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Abstract

Purpose: Hyperglycaemia is an adaptive response to stress commonly observed in critical illness. Its management
remains debated in the intensive care unit (ICU). Individualising hyperglycaemia management, by targeting the
patient’s pre-admission usual glycaemia, could improve outcome.

Methods: In a multicentre, randomized, double-blind, parallel-group study, critically-ill adults were considered for
inclusion. Patients underwent until ICU discharge either individualised glucose control by targeting the pre-admission
usual glycaemia using the glycated haemoglobin Alc level at ICU admission (IC group), or conventional glucose
control by maintaining glycaemia below 180 mg/dL (CC group). A non-commercial web application of a dynamic
sliding-scale insulin protocol gave to nurses all instructions for glucose control in both groups. The primary outcome
was death within 90 days.

Results: Owing to a low likelihood of benefit and evidence of the possibility of harm related to hypoglycaemia, the
study was stopped early. 2075 patients were randomized; 1917 received the intervention, 942 in the IC group and 975
in the CC group. Although both groups showed significant differences in terms of glycaemic control, survival proba-
bility at 90-day was not significantly different (IC group: 67.2%, 95% Cl [64.2%; 70.3%)]; CC group: 69.6%, 95% CI [66.7%;
72.5%]). Severe hypoglycaemia (below 40 mg/dL) occurred in 3.9% of patients in the IC group and in 2.5% of patients
in the CC group (p=10.09). A post hoc analysis showed for non-diabetic patients a higher risk of 90-day mortality in
the IC group compared to the CC group (HR 1.3,95% CI [1.05; 1.59], p=0.018).
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Conclusion: Targeting an ICU patient’s pre-admission usual glycaemia using a dynamic sliding-scale insulin protocol
did not demonstrate a survival benefit compared to maintaining glycaemia below 180 mg/dL.

Keywords: Glucose control, Hyperglycaemia, Individualised glucose control, Glycated haemoglobin Alc, Insulin

Introduction

Acute hyperglycaemia can be an adaptive response to
stress [1]. It is commonly observed in critically ill adults
[1] and is associated with poor clinical outcome [2-5].
Although glycaemic control has been studied in many
clinical trials over the past two decades, the optimal
glycaemic target for critically ill adults is still debated
[6]. The first two single-centre trials conducted by Van
den Berghe et al. found a benefit of maintaining glycae-
mia within normal range, i.e. between 80 and 110 mg/
dL, rather than observing a liberal strategy, i.e. infusion
of insulin only if the glycaemia exceeded 215 mg/dL and
maintenance of glycaemia between 180 and 200 mg/
dL [7, 8]. However, these results were not confirmed in
multi-centre studies [9-13]. The NICE-SUGAR study,
which included the largest number of patients, found
almost opposite results, showing a benefit of maintain-
ing glycaemia below 180 mg/dL rather than within a
range of 81 to 108 mg/dL [12]. Since then, a glycaemia
maintained below 180 mg/dL has been considered as the
conventional glycaemic target for adults in intensive care
unit (ICU) [14, 15]. However, some observational stud-
ies suggested various relationships between glycaemia
in ICU and the occurrence of hypoglycaemia or mortal-
ity, depending on the patient pre-admission glycaemia,
the mean glycaemia during ICU stay associated with the
lowest mortality rate being higher in diabetic patients
compared to non-diabetic patients [16—25]. These obser-
vations are consistent with the results of the randomized
controlled trials conducted by Van den Berghe et al. that
did not show a benefit of normalizing hyperglycaemia in
diabetic patients [26]. Hence, it seems important to eval-
uate the potential benefit of using an individualised gly-
caemic target in the ICU context.

The hypothesis made herein was that the optimal glycae-
mic target for critically ill patients could be individualised
by targeting the usual glycaemia, i.e. the glycaemia prior to
critical illness and ICU admission. A multi-centre study was
thus performed to determine whether using an individual-
ised glycaemic target decreased mortality and morbidity
among critically ill patients, compared to the conventional
strategy of maintaining glycaemia below 180 mg/dL.

Methods
The CONTROLING (CONTROLe INdividualisé de
la Glycémie) study is a multi-centre, randomized,

Take-home message

Targeting an ICU patient’s pre-admission usual glycaemia using a
dynamic sliding-scale insulin protocol did not demonstrate a sur-
vival benefit compared to maintaining glycaemia below 180 mg/dL.

double-blind, parallel-group clinical trial conducted in
medical, surgical, and mixed adult ICUs.

The complete study protocol, available in the ESM
Appendix, p. 27, was approved by the regional ethics
committee (Sud-Est II Lyon, France). The study has been
performed in accordance with the ethical standards laid
down in the 1964 Declaration of Helsinki and its later
amendments. Consent from patients or the closest fam-
ily member was obtained after adequate written and oral
information provided by the local investigator accord-
ing to French legislation in place at the time of the study.
A Data and Safety Monitoring Board (DSMB) reviewed
safety data and results of the planned interim analyses
(ESM Appendix, p. 5).

There was no commercial support. All authors vouch
for the accuracy of the data and analysis and the fidelity
of the study to the protocol.

Participants

Patients were recruited from May 2015 to July 2016. As
part of routine care, all adult patients (> 18 years) admit-
ted to the participating ICUs for whom oral feeding was
impossible and who were not expected to be discharged
from the ICU within 2 days were considered for inclu-
sion. A blood sample was drawn for the measurement of
glycated haemoglobin Alc (A1C) level. Their glycaemia
was controlled by the bedside nurse to remain below a
conventional glycaemic target of 180 mg/dL [14, 15] fol-
lowing instructions provided by CPG (https://cpg.chu-
lyon.fr), a non-commercial web application developed by
two of the authors (Julien Bohé and Hassane Abidi; ESM
Appendix, p. 6).

Briefly, CPG is an algorithm based on multiple insulin
infusion rate sliding scales and rules to move within a
scale and from one scale to another. CPG gave the nurse
(without physician intervention) all the instructions for
the pre-scheduled time of glycaemia sampling, admin-
istration of the intravenous insulin, and correction of
hypoglycaemia. The interval of time between glycaemia
measurements ranged from 1 to 6 h, depending on the
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level and stability of the previous glycaemia measure-
ments. Briefly, insulin therapy was administered as a con-
tinuous intravenous infusion via an automated syringe
and was initiated when glycaemia was measured above a
glycaemic target of 180 mg/dL. Insulin infusion was then
eventually gradually increased to keep glycaemia below
the glycaemic target. It remained unchanged when gly-
caemia was between the glycaemic target-29 mg/dL and
the glycaemic target. It was gradually reduced before
being eventually discontinued when glycaemia dropped
between 63 mg/dL and glycaemic target-29 mg/dL or, in
case of ongoing infusion, when glycaemia was less than
63 mg/dL. In that case, 2040 mL of 30% dextrose solu-
tion were administered.

Exclusion criteria were pregnancy, legal guardian-
ship, previous enrolment in the study, admission to ICU
for severe hypoglycaemia, therapeutic limitation (which
included the decision not to resuscitate, not to reintu-
bate, not to increase vasopressor infusion rate, and not to
initiate renal replacement therapy), and refusal to partici-
pate in the study. For safety reasons, patients with known
history of diabetes who underwent transfusion of more
than 3 red blood cell units over the past 3 months prior
to ICU admission were also not included, as this may
artificially reduce A1C levels.

Randomization, interventions

For randomization to occur, the investigator had to indi-
cate in the CPG application within the first 96 h of ICU
stay that the patient was eligible, as did the biologist by
entering the A1C assay result. Study participants were
randomly allocated by CPG into either of the two gly-
caemic target groups (1:1). Randomization was stratified
by centre. In each centre, if by chance the proportion of
patients already included in each group differed by more
than 4%, the next included patient was automatically allo-
cated to the group with the lowest number of patients. In
the individualised glucose control group (IC group), A1C
at ICU admission was used to assess the usual glycaemia
of each patient: usual glycaemia=28.7 x A1C-46.7 (in
mg/dL, with A1C in %) [27]. The glycaemic target was
set to usual glycaemia+ 15 mg/dL or less. In the conven-
tional glucose control group (CC group), the glycaemic
target of 180 mg/dL or less used prior to randomization
was maintained. Apart from the glycaemic target-related
differences between the two groups, CPG operated in a
similar manner in both groups, as previously described.
It should be noted that for A1C=7.4%, the glycaemic
target was the same for both groups (180 mg/dL). In the
IC group and for safety reasons, the limits of the glycae-
mic target were arbitrarily set to a minimum of 111 mg/
dL (corresponding to an A1C level of 4.96%) leading to a
reduction of insulin flow when glycaemia dropped below

111-29=82 mg/dL, and to a maximum of 217 mg/dL
(corresponding to an A1C level of 8.67%). Usual glycae-
mia and glycaemic target values according to A1C levels
are provided in ESM Appendix (p. 16). The intervention
began when the first glycaemia result was entered into
CPG after randomization.

All clinicians were blinded to the A1C result, rand-
omization process and time, and group allocation. After
randomization, access to glycaemia and insulin infusion
rate history was disabled in order to maintain double-
blinding. For safety reasons, the CPG application enabled
the nurse in charge to view only the last glycaemia value
entered and the current insulin infusion rate and, if any,
the history of all hypoglycaemia below 63 mg/dL. Nei-
ther the A1C result nor the glycaemia or insulin infusion
rate were documented in the patient’s medical file after
randomization.

The intervention was maintained until patient dis-
charge from ICU. The intervention could be stopped ear-
lier if the care delivered became non-relevant to critical
care procedures, i.e. pending transfer to general ward,
decision for end-of-life care.

Glycaemic control and glycated haemoglobin A1C

In each centre, glycaemia was determined using point-of-
care glucose meters from arterial blood sample ideally; if
this was not possible, from a capillary blood sample. All
point-of-care glucose meters were regularly maintained,
checked, and calibrated according to the manufacturer’s
recommendations (ESM Appendix, p. 11).

The CPG application had been implemented in all par-
ticipating units for several months or years prior to the
start of the study. All nurses of the participating units
were trained in the use of CPG during a one to two-hour
session.

A1C assays were performed in the central laborato-
ries of each hospital centre using high-performance
liquid chromatography or automated immunometric
techniques (ESM Appendix, p. 11).

Other treatments

Other than glycaemia management, patient care was left
to the discretion of the attending physician. Regarding
nutrition, procedures in each unit followed the latest rec-
ommendations from the French learned societies (ESM
Appendix, p. 12) [28].

Data collection

At baseline, data regarding the demographic and clini-
cal characteristics of the patients were collected, includ-
ing medical history of diabetes, main type and reason
for ICU admission, and the Simplified Acute Physiology
Score II (SAPS II) that can range from O to 164—higher



1274

scores indicating a more severe illness [29]. Patients were
considered as diabetic if they had a medical history of
diabetes and/or an A1C level >6.5%. From the moment
of randomization to that of ICU discharge, data concern-
ing all glycaemia measurements, insulin administration,
type and volume of all enteral and parenteral nutrition,
body weight (measured daily), use of vasopressor sup-
port, non-prophylactic antimicrobial treatment, mechan-
ical ventilation, and renal-replacement therapy were
collected. For 90-day mortality, hospital medical records
were examined and direct contact with participants or
surrogates was used for patients discharged alive from
the hospital. All data were recorded through CPG either
during routine care or by the investigator for the purpose
of the study.

Outcomes
The primary outcome measure was death from any cause
within 90 days after randomization.

The secondary outcome measures were 28-day mortal-
ity, ICU length of stay, and duration (in days) of vasoac-
tive support, non-prophylactic antimicrobial treatment,
mechanical ventilation, and renal-replacement therapy,
all of them after randomization.

Adverse events

Severe hypoglycaemia, defined by a glycaemia below
40 mg/dL, and death in ICU were considered as serious
adverse events. A detailed report of each serious adverse
event was transmitted by the investigator to the DSMB.
Moderate hypoglycaemia (glycaemia between 40 and
71 mg/dL) were also recorded. Hypoglycaemia was con-
sidered as insulin-related if insulin was being infused
during the 3 hours prior to its occurrence [30].

Statistical analysis

Assuming a 90-day mortality rate slightly lower than that
observed in the NICE-SUGAR study [12], the enrolment
of 2100 patients per group would achieve power of 90%
to detect a 4%-decrease of absolute 90-day mortality
from a baseline of 22% in the CC group using the Chi-
squared test with a two-sided significance level of 5%.

Patient characteristics at inclusion were described
according to each study group. All quantitative data were
expressed as median [interquartile range, IQR]. All quali-
tative data were summarized by the absolute and relative
frequency in each category of the variable (missing data
were not included).

The 90-day survival curves for the two groups were
estimated using the Kaplan—Meier method and com-
pared using the Log-rank test [31]. Patients who were
either lost to follow-up or who withdrew consent before
90 days were censored as of the last date of contact. The

hazard ratios (HR) with their 95% CI were estimated
using a Cox proportional hazards model adjusted on
the age, sex, body mass index, Charlson score, diabetes
status, ICU admission type, SAPS II score and invasive
ventilation. The same analysis was performed to com-
pare the mortality at 28 days between the two treatment
groups. Different subgroups of patients were studied in a
post-hoc analysis. In each subgroup, the 90-day-mortal-
ity HR with their 95% CI were estimated using the pre-
vious adjusted Cox proportional hazards model (if the
subgroup was defined from one of the adjusted variables,
this variable was removed from the model). Additionally,
interactions were tested introducing interaction term
between randomisation arm and subgroup variable.

To minimize the influence of variations in sampling
intervals, the time-weighted average glycaemia and insu-
lin infusion rate were calculated for each patient using
the trapezoidal rule from the area under the curve of
the time course of glycaemia and insulin infusion rate,
respectively, divided by the time of measurement [32].
These time-weighted average glycaemia and insulin
infusion rate were described in the two glycaemic tar-
get groups according to various strata of A1C (<5%,>5
and <6%,>6 and <7%,>7 and<8%, and>8%). Then,
they were compared between the two glycaemic target
groups stratifying on A1C using the stratified Wilcoxon—
Mann—Whitney test. Glycaemic variability was evaluated
using the standard deviation SD and coefficient of vari-
ability CV calculated for each patient [33].

The time spent in different glycaemic ranges was stud-
ied: below 40 mg/dL (severe hypoglycaemia), below
72 mg/dL (any hypoglycaemia), between 72 mg/dL (low-
est value for normal glycaemia) and glycaemic target,
and between glycaemic target-36 mg/dL and glycae-
mic target (i.e. between 144 and 180 mg/dL for the CC
group). The proportion of patients who had at least one
episode of hypoglycaemia or severe hypoglycaemia was
estimated in each group and compared using the Chi-
squared test. The proportion of time spent in the various
glycaemic ranges, days in ICU, and days of use of inten-
sive care resources and treatments were expressed as
median [IQR], and compared between groups using the
Wilcoxon—Mann—Whitney test. In a post hoc analysis,
we estimated the 90-day survival probability with regard
to the occurrence of a hypoglycaemic event.

The Data Safety and Monitoring Board (DSMB) was
composed of two physicians and one biostatistician. The
DSMB requested up to four interim analyses that were
pre-planned, the first of which was scheduled after 1400
inclusions. The DSMB had access to unblinded results on
serious adverse events. According to French laws on stud-
ies of standard care, the protocol pre-specified that enrol-
ment would continue during the interim analyses. The
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interim analysis results were not disclosed to the inves-
tigators, who were told only whether the study would be
stopped or continued. All analyses were conducted on a
modified intention-to-treat basis (the analysis was per-
formed only on the patients who received the interven-
tion). The statistical analyses were performed using R
software, version 3.3.1 (Free Software Foundation, http://
www.r-project.org). The significance level was set at 5%.

This study is registered on ClinicalTrials.gov, number
NCT02244073.

Results

The first interim analysis was performed by the DSMB on
the first 1860 randomized patients. Owing to a low likeli-
hood of benefit and evidence of the possibility of harm
related to hypoglycaemia, the DSMB recommended to
stop the trial (ESM Appendix, p. 13). When the trial was
stopped, 2075 patients of the 4200 scheduled (49%) had
been included.

During the study period (from May 19th, 2015 to July
6th, 2016), 5326 patients were admitted to 12 participat-
ing ICUs in France (ESM Appendix, p. 17). Among them,
2075 patients (39%) underwent randomization; 1917
patients (36%) had at least one glycaemia measurement
after randomization and therefore received the inter-
vention (942 in the IC group and 975 in the CC group;
Fig. 1). A total of 636/1917 patients (33%) were consid-
ered as diabetic (Table 1).

Primary outcome (90-day mortality) data were available
for 938 patients in the IC group and 968 in the CC group:
90 days after randomization, 308 patients (32.8%) in the
IC group and 295 patients (30.5%) in the CC group had
died. Survival at 90 days was not significantly different
between the two groups (67.2%, 95% CI [64.2%; 70.3%]
for the IC group, and 69.6%, 95% CI [66.7%; 72.5%)] for
the CC group, p=0.23; Fig. 2a).

After adjustment on age, sex, body mass index, Charl-
son score, diabetes status, ICU admission type, SAPS II
score, and use of invasive ventilation, there was no sig-
nificant difference in mortality risk at 90 days between
groups (HR 1.1, 95% CI [0.97; 1.36], p=0.1).

Secondary outcomes related to glucose control are
detailed in Table 2, Fig. 3, and ESM Appendix (pp. 18 and
24). During the intervention, by stratifying on A1C level,
the median time-weighted average glycaemia was signifi-
cantly different between the two groups (p<0.0001). In
the IC group, the median time-weighted average glycae-
mia increased linearly with A1C values as expected based
on the predictive equation used. In the CC group, the
median time-weighted average glycaemia progressively
increased with A1C to reach the constant glycaemic tar-
get of 180 mg/dL. When A1C was in the range of 7 to 8%
(131/1917 patients, 7%), the glycaemic target was similar

in both groups (equal to 180 mg/dL for A1C="7.4%) as
was the median time-weighted average glycaemia. When
A1C was out of this range (1786/1917 patients, 93%), the
median time-weighted average glycaemia was signifi-
cantly different between the two groups, being lower in
the IC group than in the CC group when A1C was less
than 7%, and higher in the IC group than in the CC group
when A1C was above 8%. As most patients from the CC
group had a spontaneous glycaemia well below the gly-
caemic target, they spent little time with a glycaemia
within the interval glycaemic target-36 mg/dL and gly-
caemic target, compared to patients from the IC group.
Patients from the IC group required more glycaemia
measurements each day and displayed a higher glycaemia
variability assessed with CV, but not with SD, compared
to patients from the CC group.

As for the median time-weighted average glycae-
mia, the median time-weighted average insulin infusion
rates, stratified on A1C levels, were significantly different
between the two groups (p<0.0001). For the IC patients
with A1C ranging from 4.96% to 8.67%, although glycae-
mic target increased with A1C level, the time-weighted
average insulin infusion rate did not change in a signifi-
cant manner. In the CC group, for which the glycaemic
target was constant, the time-weighted average insulin
infusion rate increased progressively with the A1C.

Survival at 28 days in the IC group (74.3%, 95% CI
[71.6%; 77.2%]) was not significantly different than that
of the CC group (78%, 95% CI [75.4%; 80.6%], p =0.07).
There was also no significant difference between groups
in terms of ICU length of stay post randomization
(4.10 days [1.80-9.99] in the IC group and 4.32 [1.85-
10.02] in the CC group; p =0.23) and in use of intensive
care resources (ESM Appendix, p. 21).

Nutrition was not significantly different between the
two groups (Table 2, ESM Appendix, p. 25). Non-contin-
uously administered nutrition was not comprehensively
recorded by all centres and is not reported.

Regarding the occurrence of adverse events, no sig-
nificant difference was found in the frequency of severe
hypoglycaemia between the two groups (3.9% for IC
group vs. 2.5% for CC group, p=0.09). However, hypo-
glycaemia below 72 mg/dL was significantly more fre-
quent in the IC group (31.2%) than in the CC group
(15.8%, p <0.0001; Table 2).

Post-hoc analysis: we explored different subgroups
of patients. Among them, after adjustment on vari-
ous confounders, there was a significantly higher risk
of mortality at 90 days in the IC group for non-diabetic
patients (HR 1.3, 95% CI [1.05; 1.59], p=0.018; interac-
tion p-value=0.08), for surgical patients (HR 1.83, 95%
CI [1.12; 3.02], p=0.017; interaction p-value=0.04) and
for patients with an A1C level between 5 and 6% (HR
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| 5,326 patients were admitted to 12 ICUs in the study period I

—>

690 were expected to stay in ICU for less than 48h
and/or had oral feeding

| 4,636 had routine blood glucose control with CPG application

827 did not have A1C result available within 96h
11 had A1C result not usable

1,300 did not have exclusion criteria assessed within 96h
423 had at least one exclusion criteria
209 had therapeutic limitations
166 had already participated to the study
91 had history of diabetes and received >3 red
cell packs during the last 3 m
37 came in ICU with hypoglycemia
152 had other exclusion criteria

2,075 underwent randomization

2

v

1,024 were assigned to undergo
individualized glucose control

1,051 were assigned to undergo
conventional glucose control

82 never received intervention }1—

Y

4){ 76 never received intervention

Yy

942 were assigned to undergo
individualized glucose control
and received intervention

975 were assigned to undergo
conventional glucose control
and received intervention

9 had exclusion criteria

2 discontinued intervention
7 received whole intervention

1 withdrew consent and discontinued
intervention

3 could not be located for d90 follow-up

Y

12 had exclusion criteria

1 discontinued intervention
11 received whole intervention

1 withdrew consent and discontinued
intervention

6 could not be located for d90 follow-up

A

942 were included in the modified
intention-to-treat analysis

975 were included in the modified
intention-to-treat analysis

stopped for these two patients

Fig. 1 Assessment, randomization, and follow-up of the study patients. During the stay in the intensive care unit (ICU), a family member of one
patient from both groups withdrew consent to continue the study intervention. At this time, the intervention and the recalling of the data were

1.33, 95% CI [1.04; 1.72], p=0.026) (Fig. 2b and ESM
Appendix, p. 22). Glycaemic metric for the subgroups
of patients based on A1C range and diabetes status are
presented in ESM Appendix, p. 18. By stratifying on A1C
level, the median time-weighted average glycaemia and
insulin infusion rates were significantly different between
the two groups of non-diabetic patients (p<0.0001),
while only the median time-weighted average glycae-
mia (p=0.029) was significantly different for diabetic
patients. Hypoglycaemic events were significantly more
frequent in the IC group for non-diabetic patients,

but not for diabetic patients. Despite the fact that no
adverse event such as loss of consciousness, seizure, or
death, thought to be directly induced by hypoglycaemia
was reported by the investigator, survival probability at
90 days was lower in patients from both groups who had
hypoglycaemia compared to patients whose glycaemia
never dropped below 72 mg/dL (ESM Appendix, p. 23).

Discussion
In this large, multi-centre, randomized trial, targeting
the estimated usual glycaemia for each patient by using
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Table 1 Characteristics of the patients at baseline

Individualised glucose control
N=942

Conventional
glucose

control
N=975

Age—years
Female sex—number of patients (%)
Weight—kg®
Body-mass index*”
ICU admission type—number of patients (%)
Medical
Emergency surgery
Scheduled surgery
Trauma with emergency surgery
Trauma without emergency surgery
Reason for ICU admission—number of patients (%)
Respiratory
Neurological (including stroke and toxicology)
Cardiac
Gastroenterological / hepatic
Urology / nephrology
Hematological / cancer
Endocrinology / metabolism
Bone / joint / muscle
Ears, nose and throat / stomatology / ophthalmology
Dermatology
Obstetrics / gynecology
Charlson score—number of patients (%)¢
0
1-2
>=3
Mc Cabe score—number of patients (%)9
A
B
C
SAPS Il score®
Diabetic patients—number of patients (%)f
History of diabetes
Insulin-dependent
Non-insulin dependent treated with oral antidiabetic agent
Non-insulin dependent treated with diet only
No history of diabetes and A1C > 6.5%
Glycated haemoglobin level—%
In non-diabetic patients
In diabetic patients
Glycaemic level at randomization—mg/dL®
Insulin dose at randomization—IU/h
Receiving insulin at randomization—no. of patients (%)

Other interventions at randomization day—no. of patients (%)"

Vasopressors'
Invasive ventilation
Non-invasive ventilation

68 [56-77]
364 (38.6)
75 [64-89]
26.3 [22.9-31]

771 (81.8)
91(9.7)
40 (4.2)
13(1.4)
27 (2.9)

1.6)
6 (0.6)

192 (20.4)
334(354)
416 (44.2)

604 (64.1)
264 (28)
74 (7.9)
46 (35-62)
321 (34.1)
236 (25.1)
75 (8)

128 (13.6)
33(35)
85(9)
58[54-64]
56[52-59]
6.9 [64-8.2]
139[113-171]
0[0-0.1]

241 (25.6)

274 (31.1)
473 (53.6)
184 (20.9)

69 [58-79]
378 (38.8)
75 [64-88]
26.2 [22.6-304]

796 (81.6)
94 (9.6)

53 (54)
16 (1.6)
16 (1.6)

348 (35.7)
156 (16)

158 (16.2)
137 (14.1)
71(7.3)

35(3.6)
24.(2.5)
23(24)
12(1.2)
8(0.8)
3(03)

174(17.8)
349 (35.8)
452 (46.4)

585 (60)
306 (31.4)
84 (8.6)

48 (37-62)
315 (32.3)
232(23.8)
79 (8.1)

122 (12.5)
31(3.2)

83 (8.5)

5.8 [54-64]
5.6 [5.3-59]
6.9 [64-7.8]
140 [114-175]
0[0-0.18]
250 (25.7)

286 (31.2)
484 (52.8)
186 (20.3)
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Table 1 (continued)

Conventional

Individualised glucose control

Renal-replacement therapy
Non- prophylactic anti-infective agents
Interval from ICU admission to randomization—days

N=942 glucose
control
N=975

84 (9.5) 92 (10)

656 (74.4) 665 (72.6)

1.2[0.9-2.1] 1.3[0.9-2.1]

Values are expressed as median [interquartile range] or number (%)

2 N=919in the Individualised Glucose Control group and N =946 in the conventional glucose control group

b The body-mass index is the weight in kilograms divided by the square of the height in meters

¢ The Deyo-Charlson score ranges from 0 to 33, higher scores are indicative of a higher burden of chronic illness [41]

4 A McCabe score of A indicates no underlying disease that compromises life expectancy, B an estimated life expectancy with the chronic disease of less than 5 years,

and C an estimated life expectancy with the chronic disease of less than 1 year [42]

€ The simplified acute physiology score (SAPS) Il ranges from 0 to 164, with higher scores indicating greater severity of symptoms [29]. The score was assessed during

the first 24 hin ICU

f Diabetic patients are patients with a history of diabetes or patients with no history of diabetes and glycated haemoglobin level > 6.5%; non-diabetic patients are the

others

9 N=931 in the Individualised Glucose Control group and N=963 in the Conventional Glucose Control Group (for the remaining included patients, the post-
randomization trigger for initiating the intervention was a change in nutrition infusion rate, and glycaemic level was not measured). To convert glycaemic level to

mmol/L, multiply values by 0.0556

P Interventions were recorded for patients who did not leave the ICU the day of randomization, 882 in the IC group and 916 in the CC group

I Epinephrine or norepinephrine infusion rate above 1 mg/h

the A1C did not improve 90-day survival compared to
maintaining glycaemia below a fixed level of 180 mg/dL.
All clinical trials conducted on glycaemic control in ICU
have previously compared two fixed glycaemic targets: a
target close to a supposed normal glycaemia, defined for
non-diabetic patients without any acute illness, and a tar-
get allowing a certain level of hyperglycaemia related to
stress [7—12]. In this study, an individualised glycaemic
target was used for the first time on a large-scale.

The present study was also the first on glycaemic con-
trol in ICU to be performed in a double-blinded man-
ner. Moreover, the exclusion criteria were not numerous
allowing the participation to the study of nearly 40% of
the patients admitted to ICUs during the study period,
thus giving an optimal representation of patients admit-
ted to non-specialized ICUs. Glycaemic control was also
managed similarly in both groups via a web application
protocol used in routine practice by the nurses without
any medical intervention. Finally, almost no protocol
deviation for glycaemic control (less than 1%, data not
shown) was observed herein, which is potentially related
to the routine use of the web application for a long time
prior to the study initiation as well as, presumably, the
user confidence in its use.

Regarding glucose control, glycaemic levels in the pre-
sent study were in line with the results from published
trials. Indeed, at randomization, and taking into account
that 25.6% of patients were receiving insulin, the median
[IQR] glycaemia of 140 mg/dL [113-173] found herein is
comparable to the mean & SD glycaemia of 145+ 50 mg/

dL prior to insulin administration reported in the NICE-
SUGAR study [12]. After randomisation, the median
[IQR] glycaemic target of 135 mg/dL [123-152] in the
IC group was consistent with the recommendations
available at the time of designing the study [15, 34], but
higher than in the previous trials where the upper limit
of the intensive control group was set at 108—110 mg/
dL [7-12]. Nevertheless, the time-weighted average gly-
caemia was very close to the targeted preadmission usual
glycaemia (ESM Appendix, p. 18). In the CC group, the
time-weighted average glycaemia of 139 mg/dL [122—
165] was well below the fixed glycaemic target of 180 mg/
dL, which was probably a consequence of an unexpected
low level of resistance to insulin. However, the glycae-
mic level found herein in the CC group was similar to
the mean =+ SD time-weighted average glycaemia of the
NICE-SUGAR study (144 +23 mg/dL) [12] and, not sur-
prisingly, a bit lower than the mean &= SD morning glycae-
mia of the first study by Van den Berghe et al. in which
insulin was initiated at a higher glycaemic threshold, the
glycaemic target was higher, and patients received higher
rates of carbohydrates during the first days of ICU stay
(153+33 mg/dL) [7]. For patients whose A1C level was
close to 7.4%, the glycaemic targets and subsequently the
glycaemia were comparable in the two groups. All these
points made the glycaemia difference between the two
groups quantitatively small, and smaller compared to
other trials. [7, 8, 12] Nevertheless, this difference was
highly significant, but perhaps quantitatively insufficient
to allow to merge clinical outcome differences other than
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Fig. 2 Probability of survival and hazard ratios for death, according
to treatment group. Panel a shows Kaplan-Meier estimates for the
probability of survival, which at 90 days was similar in both the con-
ventional glucose control (CC) group and the individualised glucose
control (IC) group (log rank test, p=0.23). Each “+"represents a cen-
soring. Panel b shows the hazard ratios (and 95% confidence inter-
vals) for death from any cause in the individualised glucose control
group compared to the conventional glucose control group, among
all patients and in different subgroups (post hoc analysis). The hazard
ratios were estimated from the Cox model adjusted on the age, sex,
body mass index, Charlson score, diabetes status, ICU admission type,
SAPS Il score, and invasive ventilation. If the subgroup was defined
from one of the adjusted variables, this variable was removed from

the model. Surgery includes emergency and scheduled surgeries

hypoglycaemia events, as reported in other trials [7, 8,
12].

In post hoc analysis, it was found that patients without
diabetes from the IC group (for whom the glycaemic tar-
get was 129 mg/dL [118-138]) had a significantly lower

survival rate than patients in the CC group. This result is
consistent with the NICE-SUGAR study that has found
that an intensive glycaemic control was harmful for the
whole population [12]. The lowering of potentially ben-
eficial stress-related hyperglycaemia and/or the high rate
of moderate hypoglycaemia could explain the higher
mortality rate observed in these two studies. However,
such a difference was not observed for patients with dia-
betes. This absence of difference might be explained by
the design of the controlling study. Indeed, in diabetic
patients, the median [IQR] A1C level was 6.9% [6.4—
8%], which is close to 7.4%, a level for which the glycae-
mic target was the same in both groups. By aggregating
these data, it could be suggested that the glycaemic tar-
get might be individualised but, rather than targeting the
usual glycaemia, it could target a glycaemia systemati-
cally higher than the usual glycaemia, a level that would
match the stress-induced hyperglycaemia. Targeting a
glycaemia above the usual glycaemia would also more
effectively prevent the occurrence of hypoglycaemia, as
already observed for diabetic patients. [35] Future trials
should be designed to test this hypothesis. Finally, after
adjustments on diabetes status and other confound-
ers, the numerically small subgroup of surgical patients
seemed harmed by individualized glucose control, as
already reported in the NICE SUGAR study for post-
operative patients under intensive glycaemic control [12].

Regarding hypoglycaemia, the rate of moderate hypo-
glycaemia (glycaemia between 40 and 71 mg/dL) was
much lower in the IC group than in the group targeting
the normal glycaemia range in the NICE-SUGAR study
(27.3% vs. 74.2%) [36]. Regarding severe hypoglycaemia,
the frequency was not significantly different between the
two groups, but lower compared to groups targeting nor-
mal glycaemia from published studies (3.9% vs. from 5.1
to 18.7%) [7-12]. Nevertheless, the principle of precau-
tion was applied in view of the adverse outcomes that
some authors have reported to be associated with mod-
erate hypoglycaemia [36—38] especially in the absence of
signal of a potential benefit in the present study, which
was prematurely terminated.

Our trial has some limitations. The eligibility of 1300
patients (24% of ICU admissions) was not assessed dur-
ing the 96 h following admission. These patients stayed
for a short time in ICU (median stay of 1.6 days [0.8—
3.8]). As randomization needed the input of AIC in
CPG within 96 h, 827 patients (16% of ICU admissions)
lacked the imputation of this result on time, and for
included patients the intervention was delayed (median
delay of 1.2 days after admission). Some patients in the
IC group were then exposed for a longer period to the
pre-randomization conventional target< 180 mg/dL than
to the randomization personalized target. Nevertheless,
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Table 2 Glycaemic level management, hypoglycaemia, and calorie administration according to treatment group

Days on treatment algorithm
Number of glycaemic controls
Per patient
Per patient and per day
Type of glycaemic sampling—no. of patients (%)
Exclusively arterial
Exclusively capillary
Arterial or capillary
% of time spent with glycaemia between 72 mg/dL and the glycaemic target®®

% of time spent with glycaemia between glycaemic target—36 mg/dL and the glycaemic

target®<d
Glycaemia standard deviation—mg/dL®
Treated with insulin—no. of patients (%)
Hypoglycaemia®
Severe hypoglycaemia
Among all patients—number of patients (%)
No. of episodes
% of time spent in severe hypoglycaemia
With episode(s) related to insulin administration—number of patients (%)
Time elapsed with the glycaemic measurement following hypoglycaemia—min
Time elapsed with the glycaemic measurement before hypoglycaemia—min
Among non-diabetic patients—no. of patients (%)
Among diabetic patients—number of patients (%)
Any hypoglycaemia
Among all patients—number of patients (%)
% of time spent in any hypoglycaemia
Among non-diabetic patients—number of patients (%)
Among diabetic patients—number of patients (%)
Nutrition'
Patients receiving only enteral nutrition
Calories administered—kcal/day
No. of patients (%)
Patients receiving only parenteral nutrition
Calories administered—kcal/day
Number of patients (%)
Patients receiving both enteral and parenteral nutrition
Calories administered—kcal/day
Number of patients (%)
Patients receiving no artificial nutrition
Number of patients (%)

Individualised glu-

cose control
N=942

39[1.5-9.5]

30 [9-78]
7 [5-9]

620 (66)
240 (25)
82(9)

72 [57-87]
51 [35-69]

27.6[18.5-389]
702 (74.5)

3739

50
041[0.1-14]
24/37 (65)
75[51-118]
131 [98-224]
26 (4.2)
11(34)

294 (31.2)
1.4[0.5-3.5]
224 (36.1)
70(21.8)

762 [373-1296]

148 (16)

615 [0-1078]
169 (18)

1268 [983-1606]
255(27)

370 (39)

Conventional glu-

cose control
N=975

4[1.5-9.8]

25[9-63]
5[3-8]

644 (66)
260 (27)
71(7)

94 [70-100]
25 [7-42]

27.3119.1-39]
486 (49.8)

24 (2.5)

26
1.1[0.5-8.1]
5/24 (21)

74 [59-109]
170 [109-214]
12(1.8)

12 (3.8)

154 (15.8)
1.4[0.3-6]
92 (13.9)
62(19.7)

819 [453-1149]

129(13)

640 [0-1083]
195 (20)

1242 [985-1611]
256 (26)

395 (41)

p value ?

0.37

0.03

<0.0001
047

<0.0001
<0.0001

0.64
<0.0001

0.09

0.02
0.96

<0.0001

<0.0001

0.57

0.94

0.77

0.79

Values are expressed as median [interquartile range] or number (%). To convert glycaemic level to mmol/L, multiply values by 0.0556

2 Wilcoxon-Mann-Whitney test for quantitative variables, Chi? test for qualitative variables

b Calculated only for the patients who had at least two glycaemic level measurements. (897 patients in the individualised glucose control group and 931 in the

conventional glucose control group)

¢ Glycaemic target was 28.7 x A1C-31.7 (in mg/dL, with A1C in %) in the individualised glucose control group and 180 mg/dL in the conventional glucose control

group
4 Between 144 and 180 mg/dL for the conventional glucose control group

¢ Severe hypoglycaemia was defined as a glycaemic level below 40 mg/dL and any hypoglycaemia as a glycaemic level below 72 mg/dL

f Calories from propofol and 2.5% or 5% dextrose solutions were not recorded
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Fig. 3 Glycaemic level and insulin administration during intervention
according to treatment group and A1C level. Patients are separated
into five subgroups according to A1C levels (< 5%,>5 and <6%,>6
and <7%,>7 and < 8% and > 8%). Panel a shows the relationship
between time-weighted average glycaemic level and A1C level. Panel
b shows the relationship between time-weighted average insulin
infusion rate and A1C level. Conventional glucose control group and
individualised glucose control group are displayed in red and blue,
respectively. Horizontal line indicates the median value. Box height
indicates IQR with the lower and upper edges of the box represent-
ing the 25th and 75th percentiles, respectively. The lower whisker
represents the 10th percentile and the upper whisker the 90th
percentile. If no horizontal line is present within the box, the median
value is the same as the 25th percentile. The coloured horizontal

lines indicate the glycaemic target for each group. Only the patients
who had at least two glycaemia measurements are represented

(897 patients in the individualised glucose control group and 931 in
the conventional glucose control group). The number of patients in
each group and in each A1C level subgroup is provided below the
figure. P values for the comparison between groups in each A1C level
subgroup were calculated using the Wilcoxon-Mann-Whitney test:
*<0.05, **<0.01, ***<0.001, ****<0.0001. To convert glycaemic level

to mmol/L, multiply values by 0.0556

patients from the IC group, spent a median [IQR] of 74%
[55%-89%] of their time in ICU with the individualised
glycaemic target. All these points might have under-
powered the study. The present trial also used the CPG

algorithm—an assessment of which has been performed,
but not published—to control glycaemia and, therefore, it
cannot be excluded that different results would have been
obtained using another algorithm. As no gas analyser
was available in any of the participating units, glycaemia
was measured with point of care glucose meters and this
might impair the precision of some measurements [14].
To maintain blinding during the study, the nurse did not
have access to the history of glycaemia or to changes in
the flow of insulin therapy. It is possible that this could
have limited the possibilities for the nurse to override a
recommendation given by CPG on the flow of insulin
therapy. However, outside the study, while the nurse had
access to the entire history of glycaemia and insulin flow
rates, override of CPG instructions remained also excep-
tional, below 1%. Finally, herein, the individualised gly-
caemic target was maintained constant during the entire
ICU stay, which might not match the changes in insu-
lin resistance that can occur during the course of criti-
cal illness [39]. Indeed, insulin resistance that is linked
to illness severity is expected to change during ICU stay,
being higher during the first days, and then decreasing as
the patient improves [40]. However, the characterization
of the illness-severity phases occurring during the course
of critical illness is still debated and could not be taken
into account in the present study. More precise tools
aiming at determining the severity phase and thus insulin
resistance level could help test this hypothesis in future
studies.

In conclusion, targeting a patient’s usual glycaemia by
using pre-admission A1C level with a dynamic sliding-
scale insulin protocol did not show any survival benefit
in critically ill adults compared to maintaining glycaemia
below 180 mg/dL.
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