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Abstract

Background: In the critically ill, energy delivery from enteral nutrition (EN) is often less than the estimated energy
requirement. Parenteral nutrition (PN) as a supplement to EN may increase energy delivery. We aimed to determine
if an individually titrated supplemental PN strategy commenced 48–72 hours following ICU admission and continued
for up to 7 days would increase energy delivery to critically ill adults compared to usual care EN delivery.

Methods: This study was a prospective, parallel group, phase II pilot trial conducted in six intensive care units in Australia
and New Zealand. Mechanically ventilated adults with at least one organ failure and EN delivery below 80% of estimated
energy requirement in the previous 24 hours received either a supplemental PN strategy (intervention group) or usual
care EN delivery. EN in the usual care group could be supplemented with PN if EN remained insufficient after
usual methods to optimise delivery were attempted.

Results: There were 100 patients included in the study and 99 analysed. Overall, 71% of the study population
were male, with a mean (SD) age of 59 (17) years, Acute Physiology and Chronic Health Evaluation II score of 18.2 (6.7)
and body mass index of 29.6 (5.8) kg/m2. Significantly greater energy (mean (SD) 1712 (511) calories vs. 1130
(601) calories, p < 0.0001) and proportion of estimated energy requirement (mean (SD) 83 (25) % vs. 53 (29)
%, p < 0.0001) from EN and/or PN was delivered to the intervention group compared to usual care. Delivery of protein
and proportion of estimated protein requirements were also greater in the intervention group (mean (SD) 86 (25) g, 86
(23) %) compared to usual care (mean (SD) 53 (29) g, 51 (25) %, p < 0.0001). Antibiotic use, ICU and hospital length of
stay, mortality and functional outcomes were similar between the two groups.

Conclusions: This individually titrated supplemental PN strategy applied over 7 days significantly increased energy delivery
when compared to usual care delivery. Clinical and functional outcomes were similar between the two patient groups.

Trial registration: Clinical Trial registry details: NCT01847534 (First registered 22 April 2013, last updated 31 July 2016)
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Background
Best practice guidelines for energy delivery in critical
illness often recommend that energy delivery be aimed
to meet energy requirements, usually estimated using
standard equations, and most often using enteral nutrition
(EN) [1–4]. However, energy delivery in critically ill
patients when using EN alone is almost always less than
estimated requirements [5, 6]. Parenteral nutrition (PN),
delivered in addition to EN, is a strategy which may
increase energy delivery more closely to estimated energy
requirements, however recommendations for use differ
and evidence is controversial [1–4, 7–12]. Previously, the
use and infective risk of PN has been a concern when
compared to standard care nutrition, however, this has
been challenged in more recent trials which investigated
PN in a modern-day ICU setting [13, 14].
Observational studies have suggested an association

between higher energy delivery and improved clinical
outcomes. [15–18]. And, prospective randomized con-
trolled trials (RCTs) addressing this question have been
limited by either trial size, or by methodological concerns
[19]. One randomized trial found that supplemental PN
was associated with decreased infective complications
later in ICU stay (however this endpoint was not in the
original study protocol), and another found a trend to
improved outcomes in nutritionally at-risk patients [8,
11]. The largest randomized trial indicated harm with
early supplemental PN delivery, despite only achieving
74% of estimated energy requirements in the early PN
arm [7, 10]. Further, interpretation of this trial was com-
plicated by the parallel use of an intensive insulin therapy
strategy, which has since been found to impair patient
outcomes [20].
We aimed to determine if an individually titrated

supplemental PN strategy commenced 48–72 hours
following ICU admission and continued for up to 7 days
would increase energy delivery closer to estimated
requirements in critically ill adults compared to usual
care delivery. Secondary aims (which are not reported in
this article) were to determine rates of enrolment, feasi-
bility of trial processes and estimate sample size to assist
planning a large randomized trial.

Methods
Design
We conducted a prospective, unblinded, parallel group,
block randomized phase II pilot trial in six ICUs in
Australia and New Zealand.

Patients
Patients aged ≥ 16 years, admitted to ICU in the previous
48–72 hours, who were receiving mechanical ventilation
(MV) and expected to continue until the day after
randomization, with central venous access and one or

more defined organ system failure were eligible. Patients
were excluded if they could not receive EN and/or PN at
the time of randomization, were already receiving PN,
had a requirement for a specific PN solution (e.g.
glutamine containing), had received more than 80% of
their estimated nutrition requirements from EN in the
24 hours prior to randomization, seemed not likely to
survive the subsequent 96 hours, had a treatment limita-
tion in place or a high likelihood of terminal illness,
were pregnant or the treating clinician did not believe
that study participation was in the best interests of the
patient. There was a modification to the inclusion
criteria after the first 6 months of recruitment. Details of
the full inclusion and exclusion criteria can be viewed in
Additional file 1.
Eligible patients were randomly assigned in a 1:1 ratio

via a web-based randomization system. Randomization
was stratified by site and allocation occurred in
permuted blocks of two, four or six. Recruitment began
on 17 February 2014 and was completed on 6 January
2016 with the final outcome determined 180 days later.
Ethics approval was obtained from The Alfred Hospital
Research and Ethics committee for Australia and the
Northern A Health and Disability Ethics Committee in
New Zealand, as well as the Monash University Research
and Ethics Committee. As participants were unable to
provide consent for participation at the time of enrol-
ment, the patient’s legal surrogate, relative/friend or
whanau member was approached for consent or agree-
ment to participate in the study. Patients were approached
at a later time if it was appropriate and they regained the
capacity to provide consent to continue to participate.
The full protocol for this RCT was pre-published and
registered (NCT01847534) [21].

Study processes
Common to both groups
Body weight was standardized in both groups using
‘calculated body weight’ (CBW) as follows:
Body mass index (BMI) < 25 kg/m2: actual body weight

was equal to CBW BMI ≥ 25 kg/m2: CBW was an ideal
body weight set at a body mass index (BMI) of 23 kg/m2

using the patient’s height.
Actual body weight was preferred to estimated weight

if it was current within 6 weeks and height was
estimated using demi-arm span [22]. Once set, the CBW
was not changed for the duration of the study.
Energy requirements were determined on a daily basis

using a fixed prescription method of 25 kilocalories
(kcal)/kg CBW or 30 kcal/kg CBW if the patient was
receiving renal replacement therapy or extracorporeal
membrane oxygenation on that day. The daily nutrition
target was 100% of estimated energy requirement in
both groups. Estimated protein requirements and the
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choice of EN formula followed usual practice at the
participating ICU and recorded as part of study data
collection. To determine the volume of EN received over
24 hours, discarded gastric residual volumes were
deducted from the total volume of EN received. Blood
glucose level (BGL) management followed the participat-
ing ICUs usual practice, which was usually based on the
control group strategy in a recently conducted trial [20].

Management of the usual care group
Nutrition therapy in the usual care group followed
clinical practice at the participating ICU. PN was only
used when EN delivery remained insufficient despite
attempts to improve it with strategies recommended in
best practice guidelines [1, 3, 4]. If PN was required
during the first 7 days of the study in the usual care
group, the same PN formulation used in the intervention
group was provided. If PN was required in usual care
after the first 7 days the usual hospital PN formulation
was used. Micronutrients were provided as part of the
standard EN solutions provided in usual care. Additional
micronutrients could be provided if deemed necessary
by the treating clinical team.

Management of the intervention group
The intervention group received a supplemental PN
strategy, delivered for up to 7 days after randomization,
using Olimel N9-840/Triomel with added multi-trace

elements and multi-vitamins (manufactured and supplied
by Baxter Healthcare Corporation, Sydney, Australia). On
randomization, intervention PN was commenced within
2 hours, at a rate based on the percentage of estimated
energy requirements received from EN in the 24 hours
prior to randomization. These rates corresponded to
either 40% or 80% of the estimated requirement (Fig. 1,
panel A in Additional file 1 demonstrates study processes
at randomization). The intervention strategy was designed
to increase average delivery towards 100% of the estimated
energy requirement but avoid overfeeding by (1) using
ideal body weight in those who were overweight or obese,
(2) having variable PN rates which were individually
titrated, reviewed daily and based on the percentage
estimated energy requirement delivered, (3) accounting
for additional energy from EN, intravenous glucose
solutions ≥ 25% and propofol and (4) never providing
more than 80% of the estimated energy requirement by
the intervention PN.
After the day of randomization, total energy received

from EN, propofol and intravenous glucose solutions ≥
25% were assessed daily for up to 7 days by a dietitian,
research coordinator or investigator at the site. Based on
the percentage of estimated energy requirement received,
the intervention PN was individually titrated on a daily
basis, with three rates possible for the following 24 hours
(corresponding to 0%, 40% or 80% of estimated require-
ments). Once set, the PN was continued at that rate for

Fig. 1 Participant flow diagram
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the next 24 hours and EN was managed as per standard
practice in the participating ICU and not reduced based
on the intervention strategy. If there was a discontinuation
of EN ≥ 2 hours, the intervention PN was run at a rate
corresponding to 80% of the estimated energy require-
ment for the duration of the interruption and once EN
was recommenced, returned to the last rate determined.
The intervention period ceased at the end of study day 7
or earlier if the patient was discharged from the ICU or
oral nutrition was commenced.
Details on the interventional product and daily manage-

ment of intervention PN can be viewed in Additional file
1 (Table 1 and Fig. 1, panel B).

Data collection
Baseline data included nutrition information, patient and
ICU admission demographics, severity of illness charac-
teristics and standard blood test results. Daily data
included nutrition requirements and intake (including
energy from propofol and intravenous glucose solu-
tions ≥ 25%); morning BGL level; number of episodes of
hypoglycaemia; complications associated with nutrition
delivery and antibiotic usage. On specific days Sequential
Organ Failure Assessment (SOFA) score, liver function
tests, white cell count, serum triglyceride, and C-reactive
protein were collected.

Outcomes
The primary outcome was mean energy delivered from
both EN and/or PN therapy through the first 7 days of the
study (the intervention period). Secondary outcomes
included: (1) total protein delivered in the first 7 days of the
study period; (2) total energy and protein delivered in the
ICU stay (up to 28 days); (3) number of new antibiotics
commenced while in ICU to day 28; (4) SOFA scores; (5)
duration of MV to day 28; (6) duration of ICU and hospital
stay; (7) mortality to 180 days post randomization; (8)
assessment of physical function using the ICU mobility
scale (or 6-minute walk test where possible) at hospital
discharge (D/C), hand grip strength (HGS) at ICU and
hospital D/C and (9) quality of life with the EuroQuol-5
Dimension 3 Level (EQ-5D-3L) at hospital D/C, 90 and
180 days post randomization [23, 24].

Statistical analysis
A sample size of 100 patients was calculated on a mean
(SD) daily delivery of 1400 (600) calories in the usual
care group, estimated from work previously conducted
by our group [25, 26]. This provided an 80% power
(two-sided p value of 0.05) to detect a 30% relative
increase (1400 vs. 1820 kcal) in calories delivered.
Daily data were collected until the patient was discharged

from ICU, died or was censored at day 28 (whichever
occurred first). We conducted all analyses according to the

intention-to-treat principle and there were no planned
interim analyses. Baseline and outcome variables were
compared using chi-square tests for equal proportion,
Student’s t test for normally distributed outcomes and
Wilcoxon rank-sum tests otherwise with results reported as
numbers (percentages), means (SD) or medians [interquar-
tile range (IQR)] respectively. Longitudinal analysis of total
energy was performed using mixed linear modelling with
patients treated as random effects, fitting main effect for
treatment and time and an interaction between the two to
determine if treatment behaved differently over time.
Missing data were not imputed and no assumptions were
made relating to missingness. All analysis was performed
using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA)
and a two-sided p value of 0.05 was considered to be
statistically significant.

Results
Patients
Of 1320 patients screened for eligibility, 100 patients
were randomized over 24 months. One patient in the
usual care group withdrew consent for follow-up and
use of all data (Fig. 1).

Baseline characteristics
The two groups were comparable at baseline (Table 1).
The mean (SD) age was 59 (17) years, 71% were male
and the mean Acute Physiology and Chronic Health
Evaluation II score was 18.2 (6.7). Fewer patients with a
diagnostic category of ‘sepsis’ were randomized to usual
care than the intervention group (one and seven patients
respectively). Prior to randomization, more patients in
the usual care group (44 (91%)) had commenced EN
compared to the intervention group (40 (78%)). The
median [IQR] energy received in the usual care group
was less (394 [67–1020] kcal) than the intervention
group (605 [75–1270] kcal) prior to randomization. The
mean overall estimated energy and protein requirements
in both groups at randomization were 2092 (392) kcal
and 103 (21) g.

Nutrition delivery
The median time from randomization to commencing
the intervention was 1.2 [0.5–1.8] hours. Over the 7-day
intervention period, the mean daily energy delivery from
EN, PN or both in usual care was 1130 (601) kcal and
1712 (511) kcal in the intervention group, p = < 0.0001.
When energy from nutrition, propofol and intravenous
glucose solutions ≥ 25% were included the mean daily
intake increased to 1298 (671) kcal in the usual care
group and 1892 (540) kcal in the intervention group,
p < 0.0001. Those in the usual care group were deliv-
ered a mean 53 (29) g of protein daily compared to
86 (35) g of protein daily in the intervention group,
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p < 0.0001. Figure 2, panels A, B and C demonstrate
energy and protein intake on a daily basis over the
7-day intervention period. On study day 2, those in
the intervention group received a mean proportion of
estimated energy requirement of 105% (5%) and when
energy from all sources were accounted for this
increased to 117% (5%) (Fig. 2, Panel D). On all other
study days, the proportion of estimated energy
requirement provided was less than 100%. Figure 2 in
the Additional file 1 shows the proportion of daily

energy delivery by EN and PN in the usual care
(Panel A) and the intervention (Panel B) groups. Over
the duration of ICU stay, mean energy and protein
from nutrition were 1212 (676) kcal and 57 (33) g
protein in the usual care group compared to 1599
(458) kcal and 79 (23) g protein in the intervention
group, (p = 0.001 and < 0.0001, respectively). Including
all energy sources for the duration of ICU stay
increased the mean energy to 1331 (720) kcal and
1718 (468) kcal in the usual and intervention groups,

Table 1 Baseline characteristics

Variable Usual care (n = 48) Intervention (n = 51)

Age, years, mean (SD) 60 (17) 59 (17)

Sex, male, n (%) 35 (73) 35 (69)

BMI, kg/m2, mean (SD) 30 (6) 29 (6)

APACHE II score, mean (SD) 19 (7) 18 (7)

APACHE III diagnosis code, n (%)

Cardiovascular 29 (59) 31 (61)

Trauma 7 (14) 6 (12)

Respiratory 6 (12) 3 (6)

Sepsis 1 (2) 7 (14)

Gastrointestinal 1 (2) 2 (4)

Musculoskeletal 2 (4) 0 (0)

Renal 1 (2) 1 (2)

Unknown 1 (2) 1 (2)

Neurological 1 (2) 0 (0)

Location prior to ICU admission, n (%)

Elective surgery 20 (42) 22 (43)

ICU 9 (19) 7 (14)

Emergency surgery 9 (19) 5 (10)

ED 5 (10) 8 (16)

Ward 4 (8) 6 (12)

Other hospital 1 (2) 3 (6)

Time from hospital admission to randomization, days, median [IQR] 3 [3–6] 3 [3–4]

Time from ICU admission to randomization, days, mean (SD) 2.5 (0.4) 2.5 (0.4)

Baseline total SOFA, mean (SD) 10 (3) 10 (4)

Bloods, median [IQR]

ALT, U/L 25 [11–103] 40 [18–108]

ALP, U/L 67 [49–97] 72 [50–89]

GGT, U/L, mean (SD) 44 [27–79] 41 [28–98]

Bilirubin, mmol/L 21 [10–41] 24 [11–47]

WCC, 0^9/L 13 [10–15] 17 [11–23]

TG, mmol/L 2 [1–3] 2 [1–3]

CRP, mg/L 209 (97) 217 (111)

Mid arm muscle circumference, cm, mean (SD) 34 (5) 34 (4)

APACHE Acute Physiology and Chronic Health Evaluation II, ALP alkaline phosphatase, ALT alanine aminotransferase, BMI body mass index, CRP C-reactive protein,
ED Emergency department, GGT gamma-glutamyltransferase, ICU intensive care unit, IQR interquartile range, SD standard deviation, SOFA Sequential Organ Failure
Assessment, TG triglyceride, WCC white cell count

Ridley et al. Critical Care  (2018) 22:12 Page 5 of 11



a

b

c

d

Fig. 2 Daily energy and protein intake during the 7-day intervention period. Mean standard error (SE) daily energy and protein intake during the
7-day intervention period: Panel (a) Energy from nutrition only (kcal); Panel (b) energy from all sources (kcal); Panel (c) protein from nutrition (g);
Panel (d) percentage of estimated energy requirements received from nutrition and all sources
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respectively, p < 0.0001. Table 2 provides further infor-
mation about energy delivery during the intervention
period and ICU stay. There were ten patients in the
usual care group who received PN during the inter-
vention period; the median time to commencement
was 3 [1–4] days.

Other outcomes
Morning BGL was lower in the usual care (mean 7.9 (1.9)
mmol/L) compared to the intervention (8.5 (1.2) mmol/L,
p = 0.03) group, as was daily insulin dose (median 8
[0–35] compared to 24 [4–69] units in the usual care and
intervention groups, respectively, p = 0.03). There were 16
(33%) and 18 (35%) patients in the usual care and inter-
vention groups, respectively, who received at least one
new antibiotic during the study period, p = 0.84. There
were no significant differences between the two groups in
the duration of mechanical ventilation, ICU or hospital
stay, mortality, witnessed complications of feeding or
functional outcomes (Table 3).

Discussion
Key findings
Our multicentre, pilot, randomized trial in 100 critically ill
adults receiving EN, found that an individually titrated
supplemental PN strategy was feasible and effective in de-
livering increased energy, closer to estimated requirements

than usual care. There were no differences between our
two groups in any clinical outcomes.
Previous studies have found that use of supplemental

PN can deliver additional energy in critical illness when
combined with EN [8, 11, 27, 28]. However, the largest
randomized trial addressing this question, achieved no
more than approximately 74% of estimated energy
requirements [7]. Our trial found that a supplemental
PN strategy could instead be used to increase energy
delivery closer to the patient’s estimated energy require-
ment and includes several different approaches to help
protect against overfeeding, an essential element of any
supplemental PN intervention.
Despite many interventions aiming to improve energy

delivery, the timing, and the amount of energy to
provide in critical illness remains uncertain. Recently, a
U-shaped relationship between energy needs and clinical
outcomes has been suggested, with just 70% of the
measured requirement being optimal for patient out-
comes in a cohort trial [29]. It has been suggested that
increased macronutrient delivery early in ICU admission
may be harmful by inhibiting autophagy, an important
and protective cell process for maintenance of organ
function [7, 30]. These factors may explain indications of
harm in patients who received early supplemental PN
(74% of energy requirement) compared to those who
received late PN (30% of energy requirement) in a large

Table 2 Energy and protein delivery during the 7-day intervention and ICU stay

Variable Usual care (n = 48) Intervention (n = 51) p value

7-day intervention period, mean (SD)

Delivery of energy from EN and PN, kcal 1130 (601) 1712 (511) <0.0001

Proportion of energy from EN and PN, % 54 (28) 83 (22) <0.0001

Energy from EN and PN, kcal/kg 13 (6.6) 20.6 (6.3) <0.0001

Delivery of energy from all sources, kcal 1298 (671) 1892 (540) <0.0001

Proportion of energy from all sources, % 62 (31) 92 (22) <0.0001

Energy from all sources, kcal/kg 16.8 (8.2) 24.9 (6.4) <0.0001

Delivery of protein, g 53.3 (28.5) 85.6 (25.4) <0.0001

Proportion of protein, % 51 (25) 86 (23) <0.0001

Protein delivery, g/kg 0.6 (0.3) 1.0 (0.3) <0.0001

ICU stay, mean (SD)

Delivery of energy from EN and PN, kcal 1212 (676) 1599 (458) 0.001

Proportion of energy from EN and PN, % 58 (30) 78 (21) <0.0001

Energy from EN and PN, kcal/kg 13.9 (7.4) 19.2 (5.7) <0.0001

Delivery of energy from all sources, kcal 1331 (720) 1718 (468) 0.002

Proportion of energy from all sources, % 63 (32) 84 (21) <0.0001

Energy from all sources, kcal/kg 15.3 (7.8) 20.6 (5.7) <0.0001

Delivery of protein, g 57 (33) 79 (23) <0.0001

Proportion of protein, % 54 (29) 80 (22) <0.0001

Protein delivery, g/kg 0.7 (0.3) 1.0 (0.3) <0.0001

EN enteral nutrition, PN parenteral nutrition; kcal kilocalorie, SD standard deviation
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RCT [7]. Furthermore, a recent randomized trial found
no advantage from increasing energy delivery using PN
to requirements guided by indirect calorimetry during
the first week of critical illness, although the trial was
likely to be underpowered for clinical outcomes [28].
And a recent meta-analysis suggested higher infectious
complications in a sub-group of studies where patients
received considerably more energy from PN compared
to EN alone [31].
It is also possible that energy requirements during

critical illness vary during the time course of critical
illness. Early in ICU admission, endogenous glucose
supplies are mobilised (up to 1500 kcal/day) and meta-
bolic rate reduces as a result of the metabolic response

to illness [32]. Less energy from exogenous sources may
then be required early in critical illness, and this may
explain why studies of short duration hypocaloric nutri-
tion, early in illness, have suggested equivalence to usual
care [7, 33, 34]. We found no indicators of overfeeding
in our trial but indirect calorimetry was not used. Later
in the time course of critical illness, energy requirements
may change and increase as a patient’s metabolism
switches from a catabolic to anabolic state. It is plausible
that provision of nutrition in this anabolic phase may be
more important than in the early phase. These factors
may partially explain why nutrition trials, which have
predominately investigated the early phase of illness,
have been unable to demonstrate patient benefit to date.

Table 3 Clinical outcomes

Variable n Usual care n Intervention p value

Patients with reported complications during study period, n (%)

GRV > 300 ml on study days 1–7 48 23 (48) 51 28 (55) 0.49

Abdominal distention 14 (29) 16 (31) 0.81

Vomiting 8 (17) 13 (26) 0.28

Calories from propofol over the study period, kcal, median [IQR] 48 0 [0-110] 51 0 [0-160] 0.48

Blood test results on study day 7:

ALP, U/L, mean (SD) 38 165 (81) 33 183 (103) 0.40

ALT, U/L, median [IQR] 38 50 [23-86] 34 58 [30-102] 0.54

GGT, U/L, mean (SD) 38 196 (125) 34 216 (126) 0.51

Bilirubin, mmol/L, median [IQR] 38 15 [11-29] 35 24 [14-53] 0.47

WCC, 0^9/L, mean (SD) 38 18 (10) 36 20 (10) 0.18

TG, mmol/L, median [IQR] 37 2 [1-3] 32 2 [2-4] 0.18

CRP, mg/L, median [IQR] 37 110 [78-185] 32 153 [105-216] 0.06

Mean SOFA over study duration, mean (SE) 48 8.0 (0.4) 51 8.2 (0.4) 0.75

Duration of mechanical ventilation, days, median [IQR] 48 8 [5-18] 51 10 [6-15] 0.68

Duration of ICU stay, days, median [IQR] 48 11 [6-17] 51 11 [5-17] 0.83

Duration of hospital stay, days, mean (SD) 48 23 (17) 51 22 (21) 0.85

Survival

ICU D/C, n (%) 37 (77) 36 (71) 0.46

Hospital D/C, n (%) 48 37 (77) 51 35 (67) 0.37

90 days, n (%) 35 (73) 32 (63) 0.28

180 days, n (%) 35 (73) 32 (63) 0.28

EQ-5D-3L

Hospital D/C, mean (SD) 17 0.32 (0.36) 27 0.25 (0.34) 0.54

90 days, median [IQR] 29 0.76 (0.23) 35 0.69 (0.24) 0.29

180 days, mean (SD) 29 0.77 (0.24) 35 0.75 (0.26) 0.76

Hand grip strength at hospital D/C, kg, mean (SD) 24 20 (8) 19 19 (13.5) 0.71

ICU mobility scale at hospital D/C, median [IQR] 33 8 [4-10] 25 9 [5-10] 0.58

Mid arm muscle circumference, hospital D/C, cm, mean (SD) 25 30 (5) 22 30 (5) 0.91

The highest level of function scale ranges from 0 to 10 with 0 being ‘no mobility’ (lying in bed) and 10 being ‘Walking independently without a gait aid’ [23].
ALT alanine aminotransferase, ALP alkaline phosphatase, BMI body mass index, CRP C-reactive protein, D/C discharge, ED Emergency department, EQ-5D-3L
EuroQuol-5 Dimension 3 Level, GGT gamma glutamyltransferase, GRV gastric residual volume, ICU intensive care unit, IQR interquartile range, SD Standard
deviation, SOFA Sequential Organ Failure Assessment, TG triglyceride, WCC white cell count
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Furthermore, the use of predictive equations to estimate
energy expenditure during critical illness is known to be
inaccurate when compared to indirect calorimetry
[35–37]. Use of indirect calorimetry to guide energy
delivery may result in improved clinical and func-
tional outcomes; however, this remains to be deter-
mined in future prospective controlled trials.
Despite these concerns, many observational studies

have suggested higher energy delivery is positively
associated with improved clinical outcomes [15–18, 38].
And, even in the absence of randomized trial data in
support, some best practice guidelines recommend the
delivery of energy to approximate estimated energy
requirements [1–4]. The recommendations from best
practice nutrition guidelines need to be interpreted
carefully however; some have not been updated in
recent years (when critical care nutrition research has
been prolific), and all are developed with different
methodologies. Both of these factors complicate compar-
isons and interpretation of the evidence [1–4, 12].

Strengths and limitations
Our usual care patients received energy delivery compar-
able with current clinical practice as reported in recent
cohort studies and multiple approaches to reduce the
risk of overfeeding were used [5, 6]. We did observe a
significantly higher dose of insulin in our intervention
group, which could simply reflect the increased dextrose
load or which instead could be an early indication of
overfeeding. Rates of hypoglycemia were not different
between our groups. On only 1 of 7 intervention days,
was energy delivery greater than the estimated require-
ments (117% of estimated energy requirements on day
3) and the effect of this single day on overall trial
outcomes cannot be determined. After study day 3,
while still remaining statistically significant, the energy
difference between our two groups was relatively small
at approximately 200 kcal/day. Though this did remain
statistically significant this relatively small difference
may not be clinically significant. Our trial was designed
as a feasibility study, has small patient numbers, and
therefore was not powered to detect differences in
clinical outcomes. Our significant proportion of cardio-
vascular patients may also limit generalizability. We used
‘administration of new antibiotics’ as a surrogate marker
for development of infective complications; however, the
safety of PN when applied in a modern ICU setting has
recently been challenged in two large RCTs [13, 14]. Our
loss to follow-up for our functional secondary outcomes
measured at ICU and hospital discharge was also signifi-
cant as patients were often unable to participate in the
assessments. Finally, data collection on nutrition intake
ceased when oral intake commenced in ICU, however
the contribution of this oral intake to overall energy

balance is likely to be small and balanced between the
two groups.

Conclusions
Our individually titrated supplemental PN strategy was
feasible and effective at increasing energy delivery closer
to estimated requirements in critically ill adults. To
determine the impact of this strategy on patient
outcomes, or to determine the optimal timing for such a
strategy during the changing time course of critical
illness would require substantially larger, carefully timed,
randomized trials.

Additional file

Additional file 1: Supplemental parenteral nutrition versus usual care in
critically ill adults: a pilot randomized controlled study. (DOCX 94 kb)

Abbreviations
APACHE: Acute Physiology and Chronic Health Evaluation II; BGL: Blood
glucose level; CBW: Calculated body weight; D/C: Discharge; ED: Emergency
department; EN: Enteral nutrition; EQ-5D-3L: EuroQuol-5 Dimension 3 Level;
ICU: Intensive care unit; kcal: Kilocalorie; LOS: Length of stay; MV: Mechanical
ventilation; PN: Parenteral nutrition; RCT: Randomized controlled trial;
SOFA: Sequential Organ Failure Assessment

Acknowledgements
Thank you to Baxter Healthcare Corporation for the funding associated with
this trial. Thank you to all participating staff and centers.
Members of the Supplemental Parenteral Nutrition Clinical Investigators for
PubMed indexing are as follows (listed as participating sites, principal
investigators, research coordinators, dietitians and method center staff):
Auckland City Hospital, Auckland New Zealand: Cardiothoracic and Vascular
Intensive Care Unit; Shay McGuinness, Rachael Parke, Eileen Gilder, Lianne
McCarthy, Keri-Anne Cowdrey, Rebecca Baskett.
Auckland City Hospital, Auckland, New Zealand: Department of Critical Care
Medicine; Colin McArthur, Lynette Newby, Lyn Gillanders, Varsha Asrani.
Christchurch Hospital, Christchurch, New Zealand: Seton Henderson, Jan
Mehrtens, Anna Morris, Emmeline Minto.
University Hospital Geelong, Geelong, Australia: Neil Orford, Allison Bone,
Tania Elderkin, Tania Salerno, Roy Hoevenaars.
The Alfred, Melbourne, Australia: Owen Roodenburg, Meredith Young,
Phoebe McCracken, Jasmin Board, Shirley Vallance, Emma Ridley, Eleanor
Capel.
Wellington Hospital, Wellington, New Zealand: Paul Young, Leanlove Navarra,
Anna Hunt, Sally Hurford, Lynn Andrews, Diane Mackle, Catherine Boulton.
Australian and New Zealand Intensive Care Research Centre: Michael Bailey,
Andrew Davies, Adam Deane, Carol Hodgson, Emma Ridley.
The study management committee members were:
Shay McGuinness, Emma Ridley, Andrew Davies, Rachael Parke, David (Jamie)
Cooper, Lyn Gillanders, Colin McArthur, Neil Orford, Owen Roodenburg

Funding
This investigator-initiated study was funded by an unrestricted research grant
from Baxter Healthcare Corporation. The interventional PN was manufactured
by Baxter Healthcare Corporation and provided at no charge. Baxter Healthcare
Corporation was not involved in the original development of the trial concept,
trial management, data collection, analysis or interpretation of the data. The
final version of the study manuscript was reviewed by Baxter Healthcare
Corporation prior to submission as per the funding agreement.

Availability of data and materials
On reasonable request, data from this study are available from the
corresponding author.

Ridley et al. Critical Care  (2018) 22:12 Page 9 of 11

dx.doi.org/10.1186/s13054-018-1939-7


Authors’ contributions
ER, AD, RP, CM, LG, DJC, and SM were responsible for research design, research
conduct and writing of the manuscript. MB was responsible for data analysis
and writing of the manuscript. ER and SM had primary responsibility for final
content of the manuscript. All authors read and approved the final manuscript.

Ethics approval and consent to participate
Ethics approval was obtained from The Alfred Hospital Research and Ethics
committee for Australia (HREC/12/Alfred/68) and the Northern A Health and
Disability Ethics Committee in New Zealand (13/NTA/52), as well as the Monash
University Research and Ethics Committee (CF13/3812 – 2013001928). Written
informed consent or agreement to participate was obtained from the patient’s
legal surrogate, relative/friend or whanau member at the time of enrolment.
Patients were approached at a later time if it was appropriate and they
regained the capacity to provide consent to continue to participate.

Consent for publication
Not applicable

Competing interests
AD is an employee of Baxter Healthcare Corporation, Australia. This position
commenced in September 2015, which was after the trial had been designed
and recruitment had begun. There are no other competing interests for any
other authors.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Australian and New Zealand Intensive Care Research Centre, School of
Public Health and Preventative Medicine, Monash University, Level 3, 553 St
Kilda Road, Melbourne 3004, Australia. 2Nutrition Department, Alfred Health,
Commercial Road, Melbourne, VIC 3004, Australia. 3Cardiothoracic and
Vascular Intensive Care Unit, Auckland City Hospital, Park Road, Grafton,
Auckland, New Zealand. 4Intensive Care Unit, The Alfred Hospital,
Commercial Road, Melbourne, VIC 3004, Australia. 5Medical Research Institute
of New Zealand, Wellington, New Zealand. 6The Department of Critical Care
Medicine, Auckland City Hospital, Park Road, Grafton, Auckland, New Zealand.
7Nutrition and Dietetics, Auckland City Hospital, Park Road, Grafton, Auckland,
New Zealand. 8Faculty of Medical and Health Sciences, University of
Auckland, Park Road, Grafton, Auckland, New Zealand.

Received: 21 September 2017 Accepted: 2 January 2018

References
1. Dhaliwal R, Cahill N, Lemieux M, Heyland DK. The Canadian critical care

nutrition guidelines in 2013: an update on current recommendations and
implementation strategies. Nutr Clin Pract. 2014;29(1):29–43.

2. Singer P, Berger MM, Van den Berghe G, Biolo G, Calder P, Forbes A, Griffiths
R, Kreyman G, Leverve X, Pichard C, et al. ESPEN guidelines on parenteral
nutrition: intensive care. Clin Nutr. 2009;28(4):387–400.

3. Kreymann KG, Berger MM, Deutz NE, Hiesmayr M, Jolliet P, Kazandjiev G,
Nitenberg G, van den Berghe G, Wernerman J, Ebner C, et al. ESPEN
guidelines on enteral nutrition: intensive care. Clin Nutr. 2006;25(2):210–23.

4. McClave SA, Taylor BE, Martindale RG, Warren MM, Johnson DR,
Braunschweig C, McCarthy MS, Davanos E, Rice TW, Cresci GA, et al.
Guidelines for the provision and assessment of nutrition support therapy in
the adult critically ill patient: Society of Critical Care Medicine (SCCM) and
American Society for Parenteral and Enteral Nutrition (A.S.P.E.N.). JPEN J
Parenter Enteral Nutr. 2016;40(2):159–211.

5. Cahill NE, Dhaliwal R, Day AG, Jiang X, Heyland DK. Nutrition therapy in the
critical care setting: what is “best achievable” practice? An international
multicenter observational study. Crit Care Med. 2010;38(2):395–401.

6. Heyland DK, Dhaliwal R, Wang M, Day AG. The prevalence of iatrogenic
underfeeding in the nutritionally ‘at-risk’ critically ill patient: Results of an
international, multicenter, prospective study. Clin Nutr. 2015;34(4):659–66.

7. Casaer MP, Mesotten D, Hermans G, Wouters PJ, Schetz M, Meyfroidt G, Van
Cromphaut S, Ingels C, Meersseman P, Muller J, et al. Early versus late
parenteral nutrition in critically ill adults. N Engl J Med. 2011;365(6):506–17.

8. Heidegger CP, Berger MM, Graf S, Zingg W, Darmon P, Costanza MC,
Thibault R, Pichard C. Optimisation of energy provision with supplemental
parenteral nutrition in critically ill patients: a randomised controlled clinical
trial. Lancet. 2013;381(9864):385–93.

9. McClave SA, Heyland DK, Martindale RG. Adding supplemental parenteral
nutrition to hypocaloric enteral nutrition: lessons learned from the Casaer
Van den Berghe study. JPEN J Parenter Enteral Nutr. 2012;36(1):15–7.

10. Singer P, Pichard C. Parenteral nutrition is not the false route in the
intensive care unit. JPEN J Parenter Enteral Nutr. 2012;36(1):12–4.

11. Wischmeyer PE, Hasselmann M, Kummerlen C, Kozar R, Kutsogiannis DJ,
Karvellas CJ, Besecker B, Evans DK, Preiser JC, Gramlich L, et al. A
randomized trial of supplemental parenteral nutrition in underweight
and overweight critically ill patients: the TOP-UP pilot trial. Crit Care.
2017;21(1):142.

12. Rhodes A, Evans LE, Alhazzani W, Levy MM, Antonelli M, Ferrer R, Kumar A,
Sevransky JE, Sprung CL, Nunnally ME, et al. Surviving sepsis campaign:
international guidelines for management of sepsis and septic shock: 2016.
Crit Care Med. 2017;45(3):486–552.

13. Doig GS, Simpson F, Sweetman EA, et al. Early parenteral nutrition in
critically ill patients with short-term relative contraindications to early
enteral nutrition: a randomized controlled trial. JAMA. 2013;309(20):2130–8.

14. Harvey SE, Parrott F, Harrison DA, Bear DE, Segaran E, Beale R, Bellingan G,
Leonard R, Mythen MG, Rowan KM, et al. Trial of the route of early
nutritional support in critically ill adults. N Engl J Med. 2014;371(18):1673–84.

15. Alberda C, Gramlich L, Jones N, Jeejeebhoy K, Day AG, Dhaliwal R, Heyland
DK. The relationship between nutritional intake and clinical outcomes in
critically ill patients: results of an international multicenter observational
study. Intensive Care Med. 2009;35(10):1728–37.

16. Compher C, Chittams J, Sammarco T, Nicolo M, Heyland DK. Greater protein
and energy intake may be associated with improved mortality in higher risk
critically ill patients: a multicenter, multinational observational study. Crit
Care Med. 2017;45(2):156–63.

17. Elke G, Wang M, Weiler N, Day AG, Heyland DK. Close to recommended
caloric and protein intake by enteral nutrition is associated with better
clinical outcome of critically ill septic patients: secondary analysis of a large
international nutrition database. Crit Care. 2014;18(1):R29.

18. Wei X, Day AG, Ouellette-Kuntz H, Heyland DK. The association between
nutritional adequacy and long-term outcomes in critically ill patients
requiring prolonged mechanical ventilation: a multicenter cohort study. Crit
Care Med. 2015;43(8):1569–79.

19. Ridley EJ, Davies AR, Hodgson CL, Deane A, Bailey M, Cooper DJ. Delivery of
full predicted energy from nutrition and the effect on mortality in critically
ill adults: A systematic review and meta-analysis of randomised controlled
trials. Clin Nutr. 2017. https://doi.org/10.1016/j.clnu.2017.09.026. Epub ahead
of print.

20. Finfer S, Chittock DR, Su SY, Blair D, Foster D, Dhingra V, Bellomo R, Cook D,
Dodek P, Henderson WR, et al. Intensive versus conventional glucose
control in critically ill patients. N Engl J Med. 2009;360(13):1283–97.

21. Ridley EJ, Davies AR, Parke R, Bailey M, McArthur C, Gillanders L, Cooper DJ,
McGuinness S. Supplemental Parenteral Nutrition Clinical I: Supplemental
parenteral nutrition in critically ill patients: a study protocol for a phase II
randomised controlled trial. Trials. 2015;16:587.

22. Estimating height in bedridden patients [http://www.rxkinetics.com/height_
estimate.html]. Accessed 9th June 2015.

23. Tipping CJ, Bailey MJ, Bellomo R, Berney S, Buhr H, Denehy L, Harrold M,
Holland A, Higgins AM, Iwashyna TJ, et al. The ICU mobility scale has
construct and predictive validity and is responsive. A multicenter
observational study. Ann Am Thorac Soc. 2016;13(6):887–93.

24. EuroQol G. EuroQol–a new facility for the measurement of health-related
quality of life. Health Policy. 1990;16(3):199–208.

25. Davies AR, Morrison SS, Bailey MJ, Bellomo R, Cooper DJ, Doig GS, Finfer SR,
Heyland DK, ES Investigators, ACT Group. A multicenter, randomized
controlled trial comparing early nasojejunal with nasogastric nutrition in
critical illness. Crit Care Med. 2012;40(8):2342–8.

26. Davies AR, Morrison SS, Ridley EJ, Bailey M, Banks MD, Cooper DJ,
Hardy G, McIlroy K, Thomson A, AS Investigators. Nutritional therapy in
patients with acute pancreatitis requiring critical care unit management:
a prospective observational study in Australia and New Zealand. Crit
Care Med. 2011;39(3):462–8.

27. Singer P, Anbar R, Cohen J, Shapiro H, Shalita-Chesner M, Lev S, Grozovski E,
Theilla M, Frishman S, Madar Z. The tight calorie control study (TICACOS): a

Ridley et al. Critical Care  (2018) 22:12 Page 10 of 11

http://dx.doi.org/10.1016/j.clnu.2017.09.026
http://www.rxkinetics.com/height_estimate.html
http://www.rxkinetics.com/height_estimate.html


prospective, randomized, controlled pilot study of nutritional support in
critically ill patients. Intensive Care Med. 2011;37(4):601–9.

28. Allingstrup MJ, Kondrup J, Wiis J, Claudius C, Pedersen UG, Hein-Rasmussen
R, Bjerregaard MR, Steensen M, Jensen TH, Lange T, et al. Early goal-directed
nutrition versus standard of care in adult intensive care patients: the single-
centre, randomised, outcome assessor-blinded EAT-ICU trial. Intensive Care
Med. 2017;43(11):1637–47.

29. Zusman O, Theilla M, Cohen J, Kagan I, Bendavid I, Singer P. Resting energy
expenditure, calorie and protein consumption in critically ill patients: a
retrospective cohort study. Crit Care. 2016;20(1):367.

30. Casaer MP, Wilmer A, Hermans G, Wouters PJ, Mesotten D, Van den Berghe G.
Role of disease and macronutrient dose in the randomized controlled EPaNIC
trial: a post hoc analysis. Am J Respir Crit Care Med. 2013;187(3):247–55.

31. Elke G, van Zanten AR, Lemieux M, McCall M, Jeejeebhoy KN, Kott M, Jiang
X, Day AG, Heyland DK. Enteral versus parenteral nutrition in critically ill
patients: an updated systematic review and meta-analysis of randomized
controlled trials. Crit Care. 2016;20(1):117.

32. Fraipont V, Preiser JC. Energy estimation and measurement in critically ill
patients. JPEN J Parenter Enteral Nutr. 2013;37(6):705–13.

33. Arabi YM, Aldawood AS, Haddad SH, Al-Dorzi HM, Tamim HM, Jones G,
Mehta S, McIntyre L, Solaiman O, Sakkijha MH, et al. Permissive
underfeeding or standard enteral feeding in critically ill adults. N Engl J
Med. 2015;372(25):2398–408.

34. National Heart L, Blood Institute Acute Respiratory Distress Syndrome
Clinical Trials N, Rice TW, Wheeler AP, Thompson BT, Steingrub J, Hite RD,
Moss M, Morris A, Dong N, et al. Initial trophic vs full enteral feeding in
patients with acute lung injury: the EDEN randomized trial. JAMA. 2012;
307(8):795–803.

35. Frankenfield DC, Coleman A, Alam S, Cooney RN. Analysis of estimation
methods for resting metabolic rate in critically ill adults. JPEN J Parenter
Enteral Nutr. 2009;33(1):27–36.

36. Tatucu-Babet OA, Ridley EJ, Tierney AC. Prevalence of underprescription or
overprescription of energy needs in critically ill mechanically ventilated
adults as determined by indirect calorimetry: a systematic literature review.
JPEN J Parenter Enteral Nutr. 2016;40(2):212–25.

37. Walker RN, Heuberger RA. Predictive equations for energy needs for the
critically ill. Respir Care. 2009;54(4):509–21.

38. Villet S, Chiolero RL, Bollmann MD, Revelly JP, Cayeux RNM, Delarue J,
Berger MM. Negative impact of hypocaloric feeding and energy balance on
clinical outcome in ICU patients. Clin Nutr. 2005;24(4):502–9.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Ridley et al. Critical Care  (2018) 22:12 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Methods
	Design
	Patients
	Study processes
	Common to both groups
	Management of the usual care group
	Management of the intervention group

	Data collection
	Outcomes
	Statistical analysis

	Results
	Patients
	Baseline characteristics
	Nutrition delivery
	Other outcomes

	Discussion
	Key findings
	Strengths and limitations

	Conclusions
	Additional file
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

