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Hyperglycemia is very common in critically ill patients and interventional studies of intensive insulin therapy with the goal of
returning ICU glycemia to normal levels have demonstrated mixed results. A large body of literature has demonstrated that
diabetes, per se, is not independently associated with increased risk of mortality in this population and that the relationship of
glucose metrics to mortality is different for patients with and without diabetes. Moreover, these relationships are confounded
by preadmission glycemia; in this regard, patients with diabetes and good preadmission glucose control, as reflected by
HbAIc levels obtained at the time of ICU admission, are similar to patients without diabetes. These data point the way
toward an era when blood glucose targets in the ICU will be “personalized,” based on assessment of preadmission glycemia.
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In 2001 a single-center randomized controlled trial (RCT)
conducted in a postoperative cohort demonstrated
improved morbidity and mortality with the use of continu-
ous intravenous insulin administered to normalize blood
glucose (BG)." The critical care community was riveted by
these findings and has remained so; this landmark trial has
been cited in 10389 published manuscripts (Google
Scholar, accessed June 14, 2017). Three years later a sin-
gle-center before and after implementation study corrobo-
rated these findings.” However, a subsequent RCT
conducted in a medical intensive care unit (ICU) in the
same institution as the original trial demonstrated equivo-
cally positive findings,® and later trials were terminated
prematurely due to unacceptably rates of severe hypogly-
cemia® and failure to achieve adequate time in targeted BG
range.’ Eight years after publication of the sentinel inves-
tigation the largest RCT of intensive insulin therapy (IIT),
a multicenter international investigation involving 42 cen-
ters and 6104 patients, found higher 90-day mortality in
the interventional arm® leading guideline writers to aban-
don IIT in favor of moderate BG targets.”®

How to explain these findings? Hypoglycemia—severe
(BG <40 mg/dL) and mild to moderate (BG 40-69 mg/
dL)—a “unifying complication” of the RCTs, has been dem-
onstrated to be independently associated with increased risk
of death in observational studies’'? as well as in data from
the RCTs."*'* The “single-center” effect may also have
played an important role. The lowest rates of hypoglycemia
were seen in trials in which the clinical teams presumably

had greater experience in learning how to manage the com-
plex intervention of IIT."” The failure to achieve adequate
time in targeted BG range (TIR), due in part to potential
analytic inaccuracies associated with monitoring technolo-
gies used in some of the trials, and low frequency of moni-
toring, with the likelihood of missed episodes of
hyperglycemia and hypoglycemia, was likely a factor as
well. Only one of these trials published this metric.* It was
quite low—42.8%"*—and estimates of the other trials’ results
suggested equally poor results." Finally, a meta-analysis of
data from interventional trials suggested that nutritional
strategy—enteral versus parenteral—was independently
associated with mortality.'®

However, an additional factor must be considered. Each
of the RCTs targeted “euglycemia,” 80-110 mg/dL. Is it pos-
sible that this “one-size-fits-all” strategy was beneficial to
some of the treated patients but deleterious to others? This
review will explore this question and evaluate the burgeon-
ing literature that has pointed the way toward an era of per-
sonalized glycemic control.

'Stamford Hospital, Department of Medicine, Columbia University
College of Physicians and Surgeons, Stamford, CT, USA

Corresponding Author:

James Stephen Krinsley, MD, FCCP, FCCM, Stamford Hospital,
Department of Medicine, Columbia University College of Physicians and
Surgeons, | Hospital Plaza, Stamford, CT 06902, USA.

Email: james.krinsley@gmail.com or jkrinsley@stamhealth.org


https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/dst
mailto:james.krinsley@gmail.com
mailto:jkrinsley@stamhealth.org

Krinsley

27

Hyperglycemia in Acute and Critical
lliness: Nearly Universal

A detailed analysis of the pathophysiologic mechanisms
underlying the hyperglycemia of acute and critical illness
is beyond the scope of this review. In summary, hypergly-
cemia occurs commonly in critically ill patients, due to
multiple causes—including, in part, the interplay of coun-
terregulatory hormones, including cortisol, growth hor-
mone, catecholamines and cytokines, as well as nutritional
support and iatrogenic interventions such as administra-
tion of systemic corticosteroids.'” These factors lead to
insulin resistance and increased hepatic glucose produc-
tion. Nevertheless, while hyperglycemia is nearly ubiqui-
tous in this population, numerous studies, including those
to be detailed in this review, suggest that its deleterious
impact is sustained by patients not “preconditioned” to
levels of hyperglycemia.'”'®

Is Diabetes a Risk Factor for Mortality
in the Critically IlI? Data From
Observational Studies

It is well known that diabetes is associated with a tremen-
dous burden of morbidity and mortality worldwide, espe-
cially in developed nations. However, can the same be said
of critically ill patients? Specifically, is preexisting diabetes
a risk factor for mortality in patients admitted to the hospital
with acute and critical illness?

Vincent and coinvestigators performed an analysis of the
Sepsis Occurrence in Acutely I11 Patients observational study
to address this question.' This cohort included 3147 patients
from 198 worldwide centers; insulin treated diabetes was
present in 7.2%. Although patients with diabetes had higher
severity of illness, as reflected by Sequential Organ Failure
Assessment and SAP scores, than did those without diabetes,
there was no difference in ICU or hospital mortality compar-
ing these two groups.

Graham et al used two large US databases to evaluate the
independent association of diabetes with mortality in criti-
cally ill patients.”” Among 36414 patients admitted to the
Mayo Clinic system between 1999 and 2007, mortality was
slightly higher among patients with diabetes than among
those without—10.31% versus 9.68%. However, multivari-
able analysis including age and severity of illness demon-
strated that diabetes was independently associated with
reduced risk of mortality—OR (95% CI) 0.88 (0.79-0.98), P
=.022. In contrast, mortality was 8.79% versus 9.68% among
patients with and without diabetes in 1.5 million patients
admitted between 2003 and 2007 to hospitals in the
University Health Consortium and, again, multivariable
analysis including age and severity of illness demonstrated
the strong independent association of diabetes with reduced
risk of mortality—OR (95% CI) 0.75 (0.74-0.76), P < .001.

Finally, Siegelaar and coworkers performed a meta-anal-
ysis of 141 studies including 12.5 million acutely and criti-
cally ill patients, finding no overall association between
diabetes and ICU, hospital or 30-day mortality.”’ Subgroup
analysis confirmed this lack of association among patients
admitted to medical, surgical, trauma, or mixed ICUs; how-
ever, diabetes patients admitted to cardiovascular surgery
units had increased mortality compared to those without
diabetes.

The observational nature of these data precludes proof of
causality; they can only be considered hypothesis-generat-
ing. Another important limitation is their absence of any data
regarding glucose metrics during hospitalization.

Diabetes Status and Mortality in the
Interventional Trials of Intensive Insulin
Therapy

A guiding principle of clinical medicine is that risks and ben-
efits of an intervention are not evenly distributed across a
population. For example, an intervention that yields a 4%
absolute reduction in mortality may have resulted from a 25%
reduction in 20% of the cohort, no change in 70% and a 10%
increase in mortality in the remaining 10%. A review of inter-
ventional trials of IIT, stratified by diabetes status, suggests
that the intervention may have had such a differential effect.

Table 1 displays mortality, stratified by diabetes status, of
patients in the conventional and interventional arms of the
largest trials for which these data are available.”? For each,
the relative risk for mortality associated with IIT is lower for
patients without diabetes than for the diabetes patients.
Notably, it can be seen that the mortality reduction due to IIT
in the landmark first Leuven trial was nearly entirely attribut-
able to that observed in patients without diabetes. In contrast,
in the NICE-SUGAR trial the difference in relative risk for
mortality associated with IIT comparing patients with and
without diabetes was small (point estimates 1.15 and 1.09,
respectively).

Acute Glycemia, Diabetes Status, and
Mortality in the Critically Il

The first study that evaluated the relationship between glyce-
mia during critical illness and mortality, stratified by diabe-
tes status, included 5365 patients admitted to a single US
center between 1999 and 2006. Approximately half were
admitted before glycemic control was formalized and the
later cohort were treated with BG target 80-140 mg/dL.*
There was a more than 4-fold increase in mortality when
comparing nondiabetes patients with mean BG 70-99 mg/dL
(9.2%) to those with mean BG >180 mg/dL (39.4%) during
ICU stay. Among the diabetes patients the difference in mor-
tality comparing these two bands of glycemia was much less
marked: 13.0% and 25.5%.
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Table I. Mortality of Patients in Interventional Trials of Intensive Insulin Therapy, Stratified by Diabetes Status.

Conventional arm

Interventional arm

RR for mortality: interventional arm*

No diabetes Diabetes

No diabetes

Diabetes No diabetes Diabetes

Leuven | (Van den
Berghe et al)'

Leuven 2 (Van den
Berghe et al)’

57/680 (8.4%)  6/103 (5.8)

208/508 (40.9%)  34/97 (35.1%)

Stamford (Krinsley)™* 399/2134 (18.7%) 120/532 (22.6%) 287/2121 (13.5%)
165/596 (27.7%) 634/2394 (26.5%)

NICE-SUGAR
(NICE-SUGAR
Study Investigators)®

586/2416 (24.3%)

31/664 (4.7%)

180/409 (36.8%)

4/101 (40%) 0.56 (0.36-0.85)*  0.68 (0.20-2.33)°

42/106 (39.6%) 0.90 (0.77-1.05)°  1.13 (0.79-1.62)°

111/578 (19.2%) 0.72 (0.63-0.83)°
195/615 (31.7%) 1.09 (0.99-1.20)¢

0.85 (0.67-1/07)°
.15 (0.96-1.36)"

*Relative risk and 95% Cl. **Before and after nonrandomized trial. The other studies listed were RCTs.
%P = .0068. °P = .5403. °P = .1815. °P = .5029. °P < .0001. P = .1698. 8P = .0760. "P = .1265.

Similarly, Egi et al studied 4946 patients admitted to two
Australian ICUs between 2000 and 2004.>* The lowest mor-
tality among nondiabetes patients was observed in those with
mean glycemia 80-136 mg/dL; this rate increased substan-
tially as mean glycemia increased further. In contrast, mor-
tality was similar for diabetes patients across this entire range
of glycemia, including for those with mean BG >200 mg/dL.
In both studies, the few patients with mean glycemia <80
mg/dL sustained very high rates of mortality, regardless of
diabetes status. In addition, Falciglia et al evaluated 259,040
admissions to 173 Veterans Administration US hospitals and
found that the odds ratio for mortality increased more rapidly
as mean ICU glycemia increased beyond the reference value
of 70-110 mg/dL among patients without diabetes compared
to those with diabetes.”

A 9-center 4-continent observational investigation includ-
ing 44964 critically ill patients evaluated the relationship of
three “domains” of glucose control—mean glycemia, hypo-
glycemia and glucose variability—to mortality; results were
stratified by diabetes status.”® Figures la and 1b illustrate the
relationship of mean glycemia to mortality for patients with-
out and with diabetes, respectively. There was a clear rela-
tionship between increasing mortality rates and mean
glycemia above 80-140 mg/dL for patients without diabetes.
In contrast, for patients with diabetes there was no relation-
ship between mean glycemia and mortality across the entire
range. Moreover, multivariable analysis demonstrated that
mean BG 80-40 mg/dL was independently associated with
decreased risk of mortality among patients without diabetes,
but increased risk of mortality for those with diabetes, for
whom the range of 140-180 mg/dL was independently asso-
ciated with reduced risk of mortality. Hypoglycemia was
associated with increased risk of mortality in all patients,
whereas increased glucose variability, defined as coefficient
of wvariation >20%, was independently associated with
increased risk of mortality among patients without diabetes
but not among diabetes patients. These results were largely
corroborated in a 10320 patient observational study by
Sechterberger et al.?’

The different relationship between mean ICU glycemia
and mortality when comparing patients with and without dia-
betes was further assessed by Lanspa and colleagues work-
ing in an eight hospital 12 ICU system.”® The 3529 patients
included in the study were treated with one of two computer-
ized insulin protocols, targeting BG 80-110 or 90-140 mg/
dL. Among patients without diabetes the lower BG target
was independently associated with reduced risk of mortality.
In contrast, among diabetes patients the higher BG target was
associated with reduced risk of mortality.

In addition, one single-center observational study has
evaluated the interaction of diabetes status, time in BG range
(70-140 mg/dL, TIR) and mortality in a mixed medical-sur-
gical critically ill cohort of 3297 patients with ICU length of
stay >24 hours, treated with a BG target of 90-120 mg/dL.”
The median (IQR) TIR for patients with and without diabetes
were 55.0% (35.5-71.1) and 80.5% (61.4-94.0), P < .0001.
Mortality for patients without diabetes above and below the
median TIR was 8.47% versus 15.71% (P < .0001); among
patients with diabetes there was no significant difference in
mortality between patients above and below the median TIR.
Multivariable analysis demonstrated that among patients
without diabetes, TIR above the median value was indepen-
dently associated with reduced risk of mortality (P =.0019),
but among patients with diabetes there was no independent
association of TIR with mortality.

Finally, a recently published two-center investigation
evaluated the association of glucose metrics with mortality
across the continuum of hospitalization, from ICU admission
to hospital discharge, the first study to assess whether glu-
cose control after ICU transfer to general medical wards was
independently associated with mortality.*® Confirming previ-
ous work, mean BG 80-140 mg/dL during ICU and general
ward care, compared to the 140-180 mg/dL range recom-
mended by guideline groups,”® was independently associ-
ated with decreased risk of mortality for patients without
diabetes but increased mortality for patients with diabetes.
Hypoglycemia was independently associated with increased
mortality for patients with and without diabetes in
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Figure la. The relationship between mean ICU glycemia and mortality: patients without diabetes. Adapted from Krinsley et al,”® with
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both settings. Increased glucose variability (coefficient of
variation >20%) was independently associated with increased
mortality in patients without diabetes in both settings, but not
in patients with diabetes. These findings, though not proof of
causality, raise the possibility that efforts to improve BG
control in ICU survivors may increase their prospects for
hospital survival. In addition, they raise the intriguing

possibility that the results of the interventional trials of IIT
may have been confounded by the participating centers’
unequal attention and success to safe and effective BG con-
trol after ICU discharge.

The results of these data from observational and interven-
tional investigations suggest that mean BG 80-140 mg/dL is
independently associated with the lowest mortality among
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patients without diabetes, but the optimal mean BG for
patients with diabetes, considered as a monolithic group,
remains unknown.

Is the Diabetes Cohort Monolithic?
The Important Relationship Between
Acute and Chronic Glycemia and the
Emerging Metric of Relative Glycemia

This review has explored the array of data demonstrating dif-
ferences in the relationship of the domains of glycemic con-
trol to mortality when considering patients with and without
diabetes. But is the diabetes cohort admitted to the ICU, in
fact, monolithic? An emerging body of literature suggests
that preadmission glycemia confounds the relationship
between ICU glycemia and mortality among patients with
diabetes.

Egi and coworkers were the first to investigate this ques-
tion in their study of 415 diabetes patients admitted to two
tertiary center [CUs.”' Mean BG during ICU stay was similar
when comparing survivors and nonsurvivors. However,
when outcomes were stratified by the patients’ HbAlc a dif-
ferent pattern emerged—diabetes patients with higher pread-
mission glycemia had higher mortality associated with lower
ICU glycemia. Stated another way—if preadmission glyce-
mic control was poor, reflected by high HbAlc levels, ICU
survival was higher with higher ICU glycemia, and if pread-
mission BG control was good, reflected by HbAlc levels
<7%, “tight” BG control during ICU stay was associated
with higher survival.

Plummer and coinvestigators explored the interaction of
acute and chronic hyperglycemia in 1000 patients admitted
to a single mixed medical-surgical ICU.*> Among patients
without diabetes and diabetes patients with HbAlc <6.5%,
each 18 mg/dL increase in the highest BG level during the
first 48 hours of ICU admission was independently associ-
ated with 20% increase in odds of death. In contrast, among
diabetes patients with HbAlc >6.5% there was no relation-
ship between peak glycemia and mortality.

In addition, the risk of hypoglycemia, and its conse-
quences, may be modulated by preadmission glycemia. In a
3-center international study including 3084 patients, Egi et al
found that the occurrence of hypoglycemia was related to
HbAlc—among patients with HbAlc <6.5%, 6.5-7.9% and
>8.0% mild-moderate hypoglycemia was observed in 3.8%,
11.1% and 16.4% and severe hypoglycemia was observed in
0.9%, 2.5% and 4.3%.>> Moreover, multivariable analysis
demonstrated that hypoglycemia was independently associ-
ated with increased mortality only in the patients with HbAlc
>8.0%.

These studies lead directly to the paradigm of relative gly-
cemia. Roberts and coworkers evaluated 2290 patients
admitted to a single tertiary center and defined critical illness
as the need for ICU admission or hospital death.** They

defined “stress hyperglycemia ratio” (SHR) as the quotient
of admission BG and preadmission mean BG as determined
by a validated formula.”> Among patients with HbAlc <6.5%
there was a strong linear relationship between admission BG
and critical illness, corroborating numerous previous obser-
vational studies. In contrast, among patients with HbAlc
26.5% there was no clear relationship. However, each 0.1
increase in SHR was independently associated with 20%
increase in odds of critical illness, regardless of HbA1c level.
SHR was also found to be independently associated with
major adverse cardiac events following percutaneous inter-
vention in acute myocardial infarction.*®

Similarly, Liao et al studied the “glycemic gap”—the dif-
ference, rather than the quotient, between admission and pre-
admission mean glycemia—in 518 patients admitted to a
single tertiary center, demonstrating a striking linear rela-
tionship between glycemic gap and mortality.”” Moreover,
glycemic gap was more predictive of mortality than was
admission BG and the combination of glycemic gap and the
APACHE 1I severity of illness score was more predictive of
mortality than was the APACHE 1I score alone.

Multiple BG Targets in the ICU

Two small exploratory studies recently evaluated the use of
moderate (108-180 mg/dL) and loose (180-252 mg/dL) BG
targets in critically ill patients with diabetes. These demon-
strated lower glucose variability”® and lower rates of “rela-
tive hypoglycemia,” defined as <30% predicted mean
glycemia.”® Neither study was powered for any other clini-
cally significant outcome.

Finally, Krinsley et al recently published the results of a
two year before and after interventional study of two BG tar-
gets in 1979 patients admitted to a single mixed-medical
ICU.* In the first year the BG target was 90-120 mg/dL for
all patients. In the second year the BG target was 80-140 mg/
dL for patients without diabetes and for diabetes patients
with HbAlc <7.0% and 110-160 mg/dL for diabetes patients
with HbAlc >7.0%. Among patients without diabetes there
was no change in mortality or severity-adjusted mortality
between the two eras. However, among patients with diabe-
tes there was a reduction in severity-adjusted mortality in the
second era, driven largely by the reduction in severity-
adjusted mortality among diabetes patients treated with the
looser target. This hypothesis-generating investigation pro-
vides the rationale for further testing of multiple BG targets
in critically ill patients, based on preadmission glycemia.
Finally, while preadmission glycemia is best represented by
measurement of HbAlc, this metric has important limita-
tions; it may be confounded by hematologic conditions such
as anemia, hemolysis and hemoglobinopathies; various med-
ications such as dapsone and erythropoietin; mechanical
heart valves; hypothyroidism; and variation in individual
rates of protein glycation.*!
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