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s u m m a r y

Evidence is growing that the individual adjustment of energy targets guided by indirect calorimetry (IC)
can improve outcome. With the development of a new generation of devices that are easier to use and
rapid, it appears important to share knowledge and expertise that may be used to individualize nutrition
care. Despite the focus of this tutorial being on one contemporary device, the principles of IC apply across
existing devices and can assist tailoring the nutrition prescription and in assessing response to nutrition
therapy. The present tutorial addresses its clinical application in intubated mechanically ventilated and
spontaneously breathing adult patients (canopy), i.e. it covers the range from critical illness to
outpatients.

The cases that are presented show how the measured energy expenditure (mEE), and the respiratory
quotient (RQ), i.e. the ratio of expired CO2 to consumed O2, should be applied in different cases, to adapt
and individualize nutrition prescription, as it is a good marker of over- or underfeeding at the different
stages of disease. The RQ also informs about the patient's body's capacity to use different substrates: the
variations of RQ indicating the metabolic changes revealing insufficient or excessive feeding. The
different cases reflect the use of a new generation device as a metabolic monitor that should be com-
bined with other clinical observations and laboratory biomarkers. The tutorial also points to some
shortcomings of the method, proposing alternatives.
© 2024 The Author(s). Published by Elsevier Ltd on behalf of European Society for Clinical Nutrition and
Metabolism. This is an open access article under the CC BY license (http://creativecommons.org/licenses/

by/4.0/).
BodyWeight; DIT, Diet-induced thermogenesis; EE, Energy expenditure; EPI, exocrine pancreatic insufficiency; FMI, Fat
irect calorimetry; mEE, Measured energy expenditure; REE, Resting energy expenditure; RQ, Respiratory quotient; VAP,
de production; VO2, Oxygen consumption.

rger), Elisabeth.DeWaele@uzbrussel.be (E. De Waele), lg3@ualberta.ca (L. Gramlich), jennifer.jin@ualberta.ca (J. Jin),
uge.ch (C. Pichard), ARoffe@schosp.org (A.J. Roffe), russell5@ccf.org (L. Russell), pierre.singer@gmail.com (P. Singer),

r Ltd on behalf of European Society for Clinical Nutrition and Metabolism. This is an open access article under the CC BY
.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:Mette.Berger@unil.ch
mailto:Elisabeth.DeWaele@uzbrussel.be
mailto:lg3@ualberta.ca
mailto:jennifer.jin@ualberta.ca
mailto:olivier.pantet@chuv.ch
mailto:claude.pichard@hcuge.ch
mailto:ARoffe@schosp.org
mailto:russell5@ccf.org
mailto:pierre.singer@gmail.com
mailto:paul.wischmeyer@duke.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.clnesp.2024.07.1055&domain=pdf
www.sciencedirect.com/science/journal/24054577
http://www.clinicalnutritionespen.com
https://doi.org/10.1016/j.clnesp.2024.07.1055
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.clnesp.2024.07.1055
https://doi.org/10.1016/j.clnesp.2024.07.1055


Table 1B
The Activity factors proposed by the original authors for the H&B equation [1], and
which are commonly used, and should not be, as these factors were never validated
by indirect calorimetry [6,7].

Activity Level Activity Factor

Little exercise (sporadic) BEE � 1.2
Light exercise (1e3 days/week) BEE � 1.375
Moderate exercise (3e5 days/week) BEE � 1.55
Heavy exercise (6e7 days/week) BEE � 1.725
Very heavy exercise (2� a day) BEE � 1.9
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1. Introduction

The centenary of the Harris and Benedict equation (HBE) was
celebrated in 2019 [1]. This first predictive equation of basal energy
expenditure (BEE) (Table 1A) was based on the measurement of
respiratory gas exchange [2]. Since this landmark equation was
developed, it has become obvious that despite estimating BEE, it
was not directly applicable in clinical settings, being designed for
resting healthy individuals. Moreover, it remains an estimation
which does not integrate metabolic changes. The inaccuracy of the
HBE further increases when “activity factors” are applied (Table 1B).

In the 1930s technical progress enabled easy measurements of
oxygen (O2) and carbon dioxide (CO2) concentrations, as well as of
the volume of respiratory gases and heat production of living or-
ganisms. In 1949, J.B. Weir developed an equation based on the O2
consumption (VO2) and CO2 production (VCO2), derived from first
principles for the energy (kcal) value of a litre of O2 metabolizing a
mixture of carbohydrate, protein and fat [3]. The value of protein
oxidation derived from urea excretion (uN2) is negligible. Impor-
tantly if applied in a patient on continuous feeding this equation
reflects total energy expenditure (TEE), i.e. the sum of the basal
energy expenditure (EE) and the diet induced thermogenesis (DIT)
(see Section 2). Indeed heat production is tightly correlated with
both gases according to the type of energy substrate that is
metabolized [4,5].

How much energy should the patient depending on medical
nutrition therapy (MNT) be fed? Aiming at optimizing artificial
feeding, numerous equations have been developed over the last
decades, but they have repeatedly been shown to have a limited
accuracy, of no more than 70% of values measured by indirect
calorimetry (IC) [2,8e10].

Moreover, both overfeeding and underfeeding are recognized to
be harmful [11e13]. Therefore, optimizing nutrition support to the
patient's individual needs is mandatory, although some timing
questions persist [14,15]. Prior studies have highlighted the wide
discrepancies between predictive equations and IC measurements
[16]. With the availability of the latest-generation devices, IC use is
finally spreading, enabling individualized MNT based on objective
measurements. The individual adjustment of energy targets guided
by IC can improve outcome, with trends to reduced mortality, as
shown by the available meta-analysis [17e19]: the mechanisms
supporting this improvement include the prevention of both un-
der- and over-feeding, but also reduction of the inflammatory
response linked to inexact feeding [20]. Another meta-analysis
showed nutrition provision closer to energy targets was achieved
when guided by IC compared to predictive equations [21]. Based on
physiology and clinical evidence energy provision based on the
precise measurement of EE by IC is strongly recommended by in-
ternational European [22], American, and Canadian guidelines
[23,24].

Centres with longstanding experience in the use of IC integrated
the required training in their local nutrition teams, but practical
Table 1A
The historical equations for basal energy expenditure (BEE) and calculation of EE
based on gas exchange.

Harris & Benedict BEE men ¼ 66 þ (13.7 � BW kg) þ
(5 � Height cm) � (6.8 � age)
BEE women ¼ 655 þ (9.6 � BW
kg) þ (1.8 � Height cm) � (4.7 � age)

Weir equation REE ¼ [(VO2 � 3.941) þ (VCO2 �
1.11) þ (u N2 � 2.17)] � 1440.
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training is not widely available in centres with less experience. The
present paper aims at providing clinical examples of the use of a
contemporary IC device (Q-NRG ®, Cosmed, Italy), to show how
teams with training apply and interpret the measured values. The
focus of the cases is on energy only and does not detail protein
nutriture or feeding route. Importantly, given that the discussion
regarding energy expenditure (measured) and requirements (pre-
scribed) is predicated upon substrate metabolism and the energy
physiology, the proposed considerations may be applied to any IC
device.
2. The physiology of energy expenditure determination

Four different methods enable measuring EE [4]: 1) direct
calorimetry, 2) thermodilution (Fick method), 3) doubly labelled
water, and finally 4) indirect calorimetry.

� Direct calorimetry measures heat production in a closed
chamber, and is not applicable in clinical settings [8].

� Thermodilution requires a pulmonary artery catheter enabling
cardiac output and arterial and mixed venous blood sample
measurement.

EE ¼ Cardiac Output � Hb � (SaO2�SvO2) � 95.18

where Sa and Sv ¼ arterial and venous blood saturations (%), and
Hb is haemoglobin (g/l).

The technique has its own limitations (variability due to cardiac
output variation in the respiratory cycle and blood shunting over
the bronchial arteries). Moreover, the indication to these invasive
catheters’ insertion is limited, reducing the availability of this
option.

� The doubly labelled water technique, first published in 1955,
has the advantage that it can be used in any environment and
given orally. The method involves enriching the body water of a
subject with heavy hydrogen (2H) and heavy oxygen (18O), and
then determining the difference in washout kinetics between
both isotopes, being a function of CO2 production. Test starts
with a baseline evaluation of the body liquids (urine, saliva, and
blood), with a 2nd determination 7e12 days later (see West-
erterp [25]). The calculations are based on assumptions such as
steady-state CO2 and H2O turnover, and constant body water
pool size during the measurement period, which may not be
applicable for critically ill patients, as fluid volume shifts
together with large changes in CO2 production are frequently
observed. It has been used inmajor burns though [26]. The delay
to obtain the results limits its use to research.

� Indirect calorimetry is based on the direct application of the
Weir equation, measuring VO2 and VCO2 to calculate EE [8]
(Priem S, Sensors 2023), generally omitting the minor impact of
nitrogen. The Deltatrac II® (Datex, Finland) has long been the
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reference tool, validated both in vitro and in vivo. Other devices
are available on the market, and have been compared to the
Deltatrac II®, showing the superiority of the latter [27,28]. But
this reference device is no longer available. After long efforts [8],
a validated replacement device which meets criteria related to
accuracy, ease of use, reliable measurement, and safety is now
available. The Q-NRG® device has been validated both in vitro
[29] and in clinical settings [30,31] with the ability to measure
both spontaneous breathing and ventilated patients.

The physical condition of the patients during EE measurement
must be recorded in the report, as they deeply influence the results.
For healthy individuals, basal EE is measured in a resting state that
is free of physical and psychological stress, a thermally neutral
environment, i.e. at temperature ranges where energy used for the
body temperature maintenance is minimal, and a fasting state (also
called postabsorptive state), i.e. no oral intake for more than 8 h
prior to the measurement, to avoid the EE related to physical ac-
tivity and diet-induced thermogenesis (DIT).

Total daily EE is composed of three parts [32]: a) the basal EE
(the minimum maintaining metabolic activity), b) the diet induced
thermogenesis (DIT) which is the EE required to metabolize
nutritional substrates, and c) the EE resulting from physical activity,
which is the most variable and can been minimal in a recumbent
patient but extremely elevated in healthy subjects such as lumber
workers in Finland [33]. The DIT values are higher at a relatively
high protein intake and lower at a high fat consumption. The exact
individual DIT value determination requires to repeat the IC before
and after feeding, which is impractical in the ICU. Therefore, the
recommendation is to do the measurements in the fed state in
intubated bed-ridden patients to include the DIT, thereby directly
reflecting the patient's total energy needs and avoiding any esti-
mated DIT addition.

There are some clinical scenarios that preclude an accurate IC
assessment (Table 2) including agitation, air leakages in the respi-
ratory circuit, use of other gases (helium) and specific ventilator
settings (PEEP >10, Fi02 >80%, non-invasive ventilation) [34]. Pa-
tients on ECMO, dialysis or continuous renal replacement therapy
also challenge the interpretation of the IC results, as these tech-
niques impact on VCO2 and VO2, making them less reliable. In these
scenarios as well as changes in clinical status repeated IC mea-
surements should be conducted as metabolic demands change
throughout stages of critical illness [14,34].

� Respiratory quotient (RQ):

The ratio of VCO2 to VO2 is “dimensionless”, called RQ, is a
piece of essential information retrieved from IC. It reflects the
Table 2
A: The Fleisch equation [54] is an alternative predictive equation to HBE for the general
2B: Toronto equation for major burn injuries [55]: the equation includes further specific

Reference Factor included in equation Equation

A: Fleisch [54] Gender, age EE (M) ¼ 24 � (5
EE (F) ¼ 24 � (54

B. Allard et al. [55] Basal EE by Harris & Benedict,
total burned BSA, previous 24hr
energy intake, body
temperature, time after injury

EE ¼ �4343 þ (1
EBEE) þ (114 � b

Abbreviations: BSA ¼ body surface area, EBEE ¼ estimated basal EE by Harris & Benedic
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macronutrients being metabolized, as different energy path-
ways are used for fats, carbohydrates, and protein. Its applica-
tion in clinical settings has generated debate [35], due to some
degree of incertitude accompanying the measures (principally
air leaks, and oxygen cell dysfunction). The sensitivity and
specificity of RQ are certainly not 100% [35], but sufficiently
precise to orient the analysis of the organism's metabolic uti-
lization of substrates. Being more difficult to interpret, some
authors have recommended ignoring values < 0.70 or >1.0,
considering them non-physiologic which is inexact, as the
physiologic range of RQ is 0.66e1.2 [36]. These values should
be used for understanding of the patient's metabolic condition
and in context of the clinical scenario, and the substrates that
are metabolized (Fig. 1).

Many metabolized substances are compounds containing only
the elements carbon, hydrogen, and oxygen. The chemical equation
of their complete oxidation is:

CxHyOz þ (x þ y/4 � z/2) O2/� CO2 þ (y/2) H2O

and thus, metabolism of this compound gives an RQ of:

x
ðxþ y=4� z=2Þ

For glucose (C6H12O6), the complete oxidation equation is:

C6H12O6 þ 6 O2/6 CO2 þ 6 H2O

resulting in a RQ of 1: 6 CO2/6 O2 ¼ 1
For proteins, the RQ varies between 0.8 and 1.0. For fats, the RQ

depends on the specific fatty acids present. Amongst the most
common, RQ varies from 0.692 (stearic acid) to as high as 0.759 for
the very long fatty acids (docosahexaenoic acid) [4]. Values below
0.70 reflect a starving condition, and insufficient energy, or the use
of ketogenic diets with values as low as RQ ¼ 0.66 [37]. For ketone
bodies, the RQ is low, around 0.7 [38,39], and alcohol an RQ ¼ 0.67.
At the opposite range, citrate, which is widely used in continuous
renal replacement therapy has an RQ ¼ 1.33.

The food quotient will directly influence the RQ especially
during short measures in fed state, such as generally done in the
ICU. Making the fat and carb proportions vary out of usual ranges,
Westerterp showed food quotients between 0.77 and 0.92 [39].
Stapel et al. calculated a standard feeding solution's RQ (16% pro-
tein, 49% carbs, 35% fat) to be 0.86 assuming respective substrate
RQs to be 0.8, 1.0, and 0.7) [40], while Kagan et al. used an RQ of
0.80, 0.85, and 0.89 depending on the solution [41]. The RQ of a
given feeding solution can be checked using calculators available on
the web (seek “Thermic Effect of Food calculator”).
population that includes total body surface area.
factors.

4.337821 e (1.19961 � Age) þ (0.02548 � Age2) e (0.00018 � Age3))
.74942 e (1.54884 � Age) þ (0.03580 � Age2) e (0.00026 � Age3))

0.5 � % burned surface area) þ (0.23 � energy intake (kcal)) þ (0.84 �
ody temperature (�C)) - (4.5 � post burn days)

t, CI ¼ Previous 24hr Energy intake.



Fig. 1. Algorithm to assist the interpretation of mEE and RQ using the case of a young 45 years-old major trauma patient as example: pre-injury BW 80 kg, height 1.75 m, BMI
26.1 kg/m2.
*: feeding with an RQ of 0.9e1.0 is often needed during rehabilitation to achieve weight gain.
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Normally, subjects who are in energy balance are also in sub-
strate balance with the RQmeasured over a 24 h period being equal
to the FQ. The RQ for omnivorous adults has been shown to be
0.845 ± 0.013 (mean ± sd) and a little higher in vegetarian, vegan
and Asian diets with 0.86e0.88 [42].

Much of the knowledge about the interpretation of RQ is derived
from research on obesity [43]. Insulin increases lipid storage and
decreases fat oxidation, and is positively associated with increases
in the RQ [43], and inweight gain [36,44]. A positive energy balance
increases the RQ [43]. Thus, an RQ exceeding 1.0, reflects storage
and ongoing lipogenesis. Energy intake in excess of an individual's
EE, be it from carbohydrates or lipids, results in de novo lipogenesis
both during oral feeding [43] and parenteral nutrition [45]. On the
other side, values below 0.80 in a fed patient should raise the
suspicion of underfeeding. Figure 1 provides an algorithm for the
suggested interpretation of an RQ.

Thus, variations in the RQ in response to the feeding regimen
reflect the adequacy of feeding, or its in adaptation to the metabolic
level of a patient [35]. Values over 0.9 should raise the suspicion of
overfeeding. The high values may also reflect inadvertent admin-
istration of substrates (glucose) delivered as drug dilution outside
and in excess of the nutrition prescription: such a finding may help
picking an imbalance in substrate delivery. As most enteral and
many parenteral feeding solutions come as fixed combinations, a
high RQ should not lead to attempting to change this composition,
but rather to adjust the total energy intake, and probably reduce it.

The persistence of low RQ between 0.70 and 0.79 should raise
the question of malabsorption/maldigestion, as feeding adequacy
may be compromised by the presence of an undiagnosed exocrine
pancreatic insufficiency (EPI) being present in 52% of patients, as
shown byWang et al. in 563 critically ill patients: the EPI diagnosis
was based on faecal elastase-1 [46]. The identified risk factors
included shock, sepsis, invasive mechanical ventilation and hae-
modialysis, which are frequently present. Importantly, the inci-
dence of steatorrhea (8.8%) and diarrhoea (11%) were poor
indicators of EPI. But intestinal losses, and particularly diarrhoea,
can result in major losses of energy as shown by a study in patients
859
on full enteral feeding using bomb calorimetry to analyse the fecal
energy content [47]: the production of more than 350 g feces/day
(627 kcal/day), resulted in significantly negative energy balances,
and might become an indication to PN.

The very low RQ values reflect technical problems such as O2 or
CO2 cell calibration issues, leaks (see Figure 1 and 4.11), and hence
invalidity of the measure. Classical conditions where errors are
predictable are acute acid/base disturbances [35], and COPD pa-
tients during a gas retention episode, conditions during which no
measure should be made.

Finally leaks compromise the reliability of the RQ. This problem
is frequent in children ventilated with uncuffed endotracheal tubes,
as shown by paediatric studies [48,49] that indicate that despite
this problem, the EE value remains clinically relevant to avoid both
under- and overfeeding.
3. Differences between intubated and spontaneously
breathing patients

Patients mainly differ by the severity of their clinical condition:
the intubated patients often suffer more than one organ failure as
compared to spontaneous breathers with canopy use (the case of
high flowO2 therapy is not addressed herein). Furthermost of these
patients present with an important inflammatory response, and
related alterations of their metabolism, with a variable degree of
hypermetabolism being present in about 50% [50].

In the 1990s i.e. the early years of the clinical use of IC, the
recommendation was to measure EE in post-absorptive state, i.e.
after 8e10 h of fasting. In critically ill patients, this led to undue
interruptions of feeding particularly with enteral nutrition,
contributing to worsening the energy deficit. Worse, this practice
transforms a measure into an estimation as 10e15% to the mEE
must be added to account for the DIT and obtain a proxy of total EE.
Therefore, since the 2000s, measuring in the fed state is recom-
mended in intubated patients [51]. It avoids having to do an inexact
estimation of DIT, and enables applying the measured value, as the
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activity factor in critically ill patients is negligible even during
active mobilisation [52].

In patients under canopy, the metabolic situation is different.
Generally, the worst acute phase of disease is behind, and other
problems may have developed that render feeding inefficient,
ranging from massive malabsorption to intense physical activity,
and requiring the expertise of a dietitian or nutritionist. Frequently
in outpatient clinics, the measurements are done in fasted and
rested patients. In these cases, an arbitrary DIT value (usually 10%)
is applied, and the intensity of the physical activity must be
appreciated. The latter physically activity, is highly variable ranging
from 5 to 30% of total EE. Its estimation will remain empiric and
requires a careful history and discussion with the patient to
determine the interpretation of the measured EE: initial target will
be set between 10 and 20% over the measured value, together with
a monitoring of the tolerance (blood triglycerides, glycemia), In
patients who appear “resistant to nutrition”, the strategy will be to
continue increasing energy delivery, and not stay stubbornly linked
to a theoretical value. This occurs frequently in chronic IBD pa-
tients: if the weight does not start to increase with prescribed
values, the latter is considered insufficient. In these cases, the
measure EE serves to ensure the minimal feeding, but not the re-
covery needs.

It is important to note that current IC technology limits the
ability to complete canopy studies in patients requiring supple-
mental O2; thus, this technology is often reserved for those that
have more fully recovered from their acute illness.

3.1. In critically ill patients

IC aims at avoiding gross underfeeding and preventing over-
feeding. Hypermetabolism exists during some phases of diseases,
especially the early phases, but the rapid muscle loss will change
the requirements, as muscle represents roughly 40% of body
weight. The current guidelines propose meeting 70% of measured
or predicted EE within the first 3e4 days of ICU and advancing to
target after that [22]. During these first days of feeding progression,
there is no risk of overfeeding while hemodynamic and respiratory
instability is maximal.

Hence the first IC study should be done by day 4e5 after
admission, ideally before extubating mechanically ventilated pa-
tients, as dependence on nasal O2 supplements after extubation
will compromise a measure. Ideally measures should be repeated
every 4e7 days, depending on patients’ stability, with the last
measure 1e2 days before ICU discharge.

The drugs used for treatment may significantly alter the EE:
sedatives and muscle relaxants decrease the EE [53], as does the
non-selective betablocker propranolol which is standard treatment
after major burns after the initial fluid resuscitation (case 4.5). The
RQ is a reliable indicator of the metabolic state, values below 0.75
likely indicating an insufficient energy intake (case 4.11). Values
RQ < 0.6 do reflect a technical problem (suspect gas leak already
<0.65). RQ values > 1.0 do occur in case of carbohydrate or lipid
overload and should urge reconsideration of feeding, glucose for
drug dilution, and sedation (potentially a lot of propofol?).
860
3.2. Ward patients

These patients are in an intermediary metabolic situation: still
sufficiently sick to stay in hospital, but improving with less
inflammation, and especially for some, carrying out rehabilitation
program exercising, and being therefore difficult to assess as to
their energy needs. The measures are done under canopy,
frequently in fasted condition. Therefore, the mEE needs to be
multiplied by an arbitrary thermogenesis and activity factor.
3.3. Outpatients

As EE is measured in resting conditions, the patients lying
generally flat and breathing calmly under the canopy, this does not
reflect their real level of activity. The activity factor cannot be
determined precisely. This is particularly true in cancer patients
and in patients with malabsorption, requiring clinical experience
with a careful follow up of BW: a declining weight will encourage
prescribing above mEE. Case 4.10 shows a lack of weight gain
despite “adequate” energy provision which is characteristic of
cachexia, which in this case is multifactorial and includes altered
metabolism, hypogonadism, and ongoing inflammation with intra-
abdominal sepsis.
3.3.1. How to prescribe in case of technical limitations
The teams which are trained with IC and using it frequently

become experts in clinical evaluation and estimation of energy
needs.
4. Clinical cases: from the ICU (intubated) to rehab and home
care (canopy)

Hereafter 11 exemplar real case studies are presented. For each
one there is a short summary of the history and clinical evolution,
with the steps of the nutrition therapy, and how decisions were
assisted by indirect calorimetry. The focus is on energy and the
application of the IC generated values, while protein nutrition is not
discussed in detail. As the previous 24 h’ feeding determines total
EE and includes DIT, the value of energy really delivered/prescribed
will be provided, as total energy provision (total of feeds and non-
nutritional sources). Route of feeding will not be discussed. Only
labs and physiological values relevant for energy prescription will
be reported: type of mechanical ventilation, PEEP, FiO2, fever, in-
sulin dose, urea). The style will be telegraphic. Every case will be
followed by a brief comment.

Practically: The Q-NRG® device offers in the upper box called
REE a comparison with a basal EE prediction: the value should be
inserted upon commissioning the device. Our recommendations is
to insert either the HBE or the Fleisch equations (developed in 1951
by a Swiss physiologist [54]) which provides an estimate of basal
metabolism enabling appreciating the metabolic levels that is
measured during the IC (Table 2A). Major burns (cases 4.5 and 4.6)
are indications to IC despite having an equation developed from IC
(Table 2B).
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4.1. Case of unexpected high EE in a sedated neuro patient
History Indirect calorimetry

A 44-year-old man is admitted after embolization of a ruptured
basilar artery aneurysm. Decompressive craniectomy was
required on Day 3 and a posterior craniectomy on Day 4

Day 9: mEE 2217 kcal/d, RQ ¼ 0.82

Admission status: estimated body weight (BW): 75 kg. Height 1.80
m, afebrile
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(%)
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0
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4
%

VCO2

3
%
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--npRQ:--

Vt
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mL

Rf

29.9
1/min
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%

Intervalle MOY.
05:00

min

Durée 00:16:00
min

Treatment: Volume Controlled Ventilation, FIO2 0.25, deep sedation.
Initial energy target prescription 1400 kcal (20kcal/kg/d of estimated

BW).

Day 6: intubated deeply sedated,
Nutrition: Received only 535 kcal/1400 kcal previous 24h. No

insulin. No weight available. IC is contraindicated (uncontrolled
intracranial hypertension). Nutrition is increased to target.

Day 9: intubated (FIO2 25%) deeply sedated, Received only 1215/
1440 kcal during previous 24 hours (gastroparesis), No insulin.
Weight (real): 81.0 kg (but with oedema)

Decision [ target to 2200 kcal. Addition of PN was proposed but not
done.

Day 14: Weight: 65.4 kg, intubated, FIO2 21%, deeply sedated,
Prescribed target 2200 kcal/day (was maintained).

Comment: Unfortunately, due to the initial underestimation of the BW which resulted in
low energy target, and prolonged immobilization, the patient suffered an important 12%
weight loss (75 kg to 65.4kg). An earlier IC would have identified the elevated energy needs
and stimulated the use of supplemental PN since day 4-7 as recommended [22,24].

He received 2496 /2200 kcal during previous 24 hours, No insulin.
Urea increased to 68 mg/dL (11.4 mmol/l),

The patient was tracheotomized and ventilated for 19 days
4.2. Technical problems and/or beta-blocker impact in a neuro
patient
History Indirect calorimetry

A 78-year-old patient admitted to ICU after a cardiac arrest on
ventricular fibrillation.

Day 16: mEE: 795 kcal/day, RQ ¼0.86

The neuro-prognostication at 72h is in the grey zone (irritative EEG,
low NSE ¼ neuron-specific enolase)

Rapport Calorimétrie Indirecte - Test Respirateur
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Vt
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Rf
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1/min
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%

IntervalleMOY.
05:00

min

Durée 00:15:30
min

Admission data: estimated BW 80 kg, height 1.85 m:
Treatment: deeply sedated, Volume Controlled Ventilation PEEP 10

cm H2O, FIO2 50%.
Initial prescribed energy target 1600 kcal/d (20kcal/kg) increased to

1800 kcal by day 10.
Day 16: Intubated, Stable, metoprolol 40mg/d. No sedation since

day 3 (RASS -4). BW: 85.5 kg. (RASS ¼ Richmond Agitation-
Sedation Scale)

Nutrition: Received 2060 kcal /1800 kcal last 24h, with a RQ¼0.86,
reflecting a nice mixed substrate solution.

Decision: Despite the measure looking technically ok, and the
effective betablockade, result of IC was discarded. Y target to
1700 kcal/d (about 20 kcal/kg) as an increase in VO2 is expected
in the coming days in the context of a possible awakening.

Day 25: Intubated, FiO2 21%, No sedation, still very drowsy (RASS
-3). Eye opening. Weight 85 kg

Day 25: mEE: 1579 kcal/day, RQ 0.77

Actual target 1700 kcal. Rapport Calorimétrie Indirecte - Test Respirateur
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Patient unfed (nasogastric tube accidentally removed). No insulin.
Prealbumin 0.20 g/l

Decision: Keep target 1700 kcal/24h (i.e. 1579 kcal þ10% to cover
DIT)

Evolution: Due to the poor neurological evolution, comfort care is
finally undertaken.

Comment: This case illustrates how the energy needs may change
over time. IC results must be interpreted critically considering the
context. In the event of unexpected results, the examinationmust
be repeated.
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4.3. Unpredictable EE in obesity
History: A 69-year-old male, Class 1 obesity (BMI 34.6 kg/m2, BW 10<0 kg, 1.70 m,
ideal BW 66 kg and adjusted weight 80 kg), admitted 5 days after gastric bypass
for fever and suspected intra-abdominal sepsis, a CT-scan with contrast product
was performed, showing a leak of the upper and lower anastomosis requiring
re-surgery. The comorbidities were Diabetes Mellitus type 2 and terminal renal
failure

Indirect calorimetry measured EE 1660 kcal/d with an RQ¼0.81
Decision: the target 1600 kcal/d was maintained.

Treatment: Ventilation: Assist Control, FIO2 0.35, PaO2/FIO2 272, Sedated. The use of predictive equations would have caused overfeeding (HBE, Faisy-
Fagon, adjusted weight based) or underfeeding (ASPEN recommendations)
[6,57]. Both over and underfeeding are leading to increased complications and
mortality [13]. The SCCM-ASPEN guidelines [24] recommend feeding 60-70% of
measured EE. So, if 1660 kcal is measured, the ASPEN guidelines would be to
feed 990-1160 kcals/day, i.e. perform underfeeding.
Comment: The gold standard for evaluating EE is IC measurement [14,24].
Energy targets based on weight are challenging in obese patients since
increased fat mass and sarcopenia may lead to misevaluation of the
metabolically active tissue.

Day after day, energy intake could be increased reaching 70% at day 3 and 100%
within the first week according to guidelines [24].

The potential energy needs bay on predictive equations were:
� Harris-Benedict 1826 kcal/d
� Faisy-Fagon 2155 kcal/d
� 25 kcal/kg/day 2500 kcal/d
� Adjusted weight 2000 kcal/d
� A.S.P.E.N obese [56]: 11e14 kcal/kg actual BW/day

1100 to 1400 kcal/d
4.4. Unexpected high EE in “muscular” surgical patient
History Indirect calorimetry

A 55-year-old male with short bowel syndrome admitted to ICU after a
13-hour abdominal surgery (recurrent bowel obstructions with
history of 24 previous abdominal surgeries)

Pre-OP (canopy mode): mEE ¼3005 kcal/d, RQ¼ 0.78, 137% of HBE

Pre-op IC pre-op clinic: BW104 kg, height 1.85m, mEE 3005 kcal/d. The
RQ¼0.78 points to a suboptimal low energy intake.

Day 7: mEE¼2948 kcal/d, RQ: 0.78, 133% of HBE

Day 2: Patient started on TPN at 3000 kcal/d, based on pre-operative IC.
Day 3: Emergency reop. for anastomotic leak fever and sepsis e bowel

perforations were closed and patient back to ICU.
Day 5: Emergency reop for recurrent bowel leak. Back to ICU intubated.
Day 7: Patient extubated, septic, with minor weight loss (104 kg to 100

kg). IC shows similar REE at 2948 kcal/d with RQ¼ 0.78 reflecting
adequate feeding.

Decision: PN maintained at 3000 kcal/day. Patient restarted on
intramuscular testosterone due to pre-op testosterone deficiency
resulting from the short bowel syndrome.

Day 10: Patient begins intensive rehabilitation and physical therapy in
hospital walking 2-3 miles (3,3-4.8 km) per day and begins exercise
band exercises, squats, sit/stands, biking on stationary bike
(Peloton®), and small weights (5 kg or less) strength training.

Decision: Increase PN to 4000 kcal/day due to estimated activity factor
of 1.3-1.4 * (Table 1B) of measurement: this activity adjustment
comes from the original HBE publication in healthy adults and ranges
from 1.2 (sedentary lifestyle) to 1.5 (moderately active), to higher for
very active subjects [7], but has never been validated. Adequacy will
be verified on the next IC studies.

Comment: the appreciation of the activity needs is often difficult. Using
a face mask to measure VO2 during stationary bike exercise can
provide a more precise evaluation.
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4.5. Impact of betablocker in major burns
History Indirect calorimetry

A 23-year-old male, admitted for major thermal burns affecting 57% BSA (51%
BSA surgical) with inhalation injury, in hypothermia (34.9�C), requiring
intubation for 32 days.

Day 5: mEE ¼2570 kcal/d, RQ¼ 0.75, 138% of HBE, Toronto 2417 kcal

Admission: BW 78 kg, height 1.74m Nutrition: initial target ¼ 2200 kcal/day.

D15: mEE ¼ 2721 kcal/d, RQ¼ 0.89,147% of HBE, Toronto 2737 kcal/d

Day 3: ventilator-associated pneumonia
Day 5: stable, intubated (FIO2 45%), 36.0�C, sedated, weight 95 kg (þ17 kg

water). Propranolol was introduced (see below comment).
The patient received 2260kcal /2200 kcal during previous 24 hrs, Insulin 0.5 UI/

h.
Decision after IC: ↑ Prescribed target to 2600kcal/d as RQ¼0.75 is on the low

side, reflecting moderate underfeeding.
Day 15:weight 81.0 kg, Intubated, FIO2 40%, stable but agitated 38.3�C, Received

2630 of the 2600 kcal in previous 24 hrs, Insulin 2.0 UI/h.
Decision after IC: ↑ the target to 2700kcal/d
The HBE equation with 1860 kcal would have resulted in underfeeding. The

Toronto equation [55] (Table 2B), is close to the mEE on days 5 and 15.

Day 21: weight 78.2 kg stable, Intubated (FIO2 34%), Day 21: mEE ¼2139 kcal/d, RQ¼ 0.91, 115% of HBE, Toronto 2858 kcal/d
Prescribed target 2700 kcal/day.
The patient received only 2320/2700 kcal (fasting 2hrs for hydrotherapy) during

previous 24 hrs, zero Insulin. Under propranolol.
Decision after IC: Y the target to 2300kcal/d

Evolution: The patient was discharged after 40 days, still requiring EN (target
2300 kcal) and under propranolol

Comment: On day 21, the Toronto equation overestimated the needs, as EE was
lowered by propranolol. Betablockade is not integrated into the equation and
justifies the continued use of IC. Moreover, the RQ¼0.91 was increasing
indicating that the feeding was on the upper side of the needs (but not
massively as no insulin was required), enabling decreasing the target. The use
of the non-selective betablocker propranolol belongs to good clinical practice
after major burns. It was introduced in the early 2000s, aiming at reducing EE
due to its direct effect on the sympathetic catecholamine burst (b1): the b2
effects are more metabolic with stimulation of hepatic glycogenolysis and
gluconeogenesis, ketogenesis and lipolysis, and pancreatic release of
glucagon: it also has psychological effects by stress reduction [58,59]
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4.6. Burn ICU e thermal major burns without betablockade
History Indirect calorimetry

A 55-year-old male, BW 111 kg, height 1.98m, BMI 28 kg/m2,
admitted to the ICU for major burns affecting 73% BSA (all
surgical), moderate inhalation injury, requiring intubation, 40
days of mechanical ventilation and a tracheotomy.

Day 9: mEE 3383 kcal/d, RQ 0.80, 155% of HBE.
Toronto 3326 kcal

Evolution: was discharged after 119 days, still on enteral feeding (target 2900 kcal,
combined oral and enteral feeding) and on propranolol.
Comments: In absence of betablockade, the Toronto equation which integrates time
after injury and previous 24 hours’ feeding, performs nicely: its use is recommended in
absence of IC because it was developed on regressions from IC studies [47,49].

Day 3: Pneumonia (VAP). A complicated clinical course resulted
from an intestinal haemorrhage required parenteral nutrition for
3 weeks. Betablockers could not be introduced as usual.

Day 9: weight 122.5 kg (+11.5 kg water). unstable febrile, sedated,
intubated (FIO2 40%)

Prescribed target 3000 kcal/day: he was receiving 2960 kcal,
Insulin 14 UI/h.

After hemodynamic stabilization, Propranolol was finally
introduced on day 28.

Decision: ↑ the target to 3200 kcal/d

Energy needs (without betablocker): the Toronto equation, gave
very close values. Especially with high mEE, checking the RQ is
essential: an RQ of 0.8 reflects a balanced feeding (no deficit, no
excess). In the present case, the energy target was therefore
increased despite the high insulin dose, but to a value slightly
below the mEE, considering the fever that increases EE [60].

Note that the stress factors often applied to HBE are not validated [6,7], nor is the 2 times
HBE in major burns.
4.7. ICU to rehabilitation: value of repeated measured EE
History Indirect calorimetry

62-year-old male presented in respiratory distress: with the diagnosis
of pneumonia, he was intubated and oro-gastric tube was placed.

Comments: The weight-based equation of 11-14kcal/kg (ASPEN for obesity [24,56,64])
would have significantly underfed patient throughout the ICU stay; measured kcal/kg
needs ranged from 18-22 kcal/kg; while this falls within the ASPEN 2021 guidelines of
12-25kcal/kg, this range is broad and does not truly individualize nutrition care

History: COPD in a heavy smoker (one PPD for >45 years), chronic heart
failure and kidney disease,

Admission: BW 91.6 kg, Height 1.73 m, BMI 31 kg/m2.
Nutrition history: The patient was nil PO for 3 days with a decreasing

intake before that. Hence patient was considered as at risk of
refeeding and at the edge of malnutrition

Initial nutrition plan: trophic feeds initiated and advanced per ASPEN
[24] ESPEN, and ESICM guidelines [22,61].

Figure shows evolution over 54 days of mEE, intakes of the previous day
and the weight-based recommendations for obese patients.

Day 4 first IC, and repeated q2-5 days until extubation. Tube feeding
quantity was adjusted accordingly. Extubated after 1 month. EN
continued until PO exceeded 60% of needs.

Days 17 and 24: feeding above mEE result in higher but still adequate
RQ (0.91 and 0.86), which there reliably reflects the metabolic level,
and enable adjusting intake. Feeding was subsequently reduced.

While the patient was eating ad libitum, the IC results were used to add
fortified foods and oral nutrition supplements to cover mEE.

Day 54: Canopy IC showed mEE only 63% of low-end estimated needs
(30-35 kcal/kg); increased to 120% of this value; literature notes
rehab needs are 150% of mEE [62]. The low RQ of 0.7 reflects
insufficient intake, could be used to infer a need to increase nutrition
provision in addition to estimated actual PO intake.

The patient required supplemental nasal O2 and ventilation overnight;
Feeding adjusted to 80% of mEE in attempt to encourage PO intake
(Comment: the EN reducing strategy does not work, not even in
children [63]).
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4.8. Evolution of EE in severe pancreatitis
History: A 32-year-old male with a history of hepatic steatosis presents
with severe abdominal pain due to pancreatitis and requires ICU
admission due to shock and multisystem organ failure and severe
metabolic perturbation. Admission: BW88kg, height 1.73m; BMI 29.6
kg/m2.

Rehabilitation: IC: mEE 1856 kcal, RQ 0.82

Blood Glucose >40 mmol/L, insulin resistance requiring over 100 UI/d.

Comment: Lack of weight gain in the presence of adequate energy provision is
characteristic of cachexia, which in this case is multifactorial and includes altered
metabolism, hypogonadism, and ongoing inflammation with intra-abdominal sepsis.

Development into persistent critical illness with repeated surgeries (12
over 3 months) for abdominal compartment syndrome and duodenal
perforation ICU acquired polyneuropathy, renal failure requiring
dialysis and ongoing intestinal failure. ICU stay spanned 6 months
and was characterized by ongoing intra-abdominal sepsis and
cachexia.

ICU: Early (weeks 1-12) ongoing severe catabolism and GI Tract not
functional, acute kidney failure under dialysis:

Initial PN Prescription was 1800 kcal/d
IC: mEE¼2823 kcal, RQ¼0.78: the RQ<0.8 suggests underfeeding and

burning fat stores, which reflects the current prescription below REE.
ICU: Late (weeks13-24)
IC: mEE¼2150kcal/d, RQ¼0.92, which suggests appropriate mixed fuel

substrate. The patient receives PN: 2450 kcal/d,
Cachexia with 25 kg weight loss (63.5 kg) develops by 4 months post

ICU admission despite being fed above mEE target. PN maintained
and dialysis could be stopped.

Surgical recovery on the surgical ward for 2 months
IC: MEE¼1832, RQ¼0.84 / PN: 2450 kcal/d
Rehabilitation Early: still PN dependent receiving 2450 kcal/d (more

than mEE due to activity with RQ 0.82); he eats ice chips. Plan: feed
above mEE given resolution of inflammation and goal of weight gain

Rehabilitation Late: Weight is 67.4 kg,
IC: mEE 1923 kcal, RQ 0.93 indicating high feeding which was desired

for rehabilitation and PN was maintained at 2500kcal/d
Oral intake is 500kcal/d: increased over 3 months with Plan to continue

feeding in excess of mEE.
He rehabilitated over his final month in hospital and was transitioned to

home PN. He was discharged to home after 9 months and weaned
from PN.
4.9. ICU to home PN: adapting to low weight and physical activity
History Indirect calorimetry

A 24-year-old man was treated for functional dyspepsia,
gastroparesis and a psychological component leading to
malnutrition for two years with enteral nutrition.

Initial I.C: mEE 1412 kcal/d, RQ ¼0.73

A continuous weight loss (BMI 15.5, height 1.8m, BW 50.2kg) was
observed, and referred for home PN.

After 6 months: BMI 17.5 kg/m2 FMI 1.3 kg/m2, increase of mEE ¼ 1648kcal/day with
RQ to 0.79
After 2 years: BMI 19.3 kg/m2 FMI 2.3, increase of mEE 1864 kcal/d with RQ ¼0.80.

Laboratory: low albumin (31 g/L) without signs of inflammation.
Nutrition Screening: NRS2002 >3, GLIM þ
Physical exam: cachectic, thenar muscle wasting, frail hair, and

nails. Physical activity: low (2400 steps/day, Activity factor 1.2)

Food diary analysis: unbalanced intake of 1450 kcal/d and 8 g/
d protein.

Nutrition plan: mEE ¼1412 kcal/d (28.1 kcal/d). PN containing
1070 kcal/d is prescribed. The low RQ¼0.73 reflects a lowish
intake.

No signs of refeeding syndrome appeared, and treatment was built
up to 1600kcal/d (nightly manner, 7/7 days).

Monitoring: Good blood glucose control, nomal liver function test
and one catheter related infection was observed in 2 years
treatment.

IC was repeated at 6 months and 2 years showing a parallel increase
of BW and mEE, with a rather low (RQ¼0.73) leading to increase
in energy for an optimal RQ¼0.80.

Comments: Using IC enables a home PN therapy based on biophysical profiling and
facilitates objective follow-up with changes to provisions reflection in IC measurements
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4.10. Outpatient: cancer patient with resistance to nutrition
therapy
History Indirect calorimetry

A 49-year-old woman, 2 months after gastrectomy and combined
chemo/radiotherapy for gastric cancer T4N1M1 was referred due
to the persistence of cachexia. She was dependent on home PN
for BW maintenance due to severe anorexia since the 3rd
postoperative week with BW loss of 22% of the pre-disease BW.

Initial measured energy expenditure (mEE) under canopy: 1377 kcal (118% of HBE predicted EE,
30kcal/kg), RQ¼0.82

Comments: Measuring EE by IC is recommended in cancer patients, but measured in resting
conditions, mEE does not reflect total EE. The mixed fuel RQ allows us to advance energy
delivery beyond mEE to support weight gain through delivering energy in excess of
requirements. In outpatients, the energy target should integrate the additional needs related to
physical activity and/or refeeding: exceeding the mEE under close supervision is then required.
It also shows that IC does not allow for optimizing nutrition support in all cancer patients

Observations: BW 45.3 kg, BMI 17.3 kg/m2, bioelectrical-derived
fat-free mass (FFM) 88.3 % and fat mass (FM) 11.3%. Hb 123 g/L,
Albumin 36 g/L, CRP 0.5 mg/L.

The initial energy target was set 20% above the mEE (1650 kcal ¼ 36
kcal/kg) and home-PN was administered 7 nights /week.

After 4 weeks, BW remained stable (þ0.5 kg), without changes of
FFM and FM, mEE and RQ: mEE increased to 1491 kcal/d and
RQ¼0.84.

Decision: Energy target was increased to 1800
kcal/d.

After further 3 weeks, BW remained unchanged, while mEE
increased to 1678 kcal/d with RQ ¼0.83. Liver tests remained
within normal range, and anorexia and fatigue persisted.

A tentative new energy target was set at 2100 kcal/d (46 kcal/kg)
and home-PN was prescribed accordingly. No weight change was
observed for the next 9 weeks, suggesting resistance to nutrition
despite the very high level of energy administration, as reflected
by unchanged BW and body composition.

After 4 weeks: mEE ¼ 1491 kcal/d, and [ RQ to 0.84
Further 3 weeks later: mEE [1678 kcal/d with stable RQ ¼0.83.
4.11. Impact of gas leaks
History Indirect calorimetry

A 73-year-old man (79 kg, BMI 25.5, NRS 4) admitted after cardiac
arrest

Day 9 -A

Initial energy target: 1600 kcal/d (20 kcal/kg)

Day 9 -B

Day 9 e first IC: Figure A shows a very low RQ¼0,52 caused by gas
leaks resulting in abnormally low VCO2. The IC was repeated a
few minutes later after some adjustments (Figure B), with values
of mEE¼1996 kcal with a still low RQ¼0.67. This RQ was
interpreted as reflecting starvation, as the patient was fed much
below his then prescribed target of 1600 kcal/day.

Decision: the energy target and feeding were increased.
Day 16: stable mEE of 1966 kcal with a RQ¼0.72 while fed 1800

kcal/day. Target was further increased to 2000 kcal/day.
The patient was discharged to neuro-rehab.

Comments: RQ<0.60 is not physiologic (first image) and leaks or
technical issues with the measurement should be explored, as
was done: the unstable increasing value of both gases is a signal.
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Table 3
Categories of patients likely to benefit from energy intake adjustment by IC, and conditions in which IC results are inaccurate, with factors limiting the feasibility
of measures.

Classical indications to IC Feasibility limitations- Inaccuracy

Obesity
Inflammatory bowel disease
High output intestinal fistula
Anorexia nervosa
Long-term medical nutrition therapy, especially PN
Chronic obstructive pulmonary disease
Chronic kidney disease
Chronic fibrotic pancreatitis
Diabetes mellitus (type 2)
Cancer
Liver cirrhosis
Neuromuscular degenerative diseases
Hyperthyroidism
Pheochromocytoma
Persistent critical illness
Difficult/failed weaning from ventilator

Air leakages in respiratory circuit
Mechanical ventilation with PEEP >10 cmH2O
Mechanical ventilation with FiO2 > 80%
Non-invasive ventilation or high flow O2

Ventilation with helium
Supplemental O2 in spontaneous breathing patient
ECMO
Hyperventilation (hypocapnia)
Metabolic acidosis or alkalosis
Agitation
Myorelaxants and heavy sedation
Fever
Vasoactive drug (dopamin, dobutamine) adjustments during measurement
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5. Application field

The above cases showhow IC results have been applied in a broad
range of clinical situations. Ideally such metabolic information
should be available for all patients requiring medical nutrition
therapy, as many types of diseases impact on EE, but this is wishful
thinking [34], as IC devices are not available in numerous in-
stitutions, and numerous situations exists for which IC cannot be
performed. Table 3 shows the classical indications to IC: the patients
most likely to benefit from IC are those with very high or low BW,
those with wasting diseases as they may be hypermetabolic,
abnormal muscle function, endocrine diseases and inflammatory
conditions (IBD, etc). Some technical problems may either impeach
IC or reduce the quality of the measure (2nd column). Note that IC
can be used in continuous renal replacement therapy (CRRT), with
an error <5% on CO2 with bicarbonate-based dialysate [65e67].

6. Conclusion

Several IC devices exist which have a variable precision as
shown by studies comparing different devices [27,28]. The above
text focuses on one single device (Q-NRG®) which has been shown
to be extremely precise [29], and is used by the authors of this text.
Despite some differences existing between devices, the principal
data provided (VO2, VCO2, RQ and EE) are the same across devices,
enabling the analysis of the measurement results: therefore, the
above case analysis extends to other available IC devices. IC is a tool
that provides metabolic information far beyond the only value of
EE. With the RQ, it tells exactly how the patient is handling the
received amount of energy: low values < 0.80 reflect insufficient
feeding and values over 1.0 indicate too much. IC is a metabolic
monitor, not only a guide of energy target and has a wide range of
applications in clinical practice. Training is required as numbers
should not be applied blindly.
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