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Abstract

Purpose of Review This is a review of recent literature on

the role of indirect calorimetry in surgical nutrition.

Recent Findings All critical care societal guidelines rec-

ommend the use of indirect calorimetry as the standard of

care to determine energy needs. Recent studies confirm

discrepancy between measured and equation-predicted

energy expenditure and further demonstrate improved

outcomes with indirect calorimetry-guided nutrition.

Patients that undergo ECMO, CRRT and those with

COVID-19 would benefit from the use of indirect

calorimetry.

Summary Indirect calorimetry-guided nutrition is the

standard of care in mechanically ventilated surgical

patients.

Introduction

Nutrition remains a critical mainstay of surgical patients.

Overfeeding and underfeeding have clinically significant

consequences including prolonged intubation, hyper-

glycemia, organ failure, other morbidity and increased

mortality [1–3]. Direct measurement of energy expenditure

is the most accurate method to determine energy needs and

indirect calorimetry (IC) enables data-driven and individ-

ualized care specific to the patient’s unique requirements.

The Society of Critical Care Medicine (SCCM), the

American Society for Parenteral and Enteral Nutrition

(ASPEN), and the European Society for Clinical Nutrition

and Metabolism (ESPEN) all recommend indirect

calorimetry to determine energy needs in critical illness,

which frequently includes the surgical patient [4, 5]. It is

well known that energy prediction equations are inaccurate

and this was recently confirmed in the COVID-19 popu-

lation [6]. Previously indirect calorimetry was expensive

and cumbersome to obtain, but with recent advances in

technology, measurements are now easier to obtain, more

portable, and affordable. Furthermore, changes in the

physiologic condition of a patient may require repeat

indirect calorimetry measures for accuracy and to optimize

care. The aim of this review is to describe how indirect

calorimetry is performed, summarize the recent literature,

and define the role of indirect calorimetry in surgical

patients (Table 1).

How Does Indirect Calorimetry Work?

Indirect calorimetry measures carbon dioxide production

and oxygen consumption to derive the energy expenditure

(EE) of a body [7]. Since heat production corresponds to

O2 consumption (VO2) and CO2 production (VCO2), one

can use VO2(L/min) and VCO2(L/min) to calculate EE
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(kcal/day) using the Weir equation [8]. In the sponta-

neously breathing subject, an artificial chamber using a

ventilated hood or face mask is used to collect the inspired

and expired gases. In the mechanically ventilated patient,

the gases are sampled from the circuit connecting the

endotracheal tube to the ventilator. There are two tech-

niques used in mechanically ventilated patients, one uses a

breath-by-breath technology and the other uses a mixing

chamber. The breath-by-breath machines generate rapid

readings (e.g., 3–5 min) and do not require the mixing

chamber. Potential benefits of this method include a

smaller size and the ability to rapidly detect a change in

requirements such as in exercise physiology experiments.

The mixing chamber technology requires more space (e.g.,

3–5 L) and takes longer to provide results but provides

more stable measurements since the mixing chamber

physically ‘‘averages’’ the gases prior to analysis, thereby

generating more accurate analysis [9]. Older generation

calorimetry machines were physically large, required

complex and frequent calibration, required a long warm up

duration, and were challenging to maintain [10]. In the

early 2010s, several academic organizations, including

ESPEN and the European Society for Intensive Care

Medicine, initiated the development and validation of a

new generation of metabolic cart technology with

improved accuracy and ease of use compared to prior

generations. These calorimeters are applicable to a variety

of intensive care unit (ICU) patients beyond the adult

critically ill population where indirect calorimetry is

recommended.

Gold Standard in ICU Care

Limitations of Predictive Equations

A recent systematic review and meta-analysis showed that

indirect calorimetry-guided energy delivery significantly

reduced short-term mortality in critically ill patients [11••].

This is thought to be secondary to improved accuracy of

assessing nutritional requirements of ICU patients. It is

well established that predictive equations for energy

consumption are inaccurate [12–15]. These equations to

predict resting energy expenditure (REE) were developed

in primarily healthy individuals and have been found to be

particularly inaccurate in critical illness and organ failure

[16, 17]. Some of the equations commonly used in the

critically ill patients include Harris–Benedict, Mifflin,

Ireton-Jones and Penn State. Predicted REE by the Harris–

Benedict equation was well below measured REE during

the acute phase in a study of mechanically ventilated septic

shock patients [13•]. Similarly, in a study of intracerebral

hemorrhage and subarachnoid hemorrhage patients, the

predictive equations were inadequate [14]. The largest

study to compare measured REE to predictive formulas

(Faisy, Fusco, Joliet, Harris–Benedict, Ireton-Jones, Mif-

flin-St Jeor, Penn State) evaluated 1565 patients with IC

measurements and found that predictive equations have

low correlation and agreement with IC [18]. In one sys-

tematic review, the authors reported that of 160 variations

of 13 predictive equations reviewed, 50% either over- or

under-estimated the REE by more than 10% at the group

level and large discrepancies existed between the predic-

tive equation estimates and IC estimates at both the indi-

vidual and group level [19].

One multicenter randomized trial reported reduced

nosocomial infections when using IC-guided supplemental

parenteral nutrition [20]. Berger et al. demonstrated

decreased systemic inflammation, increased immunity

(decreased serum IL-6, IL-1b, IL-10, and TNF-a by

peripheral blood mononuclear cells consistent with

decrease infection) and a trend toward decreased muscle

mass loss with IC-guided nutrition [21]. In a systematic

review and meta-analysis including eight randomized

control trials, the authors reported reduced short-term

mortality in the IC-guided group and that IC-guidance did

not prolong duration of mechanical ventilation, length of

stay in the ICU, or hospital length of stay compared to a

predictive equations strategy [11••]. This was in contrast to

an earlier meta-analysis including only four studies by

Tatuca-Babet that showed no between-groups difference in

mortality or length of stay, but increased mechanical ven-

tilation days [22]. Likely, the addition of four trials had

increased power to detect the effect. The 2016 SCCM/

Table 1 Society recommendations regarding energy requirement determination in critically ill patients

Author Society Year Recommendation

Taylor

et al

ASPEN/

SCCM

2016 We suggest that indirect calorimetry (IC) be used to determine energy requirements, when available and in the

absence of variables that affect the accuracy of measurement

McClave

et al

ESPEN 2019 In critically ill mechanically ventilated patients, EE should be determined by using indirect calorimetry
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ASPEN and 2018 ESPEN guideline recommends use of IC

to determine energy requirements in critically ill,

mechanically ventilated patients [5, 23].

Trauma Surgery

Similar to other patient populations, predictive equations

are limited in estimating REE of mechanically ventilated

surgical-trauma critically ill patients [24]. One study of

critically injured trauma patients concluded that continuous

IC resulted in better individualized treatment to account for

dynamic metabolic changes over time [25] compared to

Harris–Benedict which had previously been identified as

the most accurate of the predictive equations [24] in trauma

patients. In a Canadian study examining the traumatic brain

injured (TBI) population, the Penn State equation was

particularly inadequate in predicting severe TBI patients,

and the authors concluded that TBI, particularly those with

severe TBI should be routinely evaluated using IC [26].

One study examined the post-traumatic metabolic response

in the trauma intensive care unit and identified four nutri-

tion phenotypes using group-based trajectory modeling

(GBTM), with two hyperconsumptive phenotypes at

increased risk of malnutrition at discharge [27]. These were

only identified using IC.

Liver Transplant Surgery

Patients with end-stage liver disease frequently present

with malnutrition. A Korean study reported inaccuracy of

predictive equations in liver transplant patients and rec-

ommended using IC to avoid over- and underfeeding [28].

Measured REE was significantly associated with age, sex,

Model for End-Stage Liver Disease score before liver

transplant, surgery time, and graft cold ischemia time on a

multiple regression analysis in a cohort of liver transplant

patients on postoperative day six [29]. Given these asso-

ciations along with directly observed inaccuracy using the

Harris–Benedict formula, the authors concluded that fixed

factors should not be used to determine energy expenditure

and that IC should be used for liver transplant patients. One

plausible explanation is that hypermetabolism results from

increased REE which then decreases after liver transplan-

tation. There is no consensus regarding the metabolic state

pre-liver transplant and post-liver transplant and therefore

IC is a helpful and essential tool in high-quality nutrition

management [30].

Extracorporeal Life Support (ECLS)

ECLS including venovenous (VV) and venoarterial extra-

corporeal membrane (ECMO) and ventricular assist devi-

ces (VAD) provide mechanical pulmonary and

cardiovascular support in patients with pulmonary and/or

cardiac failure. However, a significant proportion of CO2 is

removed across the extracorporeal membrane and thus

cannot be identified by the calorimeter as exhaled gas [31].

In a pilot study by Wollersheim et al., conventional IC

measurement of the native lung was performed and com-

bined with pre-membrane and post-membrane oxygenator

blood gas analysis to calculate total O2 uptake and CO2

elimination to then use the Weir formula to determine total

EE, called the Measuring Energy Expenditure in ECLS

Patients (MEEP) protocol. They showed 20 patients

requiring VV-ECMO for ARDS did not differ significantly

in energy expenditure compared to those with ARDS not

requiring VV-ECMO and that none of the estimating

equations matched the measured energy expenditure [32].

These early results are encouraging but more studies are

required before IC can be routinely recommended in the

setting of ECLS (Fig. 1).

Continuous Renal Replacement Therapy (CRRT)

In the Metabolic consequences of continuous venovenous

hemofiltration on indirect calorimetry (MECCIAS) trial,

the authors found that no correction factor of REE was

necessary during CRRT [33••]. Carbon dioxide production

measured with IC was adapted by adding the CO2 flow of

the effluent and deducing CO2 in post-dilution fluid and

true REE was calculated using the Weir equation. Since

CO2 from the bicarbonate containing dialysate can pass

through the filter in various forms, an unknown quantity

may be removed in the effluent. There is also the theoret-

ical heat loss during CRRT that would increase metabolism

and REE. Finally, dialysate compositions may contribute to

caloric uptake [34]. However, despite these considerations,

the study found that CRRT led to a minimal change

(* 3%) of measured EE. After careful consideration of

theoretical contributing carbon dioxide alterations due to

CVVH, the authors found that these are of no clinical

importance. Therefore, no correction factor of REE during

CVVH is needed and IC should be used during CVVH

since CVVH alters metabolism. Of relevance, IC is

preferably performed 24 h after the end of a hemodialysis

session, as it may take up to 24 h after for the body to

restore balance to the pre-dialysis state.

Fig. 1 Weir formula relates metabolic rate to oxygen consumption

and carbon dioxide production

188 Curr Surg Rep (2022) 10:186–191

123



Utilization During COVID-19

During the COVID-19 pandemic, the need for longitudinal

IC measurements was apparent to guide nutrition care in a

novel disease phenotype. The LEEP-COVID study team

demonstrated that this could be performed routinely and

safely [35••]. Furthermore, they showed that mREE was

between 15 and 20 kcal/kg (for actual body weight in

BMI\ 30 and adjusted body weight in obese patients) in

this population for the first week. Hypermetabolism per-

sisted into the second and third week, contrary to some

other ICU populations [36]. Unsurprisingly, predictive

equations were found to be inaccurate in the COVID-19

population and frequently overpredicted mREE following

the first post-intubation ICU week in the COVID-19 cohort

compared to other ICU populations. Similar to other pop-

ulations, neuromuscular blockade does not appear to affect

mREE. The COVID-19 infected mechanically ventilated

patients has proven to exhibit a metabolic trajectory poorly

predicted by standard predictive equations and therefore IC

remains crucial in guiding nutrition in these critically ill

patients.

Current Issues and Limitations Using IC
in Surgical Patients

While IC is well validated in critically ill patients, it is

worth mentioning some of the technical limitations and

threats to validity unique to the surgical patient population.

IC requires a completely closed respiratory circuit, and

therefore patients with an air leak on chest tube pleuro-

vacuum device cannot be studied using IC [37]. Unfortu-

nately, mechanically ventilated patients with ARDS and

non-compliant lungs may be more prone to this limitation

[38]. Furthermore, involuntary movements secondary to

seizures or profound agitation may result in inaccurate EE.

In a 2013 study, 61% of patients were ineligible for IC

secondary to renal replacement therapy (a contra-indication

at the time), high PEEP or oxygen requirements, chest

tube/drainage system, non-invasive ventilation, hypother-

mia, agitation, and high-frequency ventilation [10]. Other

clinical considerations that could lead to inaccurate results

include the use of anesthetic gases in the postoperative

period along with sedatives and analgesia administered.

Plausible causes of lack of steady state would include

increasing or decreasing FiO2 applied along with variable

energy delivery via enteral or parenteral nutrition. These

are some of the reasons that multiple measurements may be

necessary throughout the day to account for these changes

in energy expenditure. As mentioned previously, renal

replacement therapy may affect the oxygen dynamics and

accuracy of IC. In the outpatient setting, measurements

must be conducted with strict restrictions including no

recent exercise (at least 4 h), no recent meal (5 h of fast-

ing), no recent caffeine or stimulatory nutrition supple-

ments such as ephedra-containing (at least 4 h), no recent

nicotine (at least 1 h) and it should be performed in a quiet

environment after 10–15 min of rest prior to each mea-

surement [39].

Conclusion

Indirect calorimetry is universally recommended for use in

critically ill patients in the ICU by all professional society

nutritional and critical care guidelines and remains the gold

standard to measure energy expenditure. Predictive equa-

tions have repeatedly shown to be inaccurate and can lead

to over- and underfeeding with clinically significant con-

sequences. Repeated measures of indirect calorimetry are

necessary to account for physiologic changes of the criti-

cally ill surgical patient.
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