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Abstract
Introduction: Patients admitted to the intensive care unit often develop hyperglycaemia, but the underlying
mechanisms have not been fully described. The incretin effect is reduced in patients with type 2 diabetes. Type 2
diabetes and critical illness have phenotypical similarities, such as hyperglycaemia, insulin resistance and systemic
inflammation. Previous studies have shown beneficial effects of exogenous glucagon-like peptide (GLP)-1 on
glycaemia in critically ill patients, a phenomenon also seen in patients with type 2 diabetes. In this study, we
hypothesised that the incretin effect, which is mediated by the incretin hormones GLP-1 and glucose-dependent
insulinotropic peptide (GIP), is impaired in critically ill patients.
Methods: The incretin effect (i.e., the relative difference between the insulin response to oral and intravenous
glucose administration) was investigated in a cross-sectional case–control study. Eight critically ill patients without
diabetes admitted to a mixed intensive care unit and eight healthy control subjects without diabetes, matched at
group level by age, sex and body mass index, were included in the study. All subjects underwent an oral glucose
tolerance test (OGTT) followed by an intravenous glucose infusion (IVGI) on the next day to mimic the blood
glucose profile from the OGTT. Blood glucose, serum insulin, serum C-peptide and plasma levels of GLP-1, GIP,
glucagon and proinflammatory cytokines were measured intermittently. The incretin effect was calculated as the
increase in insulin secretion during oral versus intravenous glucose administration in six patients. The groups were
compared using either Student’s t test or a mixed model of repeated measurements.
Results: Blood glucose levels were matched between the OGTT and the IVGI in both groups. Compared with
control subjects, proinflammatory cytokines, tumour necrosis factor α and interleukin 6, were higher in patients
than in control subjects. The endogenous response of GIP and glucagon, but not GLP-1, to the OGTT was greater in
patients. The insulin response to the OGTT did not differ between groups, whereas the insulin response to the IVGI
was higher in patients. Consequently, the calculated incretin effect was lower in patients (23 vs. 57 %, p = 0.003).
Conclusions: In critically ill patients, the incretin effect was reduced. This resembles previous findings in patients
with type 2 diabetes.
Trial registration: ClinicalTrials.gov identifier: NCT01347801. Registered on 2 May 2011.

Introduction
Elevated blood glucose is often seen in critically ill patients
without diabetes [1]. The severity of this hyperglycaemia is
correlated to mortality and morbidity in such patients [2],
and normoglycaemia obtained by insulin infusion may reduce mortality and morbidity [3, 4]. However, despite the
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clear importance of hyperglycaemia to these hard endpoints, the pathophysiological basis of hyperglycaemia in
this context is not fully understood.
Type 2 diabetes and critical illness have similar characteristics, both presenting with insulin resistance (IR) and systemic inflammation, which contribute to the hyperglycaemic
state [5, 6]. In type 2 diabetes, the development of hyperglycaemia is facilitated by pancreatic β-cell dysfunction, including a reduced incretin effect, which is defined as the relative
increase in insulin secretion induced by oral versus intravenous glucose administration. This effect is induced largely by
the intestinal hormones, glucagon-like peptide (GLP)-1 and
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glucose-dependent insulinotropic peptide (GIP) [7, 8]. Understanding the incretin effect in critical illness is relevant,
given the recent interest in using incretin analogues in the
management of hyperglycaemia in the intensive care unit
(ICU) [9]. Thus, incretin analogues may be associated with a
lower risk of hypoglycaemia [10, 11] than current insulin
treatment regimens [12]. However, our understanding of the
incretin system in ICU patients is insufficient to recommend
routine use of incretin analogues in these patients.
Although type 2 diabetes and critical illness share some
phenotypic characteristics, a major difference is that hyperglycaemia in critical illness develops in a matter of days
rather than years. Interestingly, acute experimental hyperglycaemia impairs pancreatic β-cell function [13, 14], incretin action [13, 15] and the incretin effect in humans [15].
Additionally, glucose normalisation with insulin treatment
also improves β-cell function and the incretin effect in type
2 diabetes [16–18]. Furthermore, clinical studies by our
group demonstrate that systemic inflammation induced by
tumour necrosis factor (TNF)-α infusion impaired the suppression of GLP-1 on endogenous glucose production [19],
but did not change the incretin effect [20], in healthy
humans. These findings suggest that the incretin effect may
become impaired in critical illness as a consequence of
hyperglycaemia rather than inflammation per se. This notion is supported by evidence that the incretin effect is impaired in patients with chronic pancreatitis in the presence
of hyperglycaemia only [21]. Consequently, in the present
study, we hypothesised that the incretin effect in critically
ill patients would be reduced compared with the effect in
age- sex- and body mass index (BMI)-matched healthy control subjects without diabetes.

Material and methods
Eight patients admitted to a mixed ICU and eight healthy
control subjects without diabetes, who were matched at
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group level by age, sex and BMI, were included in the
study (Fig. 1). The study was conducted from April 2012
to May 2013. Informed consent was obtained from the
ICU patients or, when this was not possible, from their
next of kin and their general practitioner according to
Danish law. The control subjects gave oral and written
informed consent to participate. The study was approved
by the Scientific Ethics Committee of the Capital Region
of Denmark (file number H-3-2009-108), approved by
The Danish Data Protection Agency and conducted in accordance with the Declaration of Helsinki.
Subjects and procedures
Critically ill patients

Eight nondiabetic critically ill patients [haemoglobin A1c
(HbA1c) <6.5 %] were enrolled in the study no more than
72 h after admission to the ICU. Patients were excluded if
they had undergone recent abdominal surgery (except simple appendectomy), had acute or chronic pancreatitis, had a
history of bariatric surgery, were aged <18 years, or if informed consent could not be obtained. Information about
physical activity level in the 30 days before admission was
obtained from the patient’s next of kin and graded on a
scale from 1–5, with 1 being no physical activity at all and 5
being vigorous physical activity for more the 4 h per week.
On 2 consecutive days, we performed an oral glucose
tolerance test (OGTT; 75 g of glucose in 300 ml of
water) and an isoglycaemic intravenous glucose infusion
(IVGI) (glucose; Fresenius Kabi, Uppsala, Sweden) using
a variable rate designed to match the plasma glucose
profile measured during the OGTT. For the OGTT, the
glucose solution was injected into the stomach through
a nasogastric tube with the patient in an upright position;
for the IVGI, glucose was infused through a central venous
catheter. Six hours before each of these two procedures, all
routine enteral and parenteral nutrition was discontinued.

Fig. 1 Study design. Glucose (50 mg/ml, 25 g in total) was infused intravenously (i.v.) for 150 minutes in the control subjects and for 300 minutes
in the critically ill patients. Circle indicates blood sampled for analysis. Square indicates a continous intervention. BP blood pressure, EDTA
ethylenediaminetetraacetic acid, IVGI intravenous glucose infusion, OGTT oral glucose tolerance test
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To avoid hypoglycaemia induced by fasting, the patients received a glucose infusion (total 25 g of glucose) for 5 h until
1 h before the OGTT and IVGI protocol was commenced.
At this time, the glucose and insulin infusions, if any, were
discontinued, and the stomach was emptied via the nasogastric tube. Glucose emptying from the stomach during
OGTT was assessed hourly by measuring the gastric content via the gastric tube. Throughout the procedures, blood
for glucose analysis was obtained from an arterial catheter
located in the radial artery, whereas blood for other analyses was sampled from a central venous catheter through
an infusion line separated from the glucose infusion.
Healthy control subjects

Eight healthy age-, sex- and BMI-matched control subjects without diabetes (Hb1Ac <6.5 %) were included.
Subjects were excluded if they had a history of recent
abdominal surgery (except for simple appendectomy),
bariatric surgery or cancer or if they had any chronic inflammatory disease. Information about physical activity
level in the last 30 days was graded on a scale from 1 to
5, with 1 being no physical activity at all and 5 being vigorous physical activity for more the 4 h per week.
An OGTT and an isoglycaemic IVGI were performed on
2 consecutive days. On each day, subjects reported to the
laboratory after an overnight fast, and baseline blood samples were collected from an antecubital venous catheter.
For measurement of blood glucose, arterialised blood was
collected from a retrograde venous catheter on the dorsum
of the hand wrapped in a heating blanket. On both study
days, glucose was infused through a cubital venous catheter
on the opposite arm to mimic the pretest glucose infusion
provided to the critically ill patients. This infusion was limited to a duration of 2½ h (total 25 g of glucose) for logistic
reasons, but it was discontinued at 1 h before the OGTT
or IVGI, as was the case for the critically ill patients. During the OGTT and IVGI, blood samples were obtained according to the schedule shown in Fig. 1.
Blood samples

Blood samples from the two groups were collected,
stored and analysed in an identical fashion.
Blood glucose

Arterial blood samples (in patients) and arterialised venous blood samples (in healthy control subjects) were
analysed during the OGTT and IVGI every 5 minutes
for the first hour and every 10 minutes for the next
hours using a bedside glucose oxidase assay (ABL 725
series; Radiometer, Copenhagen, Denmark).
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centrifuged at 3500 rpm. Serum was removed and stored
at 5 °C until samples were analysed by electrochemical
enzyme-linked immunosorbent assay (ECLIA) (Roche Emodular; Roche, Basel, Switzerland) within 6 h at the
Department of Clinical Biochemistry, Rigshospitalet,
Copenhagen, Denmark.
GLP-1, GIP and glucagon

Blood was sampled in ethylenediaminetetraacetic acid
(EDTA)-coated tubes with aprotinin (Trasylol; Bayer HealthCare, Leverkusen, Germany) 5000 IU/ml blood, immediately
centrifuged at 3500 rpm and stored at −80 °C until analysis.
Total GLP-1 was analysed using an ECLIA (Meso Scale Discovery, Rockville, MD, USA) with a detection range of 0.98–
1000 pg/ml and intraassay variation of 1.1–7.6 %. Total GIP
was analysed using an enzyme-linked immunosorbent assay
(EMD Millipore, Billerica, MA, USA) with a detection range
of 4.2–2000 pg/ml, intraassay variation of 3.0–8.8 % and
interassay variation of 1.8–6.1 %. Total glucagon was analysed using a radioimmunoassay (Electra-Box Diagnostica,
Copenhagen, Denmark) with a detection range of 18.45–
400 pg/ml and intraassay variation of 4.0–6.8 %. Only one
assay was used for glucagon measurements. All samples
were analysed in duplicates on stored plasma, and the
mean value was used for further analysis.
IL-6 and TNF-α

Blood was sampled in EDTA-coated tubes, immediately
centrifuged at 3500 rpm and stored at −80 °C until analysis. Interleukin (IL)-6 and TNF-α were analysed using
ECLIA (Meso Scale Discovery). For IL-6, the detection
range was 1.58–488 pg/ml, intraassay variation was 5.2–
7.3 % and interassay variation was 4.2–5.5 %. For TNF-α,
the detection range was 0.69–248 pg/ml, intraassay variation was 6.1–10.1 % and interassay variation 6.2–7.2 %.
All samples were analysed in duplicates on stored plasma,
and the mean value was used for further analysis.
In two of the patients, it was not possible to perform the
IVGI. One patient did not want to participate in the second study day, and fasting was not accomplished according
to the protocol in the other patient. In addition, two critically ill patients did not complete the IVGI to 180 minutes,
one due to transfer to an acute percutaneous coronary
intervention and the other due to termination of treatment
(at 80 min 120 min, respectively). Thus, we present OGTT
data for eight patients and eight control subjects and IVGI
data for six patients and eight control subjects. Data from
the two patients who did not complete the IVGI to 180 minutes was extrapolated as described below.
Calculations

Insulin and C-peptide

Blood was sampled in serum-separating tubes, stored
upright at room temperature for 20–40 minutes and

The incretin effect was calculated as incretin effect =
[incremental area under the curve (iAUC) insulin
OGTT − iAUC insulin IVGI]/iAUC insulin OGTT [8].
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The Matsuda index, a marker of insulin sensitivity,
was calculated as follows [22]:
Matsuda index ¼ 10; 000=

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ððbaseline glucose  mean glucoseÞ  ðbaseline insulin  mean insulinÞÞ

The homeostatic model assessment (HOMA)-IR, a
marker of IR, was calculated as HOMA-IR = (fasting glucose × fasting insulin)/22.5 [23].
HOMA-β, a marker of β-cell function, was calculated as HOMA‐β = (20 × fasting insulin)/(fasting glucose − 3.5) [23].

Blood samples were obtained for 300 minutes after
glucose ingestion. Due to missing IVGI data from the
two patients who only partly finished the IVGI, we analysed only the data from the first 180 minutes in order
to avoid too many imputations.

Results
Statistics

The statistical analyses were performed using SAS 9.3
software (SAS Institute, Cary, NC, USA). All statistical
analyses were based on iAUCs during the OGTT and
the IVGI, except for Matsuda index, HOMA-IR and
HOMA-β. iAUC was calculated using the trapezoidal
rule.
Group differences in the incretin effect, the Matsuda
index, HOMA-IR, and HOMA-β were evaluated using
unpaired t tests. Group and trial differences in iAUCs
for glucose, insulin, C-peptide, glucagon, GLP-1, GIP,
TNF-α and IL-6 were evaluated using a mixed model of
repeated measurements adjusted for difference in variation in the data between the groups. p < 0.05 was considered significant. If a better fit of normal distribution
was obtained by log transformation, this was performed
before the statistical analysis. Since the number of patients was small, we also performed nonparametric testing of these variables.
In the text and figures, the incretin effect, Matsuda
index, HOMA-IR, HOMA-β and iAUC of glucose are
given as mean and 95 % confidence interval (CI),
whereas iAUCs of insulin, C-peptide, glucagon, GLP-1,
GIP, TNF-α and IL-6 are given as geometric mean and
95 % CI. The changes over time during OGTT and IVGI
are given as mean or geometric mean and 95 % CI
because the statistics of these measurements were performed with the calculated iAUCs.
The number of participants was determined by a
power calculation based on data from a comparable
study [20] (G*Power 3.0 software) (α = 0.05 and β = 0.2).
Missing data were imputed either by using the average
of the value recorded one time point before and one
time point after the missing value or, if the data were
missing in the beginning or at the end of the OGTT or
IVGI, by multiplying the last available value by the average percentage change in the other subjects in the group
at that time point. An overview of the missing data is
provided as Additional file 1.

Subject characteristics

Table 1 summarises the characteristics of the groups.
The patients and the control subjects were matched with
regard to mean age, sex distribution and mean BMI.
Eight patients were included in the study. Individual details on the eight patients are given in Table 2. Three of
the patients died in the ICU (38 % ICU mortality). The
OGTT and IVGI were performed without any complications. During the OGTT, as evaluated by aspiration of
gastric contents, the stomach was empty after 60 minutes
in two patients, after 120 minutes in one patient and
after 180 minutes in three patients. In two patients, the
stomach was still not empty after 180 minutes.
Blood glucose

Mean blood glucose was higher in patients than in
control subjects during the OGTT (p = 0.007) (Fig. 2).
Compared with values during the OGTT, blood glucose
during the IVGI was significantly higher in control subjects (p = 0.0158) and significantly lower in patients (p =
0.035).
Table 1 Subject characteristics
Patients
(n = 8)
Mean/median age (yr)
Mean/median BMI (kg/m2)

Control subjects
(n = 8)

68.8/69.5

66.1/66.5

(64.5–73.5)

(64.5–68.5)

25.0/24.0

25.2/24.7

(21.0–28.0)

(22.0–27.4)

Male/female distribution

4/4

4/4

Mean/median HbA1c (%)

6.1/6.2

5.6/5.6

Mean/median physical
activity level (1–5)

(5.9–6.4)

(5.5–5.7)

2.3/2.0

3.5/4.0

(1.0–3.0)

(3.0–4.0)

BMI body mass index, HbA1c haemoglobin A1c
Except for male/female distribution, values are mean/median
(interquartile range)
The data on physical activity level are from seven critically ill patients and
eight control subjects

Patient

Reason for
Sex
admission to
the ICU

APACHE II Data OGTT on Discharge
from day after destination
IVGI admission

Days
in ICU

Ventilator Mean/median (interquartile Total dose of
OGTT/IVGI range) blood glucose 36 h insulin 36 h
before OGTT (mmol/L)
before OGTT
(IU)

Total dose of
steroida in
ICU before
OGTT (mg)

Dose of
steroida
OGTT/IVGI
(mg/day)

Dose of NE
OGTT/IVGI
(mg/kg/day)

1

Sepsis
Male
(pneumonia)

27

No

2

Ward

2.8

Yes

8.2/7.7(6.4–8.7)

None

18.7

3.7

None/

2

Sepsis
Female 34
(pneumonia)

Yes

2

Deceased

4.4

Yes/Yes

9.0/7.7(6.4–10.3)

2

None

None/11.2

0.53/1.15

3

Sepsis
Male
(diverticulitis)

23

No

2

Ward

9.0

No

10.4/9.7(9.1–11.3)

None

None

None/

None/

4

Cardiogenic
shock

Female 25

Yes

2

ICU at another 2.0
hospital

No/No

11.9/11.3(10.1–12.1)

None

5.6

5.6/None

None/None

5

Hypothermia Male
after cardiac
arrest

41

Yes

4

Deceased

5.2

Yes/Yes

8.1/8.4(7.9–9.4)

63

None

None/None

None/None

6

Sepsis
Female 45
(pneumonia)

Yes

3

Deceased

4.1

Yes/Yes

8.2/7.4(6.6–8.5)

None

18.8

None/None

0.04b/0.59

7

Sepsis
Male
(pneumonia)

31

Yes

2

Ward

12.7

No/Yes

7.2/7.6(7.1–8.7)

None

None

None/None

None/None

8

Sepsis
Female 24
(pneumonia)

Yes

3

Ward

14.4

Yes/Yes

9.5/9.4 (7.9–10.9)

48

11.2

5.6/5.6

0.04/0.20

9.1/8.6 (8.1–9.9)

14.1/0.0
(0.0–25.0)

6.8/2.8
(0.0–15.0)

1.8/0.0 (0.0–4.7)/ 0.08/0.00
2.8/0.0 (0.0–5.6) (0.00–0.04)/
0.32/0.10
(0.0–0.59)

Mean/median
(interquartile
range)

31/28
(24–38)

6.8/4.8
(3.5–10.8)
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Table 2 Individual data on the eight patients included in the study

APACHE Acute Physiology and Chronic Health Evaluation, ICU intensive care unit, IVGI intravenous glucose infusion, NE norepinephrine, OGTT oral glucose tolerance test, IU International Units
Patients on the ventilator included intubated patients and patients receiving noninvasive ventilation.
a
Dose equipotent to dexamethasone
b
This patients also received 22 mg/kg/day of dopamine infusion on this day
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Fig. 2 Glucose, insulin and C-peptide. Mean blood glucose (a) was measured every 5 minutes for the first 60 minutes and every 10 minutes for
the next 120 minutes after glucose ingestion. Geometric mean insulin (c) and geometric mean serum C-peptide (e) [with 95 % confidence interval
(CI)] were measured every 20 minutes for 180 minutes after glucose ingestion. Mean iAUC of blood glucose (b), geometric mean iAUC of serum
insulin (d) and geometric iAUC mean of serum C-peptide (f) (95 % CI). *Significant difference between OGTT and IVGI; #significant difference
between groups. iAUC incremental area under the curve, IVGI intravenous glucose infusion, OGTT oral glucose tolerance test

Insulin and C-peptide

As expected, insulin increased during both the OGTT
and the IVGI and was higher during the OGTT than
during the IVGI in both groups (p = 0.038 for patients,
p = 0.0001 for control subjects), corroborating the presence of an incretin effect. Furthermore, insulin was
higher in patients than in control subjects during the
IVGI (p = 0.045) but not during the OGTT.
Not surprisingly given the insulin response, C-peptide
also increased in both groups and was higher in patients
than in control subjects during the IVGI (p = 0.004) but
not during the OGTT. Interestingly, however, the serum

concentration of C-peptide did not differ between the
OGTT and the IVGI in patients, whereas it was higher
during the OGTT than during the IVGI in the control
subjects (p < 0.0001).
Incretin hormones

Plasma levels of both GIP and GLP-1 rose during the
OGTT in both groups. GLP-1 did not differ between the
groups during the OGTT or the IVGI. However, GLP-1
was higher during the OGTT than during the IVGI in
control subjects (p = 0.0006) but not in patients (Fig. 3).
GIP was higher in patients than in control subjects

Nielsen et al. Critical Care (2015) 19:402
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Fig. 3 The incretin hormones and glucagon. Geometric mean plasma GLP-1 (a), geometric mean plasma GIP (c) and geometric mean plasma
glucagon (e) measured 0, 20, 40, 60, 120 and 180 minutes after glucose ingestion, all with 95 % confidence intervals (CIs). Geometric mean iAUC
of plasma GLP-1 (b), geometric mean iAUC of plasma GIP (d) and geometric mean iAUC of plasma glucagon (f) (with 95 % CI). *Significant
difference between OGTT and IVGI; #significant difference between groups. GIP glucose-dependent insulinotropic peptide, GLP glucagon-like
peptide, iAUC incremental area under the curve, IVGI intravenous glucose infusion, OGTT oral glucose tolerance test

during the OGTT (p < 0.0001) but not during the IVGI.
Levels were higher during the OGTT than during the
IVGI both in control subjects and in patients.
Glucagon

Plasma glucagon was higher in patients than in control
subjects (p = 0.001 for OGTT, p = 0.046 for IVGT) but
did not change during the OGTT or the IVGI in either
group (Fig. 3).

indicating the presence of systemic inflammation. No difference occurred during the OGTT and the IVGI in either
group (Fig. 4).
Incretin effect

The incretin effect was less in patients than in control
subjects [23 % (3–43 %) vs. 57 % (45–70 %); p = 0.003]
(Fig. 5).

Cytokines

Insulin sensitivity and fasting insulin resistance

Plasma levels of the proinflammatory cytokines TNF-α
and IL-6 were higher in the patients than in control subjects (TNF-α, p = 0.015 for OGTT and p = 0.042 for IVGI;
IL-6, p < 0.0001 for OGTT and p < 0.0001 for IVGI),

Insulin sensitivity as measured by the Matsuda index
tended to be lower in patients than in control subjects
[2.08 (3.94–7.46) vs. 7.76 (5.09–11.8); p = 0.056). Also, IR
as evaluated by HOMA-IR on the OGTT day was higher
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Fig. 4 TNF-α and IL-6. Geometric mean plasma TNF-α (a) and geometric mean plasma IL-6 (c) measured at baseline and hourly after glucose
ingestion, both with 95 % confidence intervals (CI). Geometric mean iAUC of plasma TNF-α (b) and geometric mean iAUC of plasma IL-6 (d) with
95 % CI. #Significant difference between groups. iAUC incremental area under the curve, IL interleukin, IVGI intravenous glucose infusion, OGTT oral
glucose tolerance test, TNF tumour necrosis factor

in patients than in control subjects [2.73 (1.1–6.7) vs.
0.87 (0.53–1.44); p = 0.021].
Fasting β-cell function

There was no difference in HOMA-β between the
groups [62.5 (27.1–218.3) in patients vs. 55.0 (33.3–90.9)
in control subjects].

Fig. 5 Mean incretin effect with 95 % confidence interval.
#
Significant difference between groups

Results of nonparametric testing

Because of the small number of subjects, we performed
additional nonparametric tests of data. This rendered
nonsignificant the difference in blood glucose between
the OGTT and the IVGI in patients (p = 0.0345 in mixed
model, p = 0.0625 by Wilcoxon test), as well as the difference in serum insulin during IVGI between groups
(p = 0.045 in mixed model, p = 0.0593 by Mann–Whitney
U test). The significance of the remaining analyses
remained unchanged, regardless of whether a parametric
or nonparametric method was used.

Discussion
Despite the well-known association between IR, hyperglycaemia and a poor outcome in critically ill patients,
the optimal treatment remains elusive. Thus, although
van den Berghe and coworkers achieved a much improved survival in different intensive care populations
with tight glycaemic control using insulin [3, 4], more
recent studies of insulin treatment in these patients have
shown no such benefit [24, 25]. Whether this is due to a
clinically important increase in hypoglycaemia with insulin or because hyperglycaemia is an epiphenomenon [26]
rather than a mediator of a poor outcome, these discrepancies indicate a need to look beyond the hyperglycaemia itself and explore the related pathophysiology. In
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the present study, while confirming the previously reported presence of hyperglycaemia and IR in critically ill
patients admitted to a multidisciplinary ICU, the major
finding was an impaired incretin effect. Although researchers in previous studies have investigated plasma
levels of incretin hormones, fasting and nonfasting, in
critically ill patients [27–30], this study is, to our knowledge, the first investigation of the secretion of incretin
hormones in response to a standardised stimulus. The
incretins, and in particular GLP-1, have gained much
interest during the last few decades as a novel treatment
paradigm for type 2 diabetes [31]. This disease is associated with a marked reduction in the incretin effect (i.e.,
the physiologically increased insulin secretion that occurs in response to enteral compared with intravenous
administration of nutrients, and which is due to the secretion of incretin hormones by intestinal K and L cells)
[7]. The results of the present study indicate that a similar reduction is present in critically ill patients.
Insulin levels were similar in patients and control subjects during the OGTT despite the presence of much
higher blood glucose levels in critically ill patients
throughout the study. In fact, patients’ blood glucose
levels failed to return to baseline at 180 minutes after
glucose ingestion. The maximal insulin secretory response of the β cell depends on hyperglycaemia and exposure to arginine. Although we did not measure
plasma arginine, levels are reported to be elevated in
critically ill patients in the first week of admission to the
ICU [32, 33]. Adding the level of hyperglycaemia before
the OGTT, it is possible that the β cells were acting
towards the top of their secretory capacity during the
OGTT, secreting the insulin available. The fact that
there was no significant difference in C-peptide concentrations during the OGTT and the IVGI in the patients
supports this argument. However, the increase in serum
insulin and in C-peptide, albeit not to the same extent
as insulin, during the OGTT in patients could indicate a
secretory reserve, although large variation in data needs
to be taken into consideration when interpreting the difference in C-peptide and insulin concentrations.
Both incretin hormones increased during the OGTT.
Furthermore, GIP, but not GLP-1, increased more in the
patients than in the control subjects during the OGTT.
This indicates that L- and K-cell function was preserved
in the patients, even though the resulting levels of GIP
and GLP-1 were insufficient to elicit an appropriate
insulin-secretory response in terms of controlling hyperglycaemia. In healthy volunteers, hyperglycaemia induced
by glucose infusion to a level of 10 mmol/L for 24 h
reduces sensitivity to GLP-1 in the β cell [13]. Clinical
studies have shown that infusion of exogenous GLP-1
decreases the glycaemic response to enteral nutrition in
critically ill patients, including those with preexisting type
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2 diabetes [34, 35]; however, the sensitivity to exogenous
GIP is impaired, as has also been reported in type 2 diabetes [30]. We speculate that the elevated levels of GLP-1
and GIP, in combination with the hyperglycaemia in the
patients, indicate a reduced sensitivity of the β cell to the
insulinotropic effects of the incretins. This suggestion is
supported by in vitro experiments [36].
Glucocorticoids induce hyperglycaemia, decrease the
incretin effect and increase the response of both GLP-1
and GIP [37], and reduce the insulinotropic properties
of GLP-1 and GIP in healthy volunteers [38]. Glucocorticoid treatment was used in five of eight patients.
This, as well as elevated level of endogenous cortisol,
which is frequently induced by critical illness [39], may
therefore contribute to the present findings. Plasma
levels of GLP-1, GIP and glucagon were elevated at baseline in patients (p < 0.05). GLP-1 and glucagon are derived
from the proglucagon molecule, which is produced in the
L cell in the small intestine [7, 40]. This indicates that the
L and K cells were continuously stimulated in these patients, either because enterally administered nutrients
were still present in the distal part of the small intestine
after 6 h of fasting or due to the action of another local
stimulant, which could be IL-6 [27].
Cytokines and insulin resistance

Critically ill patients exhibit systemic inflammation.
However, systemic inflammation induced by TNF-α infusion in healthy human volunteers does not affect
glucose-stimulated insulin secretion [41] or the incretin
effect [20], despite inducing IR and reducing the suppressive effect of GLP-1 on endogenous glucose production [19, 20]. On one hand, in cell studies, TNF-α alone
does not impair insulin secretion, but, when combined
with other proinflammatory cytokines, it induces β-cell
dysfunction [42]. On the other hand, the patients had IR
as evaluated by HOMA-IR. Since TNF-α induces IR in
skeletal muscle [43], systemic elevations of TNF-α in critically ill patients may cause IR. As an alternative explanation, physical activity levels were lower in the patients
than in control subjects, which could also contribute to IR
in this group [44].
Gastric emptying affects the magnitude of the incretin
effect in healthy subjects and in patients with type 2 diabetes [45], and prolonged gastric emptying was observed
in some of the patients, even though this was evaluated
rather crudely by assessing the remaining gastric fluid
contents by aspiration. Thus, the reduced incretin effect may have been due to or enhanced by the presence of delayed gastric emptying in our patients.
Furthermore, five of eight patients received glucocorticoid treatment in the ICU in the days before and
during the test days; this is also known to reduce the
incretin effect [37].
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Limitations

We included only a small number of patients, which was
primarily due to the very complex setup in the setting of
serious critical illness with the potential for dramatic
changes in clinical presentation. The low number of patients and the fact that some patients were on steroids
limit the generalisability of the findings. Extrapolation of
data from the IVGI in two patients potentially reduces
the variability in the data. With regard to glycaemic control, preexisting hyperglycaemia may have contributed to
the impaired incretin effect [46]. The method of choice
to investigate the incretin effect is to conduct the OGTT
and the IVGI on 2 consecutive days [47]. Although we
conducted the studies in the early phase of admission to
the ICU, we cannot rule out the possibility that some of
the patients were already in the recovery phase of their
critical illness. Furthermore, because critical illness is a
dynamic condition, 2 days might not be perfectly comparable with regard to severity of disease. The variations
in BMI and age among the patients were slightly greater
than in the control subjects; also, the mean and median
age was higher in the patients. However, we believe that
the matching was sufficient. Due to logistics, the study
protocols in the two groups were not completely identical with regard to the duration of fasting and the duration of pretest glucose infusion. Additionally, the site of
blood glucose measurements was arterial blood in the
patients and arterialised venous blood in control subjects. However, we do not believe that these small differences affected the outcomes significantly.
In the patients, the iAUC of glucose during the OGTT
was slightly higher than that during the IVGI, whereas it
was slightly lower during the OGTT in control subjects.
These differences may have led to an overestimation of
the incretin effect in patients while underestimating it in
control subjects. However, we believe that the large difference in the incretin effect is very unlikely to be due to
the very small unintended differences in blood glucose
between trials. GLP-1 and GIP levels were analysed in
plasma samples obtained in collecting tubes without
dipeptidyl peptidase (DPP)-4 inhibitor in both groups.
Despite the fact that the blood was obtained in iced
tubes and the samples were centrifuged rapidly, there is
a possibility that some of the GLP-1 and GIP was degraded by the enzyme DPP-4 in the tubes before centrifugation, leading to potentially lower measured plasma
levels in both groups. HbA1c is slightly higher in patients, which we believe reflects hyperglycaemia related
to critical illness.
Gastric emptying was evaluated semiquantitatively by
the amount of fluid aspirated from the gastric tube. This
is not the gold standard of measuring gastric emptying,
and we confirmed the position of the gastric tube only
by aspiration of gastric content. Furthermore, gastric
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emptying was not measured in the control subjects. Imputation of missing data to allow us to calculate the
iAUC was done mainly in the patients. This led to a reduction of the variance in that group, which is a limitation in the data. Use of a dual or triple glucose tracer
approach would have allowed determination of hepatic
glucose production during OGTT; however, we did find
significantly higher glucagon levels in the patients, which
might indicate a higher rate of hepatic glycogenolysis in
this group.

Conclusions
This study indicates that a reduced incretin effect accompanies IR and hyperglycaemia in critically ill patients. The results indicate preserved L- and K-cell
function in critically ill patients. Thus, the increase in
GIP and GLP-1 secretion during the OGTT was not sufficient to reduce blood glucose to normal levels.
We suggest that while IR in critically ill patients is a
consequence of systemic inflammation mediated by
TNF-α per se, the impaired incretin effect is not directly
related to inflammation; it more likely occurs secondary
to the development of hyperglycaemia. Delayed gastric
emptying and corticosteroid treatment in critically ill patients may further reduce the incretin effect. This may
have implications for the treatment of hyperglycaemia in
ICU patients in the future.
Key messages
 The incretin effect may be reduced in critically ill

patients.

 The function of intestinal L cells and K cells seems

to be preserved in critically ill patients.

 The pancreatic β cell may be resistant to the

insulinotropic effects of the incretin hormones in
critically ill patients.

Additional file
Additional file 1: Overview of missing data in patients and control
subjects. (DOCX 17 kb)

Abbreviations
APACHE: Acute Physiology and Chronic Health Evaluation; BMI: Body mass
index; DPP-4: Dipeptidyl peptidase 4; ECLIA: Electrochemical enzyme-linked
immunosorbent assay; EDTA: Ethylenediaminetetraacetic acid; GIP:
Glucose-dependent insulinotropic peptide; GLP: Glucagon-like peptide;
HbA1c: Haemoglobin A1c; HOMA: Homeostatic model assessment;
iAUC: Incremental area under the curve; ICU: Intensive care unit;
IL: Interleukin; IR: Insulin resistance; IVGI: Intravenous glucose infusion;
NE: Norepinephrine; OGTT: Oral glucose tolerance test; TNF: Tumour necrosis
factor.
Competing interests
The authors declare that they have no competing interests.

Nielsen et al. Critical Care (2015) 19:402

Authors’ contributions
STN contributed to the design of the study, conducted the experiments in
the critically ill patients and the healthy control subjects, analysed the data
and drafted the manuscript. SJ conducted the experiments in the critically ill
patients and critically revised the manuscript. RKM contributed to the design
of the study, supervised the analysis of the data and critically revised the
manuscript. TPS contributed to the interpretation of the data and critically
revised the manuscript. KM contributed to the design of the study and the
interpretation of the data and critically revised the manuscript. All authors
read and approved the final manuscript.
Acknowledgements
We thank Anne Lindhardt, Senior Physician and Head of Department in the
Intensive Care Unit at Bispebjerg Hospital, Copenhagen, Denmark, for
housing the project and Professor Jens Juul Holst, University of Copenhagen,
for input into the design of the study protocol. Hanne Villumsen and Ruth
Rovsing are acknowledged for their technical assistance.
Author details
1
Centre of Inflammation and Metabolism and the Centre for Physical Activity
Research, Rigshospitalet, University of Copenhagen, Copenhagen, Denmark.
2
Department of Anaesthesiology, Bispebjerg Hospital, University of
Copenhagen, Copenhagen, Denmark. 3School of Sport, Exercise, and
Rehabilitation Sciences, Centre for Endocrinology, Diabetes, and Metabolism,
University of Birmingham, Birmingham, UK. 4Neurointensive Care Unit,
Department of Neuroanaesthesiology, Rigshospitalet, University of
Copenhagen, Copenhagen, Denmark.
Received: 19 May 2015 Accepted: 27 October 2015

References
1. McCowen KC, Malhotra A, Bistrian BR. Stress-induced hyperglycemia.
Crit Care Clin. 2001;17(1):107–24.
2. Finney SJ, Zekveld C, Elia A, Evans TW. Glucose control and mortality in
critically ill patients. JAMA. 2003;290(15):2041–7.
3. van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F,
Schetz M, et al. Intensive insulin therapy in critically ill patients. N Engl J
Med.
2001;345(19):1359–67.
4. van den Berghe G, Wilmer A, Hermans G, Meersseman W, Wouters PJ,
Milants I, et al. Intensive insulin therapy in the medical ICU. N Engl J Med.
2006;354(5):449–61.
5. Blackwell TS, Christman JW. Sepsis and cytokines: current status. Br J
Anaesth. 1996;77(1):110–7.
6. Pickup JC, Mattock MB, Chusney GD, Burt D. NIDDM as a disease of the
innate immune system: association of acute-phase reactants and
interleukin-6 with metabolic syndrome X. Diabetologia. 1997;40(11):1286–92.
7. Holst JJ. The physiology of glucagon-like peptide 1. Physiol Rev.
2007;87(4):1409–39.
8. Nauck M, Stockmann F, Ebert R, Creutzfeldt W. Reduced incretin effect in
type 2 (non-insulin-dependent) diabetes. Diabetologia. 1986;29(1):46–52.
9. Combes J, Borot S, Mougel F, Penfornis A. The potential role of
glucagon-like peptide-1 or its analogues in enhancing glycaemic control in
critically ill adult patients. Diabetes Obes Metab. 2011;13(2):118–29.
10. Knop FK, Vilsbøll T, Larsen S, Madsbad S, Holst JJ, Krarup T. No
hypoglycemia after subcutaneous administration of glucagon-like peptide-1
in lean type 2 diabetic patients and in patients with diabetes secondary to
chronic pancreatitis. Diabetes Care. 2003;26(9):2581–7.
11. Qualmann C, Nauck MA, Holst JJ, Orskov C, Creutzfeldt W. Insulinotropic
actions of intravenous glucagon-like peptide-1 (GLP-1) [7–36 amide] in the
fasting state in healthy subjects. Acta Diabetol. 1995;32(1):13–6.
12. American Diabetes Association. Diabetes care in the hospital, nursing home,
and skilled nursing facility. Diabetes Care. 2015;38 Suppl 1:S80–5.
13. Solomon TP, Knudsen SH, Karstoft K, Winding K, Holst JJ, Pedersen BK.
Examining the effects of hyperglycemia on pancreatic endocrine function in
humans: evidence for in vivo glucotoxicity. J Clin Endocrinol Metab.
2012;97(12):4682–91.
14. Boden G, Ruiz J, Kim CJ, Chen X. Effects of prolonged glucose infusion on
insulin secretion, clearance, and action in normal subjects. Am J Physiol.
1996;270(2 Pt 1):E251–8.

Page 11 of 12

15. Vollmer K, Gardiwal H, Menge BA, Goetze O, Deacon CF, Schmidt WE, et al.
Hyperglycemia acutely lowers the postprandial excursions of glucagon-like
peptide-1 and gastric inhibitory polypeptide in humans. J Clin Endocrinol
Metab. 2009;94(4):1379–85.
16. Højberg PV, Vilsbøll T, Rabøl R, Knop FK, Bache M, Krarup T, et al. Four
weeks of near-normalisation of blood glucose improves the insulin
response to glucagon-like peptide-1 and glucose-dependent
insulinotropic polypeptide in patients with type 2 diabetes. Diabetologia.
2009;52(2):199–207.
17. Garvey WT, Revers RR, Kolterman OG, Rubenstein AH, Olefsky JM.
Modulation of insulin secretion by insulin and glucose in type II diabetes
mellitus. J Clin Endocrinol Metab. 1985;60(3):559–68.
18. Vague P, Moulin JP. The defective glucose sensitivity of the B cell in non
insulin dependent diabetes: improvement after twenty hours of
normoglycaemia. Metabolism. 1982;31(2):139–42.
19. Lehrskov-Schmidt L, Lehrskov-Schmidt L, Nielsen ST, Holst JJ, Ller M,
Solomon TP. The effects of TNF-α on GLP-1-stimulated plasma glucose
kinetics. J Clin Endocrinol Metab. 2015;100(4):E616–22.
20. Nielsen ST, Lehrskov-Schmidt L, Krogh-Madsen R, Solomon TP,
Lehrskov-Schmidt L, Holst JJ, et al. Tumour necrosis factor-α infusion
produced insulin resistance but no change in the incretin effect in healthy
volunteers. Diabetes Metab Res Rev. 2013;29(8):655–63.
21. Knop FK, Vilsbøll T, Højberg PV, Larsen S, Madsbad S, Vølund A, et al.
Reduced incretin effect in type 2 diabetes: cause or consequence of the
diabetic state? Diabetes. 2007;56(8):1951–9.
22. Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from oral
glucose tolerance testing: comparison with the euglycemic insulin clamp.
Diabetes Care. 1999;22(9):1462–70.
23. Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC.
Homeostasis model assessment: insulin resistance and β-cell function from
fasting plasma glucose and insulin concentrations in man. Diabetologia.
1985;28(7):412–9.
24. Finfer S, Chittock DR, Su SY, Blair D, Foster D, Dhingra V, et al. Intensive
versus conventional glucose control in critically ill patients. N Engl J Med.
2009;360(13):1283–97.
25. Brunkhorst FM, Engel C, Bloos F, Meier-Hellmann A, Ragaller M, Weiler N,
et al. Intensive insulin therapy and pentastarch resuscitation in severe sepsis.
N Engl J Med. 2008;358(2):125–39.
26. Kaukonen KM, Bailey M, Egi M, Orford N, Glassford NJ, Marik PE, et al.
Stress hyperlactatemia modifies the relationship between stress
hyperglycemia and outcome: a retrospective observational study. Crit Care
Med. 2014;42(6):1379–85.
27. Kahles F, Meyer C, Möllmann J, Diebold S, Findeisen HM, Lebherz C, et al.
GLP-1 secretion is increased by inflammatory stimuli in an IL-6-dependent
manner, leading to hyperinsulinemia and blood glucose lowering.
Diabetes. 2014;63(10):3221–9.
28. Summers MJ, Di Bartolomeo AE, Zaknic AV, Chapman MJ, Nguyen NQ,
Zacharakis B, et al. Endogenous amylin and glucagon-like peptide-1
concentrations are not associated with gastric emptying in critical illness.
Acta Anaesthesiol Scand. 2014;58(2):235–42.
29. Llompart-Pou JA, Fernández-de-Castillo AG, Burguera B, Pérez-Bárcena J,
Marsé P, Rodríguez-Yago M, et al. Stress hyperglycaemia in critically ill
patients: potential role of incretin hormones; a preliminary study. Nutr
Hosp. 2012;27(1):130–7.
30. Kar P, Cousins CE, Annink CE, Jones KL, Chapman MJ, Meier JJ, et al. Effects
of glucose-dependent insulinotropic polypeptide on gastric emptying,
glycaemia and insulinaemia during critical illness: a prospective, double
blind, randomised, crossover study. Crit Care. 2015;19:20.
31. Garber A, Henry R, Ratner R, Garcia-Hernandez PA, Rodriguez-Pattzi H,
Olvera-Alvarez I, et al. Liraglutide versus glimepiride monotherapy for type 2
diabetes (LEAD-3 Mono): a randomised, 52-week, phase III, double-blind,
parallel-treatment trial. Lancet. 2009;373(9662):473–81.
32. Davis JS, Darcy CJ, Yeo TW, Jones C, McNeil YR, Stephens DP, et al.
Asymmetric dimethylarginine, endothelial nitric oxide bioavailability and
mortality in sepsis. PLoS One. 2011;6(2):e17260.
33. Koch A, Weiskirchen R, Bruensing J, Dückers H, Buendgens L, Kunze J, et al.
Regulation and prognostic relevance of symmetric dimethylarginine
serum concentrations in critical illness and sepsis. Mediators Inflamm.
2013;2013:413826.
34. Deane AM, Chapman MJ, Fraser RJ, Burgstad CM, Besanko LK, Horowitz M.
The effect of exogenous glucagon-like peptide-1 on the glycaemic

Nielsen et al. Critical Care (2015) 19:402

35.

36.

37.

38.

39.
40.
41.

42.

43.

44.

45.

46.

47.

Page 12 of 12

response to small intestinal nutrient in the critically ill: a randomised
double-blind placebo-controlled cross over study. Crit Care. 2009;13:R67.
Deane AM, Summers MJ, Zaknic AV, Chapman MJ, Fraser RJ, Di Bartolomeo
AE, et al. Exogenous glucagon-like peptide-1 attenuates the glycaemic
response to postpyloric nutrient infusion in critically ill patients with type-2
diabetes. Crit Care. 2011;15:R35.
Xu G, Kaneto H, Laybutt DR, Duvivier-Kali VF, Trivedi N, Suzuma K, et al.
Downregulation of GLP-1 and GIP receptor expression by hyperglycemia:
possible contribution to impaired incretin effects in diabetes. Diabetes.
2007;56(6):1551–8.
Jensen DH, Aaboe K, Henriksen JE, Vølund A, Holst JJ, Madsbad S, et al.
Steroid-induced insulin resistance and impaired glucose tolerance are both
associated with a progressive decline of incretin effect in first-degree
relatives of patients with type 2 diabetes. Diabetologia. 2012;55(5):1406–16.
Eriksen M, Jensen DH, Tribler S, Holst JJ, Madsbad S, Krarup T. Reduction of
insulinotropic properties of GLP-1 and GIP after glucocorticoid-induced
insulin resistance. Diabetologia. 2015;58(5):920–8.
Parker LN, Levin ER, Lifrak ET. Evidence for adrenocortical adaptation to
severe illness. J Clin Endocrinol Metab. 1985;60(5):947–52.
Orskov C, Holst JJ, Poulsen SS, Kirkegaard P. Pancreatic and intestinal
processing of proglucagon in man. Diabetologia. 1987;30(11):874–81.
Ibfelt T, Fischer CP, Plomgaard P, van Hall G, Pedersen BK. The acute effects
of low-dose TNF-α on glucose metabolism and β-cell function in humans.
Mediators Inflamm. 2014;2014:295478.
Weaver JR, Holman TR, Imai Y, Jadhav A, Kenyon V, Maloney DJ, et al.
Integration of pro-inflammatory cytokines, 12-lipoxygenase and NOX-1 in
pancreatic islet β cell dysfunction. Mol Cell Endocrinol. 2012;358(1):88–95.
Plomgaard P, Bouzakri K, Krogh-Madsen R, Mittendorfer B, Zierath JR,
Pedersen BK. Tumor necrosis factor-α induces skeletal muscle insulin
resistance in healthy human subjects via inhibition of Akt substrate 160
phosphorylation. Diabetes. 2005;54(10):2939–45.
Knudsen SH, Hansen LS, Pedersen M, Dejgaard T, Hansen J, Hall GV, et al.
Changes in insulin sensitivity precede changes in body composition during
14 days of step reduction combined with overfeeding in healthy young
men. J Appl Physiol (1985). 2012;113(1):7–15.
Marathe CS, Rayner CK, Bound M, Checklin H, Standfield S, Wishart J, et al.
Small intestinal glucose exposure determines the magnitude of the incretin
effect in health and type 2 diabetes. Diabetes. 2014;63(8):2668–75.
Meier JJ, Nauck MA. Is the diminished incretin effect in type 2 diabetes
just an epi-phenomenon of impaired β-cell function? Diabetes.
2010;59(5):1117–25.
Perley MJ, Kipnis DM. Plasma insulin responses to oral and intravenous
glucose: studies in normal and diabetic subjects. J Clin Invest.
1967;46(12):1954–62.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

