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This article presents a template for judging trials of tight glucose
control in critically ill patients. It reviews threats to both internal
validity and generalisability using examples from the current
literature. When judging internal validity, it is important to
consider factors specific to trials of glucose control (particularly the
methods of glucose control, measurement and reporting) in
addition to factors common to all randomised controlled trials
(such as treatment allocation, losses to follow-up and protocol
violations). Judging generalisability requires the identification of
differences between the trial population and the population for
whom the intervention is being considered. These may relate to
the setting, the patients or the practical delivery of tight glucose
control or other interventions. Once identified, a judgement must
be made for each difference of whether it is likely to modify the
effect of tight glucose control.

� 2009 Elsevier Ltd. All rights reserved.
Since the publication of Van den Berghe’s landmark trial reporting the results of tight glycaemic
control (TGC) in surgical intensive care unit (SICU) patients in Leuven1, there has been an explosion in
the numbers of publications on this subject. There are now at least 26 completed randomised
controlled trials (RCTs) investigating TGC in different populations of critically ill patients.2 Integrating
the results from different studies of TGC in the critically ill is currently extremely difficult. Studies with
superficially similar methods have produced contradictory results and expert opinion has been
polarised, with some urging caution before implementing TGC whist others have suggested it to be
a standard of care and a quality marker for intensive care units (ICUs).
.
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Practicing clinicians cannot wait for these debates to be concluded and need to decide what to do for
the patients who are present in their ICUs today. To do this, they must have an understanding of how to
weigh the current evidence for TGC.

This article discusses the methodological and practical issues to be considered when assessing
published trials of TGC in the critically ill. Individual trials will not be considered in detail though
examples will be used, principally taken from the three largest published trials: the Normoglycemia in
Intensive Care Evaluation–Survival Using Glucose Algorithm Regulation (NICE-SUGAR) study3, the
Leuven SICU trial1 and the Leuven medical ICU (MICU) trial.4

Key considerations

There are two key considerations when assessing published trials. These are:

1. Does the trial have internal validity, that is, was it conducted in a way which minimised bias–‘Is it
likely that the reported results are valid for the patients in the trial?’

2. Does the trial have external validity (generalisability), that is, ‘Are the results from the trial likely to
be repeated if the intervention is used for other patients?’

These will be discussed separately.
Internal validity

The principal aim of a clinical trial is to provide an unbiased estimate of the effect of using a defined
intervention in a defined patient group. It is accepted that the best way of doing this is to compare the
outcomes of a group of patients receiving the intervention with a similar group who did not, and to
assign patients to each group so that potential confounding factors (e.g., age, sex and severity of illness)
are balanced between groups.5

For trials of interventions where the absolute risk reduction is small, it is particularly important to
avoid any bias as even relatively small biases could reduce or negate the treatment effect.

In the initial Leuven SICU trial1, the absolute risk reduction in ICU mortality was 3.4% and the risk
reduction in hospital mortality was 3.7%. These relatively small reductions in risk suggest that when
considering trials of TGC only the highest quality evidence should be used. This is provided by well-
conducted RCTs. Non-randomised studies that use matching, risk adjustment or stratification in the
analysis should be treated with caution. Although these studies may have a place in some situations6,
they have a high risk of bias due to residual confounding.

There are now numerous publications in the evidence-based medicine literature providing general
guidance on issues that can affect the internal validity of RCTs, and the CONSORT group has made
reporting recommendations.7,8 These general issues are considered prior to issues specific to TGC.

General issues affecting internal validity of RCTs
At the trial’s conclusion, all patients who entered the trial should be properly accounted for and

correctly attributed to the group they were randomised to.9 This requires complete follow-up of all
patients.

As seen above, TGC produces a relatively small reduction in the absolute risk of ICU and hospital
death when used for mechanically ventilated patients. Complete follow-up is particularly important in
this situation as even small numbers of patients being lost to follow-up or withdrawing consent can
have a profound effect on the trial result if their outcomes differ from those of the patients remaining in
the trial. In the NICE-SUGAR study, the largest trial of TGC, there was only a difference of 78 deaths
between the treatment and the control groups and 82 patients were lost to follow-up or withdrew
consent.

It has been suggested that the robustness of a trial’s results can be tested firstly by re-analysing the
results assuming that all losses to follow-up survived, then secondly reanalysing the results assuming
that all losses to follow-up died.9 These sensitivity analyses would show whether the trial result would
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be changed by a difference in the frequency of death between those patients for whom data are
available and for those unavailable, although these analyses are seldom presented.

For similar reasons, it is important that protocol violations are minimised so that patients assigned
to a treatment group actually get that treatment. If they do not, then bias can be introduced to a trial. To
allow judgements to be made of whether this is likely, trial reports should include the number of
protocol violations and why they occurred in each group. Very few trials do this completely. The NICE-
SUGAR study report is one of the best, reporting 529 patients who discontinued the allocated inter-
vention. Of these, the 231 who were changed to palliative care during the trial are almost completely
balanced between the groups and seem very unlikely to have biased the results, but the 163 who were
withdrawn on physician’s request are unbalanced (115 in the TGC group and 48 in the control group)
and raise the question of whether this may have introduced bias.

A final general concern in TGC trials is that treating clinicians are often not blinded to group
allocation as they need knowledge of a patient’s blood glucose to deliver safe care. This makes the
trials particularly vulnerable to bias due to the use of different interventions apart from TGC
(called co-interventions) in the treatment and control groups. Trial reports should provide suffi-
cient detail of the co-interventions used in both the treatment and control groups to allow
reviewers to judge whether differences have occurred. If differences are found, then the reason for
the differences and whether this affects the internal validity of the trial must be considered. For
example, in the NICE-SUGAR study, an increased use of corticosteroid use was reported in the TGC
group compared with the control group. The trial report provides details of the reasons for this
steroid use, and the principal imbalance is in patients with septic shock. The reasons for this are
currently unclear, but reviewers must decide whether it is due to an imbalance that occurred by
chance during the randomisation process (which may threaten internal validity but does not
appear likely from the baseline characteristics published), whether there were other differences in
co-interventions that may have resulted in greater steroid use in the TGC group (which again
would threaten internal validity) or whether reducing blood glucose levels by the administration
of insulin has adverse effects on the cardiovascular system as suggested by the NICE-SUGAR
authors10 (which would not threaten internal validity). Whilst waiting for further studies to be
published to tease apart these possibilities, knowledgeable clinicians familiar with the clinical
management of patients in settings similar to those in the trial must make decisions about which
possibility is most likely.

Specific issues affecting internal validity
In TGC trials, the measurement and reporting of glucose control and the method used for achieving

glucose control are often incompletely reported. Bias can be introduced in any or all of these three
areas:

Measurement of blood glucose. Achieving TGC requires the accurate, frequent measurement of blood
glucose. Inaccuracies will result in the malfunction of algorithms used for insulin dosing (so making it
more difficult to achieve blood glucose control), increase the frequency of unrecognised real hypo-
glycaemic episodes, increase the frequency of false hypoglycaemic episodes and reduce the accuracy of
summary measures of blood glucose. These problems may not be recognised by those running RCTs of
TGC unless they are actively sought.

To aid in judging whether a trial used accurate blood glucose measurements, both the site of blood
sampling and the equipment used for blood glucose measurement should be reported.

Site of blood sampling for glucose measurement. Trials of tight glucose control in the critically ill have
used intermittent blood sampling from arterial, venous or capillary sites. A significant body of evidence
suggests that capillary blood glucose is not a reliable reflection of whole blood glucose in critically ill
patients, especially those with hypoperfusion11–18, so the internal validity of trials that have made
frequent use of this sampling method may be compromised. In practice, many trials state that more
than one site has been used but do not report the frequency of measurements made at each site,
making judgements about internal validity almost impossible.

Equipment used for blood glucose measurement. Trials have used point-of-care testing meters, blood
gas analysers and laboratory testing for measuring blood glucose. Some of the issues raised by different
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glucose measurement methods have been covered in depth elsewhere in this issue of Best Practice and
Research Clinical Anaesthesiology.

It is important to know what equipment has been used in the trials, and whether the glucose values
reported in the trials that used point-of-care glucometers denote the whole blood glucose concen-
tration or the plasma concentration. These values differ by approximately 10%, and some glucometers
can display either. To get a valid trial result, all centres in a trial should be using the same measure.

The measurement method used by the glucometer should also be understood. The commonly
used methods are based on glucose dehydrogenase pyrroloquinolinequinone (GDH-PQQ), glucose
dehydrogenase nicotinamide adenine dinucleotide (GDH-NAD), glucose hexokinase or glucose
oxidase. For each of these, there are factors that can interfere with the glucose measurement. Of
particular practical importance is the potential for falsely elevated glucose readings from GDH-PQQ-
based methods. This technique cannot distinguish glucose from maltose, galactose or xylose. Maltose
is present in some intravenous immunoglobulin solutions and is also the metabolic product of ico-
dextrin, present in some peritoneal dialysis solutions. Adverse outcomes19–21 have occurred due to
hypoglycaemia when falsely elevated blood glucose readings have resulted in inappropriate insulin
treatment. Other substances that have been reported to interfere with glucose measurements
include acetaminophen (paracetamol)22, mannitol, dopamine and levodopa.23 Serious adverse
events (SAEs) due to hypoglycaemia are likely to occur more frequently in the tight glucose control
group, and may occur due to lack of understanding of the limitations of the glucometer being used.
For trials reporting frequent episodes of hypoglycaemia or SAEs due to hypoglycaemia, it is important
to investigate whether GDH-PQQ-based glucometers were used and whether their limitations were
understood by the participating centres.

Inaccuracy in point-of-care glucometers can also adversely affect validity. There have recently been
an increasing number of publications assessing this in the critically ill.11,14,17,24,25 Some of these have
been extremely useful in pointing out the pitfalls in using point-of-care testing, although this literature
should be read critically as the quality of these evaluation studies is variable. A recent review suggested
that few conform to the 20 recommendations of the Standards for Reporting Diagnostic Accuracy
(STARD) and the 18 recommendations from the Clinical and Laboratory Standards Institute (CLSI).26

Although the laboratory measurement of blood glucose provides a gold standard for accuracy, the
delay involved in sending blood to the laboratory makes this method less valuable for practical use. If
laboratory values alone are used for measuring blood glucose in trials, there may be unacceptable
delays in treating hypo- or hyperglycaemia that may themselves introduce a threat to internal validity.

As can be seen above, for any TGC trial, the details of how the investigators performed blood glucose
measurements are extremely important. It has been suggested that variability in measurement tech-
niques may explain some of the differences seen among different studies of TGC.27 It is vital that future
research is directed towards improving the measurement of blood glucose in critically ill patients so
that accurate, reliable and timely methods can be used in future studies.
Reporting blood glucose control. It is not only important to measure blood glucose accurately, but also to
summarise it using a valid method. Unfortunately, there is no agreement on the gold standard. A recent
systematic review identified 30 different summary indicators that have been used.28 These measures
can be categorised as follows:

a. Reports of a summary measure of a single measured blood glucose value. The value reported is often
derived from a single morning blood glucose measurement from each patient as in the Leuven SICU
paper.1 Using this measure loses all information about what occurs during the other periods of the day.

b. Reports of a summary value (usually mean or median) of all measured blood glucose values. Some
reports summarise all blood glucose values measured in all patients in a group being studied, some
summarise blood glucose values for each individual patient and then report a summary of these. Both
methods can introduce bias into trials due to

i sampling frequency (the summary measure will be biased towards those values at the time when
blood glucose was sampled more frequently). This may be particularly problematic if the
sampling frequency is different between the TGC and control groups.
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ii unit admission policy (the more patients admitted with low severity of illness, the more the
glucose summary measure will be biased towards normal).

iii unit discharge policy (if patients are kept on ICU after the period of recovery from acute physi-
ological derangement then their blood glucose will have returned towards normal, biasing the
summary measure towards normal). This may be particularly important if the use of TGC leads to
changes in a patient’s length of ICU stay following recovery from critical illness.

A further potential problem is that low and high blood glucose values may cancel each other out, so
a patient with widely fluctuating blood glucose may have the same mean value as a patient with
completely stable control.

To attempt to overcome some of the problems mentioned above, reports have used summaries of
blood glucose for the times before, during or after insulin treatment, for the time after the target range
was achieved, during defined time periods during which insulin was being used or for just the patients
for whom insulin was used.

c. Reports using range-based measurements. The summary value reported is usually either the number/
percentage of blood glucose values within a predefined range or ranges, the time within these ranges or
more complex range-based measures, for example, hyperglycaemic index (the area under the curve
above the upper limit of normal (glucose level 6.0 mmol l�1) divided by the total length of stay)29 or the
glycaemic penalty index.30

In common with the summary measures above, many range-based measurements can have bias
introduced by sampling frequency and unit admission and discharge policies.

d. Reporting adverse events. It is a common feature of TGC trials that the patients getting TGC have an
increased frequency of hypoglycaemia. Whether this increased frequency of hypoglycaemia causes
harm is still debated.31–35 Attitudes to hypoglycaemia occurring in RCTs reflects this uncertainty: the
VISEP36 and GLUCONTROL trials were stopped early due to the increased rate of hypoglycaemia in the
TGC group36 despite this rate being lower than that seen in the Leuven MICU trial4, which was not
stopped. When reporting hypoglycaemia, a variety of definitions have been used: <40 mg dl�1

(2.2 mmol l�1) is the most common, although others have reported a range up to <72 mg dl�1

(4.0 mmol l�1).28 Studies have generally reported the total number of hypoglycaemic episodes occur-
ring or the number (%) of patients having a hypoglycaemic episode, and these values are sometimes
presented per patient per day or for the whole study period.28

Due to the wide variety of measures that have been used and the potential for bias that exists for
each, it is difficult to compare the glucose control achieved or the adverse events occurring in different
studies (and in some cases it is difficult to compare between different groups in the same study).

As understanding of the biological basis for the adverse effects of hyperglycaemia improves, it is
likely to become clearer which summary measure best correlates with patient outcome and this will
become the standard measure used. It may be that none of the measures described above is ideal:
based on observations of the adverse biological effects of rapid changes in blood glucose concentra-
tions, it has been suggested that blood glucose variability may be better associated with adverse
outcome than the indicators above, and there are empirical data to support this.37 At least six different
measures of variability have already been published37–43� although there is currently no evidence
about which of these correlates best with outcome, whether medical interventions can reduce glucose
variability or whether improving variability results in improved outcomes.

Controlling blood glucose. Exogenous insulin is needed to control hyperglycaemia. Most ICUs give this as
a continuous intravenous infusion. In deciding the infusion rate of insulin, some ICUs use a nurse-led
strategy based on non-prescriptive guidelines. Others have developed more didactic protocols that can
be generally classified as sliding scales or dynamic protocols. Sliding scales (where a particular glucose
reading leads to the infusion of insulin at a prescribed rate) generally result in moderate-to-poor
glucose control.44 Dynamic protocols use the rate of change of glucose in addition to the most recently
measured value to decide on the insulin infusion rate, and generally give better results for glycaemic
control.44 More sophisticated computer-based algorithms have also been used.45 These protocols are
hard to compare because of differences between studies in evaluation strategies, measurement of
blood glucose and the summary measures used for glucose control45 (discussed above). Therefore, it is
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not possible to make definitive recommendations of whether the use of any particular type of insulin
protocol is likely to compromise the internal validity of a clinical trial.

This section has discussed potential threats to the internal validity of clinical trials of TGC in the
critically ill. Identifying the potential for these methodological weaknesses is relatively simple. Prob-
lems occur in trying to decide to what extent the potential weaknesses have actually occurred in any
specific trial. Unfortunately, published meta-analyses of TGC2,46,47 have made no attempt to judge the
specific threats to internal validity described here, instead, using a generic score (e.g., the Jadad scale48)
to judge the quality of RCTs.

Future research work is needed to define optimum methods of controlling, measuring and reporting
blood glucose. This research agenda will be helped greatly by the introduction of accurate and reliable
continuous (or near-continuous) blood glucose measurement devices, which will not only allow
detailed analyses of the relationship between blood glucose and outcome but also aid the introduction
of semi-closed or closed-loop glucose control systems. Currently, these monitors are still at the
research stage, although many different commercial systems may be available in the near future. They
are likely to revolutionise our understanding of glucose control in the critically ill and are also likely to
improve the internal validity of TGC trials.
External validity (Generalisability)

If a trial is considered to have adequate internal validity, the next important question is: Are the results
from the trial likely to be repeated if the intervention is used for other patients? If, on the other hand, the
internal validity is thought to be poor it is irrational to consider whether results should be generalised.

Judging generalisability should be a two-step process. The first step is to identify differences between
the original trial and a target population for whom the intervention is being considered. The second step
is considerably harder and requires consideration of whether the effect of the intervention is likely to be
modified because of any of these differences.49,50 Identified differences are frequently referred to in
reviews of TGC trials, but few reviews discuss making the judgement on whether individual differences
are likely to modify the effect of TGC. This is not altogether surprising as the judgement is complex and
has to be made based on biological plausibility, basic science, other published work and a detailed
understanding of the clinical situation. It is entirely possible that well-informed experts can hold
opposing views on whether identified differences are likely to limit the generalisability of a trial’s results.

Factors to be considered when identifying differences between the original trial population and
a target population include 50–52:

The setting
Differences may be present in health-care systems, ethnic, socioeconomic or other factors between

the trial setting and the setting in which the target population will be treated.
Practical considerations such as nursing staffing levels, clinician motivation and education and the

availability of appropriate glucometers/blood gas analysers can all affect the ability of an ICU to deliver
TGC safely and effectively in routine practice.53–56

The patients studied
Differences may occur between trial patients and the target population in primary diagnosis,

severity of illness or co-morbidities.
Eligibility and exclusion criteria limit the patients recruited into a trial. In addition to this, failure to

recruit eligible patients, either because they were not given the chance to participate or because they
declined to participate, can lead to patients in a trial being considerably different to the patients the
trial set out to recruit and also different to patients in a target population.57–59 Whilst this is unlikely to
affect internal validity, it can make judging generalisability more difficult and requires reviewers to
take careful note of the baseline characteristics of trial patients. Trials often do not report what
percentage of eligible patients were recruited, and those that do can have widely varying rates: in the
Leuven SICU trial1, randomisation was achieved for 99% of eligible patients, whereas only 15% of those
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assessed for eligibility in the NICE-SUGAR study were randomised.10 The reporting of both these trials
is exemplary as not only do they report the numbers of patients assessed but not randomised, but also
report the reasons for which randomisation did not occur, giving reviewers further information on
which to judge whether differences exist between the trial and target populations.

In the Leuven SICU trial, over 60% were cardiac surgery patients.1 This difference in diagnosis
between the Leuven SICU patients and the general ICU patients in other places has been identified
frequently in the literature, although few have presented an argument about how far this should limit
the generalisabity of the results to other ICU patients.

Treatments provided
To achieve results similar to those achieved in clinical trials when an intervention is used in routine

patient care requires best practice to be used in non-research settings. When using TGC, it must be
delivered to the target population in the same way as it was delivered to the trial population.

As discussed previously in this section and in the section on internal validity, issues associated with
the practical provision of TGC can limit the ability to deliver TGC safely and effectively. Difficulties with
controlling, measuring and reporting blood glucose can be challenging even in a trial setting. The
practicality of delivering TGC during routine care should not be underestimated, and failure to deliver
TGC during routine care will limit the generalisability of research results.

In any RCT, the treatment and intervention groups should both receive care (apart from the inter-
vention itself) that would be considered standard practice. One of the major criticisms of the Leuven
SICU study is that a feeding regimen was used that many did not consider to be the standard.60

Intravenous glucose was administered routinely in the first 24 h followed by the early use of total
parenteral nutrition. This was not used in the Leuven MICU trial or the NICE-SUGAR study.

The use of intravenous glucose does not threaten the internal validity of the Leuven SICU study as the
same co-interventionwas used in both the groups. However, there have been concerns that it may limit the
generalisability of the results. Although follow-up publications re-analysing data from the Leuven trials61

suggested that the benefit of intensive insulin therapy was independent of parenteral glucose load62,
doubts still remain about whether the benefits of TGC only exist when intravenous glucose is given.63
Efficacy and effectiveness trials

A distinction has been made in the clinical trials literature between RCTs that investigate ‘efficacy’ and
those that investigate ‘effectiveness’. Trials of efficacy often recruit highly selected participants and provide
a strictly controlled intervention, often in a well-resourced setting. They are designed to answer the
question of whether the intervention can work when delivered ideally. These trials tend to show the
maximum benefit possible from an intervention, but give less information about generalisability or what
benefits would be expected if the intervention was used widely in routine clinical practice. On the other
hand, effectiveness trials (also called pragmatic trials64) aim to recruit a much broader range of participants
with the intervention provided as it would be in normal practice.65,66 They are designed to answer ques-
tions of benefit, risk and cost if the intervention is used routinely. Because of the broader range of partic-
ipants and the possible suboptimal delivery of the intervention, the effect size seen in effectiveness trials is
unlikely to be as large as that seen in efficacy trials. Effectiveness trials may fail to find significant treatment
effects when, in fact, they exist for some subgroups in the trial because of this dilution effect. Thus,
effectiveness trials may be negative even if the intervention is effective for some subgroups of patients.

In the TGC literature, the Leuven trials1,4 can be considered to be efficacy trials as they were performed
in a single centre where glucose control was likely to be excellent and with tightly defined feeding and
other protocols. The NICE-SUGAR study10 is closer to an effectiveness trial as it recruited from many units,
so glucose control and adherence to other protocols may have been more variable. Understanding this may
reconcile the different results in the two trials. It is possible that both studies are internally valid, but that
there is something about the Leuven SICU setting, the patients or the treatment provided that made TGC
provide an overall benefit there when it was associated with harm in the wider setting of the NICE-SUGAR
study. Further analysis of both the NICE-SUGAR and the Leuven trial data may help to identify these factors,
and whether there were sub-groups of patients in the NICE-SUGAR study for whom TGC was effective.2
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Identifying potential threats to the internal validity and generalisability of trials of TGC in the critically
ill can be done using the criteria above. However, partly due to the lack of standardised methods of
controlling, monitoring and reporting blood glucose in critically ill patients, it remains a matter of
judgement to quantify the extent to which any of these potential threats introduced bias into an indi-
vidual study. This is illustrated by two recent reviews that each provided a detailed commentary on the
Leuven SICU study and the NICE-SUGAR study.67,68 Each review identifies potential threats to internal
validity and generalisability, but the threats identified and the importance attached to each is completely
different in each review. These debates about the significance of methodological and practical issues that
occur in TGC trials suggest that there is considerable scope for further research.

In summary, when weighing the evidence presented in a published trial of TGC, initial consideration
should be given to factors affecting the internal validity of the trial. As in all RCTs, it is important to
consider whether biases may have been introduced, particularly in the allocation of patients to
treatment or control groups, by patients being lost to follow-up or by protocol violations. Important
factors specific to trials of TGC that must be addressed are the methods of controlling blood glucose, of
measuring blood glucose (both the site of glucose sampling and the equipment used being important)
and the method used for reporting blood glucose control.

If the internal validity is considered adequate, the external validity (generalisability) can then be
considered. Factors that may affect the external validity are differences between the trial population and
the target population in setting, the patients for whom it will be used and the practical details of how TGC
and other co-interventions will be provided. If differences exist in any of these factors between the trial
and target populations, consideration should then be given as to whether these differences may alter the
effect of TGC. It is particularly important that practicing clinicians engage in the debate on external
validity because so many important considerations rely on expert knowledge of the clinical situation.
Practice points

� When weighing the evidence that a research report provides for or against tight glucose
control the internal validity and generalisability of the report should be considered
separately.
� Internal validity depends on factors common to all RCTs (ensuring random treatment allo-

cation and minimising losses to follow-up and protocol violations) and also factors specific to
trials of glucose control (particularly the methods of glucose control, measurement and
reporting).
� Generalisability depends on judging differences between the trial population and the target

population (in setting, patient factors or the practical delivery of TGC or other interventions)
and then considering if these differences will modify the effect of TGC.

Research agenda

� Research is urgently needed to define optimum methods of controlling, measuring and
reporting blood glucose in critically ill patients.
� An accurate, reliable continuous (or near-continuous) blood glucose measurement device

will not only improve our understanding of the relationship between blood glucose and
outcome but will also lead to systems that allow better glucose control for individual patients.
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