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Purpose of review

Indirect calorimetry is increasingly recommended to guide energy delivery in the ICU. This review aims to
provide a critical overview of current literature in support of these recommendations.

Recent findings

There is insufficient evidence to ascertain a mortality benefit from indirect calorimetry-guided energy
delivery. However, large variations in energy expenditure during critical illness pose a risk for significant
under- and overfeeding if indirect calorimetry is not routinely used.

Summary

Even in the absence of demonstrable clinical benefits, there is a strong physiological rationale in favor of
performing indirect calorimetry. Measurements can be prioritized in complex patients and should be
repeated during prolonged ICU stay.
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INTRODUCTION

Indirect calorimetry (IC) is recommended in major
critical care societal guidelines largely because of the
poor agreement between estimated and measured
resting energy expenditure (mREE) [1,2

&

]. The tech-
nique has been in use for over 40 years as a method
to assess mREE and substrate oxidation in hospital-
ized patients [3]. However, routine application of
indirect calorimetry remains far from ubiquitous in
the modern ICU, and there is still debate over the
clinical utility of indirect calorimetry [4].

Themain purpose of this review is to address the
question whether indirect calorimetry should be
the standard for determining energy expenditure
in the ICU, or preferentially used in a subset of
complex patients. We also aim to summarize recent
publications on energy metabolism during critical
illness and highlight novel applications of indirect
calorimetry in this setting.
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AVAILABILITY AND BARRIERS TO USE

Despite being recommended for guiding energy
delivery, indirect calorimetry is not available in all
ICUs. In an international audit of nutrition practices
in mechanically ventilated critically ill patients
between 2007 and 2009, 37 of 7872 patients
(0.5%) had energy targets determined using indirect
calorimetry [5]. In a more recent survey of critical
care dietitians in Australia and New Zealand, 13 of
63 respondents (21%) reported having access to
indirect calorimetry in their ICU [6]. Although avail-
ability of indirect calorimetry is likely to have
increased over the past decade, contemporary data
is lacking [4].

Also, the use of indirect calorimetry is not possi-
ble in all patients. For VO2 and VCO2 to accurately
reflect substrate oxidation, it is essential that clini-
cians are aware of the inherent limitations of indirect
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KEY POINTS

� Equations for estimation of energy expenditure have
poor predictive value in all subgroups of ICU patients.

� Meta-analyses indicate a potential short-term mortality
benefit from indirect calorimetry-guided nutrition. Due
to limited sample size and/or lack of improved
outcomes in individual studies, this conclusion should
be regarded with caution.

� In the absence of indirect calorimetry, patients with
very high/low metabolic rate are at risk for significant
under- or overfeeding. There is a strong physiological
rationale to identifying these patients by routinely using
indirect calorimetry.

� In a setting of competing priorities and/or limited
resources, indirect calorimetry should be prioritized in
complex patients where prolonged dependence on
medical nutrition therapy is expected.
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calorimetry [2
&

]. Technical exclusions to measure-
ment during mechanical ventilation include but
are not limited to leaks in the ventilator circuit, high
extrinsic PEEP and/or FiO2 support. Measurements
may also be limited in spontaneously breathing
patients who require noninvasive ventilation or sup-
plemental oxygen, patients with delirium and those
with multidrug resistant organisms [7,8].

Lastly, the use of indirect calorimetry requires
training to ensure accurate use and interpretation of
measurements, funding for consumables/device
maintenance and time to complete measurements
and adapt nutrition therapy accordingly [4,8]. Pri-
oritizing the completion of measurements can be
difficult in light of competing clinician priorities
and in periods of low staff availability or high
patient loads.
ESTIMATED VERSUS MEASURED ENERGY
EXPENDITURE

Indirect calorimetry is recommended as the refer-
ence method to determine mREE in critical care
nutrition practice guidelines [1]. One of the main
arguments in favor of using indirect calorimetry
stems from the imprecision of predictive equations
in estimating mREE. Over the course of ICU admis-
sion, this can result in substantial underfeeding or
overfeeding. Data describing the accuracy and/or
bias of predictive equations continues to be pub-
lished in various ICU populations including surgical
[9,10], trauma [11,12], medical [13] and mixed
[14,15] critically ill patients, reinforcing the poor
predictive value of equations. Unsurprisingly, the
last few years have also seen an increase in the
1363-1950 Copyright © 2022 The Author(s). Published by Wolters Kluwe
number of publications describingmREE in patients
with SARS-CoV-2 infection [16

&

,17,18
&

]. Energy
expenditure data in these articles is conflicting
and agreement with predictive equations is poor.
Further, Rousseau et al. provide one of the first
reports of mREE in 55 patients discharged from
the ICU following an at least 7-day admission, com-
paringmREE to theHarris–Benedict, Penn-State and
30kcal/kg/day weight-based equation [19

&&

]. Indi-
rect calorimetry measurements were completed 4
(3–6) days following ICU discharge, with mREE
equivalent to 23 (19–24) kcal/kg/day. The Harris–
Benedict and 30kcal/kg/day overestimated mREE at
the group level, and all equations displayed wide
95% limits of agreement when compared with
mREE. Data on mREE in the post-ICU period is
scarce, with further studies warranted to guide nutri-
tion therapy following ICU discharge.
DOES ROUTINE USE OF INDIRECT
CALORIMETRY IMPROVE OUTCOMES?

Three systematic reviews and meta-analyses of
randomized controlled clinical trials (RCTs) on indi-
rect calorimetry-guided energy delivery have been
completed within the last year [20

&&

,21
&

,22]. One of
these reviews (Pertzov et al., four studies, n¼1052
participants) compared trials where energy delivery
was greater than 80% of mREE in the intervention
and less than 80% of estimated or mREE in the
control. Of note, in the second-largest trial included
in the analysis, indirect calorimetry was only per-
formed in two-thirds of patients and only on one
occasion [23]. The remaining two reviews [Duan
et al., eight studies, n¼991 participants and Heyland
et al., nine studies, n¼1176 participants) included all
trials where indirect calorimetry was used to guide
energy delivery in the intervention and predictive
equations were used in the control group.

Meta-analyses by Pertzov et al. and Duan et al.
reported a lower 28-day all-cause mortality [risk
ratio (RR) 0.79, 95% confidence interval (CI)
0.63–0.99] and short-term mortality (RR 0.77,
95% CI 0.60–0.98) in favor of the intervention
group, respectively. Conversely, Heyland et al.
found no difference in overall mortality (RR 0.84,
95% CI 0.68–1.04). No other differences were
reported in outcome measures including duration
of mechanical ventilation, nosocomial infection
rate, ICU and hospital length of stay [20

&&

,21
&

,22].
In our opinion, the conclusion that use of indirect
calorimetry can decrease mortality should be inter-
preted with caution, for several reasons:
(1)
r Hea
All trials included are either small or inter-
mediate size.
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None of the individual trials demonstrate a
mortality benefit.
(3)
 Analysis of mortality at different timepoints led
to differing conclusions.
(4)
 In the largest trial with a trend towards benefit
included in the meta-analyses of Pertzov and
Duan, mortality data is inconsistent over time
[24].
(5)
 There is no consistent benefit to other patient-
centered outcomes, which could explain the
mechanismbywhich indirect calorimetry-guided
isocaloric energydeliverywould reducemortality.
(6)
 Themean increase in energy delivery to patients
with indirect calorimetry-guided nutrition was
approximately 20%. As highlighted in a recent
review on underfeeding in critical illness, five
major RCTs on energy targets in the ICU failed
to demonstrate either benefit or harm over a
wide range of energy provision in the acute
phase of critical illness [25]. Although it can
be argued that personalized energy delivery
avoids potential harms from underfeeding or
overfeeding to a greater extent than predictive
equations, it is unlikely that it would confer a
mortality benefit undetected in other RCTs.
THE CLINICAL RELEVANCE OF ENERGY
BALANCE

As the majority of large RCTs fail to demonstrate a
mortality benefit in various areas of ICU research, it
is unlikely that further RCTs on indirect calorime-
try-guided nutrition will provide a clear signal of
benefit in this regard [26]. However, avoiding pro-
longed periods of underfeeding or overfeeding may
have other benefits beyond measurable reductions
in mortality or morbidity. This section will explore
potential clinical implications of measuring energy
expenditure using indirect calorimetry and direc-
tions for future research.

What is the true incidence of hyper/
hypometabolism in the ICU?

A barrier to determining the importance of energy
balance on outcomes is the identification of ICU
patients who will accumulate substantial energy
deficits when predictive equations are used instead
of indirect calorimetry. In particular, this would
concern patients with pronounced hypermetabo-
lism (REE >30kcal/kg/day) and a prolonged ICU
stay. The true incidence and temporal pattern of
hypermetabolism is difficult to discern from the
literature, as 1) the majority of publications describ-
ing the distribution of mREE are small retrospective
studies, 2) data is often presented as means
www.co-clinicalnutrition.com
� standard deviation without standardization to
body weight, obscuring the incidence of outliers,
and 3) indirect calorimetry measurements are usu-
ally completed at one timepoint with the day of
measurement often omitted.

Several recent publications indicate that a mREE
of greater than 30kcal/kg/day is not uncommon. A
retrospective study of 105 mixed medical/surgical
ICU patients reported mREE and oxygen delivery in
the early phase of critical illness [27

&

]. MedianmREE
was 20–25kcal/kg ideal body weight (IBW), but a
substantial number of observations exceeded
30kcal/kg/day (with the 95th percentile approach-
ing 50kcal/kg/day). mREE was more variable in
elderly patients (�65years of age). Of interest, nine
observations of very low mREE values were reported
(�10.5 kcal/kg IBW/day). Although five patients
with profoundly low metabolism died, four cases
with an mREE of 9.5–10.5 kcal/kg/day in conjunc-
tion with low cardiac index survived to day 28 (T.
Ebihara, personal communication, 23 Septem-
ber 2022). A similar pattern of hypermetabolic/
hypometabolic outliers is found in other studies
[28–30]. These examples clearly illustrate a problem
with reserving indirect calorimetry for select occa-
sions. As outliers in mREE cannot be predicted, they
will often go undetected in the absence of routine
measurements, posing a significant risk of under-
feeding or overfeeding.
Temporal changes in energy expenditure
during critical illness

Consideration to temporal changes in mREE during
ICU stay is also essential. This is of greatest relevance
in patients with persistent critical illness, where the
use of a single mREE value to guide energy delivery
mayresult in substantialunderfeedingoroverfeeding
ifmetabolicneedsvaryover time.During theCOVID-
19 pandemic, several observational studies of longi-
tudinal mREE measurements in ICU patients with
SARS-CoV-2 have been performed [16

&

,17,18
&

,31].
Results range from moderate–high to low–normal
metabolic rate in patients with an ICU length of stay
greater than 2weeks. A potential interpretation is
that even in homogenous cohorts with respect to
age, acutediseaseandcomorbidities, it ishardtodraw
any general conclusions about trends in mREE.
Energy balance and body composition in ICU
nutrition trials

Avoiding prolonged periods of underfeeding may
have other benefits beyond measurable reductions
inmortality ormorbidity. A negative energy balance
will inevitably result in some degree of muscle loss
Volume 26 � Number 2 � March 2023
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over time. In healthy overweight subjects, a 20%
calorie restriction over 12–14weeks led to a 3%
reduction in appendicular lean body mass [32]. As
muscle catabolism is accelerated during critical ill-
ness, any additional muscle loss from prolonged
underfeeding may have a detrimental impact on
muscle structure, function and recovery [33].

Only a handful of small studies have investi-
gated the effect of additional energy delivery on
body composition. An observational study by Fetter-
place et al. [34] found an association between cumu-
lative energy deficits and loss of fat free mass
using bioimpedance spectroscopy. In contrast, a
more recent study of 32 ICU patients did not find
any correlation between muscle loss derived
from computer tomography scans and energy
delivery [35]. The nearly completed Intensive Nutri-
tion In Critically Ill Adults (INTENT) trial [36

&

],
randomizing patients to an individualized and
intensive whole hospital intervention, including
dedicated post-ICU dietician follow-up, also
includes a nested substudy of 80 patients with
weekly measurements of bioimpedance spectro-
scopy and muscle ultrasound (NCT04896515).
Although not a trial of indirect calorimetry-guided
feeding, the results will shed further light on the
importance of cumulative energy balance for pre-
vention of muscle wasting.

Future trials of indirect calorimetry-guided
energy delivery should consider the recent consen-
sus statement on core outcomes in trials of nutri-
tional andmetabolic interventions in critical illness:
physical function, nutritional status (encompassing
an evaluation of muscle mass), muscle/nerve func-
tion and body composition were all considered
‘essential’ or ‘recommended’ domains at 30/90days
postrandomization [37

&&

].
RCTs will not provide (all) the answers

Based on our current knowledge, exposing patients
with persistent hypermetabolism to prolonged
underfeeding in the setting of a clinical trial would
be unethical. Further physiological and observatio-
nal studies are, therefore, needed to elucidate the
impact of energy deficits on protein catabolism. A
recent study by Sundström Rehal et al. [38] inves-
tigated the effect of half-dose versus full-dose enteral
nutrition on protein kinetics in ICU patients.
Although whole-body protein balance improved
during full enteral feeding, inference about the
effects on muscle protein is limited by a small sam-
ple size, the single-pool model used, and fixed ratios
of calories and protein administered. Tracer studies
using a two-pool or three-pool model to investigate
lower limb protein balance while onlymanipulating
1363-1950 Copyright © 2022 The Author(s). Published by Wolters Kluwe
energy delivery could be of value to address the
importance of personalized nutrition in hyperme-
tabolic states. The relative importance of endoge-
nous energy substrates in different phases of critical
illness could also be explored using stable isotope
dilution techniques.

A multicenter observational study (NCT051
24860) to clarify trends in mREE and associated
characteristics in persistent critical illness is
currently ongoing.
OTHER POTENTIAL APPLICATIONS OF
INDIRECT CALORIMETRY

Recent publications also highlight potential appli-
cations of indirect calorimetry beyond the assess-
ment of mREE and guidance of energy delivery.
During critical illness, tissue hypoxia may arise from
insufficient oxygen delivery or impaired oxygen
utilization [39]. Indirect calorimetrymay have a role
to evaluate the adequacy of cellular respiration in
shock states.

Hoeyer-Nielsen et al. [40] investigated the asso-
ciation between VO2 and survival in a retrospective
cohort of 48 mechanically ventilated septic patients
with continuous gas exchange monitoring. They
found a lower VO2 : lactate ratio and a decrease in
VCO2 over time in nonsurvivors [40]. These results
are partially in line with a prospective observational
study by Hirayama et al. In 34 septic patients, a
120min indirect calorimetry measurement was per-
formed within 24h of tracheal intubation. VO2 and
VCO2 decreased over time in all nonsurvivors
(n¼8), whereas lactate concentrations increased
[41]. In a large retrospective cohort of cardiac sur-
gery patients, Veraar et al. [42

&

] also found an
association between prolonged postoperative hypo-
metabolism and mortality. These publications indi-
cate that gas exchange measurements may be used
as a prognostic marker in various forms of critical
illness, or as a tool to identify patients with impaired
cellular metabolism. Larger prospective studies are
required to determine the utility of indirect calo-
rimetry in this regard.

Continuous monitoring with indirect calorim-
etry may also be used for assessment of rapid
dynamic changes in oxygen delivery and metabo-
lism. In an intriguing feasibility study of critical care
rehabilitation, van den Oever et al. [43

&&

] performed
indirect calorimetry during active in-bed cycling in
seven mechanically ventilated patients. Using VO2

and VCO2 in conjunction with vital signs, factors
limiting exercise tolerance could be identified in a
majority of patients. The authors also highlight the
potential utility of ergometry in difficult weaning
from invasive ventilation.
r Health, Inc. www.co-clinicalnutrition.com 157



Table 1. Pragmatic approach to using indirect calorimetry in the ICU

A conservative estimate of energy expenditure (20 kcal/kg/day or similar) and routine use of hypocaloric feeding (not exceeding 70% of
energy expenditure) should be used to guide energy delivery in the early acute phase of critical illness. Indirect calorimetry can be
considered in priority patient groups if resources are available, to identify significant hypometabolism and avoid early overfeeding.

Indirect calorimetry should be prioritized in select patient groups to identify significant hypometabolism or hypermetabolism including (but not
limited to):
� Patients likely to remain mechanically ventilated/require medical nutrition therapy for at least 5 to 7 days.
� Patients where body composition (e.g. obesity), old age or clinical conditions (e.g. major burn injury) make estimation of energy

expenditure challenging.

Indirect calorimetry should be repeated every 3-4 days if possible (weekly at a minimum), or following significant changes in clinical state of
patients.

Nutrition and the intensive care unit
Currently, research on dynamic changes in
energy metabolism is limited by the use of indirect
calorimetry as a standalone device. A more wide-
spread integration of gas exchange modules into
ventilators or other patient monitors will hopefully
facilitate work in this field.
A PRAGMATIC APPROACH TO INDIRECT
CALORIMETRY

It is unlikely that future trials will demonstrate a
mortality benefit from routine use of indirect calorim-
etry during critical illness.However, this holds true for
almost anymonitoring tool in the ICU.Despitepoten-
tial barriers to indirect calorimetry in clinical practice,
we believe there is a strong physiological rationale to
measure energy expenditure in critically ill patients
who requiremedicalnutrition therapy for aprolonged
period of time. It is reasonable to avoid significant
underfeeding or overfeeding even in the absence of
evidence for improved outcomes. As mREE during
critical illness ishighlyvariableanddifficult topredict,
indirect calorimetry is a valuable tool to achieve this
goal. Table 1 provides a pragmatic approach to using
indirect calorimetry in the ICU.
CONCLUSION

Indirect calorimetry is recommended for guiding
energy delivery in critically ill patients. Data on
whether indirect calorimetry improves outcomes
remains inconclusive and barriers to use prohibit
application in all patients. In the absence of defin-
itive evidence, repeat indirect calorimetry measure-
ments should be considered in patients likely to
have prolonged ICU admissions and those where
estimation of energy expenditure is challenging, to
minimize underfeeding and overfeeding. Indirect
calorimetry may also have potential applications
beyond the measurement of energy expenditure
and is an area for future research.

To address the question in the title of this
review: we propose that indirect calorimetry should
be a part of routine care, in specific situations.
158 www.co-clinicalnutrition.com
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