Diabetes and hyperglycemia: Strict glycemic control
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Objective: To critically review recent evidence on pathophysi-
ology, diagnosis, and control of acute and chronic hyperglycemia
in medical and surgical intensive care unit (ICU) patients.

Data Source and Study Selection: A MEDLINE/PubMed search
(1966 through February 2006) with manual cross-referencing was
conducted, including all relevant articles published on blood
glucose control in intensive care patients. An emphasis was
placed on more recent clinical trials investigating the effects of
tight glycemic control in ICU patients and on basic science studies
investigating the pathophysiology and systemic effects of tran-
sient hyperglycemia in nondiabetic patients.

Data Extraction and Synthesis: Original articles, selected re-
views, letters to the editor, and chapters of selected textbooks
were extracted. The reviewed information was then analyzed with
respect to the prevalence of hyperglycemia in ICU patients, the

pathophysiology of hyperglycemia in nondiabetics, and evidence
on glycemic control in various subgroups of ICU patients. The risk
of iatrogenic hypoglycemia in the ICU and potential future re-
search directions are discussed at the end of the review.

Conclusions: Recent evidence shows direct improvements in
patient mortality and in-hospital morbidity with strict control of
even short-term elevations of glucose levels in certain subgroups
of ICU patients. However, precisely defined target glucose levels,
subgroup analyses of different patient populations and treatment
interventions, and the avoidance of hypoglycemic episodes during
insulin therapy remain incompletely resolved and warrant future
investigation. (Crit Care Med 2006; 34[Suppl.]:S291-S300)

Kev Worbs: hyperglycemia; hypoglycemia; blood glucose; dia-
betes; critical iliness; stress; sepsis syndrome

hysician awareness of the need
to control even short-term el-
evations of blood glucose levels
in both medical and surgical
intensive care units (ICUs) has increased
noticeably in recent years. The rising
worldwide prevalence of type 2 diabetes
and a series of well-conducted clinical
trials on the benefits of tight glucose con-
trol in hyperglycemic patients have made
the control of inpatient blood glucose lev-
els a performance measure for clinicians.
At the same time, basic research has in-
creased our insight into the potential
mechanisms by which glucose and insu-
lin modulate the host response to critical
illness, inflammation, and infection.
This article is meant to give a current
review of the literature on tight glycemic
control in ICU patients, while providing
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an additional focus on the pathophysiol-
ogy of hyperglycemia in previously non-
diabetic, critically ill patients. It is impor-
tant to note, however, that many of the
studies cited in this review were not con-
ducted in critically ill patients and may
therefore not directly apply to this group
of patients. In addition, pathogenic mech-
anisms studied in diabetic patients may not
pertain to the larger group of nondiabetic
patients with hyperglycemia due to critical
illness.

Methods

We have conducted a MEDLINE/
PubMed literature search including all rel-
evant articles published on the pathophys-
iology of acute hyperglycemia and
glycemic control in the intensive care
setting until February 2006. A broad
range of search terms was used, includ-
ing “hyperglycemia,” “glucose,” or “insu-
lin” in combination with specific search
terms for the individual sections of this
review. No limitations as to publication
types, languages, or subsets were applied.
Manual cross-referencing followed the
electronic search to identify further arti-
cles of interest. Review articles were in-
cluded, but whenever possible, original
sources are cited in our text. Units of mea-
surement are stated as used by the original
authors. No meta-analysis or subset analy-

sis was undertaken, and data are presented
only as originally published.

Hyperglycemia: The Extent of
the Problem

Worldwide Prevalence and Effect of
Diabetes Mellitus. Diabetes mellitus has
reached epidemic proportions and affects
>170 million individuals worldwide, 90%
of whom have type 2 diabetes (1). In
2002, diabetes mellitus affected 6.3% of
the American population (18.2 million), a
percentage that has increased more than
four-fold in the past 50 yrs (2, 3). Taking
undiagnosed diabetes into account, the
true prevalence was estimated to be
closer to 10% for the entire U.S. popula-
tion (4, 5). In the 2002 survey, 45% of
diabetics were >65 yrs of age, and the
rate of diabetes was two to four times
higher in minority races and ethnic
groups such as Hispanic, African-Ameri-
can, or native Americans (2, 3). The inci-
dence of type 1 diabetes is increasing to a
much lesser extent and varies among dif-
ferent ethnic populations, from 0.1/100,000
per year in certain regions in China to
>40/100,000 per year in Finland (6).

Age-adjusted mortality among adults
with diabetes is reported to be twice that
of people who do not have diabetes (7, 8),
and life expectancy is reduced by approx-
imately 13 yrs in the average diabetic
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person (9), making diabetes the sixth most
common cause of death in the United
States (10). In addition to the loss of life,
total national healthcare expenditures for
the treatment of diabetes-related health-
care problems were recently stated to be as
high as $132 billion per year (3). In this
estimate, direct medical costs accounted
for $92 billion and indirect costs (disability,
work loss, premature mortality) made up
the remaining $40 billion per year. To
make matters look worse, projections of
diabetes into the 21st century predict an
increase in diagnosed cases of diabetes to
nearly 10% of all Americans in 2050, both
due to an increase in the population ex-
ceeding 65 yrs of age and rising incidence
rates of diabetes among younger age
groups (11).

Prevalence of Transient Hyperglyce-
mia in Previously Nondiabetic ICU Pa-
tients. There are discrepancies in the def-
inition of stress hyperglycemia in critical
illness, mainly with respect to the cut-off
value by which one defines hyperglyce-
mia, in-homogeneity of study popula-
tions, and varied timing of blood sam-
pling; therefore, the prevalence of stress-
induced hyperglycemia is difficult to
assess. With more studies demonstrating
benefits of tight glucose control in peri-
operative and critically ill patients emerg-
ing every year, the previously accepted
threshold of 200 mg/dL plasma glucose
(12) has been lowered by most investiga-
tors to 110-150 mg/dL (13-17).

In a large series of mixed surgical ICU
patients, Van den Berghe et al. (17) re-
ported 75% of all patients, including dia-
betics, had blood glucose levels exceeding
110 mg/dL at admission, and 12% of all
patients were actually >200 mg/dL.
Latham et al. (18) found that 21% of car-
diothoracic surgery patients developed
postoperative blood glucose levels of >200
mg/dL and reported a direct correlation
between the degree of hyperglycemia and
the rate of infections. Wide variations are
observed in nondiabetic patients with
acute myocardial infarction, with stress
hyperglycemia reported in 3% to 71% of
patients (19).

In 2,471 Canadian, non-ICU patients ad-
mitted with community-acquired pneumo-
nia, only 5% of patients without a previous
diagnosis of diabetes showed blood glucose
levels of >11 mmol/L (200 mg/dL) (20),
which may emphasize the pathogenic im-
portance of critical illness in the develop-
ment of stress hyperglycemia. In pediatric
emergency room patients, hyperglycemic
admission values were lower but still oc-
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curred in 3.8-5.0% of patients (21, 22),
whereas mean plasma glucose levels in
pediatric ICU patients were reported to be
as high as 230 mg/dL in a study of 50
critically ill children (23).

Pathophysiology of
Hyperglycemia in Diabetes
Mellitus

Classic type 1 diabetes is thought to
result from an autoimmunologic destruc-
tion of the insulin-producing islet beta
cells. Accordingly, these patients have ab-
solute insulin deficiency and invariably
require insulin treatment. The onset of
type 1 diabetes is not limited to young
age. Specifically, 5-30% of adult patients
initially diagnosed with type 2 diabetes
actually have type 1 diabetes, as suggested
by the finding of circulating glutamic acid
decarboxylase antibodies directed toward
the patients’ islets of Langerhans (24). Fur-
thermore, patients with type 1 diabetes can
also express autoantibodies to islet cell cy-
toplasm or autoantibodies to insulin (25).
Concomitant autoimmune endocrinopa-
thies such as thyroid dysfunction or espe-
cially adrenal insufficiency (Addison’s cri-
sis) have to be considered in type 1
diabetics, particularly in the unstable ICU
patients with unexplained altered mental
status, hypotension, or weakness (26).

Type 2 diabetes has a completely dif-
ferent, multifactorial pathophysiology. It
is typically accompanied by the metabolic
syndrome. This includes not only glucose
intolerance but also insulin resistance,
central obesity, dyslipidemia, and hyper-
tension, all well-documented risk factors
for cardiovascular disease (27). However,
not only lifestyle factors but also genetic
elements are involved in the pathogenesis
of type 2 diabetes, which is evident con-
sidering the 2.4-fold increased risk in in-
dividuals with a positive family history
(28). Given the high prevalence of envi-
ronmental and genetic risk factors, it is
not surprising that type 2 diabetes is now
being increasingly diagnosed in obese
young and adolescent people, particularly
in western nations (1, 29).

In contrast to type 1 diabetes, the
main problem in patients with type 2
diabetes is not absolute insulin deficiency
but, rather, insulin resistance with ensu-
ing relative insufficiency of insulin pro-
duction. Insulin resistance is said to be
present when the biological effects of in-
sulin are less than expected for both glu-
cose disposal in skeletal muscle and
suppression of endogenous glucose pro-

duction in the liver (30). Type 2 diabetes
can be treated with a calorie-restricted
diet, oral hypoglycemic agents, or insu-
lin. It is usually a progressive disease, and
even if it can be controlled by oral hypo-
glycemic agents initially, may ultimately
require insulin treatment (26).

Pathophysiology of
Hyperglycemia in Critical lliness

Cellular Glucose Transport. Despite
large timely fluctuations in supply and
demand, plasma glucose levels are nor-
mally controlled within a narrow range
between 80 and 125 mg/dL in a fasting
state. Interestingly, 80% of systemic glu-
cose utilization occurs by non-insulin-
mediated glucose uptake under basal
conditions, mainly by the central nervous
system (31, 32). Muscle glucose uptake
accounts for only about 20% in a resting
state, half of which occurs as insulin me-
diated. Another 30-40% of total glucose
uptake is stored in the liver in the form of
glycogen.

Glucose transport into cells occurs as
facilitated diffusion using one of five dif-
ferent glucose transporter (GLUT) chan-
nel proteins. GLUT 1-mediated insulin-
independent transport occurs in most
tissues and accounts for basal glucose
uptake, whereas the membrane presence
of GLUT 4 is specifically and reversibly
up-regulated by insulin. On a cellular
level, insulin binds to the insulin recep-
tor, causing autophosphorylation and ty-
rosine-kinase—-mediated phosphorylation
of insulin receptor substrate second mes-
senger molecules 1 and 2. Insulin recep-
tor substrate 1 then activates the phos-
phatidylinositol 3-kinase system, which is
a required step for the translocation of
preformed and intracellularly stored GLUT
4 transporter molecules to the cell mem-
brane. During moderate hyperglycemia,
cells usually respond with an internaliza-
tion of GLUT transport molecules to pro-
tect themselves from glucose overloading
(33). Interestingly, although, total body
glucose uptake is typically increased in crit-
ical illness, which has mainly been attrib-
uted to non-insulin-mediated glucose up-
take in tissues such as the central nervous
system or blood cells (12, 34). Several fac-
tors typically observed in critical illness,
including proinflammatory cytokines, en-
dothelin-1, transforming growth factor-3,
or tissue hypoxia, were shown to up-
regulate GLUT 1 and GLUT 3 isoforms in
various tissues, thereby leading to concen-
tration-dependent cellular glucose uptake
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and compromising the protective response
against hyperglycemia (35-38).

Metabolic Stress Response. In general,
the degree of the systemic response to
stress correlates with the intensity of the
challenge. Critically ill patients commonly
enter a hypermetabolic state, with distinct
alterations of their carbohydrate metabo-
lism as part of the physiologic stress re-
sponse. The classic endocrine reaction to
a stressful challenge consists of the acti-
vation of the sympathoadrenal and the
hypothalamopituitary-adrenal axis, lead-
ing to increased plasma levels of cat-
echolamines and glucocorticoids, both of
which help induce hyperglycemia in crit-
ical illness (12). Other hormones, such as
corticotrophin, growth hormone, and
glucagons, are also found to be elevated
in response to physiologic stress (39).
These counter-regulatory hormones in-
hibit hepatic glycogenesis and peripheral
glycolysis while promoting gluconeogen-
esis, hepatic and muscle glycogenolysis,
and peripheral lipolysis (12). Glucagon,
which mainly promotes hepatic glycogen-
olysis and gluconeogenesis, was shown to
be a major factor for the development of
hyperglycemia in burn patients (40). Pe-
ripheral glycolysis and the breakdown of
glycogen, lipids, and later, muscle protein
provides the substrates for hepatic glucone-
ogenesis in the form of pyruvate, glycerol,
and alanine (34). Figure 1 provides a sim-
plified overview of the glucose metabolism
during stress.

Peripheral and Hepatic Insulin Resis-
tance. Proinflammatory cytokines such as
tumor necrosis factor-a and interleukin-6
were both shown to have the potential to
induce a state of peripheral and hepatic
insulin resistance (41-43). Tumor necrosis
factor-a has been well studied in this re-
gard and supposedly promotes insulin re-
sistance through compromised tyrosine
phosphorylation of insulin receptor sub-
strate 1/2, this in turn leading to an im-
paired activation of the phosphatidylinosi-
tol 3-kinase second messenger pathway
(42—-46) necessary for the membrane ex-
pression of GLUT 4 transporters. Counter-
regulatory hormones such as epinephrine,
cortisol, or growth hormone have also been
associated with peripheral insulin resis-
tance, although the precise mechanisms
for this effect are less well understood
(47-50).

Other Factors Promoting Stress Hy-
perglycemia. Increased gluconeogenesis
fueled by proteolytic, lipolytic, and glu-
colytic metabolites combined with hepatic
insulin resistance are considered the main
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Figure 1. In critical illness, transient hyperglycemia results from a combination of peripheral and
hepatic insulin resistance, increased glycogenolysis, and gluconeogenesis fueled by the enhanced
peripheral breakdown of substrates. Increased levels of counter-regulatory hormones such as cortisol
and exogenous sources of glucose further promote already increased blood glucose levels (see text for
details). TNF-a, tumor necrosis factor-c; IL-6, interleukin-6.

causes of stress-induced hyperglycemia,
but more obvious factors such as exoge-
nous dextrose, enteral or total parenteral
nutrition, and simple bed rest can further
aggravate this picture. Dextrose adminis-
tered at a rate of >4 mgkg min"! in
patients with total parenteral nutrition was
shown to increase the rate of hyperglyce-
mia in nondiabetic patients by 50% (51).
Age has also been associated with higher
glucose levels in trauma patients (52). Bed
rest alone, even in the absence of obvious
disease, leads to impaired skeletal muscle
glucose uptake combined with increased
fasting plasma insulin concentrations,
both hallmarks of peripheral insulin re-
sistance (53).

Mechanism of Intensive Insulin
Therapy and Improved Outcome
in Critical Care

Maintenance of normoglycemia by use
of insulin has been shown to significantly
reduce morbidity and mortality of criti-
cally ill patients. The exact mechanisms
by which these beneficial effects occur
due to intensive insulin therapy have
been investigated, and a number of po-
tential hypotheses have been delineated.

Strict glycemic control with intensive
insulin therapy prevented or reversed ul-
trastructural and functional abnormali-
ties of hepatocyte mitochondria in the

liver samples obtained after death in pa-
tients who were randomly assigned inten-
sive (normoglycemia) or conventional
(hyperglycemia) insulin therapy and who
were similar in terms of admission diag-
nosis and cause of death (54).

Asymmetric dimethylarginine, an L-
arginine analog that inhibits nitric oxide
formation and thereby can impair vascu-
lar function (55), has been shown to be a
strong and independent predictor of mor-
tality in critically ill patients with clinical
evidence of organ dysfunction. Interest-
ingly, in a study comparing asymmetric
dimethylarginine concentrations in pa-
tients randomized to receive either con-
ventional or intensive insulin therapy,
the mean daily insulin dose was inversely
associated with the asymmetric dimethy-
larginine concentration in the intensive
insulin group. The authors concluded
that modulation of asymmetric dimethy-
larginine concentrations by insulin at
least partly explains the beneficial effects
found in critically ill patients receiving
insulin therapy (56).

Intensive insulin therapy may also
protect the endothelium of critically ill
patients. In a preplanned subanalysis of
the large randomized controlled study
comparing intensive vs. conventional in-
sulin therapy, intensive insulin therapy
lowered circulating levels of intercellular
adhesion molecule-1 and tended to re-
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duce E-selectin levels in patients with
prolonged critical illness, which reflected
reduced endothelial activation. This ef-
fect was not brought about by altered
levels of endothelial stimuli, such as cy-
tokines or vascular endothelial growth
factor, or by up-regulation of endothelial
nitric oxide synthase. In contrast, preven-
tion of hyperglycemia by intensive insu-
lin therapy suppressed inducible nitric
oxide synthase gene expression in post-
mortem liver and skeletal muscle, possi-
bly in part via reduced nuclear factor
kappa B activation, and lowered the ele-
vated circulating nitric oxide levels in
both survivors and nonsurvivors. Mainte-
nance of normoglycemia with intensive
insulin therapy during critical illness
therefore seems to protect the endothe-
lium, likely via inhibition of excessive
inducible nitric oxide synthase—induced
nitric oxide release, and thereby contrib-
utes to prevention of organ failure and
death (Fig. 2) (57).

Glycemic Control in Critically Il
Diabetic Patients

Diabetic patients must be hospitalized
more frequently, are more prone to de-
velop complications, and have longer
hospital stays and higher hospital costs
than nondiabetic patients. They also have
higher morbidity and mortality rates when
acutely ill (58). The preoperative evaluation
of all patients with diabetes should include
careful screening for asymptomatic cardiac
or renal disease and other secondary com-
plications (e.g., retinopathy, neuropathy).

Hospitalization of the diabetic patient
interrupts the usually tolerable outpa-
tient balance of medications, diet, and
exercise and may lead to either hypergly-
cemia or hypoglycemia. The periopera-
tive control of blood glucose in known
diabetic patients can be achieved by a
number of different ways. However, in
recent years, most authors would recom-
mend the use of perioperative insulin in-
fusions or glucose-insulin-potassium so-
lutions, which offer better and more
rapid glycemic control without the inad-
vertent risk of hypoglycemia by long-
acting subcutaneous insulin. Typical rec-
ommendations for perioperative glucose
control in diabetics can be found in Table 1,
but the specific literature provides more
detailed information on perioperative gly-
cemic control.

Diabetics are occasionally admitted to
the ICU for management of an acute diabe-
tes-related process such as life-threatening
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F1gure 2. Simplified concept and rationale of the study by Langouche et al (57). Low concentrations
of nitric oxide (NO), normally generated by endothelial NO synthase (eNOS), are likely to be beneficial
for the endothelium and organ function, whereas high concentrations of NO, generated via inducible
NO synthase (ZNOS) induction, may contribute to endothelium dysfunction, excessive vasodilation,
extravasation, and tissue injury. Insulin-titrated prevention of hyperglycemia during critical illness
may theoretically protect the endothelium via its effects on eNOS and iNOS expression and activity.
VEGF, vascular endothelial growth factor; LPS, lipopolysaccharide; EC, endothelial cell; MAPK,
mitogen-activated protein kinase; ROS, reactive oxygen species; NF-«B, nuclear factor kappa B.
Reproduced with permission from Langouche et al (57).

Table 1. Perioperative insulin therapy in diabetic patients

Hold all insulins on the morning of surgery. Obtain a blood glucose and
start an insulin infusion at 1-2 units/hr, along with 5% dextrose in
H,0 or 5% dextrose in 0.45% normal saline at 75-100 cc/hr
(approximately 5 g of glucose/hr). Administration of glucose during
surgery helps to prevent ketosis, hypoglycemia, and catabolism.

The dextrose solution is not intended for volume replacement. Any
additional fluid necessary for volume resuscitation should not contain
dextrose.

Blood glucose should be checked every 1-2 hrs and the insulin infusion
adjusted to achieve a blood glucose between 100 and 150 mg/dL.

Give half to two thirds of intermediate- to long-acting insulin on the

Insulin infusion

Intermediate-acting

insulin use morning of surgery.
Dose with regular insulin intravenously, from 1 to 4 units/hr, with a
goal blood glucose of 100-150 mg/dL.
Potassium Glucose-insulin-potassium (GIK) regimen: patients with normal renal
supplementation function and normal potassium levels may receive dextrose-

containing fluids with additional potassium (10-20 mEg/L) in
addition to the insulin infusion.

Options are to turn the pump off and use a continuous insulin infusion
or continue the pump at a basal rate supplemented with dextrose and
potassium, as needed, with rate adjustment based on serial blood
glucose measurements.

Insulin pump

Reproduced with permission from: Connery LE: Assessment and therapy of selected endocrine
disorders. Anesthesiol Clin North Am 2004; 22:93-123.

hypoglycemia, hyperglycemia, diabetic ke-
toacidosis, or nonketotic hyperosmolar
state (59). However, most diabetic patients
are admitted to the ICU for other medical
reasons. Various studies report that 13-
26% of ICU patients have a history of

diabetes at the time of ICU admission (13,
17, 60).

In critically ill patients with type 1
diabetes, a continuous intravenous insu-
lin infusion is the favored means of man-
agement. As an alternative, basal insulin
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may be given with long-acting insulins
(e.g., insulin glargine) and additional
short-acting insulin, dependent on indi-
vidual demand, every 4 to 6 hrs. Because
it is increasingly accepted that lower
blood glucose levels are beneficial for
critically ill patients, intravenous insulin
regimens best maintain glycemic control
in the setting of the often variable clinical
and metabolic status. Nonetheless, intra-
venous insulin management requires fre-
quent, sometimes hourly, glucose moni-
toring and adaptations in the insulin
dose, which is of concern to less ade-
quately staffed or trained institutions.

In patients admitted to the ICU with
an implanted insulin pump, the pump
should generally be discontinued because
many doctors and nurses are not accus-
tomed to programming the insulin pump
(26). In critically ill patients with type 2
diabetes, all oral agents should be discon-
tinued when the patient is admitted to
the ICU. Most oral antidiabetic drugs (i.e.,
metformin and thiazolidinediones) begin
to lower blood glucose only after several
weeks; thus, these drugs are not helpful
for the acute glycemic management of
critically ill patients in any ICU. In addi-
tion, all hypoglycemic agents represent a
major risk for drug side effects and drug
interactions. Specifically, sulfonylurea
agents increase the risk of hypoglycemia,
and patients treated with the biguanide
metformin carry the risk for lactic acido-
sis, particularly if renal insufficiency is
present. Conversely, thiazolidinedione
agents precipitate volume expansion and
may exacerbate heart failure in predis-
posed patients (61). After discontinuing
oral hypoglycemic agents, elevated blood
glucose levels in critically ill patients
with type 2 diabetes should be managed
with insulin alone. Depending on actual
glucose levels, these patients can be man-
aged with basal insulin and short-acting
insulin to cover the prandial blood glu-
cose peaks. Optimally, however, a contin-
uous insulin infusion should be provided
in critically ill patients with type 2
diabetes.

Management of the Diabetic Ketoaci-
dotic and Hyperosmolar Coma. Diabetic
ketoacidosis and hyperosmolar hypergly-
cemia are the most common acute met-
abolic emergencies in patients with dia-
betes mellitus. The mortality rate in
patients with diabetic ketoacidosis is usu-
ally <5%, whereas the mortality rate in
patients with hyperosmolar hyperglyce-
mic state remains at a high 15%, perhaps
reflecting the severity of the associated

Crit Care Med 2006 Vol. 34, No. 9 (Suppl.)

cardiovascular co-morbidities, secondary
complications, and the increased age of
many of these patients. Precipitating fac-
tors in the development of hyperglycemic
crises in diabetic patients are mainly in-
fections, but other common factors in-
clude noncompliance and new-onset type
1 diabetes. Further precipitating factors are
alcohol abuse, cerebrovascular events, pan-
creatitis, myocardial infarction, trauma,
and drugs such as glucocorticoids (62).

Diabetic ketoacidosis most often occurs
in patients with type 1 diabetes, but pa-
tients with type 2 diabetes are also suscep-
tible to ketoacidosis under stressful condi-
tions, particularly trauma, infections, or
surgery (63, 64). The annual prevalence of
diabetic ketoacidosis is between 1% and 5%
in the typical type 1 diabetic patient and
seems to have remained fairly constant
during the past decade. Admission rates for
hyperosmolar hyperglycemia are lower
than those for diabetic ketoacidosis and ac-
count for <1% of admissions related to
diabetes (65).

The treatment for the two conditions,
both of which should be viewed as parts
of the same spectrum of metabolic com-
plications of diabetes, is principally the
same. The aims of treatment are adequate
correction of dehydration with careful
avoidance of hypervolemia (potential pre-
existing ischemic heart disease); the cor-
rection of hyperglycemia, ketoacidosis,
and electrolyte deficiencies; and the iden-
tification and treatment of any co-morbid
precipitating event. Importantly, this re-
quires frequent glucose monitoring.
Low-dose regular insulin should be given
intravenously, usually 0.1-0.2 units/kg as
a loading dose, followed by 5-10 units/hr
intravenously. The precise management
of hyperglycemic coma is nicely reviewed
elsewhere (66).

Diabetic Patients and Cardiovascular
Disease. Cardiovascular disease accounts
for almost 80% of the mortality in dia-
betic patients. Diabetes is considered a
major cardiovascular risk factor, similar
as smoking, hyperlipidemia, and hyper-
tension (67). Diabetic patients have an
almost two-fold higher mortality from
myocardial infarction as compared with
nondiabetics.

In 1995, the Diabetes and Insulin-
Glucose Infusion in Acute Myocardial In-
farction (DIGAMI) study was the first trial
to randomize diabetic patients with acute
myocardial infarction to receive either in-
tensive insulin therapy or standard treat-
ment (68). Intensive insulin therapy con-
sisted of an intravenous infusion of

glucose and insulin as soon as possible
after the myocardial infarction and con-
tinued for 48 hrs. Thereafter, patients in
the intensive insulin group had stricter
blood glucose control and regimens for
about 3 months after discharge as com-
pared with the standard treatment group.
With this intervention, blood glucose lev-
els after 24 hrs were decreased from a
mean of 11.7 mmol/L (210 mg/dL) in the
standard treatment group to 9.6 mmol/L
(172 mg/dL) in the intensive treatment
group. One-year mortality was reduced
by almost 30% in the intensive treatment
group (68). Similarly, the rate of reinfarc-
tion and heart failure was significantly
decreased. During an average follow-up
of 3.4 yrs, patients in the intensive insu-
lin group had a lower mortality than con-
trols. Thereby, the authors concluded
that admission glucose levels represented
an independent risk factor for long-term
mortality after myocardial infarction
(69). These data suggest that even mod-
erately improved glycemic control in di-
abetic patients with acute myocardial in-
farction is highly beneficial.

A recent analysis of long-term fol-
low-up data by the Diabetes Control and
Complications Trial/Epidemiology of Di-
abetes Interventions and Complications
(DCCT/EDIC) Study provides further
striking evidence for the benefits of strict
glycemic control in known type 1 diabet-
ics (70). The DCCT, a randomized, con-
trolled trial conducted between 1983 and
1993, compared the effects of an inten-
sive diabetes treatment regimen (mean
glycosylated hemoglobin of 7.4%) vs. a
conventional treatment group (mean gly-
cosylated hemoglobin of 9.1%) (71). In
2005, after a mean follow-up of 17 yrs and
11 yrs after the conclusion of the DCCT
trial, the authors still recorded a 42%
reduced risk of a cardiovascular event in
patients having received intensive insulin
treatment during the DCCT study. Simi-
larly, the risk of nonfatal myocardial in-
farction, stroke, or death from cardiovas-
cular disease was reduced by 57% in the
intensive insulin treatment group, an ef-
fect that exceeds the reductions in risk
achieved by other pharmacologic inter-
ventions, including the treatment of high
cholesterol or high blood pressure (70).

Glycemic Prevention and
Control in Nondiabetic Critically
lll Patients

Acute hyperglycemia as a response to
stress is defined as hyperglycemia in pre-
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viously euglycemic patients that corrects
once the acute process resolves. This “di-
abetes of injury” was once considered a
compensatory response that seemed to
demonstrate the mandatory metabolic re-
arrangements required to cope with crit-
ical stress. However, it is now known that
it imposes a range of adverse effects, in-
cluding abnormal immune function (72,
73), increased infection rate (74), and he-
modynamic and electromyocardial dis-
turbances (75). In addition, severe phys-
ical stress leads to insulin resistance of
peripheral tissues and, thus, an increase
in insulin requirements. Dependent on
the individual’s capabilities to meet this
increasing insulin demand, a hyperglyce-
mic state ensues.

A number of studies have shown a
direct relationship between the extent of
stress hyperglycemia and mortality in
ICU patients. A meta-analysis of 15 obser-
vational studies showed that among crit-
ically ill nondiabetic patients undergoing
myocardial infarction, those with glucose
levels in the range of 6.1-8.0 mmol/L
(110-144 mg/dL) had an almost four-fold
higher risk of death than patients who
had lower glucose values (19). Similarly,
after stroke, a meta-analysis of 32 obser-
vational studies found that acute hyper-
glycemia was associated with an increased
risk of in-hospital mortality and increased
risk of poor functional recovery (76).

The same association was also shown
in nondiabetic women after coronary ar-
tery bypass grafting (77, 78). Women with
glucose levels in the upper two quartiles
had a four-fold higher mortality rate
compared with the lower quartiles. Using
multivariate analysis, glucose levels at
admission were confirmed to be an inde-
pendent risk factor for increased mortal-
ity in one of these studies (78).

Similarly, in children with brain inju-
ries, the mean blood glucose level at ad-
mission was significantly higher (288 mg/
dL) in patients with poor outcome (death
or vegetative state) when compared with
those patients who recovered better
(194 mg/dL) (79). Likewise, children with
burn injuries and hyperglycemia (>7.8
mmol/L/140 mg/dL blood glucose) at ad-
mission had a higher likelihood of posi-
tive blood cultures, a lower skin graft
success rate, and a >20% higher mortal-
ity (80).

An increased risk of adverse outcome
was also noted for patients with newly
detected hyperglycemia as compared with
both diabetics and normoglycemic indi-
viduals in a study of 2,030 consecutively
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admitted patients of a general medical
center (58). In this study, hyperglycemia
was also associated with increased ICU
admission rates.

Based on these observational studies,
Van den Berghe et al. (17) demonstrated
the value of tight glycemic control (80—
110 mg/dL, controls received insulin only
when blood glucose levels were >215
mg/dL) in a randomized intervention
trial of 1,548 consecutive surgical ICU
patients. Intensive insulin therapy re-
duced the overall in-hospital mortality by
349%, blood stream infections by 46%,
acute renal failure requiring dialysis or
hemofiltration by 41%, and transfusion
requirements by 50%. Patients receiving
intensive insulin treatment were also less
likely to require prolonged mechanical
ventilation and intensive care. Although
this was a single-center study of primarily
surgical patients, the mortality and mor-
bidity benefit observed warrant the con-
sideration of aggressive glucose control
for all ICU patients who experience hy-
perglycemia (81).

A recent meta-analysis included ran-
domized controlled trials that reported
mortality data on critically ill hospital-
ized patients in different settings who
were treated with insulin (82). Overall
insulin treatment in 35 trials decreased
short-term mortality by 15%. However,
most early studies were performed in
surgical ICU patients, and less evidence
exists on glycemic control in medical ICU
patients. Because medical patients tend
to stay in the ICU longer than surgical
patients, some have hypothesized that
tight glucose control might even be more
favorable. Accordingly, in a study by Krin-
sley (16) that was conducted in a more
heterogeneous population of critically ill
patients in a mixed medical-surgical ICU,
an intensive glucose management protocol
resulted in a significantly reduced overall
mortality, organ dysfunction, and length
of ICU stay as compared with patients
who were admitted before the introduc-
tion of a standardized glucose monitoring
protocol.

To better assess the benefits of tight
glycemic control in medical ICU patients,
Van den Berghe and colleagues group has
subsequently conducted a randomized,
controlled trial similar to her 2001 study
in a medical ICU setting (83). In this trial,
the authors found that intensive insulin
therapy (target glucose range, 80-110
mg/dL) significantly reduced morbidity
and shortened the length of ICU and hos-
pital stay but did not reduce mortality

among the 1,200 patients included in the
intention-to-treat analysis. Further post
hoc analysis, however, showed that, in-
deed, the mortality of patients staying in
the ICU for >3 days was reduced from
52.5% to 43% (p < .01), despite the au-
thors’ inability to identify this subgroup
of patients at admission to the ICU. From
these data, it seems advisable to shift the
metabolic management toward a tighter
glucose control with the present data,
although further randomized trials in
more heterogenous ICU populations are
necessary to confirm these preliminary
data and to identify patient subgroups
with the greatest benefit from tight gly-
cemic control.

Another often discussed question is
how to explain the wide range of clinical
benefits with strict control of glycemia.
These effects may potentially be attribut-
able to either the avoidance of hypergly-
cemia, the administration of insulin, or
the combination of glucose control and
exogenous insulin (84-86). Van den
Berghe et al. (17, 87) hypothesized that
strict control of hyperglycemia may be
the decisive factor, rather than the exog-
enous administration of insulin. This is
supported by a prospective observational
study of 531 critically ill ICU patients by
Finney et al. (13), in which the authors
found a correlation between the amount
of insulin given and ICU mortality, re-
gardless of the prevailing blood glucose
levels. Apart from specific pathophysio-
logic causes, precise glycemic control
may also be a surrogate marker of excep-
tionally attentive patient care and thereby
indirectly be associated with better out-
comes in general.

It must be emphasized that insulin
requirements in individual patients vary
widely, depending on insulin production
reserves, insulin sensitivity before and
during critical illness, caloric intake in
the ICU, and the severity and nature of
the underlying illness. In addition, the
presence of infections and different med-
ications, such as corticosteroids, further
affect insulin sensitivity (88). Thus, any
algorithm for insulin dosage is only a
recommendation and has to be adapted to
the individual response of any patient. A
possible algorithm for intensive insulin
therapy in the ICU has been proposed by
Van den Berghe et al (17, 88) (Table 2).
Thereby, patients with high glucose lev-
els at ICU admission should be treated
with a relatively high starting dose,
whereas patients with less severe hyper-
glycemia require lower initial doses. Spe-
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Table 2. Suggested algorithm for glycemic control in intensive care unit (ICU) patients

Test Result

Action

Measure glucose BG >11.1 mmol/L

at entry to (200 mg/dL)
ICU BG 11.1-6.1 mmol/L
(220-110 mg/dL)
! BG <6.1 mmol/L
(110 mg/dL)
Measure glucose BG >7.8 mmol/L
every 1-2 hrs (140 mg/dL)

until in BG 6.1-7.8 mmol/L
normal range (110-140 mg/dL)
l BG approaching

normal range

BG approaching
normal range

BG normal

BG falling steeply

Measure glucose
every 4 hrs

BG 3.3-4.4 mmol/L
(60-80 mg/dL)
BG 2.2-3.3 mmol/L
(40-60 mg/dL)
BG <2.2 mmol/L
(40 mg/dL)

Start insulin 24 1U/hr

Start insulin 1-2 IU/hr

Don’t start insulin but continue BG monitoring
every 4 hrs

Increase insulin dose by 1-2 IU/hr

Increase insulin dose by 0.5-1 IU/hr

Adjust insulin dose by 0.1-0.5 IU/hr

Adjust insulin dose by 0.1-0.5 IU/hr

Insulin dose unchanged

Reduce insulin dose by half and check more
frequently

Reduce insulin dose and check within 1 hr

Stop insulin infusion, ensure adequate baseline
glucose intake, and check BG within 1 hr

Stop insulin infusion, ensure adequate baseline
glucose intake, administer glucose per 10-g
intravenous boluses, and check BG within 1 hr

BG, blood glucose. Modified with permission from Van den Berghe (88).

cial attention has to be given to patients
with acute renal failure or in whom a
reduction or interruption of caloric in-
take occurs. Achieving the goal of stable
glycemic control requires extensive nurs-
ing efforts, frequent bedside capillary
glucose monitoring, and the implemen-
tation of complex insulin infusion proto-
cols. A detailed review of the literature
fails to produce a comprehensive vali-
dated insulin infusion protocol that is
both complex enough to achieve strict
glucose control and practical enough to
be easily implemented by ICU nurses
without the need for expert supervision
or frequent deviation from protocol (89).
A simplified insulin infusion protocol has
therefore been propagated by Goldberg et
al. (89), which would allow safe yet tight
blood sugar control with minimal physi-
cian supervision. In their own analysis on
medical ICU patients, euglycemia could be
achieved within 9 hrs, and hypoglycemia of
<60 mg/dL occurred in a mere 0.3%.

How High Is the Risk of
Hypoglycemia as a Result of
Blood Glucose Control?

Tight glycemic control in critically ill
patients, especially with the low target
ranges proposed by recent trials, invari-
ably carries a risk of inadvertent hypogly-
cemic episodes. The reported rate of hypo-
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glycemia ranges from 0% to >30% in the
studies reviewed, but differences as to its
precise definition make direct comparisons
difficult. The meta-analysis by Pittas et al.
(82), in which data on the prevalence of
hypoglycemia from ten studies were com-
bined and analyzed, found that patients
receiving insulin therapy were three
times more likely to develop hypoglyce-
mia than those without insulin therapy
(relative risk, 3.4; 95% confidence inter-
val, 1.9-6.3). In addition, hypoglycemic
events were usually recorded more fre-
quently in studies that used a protocol
aimed at maintaining euglycemia as com-
pared with those aimed at merely avoid-
ing excessive hyperglycemia. Similarly,
Moeniralam et al. (90) found that the im-
plementation of tight glycemic control reg-
imens increased the prevalence of hypogly-
cemic (<4.4 mmol/L) blood values from
13% to 39% in a retrospective analysis of
general ICU patients treated between 1999
and 2003. Interestingly, despite the obvious
increase in hypoglycemic events, no ad-
verse clinical outcomes associated with hy-
poglycemia were reported in any of these
studies. High rates of hypoglycemic events,
as defined by any glucose value of <60
mg/dL, were seen in the study by Grey and
Perdrizet (14), in which the authors ran-
domized patients to receive either strict
(80-120 mg/dL) or conservative (180-220

mg/dL) blood glucose control. Hypoglyce-
mia occurred in 32% of patients receiving
strict glucose control as compared with
only 7.4% of control patients.

Some investigators have tried to pin-
point risk factors for the occurrence of
hypoglycemia in insulin-controlled pa-
tients, such as low target ranges, a lack of
adequately staffed ICU personnel, or in-
sufficient routine in the management of
critically ill hyperglycemic patients. Al-
though certain of these factors may seem
apparent and logically justified, a lack of
clear data precludes absolute statements.
The use of standardized insulin protocols
have been described, and their use in
both reaching target glucose levels more
rapidly and avoiding hyperglycemic
events are well documented (88, 91-93).
Some evidence also suggests better avoid-
ance of hypoglycemic events using stan-
dardized insulin regimens as compared
with on-demand insulin orders (91), but,
although plausible, this is questioned in
the literature (92).

To facilitate insulin therapy and to de-
crease both hypoglycemic and hypergly-
cemic excursions, several recent studies
have assessed the value of glucose sens-
ing devices that would allow frequent,
less invasive blood glucose measure-
ments (94, 95). Such devices typically re-
quire subcutaneous placement of a sen-
sor tip connected to a Walkman-sized
monitor device, which provides near—
real-time glucose sensing for up to 72
hrs. Additional noninvasive devices, such
as transcutaneous near infrared spectros-
copy, are under investigation for contin-
uous glucose monitoring. Initial studies
show promising results, but further eval-
uation of these sensors is necessary be-
fore widespread recommendations may
be made.

Conclusion

Where Is Tight Blood Glucose Control
in 20067 Diabetes mellitus has long been
associated with significant morbidity and
mortality and with adverse outcome in
critically ill patients. Glycemic control in
this group has been an accepted perfor-
mance measure in past years. However,
its real threat may lie in the almost epi-
demic increase in prevalence of diabetes
mellitus in western nations, where type 2
diabetes has already become a common
diagnosis in the adolescent age group.

On the other side, acute hyperglyce-
mia associated with severe stress is now
increasingly recognized to be a potential
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harbinger of aggravated illness and out-
come. With the current increase in insu-
lin-resistant conditions such as old age,
obesity, or the metabolic syndrome, cou-
pled with studies suggesting that the ad-
verse effects of hyperglycemia can be al-
tered, we are now challenged to consider
an alternative clinical paradigm. Al-
though pancreatic beta-cell function
should normally be adequate to overcome
insulin resistance, stress-induced hyper-
glycemia may result from a combination
of high levels of counter-regulatory hor-
mones, proinflammatory cytokines, oxi-
dative stress, beta-cell dysfunction, iatro-
genic measures (steroids, dextrose, etc.)
and from a genetic predisposition for di-
abetes mellitus.

The need for tighter glycemic control
in critically ill diabetic and nondiabetic
patients is increasingly recognized by
critical care physicians. However, more
data from randomized controlled trials
are needed to determine the effects of
tight glucose control on clinical outcome
in different subgroups of patients. We
must identify the right degree or target
range of glycemic control for different
patient populations and, ideally, define
treatment standards with which to facil-
itate intensive insulin therapy without
compromising patient safety. Institu-
tional standardizations of insulin infu-
sion protocols, with special emphasis on
efficiency, safety, and nursing workload,
are important measures to ensure safe
and adequate glycemic control in both
diabetic and nondiabetic ICU patients.
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