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BACKGROUND AND AIMS: Energy metabolism (energy deficit, substrate consumption) in the early phase of septic shock is not
clearly understood. The objective of this study was to describe its evolution using indirect calorimetry.
METHODS: Prospective observational pilot study including ventilated adult patients with septic shock admitted in a surgical
intensive care unit (ICU). Metabolic data were collected using the COSMED Q-NRG+ ® calorimeter: carbon dioxide production
(VCO2), oxygen consumption (VO2), resting energy expenditure (REE), respiratory quotient (RQ) and the rate of substrate utilization
(proteins, lipids, and carbohydrates). The main criterion was the evolution of the energy deficit (dE) from D1 to D6.
RESULTS: In total, 34 patients were included and 15 patients (age: 57.6 ± 12.8 years; Simplified Acute Physiology Score II: 52 ± 11)
were eligible for final analysis. Time for initiation of nutritional support was 2.5 ± 1.5 days. The dE improved during the study period
(slope= 2.9 [1.8; 4.2]; p < 0.001). The REE remained stable during the first week with no significant variation (slope=−0.16 [−1.49;
0.79]; p= 0.78). The RQ remained stable overall (slope= 0.01 [0.00; 0.03]; p= 0.10). The substrates utilization significantly changed
at D3 in favor of protein consumption (slope= 6.50 [4.44; 8.85]; p < 0.001) with an overall significant decrease in the consumption
of non-protein substrates.
CONCLUSION: Energy deficit improved while REE and RQ remained relatively stable during the first week of ICU stay. The
significance of the variations of substrates consumption was unclear. These preliminary results should be further explored with
larger studies.
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INTRODUCTION
Worldwide, sepsis is one of the major causes of mortality in
intensive care units (ICUs). Septic shock accounts for 11%
of ICU admissions [1] and is the most frequent cause of shock
(62%) [2].
The nutritional needs of septic critically ill patients are modified

compared to those of the healthy population, particularly due to
major protein catabolism [3–5]. However, there is no consensus yet
on the best nutritional management strategy to observe in these
patients (timing of nutrition start, enteral or parenteral nutrition,
insulin therapy…) [5, 6]. The lack of knowledge concerning the
evolution of energy metabolism during the early phase of sepsis
probably explains, at least in part, our inability to propose a
nutritional strategy with a beneficial impact on morbidity or
mortality.
Undernutrition is associated with a prolonged duration of

mechanical ventilation, an over-risk of nosocomial infection, a
longer length of stay and a mortality excess [7]. On the other
hand, overfeeding would induce several complications: increase

of respiratory work (linked to the raise of carbon dioxide
production (VCO2)), hepatic steatosis and positive fluid balance
[8]. Basal energy metabolism, diet-induced thermogenesis,
thermoregulation and activity-induced energy expenditure
constitute the components of total energy expenditure [9]. But
the effects of surgery, invasive treatments, mechanical ventila-
tion, and body temperature complicate the evaluation of
nutritional requirements of septic critically ill patients [10]. The
need to provide energy as close as possible to patient’s real
needs has led to the development of complex predictive
formulas in ICU [11]. However, these methods remain imprecise
and controversial in the era of personalized medicine. Two
methods are derived from the measurement of oxygen
consumption (VO2) to assess individual energy needs: Fick’s
method, which is invasive and underestimates energy expendi-
ture, and indirect calorimetry (IC), based on Haldane’s equation
and relying on the measurement of VCO2. IC currently
represents the gold standard for metabolic assessment in ICU
[12, 13].

Received: 25 January 2021 Revised: 31 August 2021 Accepted: 13 September 2021
Published online: 15 October 2021

1Rouen University Hospital, Department of Anesthesiology, Critical Care and Perioperative Medicine, 1 rue de Germont, F-76031 Rouen Cedex, France. 2Dieppe Hospital,
Department of Anesthesiology, avenue Pasteur, F-76200 Dieppe, France. 3Rouen University Hospital, Department of Biostatistics, 1 rue de Germont, F-76031 Rouen Cedex, France.
4Rouen University Hospital, Department of Nutrition, 1 rue de Germont, F-76031 Rouen Cedex, France. ✉email: emilie.occhiali@chu-rouen.fr

www.nature.com/ejcnEuropean Journal of Clinical Nutrition

http://crossmark.crossref.org/dialog/?doi=10.1038/s41430-021-01012-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41430-021-01012-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41430-021-01012-2&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41430-021-01012-2&domain=pdf
http://orcid.org/0000-0003-2364-8662
http://orcid.org/0000-0003-2364-8662
http://orcid.org/0000-0003-2364-8662
http://orcid.org/0000-0003-2364-8662
http://orcid.org/0000-0003-2364-8662
https://doi.org/10.1038/s41430-021-01012-2
mailto:emilie.occhiali@chu-rouen.fr
www.nature.com/ejcn


Data are lacking regarding the dynamic metabolic changes in
septic ICU patients. In this context, the main objective of this pilot
study was to evaluate, using IC, the energy metabolism of patients
admitted in ICU for septic shock, in the very early phase.

MATERIAL AND METHODS
Study design and ethical considerations
This was a prospective non-observational study, approved by a national
ethics committee (ID-RCB: 2019—A00760—57) and performed in accor-
dance with French laws and with the ethical standards laid down in the
Declaration of Helsinki and its later amendments [14], carried out in an
adult surgical ICU of a tertiary care hospital. The written briefing note was
given to the patient’s relatives who could refuse to allow data acquisition
for this protocol.

Inclusion and exclusion criteria
Adult patients (≥18 y/o) admitted in our surgical ICU for postoperative
septic shock (according to SEPSIS-3 definition [15]) and benefiting from
invasive mechanical ventilation were eligible to be included in the study.
Exclusion criteria were: pregnancy, age under 18 y/o or patient under

guardianship, patient refusal, contra-indication to IC use [16, 17].
To be included in the final analysis, the patients should have met the

following criteria: ICU stay of at least 6 days, a minimum of 3 IC
measurements during ICU hospitalization and availability of daily nitrogen
balance. Patients in whom there was a technical impossibility of carrying
out reliable metabolic analysis (lack of data or questionable reliability of
data) were excluded from the final analysis.

Objective and endpoints
The objective of the study was to describe the evolution of metabolism
during the first week of ICU stay of patients admitted for septic shock.
The primary endpoint was the evolution of energy deficit (dE; difference

between exogenous calorie intake and calorie target measured by IC)
during the first 6 days of ICU stay. In our study, the REE corresponded to
the calorie target of patients measured by indirect calorimetry, reduced by
30% as recommended by the European Society for Clinical Nutrition and
Metabolism (ESPEN) during the acute phase of shock [13]. As the acute
phase was considered to be from D1 to D6 in the study, the calorie target
did not change from D1 to D6.
The secondary endpoints were the change of other metabolic markers:

resting energy expenditure (REE), respiratory quotient (RQ), nitrogen
balance, and substrate use (carbohydrates, lipids, proteins).

Management of nutritional support and use of indirect
calorimetry
The nutritional support strategy is standardized in our ICU with a protocol
regularly updated according to the most European recent recommenda-
tions (Supplementary File 1). At the time of this study, energy targets were
still defined according to aggression phases: 20 kcal/kg/d in acute phase
(from D1 to D6), 25 kcal/kg/d in post-acute phase and 30 kcal/kg/d in post-
aggressive phase (usually when the patient is close to ICU discharge).
During the study, ICU physicians prescribed the nutritional support blinded
to the IC results. The calorimeter used in the surgical ICU is the Q-NRG+ ®
(COSMED©, Italy; BAXTER International©; USA). The modalities of use of the
calorimeter are described in the Supplementary File 1.

Data collection
The following data were collected:

- Demographic and biological data: age, gender, body-mass index,
Simplified Acute Physiology Score II (SAPS II), inflammatory markers
(C-reactive protein and procalcitonin), daily urinary urea, propofol
sedation;

- Characterization of septic shock: origin of sepsis, surgical diagnosis,
mean norepinephrine infusion dose at D1, administration of
hydrocortisone hémisuccinate (indicated in our practice for severe
septic shock when the dosage of norepinephrine increases
significantly despite restored blood volume);

- ICU stay and hospitalization: ICU length of stay, number of days
without mechanical ventilation, ICU mortality and D28 mortality;

- Metabolic and nutritional data: dE, RQ, REE, time to initiation of

nutritional support, nitrogen balance, substrate utilization (carbohy-
drates, lipids, proteins), pre-albuminemia.

Statistical analysis
As this study is a preliminary work, strictly observational and concerning
physiopathology, the number of patients to be included has not been
calculated a priori.
Quantitative variable are described with means and standard deviations

or 95% confidence interval and qualitative variable are described with
numbers and percentages.
A piecewise linear mixed regression model with random intercept

(patient) was used to quantify an abrupt change in metabolic data
(Supplementary File 2). Breakpoints at D4 (for dE, RQ, REE) or D3 (for
nitrogen balance and substrates consumption) were chosen after the data
collection in view of the dynamic metabolic changes observed in our
population. The description of the changes of the outcomes was therefore
based on the analysis of tree slopes: the one taking into account the values
from D1 to D6 (slope r), the one taking into account the values from D1 to
D3-4 (slope r1), and the one taking into account the values from D3-4 to
D6 (slope r2). Confidence intervals at 95% were computed based on 10000
bootstrap repetitions with bias-corrected accelerated method. Last Carried
Forward and Next Observation Carried Backward methods were used to
impute missing data.

RESULTS
Between July 1, 2019 and July 1, 2020, 34 patients were included
and 15 were included in the final analysis (Fig. 1). Their
demographic characteristics are presented in Table 1. Emergency
surgeries were represented by 8 postoperative peritonitis
(anastomotic leakages) and 1 urosepsis (acute pyelonephritis
due to calculi) that all required surgical management. The delay of
initiation of nutritional support was 2.5 ± 1.5 days, and the energy
target was reached within 4.7 ± 2.8 days. The routes of nutrition
administration were as follows: enteral for 60% of patients (9/15),
mixed for 20% (3/15) and parenteral for 20% (3/15). None of the
15 patients received propofol sedation.
Overall, the energy deficit improved significantly during the first

week (r1= 4.8 [3.10;7.20], p < 0.001; r2=−0.5 [−3.14;1.93], p=
0.67; r= 2.9 [1.80;4.20], p < 0.001; Fig. 2A). The REE remained stable
during the first week with no significant variation (r1=−1.3
[−3.67;0.48], p= 0.15; r2= 1.7 [−0.38;3.97], p= 0.09; r=−0.2
[−1.49;0.79], p= 0.78; Fig. 2B). The RQ remained overall stable,

Included pa�ents
(n = 34)

Analyzed pa�ents
(n = 15)

< 3 calorimeter measures* (n = 6)
ICU length of stay < 4 days* (n = 1)

Nitrogen balances unavailable (n = 8)
Technical problem with calorimeter (n = 4)

Fig. 1 Flowchart of the study. ICU intensive care unit. * due to
extubation or death before day 4.
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despite a moderate increase at the end of the period (r1= 0.006
[0.03;0.01], p= 0.55; r2= 0.04 [0.00;0.09], p= 0.031; r= 0.01
[−0.00;0.03], p= 0.10; Fig. 2C). The mean calorie intake over the
first 6 days was 15.8 ± 7.7 kcal/kg/day. The mean accumulated
calorie deficit at the end of the first week for the whole cohort was
−1275 ± 3842 kcal.

Daily nitrogen inputs and losses during the first six days are
shown in the Supplementary File 3. The nitrogen balance widens
during the first week especially from D3 (r1=−1.9 [−5.48;0.63],
p= 0.14; r2=−4 [−6.08;−2.05], p < 0.001; r=−3.2 [−4.60;−1.96],
p < 0.001; Fig. 3A). The consumption of proteins increased during
the first week with an acceleration from D3 (r1= 4.1 [0.24;8.31]
p= 0.04; r2= 8 [4.34; 12.56] p < 0.001; r= 6.5 [4.44; 8.85] p < 0.001;
Fig. 3B). Carbohydrates consumption decreased overall due to a
decrease at the beginning of the period (r1=−7.6 [−17.61;−1.62]
p= 0.01; r2= 0.3 [−3.36; 4.07] p= 0.89; r=−2.7 [−5.82; −0.17]
p= 0.03; Fig. 3C). The consumption of lipids evolved in two stages
with an initial stability and then a marked decrease leading to an
overall decrease during the study period (r1= 3.6 [−1.73;11.45]
p= 0.24; r2=−8.2 [−13.22;−4.64], p= 0.003; r=−3.8
[−6.50; −1.06] p= 0.008; Fig. 3D).

DISCUSSION
We showed that the energy deficit improves significantly during
the first 6 days in this cohort of patients admitted for severe septic
shock. Indeed, while the REE remained stable at around
25–30 kcal/kg/d—values consistent with the literature in this
population [18, 19]—daily energy balance evolving towards zero
at D6 with a trend breaking at D4. First, this evolution seems to
correspond to the gradual increase in calorie intake. The mean
delay to introduce nutritional support was two days, contrary to
what the ICU nutritional protocol recommended (initiation at D1);
despite nutrition education, some non-expert physicians may still
consider nutritional support as a non-essential treatment to be
initiated immediately. Second, the mean calorie intake over the
6 days is rather low. The energy target could not be reached for
traditional reasons in a surgical ICU (postoperative digestive
disorders requiring the discontinuation of EN, interruption of
intake due to repeat surgeries) and for more questionable but real
life reasons (prescription omissions). Finally, the resolution of the
inflammatory syndrome probably plays a role in the nutrient
efficiency as shown by the decrease in biological markers of
inflammation and the increase in prealbuminemia.
Our results seem to show a significant increase in protein

substrate consumption with acceleration at D3. It was concomi-
tant to a worsening of the nitrogen balance (probably under-
estimated because the nitrogen losses were based on urinary urea
dosage). ESPEN Guidelines do not propose a precise temporal
strategy about protein supplementation, as the literature does not
reach a consensus on this point [20–22]. Acceleration in
proteolysis at D3 could suggest the persistence of a significant
neoglucogenesis beyond 3 days. An exhaustive analysis of protein
metabolism, probably not feasible in clinical practice, coupled

Table 1. Demographic and biological characteristics.

n= 15 patients

Sex ratio (M/F) 0,86

Age (years) 57.6 ± 12.8

BMI (kg/m²) 26.8 ± 4.9

Sepsis origin

Emergency surgeries 9 (60%)

Postoperative pneumonia 6 (40%)

SAPS II score 52 ± 11

ICU length of stay (days) 21.1 ± 18.2

MV free days (days) 5.2 ± 5.3

Mean FiO2 (%) 40.5 ± 11.5

ICU mortality 0% (0/15)

Mortality at D28 6% (1/15)

Mean dose of norepinephrine at D1 (μg/kg/min) 0.45 ± 0.45

Mean number of days of norepinephrine (days) 3.4 ± 1.9

Patients who received HCHS 4 (26%)

CRP D1 (mg/L) 270 ± 159

CRP D6 (mg/L) 123 ± 119

PCT D1 (ng/mL) 57 ± 83

PCT D6 (ng/mL) 1.8 ± 2.2

Prealbuminemia at D1 (g/dL) 0.08 ± 0.06

Prealbuminemia at D6 (g/dL) 0.17 ± 0.07

Number of indirect calorimetry measurements
(/patient)

5 ± 1

Initiation time of nutritional support from
admission (days)

2.5 ± 1.5

Qualitative variables are presented as absolute values and percentages;
quantitative variables are presented as means and standard deviations.
BMI body mass index, D day, CRP C-reactive protein, FiO2, inspired fraction
in oxygen, HCHS hydrocortisone hemisuccinate, ICU intensive care unit, MV
mechanical ventilation, PCT procalcitonin, SAPS II simplified acute
physiology score II.

A B C

Δr = -5.4 [-9.86; -1.87] p = 0.03 Δr = 3 [-0.04; 7.07] p = 0.06 Δr = 0.04 [-0.01; 0.11] p = 0.07

Fig. 2 Energy deficit, resting energy expenditure and respiratory quotient from day 1 to day 6. A–C Daily energy deficit (dE), daily resting
energy expenditure (REE), and daily respiratory quotient from day 1 to day 6. Values are presented as mean and standard deviations. The
slopes (r) corresponding to the periods D1-D4 (r1) and D4-D6 (r2) are also represented on the graph. The difference between slopes (Δr) allows
the comparison of r1 and r2 to highlight a significant break in the evolution of metabolic data between D1-D4 and D4-D6.
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with indirect calorimetry, could further explore this finding. If
confirmed, an early and consistent protein intake between D1 and
D3 should perhaps be considered.
With the respective changes in substrates consumption found

in this study (increase in proteins consumption, decrease in lipids
and carbohydrates consumption), the RQ should have remained
unchanged or should have decreased. Moreover, in this septic
shock context, RQ could be biased by lactate production and
anaerobic metabolism. As these results cannot be easily explained,
we must be cautious about drawing conclusions.
A recent meta-analysis showed that IC-guided nutritional

support could have a benefit on short-term mortality [23], which
supports the latest ESPEN Guidelines. Nevertheless, the difficulty
of adapting the nutritional support with the help of IC is linked to
the impossibility of estimating the endogenous calorie production
related to neoglucogenesis during the early phase of ICU, when
50–75% of energy could be covered by glucose endogenous
production through the mobilization of muscle proteins, glycogen,
and lipid stores. Routine tool to evaluate the endogenous glucose
production does not exist. Isotopic methods have made it possible
to evaluate it at more than half of the REE during the first 3 to
4 days of metabolic aggression [24]. Providing 100% of the REE
measured by IC during the acute phase, when endogenous calorie
production is high, would then lead to overnutrition. IC cannot
differentiate the contribution of endogenous calorie production to
the overall energy deficit from the contribution of exogenous
calorie intake. Then, it is difficult to know when to perform
calorimetry in critically ill patient [16].
In this study, we have reported some new insights to the better

understanding of metabolic changes during the early phase of
septic shock. The dynamic vision is the strong point of our
observation, being possible by repeating daily IC measurements
and because each patient was his or her own witness. Moreover,

the cohort is well representative of the severity of septic shock
based on demographic characteristics.
Despite encouraging findings, the small size of the cohort is its

main limitation. First, the planned 12-month inclusion period was
disrupted due to two events: the COVID-19 pandemic with the
transformation of our surgical ICU into a COVID medical ICU and an
unscheduled maintenance of two months on the calorimeter.
Second, a large number of patients admitted to our ICU for
postoperative septic shock were not under mechanical ventilation
or remained so for only a few hours, making inclusion impossible.
Third, we had to exclude several patients from metabolic analysis
because of too many missing data: impossibility to assess urinary
nitrogen losses (e.g., anuric patients after inclusion) without
possibility to calculate the proportions of each substrate used
and patients for whom extubation or death occurred before D6.
Fourth, the patients had to be in ICU, alive and mechanically
ventilated at least 3 days to be analysed, creating a survivor bias.
Therefore, our results cannot be extrapolated to every septic
patient admitted to ICU. Another limitation is that calories provided
by glucose solutions have not been taken into account; but our
policy in the ICU is to limit glucose solutions perfusion as much as
possible as soon as the patient receives a nutritional support.
Finally, the very early metabolic evaluation by IC in this study
would be questionable from the point of view of an early
adaptation of the nutritional support to IC results; in that case, and
according to ESPEN recommendations, measurements should have
been performed from D3-D4 and beyond D6. Instead, here we
wanted to emphasize the possibility of obtaining reliable metabolic
profiles via IC in daily practice. Indeed, we believe that the
concomitant analysis of metabolic profiles obtained by IC and that
of inflammatory and insulin resistance markers could open up
important fields of investigation to further personalize nutritional
support.

A B

C D

Δr = 3.9 [-2.88;  11.5] p = 0.27

Δr = 7.9 [-0.39;  19.32] p = 0.059 Δr = -11.8[-22.9;  -3.49] p < 0;001

Δr = -2,1 [-5,94; 2,49] p = 0.35

Fig. 3 Nitrogen balance and use of substrates from day 1 to day 6. A Daily nitrogen balance from day1 to day 6. B–D Daily proportion of
energy expenditure related to the use of protein (%PRO), carbohydrate (%CHO), and lipid (%LIP) substrates from day 1 to day 6. Values are
presented as mean and standard deviations. The slopes (r) corresponding to the periods D1-D3 (r1) and D3-D6 (r2) are also represented on the
graph. The difference between slopes (Δr) allows the comparison of r1 and r2 to highlight a significant break in the evolution of metabolic
data between D1-D3 and D3-D6.
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CONCLUSION
In this study, we have reported some new insights to the better
understanding of metabolic changes during the early phase of
severe septic shock, by repeating daily calorimetry measurements.
Despites encouraging findings, several limits prevented us from
making clear conclusions about variations in substrate consump-
tion. Indirect calorimetry has to be used to adapt the nutritional
support but it also could be used as a diagnostic tool, associated
with biomarkers, to identify breakpoints in the evolution of energy
metabolism and thus to personalize the nutritional management.

DATA AVAILABILITY
The raw data supporting the conclusions of this manuscript can be made available on
request by the authors to any qualified researcher.
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