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Learning Objectives

This chapter summarises the pathophysiology of stress hyperglycaemia during critical ill-
ness, updates evidence that patients post critical illness frequently develop diabetes, out-
lines putative mechanisms underlying this ‘post-intensive care unit (ICU) diabetes’ and
discusses the potential roles for screening and treatment to prevent post-ICU diabetes and
its complications.

10.1 Introduction

Stress hyperglycaemia describes the phenomenon of hyperglycaemia that occurs in criti-
cally ill patients in whom glucose tolerance was previously normal and initially resolves
following recovery [1]. For this reason, stress hyperglycaemia traditionally has not been
considered to have an adverse impact on long-term health [1]. However, it has been
recently recognised that there are strong associations between stress hyperglycaemia dur-
ing intensive care unit (ICU) admission and the subsequent development of type 2 diabe-
tes in ICU survivors [2]. This phenomenon could therefore be referred to as ‘post-ICU
diabetes.

An increased risk of diabetes in this group may be of particular importance as survi-
vors of ICU frequently experience long-term complications such as sensorimotor periph-
eral neuropathy, autonomic neuropathy and nephropathy [3-6], all of which have the
potential to be exacerbated by the development of concomitant diabetes. Screening for
diabetes is relatively inexpensive and can be performed in numerous health-care settings.
Thus, an opportunity may exist for screening and follow-up of patients with stress hyper-
glycaemia to reduce progression to diabetes and prevent complications associated with
long-term hyperglycaemia.

10.2 Stress Hyperglycaemia

‘Stress hyperglycaemia’ is defined as a blood glucose that, in health, would lead to a diag-
nosis of diabetes but initially resolves with resolution of the critical illness [7, 8]. It is
accepted that stress hyperglycaemia occurs frequently — up to 50% of critically ill patients
are hyperglycaemic within 48 hours of ICU admission [8]. The prevalence of stress hyper-
glycaemia depends upon the glucose threshold used, the population studied and whether
patients who have unrecognised type 2 diabetes are excluded from estimates [8]. Studies
to identify patients with unrecognised diabetes on hospital admission using glycated hae-
moglobin (HbA, ) measurements reveal up to 15% of patients have unrecognised diabetes
[9]. Nevertheless, even when patients with previously unrecognised diabetes are excluded
from estimates, stress hyperglycaemia occurs frequently during critical illness [8].

The pathophysiology of stress hyperglycaemia involves a complex interplay between
patient predisposition, the physiological changes associated with critical illness and spe-
cific treatments administered in the ICU (8 Table 10.1). The initial mechanistic studies of
stress hyperglycaemia were conducted in war zones. These included blood sampling in
soldiers with major injuries and hypovolaemic shock, which identified that the rise in
serum insulin in response to the hyperglycaemia was inadequate, particularly as injury
severity increased [10]. Insulin secretion was thought to be attenuated due to effects of
counter-regulatory hormones on islet cells [10].
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B Table 10.1 Causes of stress hyperglycaemia in critical illness
Individual patient ICU treatments Physiological changes due to critical illness
predisposition
Insulin resistance Total parenteral Increased counter-regulatory hormones (glucagon,
Pancreatic p-cell nutrition cortisol, catecholamines)
reserve Enteral nutrition Inflammatory cytokines (TNF-q, IL-1, IL-6) alter
Vasopressors insulin receptor signalling
Glucocorticoids Increased lipolysis: circulating free fatty acids alter
Dextrose insulin receptor signalling

Patient predisposition, physiological changes during critical iliness and treatments administered
in the ICU can all contribute to the development of stress hyperglycaemia
ICU intensive care unit, TNF tumour necrosis factor, IL interleukin

It is now considered that the pathogenesis of stress hyperglycaemia is predominately a
state of insulin resistance coupled with relative insulin deficiency (insufficient plasma insu-
lin levels to meet demand) [1]. The stress response to critical illness initiates significant
activation of inflammatory mediators and a rise in counter-regulatory hormones, both of
which increase hepatic gluconeogenesis and drive insulin resistance. Insulin resistance
results largely from post-receptor insulin signalling defects in glucose transporters type 4
(GLUT-4) leading to reduced glucose uptake in insulin-sensitive tissues (liver, muscle and
fat) [11]. Muscle glycogen storage is also impaired in stress hyperglycaemia [1].

Whether stress hyperglycaemia per se is harmful or an epiphenomenon of illness
severity is uncertain. During critical illness, stress hyperglycaemia is a known marker of
illness severity and the degree of hyperglycaemia is strongly associated with mortality,
especially in patients without a history of diabetes [8, 12]. However, there is no conclusive
evidence proving this is a causative association. Whilst there is likely to be some concen-
tration at which hyperglycaemia will be harmful, ‘mild’ stress hyperglycaemia may repre-
sent an epiphenomenon [13] or even an adaptive physiological response to critical illness
that augments cellular glucose uptake in non-insulin-dependent tissues (such as the ner-
vous system, bone marrow and the reticuloendothelial system), in the setting of the
diminished microvascular flow frequently associated with critical illness [14]. The latter
hypothesis is supported by the NICE-SUGAR trial. Within this landmark multi-centre
trial, tight control of stress hyperglycaemia with intensive insulin therapy (4.4-6.1 mmol/L)
when compared to standard care (6-10 mmol/L) increased mortality [15].

10.3 Stress Hyperglycaemia, Prediabetes and
Type 2 Diabetes: A Continuum?

It is biologically plausible that critical illness also unmasks latent insulin resistance and/or
impaired pancreatic -cell secretory function in a proportion of susceptible patients [16].
Accordingly, stress hyperglycaemia may identify a cohort at greater risk of subsequent
diabetes, even years after survival from critical illness.

Transient hyperglycaemia which occurs in other contexts of physiological ‘stress’ (i.e.
not critical illness) can predict the subsequent development of type 2 diabetes. For
example, whilst gestational diabetes was once considered to be a temporary disorder of

10



10

148

Y. A. Abdelhamid and A. Deane

pregnancy;, it is now well recognised that gestational diabetes strongly predicts the devel-
opment of type 2 diabetes [17-19]. Screening programmes have been widely implemented
postpartum for women with gestational diabetes in order to identify prediabetes and type
2 diabetes early and thereby reduce complications [20, 21].

Furthermore, a number of epidemiological studies have reported an association
between hyperglycaemia during hospitalisation that does not involve admission to ICU
and the subsequent development of type 2 diabetes (B Table 10.2) [22-25]. The most
externally valid of these studies to the critical care environment was a retrospective data-
linkage study of 86,634 patients admitted to hospital from emergency departments in
Scotland [22]. The 3-year risk of developing diabetes for patients who were hyperglycae-
mic (blood glucose >11 mmol/L) was 10% compared to 2.3% for all patients requiring
emergency admission [22].

The mechanisms which underlie progressive glucose intolerance and the development of
prediabetes or post-ICU diabetes are likely to be complex and have been infrequently stud-
ied (B Fig. 10.1). It is plausible that stress hyperglycaemia during ICU identifies those
patients with pre-existing impaired p-cell reserve and insulin resistance, but it is possible
that critical illness itself accelerates these abnormalities. If insulin resistance persists follow-
ing critical illness, it is likely to contribute to the development of post-ICU diabetes [26]. The
hyperglycaemia which occurs in type 2 diabetes typically results from progressive insulin
resistance which develops over years and contributes to ensuing beta-cell secretory defect
[27]. However, the insulin resistance of critical illness occurs rapidly, as a result of a dramatic
rise in counter-regulatory hormones and inflammatory mediators [1]. Whether insulin
resistance persists following critical illness in patients who experienced stress hyperglycae-
mia and the magnitude of any such persisting insulin resistance have never been evaluated.

In addition to persisting insulin resistance, a number of other mechanisms may be impli-
cated. In health, the gastrointestinal tract plays a key role in the modulation of postprandial
glycaemic excursions, with postprandial glycaemia dependent largely on both the rate of gas-
tric emptying and the incretin enterohormones, glucagon-like peptide-1 (GLP-1) and glu-
cose-dependent insulinotropic polypeptide (GIP) [28]. Loss of postprandial glycaemic
control is frequently the first sign of disordered glycaemic control in those that develop type
2 diabetes [29], and postprandial hyperglycaemia has the capacity to contribute to the devel-
opment of diabetes via glucose toxicity to pancreatic p-cells [27]. The ‘incretin effect’ describes
the increased insulin release following enteral glucose administration when compared with
iso-glycaemic intravenous glucose administration [28]. GLP-1 and GIP, which are secreted by
the intestine in response to food ingestion, are responsible for the incretin effect and account
for up to 70% of the total insulin response to oral glucose in health [30]. There is emerging
evidence that the incretin effect is acutely diminished during critical illness, although whether
this simply represents attenuated secretion of GIP and GLP-1 or more complex pathophysiol-
ogy; such as reduced insulinotropic effects of GIP and GLP-1 in the critically ill, remains
unknown [31-34]. It should be recognised that measurement of the incretin effect after intra-
gastric administration of nutrient in the critically ill is biased toward a diminished incretin
effect: this is because secretion of GIP and GLP-1 are dependent on the rate of gastric empty-
ing [35], and gastric emptying is frequently delayed during critical illness [36]. It is unclear
whether attenuation of the incretin effect persists after resolution of critical illness.

The role of gastric dysmotility in the development of post-ICU diabetes has also never
been studied. Gastric dysmotility occurs frequently during critical illness [36, 37], but
limited data exist about gastric emptying as patients recover [6]. Rapid gastric emptying
can lead to larger postprandial glycaemic excursions and may be implicated in the
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B Fig. 10.1  Summary of postulated mechanisms contributing to the development of post-ICU

diabetes. A combination of predisposing factors in the patient and physiological changes associated
with critical illness may be implicated

pathogenesis of type 2 diabetes [38-40], but delayed gastric emptying can also potentially
contribute to hyperglycaemia via a reduction in the incretin effect [41]. Therefore, persis-
tent gastric dysmotility has the potential to contribute to persistent glucose intolerance
following critical illness.

Additional mechanisms that may predispose to post-ICU diabetes and warrant further
evaluation include the reduction in physical activity and autonomic dysfunction, both of
which are reported to occur frequently in survivors of ICU [42, 43]. Physical inactivity
and autonomic dysfunction have the capacity to worsen glycaemia and facilitate the ear-
lier development of microvascular complications associated with diabetes [44, 45]. Finally,
critically ill patients who experience stress hyperglycaemia are reported to more frequently
have a family history of diabetes and a higher body mass index on admission to ICU than
critically ill patients with normal glucose tolerance [46, 47]. This suggests that well-
accepted risk factors of type 2 diabetes, such as obesity and family history, may also play a
key role in the development of post-ICU diabetes.

10.4 Evidence that Stress Hyperglycaemia Predicts Type 2
Diabetes After Critical lliness

The question of whether stress hyperglycaemia identifies survivors of critical illness at
increased risk of subsequently developing diabetes has been the subject of a number of
retrospective and prospective controlled cohort studies [22, 46-49] and a meta-analysis
[2]. The original studies used different methods to determine the risk of incident diabetes
and employed various definitions of stress hyperglycaemia (@ Table 10.3). Two of the
prospective cohort studies were conducted in a single centre in Croatia and tested patients
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after ICU discharge for prediabetes and diabetes [46, 48]. In the study with the most rigor-
ous follow-up, 582 patients underwent annual oral glucose tolerance tests for 5 years after
discharge from the ICU [46]. Patients who experienced stress hyperglycaemia during ICU
admission (defined as peak blood glucose >7.7 mmol/L) had a fivefold increased risk of
developing diabetes when compared to patients without stress hyperglycaemia. In another
study from the same centre, 258 patients admitted to ICU with sepsis, acute coronary
syndrome or acute heart failure were also followed up with oral glucose tolerance testing
[48]. The risk of incident diabetes was more than four times higher in the stress hypergly-
caemia cohort. Whilst the results of these studies are informative, generalisability is lim-
ited because of the single-centre study design and the absence of reported illness severity
data. In contrast, stress hyperglycaemia (peak blood glucose >7.7 mmol/L) did not iden-
tify patients at increased risk of incident diabetes in a similar single-centre study of 385
ICU survivors conducted in Belgium [47]. This contrasting finding may be explained by
the comparatively short follow-up period - the primary outcome (development of diabe-
tes) was determined using oral glucose tolerance testing, with or without HbA | _testing, at
8 months after ICU discharge.

The retrospective multi-centre database record linkage study of 86,634 patients admitted
to hospital from emergency departments in Scotland (summarised in @ Table 10.2) included
a cohort of 1828 patients who required ICU admission and used a higher threshold to define
stress hyperglycaemia than other studies (blood glucose >11.1 mmol/L) [22]. Data from the
cohort of ICU survivors included in this Scottish study was combined with data from the
European single-centre prospective cohort studies [46-48] in a recent meta-analysis [2]. A
total of 2923 ICU survivors and 131 cases of incident diabetes were included in the meta-
analysis. Stress hyperglycaemia was associated with an increased risk of developing diabetes
in survivors of critical illness, with a low-moderate degree of statistical heterogeneity between
studies (odds ratio 3.48; 95% confidence interval (CI) 2.02-5.98; I> = 36.5%) (@ Fig. 10.2).
Stress hyperglycaemia also identified patients at increased risk of developing prediabetes
(defined according to the American Diabetes Association criteria [50]), which is a known
risk factor for type 2 diabetes, with an annual conversion rate of 5-10% [51]. A limitation of
this meta-analysis was the significant clinical heterogeneity among the included studies.

The largest cohort studied to evaluate whether an association between stress hypergly-
caemia and subsequent diabetes exists is a multi-centre retrospective data-linkage cohort
of 22,473 patients surviving ICU admission in the state of South Australia [49]. Data that
was forwarded to the national (Australian New Zealand Intensive Care Society) ICU data-
base were linked to state-retained hospital-level coding data (matching hospital diagnos-
tic codes for diabetes prior to index hospital discharge), registration with the national
diabetes register and the national register of deaths. Stress hyperglycaemia (defined as
blood glucose >11.1 mmol/L in the first 24 hours of admission) occurred in 17% of
patients without diabetes, and the incidence of diabetes following critical illness was
almost 5% over a median observation period of 5 years. Stress hyperglycaemia nearly
doubled the risk of incident diabetes, and this risk persisted regardless of age or illness
severity. This study used the proposed cut-off (blood glucose >11.1 mmol/L) at which
screening programmes may be beneficial [22]. However, like in several of the previous
studies [22, 46, 47], only a single elevated reading was required, which may not be suffi-
ciently specific given that temporary disturbances in blood glucose can occur following
use of catecholamines or glucocorticoids in critical illness.

In summary, current evidence suggests that the presence of stress hyperglycaemia dur-
ing critical illness at least doubles the risk of incident diabetes following hospital discharge.

10
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Accordingly, post-ICU diabetes appears to be a real phenomenon. However, all studies to
date have been limited by the use of varying blood glucose thresholds to define stress
hyperglycaemia, and blood glucose concentrations have not been reported in relation to
nutrient delivery or fasting status. Furthermore, very few studies have measured HbA | _as
a way to exclude baseline diabetes, leading to the potential that undiagnosed diabetes may
bias estimates of risk.

10.5 Similarities Between the Long-Term Complications of
Critical lliness and Those of Diabetes

Many of the complications of critical illness are similar to the known microvascular com-
plications of type 2 diabetes. Nephropathy, autonomic neuropathy and sensorimotor
peripheral neuropathy all occur frequently in survivors of critical illness [3-5] and also in
patients with type 2 diabetes who have never been critically ill [52]. It is therefore plausible
that the development of diabetes after critical illness could exacerbate any underlying
long-term complications of critical illness.

Taking nephropathy as an example, critically ill patients who survive an episode of
acute kidney injury requiring renal replacement therapy frequently experience poor phys-
ical function and mental health even 3 years after hospital discharge [53, 54]. These
patients are also at ongoing risk of high mortality and, in those patients still alive at 4 years,
albuminuria is present in almost half [55]. Given that albuminuria is a recognised inde-
pendent risk factor for dialysis requirement, cardiovascular disease and death in cohorts
of non-critically ill patients [56, 57] and that albuminuria is a key feature of diabetic
nephropathy, it is likely that outcomes will be worse in critically ill patients who subse-
quently develop diabetes.

Similarly, autonomic dysfunction, which is already prevalent in critical illness and also
develops as a complication of type 2 diabetes [58], may be accelerated in at-risk patients
and exacerbate symptoms associated with gastroparesis [36] and sexual and bladder dys-
function [59, 60]. Cardiovascular autonomic dysfunction is also strongly associated with
mortality both in critically ill cohorts [4] and in patients with type 2 diabetes in the com-
munity setting [61] — whether this risk of death is compounded in survivors of critical
illness with type 2 diabetes remains unknown.

Finally, the prolonged severe weakness and disability associated with critical illness
polyneuropathy [3, 62] may be less likely to recover if post-ICU diabetes develops, given that
the known microvascular complications of diabetes include diabetic neuropathy [63, 64].

A significant overlap exists between the long-term complications of critical illness and
those of type 2 diabetes, suggesting potential benefits from screening and preventative
interventions for prediabetes and type 2 diabetes in survivors at risk of post-ICU diabetes.

10.6 Screening for Post-ICU Diabetes and Potential
Preventative Strategies

There is typically an extended time period between the development of type 2 diabetes
and its eventual diagnosis, and this delay in clinical diagnosis frequently exacerbates pro-
gression of microvascular complications [65]. Therefore, an opportunity exists to explore
whether screening programmes in survivors of critical illness who experienced stress
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hyperglycaemia can lead to early diagnosis of prediabetes or diabetes and allow interven-
tion to prevent long-term complications. Such a targeted strategy represents a novel
approach given that the current evidence base supporting follow-up programmes and
interventions for heterogeneous cohorts of ICU survivors is limited [66-69].

It should be recognised that mass general population screening programmes for type 2
diabetes are not always effective [70]. However, targeted screening of groups at high risk,
such as women with a history of gestational diabetes, can lead to earlier diagnosis and better
health outcomes. In many countries, screening programmes have been instituted during
the postpartum period for women with gestational diabetes [20, 71]. Point estimates from
meta-analyses suggest that the risk of diabetes following stress hyperglycaemia during
critical illness is similar to, or greater than, the risk in women with gestational diabetes over
comparable periods of observation [2, 17, 19]. Given the high prevalence of stress hypergly-
caemia and that millions of patients are admitted to ICUs worldwide each year, there is
potentially a large number of ICU survivors who may benefit from screening and early
detection of diabetes or prediabetes. Furthermore, the largest study to date has identified
that the risk of incident diabetes following stress hyperglycaemia is greatest in survivors of
critical illness aged 50-59 years — a sevenfold increased risk [49]. This is significant because
the most cost-effective screening programmes are those which can identify younger popu-
lations at risk who have the most potential to benefit from early intervention [72].

The optimal time to screen, duration of screening and best screening test to use (fast-
ing plasma glucose, the 2-hour plasma glucose value during a 75 g oral glucose tolerance
test, HbA_or all of these) for survivors of critical illness are unknown. In critically ill
patients with stress hyperglycaemia, HbA, _is reported to be greater than in patients with
normal glucose tolerance [47, 73] and, in ambulant populations, HbA | _is a strong predic-
tor of the future risk of diabetes [74]. Repeat HbA, measurement after ICU discharge to
monitor for increments may identify those patients progressing to type 2 diabetes [73] and
has the appealing properties of being relatively inexpensive and available at laboratories or
primary health-care facilities external to a large hospital that has an ICU, but this has not
been studied to date. It is important to note that in other cohorts the benefit of interven-
tions for primary prevention of type 2 diabetes [75, 76] has mainly been demonstrated in
patients with impaired glucose tolerance, rather than in individuals with isolated impaired
fasting glucose or for those with prediabetes defined by HbA  _ criteria. Interventions
proven to prevent progression to diabetes in patients diagnosed with prediabetes are how-
ever cost-effective and readily available. These interventions include lifestyle modifica-
tions such as dietary change, exercise programmes and use of metformin particularly in
patients with obesity or prior gestational diabetes [21, 75, 77-80]. None of these interven-
tions have been studied specifically following critical illness.

10.7 Future Directions

There is emerging evidence that stress hyperglycaemia is a risk factor for incident diabetes
in survivors of critical illness. To precisely quantify this risk, a multi-centre prospective
cohort study with an adequate follow-up period of several years is required. In such a
study, it would be important to utilise HbA1c to exclude undiagnosed diabetes at baseline
and to define stress hyperglycaemia relative to nutrient delivery and on the basis of
repeated blood glucose measurements. In addition, studies which evaluate the mecha-
nisms underlying progressive glucose intolerance following critical illness are needed in
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order to guide interventions. Future mechanistic studies could also evaluate autonomic
function, insulin and incretin hormone secretion capacity, persistence of insulin resis-
tance (using iso-glycaemic hyperinsulinaemic clamps or sophisticated modelling post
oral glucose tolerance testing), persistence of gastric dysmotility, interaction with known
risk factors (such as increased body mass index and family history) and physical activity
levels post ICU. Finally, it is important to determine whether targeted screening pro-
grammes in survivors of critical illness can lead to earlier diagnosis of prediabetes or dia-
betes and reduce the associated complications that are important to patients.

Conclusion

Stress hyperglycaemia during critical illness is prevalent and appears to identify patients at
increased risk of developing diabetes following ICU discharge. The mechanisms underlying
post-ICU diabetes remain incompletely understood at present. Further work to determine
whether screening and preventative programmes for survivors of critical illness and stress
hyperglycaemia are of benefit and cost-effective is required.

— Take Home Messages

Stress hyperglycaemia occurs frequently in the ICU.

Patients who develop stress hyperglycaemia may be at increased risk of developing
type 2 diabetes - current evidence suggests that stress hyperglycaemia may at least
double this risk.

Potential mechanisms implicated in the development of post-ICU diabetes include
persistent insulin resistance, autonomic dysfunction, gastric dysmotility, attenuation
of the incretin effect, reduced physical activity and individual patient predisposition.
Post-ICU diabetes can be diagnosed by fasting plasma glucose, an oral glucose
tolerance test or HbA1c measurement, using the same diagnostic criteria as type 2
diabetes.

Patients who experience stress hyperglycaemia during critical illness may benefit
from closer follow-up after ICU, but as yet there are no screening programmes or
interventions that are proven to be of benefit in this group specifically.
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