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Until recently it had been argued that hospitalization was not
the time in the life of a patient to insist on tight glycemic

control. Hyperglycemia was understood to be a consequence of
medical stress.1 It was well known that infection, sepsis, or other
medical stress might exacerbate hyperglycemia or promote a di-
abetic crisis.2–5 Admittedly, the severity of hyperglycemia among
patients who have diabetes was thought to predict the risk for
hospitalization with infection as well as the outcome of the infec-
tious condition.6 – 8 However, until recently strict glycemic control
in the hospital was not strongly advocated because hypoglycemia
might occur and might be directly and uniquely traceable to
actions taken in the hospital.9,10 Furthermore, the complications
of diabetes were thought to be divided into acute metabolic emer-
gencies and chronic tissue complications such as polyneuropathy,
retinopathy, nephropathy, and macrovascular disease that would
have evolved over a period longer than the duration of hospital-
ization, and the possibility that short-term hyperglycemia might
affect outcomes was considered unproven.

The purpose of this article is to define the specific popula-
tions, disorders, and hospital settings for which there now is
strong evidence that short-term glycemic control will affect the
outcome of a course of hospital treatment.

PHYSIOLOGIC LINK BETWEEN HYPERGLYCEMIA AND ADVERSE
OUTCOMES
Five years ago a caregiver would not have been likely to think of
glycemic control as a contributing factor when considering spe-
cific complex problems such as pump failure or arrhythmia after
cardiac surgery, long-term mortality after myocardial infarction,
acute renal failure, the need for transfusion during treatment of a
complicated surgical illness, or prolonged dependence on a ven-
tilator in the surgical ICU. Although it now known that these and
other complications are linked to hospital hyperglycemia, the
mechanisms of harm are several steps removed from the hyper-
glycemia itself. The causes of these adverse outcomes are multi-
factorial. The causal dependence of the injury on hyperglycemia is
not easy to see. In fact, it required randomized prospectively
designed trials to convincingly demonstrate the contributory role
of hyperglycemia to these and other adverse outcomes.

Now that this link has been convincingly demonstrated, there
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is intense interest in discovering the probable
mechanisms by which control of hyperglycemia
and specifically the use of insulin might improve
outcomes.11–14 Mortality, predominantly sepsis re-
lated, was the primary outcome for which the Leu-
ven, Belgium, report of 2001 on the surgical ICU
showed improvement.15 Simplistically, in seeking a
mechanism of benefit with respect to sepsis, it
might be argued that if gross hyperglycemia were
prevented in patients with surgical wounds, im-
provement of host defenses against infective organ-
isms might be expected.16 –22 However, additional
mechanisms of protection probably should be in-
voked, including those by which glycemic control
and specifically insulin therapy affect endothelial
function and the coagulation pathway, thus im-
proving the ability of a patient to withstand and
recover from sepsis. Insulin promotes beneficial
nitric oxide synthase activation (e-NOS) in capillary
endothelium.23–26 In patients with prolonged criti-
cal illness, intensive insulin therapy lowers ICAM-1
levels, reflecting reduced endothelial activation.
Whereas e-NOS exerts a beneficial endothelial ef-
fect, hepatic iNOS activation is harmful. One pro-
posed mechanism of benefit from adequate insulin
therapy is suppression of excessive hepatic iNOS-
induced release of circulating NO, which might
contribute to endothelial dysfunction, organ fail-
ure, and death.27

Additional proposed mechanisms of hypergly-
cemia-induced harm to hospitalized patients, some
potentially specifically reduced by insulin therapy,
resemble those discussed in relation to macrovas-
cular disease and include activation of inflamma-
tory cytokines, matrix metalloproteinases, and ad-
hesion molecules, and the adverse arrhythmogenic
effects of elevated circulating nonesterified fatty ac-
ids (Figure 1).28 –34

CRITICAL WINDOW OF TIME
The results of several retrospectively or prospec-
tively conducted single-institution observational
studies suggest there is a critical window of time
within which clinicians must “get it right,” when
attempting glycemic control or else jeopardize ther-
apeutic goals, such as duration of remission in
treatment of acute lymphocytic leukemia35 or
avoidance of acute rejection in renal allograft sur-
gery.36 Additionally, delayed risk of infection ap-
pears to be linked to previous glycemic control
during specific early time frames surrounding sur-
gery, renal transplantation, admission for trauma,

and induction chemotherapy for leukemia (Table
1).35– 41 For patients who have diabetes, the poten-
tial to reduce the consequences of infections
through intensified glycemic control probably be-
gins prior to admission and in the hospital has still
not been fully realized.42– 44

KEY STUDIES SHOWING CLINICAL BENEFIT OF
TIGHT GLYCEMIC CONTROL
A summary of several key studies that demon-
strated the clinical benefit of tight glycemic control
is shown in Table 2. These studies successfully sep-
arated the intensively and conventionally managed
study groups according blood glucose. Although
trials using glucose-insulin-potassium infusions
(GIK) such that blood glucose was lowered have
shown benefit for patients who have had myocar-
dial infarctions45-47 or cardiac surgery,48 not all GIK
studies have yielded positive results. The negative
results of the CREATE-ECLA study suggest that GIK
therapy per se is not beneficial unless it reduces
blood glucose.49 In the setting of acute myocardial
infarction, the DIGAMI 2 trial and the HI-5 trials
failed to achieve the intended separation between
treatment groups.50,51 It has been speculated that if
insulin is delivered so as to not achieve normogly-
cemia, then hyperinsulinemia in the presence of
hyperglycemia actually may be proinflammatory.52

The findings of the negative intensive insulin
studies do not offset the evidence favoring glycemic
control, derived from studies that actually achieved

FIGURE 1. Putative targets or foci for the protective targets of insulin.
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the lowering of blood glucose in the intensive
groups, such as the successful prospectively de-
signed trials in myocardial infarction or surgical or
medical intensive care units15,45,47,53,54 and the
long-running, large, prospectively monitored Port-
land series utilizing insulin infusion for cardiac sur-
gery,40,55–57 which have demonstrated the benefi-
cial effects of euglycemia on mortality and
morbidity, or the findings of Krinsley, reported else-
where in this issue.58,59 The well-recognized corre-
lation between outcomes of acute stroke and post-
stroke hyperglycemia has led to the design of a
multicenter trial of glucose-insulin-potassium infu-
sion for stroke, in which separation of groups by
blood glucose has been achieved.60 – 62 The success
of GIK therapy in controlling hyperglycemia de-
pends in part on the particular formulation of the
infusion as it matches patient needs, and it is prob-
able that insulin infusion following stroke is capa-
ble of safely achieving even tighter glycemic control
than GIK.63 Intravenous insulin infusion therapy is
more difficult to conduct than GIK therapy. How-
ever, because of concern about the proinflamma-
tory and prothrombotic effects of hyperglycemia
and recognition of the occasional failure of GIK
infusions to control hyperglycemia and of the anti-
inflammatory, antithrombotic, and vasodilatory ac-

tions of insulin, there have been calls for additional
trials of insulin infusions (as opposed to glucose-
insulin infusions) for both acute myocardial infarc-
tion and stroke.52,64

HYPOGLYCEMIA
Serious or fatal sequelae of hypoglycemia are the
principal safety risks in intensive insulin manage-
ment.9,65 Case ascertainment cannot be assured
by glucose averaging methods but instead re-
quires a method of searching for isolated epi-
sodes of hypoglycemia.10 One of the most
dreaded consequences of nonfatal hypoglycemia
is permanent impairment of intellectual function.
Because many euglycemic medically ill patients
experience alteration of sensorium while acutely
ill, there is a risk that the consequences of an
actual episode of severe hypoglycemia will be
ascribed to other comorbidities, overlooking or
misattributing the altered cognitive function that
may persist at discharge to causes other than the
obvious iatrogenic one. Because there is an in-
creased risk of hypoglycemia during intensive in-
sulin therapy, controversy has arisen over glyce-
mic targets, especially among critically ill
nonsurgical patients.54,66 – 69

On the other hand, the consequences of hy-

TABLE 1
Critical Window of Time

Patients Ascertainment of hyperglycemia Delayed events among patients with early hyperglycemia

100 postoperative uninfected diabetic
patients undergoing elective surgery,
monitored prospectively37

First postoperative day Postoperative nosocomial infection rate within 14 days was 2.7 times higher for
patients having at least one BG � 220 mg/dL (33.3% vs. 11.5%).

990 historical controls and 595 patients in
the interventional group of
postoperative cardiac diabetic patients40

First 2 postoperative days Incidence of deep sternal wound infection was reduced from 2.4% to 1.5% (P � 0.02)
after introduction of protocol to maintain mean BG � 200 mg/dL.

423 renal allograft recipients receiving their
first cadaveric transplant36

First 100 hours; first day. A mean of 10.8 � 2.3 days after transplantation, 70% of patients developed
postoperative infection, and after a mean of 7.7 � 2.6 days, 40% developed acute
rejection. Every patient with mean BG over 200 mg/dL during the first 100 hours
developed postoperative infection. On the first postoperative day the mean BG
had been 248.4 mg/dL among those developing infection and 167.4 mg/dL among
those without infection (P � .001), and the mean BG had been 270 mmol/L
among those developing rejection and 194 mmol/L among those without
rejection.

516 trauma patients admitted to the ICU38 Either of first 2 hospital days Hyperglycemia � 200 mg/dL was associated with a higher infection rate (32% vs. 22%, P
� .04) and with greater mortality (34% vs. 13%, P � .0001)

275 patients having lower-extremity
peripheral vascular surgery39

First 48 hours Postoperative infections within 30 days were 5.1 times more frequent in the top
quartile for BG versus the lowest quartile (confidence interval 1.6-17.1, P � .007).

278 adult patients receiving induction
chemotherapy for acute lymphocytic
leukemia35

First 30 days Hyperglycemia defined as � 2 BG � 200 mg/dL was associated with a greater
likelihood of sepsis (16.5% vs. 8.0%, P � .03) or any complicated infection (38.8%
vs. 25.1%, P � .016), shorter duration of complete remission (24 vs. 52 months),
and with shorter median survival (29 vs. 88 months, P � .001).
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poglycemia during intensive intravenous insulin
therapy in a surgical ICU were said to be negligi-
ble.15 In hospitalized elderly patients, hypoglyce-
mia in association with increased mortality risk
may not be an independent predictor.70 In the
critical care unit, predictors of hypoglycemia are
identifiable after the introduction of strict glyce-
mic control that include not only insulin therapy
but also CVVH treatment with bicarbonate sub-
stitution fluid, discontinuation of nutrition with-
out insulin adjustment, prior diagnosis of diabe-

tes mellitus, sepsis, and the need for inotropic or
vasopressor drugs.71 A prudent policy for the fu-
ture would be not only to treat hypoglycemia
promptly when it does occur, with attention to
subsequent monitoring to avoid relapse or recur-
rence, but also to actively introduce strategies for
predicting the risk of hypoglycemia and prevent-
ing it, especially when high risk is identified.10

The fear of hypoglycemia should not paralyze
efforts to achieve better glycemic control in hos-
pitalized patients.

TABLE 2
Findings of Key Studies Showing Clinical Benefit of Tight Glycemic Control

Population and/or setting and patients Study design and/or intervention Principal findings

Patients with diabetes mellitus and with
hyperglycemia � 11 mmol/L or similar
hyperglycemia without known diabetes who had
had acute myocardial within the preceding 24
hours.45–47 There were 620 patients, of whom 15
of the controls and 10 patients in the intensive
group had no prior diagnosis of diabetes.

Prospective, randomized, controlled clinical trial.
Controls received standard treatment.
Treatment group received infusion of glucose-
insulin for at least 24 hours, followed by
multiple injections of subcutaneous insulin for
at least 3 months.

Overall mortality after 1 year was l9% in the insulin group
compared to 26% among controls (P � .05). The most
frequent cause of death of all patients was congestive
heart failure. The benefit continued for at least 3.5 years,
with an absolute reduction in mortality of 11%.

Diabetic cardiac surgery population.40,55–57 To
date, 5510 cardiac surgery patients who were
either admitted or discharged with the diagnosis
of diabetes have been studied.

Prospective nonrandomized study of the effects of
hyperglycemia and its pharmacologic reduction
with intensive intravenous insulin regimens on
outcomes.

The 3-day average of perioperative BG (3-BG) correlated
with mortality (P � .0001, odds ratio 2.0 per 50 mg/dL
increase in 3-BG).
Continuous intravenous insulin infusion independently
reduced risk of death 60% (RR � 0.4, P � .001). Length
of stay in the CABG population increased by 1 day for
every increase of 50 mg/dL in 3-BG.

Critically ill surgical patients receiving mechanical
ventilation. Overall, 13% of 1548 participants
had previously diagnosed diabetes.

Prospective, randomized, controlled clinical trial.
Intravenous insulin infusion targeting BG 80-
110 mg/dL was initiated in the intensive group
for BG � 110 mg/dL. Intravenous insulin
infusion targeting BG 180-200 was initiated in
the conventional group for BG � 215 mg/dL. A
whole-blood glucose method using a gas
analyzer was employed to determine arterial
blood glucose.

In the group assigned to intensive insulin therapy mortality
was reduced during intensive care from 8.0% with
conventional treatment to 4.6% (P � .04), or a risk
reduction of 42%. In the group remaining in the ICU for
more than 5 days, mortality was reduced from 20.2%
with conventional treatment to 10.6% with intensive
insulin therapy; P � .005. The intensive group
experienced reductions in overall in-hospital mortality of
34%, in bloodstream infections of 46%, and in acute
renal failure requiring dialysis or hemofiltration of 41%.
Also reduced were the need for red-cell transfusions,
critical-illness neuropathy, duration of mechanical
ventilation, and length of stay in the ICU.

Critically ill medical patients. The intention to treat
group included 1200 participants, of whom
16.9% had a history of diabetes.54

Randomized controlled clinical trial, as above. In the intensive group, in-hospital mortality was not
significantly reduced, and among the 433 who stayed in
the ICU for less than 3 days, mortality was actually
higher. However, in the intention-to-treat group there
was reduction in newly acquired kidney injury,
prolonged mechanical ventilation, and length of stay in
the ICU and in the hospital. Among the 767 patients
who stayed in the ICU for 3 or more days, intensive
insulin therapy reduced in-hospital mortality from 52.5%
to 43.0%.

Patients within 24 hours of having an acute stroke
and who had poststroke hyperglycemia. The
results of the first 452 patients recruited to the
GIST-UK study showed that 15.3% had
previously recognized diabetes.62

Randomized controlled clinical trial. The intensive
group received glucose-potassium-insulin (GKI)
infusion, and the conventional group received
saline infusion.

Although mean glucose declined in both groups, the GKI
infusion safely achieved separation of groups by blood
glucose. Outcomes are pending.
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UNANSWERED QUESTIONS AND VISION FOR THE
FUTURE
On general wards, 38% of admitted patients may
have hyperglycemia.72 As shown in the Leuven, Bel-
gium, study, to achieve the target BG of less than
110 mg/dL in the intensive group in the surgical
critical care unit, it was necessary to administer
intravenous insulin infusion to essentially all pa-
tients. In a study that utilized continuous glucose
monitoring, normoglycemia in patients in the in-
tensive care unit was achieved as little as 22% of the
time.73

An actively debated subject is how best to as-
sess hospital performance in glycemic control (glu-
cometrics). Hospitals need to show satisfactory
control of variability between patients and within
the treatment course of individual patients. That is,
it is not sufficient to be satisfied with reasonable
results of average blood glucose, using blood glu-
cose as the unit of observation (where n is the
number of blood glucose determinations). Alterna-
tives are to use patient day or individual patient as
a unit of observation (where n is the number of
patient days and the number of patients, respec-
tively). Time-weighting methods are cumbersome
but increase the validity of the averaging method
used. When the patient is the unit of observation,
possible measures include a per-patient blood glu-
cose average, percentage of blood glucose measure-
ments with certain ranges, time spent within cer-
tain blood glucose ranges, or area under the curve
of blood glucose versus time. Caveats about gluco-
metrics pertain to both intravenous insulin infusion
and also subcutaneous insulin management.74

Although awaiting additional evidence, diabe-
tes experts have widely accepted the proposition
that hospitals should focus on prevention of hyper-
glycemia as an important patient safety factor.75

Although the target range for glycemic control re-
mains controversial, many students of the subject
have endorsed the recommendations mentioned in
the lead article in this issue, with the understanding
that these criteria were developed from the results
of the Leuven, Belgium, study, in which a whole
blood glucose analyzer was used for measurement,
and that the method of measurement of blood glu-
cose must be considered in interpreting applicabil-
ity of the target range at individual hospitals, many
of which use plasma-correlated methods yielding
higher results. However, in new settings and for
medical conditions that have not yet been rigor-

ously evaluated by clinical trials, it is an unan-
swered question whether intensification of glyce-
mic control can be achieved safely outside the
critical care unit and, if so, what type of insulin
therapy should be used and for what conditions the
benefits would outweigh the risks and justify the
costs.

Most inpatient management probably will con-
tinue to be conducted using subcutaneous injec-
tion therapy,76 – 82 designed to match carbohydrate
exposure through the appropriate use of analogs or
conventional insulin products. One argument for
the use of insulin analogs in the hospital, using
basal-prandial-correction therapy, is the probabil-
ity of reducing hypoglycemia and getting closer to
target range control among patients who are eating
but who are at risk for abrupt suspension of meals.
Aggressive subcutaneous management strategies
are likely to be most effective when standardized
protocols, order sets, and informative computer-
ized order entry systems gain widespread hospital
acceptance.

If the importance of gaining glycemic control is
highly time dependent and if hyperglycemia is un-
controlled, then a strong argument can be made for
routine use of intravenous insulin infusion. For ap-
propriately selected patients, intravenous insulin
infusion is cost effective,83, 84 and its use can be
extended to appropriate patients outside the criti-
cal care unit.85– 87 Many hospitals have protocols for
intravenous insulin but use them only sporadically.
For patients who already are in the intensive care
setting, it is imperative to develop policies that re-
quire introduction of intravenous insulin infusion
at a given glycemic threshold. On general wards
that lack sufficient staffing to conduct intravenous
insulin therapy, it is appropriate either to transfer
candidate patients to a ward that has adequate
staffing when medical condition requires improved
control or to develop policies and procedures that
will extend the use of intravenous insulin infusion
to general wards. In the future, new technologies
can be envisioned that will unburden nursing staff,
making intravenous insulin infusion realizable as
the treatment of choice for hemodynamically stable
patients in most hospital settings. These technolo-
gies will include continuous monitoring of blood
glucose, dose-defining algorithms, and the eventual
development of a fully automated closed-loop sys-
tem of monitoring and delivery that might auto-
matically match insulin delivery to carbohydrate
exposure and patient insulin sensitivity.88 –93
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