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Reducing Glycemic Variability in Intensive Care Unit Patients:
A New Therapeutic Target?
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Abstract

levels with their attendant risk of hypoglycemia.
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Acute hyperglycemia is common in critically ill patients. Strict control of blood glucose (BG) concentration has
been considered important because hyperglycemia is associated independently with increased intensive care unit
mortality. After intensive insulin therapy was reported to reduce mortality in selected surgical critically ill
patients, lowering of BG levels was recommended as a means of improving patient outcomes. However, a
large multicenter multination study has found that intensive insulin therapy increased mortality significantly.
A difference in variability of BG control may be one possible explanation why the effect of intensive insulin
therapy varied from beneficial to harmful. Several studies have confirmed significant associations between
variability of BG levels and patient outcomes. Decreasing the variability of the BG concentration may be
an important dimension of glucose management. If reducing swings in the BG concentration is a major biologic
mechanism behind the putative benefits of glucose control, it may not be necessary to pursue lower glucose

Stress-Induced Acute Hyperglycemia and
Normoglycemia in Intensive Care

Acute hyperglycemia is common in critically ill
patients.* Approximately 90% of all patients develop
blood glucose (BG) concentrations higher than 110 mg/dl
during critical illness.” In critically ill patients, there is a
hypermetabolic state® with the predominant cause being
the intense activation of counterregulatory hormone

and cytokine responses* This response to illness results
in both hyperglycemia and central (increase in hepatic
glucose production)’ and peripheral insulin resistance®
often compounded by an excessive administration of
dextrose-containing infusions,* use of corticosteroids,
and sympathomimetic drugs.’
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Strict control of BG concentration has been considered
important because hyperglycemia is associated
independently with increased intensive care unit (ICU)
mortality®*'® and because this finding has been
interpreted to represent evidence of causation. Based on
the aforementioned biologic rationale, two single center
trials of intensive insulin therapy (IIT) (target glucose
concentration of 4.4-6.1 mmol/liter) were performed.
In the 2001 Leuven I trial, IIT was reported to reduce
mortality in selected surgical patients compared with
conventional glycemic control (p < 0.04) (mean BG level:
8.5 mmol/liter).> In 2006, the Leuven II trial of medical
critically ill patients failed to reduce mortality on an
intention-to-treat analysis (p = 0.31) (Table 1).” Using the
pooled data set of these two randomized controlled
trials, IIT was associated with a reduction in mortality
from 23.6 to 204% (p = 0.04). Subsequent investigations
suggested that metabolic control, as reflected by normo-
glycemia, rather than any other effect of insulin, was
responsible for this effect.”® Lowering BG levels has
been recommended in international consensus guidelines
as a means of improving patient outcomes."*?

Controversy Surrounding Intensive Insulin
Therapy

Despite initial encouraging results, several concerns and
doubts have been raised by the international medical
community as to the appropriateness of embracing tight
glycemic control protocols as a standard of care worldwide.
Three large multicenter randomized control studies
[Efficacy of Volume Substitution and Insulin Therapy
in Severe Sepsis (VISEP) trial,® Glucontrol trial,?

and, more recently, the Normoglycemia in Intensive
Care Evaluation-Survival Using Glucose Algorithm
Regulation (NICE-SUGAR) trial®] have been conducted
to confirm the benefit of IIT in critically ill patients.

The VISEP study was the first large prospective
multicenter randomized trial to specifically investigate
the role of IIT in patients with severe sepsis® (Table 1).
In this trial, IIT was associated with a significantly
increased incidence of hypoglycemia, defined as less than
40 mg/dl (2.2 mmol/liter), compared to conventional
treatment. This study found no significant difference in
28 days of mortality (24.7% vs 26.0%, IIT vs conventional,
p = 074) and 90 days of mortality (39.7% vs 35.4%,
IIT vs conventional, p = 0.31). Because the observed
rate of hypoglycemia was considered unacceptably
high, the data safety monitoring committee strongly
recommended stopping the insulin arm of the trial.
The Glucontrol trial, although presented in abstract form,
has not yet been published.

The NICE-SUGAR trial is a large multicenter, multi-
national trial involving 6022 critically ill patients in 42
hospitals. This study found that IIT increased 90-day
mortality significantly (IIT vs conventional control: 27.5%
vs 24.9%, p = 0.02) (Table 1).

Two published meta-analyses have shown that, in critically
ill adult patients, IIT is not associated with significantly
reduced hospital mortality, but is clearly associated with
an increased risk of hypoglycemia.?*?®

How and Why Different Results?

The mechanisms responsible for the different effect
of IIT on mortality in the two studies®®* can only be
a matter of speculation. Some suggest that the different
types and amounts of nutritional support (aggressive
use of parenteral nutrition in Leuven studies)® the
different case mix (postcardiac surgery patients in the
Leuven study),” or the different follow-up periods
(28 days in the Leuven studies and 90 days in the NICE-

Table 1.
Mean and Standard Deviation of Glycemia, Protocol Use and Mortality in Trials of Intensive Insulin Therapy.
Glycemic control Insulin protocol application Mortality

Conventional T Conventional T Conventional T p-value
Leuven | 307/783 755/765 63/783 35/765
trials 8.5+18 5.7 =11 (39.2%) (98.7%) (8.0%) (4.6%) <0.04
Leuven Il 426/605 580/595 162/605 144/595
trial” 8517 62 +16 (70%) (98%) (26.8%) (24.2%) 0.31
VISEP 215/290 243/247 75/289 61/247
trial?" 8.4+18 62 =10 (74.1%) (98.4%) (26.0%) (24.7%) 0.74
NICE-SUGAR 2080/3014 2931/3014 751/3012 829/3010
trial?® 8013 6.4 =17 (69.0%) (97.2%) (24.9) (27.5) 0.02
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SUGAR trial) were responsible for the difference in
outcome. However, another hidden and large difference
between the two studies was the rate of insulin protocol
application seen in conventional groups of the two trials
392% vs 69.0%, Leuven I trial vs NICE-SUGAR trial,
p < 0.0001) (Table 1), a difference, which, as we will argue,
is crucial.

Variability of Glycemia in Critically Ill Patients

Blood glucose levels in critically ill patients swing
markedly, even when using continuous feeding and
insulin infusions.”® Remarkably, in the presence of the
same mean value, glycemic control can be quite different
based on the observed variability in BG (Figure 1).

In four recently published IIT trials, an insulin protocol
was applied to almost all patients in the IIT groups
(about 98%, Table 1). If applied appropriately, such protocols
should decrease both the mean BG concentration and
its variability. Contrary to this, in the Leuven I trial®
there was no specific insulin protocol for patients in the
control groups of such trials until glycemia exceeded
111 or 119 mmol/liter. In this setting, 61% of patients in
the conventional treatment arm did not appear to receive
any glycemic control by protocol. Such a lack of protocol-based
care may be logically expected to increase glycemic
variability (Figure 1, left).”® The rest of the conventional
group patients who received an insulin protocol targeting
glycemia between 10 and 11.1 mmol/liter might have
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Figure 1. Graphic representation of glycemic control with a high mean
glucose level and high variability (left) and with a high mean glucose
level and low variability (right).

had a higher mean BG concentration but less glycemic
variability (Figure 1, right). Importantly, in the Leuven II
trial, VISEP trial, and NICE-SUGAR trial (all negative
trials), an insulin protocol was applied to 70, 74%, and
69% of conventional arm patients, respectively. Therefore,
it is possible that more Leuven I trial patients in the
conventional treatment group had a greater degree of
variability compared to the three later studies. This may
explain why the dramatic results of the Leuven I study
were not subsequently reproduced in other trials. In
other words, the key is a protocol-dependent delivery of
glycemic control with attendant decreases in variability.
Larger glycemic variability may be pathophysiologically
important, especially from a neurological perspective,
and possibly as important as sustained hyperglycemia.
However, until recently, there was little information
regarding the meaning of this glycemic variability in
critically ill patients.

Association of Glycemic Variability with
Outcome

In 2006, we published the first study to assess the impact
of variability of glycemia in critically ill patients. In this
four center retrospective study of 7049 critically ill patients,
we calculated the standard deviation (SD) of glycemia
during ICU stay as a marker of variability. The mean
glycemic variability in nonsurvivors was significantly
higher compared with nonsurvivors (2.3mmol/liter vs
1.7 mmol/liter; p < 0.001). Greater glycemic variability
was associated with significantly higher mortality
(Figure 2). Using multivariable logistic regression analysis,
glycemic variability was significantly associated with
intensive care unit mortality [p < 0.001; odds ratios = 1.27
(per 1 mmol/liter)] and hospital mortality [p = 0.013;
odds ratios = 118 (per 1 mmol/liter)]. This independent
association was greater when the ICU stay increased
(Figure 3).

Following our study, five other groups also assessed
the possible effect of variability of glycemia. In a single
center retrospective study of septic patients hospitalized
for more than one day, Ali Na and colleagues® found that
patients with an increased glycemic lability index had an
increased risk of hospital mortality (odds ratio = 4.73).

In a single center retrospective study, Hirshberg and
colleagues® also reported a significant association
between variability of glycemia and increased mortality,
nosocomial infection, and hospital length of stay. They
defined variability of glycemia as occurring in patients who
experienced both hyperglycemia (BG >84 mmol/liter)
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and hypoglycemia (BG <3.4 mmol/liter) during their ICU
stay.

In a single center study, Dossett and associates® showed
that greater glycemic variability was significantly
associated with increased mortality, whereas mean BG
concentration was not. In this study, the SD, percentile
values, successive changes in BG, and triangular index
(calculated by dividing the maximum sample density
distribution of each histogram by the total number of each
measurement) for various glucose-related indices were
used as markers of glycemic variability.

Waeschle and colleagues® also showed a significant
relationship between the SD of BG levels as a surrogate
of glycemic variability and mortality in septic patients
in a single center prospective study. In this study, a
standard deviation of BG levels above 20 mg/dl was
associated with a 9.6-fold increase in mortality compared
with a deviation less than 20 mg/dl.

In a single center retrospective observational study,
Krinsley® found that mortality among patients with the
lowest quartile of standard deviation of glucose levels,
a surrogate of glycemic variability, was 12.1%, increasing
to 199, 277 and 37.8% in the second, third, and fourth
quartiles.

Thus, all of the aforementioned studies have so far
confirmed that variability is associated with increased
mortality and no studies have refuted this association.

Why Is Glycemic Variability Associated with Worse
Outcomes?

There are at least four possible explanations for the
association between glycemic variability and outcome
that we and others have observed. First, less glycemic
variability may reflect more attention to detail in medical
and nursing care, which may be the real determinant of
better outcomes. Second, less glycemic variability may
be associated with less severe illness. Third, glycemic
variability may have a true deleterious biological effect
in critically ill patients. Fourth, any combination of the
aforementioned factors may apply.

Studies support the hypothesis that swings in glucose
levels may have biological toxicity. Quagliaro and
associates® have shown that, in umbilical vein cells, protein
kinase CB, a surrogate of oxidative stress, was higher
in the presence of fluctuations from hyperglycemia
to normoglycemia when compared with sustained
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Figure 2. Relationship between mortality and variability of BG control
in critically ill patients. The SD of BG control during the ICU stay
was used as a marker of variability of BG control. Glusp; SD of BG
concentration.
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Figure 3. Time course of the predictive ability of average and SD of
BG. Odds ratios (expressed with 95% confidential interval) for glucose
indices indicate the risk change of ICU mortality per 1-mmol change
in each index. For example, average of BG on 7 days from admission
means average of entire glucose measurements during 7 days from
admission. As time in the ICU increased, so did the ability of glucose
control indices to predict the outcome.
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hyperglycemia. Monnier and colleagues® have shown
that glycemic variability may trigger adverse biologic
events and oxidative stress in patients with type 2
diabetes. Such increased oxidative stress can result
in endothelial dysfunction and contribute to vascular
damages by triggering at least four major pathways:
(1) enhanced polyol activity, causing sorbitol and fructose
accumulation; (2) increased formation of advanced
glycation end products; (3) activation of protein kinase C
and nuclear factor kB; and (4) increased hexosamine
pathway flux.**¥ Furthermore, it has been shown that
large glycemic variability enhances monocyte adhesion
to endothelial cells in rats.®* Risso and associates®
have shown that changing from hyperglycemia to
normoglycemia rapidly causes increased apoptosis
of human umbilical vein cells when compared with
sustained hyperglycemia. Thus much evidence exists
that glycemic variability may be more important than
hyperglycemia at a biological and, perhaps, clinical level.

How to Reduce Glycemic Variability

With regard to the aforementioned concern, new technologies
are emerging that will allow continuous monitoring of
glycemia and, thereby, superior control of BG variability.
Figure 4 shows closed-loop glycemic control using
STG-22" (Nikkiso, Tokyo, Japan).* The patient (body
weight: 70 kg, male) had a postmitral valve replacement.
He developed postoperative acute hyperglycemia
(124 mmol/liter) upon admission to the ICU. Blood glucose
monitoring was performed continuously using the STG-22
every 12 seconds by a dual lumen catheter blood sampling
technique. The target BG level was 8 mmol/liter.*? His BG
level was controlled by adjusting insulin (maximum
dose: 20 TU/hour) and glucose (maximum dose; 8 g/hour)
infusions. Once target BG levels (8 mmol/liter) were
achieved, the SD of BG (surrogate of glycemic variability)
was reduced to concentrations as low as 0.06 mmol/liter.
With the availability of such technologies, studies should
be able to better assess the impact of reductions in
glycemic variability on outcomes in critically ill patients.

Conclusions

A difference in the variability of BG control (much higher
in the control arm of the Leuven study, but equivalent in
both arms of the NICE-SUGAR trial) may be one of the
possible explanations why the effect of intensive insulin
therapy varied from beneficial to harmful. Decreasing the
variability of the BG concentration may be an important
dimension of glucose management. If reducing swings
in the BG concentration is a major biologic mechanism
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Blood glucose concentration
o
Insulin and glucose infusion
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infusion (mg/kg/min) L 2
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Figure 4. Example of closed-loop glycemic control using the
STG-22™ system (Nikkiso, Tokyo, Japan) in a postcardiac surgery
patient (body weight: 70 kg, male). The patient developed
postoperative acute hyperglycemia (12.4 mmol/liter) on admission to
the ICU. Blood glucose monitoring using the STG-22 was performed
continuously every 12 seconds by a dual lumen catheter blood
sampling technique. The target BG level was 8 mmol/liter. The BG
level of the patient was controlled by adjusted insulin infusion
(gray bar) and glucose infusion (black bar). Once he achieved the
target glucose level (8 mmol/liter), his SD of glycemia as a surrogate
of glycemic variability was very small at 0.06 mmol/liter.

behind the putative benefits of glucose control, then
it may not be necessary to pursue lower glucose
levels with the attendant risks of hypoglycemia (safer
glycemic control). The availability of continuous glucose
monitoring technology, with semiclosed or closed-loop
insulin delivery, should decrease BG variability markedly.
Future studies may elucidate whether targeting glycemic
variability is more important than targeting traditional
measures of glycemia, such as the mean or median daily
blood glucose.
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