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1. Introduction

The optimal amount and timing of nutrient delivery for critically
ill patients remains controversial [1]. Resting energy expenditure
may vary greatly during critical illness and measuring it by indirect
calorimetry (IC) [1—6] may help to prevent over- and underfeeding,
both of which have been shown to affect patient outcomes
adversely in the ICU [2—4]. According to two recent meta-analyses
IC-guided nutritional support may positively impacts short-term
mortality [5,6].

However, until recently limited availability and technical diffi-
culties associated with the use of IC, have hindered its routine use
and predictive equations which correlate poorly with IC values are
still often used in clinical practice [4]. In the largest study to date,
Zusman et al. [4] compared predictive equations with measured
energy expenditure (MEE) in a large cohort of critically ill patients
(n = 1440), and found that agreement, within 10 % of energy needs,
was met only in a third of patients. Furthermore, they found that
initial MEE measurements were below those of subsequent mea-
surements, illustrating the dynamic and complex nature of the
metabolic stress response that may cause daily variations in resting
energy expenditure [4]. The various factors that may cause daily
variations in MEE, such as the type of injury, severity of disease,
nutritional status, physical immobility, change in the clinical
course, and medical treatment (e.g. ventilation, surgery, sedation),
illustrate the need for continuous monitoring of energy expendi-
ture in patients during their intensive care unit (ICU) stay [2,3]. In
fact, guidelines from the European Society for Clinical Nutrition and
Metabolism (ESPEN) caution against full feeding in the early phase
of critical illness when a large proportion of the energy expenditure
is provided by endogenous energy production from unmeasured
non-inhibitable catabolic processes [7,8]. Mitochondrial dysfunc-
tion may also cause exogenous substrate to be bioenergetically
underutilized [1], increasing the risk for overfeeding. As such,
ESPEN recommends provision of no more than 70 % of MEE in the
early acute phase (day 1-3), 80—100 % of MEE in the late acute
phase (day 4—7) and, in the absence of IC, restriction of energy
intake to 70 % of estimated needs during the first week [7,8].
Furthermore, the ratio of carbon dioxide production (VCO,) to ox-
ygen consumption (VO,) that is, the respiratory quotient (RQ) [9],
may help to identify potential underfeeding and overfeeding. With
a physiological range between 0.67 and 1.3 [10], depending on
substrate oxidation (0,7 for fat; 0,8 for proteins; 1 for carbohy-
drates) [2], overfeeding may cause a rise in the volume of carbon
dioxide produced (VCO2) by the body and RQ by promoting lipo-
genesis and underfeeding a reduction in the RQ by promoting
lipolysis [10]. Furthermore, apart from the situation in which a
patient is fasting, a lower RQ early in critical illness could indicate
an inability to utilize carbohydrates as an energy source, owing to
mitochondrial dysfunction [11].

Due to the dynamic nature of critical illness, this study aimed to
gain deeper insight into the daily variations in MEE over the first 10
days in a predominantly trauma surgical ICU, and to identify po-
tential factors that may cause variations in MEE. As a secondary
outcome, we also investigated daily variations in RQ and total en-
ergy delivery (TED), expressed as a percentage of MEE (TED/MEE%).

2. Materials and methods
2.1. Study design and ethical considerations

This was a prospectively planned sub-analysis of a single-center
randomized controlled trial (ProMob-ICU; clinical trials.gov,

NCT04099108) undertaken in an adult surgical ICU of a tertiary
hospital in Cape Town, South Africa. The primary study was
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approved by the Stellenbosch University Health Research Ethics
Committee (M20/08/023) and was performed in accordance with
the ethical standards as laid down in the Declaration of Helsinki.
The primary study investigated the impact of a combined strategy
of intravenous bolus amino acid supplementation and in-bed
cycling, versus standard care only, on skeletal muscle during the
acute phase of critical illness, and integrated IC into the standard
care nutrition provided to all participants in accordance with the
ESPEN guidelines for nutrition support in critical illness [8]. The
primary aim of this sub-analysis was to investigate the course of
MEE over the first 10 days in the ICU among all study participants,
treated as a single cohort. In this analysis, adjustments were made
for the intervention, which was treated as a confounding variable
and served as a proxy for its components: amino acid supple-
mentation and exercise.

2.2. Inclusion and exclusion criteria

All adult patients (>18 years) admitted to the 14 bed surgical ICU
of Tygerberg Hospital, a university-affiliated tertiary-care medical
centre, from May 2021 to September 2022, that had been entered
into the primary study were included in this secondary analysis of
MEE. Patients expected to remain in ICU for >7 days, require me-
chanical ventilation for >48 h and who would receive enteral and/
or parenteral nutrition for a minimum of 5 days, were eligible for
the primary study. As per the primary study, the following condi-
tions were excluded, spinal cord lesions or intracranial processes
associated with muscle weakness, acute or chronic degenerative
neuromuscular conditions (e.g. Guillain Barre), fulminant hepatic
failure or severe chronic liver disease [Model for End-stage Liver
Disease (MELD) score >20] or new-onset or worsening renal failure
[acute kidney injury network (AKIN) stage 3 and not on renal
replacement therapy], untreated thrombosis, or thrombosis where
therapeutic levels of anticoagulants had not been reached at the
time of inclusion, or any evidence of active bleeding, an estimated
BMI >35kg/m2 and/or estimated weight >150 kg, potential for
imminent death or withdrawal of treatment, pregnancy, read-
mission after previous randomisation, as well as any other condi-
tion deemed inappropriate. The eligibility criteria for the primary
study are listed in full in Supplementary file 1. Written consent was
obtained from the patient or legal representative.

2.3. Management of nutritional support and mobilisation

All participants recruited to the primary study received nutri-
tion according to the 2019 ESPEN clinical practice guideline for
intensive care [8], hereafter referred to as “standard care nutrition”
(SCN). SCN was initiated early and gradually increased over the first
72 h as tolerated. Total energy targets were set at <70 % of MEE
during the first 72 h, 80—100 % of MEE between day 4—7, and 100 %
of MEE after day 7. Study participants who were randomised to the
intervention arm of the primary study received an additional
intravenous amino acid supplement from ICU day 4 + 1 for a mean
of 6 days and this was incorporated into their daily energy allow-
ance, in order to avoid overfeeding. The number of hours spent in
ICU on the day of admission was taken into account when targets
were set. In the absence of IC (e.g. contraindication to IC), daily
energy targets were kept at 20 kcal/kg (maximum 25 kcal/kg) from
day 4 until day 7 and increased to 25 kcal/kg (maximum 30 kcal/kg)
from day 7—10. All participants were monitored for refeeding
syndrome and received adequate vitamin and trace element
supplementation.

All study participants received routine mobilisation as per the
unit's protocol and practice and this was carried out by the on-site
physiotherapist. Routine mobilisation included respiratory
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physiotherapy, as well as physical rehabilitation, such as posi-
tioning, range of motion and strengthening exercises and in-bed
mobility. Routine mobilisation was not altered because of inclu-
sion in the study. Half of the participants received an additional
45 min of progressive lower limb in-bed cycling using a bedside
cycle ergometer, in combination with the intravenous amino acid
supplement, from ICU Day 4 + 1 for a mean of 6 days.

2.4. Indirect calorimetry

IC measurements were performed using the Q-NRG+®
(COSMED®), Italy) system on ICU Day 3 + 1 and on alternate days
thereafter according to a standardised operating procedure based
on the recommendations and technical specifications of the
manufacturer. Measurements were performed with the device in
ventilator mode, and after extubation, in canopy mode. An in-vitro
validation study of the Q-NRG+® device against mass spectrometry
confirmed its accuracy within 5 % at oxygen enrichments up to 70 %,
i.e. the maximum expected for clinical use [12], and it is currently
the only commercially available device that has been evaluated
against mass spectrometry to ensure gas accuracy [13]. Further-
more, in a clinical validation study by the ICALIC group, Oshima
et al. [13] established that the Q-NRG+® required a much shorter
time than most other devices to measure energy expenditure in
mechanically ventilated ICU patients.

The pneumotach (Flow-REE) flowmeter was calibrated before
each measurement, and the gas analysers, and internal turbine
flowmeter once per month as per the manufacturer's recommen-
dations. Measurements were carried out for 30 min (10 min for
canopy hood measurements) in the morning during resting steady
state conditions, which was determined by a calculated coefficient
of variation (CV) % for VO, and VCO; of <10 % [14]. To achieve this, a
resting period of at least 60 min was ensured in the case of any
potentially strenuous or stressful event, such as those involving
patient hygiene, physiotherapy, or any invasive or diagnostic pro-
cedures. In participants allocated to the intervention arm of the
primary study, IC was performed in the mornings at least an hour
prior to the cycling intervention to eliminate the potential impact
that cycling may have on the MEE. Before the measurements, op-
erators excluded any leak in the airway circuit, and confirmed that
participants were hemodynamically stable and in a supine position,
ventilated with fraction of inspired oxygen (FiOy) less than 0.6, a
positive end expiratory pressure (PEEP) of <12 cm H,0, and that no
change in ventilator settings had been performed within 1-2 h of
the IC measurement. Furthermore, the RQ had to be within the
physiological range of 0.67—1.2 in order to rule out any measure-
ment inaccuracies [14,15]. None of the study participants received
non-invasive oxygen therapy, peritoneal- or haemodialysis, hae-
modiafiltration, or continuous renal replacement therapy. The in-
structions for use of the metabolic monitor are described in
Supplementary File 2.

2.5. Data collection and management

Data were collected from ICU admission up to ICU Day 10. If a
participant was discharged from the ICU before Day 10, data
collection continued until the time of ICU discharge. Data were
captured and stored on REDCap, ensuring that only authorized in-
vestigators with appropriate permissions could access the data.
Patient information was stored using unique study numbers rather
than names, maintaining strict confidentiality. Additionally, all data
were anonymized for analysis to further protect patient privacy. We
adhered to rigorous protocols to ensure that only investigators had
access to the data throughout the study.

The following data were collected:
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« Demographic and baseline data: age, gender, body-mass index
(BMI), Acute Physiology and Chronic Health Evaluation II
(APACHE I1I) score, Sequential Organ Failure Assessment (SOFA)
score, modified Nutrition Risk in Critically Ill (mNUTRIC) score,
Global Leadership in Malnutrition (GLIM) classification, in-
flammatory markers (C-reactive protein(CRP)), number of
comorbidities, presence of sepsis and septic shock, mean
epinephrine infusion dose at ICU day 1 and day 4, and admin-
istration of sedatives.

ICU stay (up to day 10): ICU length of stay, length of ventilation,
mortality.

Indirect calorimetry: MEE, RQ, VO, and VCO,, and CV¥% for VO,
and VCO..

Nutritional data: Time to initiation of SCN, route of SCN, daily
TED from nutritional and non-nutritional exogenous sources
(expressed as kcal/day and kcal/kg/day), daily TED expressed as
a percentage of MEE (TED/MEE%).

2.6. Sample size and statistical analysis

The sample size was calculated according to the requirements of
the primary study, which included a minimum of 46 participants,
allowing for a potential drop-out rate of 20 % (including in-hospital
mortality).

Descriptive statistics for the study variables included means,
standard deviations, frequencies and percentages. The repeated
MEE measurements were modelled on time using a linear mixed
regression model with two time-related, fractional polynomial
terms to accommodate for the non-linear response profile over
time and participants were taken as the random effect with random
intercepts and slopes for time. The MEE model was further adjusted
for age, BMI, gender, number of pre-hospital days, CRP, APACHE II,
SOFA and mNUTRIC score at baseline, as well as for the primary
study arm allocation to rule out any potential confounding effects
that the intervention performed in the primary study (additional
amino acid supplementation and in-bed cycling) may have had on
MEE. For displaying the unadjusted mean trends over time for RQ
and TED as a percentage of MEE (TED/MEE%), a non-parametric
Lowess smoother was used. The ICU time was stratified into early,
late and post-acute periods. Mean values were estimated for
various outcomes using linear mixed effects models to account for
the repeated measurements within participants. The statistical
analyses were conducted using STATA 18 and a significance level of
0.05 was used.

3. Results
3.1. Demographics and baseline characteristics

A total of 50 participants were recruited to the primary study
during the study period, and were included in this secondary
analysis, which focused on the MEE. The demographics and disease
severity characteristics are presented in Table 1. The mean age was
37 years and 90 % were male. The time to initiation of SCN was
25.67 + 22.45 (n = 46, median 19, 0—71) hours. In four participants,
nutrition support had already been initiated in the general ward
prior to ICU admission. The initial route of SCN was enteral for 78 %
of participants (39/50), parenteral for 10 % (5/50) and mixed for
12 % (6/50). Fifty-six percent of participants (30/50) received sup-
plemental parenteral nutrition during the first 10 days in ICU in
order to meet set nutrient targets. Participants received sedation as
a continuous intravenous infusion for an average of 4 days (median
3) during the first 10 days of ICU stay with 236 total sedation days
for all participants. The most common analgesic/sedative agent
administered as a continuous infusion was fentanyl in 76.3 % of
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Table 1
Demographics and disease severity characteristics of study participants.
Variables Mean + SD
Demographics
Male (n, %) 45 (90)
Age, years 36.9 + 11.8 (35.65)
Number of comorbidities 0.5+ 1.0(0)
Type of admission
Surgical (n, %) 45 (90)
Medical (n, %) 5(10)
Primary admission diagnosis
Trauma (n, %) 38 (76)
Gastrointestinal (n, %) 9(18)
Respiratory (n, %) 3(6)
Nutritional status/risk
Body height, m 1.7 £ 0.1 (1.7)

Body weight, kg

BMI, kg/m?

Malnourished according to GLIM (n, %)

mNUTRIC score

Disease severity

APACHE II, admission

SOFA, admission

SOFA, D4

CRP, admission, mg/L

CRP D4+1, mg/L

CRP D7+1, mg/L

CRP D10 + 1, mg/L

Epinephrine dose, pg/kg/min
Baseline (n = 31)
D4 (n =4)

Sedation days®

ICU length of stay at D10, days

Length of ventilation at D10, days

Mortality at D10 (n, %)

72.6 + 13.5 (72.0)
24.8 + 4.0 (24.6)
12 (24 %)

2.2 + 1.8 (2.0)

13.5 + 6.6 (12.0)

45 + 32 (45)

1.4 + 1.8 (1.0)

2444 + 158.8 (195.5)
251.8 + 106.4 (252.5)
186.9 + 98.7 (166.0)
163.8 + 91.2 (155.0)

03 +0.3(0.2)
02 +0.2(0.1)
44 135 (3.0)
9.3 + 1.1 (10.0)
7.7 +2.7(9)
2(4%)

2 Sedation days: number of days a participant received an analgesic/sedative agent
via intravenous infusion.
Abbreviations: BMI: body mass index; GLIM: Global Leadership in Malnutrition (GLIM)
classification; mNUTRIC: modified Nutrition Risk in Critically Ill; APACHE II: Acute
Physiology and Chronic Health Evaluation II; SOFA: Sequential Organ Failure Assess-
ment; CRP: C-reactive protein; D4: ICU Day 4, D7: ICU Day 7, D10: ICU Day 10.

participants, for a total of 180 analgesia/sedation days, followed by
propofol in 28.4 % for a total of 67 sedation days. By ICU day 10, 78 %
of participants (38/50) still remained in the ICU.

IC measurements were performed in 48 of the 50 participants,
for a total of 115 measurements. Of these, 94 (81.7 %) were per-
formed in the ventilator mode and 21 (18.3 %) in the canopy mode.
A total of 38 (79.17 %) patients had >2 IC measurements, and 23
(47.9 %) had >3 measurements. IC measurements were not per-
formed in 2 of the 50 participants due to dependency on supple-
mental oxygen after extubation, high PEEP, or a coefficient of
variation exceeding 10 %.

3.2. Mean daily measured energy expenditure, respiratory quotient
and energy delivery over ICU days

Table 2 provides the mean daily MEE, VCO2, RQ, TED and TED as
a % of MEE delivered from ICU Day 0 (as the day of ICU admission)
until Day 10 of ICU admission. It depicts a daily variation in MEE, RQ
and TED/MEE% over time. For patients with more than one mea-
surement (n = 38), the mean difference between maximum and
minimum MEE was 358.9 (+173.0) kcal).

3.3. Mean daily measured energy expenditure grouped according to
the phases of critical illness

IC measurements were also analysed according to the exact
number of hours after ICU admission that they were performed,
grouping them according to the following arbitrary time intervals,
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Table 2

Mean daily measured energy expenditure, respiratory quotient and total energy and protein delivery.

Day 8 Day 9 Day 10

Day 7

Day 2 Day 3 Day 4 Day 5 Day 6

Day 1

Day 0

Measured energy expenditure (MEE)

n-size
kcal/d

14

16

17

18

15

19

2178.4 + 255.6
(2199.5)

1915.1 + 396.9

(1936.5)

2313.9 + 323.1
(2265.0)

18104 + 343.1
(1832.0)

2123.60 + 285.2

1976.3 + 462.0

(1884.0)

2104.3 + 2363
(2109.0)

1858.6 + 283.4

(1833)

(2152.0)

28.7 + 5.0 (28.0) 28.6 + 3.6 (28.5)
2326 + 45.6

32.5 + 5.7 (32.5)

287.1 +41.7

28.8 + 4.9 (28.5)

29.5 + 3.0 (30.0)

29.7 + 4.7 (29.0)
2495 + 315

233.2 +50.2

285 + 3.5 (28.0) 303 + 4.1 (31.0)

kcal/kg/d

VCO,

259.9 + 29.7
(255.0)

(234.0)

(278.0)

2224 + 350 (232.5)

(252.00)

(217.5)

2458 + 302
(244.0)

203.1 + 52.6
(210.0)

0.83 + 0.08
(0.84)

0.85 + 0.05

(0.86)

0.86 + 0.07 (0.83)

0.87 + 0.08 (0.84)

0.81 + 0.05 (0.82)

0.82 + 0.11
(0.80)

0.80 + 0.04
(0.80)

0.79 + 0.07
(0.78)

RQ

Total energy and protein delivery”

n-size
kcal/d
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34

39

46

49

50

50

50

50

50

50

50

1768.8 + 697.8

(1949.5)

1788.9 + 613.1
(1943.7)

1889.3 + 582.1
(1996.9)

1983.2 + 457.5

(2042.8)

1954.2 + 460.9

(1984.1)

1828.0 + 411.1
(1861.8)

1687.7 + 400.3

(17142)

13579 + 4453

(1451.6)

(878.0)

573.6 + 4182 944.9 + 480.6
(500.25)

197.1 + 301.2
(109.0)

283 +7.7
(30.0)

29.7 +5.9(29.0) 27.4 + 7.1 (28.0)

29.0 + 6.2 (29.0)

243 + 6.0 (24.5) 26.6+6.4(275) 283 +7.4(28.0)

19.8 + 6.8 (21.0)

(14.0)

+75(20) 87+68(7.0) 140+75

4.7 +7.5

kcal/kg/d

88.5 +39.5

95.6 + 38.9
(94.5)

(104.0)

103.1 +32.8

(109.0)

113.7 + 28.6

(117.0)

113.2 + 255 (103.0)

108.2 + 245
(106.0)

103.1 + 26.2

(110.0)

78.8 + 34.1 (87.0)

474 + 363
(44.0)

6.1+ 12.8 (0.0) 21.8 + 24.6

g Prot/d

(11.0)

Total energy delivery (TED) as a percentage of MEE"

n-size

14

16

17

18

15

19

0

0

100.8 + 8.9
(103.0)

103.0 + 27.7

942 + 11.1
(95.5)

84.4 + 20.0 (88.5) 88.8 +23.4(96.0) 100.2 + 9.4 (102.5)

64.9 + 163 (87.0)

59.5 + 21.1
(58.0)

TED/MEE %

(99.0)

Data presented as mean =+ SD (median).

Abbreviations: MEE: measured energy expenditure; RQ: Respiratory quotient; VCO,: Carbon dioxide production; VO,: Oxygen consumption; TED: total energy delivery.

A Day 0: Day of ICU admission.

2 This included nutritional and non-nutritional exogenous energy sources (e.g. propofol, dextrose-containing intravenous fluids).

b This was only calculated for patients with an indirect calorimetry measurement for the day.
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i.e., <72 h (denoted as the early acute phase), 72—168 h (denoted as
the late acute phase) and >168 h (as the post-acute phase) after ICU
admission. Table 3 provides the daily MEE, RQ and VCO, according
to these time intervals. Mean daily MEE was significantly lower in
the early (<72 h) than in the late acute phases (72—168 h), and
mean daily RQ significantly lower in the early versus the late acute
(72—168 h) and post-acute (>168 h) phases.

3.4. Mean daily MEE, RQ and TED modelled over time using a linear
regression model

In figures 1a and b the mean daily MEE, RQ and TED as a per-
centage of MEE is modelled over time using a linear regression
model with two fractional polynomial terms to accommodate the
non-linear response profile over time. MEE increased over the first
4 days, peaking on day 5 and then plateauing, whereas the RQ
increased over the first 7 days, thereafter showing a slight down-
ward trend despite a progressive increase in TED and TED/MEEZ%.
Table 4 provides the modelled daily MEE values for Fig. 1a along
with its confidence intervals.

3.5. Factors influencing daily measured energy expenditure

In multiple regression modelling of daily MEE as depicted in
Fig. 1a the following factors were significantly associated with MEE
(Table 5), age, BMI and sex, whereas primary study arm allocation,
IC mode (ventilator versus canopy), SOFA, APACHE II, mNUTRIC
scores on admission, and CRP were not. Figure 2 shows that MEE
and CRP operate independently; CRP decreasing over time whilst
MEE rises or remains flat.

4. Discussion

Due to the dynamic nature of critical illness and various internal
and external patient factors, energy expenditure can vary daily both
within and between patients [1].This study confirmed these vari-
ations in that MEE exhibited a significant non-linear response over
time (p = 0.0058) especially in the early acute phase. Various fac-
tors may indeed have contributed to the daily variations in MEE in
this study. Firstly, despite the majority of participants being young,
trauma-related, surgical patients, there was still inherent hetero-
geneity in terms of the nature of their injuries, severity of the in-
flammatory response, and type of surgical procedures performed
[1,9]. These differences could lead to substantial variations in
metabolic responses and, consequently, resting energy expendi-
ture. Secondly, day-to-day physiological fluctuations, such as
changes in infection status, body temperature, medication admin-
istration (e.g., sedatives, vasopressors), feeding state and level of
mobilisation, can cause metabolic variations and impact resting
energy expenditure [1,9]. Methodological factors may further
contribute to variation. Even when following a protocol and
excluding measurements with high coefficients of variance, small

Table 3
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methodological differences could still introduce variability. For
example, variations in equipment calibration, environmental fac-
tors, or slight deviations in how measurements are conducted (e.g.,
small differences in the timing of measurements relative to feeding
or medication administration) could contribute to the observed
spread in values [1]. Given that this was a secondary analysis of a
primary study, there could be concerns that study arm allocation
(intervention vs. control group) might have influenced the MEE,
especially since the intervention group received daily cycling and
an additional amino acid supplement. However, we did account for
these potential confounders by including study arm allocation in
the multiple regression model. The analysis showed no significant
interaction between study arm allocation and MEE. Therefore,
while we observed significant variations in MEE, these were un-
likely to be attributable to study arm allocation.

Furthermore, a linear mixed regression model which accom-
modated the non-linear response profile over time demonstrated
that MEE increased over the first 4 days, peaking on day 5 then
plateauing. This observed trend may reflect the progression of the
patient's physiological response to critical illness as previously
described [16]. Initially, during the early acute phase, patients are
likely to be still in the “ebb” phase of the stress response, charac-
terized by shock and reduced metabolic activity, which could be the
reason for the lower MEE observed on day 2. As patients transition
into the “flow” phase of the stress response, marked by a hyper-
inflammatory state and increased metabolic demands, there is a
more significant increase in MEE, culminating on day five. The
plateau observed after day five may indicate the beginning of a
resolution phase, where the inflammatory process begins to sub-
side, leading to stabilization in resting energy expenditure [1]. A
similar trend was observed in a recent prospective observational
study by Moonen et al. [17], where MEE increased significantly
from 26 (24—27) kcal/kg on the day of ICU admission to 29 (29—30)
kcal/kg/day (p < 0.001) on ICU-admission-day 4. Thereafter, MEE
was not significantly different between days 4 and 7 or on subse-
quent ICU measurements. Their study cohort (n = 56) was pre-
dominantly medical (80 % medical versus 20 % surgical) and had
more females (38 % females) compared to our study, showing that
the change in MEE observed in our study could be extrapolated to a
wider ICU population.

The IC measurements, when grouped according to the phases of
critical illness based on hours since ICU admission, revealed that
MEE was significantly lower in the early (<72 h) compared to the
late acute phase (72—168 h; i.e. day 4—7), whereas the late- and
post-acute- phases were similar. This finding underscores the
reduced metabolic activity that occurs during the early acute phase
of the stress response, typically defined as the first 72 h in the ICU.
This reduction in metabolic activity is thought to result from
mitochondrial dysfunction, which may serve as an adaptive strat-
egy for metabolic downregulation. This adaptation potentially
helps prevent cell death by avoiding overload of energy substrate at
a time when mitochondria are unable to meet the heightened

Mean daily measured energy expenditure, respiratory quotient and carbon dioxide production according to the phase of critical illness.

Early acute (<72 h) (n = 20)

Late acute (72—168hr) (n = 45) Post-acute (>168hr) (n = 23)

MEE, kcal/d (mean, CI)
MEE, kcal/kg/d (mean, CI)
RQ (mean, CI)

VCO, (mean, CI)

1979.9 (1875.7; 2084.2)"
29.0 (27.8; 30.3)

0.80 (CI 0.77; 0.82)"
223.3 (C1 208.8; 237.7)°

2091.5 (1992.0; 2191.0)
30.1 (C1 28.9; 31.3)

0.84 (0.82; 0.85)°

249.4 (235.8; 263.0)°

2024.1 (1886.5; 2161.8)
29.0 (CI 27.1; 30.9)
0.85 (CI 0.82; 0.85)"
242.9 (CI 225.1; 260.8)°

MEE: measured energy expenditure; RQ: respiratory quotient; Cl: confidence interval; VCO,: Carbon dioxide production.

4 MEE comparison of early acute with late acute phase: p = 0.024.

b RQ comparison of early acute with late acute phase: p = 0.005; RQ comparison of early acute with post-acute phase: p = 0.004.
¢ VCO, comparison of early acute with late acute phase: p = 0.000; VCO, comparison of early acute with post-acute phase: p = 0.022.
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Fig. 1. a Daily MEE (kcal/day) modelled over time using fractional polynomials with the three clinical acute periods indicated. b Respiratory quotient (RQ) and total energy delivery
(TED) as a % of MEE (kcal/day) modelled over time using a non-parametric Lowess smoother with the three clinical acute periods indicated.
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Table 4
Measured energy expenditure (MEE) modelled over time using a linear regression model.
ICU Day 2 ICU Day 3 ICU Day 4 ICU Day 5 ICU Day 6 ICU Day 7 ICU Day 8 ICU Day 9
Modelled MEE 1903.7 2043.3 2063.8 2085.3 2088.7 2099.8 2104.7 2106.8
(kcal/day)
Confidence 1785.8; 2021.7 1905.7; 2132.7 1954.0; 2184.3 1962.9; 2202.9 1993.1; 2204.3 1995.2; 22059  2006.5; 2207.7 2007.7; 2221.9
interval
Table 5
Regression of daily measured energy expenditure (kcal/day) on baseline factors.
Regression coefficient Confidence interval P value

Primary study arm -99.7 —227.8; 283 0.127
IC mode (ventilator/canopy) 28.0 -119.2; 175.1 0.710
Age -13.8 -21.2; -64 0.000*
BMI 65.9 45.6; 86.3 0.000*
Sex —387.1 -611.3; —-163.0 0.001*
Hospital days prior to ICU -2.7 15.9; 10.5 0.689
SOFA -114 —43.5; 20.8 0.488
APACHE II 114 —-10.3; 33.0 0.302
mNUTRIC 7.9 —78.9; 94.7 0.859
CRP 03 -0.2;0.8 0.318

Abbreviations: MEE: measured energy expenditure; BMI: body mass index; SOFA: sequential organ failure assessment; APACHE II: acute physiology and chronic health
evaluation II; mNUTRIC: modified Nutrition Risk in Critically Ill; CRP: C-reactive protein.
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Fig. 2. Change in daily MEE (kcal/day) and CRP over time.

energy demand [1]. In a larger prospective observational study
(n = 180) undertaken in a predominantly medical ICU (54 % med-
ical, 29 % surgical, 17 % trauma), Tah et al. [18] found that MEE
performed before or on day 5 differed significantly from that per-
formed after day 5 (1747 + 429 kcal/d vs 1865 + 462 kcal/d,
respectively) (p < 0.001). Their cohort of patients was older (54.3 vs
36.9 years) and sicker (APACHE II 23.4 vs 13.54, SOFA 13.8 vs 4.54
and mNUTRIC 5.6 vs 2.2) compared to ours, indicating a higher
nutritional risk despite a similar BMI (25.1 vs 24.8 kg/m?). In
contrast, a study by Lakenman et al. [19]undertaken in critically ill
COVID-19 patients (n = 21, 67 % males, 57 % obese, mean BMI 31.5),
found no significant difference in MEE measured on day 4 (2—5)
versus day 11 (9—12).

In this study the increase in TED as a percentage of MEE over
time is in line with the current ESPEN recommendation to
administer <70 % of MEE during the early acute, and 80—100 % of
MEE in the late acute phase of critical illness, and can be attributed
to the fact that this study was nested within a larger clinical study
where nutrition support was IC-guided as per the 2019 ESPEN

guidelines, in which energy and protein delivery was meticulously
monitored and tailored to meet set targets. Various strategies were
employed in the larger study to reach the set targets, such as daily
feeding prescriptions provided by the dietitian, and two regular in-
person follow-up visits during the day and one telephonically at
night to monitor actual intake and alter the feeding prescription as
needed, with volume based changes in the case of unforeseen
feeding interruptions. If EN was contraindicated or if EN alone
failed to meet energy and protein targets by day 4 + 1, supple-
mental parenteral nutrition was routinely initiated. If patients were
extubated, feeding tubes were kept in situ until sufficient oral
intake was established. In patients with inadequate oral intake who
refused the feeding tube, oral nutrition supplements were pre-
scribed and patients were encouraged to drink them and were
assisted by the nursing staff or dietitian to ensure that they were
consumed. Overall, the RQ ranged between 0.77 and 0.86, indi-
cating that these subjects were neither under- nor overfed for the
duration of the study [2].Furthermore, the mean daily MEE of 29
and 30 kcal/kg/day observed in the early and late acute phase of
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this study respectively, supports the need to limit exogenous en-
ergy intake to <20 kcal/kg/day in the absence of IC, which would
provide the recommended <70 % of MEE [7]. This would compen-
sate for factors such as endogenous energy production and mito-
chondrial dysfunction that may otherwise result in overfeeding in
this early acute phase.

Lastly, and similar to previous studies [18,20] this study found a
significant correlation between MEE and age, sex, and BMI, but not
with markers of disease severity (APACHE II, SOFA score, CRP) and
nutritional risk (mNUTRIC). Interestingly, daily CRP as an inflam-
matory marker seemed to operate independently from MEE which
rose or plateaued, despite a progressive decline in CRP.

This study has several strengths. Firstly, we performed two or
more IC measurements in 91 % of participants, and 3—4 measure-
ments in over half (54.72 %), which included measurements in
canopy mode following extubation. This allowed deeper insight
into the dynamic metabolic changes seen during the first 7—10 days
in ICU. Another strength is that calories provided by non-
nutritional energy sources, such as propofol and glucose solutions
were taken into account, which has not always been the case in
previous studies [21] and which have been shown to be a risk factor
for overfeeding by contributing as much as 10 % to total energy
intake.

There were some limitations. Firstly, the exclusion criteria were
based on those of the primary trial, which excluded certain patient
groups, and our patient cohort consisted predominantly of young
males with normal BMI who had undergone trauma-related sur-
gery, placing a question mark on its generalisability with regard to
other critically ill patients, especially those with medical illnesses,
as well as the morbidly obese. Another reason for the homogeneity
of our patient cohort was that the inclusion period was disrupted
by the COVID-19 pandemic which resulted in the cessation of most
elective surgeries and the transformation of the medical ICU into a
COVID ICU. Nonetheless, Moonen et al. [17] as mentioned above,
using a different patient cohort observed a similar trend in energy
expenditure, indicating that the results from our study are likely to
be similar in other ICU settings. Secondly, as the patients included
in this study had their nutritional intake closely monitored and
targeted as per the primary study's feeding protocol, we cannot tell
what would have occurred in patients not included in the study.
Furthermore, despite being able to measure the resting energy
expenditure with IC, we still lack a tool that can accurately measure
endogenous glucose production, which may provide up to 50—75 %
of MEE during the acute phase of critical illness, making it difficult
to predict exactly what percentage of MEE should be targeted in the
early course of critical illness [22]. Lastly, although our study
focused on differences in MEE across various phases of critical
illness, it is important to acknowledge that we currently lack a
validated biomarker to accurately identify the transition between
these phases. As highlighted in recent literature, there remains a
need for reliable biomarkers to delineate the early acute, late acute,
and post-acute phases of critical illness. Nevertheless, our study
offers valuable insights beyond the identification of distinct phases.
By analysing daily variations in MEE over the first week in the ICU,
we have provided important information on the dynamic changes
in energy expenditure that occur even when phase transitions are
not clearly defined. This approach enhances our understanding of
how MEE fluctuates on a daily basis during the early period of
critical illness, which can inform more precise nutritional support
strategies.

5. Conclusion

This study has furthered our understanding of the dynamic
metabolic changes that occur during the first 10 days in a
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predominantly trauma surgical ICU. The observed variability
highlights the complexity of managing critically ill patients. It
suggests that while trends can be identified at a population level,
individual patient management requires close monitoring and
potentially more personalized adjustments to nutritional and
therapeutic interventions. Understanding and acknowledging this
variation is crucial for tailoring energy provision in the ICU to meet
individual patient needs without overfeeding or underfeeding,
both of which can have adverse outcomes. Future studies could
benefit from exploring the specific factors contributing to vari-
ability in energy expenditure. This might involve stratifying pa-
tients based on key characteristics (e.g., type of surgery, severity of
illness) or employing more sophisticated models that account for
patient-specific factors in predicting energy needs. Additionally,
the observed trend with a peak in MEE around day five could
inform timing and strategies for nutritional intervention in the ICU.
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