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Abstract

Background/Objectives Hyperglycemia is common in critically ill patients and associated with increased mortality. It has
been suggested that different nutrition formulas may beneficially influence glucose levels in surgical intensive care patients.
In this prospective randomized clinical cohort study we investigated glucose homeostasis in response to different enteral
nutrition formulas in medical critically ill patients.

Subjects/Methods 60 medical critically ill patients were randomized to receive continuous fat-based (group A, n =30) or
glucose-based enteral nutrition (group B, n = 30) for seven days. Indirect calorimetry was performed to determine energy
demand at baseline and on days 3 and 7. Glucose levels and area under the curve (AUC), insulin demand, glucose
variability, and calorie and substrate intake per 24 h were assessed for 7 days.

Results Over the course of 7 days patients had similar average daily glucose (p = 0.655), glucose AUC (A: 758 (641-829)
mg/dl/day vs B: 780 (733-845) mg/dl/day, p = 0.283), similar overall insulin demand (A: 153.5 (45.3-281.5) IE vs B: 167.9
(82.3-283.8) IE, p =0.525), and received similar amounts of enteral nutrition per 24 h. Resting energy expenditure was
similar at baseline (A: 1556 (1227-1808) kcal/day vs B: 1563 (1306—1789) kcal/day, p = 0.882) but energy expenditure
increased substantially over time in group A (p <0.0001), but not in group B (p =0.097).

Conclusion Fat-based and glucose-based EN influence glucose homeostasis and insulin demand similarly, yet diet-induced
thermogenesis was substantially higher in critically ill patients receiving fat-based enteral nutrition.

Introduction

Nutritional support has become an integral part of therapy
in critically ill patients in order to minimize negative effects
of starvation as well as energy and protein catabolism [1, 2].
It has been shown that adequate caloric intake decreases
severe complications and improves clinical outcome yet
both underfeeding and overfeeding should be avoided [3,
4]. To this point the enteral route is the preferred way of
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feeding, since it is assumed that enteral feeding is associated
with structural and functional integrity of the intestine,
thereby preventing increased gut permeability, which is
associated with bacterial translocation [5]. This might be
related to a lower incidence of infections [1]. Nevertheless,
enteral feeding can cause gastrointestinal intolerance pos-
sibly leading to unintentional underfeeding.
Hyperglycemia related to stress is a common finding in
critically ill patients and is associated with poor outcome. It
is caused by a complex interplay between counter-
regulatory hormones and cytokines leading to increased
hepatic glucose production and peripheral insulin resistance
[6, 7]. This stress-induced endogenous hyperglycemia can
be aggravated by an exogenous glucose supply during
artificial nutrition [6]. Thus, decreasing the amount of glu-
cose provided exogenously could mitigate hyperglycemia.
This has been shown previously in 16 trauma patients,
where the administration of a total parenteral nutrition
(TPN) with a decreased fraction of glucose induced lower


http://crossmark.crossref.org/dialog/?doi=10.1038/s41430-018-0111-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41430-018-0111-4&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41430-018-0111-4&domain=pdf
https://doi.org/10.1038/s41430-018-0269-9
mailto:marlene.wewalka@meduniwien.ac.at

Different enteral nutrition formulas have no effect on glucose homeostasis but on diet-induced... 497

serum glucose and insulin concentrations compared to a
glucose-based TPN [8]. A decreased serum glucose con-
centration was also confirmed in trauma patients during
combined enteral and parenteral nutrition with a decreased
glucose content [9]. However, the nutritional regimen in the
latter study did not conform to nutritional guidelines [1, 2].
In addition, the two groups received different fat emulsions
[9].

Alterations in glucose homeostasis have not yet been
investigated in critically ill medical patients during con-
tinuous enteral nutrition (EN). We have therefore under-
taken this prospective, randomized clinical cohort study to
evaluate glucose homeostasis in critically ill medical
patients receiving either fat-based or glucose-based EN
continuously over a study period of seven days. The pri-
mary outcome of the study was daily average glucose,
secondary outcome measures were insulin demand per 24 h,
glucose variability and nutrition related side effects.

Patients and Methods
Subjects

Critically ill medical patients admitted to our medical
intensive care unit (ICU) were eligible for the study if they
needed nutritional support, were mechanically ventilated
with fraction of inspired oxygen (FiO,) <60%, and were
older than 18 years. Exclusion criteria that prohibited from
participation were contraindications against nutritional
therapy such as hemodynamic shock (lactate of >4 mmol/l)
or severe hypertriglyceridemia (2450 mg/dl) or contra-
indications against EN in particular, like intestinal
obstruction, disruption or severe bleeding of upper gastro-
intestinal tract. Furthermore, patients with a diagnosis of
diabetes were excluded from the study.

Over the course of two years, sixty consecutive critically
ill medical patients were included into the present study and
were randomized 1:1 by a physician not involved in the
study using randomization in permuted blocks, in order to
receive either fat-based (Diben, Fresenius Kabi, Austria;
group A, n=30) or glucose-based (Fresubin original fiber,
Fresenius Kabi, Austria, group B, n =30) EN continuously
for seven days. Nutritional support was started within 72 h
after ICU admission. Patients undergoing therapeutic
hypothermia after cardiac arrest were assessed and enrolled
after rewarming.

For each patient age, sex, reason for ICU admission,
comorbid conditions, body mass index (BMI), severity of
illness, assessed by the Simplified Acute Physiology Score
(SAPS) II [10] and the Sequential Organ Failure Assess-
ment (SOFA) [11] Score at ICU admission were docu-
mented. Blood glucose levels were assessed at least three

times per day, drawn from an arterial line. Additional
measurements were performed to the treating physician’s
discretion. Insulin demand and calorie intake from EN as
well as other energy sources per 24 h were documented.
Hyperglycemia was defined as blood glucose concentra-
tions >150 mg/dl. Hypoglycemia was defined as blood
glucose levels <60 mg/dl, whereas severe hypoglycemia
was defined as a blood glucose concentration <40 mg/dlL. In
addition, we assessed nutrition related side effects like
diarrhea, vomiting, increased gastric residual volume
(GRV) (i.e., >500ml per day) [12], hypertriglyceridemia
(serum triglycerides >350 mg/dl) and cholestasis (defined
by alkaline phosphatase >180U/l and gamma-GT of
>240 U/1). If patients started to eat spontaneously, they had
to terminate the study early, as calorie and substrate intake
could not be accurately determined in case of oral food
intake.

The ethics committee of the Medical University of
Vienna reviewed and approved the study. Patients were
consented in accordance with the Austrian legislation. The
study was performed in accordance with the ethical stan-
dards defined in the revised Helsinki Declaration.

Enteral Nutrition

Both fat-based and glucose-based EN are approved for-
mulas that are used in the routine treatment. Fat-based EN
formulas contain 45% fat, 37% carbohydrates, 18% protein,
and 2.3 g of fiber per 100 ml, whereas glucose-based EN
formulas are comprised of 30% fat, 55% carbohydrates,
15% protein, and contain 1.5 g of fiber per 100 ml. Both
formulas have a caloric density of 1kcal/ml and contain
rape seed oil and sunflower oil. Initial assessment of resting
energy expenditure (REE) was performed for each patient
using the technique of indirect calorimetry. Target energy
was 25% above the measured REE [13]. Both study groups
received early EN that was initiated with the target dosage
and continuously administered at a constant rate for 7 days
via a nasogastric tube.

Indirect Calorimetry

To determine REE indirect calorimetry was performed in a
fasting state over an overnight fast of 8-9h at baseline.
Indirect calorimetry was repeated to assess energy expen-
diture (EE) on days 3 and 7 during continuous EN. Mea-
surements were done under stable conditions; in case of
changes in ventilator settings, pain or agitation, the study
was delayed. Furthermore, we did not perform indirect
calorimetry in patients with need for hemodialysis [14].
Respiratory gas exchange was measured by a computerized
open-circuit indirect calorimetry (Deltatrac Metabolic
Monitor II, Datex Instruments, Helsinki, Finland) for
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Table 1 Patient Characteristics (n = 60)

Characteristic Group A Group B p-value
Sex (m/f) 12/18 16/14 0.438
Age (years) 60+12 58+16 0.657
BMI (kg/m?) 262+5.2 27.5+4.4 0.294
SAPS II 58+14 63+13 0.147
SOFA 10+£3 11+4 0.525
Reason for ICU admission

CPR 13 11 0.793
Respiratory insufficiency 9 7 0.771
Sepsis 2 6 0.254
Cardiogenic shock 1 0 >0.99
Coma/status epilepticus 4 5 >0.99
Other 1 1 >0.99

4 -test or Fisher’s exact test, as appropriate

BMI body mass index, CPR cardiopulmonary resuscitation, SAPS I/
Simplified Acute Physiology Score II, SOFA sequential organ failure
assessment

30-60 min until stable conditions with maximum changes
of £5% were achieved [15]. The gas analyzers were cali-
brated before each measurement using a calibration gas of
known composition (QuickCal Calibration Gas, Datex,
Helsinki, Finland). Oxygen consumption (VO,) and carbon
dioxide production (VCO,) were calculated according to the
Haldane equation [16]. Measurements were performed
every minute and the results of the last 20 min of each
measurement were averaged. From the rates of VO, and
VCO,, the respiratory quotient (RQ) and REE or EE are
calculated and output by the Deltatrac Metabolic Monitor 1T
[17, 18]. Non-protein RQ was determined by subtracting
protein oxidation from total gas exchange [19].

Further Calculations

Daily glucose variability was calculated as daily SD of
glucosex100/daily average glucose (A glucose) [20]. Glu-
cose area under the curve (AUC) was calculated from
average daily blood glucose over the entire study period.

Statistical Analysis

Statistical analysis was performed using SPSS 19.0 (IBM
Corp., Chicago, IL). GraphPad PRISM 6 (GraphPad Soft-
ware, La Jolla, CA) was used to create figures. Patient char-
acteristics are presented as mean + SD, results as median and
25-75% interquartile range (IQR). Unpaired Student’s 7-test
was used for group comparisons for normally distributed
variables and Mann—Whitney U-test for skewed data. For
categorical variables y*-test or Fisher’s exact test were used as
appropriate. Friedman test was calculated to assess changes
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over time within one group. Repeated measures ANOVA was
performed to evaluate differences between groups over time.
Results with a p-value of <0.05 were considered statistically
significant. All participants that were enrolled in the study
entered the statistical analyses. Sample size calculation was
based on a previous study by Tappy et al [8].

Results
Patient Characteristics

A total of 60 critically ill medical patients admitted to a
medical ICU were randomized to receive either a fat-based
(group A, n =30) or a glucose-based (group B, n =30) EN.
The patient characteristics are summarized in Table 1.
Gender distribution, age, BMI, severity of illness as asses-
sed by SAPS II and SOFA scores, and reason for ICU
admission did not differ between groups.

Study duration was 6.0+ 1.7 days in group A and 5.9 +
2.1 days in group B (p =0.792), yielding 178 patient days
and 177 patient days, respectively (p = 1.0). In both groups,
73.3% completed the entire study duration of seven days (p
= 1.0). Of the patients who terminated the study early in
group A, 23.3% died and 3.3% no longer needed EN,
whereas in group B 20% died and 6.7% no longer needed
EN (p = 1.0). At baseline, 73.3% of patients in group A and
60% of patients in group B received vasopressor therapy (p
= 0.412). Norepinephrine was the primary vasoactive agent
in both groups with an average dosage of 9.8 + 15.2 mg/day
in group A and 5.9 + 9.4 mg/day in group B, respectively (p
=0.242). ICU mortality was found to be 43% in group A
and 30% in group B (p =0.422).

Metabolic Studies

At baseline, indirect calorimetry, performed after an over-
night fast, revealed that VO,, VCO,, REE, RQ, and non-
protein RQ did not differ between the two groups (Fig. 1,
Table 2).

Over the entire study duration EE significantly increased
in the group receiving fat-based EN, whereas it remained
unchanged in the patients receiving glucose-based EN (Fig.
1, Table 2).

On days 3 and 7, during continuous EN, patients had
similar VO,, VCO,, EE, RQ, and non-protein RQ (Table 2).

Energy and Substrate Intake

Patients received similar amounts of EN each day
throughout the study period and over the entire study period
(group A: 79 (64.3-88.3)%, group B: 83.3 (72.5-89.5)%; p
=0.315; Fig. 2a). Overall caloric intake including EN,
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Fig. 1 Energy expenditure on days 1, 3, and 7. Measurement on day 1
after an overnight fast, measurements on days 3 and 7 under con-
tinuous EN. *** <(0.001 day 1 vs. day 7. § <0.05 vs. day 1, §§ <0.01
vs. day 1. Black—fat-based enteral nutrition (group A). Gray—glu-
cose-based enteral nutrition (group B)

glucose administration, and propofol trended to be higher in
group B on day 2 (group A: 1487 (1028-1832) kcal/day,
1697 (1396-1980) kcal/day; p = 0.066), but did not differ
between groups on the other study days or over the entire
study period (Fig. 2b).

Patients in group A, who were fed with a fat-based for-
mula, received 44% more fat (419 (269-497)g, 329
(250-386) g; p =0.01) as well as 51% less carbohydrates
(694 (418-850) g, 1059 (782-1321) g; p =0.029) over the
entire course of the study compared to patients of group B.
Protein supply did not differ between both groups (group A:
377 (232-447)g, group B: 367 (279-431)g; p=0.745)
throughout the study.

Measures of Glucose Homeostasis

Fasting plasma glucose (FPG) was elevated but similar in
both groups (group A: 128 (110-170) mg/dl, group B: 123
(98-153) mg/dl; p =0.570). Average daily blood glucose
concentration was higher in group A on day 1 (group A:
143 (130-156) mg/dl, group B: 137 (121-147) mg/dl; p =
0.048) but did not differ any day thereafter as well as over
the entire study period (p = 0.655) (Fig. 2¢). Hyperglycemic
event rate (group A: n=200/927 (21.6%), group B: n=
207/934 (22.2%); p =0.718), glucose AUC (group A: 758
(641-829) mg/dl/day, group B: 780 (733-845) mg/dl/day;
p=0.283) and A glucose (Fig. 2d) were comparable
between the groups. Daily insulin demand per 24 h and total
insulin demand over the course of the whole study period
(group A: 153.5 (45.3-281.5) IE, group B: 167.9
(82.3-283.8) IE; p =0.525) were similar between groups
(Fig. 2e). During the study period we observed very low
rates of hypoglycemic events (group A: n = 2/927; group B:
n = 1/934 hypoglycemic episodes, p = 1.0), however, both
events in group A were episodes of severe hypoglycemia.

Table 2 Indirect Calorimetry

EE (kcal/24 h) RQ Non-protein RQ

VCO2 (ml/min)

Group VO2 (ml/min)

Day 3 Day 7

Day 1—
value baseline

P-

Day 7

Day 3

p-value Day 1—

Day 7

p-value Day 1— Day 3

Day 3 Day 7

Day 1—
value baseline

Day 3 Day 7 p-

Day 1—

value

baseline

baseline

baseline

0.82 0.038 0.78 0.88 0.82 0.06

0.86

<0.0001 0.79

1844

<0.0001 1556 1640

208 220

175

264 0.01

253

233

A

(0.79-0.88)

(0.80-0.92)

Hkk
0.

(0.7-0.81)

(0.8-0.87)

EEEY

(0.74-0.82) (0.80-0.89)

(1227-1808) (1230-2018) (1437-2301)
*

(178-277)

(147-209)  (154-250)
EEE
216

(211-333)%%

8§

ok

(182-263)  (184-295)

0.89 0.003

0.86 0.001 0.79 90

0.88

0.80

1604 1530 0.097

<0.0001 1563

191

0.779 178

222

235

234

B

(0.77-0.97)

s

(0.73-0.84) (0.85-0.96)

(0.77-0.91)

(0.74-0.84) (0.84-0.94)

(1306-1789) (1373-1815) (1373-1871)

(162-231)

(142-223)  (174-235)

(200-270)

(189-264)  (192-259)

sk

Hkk

0.246

0.083

0.660

0.433

0.067

0.684

0.952 0.230

0.882

0.533 0.216

0.877

0.907 0.189

0.836

p-

value

Mann-whitney U-test for group comparisons, Friedman test for changes over time

EE energy expenditure, RQ respiratory quotient Energy expenditure measured in a fasting state on day 1 and during continuous enteral nutrition on days 3 and 7, VCO, carbon dioxide production,

VO, oxygen consumption

*<0.05 vs. day 1, ** <0.1 vs. day 1, *** <0.001 vs. day 1, $<0.05 vs. day 3, ¥ <0.01 vs. day 3, **¥ <0.001 vs. day 3
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Fig. 2 Average a percentage of nutrition targeted by administered
enteral nutrition per 24 h, b daily total calories, ¢ daily glucose con-
centrations, d glucose variability and e exogenous insulin demand per

Nutrition Related Side Effects

Patients had similar rates of hypertriglyceridemia over
the study period (group A: n =15 vs group B: n =1 events,
p =0.215). Cholestasis was also similar between groups
with n = 6 patients in group A and n = 4 patients in group
B (p =0.731). Patients in both groups had similar rates
of clinically significant GRV (group A: n =19 vs group
B: n=18 events, p = 1.0), diarrhea (group A: n =22 vs
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24 h over the duration of the study. * <0.05. Black—fat-based enteral
nutrition (group A). Gray—glucose-based enteral nutrition (group B)

group B: n =26, p =0.646), and vomiting (group A: n =
2 vs group B n =3, p =1.0). The use of metoclopramide
was similar in both groups (p = 0.114), whereas patients
who received fat-based EN trended to receive more ery-
thromycin throughout the study period (p=0.055).
However, patient days on erythromycin did not differ
between groups (group A: 7 days, group B: 2 days, p =
0.174).Overall, prokinetics use was similar between
groups (p =0.276).



Different enteral nutrition formulas have no effect on glucose homeostasis but on diet-induced... 501

Discussion

In this prospective, randomized, clinical cohort study we
found that administration of either fat-based or glucose-
based EN caused no significant differences in various
measures of glucose homeostasis in medical critically ill
patients. While baseline REE was similar between
groups, we showed that EE significantly increased over
the study duration of 7 days only in patients receiving fat-
based EN.

In critically ill patients stress hyperglycemia is com-
monly observed and results from a complex interplay of
catecholamines, counter-regulatory hormones as well as
proinflammatory cytokines, causing an aggravation of
insulin resistance and dysglycemia. These derangements in
carbohydrate metabolism have been shown to be related to
outcome and the severity of illness [21]. Latter finding was
confirmed by our study, since we found FPG to be elevated
at baseline in both study groups. Additionally, severity of
illness was profound, as reflected by high severity scores of
our patients.

Stress hyperglycemia could be aggravated by an addi-
tional exogenous glucose administration, as performed
during nutritional support. In the present study, the amount
of exogenous glucose administration via EN differed sig-
nificantly between groups. Patients who were fed a fat-
based diet received 51% less glucose than patients on a
glucose-based diet. However, the lower glucose supply did
not result in differences of the average daily serum glucose
concentration, of glucose AUC or daily glucose variability
during the entire study period. In critically ill patients blood
glucose concentrations should be monitored carefully and
can be adjusted within a recommended range by a con-
tinuous insulin administration. In our study, the insulin
dosage required to maintain the blood glucose concentration
below 150 mg/dl did not differ between groups. These
findings indicate that a fat-based EN, despite a considerably
lower glucose administration, cannot ameliorate dysglyce-
mia in critically ill medical patients. Nonetheless, the
unaffected dysglycemia could also be an expression of
diminished insulin sensitivity in critically ill medical
patients receiving a fat-based formula. In critically ill
medical patients insulin sensitivity has been shown to be
reduced by 70% compared to healthy controls [7]. This
impairment might be aggravated by the higher fat admin-
istration, since high free fatty acid levels could further
worsen insulin sensitivity [6]. However, we did not measure
insulin sensitivity or free fatty acids concentration.

Our findings of comparable glucose homeostasis are in
contrast to Huschak et al. [9] who found lower blood glu-
cose concentrations during a lipid-based nutrition compared
to a glucose-based nutrition. However, in this study artificial

nutrition was delivered to trauma patients and mainly par-
enterally. Moreover, the composition of administered fat
emulsions differed substantially using either an emulsion
based on olive oil or a soybean derived emulsion. This
study is in accordance with Tappy et al. [8] who also found
a lower plasma glucose during a lipid-based total parenteral
nutrition in surgical patients. However, the different find-
ings of these two studies compared to our study could be
explained by the enteral route of substrate administration.
Although the enteral route is preferable in critically ill
patients, it remains unclear whether macronutrients are
satisfactorily absorbed due to a possible exocrine pancreatic
insufficiency and/or alterations in the intestinal mucosa
[22]. In addition, an increase of the hyperglycemic risk
seems to be less important during EN than during parenteral
nutrition, which has been attributed to the incretin effect
[23].

Guidelines recommend to assess energy demands of criti-
cally ill patients by indirect calorimetry in order to avoid
overfeeding as well as underfeeding [2]. In the present study
this measurement revealed no differences in REE between
both groups after an overnight fast directly before EN was
started. REE was found to be in the range published for cri-
tically ill medical patients previously [13]. The feeding of a
glucose-based EN caused no significant change of energy
expenditure during the entire study period. However, in cri-
tically ill medical patients receiving fat-based EN, energy
expenditure increased constantly over time from day 1 to day
7 by 18.5%. The increase of energy expenditure could reveal
a considerable diet-induced thermogenesis in our patients
receiving a fat-based EN, which is part of the total energy
expenditure. This increase seemed not to be caused by
changes in substrate oxidation rates, since we found no dif-
ferences in RQ comparing both groups neither at baseline nor
on days 3 or 7. RQ was found to be low at baseline indicating
that fat was the main substrate oxidized after an overnight
fast. During EN, while keeping the energy intake constant, the
RQ in our study subjects rose, but never exceeded 1.0,
pointing out that no net de novo lipogenesis was present (i.e.
total lipid oxidation was constantly higher than total lipid
synthesis). However, indirect calorimetry only records the net
result of metabolic processes [24]. Thus, it seems feasible that
the varying composition of the two EN influenced metabolic
pathways in a different manner in our critically ill medical
patients. Another possibility for the increase of the energy
expenditure during fat-based EN might be an induction of
uncoupling proteins. These proteins, located in the mito-
chondrial inner membrane, dissipate energy present in the
proton-motive force as heat and can be activated by free fatty
acids [25]. Taken together, it seems unnecessary to use fat-
based EN formulas in the early period of ICU stay, as it has
no beneficial effect on glucose homeostasis. In contrast, the
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increase in energy expenditure due to diet-induced thermo-
genesis might induce or even aggravate underfeeding.

A limitation of our study is that insulin resistance was not
measured using the hyperinsulinemic clamp technique,
which is considered the gold standard [26] and that the
investigators were not blinded with regard to the nutrition
formula. We also did not directly determine intestinal glu-
cose absorption, which might be compromised due to
delayed gastric emptying, intestinal edema, reduction of
enzymes in the brush border, and reduced splanchnic per-
fusion [27, 28]. However, these potential alterations in
nutrient absorption can be expected to be comparable in the
patients of both study groups. Furthermore, the fiber content
of the two nutrition formulas differed. This might have
influenced the intestinal microbiota differently leading to
alterations in glucose homeostasis. Yet, it remains to be
determined whether these small differences in fiber content
are clinically relevant or can impact the intestinal micro-
biota within one week.

Conclusion

In summary, fat-based and glucose-based EN influence
glucose homeostasis and insulin demand similarly, yet diet-
induced thermogenesis was substantially higher in critically
ill patients receiving fat-based enteral nutrition.
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