schetz M, Vlasselaers D, Ferdinande P, Lauwers P, Bouillon R.
Intensive insulin therapy in the critically ill patients. N Engl J
Med. 2001;345(19):1359-67.

3. McCowen KC, Friel C, Sternberg J, Chan S, Forse RA, Burke PA,
Bistrian BR. Hypocaloric total parenteral nutrition: effectiveness
in prevention of hyperglycemia and infectious complications---a
randomized clinical trial. Crit Care Med. 2000;28(11):3606-11.

4. Van den Berghe G, Wilmer A, Hermans G, Meersseman W,
Wouters PJ, Milants I, Van Wijngaerden E, Bobbaers H, Bouillon
R. Intensive insulin therapy in the medical ICU. N Engl ] Med.
2006;354(5):449-61.

10.

11.

12.

. NICE-SUGAR Study Investigators, Finfer S, Chittock DR, Su SY,

Blair D, Foster D, Dhingra V, Bellomo R, Cook D, Dodek P,
Henderson WR, Hébert PC, Heritier S, Heyland DK, McArthur C,
McDonald E, Mitchell I, Myburgh JA, Norton R, Potter ], Robinson BG,
Ronco J]. Intensive versus conventional glucose control in critically
ill patients. N Engl ] Med. 2009;360(13):1283-97.

. Van den Berghe G, Schetz M, Vlasselaers D, Hermans G, Wilmer A,

Bouillon R, Mesotten D. Clinical review: intensive insulin therapy in
critically ill patients: NICE-SUGAR or Leuven blood glucose target?
J Clin Endocrinol Metab. 2009;94(9):3163-70.

Cembrowski GS, Tran DV, Slater-Maclean L, Chin D, Gibney RT,
Jacka M. Could susceptibility to low hematocrit interference have
compromised the results of the NICE-SUGAR trial? Clin Chem.
2010;56(7):1193-5.

. Dungan K, Chapman J, Braithwaite SS, Buse J. Glucose measure-

ment: confounding issues in setting targets for inpatient management.
Diabetes Care. 2007;30(2):403-9.

. Heinemann L. Quality of glucose measurement with blood

glucose meters at the point-of-care: relevance of interfering factors.
Diabetes Technol Ther. 2010;12(11):847-57.

Wahl HG. How accurately do we measure blood glucose levels in
intensive care unit (ICU) patients? Best Pract Res Clin Anaesthesiol.
2009;23(4):387-400.

Lyon ME, DuBois JA, Fick GH, Lyon AW. Estimates of total
analytical error in consumer and hospital glucose meters contributed
by hematocrit, maltose, and ascorbate. ] Diabetes Sci Technol.
2010;4(6):1479-94.

Ng WY, Tiong CC, Jacob E. Maltose interference-free test strips for
blood glucose testing at point-of-care: a laboratory performance
evaluation. Diabetes Technol Ther. 2010;12(11):889-93.

J Diabetes Sci Technol Vol 6, Issue 1, January 2012

www.journalofdst.org



Blood Glucose Measurements in Critically lll Patients

Van Herpe

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Holzinger U, Warszawska J, Kitzberger R, Wewalka W, Herkner H,
Madl C. Real-time continuous glucose monitoring in critically
ill patients: a prospective randomized trial. Diabetes Care.
2010;33(3):467-72.

Kavanagh BP, McCowen KC. Clinical practice. Glycemic control in
the ICU. N Engl ] Med. 2010;363:2540—6.

Hébert PC, Wells G, Blajchman MA, Marshall J, Martin C,
Pagliarello G, Tweeddale M, Schweitzer I, Yetisir E. A multicenter,
randomized, controlled clinical trial of transfusion requirements
in critical care. Transfusion Requirements in Critical Care
Investigators, Canadian Critical Care Trials Group. N Engl ] Med.
1999;340(6):409-17.

Pieracci FM, Henderson P, Rodney JR, Holena DN, Genisca A, Ip I,
Benkert S, Hydo LJ, Eachempati SR, Shou ], Barie PS. Randomized,
double-blind, placebo-controlled trial of effects of enteral iron
supplementation on anemia and risk of infection during surgical
critical illness. Surg Infect (Larchmt). 2009;10(1):9-19.

Mann EA, Mora AG, Pidcoke HF, Wolf SE, Wade CE. Glycemic
control in the burn intensive care unit: focus on the role of anemia
in glucose measurement. J Diabetes Sci Technol. 2009;3(6):1319-29.

Pidcoke HF, Wade CE, Mann EA, Salinas ], Cohee BM,
Holcomb JB, Wolf SE. Anemia causes hypoglycemia in intensive
care unit patients due to error in single-channel glucometers:
methods of reducing patient risk. Crit Care Med. 2010;38(2):471-6.

Janssen K, Delanghe J. Importance of the pre-analytical phase in
blood glucose analysis. Acta Clin Belg. 2010;65(5):311-8.

Karon BS, Boyd JC, Klee GG. Glucose meter performance criteria
for tight glycemic control estimated by simulation modeling. Clin
Chem. 2010;56(7):1091-7.

Boyd JC, Bruns DE. Quality specifications for glucose meters:
assessment by simulation modeling of errors in insulin dose. Clin
Chem. 2001;47(2):209-14.

Klonoff DC. The Food and Drug Administration is now preparing
to establish tighter performance requirements for blood glucose
monitors. ] Diabetes Sci Technol. 2010;4(3):499-504.

Scott MG, Bruns DE, Boyd JC, Sacks DB. Tight glucose control in
the intensive care unit: are glucose meters up to the task? Clin Chem.
2009;55(1):18-20.

Boren SA, Clarke WL. Analytical and clinical performance of blood
glucose monitors. ] Diabetes Sci Technol. 2010;4(1):84-97.

Critchell CD, Savarese V, Callahan A, Aboud C, Jabbour S,
Marik P. Accuracy of bedside capillary blood glucose measurements
in critically ill patients. Intensive Care Med. 2007;33(12):2079-84.

Vlasselaers D, Van Herpe T, Milants I, Eerdekens M, Wouters PJ,
Moor BD, van den Berghe G. Blood glucose measurements in
arterial blood of intensive care unit patients submitted to tight
glycemic control: agreement between bedside tests. ] Diabetes Sci
Technol. 2008;2(6):932-8.

Krouwer JS, Cembrowski GS. A review of standards and statistics
used to describe blood glucose monitor performance. ] Diabetes Sci
Technol. 2010;4(1):75-83.

Perera NJ, Molyneaux L, Constantino MI, McGill M, Yue DKS,
Twigg SM, Ross GP. Suboptimal performance of blood glucose meters
in an antenatal diabetes clinic. Diabetes Care. 2011;34(2):335-7.

Bland JM, Altman DG. Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet.
1986;1(8476):307-10.

Bland JM, Altman DG. Comparing methods of measurement: why
plotting difference against standard method is misleading. Lancet.
1995;346(8982):1085-7.

Bland JM, Altman DG. Measuring agreement in method comparison
studies. Stat Methods Med Res. 1999;8(2):135-60.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Hoedemaekers CW, Klein Gunnewiek JM, Prinsen MA, Willems ]JL,
Van der Hoeven ]JG. Accuracy of bedside glucose measurement
from three glucometers in critically ill patients. Crit Care Med.
2008;36(11):3062—6.

Karon BS, Gandhi GY, Nuttall GA, Bryant SC, Schaff HYV,
McMahon MM, Santrach PJ. Accuracy of Roche Accu-Chek inform
whole blood capillary, arterial, and venous glucose values in
patients receiving intensive intravenous insulin therapy after
cardiac surgery. Am J Clin Pathol. 2007;127(6):919-26.

International Organization for Standardization: ISO 15197. In wvitro
diagnostic test systems---requirements for blood-glucose monitoring
systems for SEL-testing in managing diabetes mellitus. Geneva:
International Organization for Standardization 2003.

Kanji S, Buffie J, Hutton B, Bunting PS, Singh A, McDonald K,
Fergusson D, McIntyre LA, Hebert PC. Reliability of point-of-care
testing for glucose measurement in critically ill adults. Crit Care
Med. 2005;33(12):2778-85.

Meynaar IA, van Spreuwel M, Tangkau PL, Dawson L, Sleeswijk
Visser S, Rijks L, Vlieland TV. Accuracy of AccuChek glucose
measurement in intensive care patients. Crit Care Med.
2009;37(10):2691-6.

American Diabetes Association. Self-monitoring of blood glucose.
Diabetes Care. 1996;19:562—-6.

Pintmann I, Wosniok W, Haeckel R. Comparison of several
point-of-care testing (POCT) glucometers with an established
laboratory procedure for the diagnosis of type 2 diabetes using the
discordance rate. A new statistical approach. Clin Chem Lab Med.
2003;41(6):809-20.

Clarke WL, Cox D, Gonder-Frederick LA, Carter W, Pohl SL.
Evaluating clinical accuracy of systems for self-monitoring of
blood glucose. Diabetes Care. 1987;10(5):622-8.

Cox DJ, Clarke WL, Gonder-Frederick L, Pohl S, Hoover C,
Snyder A, Zimbelman L, Carter WR, Bobbitt S, Pennebaker J.
Accuracy of perceiving blood glucose in IDDM. Diabetes Care.
1985;8(6):529-36.

Cox DJ, Richards FE, Gonder-Frederick LA, Julian DM,
Carter WR, Clarke WL. Clarification of error-grid analysis.
Diabetes Care. 1989;12(3):235-8.

Kovatchev BP, Gonder-Frederick LA, Cox DJ, Clarke WL.

Evaluating the accuracy of continuous glucose-monitoring sensors:
continuous glucose-error grid analysis illustrated by TheraSense
Freestyle Navigator data. Diabetes Care. 2004;27(8):1922-8.

Parkes JL, Slatin SL, Pardo S, Ginsberg BH. A new consensus error
grid to evaluate the clinical significance of inaccuracies in the
measurement of blood glucose. Diabetes Care. 2000;23(8):1143-8.

Gough DA, Botvinick EL. Reservations on the use of error grid
analysis for the validation of blood glucose assays. Diabetes Care.
1997,20(6):1034-6.

Kollman C, Wilson DM, Wysocki T, Tamborlane WV, Beck RW.
Limitations of statistical measures of error in assessing the
accuracy of continuous glucose sensors. Diabetes Technol Ther.
2005;7(5):665-72.

Wentholt IM, Hoekstra JB, Devries JH. A critical appraisal
of the continuous glucose-error grid analysis. Diabetes Care.
2006;29(8):1805-11.

Slater-MacLean L, Cembrowski G, Chin D, Shalapay C, Binette T,
Hegadoren K,  Newburn-Cook C.  Accuracy of  glycemic
measurements in the critically ill. Diabetes Technol Ther.
2008;10(3):169-77.

Van Herpe T, Pelckmans K, De Brabanter ], Janssens F, De Moor B,
Van den Berghe G. Statistical approach of assessing the reliability
of glucose sensors: the GLYCENSIT procedure. J Diabetes Sci
Technol. 2008;2(6):939-47.

J Diabetes Sci Technol Vol 6, Issue 1, January 2012

www.journalofdst.org



