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Abstract: Malnutrition is associated with significant morbidity and mortality in cirrhosis. An accurate
nutrition prescription is an essential component of care, often estimated using time-efficient predictive
equations. Our aim was to compare resting energy expenditure (REE) estimated using predictive
equations (predicted REE, pREE) versus REE measured using gold-standard, indirect calorimetry
(IC) (measured REE, mREE). We included full-text English language studies in adults with cirrhosis
comparing pREE versus mREE. The mean differences across studies were pooled with RevMan 5.3
software. A total of 17 studies (1883 patients) were analyzed. The pooled cohort was comprised of 65%
men with a mean age of 53 & 7 years. Only 45% of predictive equations estimated energy requirements
to within 90-110% of mREE using IC. Eighty-three percent of predictive equations underestimated
and 28% overestimated energy needs by +10%. When pooled, the mean difference between the
mREE and pREE was lowest for the Harris—Benedict equation, with an underestimation of 54
(95% CI: 30~137) kcal /d. The pooled analysis was associated with significant heterogeneity (I? = 94%).
In conclusion, predictive equations calculating REE have limited accuracy in patients with cirrhosis,
most commonly underestimating energy requirements and are associated with wide variations in
individual comparative data.

Keywords: indirect calorimetry; predictive equations; resting energy expenditure; cirrhosis

1. Introduction

Malnutrition is present in up to 80% of patients with decompensated disease [1,2], related to
altered energy metabolism [1], malabsorption and reduced oral intake due to anorexia, dysguesia,
early satiety and imposed dietary restrictions [2,3]. A robust predictor of pre- and post-liver transplant
mortality and morbidity, malnutrition is associated with hepatic decompensation, reduced quality of
life and higher rates of infection [4-8].

An optimal supply of macro and micronutrients is the mainstay of nutrition therapy in
cirrhosis. Underfeeding and overfeeding are both associated with potential adverse consequences
including reduced cardio-respiratory muscle strength, immunosuppression, increased risk of infections
(underfeeding) and hyperglycemia, immunosuppression and liver fat infiltration (overfeeding) [9].
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To minimize these adverse consequences, practitioners need to be able to accurately determine
energy requirements.

In healthy individuals, the resting energy expenditure (REE) accounts for the majority of the
total energy expenditure [10,11]. Clinically, REE can either be estimated using predictive equations or
measured with more precision using direct or indirect calorimetry (IC) [12,13]. To translate the REE into
an energy prescription, the mREE and pREE are adjusted by activity and/or stress factors that vary
depending upon the clinical status of the patient.

Although indirect calorimetry carried out using a metabolic cart is the gold standard REE
tool [14], practical challenges limit the utility of IC measured resting energy expenditure (mREE)
in day-to-day practice [14,15]. These challenges include a lack of routine availability, high cost and the
time required to carry it out (at least 30 min) [16].

Predictive equations (predicted REE, pREE) such as the Harris—Benedict (HB) and Mifflin
equations [17] have been utilized as surrogates for estimating energy expenditure. Although commonly
used, there have been concerns raised about the accuracy of these equations in clinical
populations [16,18], with estimated energy requirements +40% the physiological energy needs
measured using calorimetry [11,19-21] and little consensus on which predictive equation is most
applicable for use. Notably, the majority of predictive equations have been developed in healthy
subjects, are based on regression analysis of basic demographic data such as weight, height, age, and
gender [22-25] and are unable to account for the changes in metabolic rate associated with acute
conditions and modifications in energy expenditure that occur with changes in body composition [26].

Recognizing the prevalence and adverse impact of malnutrition and the risks of under and
overfeeding, accurate nutrition prescriptions are an essential component of cirrhosis patient care.
Using a systematic review of the published literature in patients with liver cirrhosis, the aim of this
study was to compare the degree of discrepancy between caloric requirements estimated using
predictive equations (predicted REE, pREE) versus indirect or direct calorimetry measurements
(measured REE, mREE).

2. Materials and Methods

2.1. Search Strategy

In conjunction with an academic health librarian, we developed a comprehensive search strategy

Y77i

consisting of Medical Subject Heading (MeSH) keywords: “Calorimetry”, “indirect calorimetry”,

oo oo /7

“direct calorimetry”, “resting energy expenditure”, “resting metabolic rate”, “hypermetabolism”,
“Liver cirrhosis”, “end-stage liver disease”, “chronic liver disease”, “Harris-Benedict”, “Mifflin”,
“Schofield”, “predictive equation”, as well as combinations of the above terms. The search strategy is
found in Table S1. The following databases were searched: Scopus (www.scopus.com) (1966-2017),
US National Library of Medicine (PubMed.gov) (restricted to last 180 days to obtain the “in process’
citations missed by MEDLINE), MEDLINE (1966-2017) and EMBASE (1988-2017). In some cases,
the reference list of the retrieved articles was used to find other relevant studies. The references of
reviews were used to pearl additional articles. The original search was carried out in November 2016

and updated in November 2017.

2.2. Trial Selection

Screening of titles and abstracts was performed by two independent reviewers (TE and PT).
Full-length versions of selected articles were then retrieved and assessed for inclusion using predefined
eligibility criteria:

Inclusion criteria: Full-text observational or controlled research studies in adult patients
(aged >18 years) with cirrhosis defined on the basis of consistent histopathologic, or laboratory,
clinical, and ultrasound features, of any sex or nationality, published in the English language.


www.scopus.com
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Exclusion criteria: Studies were excluded if they were written in a language other than English,
were not published as full reports (editorials, opinion papers, review articles, letters to editors and
conference abstracts), had >20% of patients with hepatocellular carcinoma (HCC), did not have
extractable numerical data reporting mREE/pREE ratios or percentages, or calculated total energy
expenditure (TEE) instead of REE.

2.3. Data Extraction

The following data were collected: The patient’s hospitalization status (inpatient vs. outpatient),
sex, age, weight, height, etiology of liver disease, ascites, presence of HCC, Child-Pugh (CP) grade
and score, model for end-stage liver disease (MELD) score, mREE, pREE and the name of the equation
or method used to predict REE. Subgroup analyses were planned to analyze the differences in
energy expenditure based on sex, type of predictive equation, hospitalization status (inpatient versus
outpatient) and study origin, quality rating (low/moderate vs. high risk of bias) and whether dry
weight was mentioned as being accounted for (dry vs. no dry weight).

2.4. Outcome Measures

The primary outcome of interest was the discrepancy between the measured (gold standard)
versus the calculated energy requirements using predictive equations. The formulas for the predictive
equations used in each study are presented in Table S3.

2.5. Statistical Analysis

To estimate pooled effects, mean differences were combined using DerSimonian-Laird
random-effects meta-analysis. A negative effect size (pREE < mREE) indicates underestimation,
and a positive effect size (pREE > mREE) indicates overestimation. Heterogeneity was tested via
the Cochran’s Q test and measured inconsistency by I2. The source of heterogeneity was studied
by subgroup analyses based on sex, body mass index (BMI), etiology of liver disease, clinically
detectable ascites, CP score, as well as MELD score. p-values less than 0.05 were considered statistically
significant. Statistical analyses were done using SPSS 16.0 (SPSS Inc., Chicago, IL, USA), and the
mean differences across studies were pooled with Review Manager 5.3 (The Cochrane Collaboration,
Copenhagen, Denmark).

2.6. Study Quality and Publication Bias Assessment

Study quality was assessed using the PRISMA statement [27]. Quality assessment and grading
was assigned to each article, as described below:

“Low risk”: Low risk of bias, indicated that the majority of the research design domains,
see Supplementary information Table S2, were appropriately controlled.

“Moderate risk”: Insufficient data, indicated that the research design, implementation and
analysis was not strong, was not adherent to indirect calorimetry protocols or had errors that would
risk measurement accuracy.

“High risk”: High risk of bias, indicated that the majority of research design, implementation
and analysis did not meet required criteria, and that the research question was too limited to fully
address the issue.

3. Results

The literature search identified 187 articles. After applying our predefined initial exclusion criteria
and removing duplicates according to search strategies, 55 articles were selected for full-text review.
Of these, 38 full-text articles were excluded, leaving 17 for analysis, see Figure 1 for Study flow.
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Figure 1. Flow of studies through the selection process.

3.1. Characteristics of Included Studies

A total of 1883 cirrhotic patients were analyzed across the 17 studies (two separately reporting
data in men and women). The cohort’s weighted mean (standard deviation, SD) age was 53 £ 7 years,
65% were men. MELD scores were only reported in six studies with a mean value of 15 (+4). Hepatitis C
was the main etiology of liver cirrhosis in 42% of patients, followed by alcohol origin in 33%. CP grade
and/or score were reported in 13 studies with 43% CP-A, 39% CP-B and 18% CP-C, respectively.
The weighted mean (SD) BMI was 22 (£3) kg/m? across studies. Thirteen studies took into account
dry-weight. Seven of these studies either excluded patients with ascites or estimated dry-weight
using a variety of techniques. One study [28] used the post-paracentesis weight. Two studies [21,29]
mentioned that the dry weight was calculated by deducting an estimated weight for ascites and/or
limb edema. Three studies [30-32] excluded patients with clinically detectable ascites or peripheral
edema of moderate to severe grade. One study [33] used the DC-320 body composition meter to
estimate a patient’s dry weight. Demographic characteristics and study designs of included studies
are presented in Table 1.
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Table 1. Demographic Characteristics of the included studies.

50f18

Etiology of Liver Cirrhosis [%]

Severity of Liver Disease

Author, Year; Cirrhotic Patient Clinical BMI [ke/m?] CP Grade I
Country Population, Age t Setting kg/m Alcohol Viral NAFLD/Cryptogenic QOther & rade [%) CP Score MELD Score
A B
Prieto-Frias et al., n = 48 cirrhosis (all male); . 10.4 (HBV)
2016; Spain [30] age 54+ 9yr Inpatient 289 +4.3 62.5 20,9 (HCV) 6.2 313 458 229 - 15+5
. . Inpatients
Knudsen et al., n =19 cirrhosis (M 16; F 3); R 5.3 (HCV)
2016; Denmark [28] mean age 63 & 8.2 yr W::‘C;ferfe 26+ 44 684 1 (HCV + alcohol) 53 0 o 42 8 - 13437
Ferreira et al., 2014;  n = 81 cirrhosis (M 59; F 22); . 9 (HBV)
Brazil [29] mean age 52 = 8 yr Outpatient - 38 27 (HCV) 14.8 11.2 25 52 23 - 16 +£3
_ . . . 28.3(HBV),
Teramoto et al., n = 488 cirrhosis (M 361; Inpatient 2401 55 8.8 (HCV), 145 0 0 6 R R
2014; Japan [33] F 127); age 60 & 0.5 yr 2.9 (HCV + HBV)
Schutz et al., 2012; n = 39 cirrhosis (M 27; F 12); .
Germany [34] mean age 59.2 = 115 yr Inpatient 239+ 3.8 41 7.7 179 334 0 64 36 - -
Glass et al., 2012; n = 25 cirrhosis (M 17; F 8); .
United States [35] age 56.6 & 8 yr Inpatient 29.6 +7.7 16 36 16 32 - - - 9+15 174 +44
Meng et al., 2011; n =100 cirrhosis (M 75; F 25); . _ ~ _
China [36] age 48.39 + 5.6 yr Inpatient 23.8 + 3.68 0 100 (HBV) 0 0 10.56 + 1.05 15.64 +3.7
Shiraki et al., 2010; n = 24 cirrhosis (M 16; F 8); unclear 213424 0 100 (HCV) 0 0 375 375 25 - -
Japan [31] age 65 £ 6 yr : ) i :
Peng et al., 2007; n = 268 cirrhosis (M 179;
New Zealand [37]  F89); age 50.1 = 9.8 yr unclear 269403 16 % 28 wo0% %0 - -
Kalaitzakis et al., n = 31 cirrhosis (M 18; F 13); .
2007; Sweden [35] mean age 57 = 89 yr Outpatient 26.3+3.7 42 16 19 23 36 48 16 8+22 11+ 3.7
Plauth et al., 2004; n =21 cirrhosis (M 13; F 8); . ~ _ ~ ~ ~
Germany [39] mean age 60 + 8 yr Inpatient 223 +425 90.5 0 0 9.5
Tajika et al., 2002;  n =109 cirrhosis (M 56; F 53); . 11 (HBV)
Japan [40] age 612 £ 9 yr Inpatient 23+33 0 88 (HCV) 0 1 24 57 19
Scolapio et al., 2000; n =15 cirrhosis (M 7; F 8); .
United States [41] mean age 52 = 85 yr Outpatient 27.7+73 7 33 (HCV) 20 40 40 47 13 - -
Madden et al., 1999; n =100 cirrhosis (M 56; F 44); In- and
UK [21] mean age 48.5 + 7.5 yr outpatients B4=408 72 14 2 12 32 » % } )
Muller et al., 1999; n = 473 cirrhosis (M 253; .
Germany [42] F 220); age 442 + 12.6 yr Inpatient - 0 40 0.6 59.4 339 521 14 - -
Waluga et al., 1996; n =15 cirrhosis (M 10; F 5); .
Poland [32] age37.7 £ 9.9 yr Inpatient 247 +£4.2 0 87 13 0 - - - - -
Vermeij et al., 1991; n =10 cirrhosis (M 5; F 5); Inpatient R 40 40 0 20 40 10 50 R R

Poland [43]

age48 £ 14 yr

* Values are presented in Mean =+ SD.  Other etiologies includes autoimmune disease, cryptogenic, hemochromatosis, primary biliary cirrhosis, Wilson’s disease, Budd—Chiari
syndrome, Crigler Najjar syndrome, etc. Abbreviations: BMI body mass index; CP Child-Pugh; HBV hepatitis B virus; HCV hepatitis C virus; MELD model for end-stage liver
disease; NAFLD non-alcoholic fatty liver disease.
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3.2. Study Quality

The overall quality rating showed that the majority of studies were categorized as having a low
risk of bias, with twelve studies having a low risk of bias, three studies assigned a moderate rating,
and two studies having a high risk of bias. The overall quality of the included studies is reported in
Table 2.

Table 2. Individual study risk of bias in accordance with PRISMA Statement.

Risk of Bias
Study Statistical Overall
Selection Performance Attrition Detection Analysis and Study Risk
Reporting of Bias

Prieto-Frias et al. [30] high moderate low low low Moderate
Knudsen et al. [28] low low low moderate low Low
Ferreira et al. [29] moderate low low low moderate Low
Teramoto et al. [33] moderate low low low low Low
Schutz et al. [34] moderate high low moderate low High
Glass et al. [35] low high moderate moderate low High
Meng et al. [36] low moderate low moderate low Low
Shiraki et al. [31] low low low moderate moderate Low
Peng et al. [37] low moderate low moderate low Low

Kalaitzakis et al. [38] low moderate low moderate moderate Moderate
Plauth et al. [39] moderate moderate low low low Low

Tajika et al. [40] low high moderate moderate low Moderate
Scolapio et al. [41] low low low moderate moderate Low
Madden et al. [21] low low low low low Low
Muller et al. [42] low low low low low Low
Waluga et al. [32] moderate low low low moderate Low
Vermeij et al. [43] low low low low low Low

3.3. Energy Expenditure Assessment

e  Measured REE (IC assessment): All 17 studies used IC by metabolic cart for measuring a patient’s
energy needs. The most common IC instruments applied in these studies were respiratory gas
analyzer, metabolic cart, open-circuit calorimeter and Vmax. Eight studies used the Deltatrac
Metabolic Monitor and four studies the MedGraphics IC. As per accepted guidelines there are
several steps required for carrying out IC, the majority of studies (61%) missing more than one
step in the process.

e  Predicted REE: Overall, IC was compared with 10 different predictive equations: HB (n = 14
studies) [21,28-33,35,36,40-44], Mifflin-St Jeor (n = 2 studies) [21,35], regression equation based on
fat-free mass (FFM-based equation) (n = 2 studies) [34,37-39], Schofield equation [21], Owen
equation (FFM-based equation) [21], Cunningham equation (FFM-based equation) [21], Muller
equation (FFM-based equation) [21], body surface area (BSA)-based equation [32], and an equation
based on Japanese Dietary Reference Intakes (DRI) [33].

e  Discrepancy between mREE and pREE: The mean value of mREE and pREE and the percentage
difference identified in each study are presented in Table 3.
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Table 3. Description of the studies included in the meta-analyses.

7 0f 18

Intervention Outcomes
Number of :
Study Study Design Subjects . I Equation + % Difference
(Cirrhosis) Cﬁzil&ei:zye;::l?n?r::sa (Weight 1) Used (12 glifa ) pREE * (kcal/day) (-) Underestimate
8 1 to Predict REE y (+) Overestimate
. . Prospective
Prieto-Frias et al. [30] controlled study; 48 (M) Yes HB (dry wt.) 1987 + 229 1676 + 209 —15.65
Knudsenetal. [28]  Prospective study; 19 (M 16; F 3) tenl\f;e(rf;zl:e‘ioﬁr"(ilfjtr‘;‘g&) HB (dry wt.) 1553.1 + 369.1 1734.7 4 237.9 11.69
Ferreira et al. § [29] Randomized 81 (M 59; F22) Yes HB (dry wt.) 1587.5 + 426.6 15119 +239.9 ~4.76
controlled trial;
. HB, equation 1279 + 247.39 (HB)
Teramoto et al. [33] Cr"s:t'szdfoml 488 (M36LF127) (oo re_ﬁ)‘; rolled room)  2sed on DRI for 1256 + 24739 1254 + 247.39 o1 61(j23 ;I:eil DRD)
uay; peratu Japanese (dry wt.) (Japanese DRI) ’ P
Cross-sectional No (length of measurement, BCM
Schutz et al. [34] study: 39 (M 27;F12) calibration, based-regression 1566 =+ 264.5 1234 4+ 179.5 —-21.2
v temperature-controlled room) equation (-)
- Prospective . No (prior resting, fasting, o 1711.6 4+ 293.9 (HB) 10.16 (HB)
Glass etal. [35] controlled study; 25 (M17;F8) temperature-controlled room HB, Mifflin (-) 15537 +270.6 1644.5 £+ 253.6 (Mifflin) 5.84 (Mifflin)
Meng et al. [36] Retrospective 100M75;F25 o (length of measurement, HB (-) 1274.27 + 316.36 1493.80 + 246.80 17.23
cohort; steady state)
Prospective No (fasting, length of
Shiraki et al. [31] controlﬁzd studv: 24 (M 16; F 8) measurement, HB (dry wt.) 1188 + 234.5 1170 £ 170.75 —1.51
i temperature-controlled room)
No (fasting, steady state, Regression
Cross-sectional . calibration, length of . M: 1662 + 23 M: 1578 + 10 M: —5.05
Peng etal. [37] study; 268 (M179; F 89) measurement, equation based on B’y 4q ) 1 o7 F: 1372 + 15 F: —2.97
FFM (dry wt.)
temperature-controlled room)
No (calibration, steady state, .
Cross-sectional prior resting, length of Regression
Kalaitzakis et al. [38] study: 31 (M 18; F13) measure,ment equation based on 1500 + 288.89 1509 + 205.18 0.6
v ’ FFM (dry wt.)
temperature-controlled room)
oy albraion, s twed
Plauth et al. [39] Prospective study; 21 (M 13;F8) y ‘P & regression 1449 + 168.5 1279 + 155 —11.73

length of measurement,
temperature-controlled room)

equations (-)
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Table 3. Cont.
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Intervention Outcomes
Number of .
Study Study Design Subjects . I Equation + % Difference
(Cirrhosis) Cﬁzil&eitszllrdg;::l?nfr:::;a (Weight 1) Used (12 ?1]/3:3 ) pREE * (kcal/day) (-) Underestimate
8 1 to Predict REE y (+) Overestimate
. No (fasting, calibration,
Prospective, steady state, prior restin,
Tajika et al. [40] consecutive-entry 109 (M 56; F 53) Y state, p & HB (1) 1300 + 245 1265 + 185 269
study; length of measurement,
’ temperature-controlled room)
Scolapio et al. [41] Cross-sectional 15(M7; F§) No (prior resting, length of HB () 1637 + 326.75 1572 + 150 ~3.97
study; measurement)
) 1532 + 252 (HB) —7.71 (HB)
HBﬁ;}}f‘E:eld' 1575 + 254 (Schofield) —5.12 (Schofield)
Madden et al. [21] Cross-sectional 100 (M 56; F 44) No (fasting) Cunningham, 1660 + 337 1460 + 254 (Mifflin) —12.05 (Mifflin)
study; 1713 & 252 (Cunningham) 3.19 (Cunningham)
Owen, Muller
uations (dry wt.) 1521 + 281 (Owen) —8.37 (Owen)
equations fary wt. 1783 & 204 (Muller) 7.4 (Muller)
M: 1847.51 +
Cross-sectional No 325.05 M: 1649.14 £+ 212.72 M: —10.74
Mulleretal. [42] study; 473 (M 253; F 220) (temperature-controlled room) HB () F:1541.59 & F:1319.31 £ 119.5 F: —14.42
229.45
. HB, BSA-based
Cross-sectional . ’ . 1571 £ 291 (HB) B
Waluga et al. [32] study; 15 (M 10; F 5) Yes regression 1693 + 400 1587 + 292 (BIA) 7.21
equation (dry wt.)
.. Prospective . No . B
Vermeij et al. [43] controlled study; 10(M5;E5) (temperature-controlled room) HB(-) 1530 + 235 1419 + 303 7.25

t Values are presented in Mean =+ SD. 1 % Difference = (pREE-mREE/mREE)*100. T Weight used in predictive equations: (1) dry weight (directly mentioned that the dry weight
was measured or patients with ascites were excluded from the study, so the scale weight is equal to the estimated dry weight), (2) (-) not mentioned which weight (dry or no
dry wt.) used for calculating pREE in patients with ascites. $ Only the baseline data was used for this meta-analysis. Abbreviations: BCM body cell mass; BSA body surface
area; dry wt. dry weight; DRI Dietary Reference Intakes; F Female; FFM fat-free mass; HB Harris—Benedict; IC Indirect Calorimetry; M Male; mREE measured resting energy

expenditure using indirect calorimetry; REE Resting Energy Expenditure; pREE predicted resting energy expenditure using predictive equations.
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When grouping data across studies, 83% of the reviewed predictive equations underestimated the
energy requirements of patients with cirrhosis by up to 21% of the mREE. Overestimation was less likely,
with 28% of predictive equations overestimating energy requirements within up to 17% of the mREE.
We separately analyzed the differences between the mREE and pREE across three equations; the HB
equation was the most commonly evaluated equation, used in 14 studies. After HB, the FFM-based
equation was evaluated in five studies, and the Mifflin equation in two studies. Although evaluated
in a small number of studies, the mean difference between the mREE and pREE was lowest for the
HB equation with a non-significant mean difference of —53.8 (95% CI: —137.3,29.7) kcal/d, p = 0.21.
The second lowest was the Mifflin equation with a non-significant mean difference of —61 (95% CI:
—345.7,223.7) kcal/d, p = 0.67 (Figure 2). The FFM-based equation significantly underestimated the
caloric requirements (mean difference of —92.3 (95% CI: —182.4, —3.21) kcal/d, p = 0.04), see Figure 2.

pREE mREE Mean Difference Mean Difference
Study or Subgroup Mean  SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
1.13.1 Harris-Benedict
Vermeij (HB) 1991 1,419 303 10 1,630 235 10 5.0% -111.00 [-348.66, 126.66] 1991 _
Waluga (HB) 1996 1,587 292 15 1,693 400 15  4.8% -106.00[-356.62, 144.62] 1996 _
Muller-female (HB) 1999 13193 1195 220 15416 2295 220 8.4% -222.30(-256.49, -188.11] 1999 -
Madden (HB) 1999 1,632 252 100 1,660 337 100 7.9% -128.00[-210.48, -45.52] 1999 -
Muller-male (HB) 1999 16491 2127 253 18475 3251 253  8.3% -198.40(-246.27,-150.53] 1999 -
Scolapio (HB) 2000 1572 150 15 1,637 326.7 15 6.1% -65.00[-246.92, 116.92] 2000 - 1
Tajika (HB) 2002 1,265 185 109 1,300 245 109 8.2% -35.00 [-92.63, 22.63] 2002 /T
Shiraki (HB) 2010 1170 170.7 24 1,188 2345 24 7.3% -18.00 [-134.04, 98.04] 2010 T
Meng (HB) 2011 1,493.8 246.8 100 1,274.3 3164 100 7.9%  219.50 [140.85, 298.15] 2011 I
Glass (HB) 2012 1,711.6 2939 25 1553.7 2706 25 6.6% 157.90 [1.30, 314.50] 2012 —
Teramoto (HB) 2014 1279 2592 488 1,256 259.2 488 8.4% 23.00[-9.52,55.52] 2014 ™
Ferreira (HB) 2014 1511.9 2399 81 15875 4266 81 7.5% -75.60 [-182.18, 30.98] 2014 -1
Prieto-Frias (HB) 2016 1676 209 48 1,987 229 48 7.8% -311.00([-398.71,-223.29] 2016 -
Knudsen (HB) 2016 1,734.7 2379 19 1,663.1 369.1 19 5.8% 181.60 [-15.85, 379.05] 2016 T
Subtotal (95% CI) 1507 1507 100.0% -53.79 [137.26, 29.67] "
Heterogeneity: Tau? = 21258.61; Chi* = 230.34, df = 13 (P < 0.00001); I* = 94%
Test for overall effect: Z=1.26 (P =0.21)
1.13.2 Mifflin
Madden (Mifflin) 1999 1460 254 100 1,660 337 100 52.2% -200.00[-282.71,-117.29] 1999 —a—
Glass (Mifflin) 2012 16445 2536 25 1553.7 2706 25 47.8% 90.80 [-54.57, 236.17] 2012 —]T
Subtotal (95% Cl) 125 125 100.0% -61.00 [-345.70, 223.71] e
Heterogeneity: Tau? = 38641.15; Chi* = 11.61, df = 1 (P = 0.0007); I = 91%
Test for overall effect: Z = 0.42 (P = 0.67)
1.13.3 FFM-based regression equation
Madden (Cunningham)1999 1,713 252 100 1,660 337 100 16.9% 53.00 [-29.48, 135.48] 1999 T
Plauth (FFM) 2004 1279 155 21 1,449 1685 21 16.0% -170.00 [-267.92,-72.08] 2004 —
Peng-male (FFM) 2007 1,578 943 179 1,662 307.7 179 18.7% -84.00 [-131.15, -36.85] 2007 —
Kalaitzakis (FFM in reg) 2007 1,509 205.2 31 1,500 288.9 31 14.3% 9.00[-115.74, 133.74] 2007 -1
Peng-female (FFM) 2007 1372 835 89 1,414 2547 89 183% -42.00 [-97.69, 13.69] 2007 T
Schutz (FFM) 2012 1,234 1795 39 1,566 264.5 39 15.8% -332.00[-432.32,-231.68] 2012 e
Subtotal (95% Cl) 459 459 100.0% -92.83 [-182.45, -3.21] -
Heterogeneity: Tau? = 10598.72; Chi? = 41.24, df =5 (P < 0.00001); I* = 88%
Test for overall effect: Z =2.03 (P = 0.04)

500 -250 0 250 500
PREE mREE

Test for subgroup differences: Chi? = 0.40, df =2 (P = 0.82), = 0%
Figure 2. Forest plot of comparison: measured Resting Energy Expenditure (mREE) vs. predicted REE
(pREE)—predictive equations. The mean difference between the mREE and pREE was lowest for the
HB equation with a non-significant mean difference (p = 0.21). The FFM-based equation significantly
underestimated the caloric requirements (p = 0.04). Abbreviations in parenthesis show the predictive
equations employed by each study (i.e., FFM using the individual fat-free mass; HB Harris-Benedict).

Subgroup Analysis: Although multiple subgroup analyses were planned, there was sufficient
data to perform analyses only by sex, hospitalization status, study origin, quality rating (low/moderate
vs. high risk of bias) and whether dry weight was accounted for (dry vs. no dry weight) for predicting
REE. Notably, none of the subgroup analyses were able to completely resolve the heterogeneity seen
across studies.
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As demonstrated in Figure 3, the aggregated data supports a greater underestimation of energy needs in male patients —192.8 (95% CI: —307.6, —78.1)
kcal/d, p = 0.001 versus female patients —133.5 (95% CI: —310.2,43.1) kecal/d, p = 0.14.

pREE mREE Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
1.14.1 Male
Muller-male (HB) 1999 1,649.1 2127 253 1,8475 3251 253 34.8% -198.40[-246.27,-150.53] 1999 —
Peng-male (FFM) 2007 1578 943 179 1662 307.7 179 34.8% -84.00 [-131.15, -36.85] 2007 —&
Prieto-Frias (HB) 2016 1,676 209 48 1,987 229 48 30.4% -311.00(-398.71,-223.29] 2016 —i
Subtotal (95% CI) 480 480 100.0% -192.82[-307.57, -78.07] ~

Heterogeneity: Tau? = 9265.68; Chi* = 23.82, df = 2 (P < 0.00001); I* = 92%
Test for overall effect: Z = 3.29 (P = 0.0010)

1.14.2 Female

Muller-female (HB) 1999 1,319.3 1195 220 1,5416 2295 220 50.8% -222.30([-256.49,-188.11] 1999 . 5
Peng-female (FFM) 2007 1,372 835 89 1414 2547 89 49.2% -42.00 [-97.69, 13.69] 2007 —
Subtotal (95% Cl) 309 309 100.0% -133.54[-310.21, 43.12] “.—»

Heterogeneity: Tau? = 15698.26; Chi* = 29.25, df = 1 (P < 0.00001); I* = 97%
Test for overall effect: Z = 1.48 (P = 0.14)

L l
-500  -250 0 250 500
pREE mREE

Test for subgroup differences: Chi* = 0.30, df =1 (P = 0.58), I = 0%

Figure 3. Forest plot of comparison: Measured Resting Energy Expenditure (mREE) vs. predicted REE (pREE)—subgroup: Sex. The aggregated data supports a
greater underestimation of energy requirements in male patients versus female patients (p = 0.001). Abbreviations in parenthesis show the predictive equations
employed by each study (i.e., FFM using the individual fat-free mass; HB Harris-Benedict).

Data subdivided by hospitalization status (for the studies utilizing the HB equation) are presented in Figure 4, supporting no statistically significant
difference between the value of pREE and mREE in outpatients (mean difference of —72.9; 95% CI: —164.8, 19.1) kcal/d, p = 0.12 versus inpatients (mean
difference of —43.2; 95% CI: —150, 63.5) kecal/d, p = 0.43.
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PREE mREE Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
1.12.2 Outpatient-HB
Scolapio (HB) 2000 1,572 150 15 1,637 326.7 15 256% -65.00[-246.92, 116.92] 2000 - &1
Ferreira (HB) 2014 1,511.9 239.9 81 1,587.5 426.6 81 74.4% -75.60 [-182.18, 30.98] 2014 —lT
Subtotal (95% Cl) 96 96 100.0% -72.89 [-164.85, 19.07] -
Heterogeneity: Tau? = 0.00; Chi? = 0.01, df =1 (P = 0.92); I = 0%
Test for overall effect: Z=1.55 (P = 0.12)
1.12.4 Inpatient-HB
Vermeij (HB) 1991 1,419 303 10 1,530 235 10 7.4% -111.00 [-348.66, 126.66] 1991 =
Waluga (HB) 1996 1,587 292 15 1,693 400 15 7.1% -106.00 [-356.62, 144.62] 1996 =
Muller-male (HB) 1999 1,649.1 2127 253 1,847.5 3251 253 11.4% -198.40 [-246.27,-150.53] 1999 -
Muller-female (HB) 1999  1,319.3 1195 220 1,541.6 2295 220 11.6% -222.30[-256.49,-188.11] 1999 =
Tajika (HB) 2002 1,265 185 109 1,300 245 109 11.3% -35.00 [-92.63, 22.63] 2002 - =1
Meng (HB) 2011 1,493.8 246.8 100 1,274.3 3164 100 11.0% 219.50 [140.85, 298.15] 2011 - =
Glass (HB) 2012 1,711.6 293.9 25 1,5633.7 270.6 25 9.4% 177.90 [21.30, 334.50] 2012 - =
Teramoto (HB) 2014 1,279 259.2 488 1,256 259.2 488 11.6% 23.00 [-9.52, 55.52] 2014 ™
Prieto-Frias (HB) 2016 1,676 209 48 1,987 229 48 10.8% -311.00 [-398.71, -223.29] 2016 T
Knudsen (HB) 2016 1,734.7 237.9 19 1,553.1 369.1 19 8.4% 181.60 [-15.85, 379.05] 2016 =
Subtotal (95% CI) 1287 1287 100.0% -43.23 [-150.02, 63.56] i
Heterogeneity: Tau? = 25360.40; Chi? = 229.52, df = 9 (P < 0.00001); 1> = 96%
Test for overall effect: Z =0.79 (P = 0.43)

1 ]

1 1
-500 -250 0 250 500
pREE mREE

Test for subgroup differences: Chi? = 0.17, df =1 (P = 0.68), I> = 0%
Figure 4. Forest plot of comparison: measured Resting Energy Expenditure (mREE) vs. predicted REE (pREE)—subgroup: Hospitalization status—for the HB equation.
There was no statistically significant difference between the value of pREE and mREE in outpatients versus inpatients (p = 0.68). Abbreviation: HB Harris-Benedict.

In a subgrouping of data by study origin (Asian origin studies vs. Western origin studies), Asian studies showed a non-significant tendency to overestimate
calorie requirement (mean difference of 47.37; 95% CI: —48.8, 143.4) kcal/d, p = 0.33, while in Western studies, the predictive equations significantly
underestimated REE in cirrhotic patients (mean difference of —116.2; 95% CI: —175.1, —57.4) kcal/d, p = 0.001 (graphical data not shown).

Subgroup analysis of the evaluated studies by their quality rating showed a significant difference between mREE and pREE within the studies with a low
risk of bias. These studies significantly underestimated the energy needs in cirrhotic patients (mean difference of —91.85; 95% CI: —165.12, —18.58) kcal/d,
p < 0.001, while the underestimation was not significant in studies with a moderate and high risk of bias (mean difference of —14.77; 95% CI: —180.11, 150.57)
kcal/d, p = 0.86 (graphical data not shown).
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The last subgrouping of data divided studies by whether they accounted for dry weight
(or excluded patients with ascites) versus if this was not mentioned (dry vs. no dry weight).
This subgrouping did not show any significant difference between the value of mREE and pREE
either in the studies reporting dry weight (mean difference of —63.47; 95% CI: —130.13, 3.19) kcal/d,
p = 0.06, or in those that did not mention or account for it (mean difference of —87.77; 95% CI: —196.65,
21.1) kcal/d, p = 0.11 (graphical data not shown).

4. Discussion

Our findings confirm the significant inconsistencies between mREE and pREE in patients with
cirrhosis. Notably, only 45% of predictive equations estimated energy requirements to within
90-110% of mREE using IC. Eighty-three percent of predictive equations underestimated and 28%
overestimated energy needs by +10%. The value of £10% has been a commonly utilized method to
indicate an acceptable range of error when comparing mREE and pREE [45-47].

When grouping data across the studies using the same predictive equation, the magnitude of
the discrepancy between mREE and pREE ranged from an underestimate of 54 to 93 kcal/d across
equations. Although this appears to be quite modest when considered in the context of an entire
day’s energy requirements, this result must be interpreted with caution. Notably, as demonstrated in
Figure 2, using the HB equation, there was significant heterogeneity (1> = 94%) with wide variations
in individual comparative data, with several studies demonstrating large discrepancies between the
mREE and pREE [28,30,42]. For example, the 95% limits of agreement for predictive values ranged
from an underestimate of 399 kcal/day in the work of Prieto-Frias et al. [30] to an overestimate of
379 kcal/day in the work by Knusden et al. [28]. This difference is substantial.

Across equations, the calculated discrepancy was numerically very close. As shown in Figure 2,
the HB emerged as having the lowest discrepancy between the pREE and mREE in subgroup analyses.
The choice of HB is in keeping with a recommendation by Plauth et al. from the 1997 European
Society for Parenteral and Enteral Nutrition (ESPEN) guidelines for nutrition in liver disease and
transplantation where it was suggested that the HB equation should be applied for estimating REE in
patients with cirrhosis when the IC was not available in a clinical setting [48].

The data generated for FFM-based equations is of interest given the prognostic value and
prevalence of sarcopenia in cirrhosis. In the current meta-analysis, five studies utilized FFM-based
equations (Peng male and female data evaluated separately), see Figure 2. Two of these studies
calculated FFM by skinfold anthropometry [21,38], one used prompt gamma in vivo neutron activation
analysis (IVNAA) [37], and two studies used bioelectrical impedance analysis (BIA) [34,39]. Although
there are many tools for the evaluation of FFM, the emerging gold standard in the cirrhosis literature
has been cross-sectional imaging-based muscle mass evaluation by computed tomography or magnetic
resonance imaging [49]. To date, we are unaware of cirrhosis studies evaluating whether the
measurement of FFM by cross-sectional imaging can improve the accuracy of pREE and lead to a more
accurate estimation of the energy requirements [50-52]. FFM equations do, of course, carry with them
the complexity of requiring a FFM measurement and in certain clinical populations, including patients
with obesity, it remains controversial as to whether these equations even improve the accuracy of
PREE [47,53-56]. Further study is warranted in this population.

We attempted to explain the between-study heterogeneity (i.e., identify what made some studies
more likely to have a larger discrepancy between the mREE and the pREE than others). Of the
subgroup analyses we had planned prehoc, there was insufficient data to carry out the ones based on
BMLI, etiology of liver disease or liver disease severity. Even in the analyses that were possible, a major
limiting factor was that all studies did not provide data for the different subgroups of interest and,
therefore, the applicable sample was small for some subgroups. Moreover, even after subgrouping,
the overall heterogeneity was not resolved. In the context of these limitations, when the available data
were pooled, there was a signal that the underestimation was significantly greater (i) in male patients
(data from three studies) and (ii) in studies carried out in the West (versus Asia) (data from 13 studies).
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As a possible unifying explanation, one could hypothesize that male patients and patients from the
West may have an increased fat-free mass as compared to their female and Asian counterparts. Fat-free
mass is known to be an important predictor of resting energy expenditure; the resting metabolic rate of
adipose tissue is estimated at 4.5 kcal/kg/d as compared to 13 kcal/kg/d for skeletal muscle [23].
Underestimation of fat-free mass by the predictive equations may have led to an underestimation of
the energy prescription. The inability of our meta-analysis to identify factors to explain the observed
discrepancies between mREE and pREE was also encountered by Madden et al. [21] who evaluated
the impact of multiple factors including sex, degree of hepatic decompensation, nutritional status,
fluid retention or etiology of liver disease [21].

The challenges that we have seen regarding the inaccuracy of predictive equations in our cirrhosis
population also apply to other clinical populations, particularly in those patients who are hospitalized,
obese or critically ill [57-61]. Although it is challenging to directly compare the accuracy of the
equations in cirrhosis with other chronic diseases, many studies have demonstrated substantial
inaccuracies. For example, in a recent systematic review, the Harris—Benedict equation prediction was
accurate in only 38% to 64% of obese people [62]. Across 513 patients (a mix of obese, inpatients and
outpatients), the accuracy of predictive equations was only 8-49%. A systematic review of mechanically
ventilated critically ill patients reported underestimation in 38% and overestimation in 12% of patients
when calculated using prediction equations [60]. The HB equation in pre-dialytic and dialytic patients
with chronic kidney disease has also demonstrated poor agreement with the IC measurement with an
accuracy of only 18% [63]. In patients with cirrhosis, it is possible that further evaluation with either
prospective studies or individual patient meta-analysis of the existing data will help us to determine
in which patients equations are appropriate and which patients will be better served by IC.

As is commonly carried out in clinical practice, an alternative to the use of predictive equations or
IC is energy prescription based on kcal/kg body weight per day based formulas [64]. In our experience,
this use of universal kcal/kg body weight equations is common clinical practice, but as supported by
evidence in other populations [57], as a trade-off to its simplicity, this practice promotes over-feeding
in many patients, particularly the overweight and obese. As we only had mean body weight data
available to us in this aggregate meta-analysis, and limited dry-weight estimates, it was not possible
to compare the individual values derived by the pREE or mREE to individual weight-based energy
requirement estimates. The degree of concordance between these two approaches remains particularly
relevant to answer, especially in light of the obesity epidemic [65,66]. Notably, any comparisons
will need to take into account the use of the ideal body weight. Ideal body weight is derived from
the patient’s height and can be used to estimate the patient’s energy requirement. This particular
approach to mitigate the over-prescription of calories using weight-based formulas is recommended by
associations such as the International Society for Hepatic Encephalopathy and Nitrogen Metabolism
(ISHEN) [67].

There are several noted limitations of the present review, including that the search strategy was
restricted to English language studies, which may have led to search bias, and that the review was
limited to adult participants. Importantly, although limited to English language studies, there was
still broad global representation including countries from North America, Europe, Asia and South
America. Additionally, although many authors have investigated the comparison between pREE and
mREE in patients with cirrhosis, several studies failed to report pREE values and only reported the
percentage of pREE compared to mREE, or compared the two methods of REE measurements—these
studies were, therefore, not able to be included in this systematic review. Lastly, there were several
subgroup variables with missing data, including data related to liver disease severity. Moreover,
studies did not present the discrepancies by subgroup, resulting in an incomplete evaluation of the
causes of heterogeneity present within the analysis. Notably, only 54% of studies included in the
review mentioned whether they corrected the body weight for excess volume overload (or excluded
patients with ascites from the analysis). Although not significant on subgroup analysis, (since we
relied on whether it was mentioned in the paper), it was possible that we may not have identified
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all studies that utilized the dry weight. This discrepancy may have accounted for some of the noted
heterogeneity and brings to light the potential for an even greater extent of underestimation of the REE
using equations if “water weight” is not accounted for. For example, a 110 kg patient who has 15 kg of
ascites and edema is only 95 kg, a factor of 95 vs. 110 in the predictive equations could be quite a large
value. Despite these limitations, the study strengths comprise a unique and comprehensive review of
the literature using strict inclusion criteria and exclusion criteria.

5. Conclusions

This systematic review delineates the significant discrepancies that exist between estimates of
frequently used predictive equations and IC measurements in patients with cirrhosis, and their
tendency to err towards underestimation of energy needs. Subgroup analyses suggesting a greater
underestimation in males and in Western populations require confirmation with larger numbers of
patients. We also require future studies with the capacity to subgroup patients by additional factors
such as liver disease severity, obesity and acute illness. This may allow identification of those patients
with the largest differences between mREE and pREE in whom predictive equations are insufficient
and IC is required as a first-line measurement tool.

How do these results apply to clinical practice? The data from this meta-analysis support the
use of IC if available, and the awareness that predictive equations are likely to underestimate needs.
Until further data is available, our results support the addition of at least 54 kcal to the pREE calculated
by the HB equation in practice.

In the research realm, these data highlight the need for additional exploration including the
assessment of FFM-based predictive equations developed using cross-sectional imaging, validation of
the more practical handheld IC and comparison of IC- and predictive-equation-based energy
requirements to ESPEN-based kcal /kg body weight guideline recommendations. Using the information
available to us we were unable to develop a novel equation for the prediction of calorie requirements.
This is also a topic for future studies. All this information will help to guide us forward in our goal to
more accurately identifying the energy needs of our patients with cirrhosis.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-6643/11/2/334/s1,
Table S1: Search criteria, Table S2: Research design areas, Table S3: Predictive equations used to estimate resting
energy expenditure.

Author Contributions: Conceptualization, data collection, writing—original draft preparation, T.E. and P.T.;
data analysis, T.E., P.T., and B.V.; Manuscript preparation and critical review (all authors). All authors have
approved the final version of the article, including the authorship list.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Cheung, K; Lee, S.S.; Raman, M. Prevalence and Mechanisms of Malnutrition in Patients with Advanced
Liver Disease, and Nutrition Management Strategies. Clin. Guastroenterol. Hepatol. 2012, 10, 117-125.
[CrossRef] [PubMed]

2. Tandon, P.; Raman, M.; Mourtzakis, M.; Merli, M. A Practical Approach to Nutritional Screening and
Assessment in Cirrhosis. Hepatology 2017, 65, 1044-1057. [CrossRef] [PubMed]

3. Tsiaousi, E.T.; Hatzitolios, A.L; Trygonis, S.K.; Savopoulos, C.G. Malnutrition in End Stage Liver Disease:
Recommendations and Nutritional Support. J. Gastroenterol. Hepatol. 2008, 23, 527-533. [CrossRef] [PubMed]

4. Huisman, E.J; Trip, E.J.; Siersema, P.D.; van Hoek, B.; van Erpecum, K.J. Protein Energy Malnutrition Predicts
Complications in Liver Cirrhosis. Eur. ]. Gastroenterol. Hepatol. 2011, 23, 982-989. [CrossRef] [PubMed]

5. Sam, J.; Nguyen, G.C. Protein—calorie Malnutrition as a Prognostic Indicator of Mortality among Patients
Hospitalized with Cirrhosis and Portal Hypertension. Liver Int. 2009, 29, 1396-1402. [CrossRef] [PubMed]


http://www.mdpi.com/2072-6643/11/2/334/s1
http://dx.doi.org/10.1016/j.cgh.2011.08.016
http://www.ncbi.nlm.nih.gov/pubmed/21893127
http://dx.doi.org/10.1002/hep.29003
http://www.ncbi.nlm.nih.gov/pubmed/28027577
http://dx.doi.org/10.1111/j.1440-1746.2008.05369.x
http://www.ncbi.nlm.nih.gov/pubmed/18397483
http://dx.doi.org/10.1097/MEG.0b013e32834aa4bb
http://www.ncbi.nlm.nih.gov/pubmed/21971339
http://dx.doi.org/10.1111/j.1478-3231.2009.02077.x
http://www.ncbi.nlm.nih.gov/pubmed/19602136

Nutrients 2019, 11, 334 15 of 18

10.

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

da Silveira, T.R. Comparison between Handgrip Strength, Subjective Global Assessment, and Prognostic
Nutritional Index in Assessing Malnutrition and Predicting Clinical Outcome in Cirrhotic Outpatients.
Nutrition 2005, 21, 113-117.

Norman, K.; Kirchner, H.; Lochs, H.; Pirlich, M. Malnutrition Affects Quality of Life in Gastroenterology
Patients. World ]. Gastroenterol. 2006, 12, 3380-3385. [CrossRef]

Vugt, J.; Levolger, S.; Bruin, R.; Rosmalen, J.; Metselaar, H.; IJzermans, ]J. Systematic Review and
Meta-Analysis of the Impact of Computed Tomography—Assessed Skeletal Muscle Mass on Outcome
in Patients Awaiting Or Undergoing Liver Transplantation. Am. J. Transplant. 2016, 16, 2277-2292. [CrossRef]
Schlein, K.M.; Coulter, S.P. Best Practices for Determining Resting Energy Expenditure in Critically Il Adults.
Nutr. Clin. Pract. 2014, 29, 44-55. [CrossRef]

Malavolti, M.; Pietrobelli, A.; Dugoni, M.; Poli, M.; Romagnoli, E.; De Cristofaro, P; Battistini, N.C. A New
Device for Measuring Resting Energy Expenditure (REE) in Healthy Subjects. Nutr. Metab. Cardiovasc. Dis.
2007, 17, 338-343. [CrossRef]

Chan, D.F; Li, AM.; Chan, M.H.; Hung, K.; Chan, LH,; Yin, ].A.; Lam, C.W,; Tai, F; Nelson, E.A. Validation of
Prediction Equations for Estimating Resting Energy Expenditure in Obese Chinese Children. Asia Pac. .
Clin. Nutr. 2009, 18, 251-256. [PubMed]

McClave, S.A.; Snider, H.L. Invited Review: Use of Indirect Calorimetry in Clinical Nutrition. Nutr. Clin.
Pract. 1992, 7, 207-221. [CrossRef]

Haugen, H.A; Chan, L,; Li, F. Indirect Calorimetry: A Practical Guide for Clinicians. Nutr. Clin. Pract. 2007,
22,377-388. [CrossRef]

Holdy, K.E. Monitoring Energy Metabolism with Indirect Calorimetry: Instruments, Interpretation, and
Clinical Application. Nutr. Clin. Pract. 2004, 19, 447-454. [CrossRef] [PubMed]

Anderegg, B.A.; Worrall, C.; Barbour, E.; Simpson, K.N.; DeLegge, M. Comparison of Resting Energy
Expenditure Prediction Methods with Measured Resting Energy Expenditure in Obese, Hospitalized Adults.
J. Parenter. Enteral Nutr. 2009, 33, 168-175. [CrossRef] [PubMed]

Oshima, T.; Berger, M.M.; De Waele, E.; Guttormsen, A.B.; Heidegger, C.; Hiesmayr, M.; Singer, P;
Wernerman, J.; Pichard, C. Indirect Calorimetry in Nutritional Therapy. A Position Paper by the ICALIC
Study Group. Clin. Nutr. 2017, 36, 651-662. [CrossRef] [PubMed]

Elia, M. Insights into Energy Requirements in Disease. Public Health Nutr. 2005, 8, 1037-1052. [CrossRef]
Frankenfield, D.C.; Rowe, W.A.; Smith, ].S.; Cooney, R. Validation of several Established Equations for
Resting Metabolic Rate in Obese and Nonobese People. J. Am. Diet. Assoc. 2003, 103, 1152-1159. [CrossRef]
Singer, P.; Singer, J. Clinical Guide for the use of Metabolic Carts: Indirect Calorimetry—No Longer the
Orphan of Energy Estimation. Nutr. Clin. Pract. 2016, 31, 30-38. [CrossRef]

Weijs, PJ.; Kruizenga, HM.; van Dijk, A.E; van der Meij, B.S.; Langius, J.A; Knol, D.L,;
Strack van Schijndel, R.J.M.; van Bokhorst-de van der Schueren, M.A.E. Validation of Predictive Equations for
Resting Energy Expenditure in Adult Outpatients and Inpatients. Clin. Nutr. 2008, 27, 150-157. [CrossRef]
Madden, A.M.; Morgan, M.Y. Resting Energy Expenditure should be Measured in Patients with Cirrhosis,
Not Predicted. Hepatology 1999, 30, 655-664. [CrossRef] [PubMed]

Muller, M.].; Bosy-Westphal, A.; Klaus, S.; Kreymann, G.; Luhrmann, PM.; Neuhauser-Berthold, M.;
Noack, R.; Pirke, K.M.; Platte, P; Selberg, O.; et al. World Health Organization Equations have Shortcomings
for Predicting Resting Energy Expenditure in Persons from a Modern, Affluent Population: Generation of a
New Reference Standard from a Retrospective Analysis of a German Database of Resting Energy Expenditure.
Am. . Clin. Nutr. 2004, 80, 1379-1390. [PubMed]

Mifflin, M.D.; St Jeor, S.T.; Hill, L.A.; Scott, B.J.; Daugherty, S.A.; Koh, Y.O. A New Predictive Equation
for Resting Energy Expenditure in Healthy Individuals. Am. J. Clin. Nutr. 1990, 51, 241-247. [CrossRef]
[PubMed]

Schofield, W.N. Predicting Basal Metabolic Rate, New Standards and Review of Previous Work. Hum. Nutr.
Clin. Nutr. 1985, 39 (Suppl. 1), 5-41. [PubMed]

Harris, J.A.; Benedict, F.G. A Biometric Study of Human Basal Metabolism. Proc. Natl. Acad. Sci. USA 1918,
4,370-373. [CrossRef] [PubMed]

Wang, Z.; Heshka, S.; Gallagher, D.; Boozer, C.N.; Kotler, D.P.; Heymsfield, S.B. Resting Energy
Expenditure-Fat-Free Mass Relationship: New Insights Provided by Body Composition Modeling. Am. .
Physiol.-Endocrinol. Metab. 2000, 279, E539-E545. [CrossRef] [PubMed]


http://dx.doi.org/10.3748/wjg.v12.i21.3385
http://dx.doi.org/10.1111/ajt.13732
http://dx.doi.org/10.1177/0884533613515002
http://dx.doi.org/10.1016/j.numecd.2005.12.009
http://www.ncbi.nlm.nih.gov/pubmed/19713185
http://dx.doi.org/10.1177/0115426592007005207
http://dx.doi.org/10.1177/0115426507022004377
http://dx.doi.org/10.1177/0115426504019005447
http://www.ncbi.nlm.nih.gov/pubmed/16215138
http://dx.doi.org/10.1177/0148607108327192
http://www.ncbi.nlm.nih.gov/pubmed/19251910
http://dx.doi.org/10.1016/j.clnu.2016.06.010
http://www.ncbi.nlm.nih.gov/pubmed/27373497
http://dx.doi.org/10.1079/PHN2005795
http://dx.doi.org/10.1016/S0002-8223(03)00982-9
http://dx.doi.org/10.1177/0884533615622536
http://dx.doi.org/10.1016/j.clnu.2007.09.001
http://dx.doi.org/10.1002/hep.510300326
http://www.ncbi.nlm.nih.gov/pubmed/10462371
http://www.ncbi.nlm.nih.gov/pubmed/15531690
http://dx.doi.org/10.1093/ajcn/51.2.241
http://www.ncbi.nlm.nih.gov/pubmed/2305711
http://www.ncbi.nlm.nih.gov/pubmed/4044297
http://dx.doi.org/10.1073/pnas.4.12.370
http://www.ncbi.nlm.nih.gov/pubmed/16576330
http://dx.doi.org/10.1152/ajpendo.2000.279.3.E539
http://www.ncbi.nlm.nih.gov/pubmed/10950820

Nutrients 2019, 11, 334 16 of 18

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Moher, D.; Liberati, A.; Tetzlaff, J.; Altman, D.G.; Prisma Group. Preferred Reporting Items for Systematic
Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med. 2009, 6, €1000097. [CrossRef]

Knudsen, A.W,; Krag, A.; Nordgaard-Lassen, I.; Frandsen, E.; Tofteng, F.; Mortensen, C.; Becker, U. Effect of
Paracentesis on Metabolic Activity in Patients with Advanced Cirrhosis and Ascites. Scand. |. Gastroenterol.
2016, 51, 601-609. [CrossRef]

Ferreira, L.G.; Santos, L.E; da Silva, TR.N.; Anastacio, L.R.; Lima, A.S.; Correia, M.LT.D. Hyper-and
Hypometabolism are Not Related to Nutritional Status of Patients on the Waiting List for Liver
Transplantation. Clin. Nutr. 2014, 33, 754-760. [CrossRef]

Prieto-Frias, C.; Conchillo, M.; Payeras, M.; Inarrairaegui, M.; Davola, D.; Fruhbeck, G.; Salvador, J.;
Rodriguez, M.; Richter, J.A.; Mugueta, C.; et al. Factors Related to Increased Resting Energy Expenditure in
Men with Liver Cirrhosis. Eur. J. Gastroenterol. Hepatol. 2016, 28, 139-145. [CrossRef]

Shiraki, M.; Terakura, Y.; Iwasa, J.; Shimizu, M.; Miwa, Y.; Murakami, N.; Nagaki, M.; Moriwaki, H. Elevated
Serum Tumor Necrosis Factor-A and Soluble Tumor Necrosis Factor Receptors Correlate with Aberrant
Energy Metabolism in Liver Cirrhosis. Nutrition 2010, 26, 269-275. [CrossRef] [PubMed]

Waluga, M.; Zahorska-Markiewicz, B.; Janusz, M.; Stabiak, Z.; Chetmicka, A. Resting Energy Expenditure in
Patients with Cirrhosis of the Liver Measured by Indirect Calorimetry, Anthropometry and Bioelectrical
Impedance Analysis. Cell. Mol. Life Sci. 1996, 52, 591-596. [CrossRef]

Teramoto, A.; Yamanaka-Okumura, H.; Urano, E.; Nakamura-Kutsuzawa, T.; Sugihara, K.; Katayama, T.;
Miyake, H.; Imura, S.; Utsunomiya, T.; Shimada, M. Comparison of Measured and Predicted Energy
Expenditure in Patients with Liver Cirrhosis. Asia Pac. J. Clin. Nutr. 2014, 23, 197-204. [PubMed]

Schiitz, T.; Hudjetz, H.; Roske, A.; Katzorke, C.; Kreymann, G.; Budde, K.; Fritsche, L.; Neumayer, H.;
Lochs, H.; Plauth, M. Weight Gain in Long-Term Survivors of Kidney Or Liver Transplantation—Another
Paradigm of Sarcopenic Obesity? Nutrition 2012, 28, 378-383. [CrossRef]

Glass, C.; Hipskind, P.; Cole, D.; Lopez, R.; Dasarathy, S. Handheld Calorimeter is a Valid Instrument to
Quantify Resting Energy Expenditure in Hospitalized Cirrhotic Patients: A Prospective Study. Nutr. Clin.
Pract. 2012, 27, 677-688. [CrossRef] [PubMed]

Meng, Q.H.; Hou, W,; Yu, HW,; Lu, J.; Li, J.; Wang, J.H.; Zhang, FY.; Zhang, J.; Yao, Q.W.; Wu, ].; et al.
Resting Energy Expenditure and Substrate Metabolism in Patients with Acute-on-Chronic Hepatitis B Liver
Failure. J. Clin. Gastroenterol. 2011, 45, 456—461. [CrossRef] [PubMed]

Peng, S.; Plank, L.D.; McCall, J.L.; Gillanders, L.K.; Mcllroy, K.; Gane, E.J]. Body Composition, Muscle
Function, and Energy Expenditure in Patients with Liver Cirrhosis: A Comprehensive Study. Am. J. Clin.
Nutr. 2007, 85, 1257-1266. [CrossRef]

Kalaitzakis, E.; Bosaeus, I.; Ohman, L.; Bjornsson, E. Altered Postprandial Glucose, Insulin, Leptin, and
Ghrelin in Liver Cirrhosis: Correlations with Energy Intake and Resting Energy Expenditure. Am. J. Clin.
Nutr. 2007, 85, 808-815. [CrossRef]

Plauth, M.; Schiitz, T.; Buckendahl, D.P,; Kreymann, G.; Pirlich, M.; Griingreiff, S.; Romaniuk, P; Ertl, S.;
Wei3, M.; Lochs, H. Weight Gain After Transjugular Intrahepatic Portosystemic Shunt is Associated
with Improvement in Body Composition in Malnourished Patients with Cirrhosis and Hypermetabolism.
J. Hepatol. 2004, 40, 228-233. [CrossRef]

Tajika, M.; Kato, M.; Mohri, H.; Miwa, Y.; Kato, T.; Ohnishi, H.; Moriwaki, H. Prognostic Value of Energy
Metabolism in Patients with Viral Liver Cirrhosis. Nutrition 2002, 18, 229-234. [CrossRef]

Scolapio, J.S.; Bowen, J.; Stoner, G.; Tarrosa, V. Substrate Oxidation in Patients with Cirrhosis: Comparison
with Other Nutritional Markers. |. Parenter. Enteral Nutr. 2000, 24, 150-153. [CrossRef] [PubMed]

Muller, M.].; Bottcher, J.; Selberg, O.; Weselmann, S.; Boker, K.H.; Schwarze, M.; von zur Muhlen, A.;
Manns, M.P. Hypermetabolism in Clinically Stable Patients with Liver Cirrhosis. Am. . Clin. Nutr. 1999, 69,
1194-1201. [CrossRef] [PubMed]

Vermeij, C.; Feenstra, B.; Oomen, A.; De Graaf, E.; Zillikens, M.; Swart, G.; Bruining, H. Assessment of
Energy Expenditure by Indirect Calorimetry in Healthy Subjects and Patients with Liver Cirrhosis. J. Parenter.
Enteral Nutr. 1991, 15, 421-425. [CrossRef]

Ferreira, L.G.; Santos, L.E; Anastacio, L.R.; Lima, A.S.; Correia, M.I. Resting Energy Expenditure,
Body Composition, and Dietary Intake: A Longitudinal Study before and After Liver Transplantation.
Transplantation 2013, 96, 579-585. [CrossRef] [PubMed]


http://dx.doi.org/10.1371/journal.pmed.1000097
http://dx.doi.org/10.3109/00365521.2015.1124282
http://dx.doi.org/10.1016/j.clnu.2013.10.016
http://dx.doi.org/10.1097/MEG.0000000000000516
http://dx.doi.org/10.1016/j.nut.2009.04.016
http://www.ncbi.nlm.nih.gov/pubmed/19695831
http://dx.doi.org/10.1007/BF01969735
http://www.ncbi.nlm.nih.gov/pubmed/24901087
http://dx.doi.org/10.1016/j.nut.2011.07.019
http://dx.doi.org/10.1177/0884533612446195
http://www.ncbi.nlm.nih.gov/pubmed/22668853
http://dx.doi.org/10.1097/MCG.0b013e31820f7f02
http://www.ncbi.nlm.nih.gov/pubmed/21422948
http://dx.doi.org/10.1093/ajcn/85.5.1257
http://dx.doi.org/10.1093/ajcn/85.3.808
http://dx.doi.org/10.1016/j.jhep.2003.10.011
http://dx.doi.org/10.1016/S0899-9007(01)00754-7
http://dx.doi.org/10.1177/0148607100024003150
http://www.ncbi.nlm.nih.gov/pubmed/10850939
http://dx.doi.org/10.1093/ajcn/69.6.1194
http://www.ncbi.nlm.nih.gov/pubmed/10357739
http://dx.doi.org/10.1177/0148607191015004421
http://dx.doi.org/10.1097/TP.0b013e31829d924e
http://www.ncbi.nlm.nih.gov/pubmed/23851933

Nutrients 2019, 11, 334 17 of 18

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Compbher, C.; Hise, M.; Sternberg, A.; Kinosian, B. Comparison between Medgem and Deltatrac Resting
Metabolic Rate Measurements. Eur. J. Clin. Nutr. 2005, 59, 1136. [CrossRef] [PubMed]

Hasson, R.E.; Howe, C.A.; Jones, B.L.; Freedson, P.S. Accuracy of Four Resting Metabolic Rate Prediction
Equations: Effects of Sex, Body Mass Index, Age, and Race/Ethnicity. J. Sci. Med. Sport 2011, 14, 344-351.
[CrossRef]

Jesus, P.; Achamrah, N.; Grigioni, S.; Charles, J.; Rimbert, A.; Folope, V.; Petit, A.; Dechelotte, P.; Coeffier, M.
Validity of Predictive Equations for Resting Energy Expenditure According to the Body Mass Index in a
Population of 1726 Patients Followed in a Nutrition Unit. Clin. Nutr. 2015, 34, 529-535. [CrossRef]

Plauth, M.; Merli, M.; Kondrup, J.; Weimann, A.; Ferenci, P.; Miiller, M.; Group, E.C. ESPEN Guidelines for
Nutrition in Liver Disease and Transplantation. Clin. Nutr. 1997, 16, 43-55. [CrossRef]

van Vugt, J.L.A,; Alferink, L.J.M.; Buettner, S.; Gaspersz, M.P; Bot, D.; Murad, S.D.; Feshtali, S.;
van Ooijen, PM.A.; Polak, W.G.; Porte, R.J. A Model Including Sarcopenia Surpasses the MELD Score
in Predicting Waiting List Mortality in Cirrhotic Liver Transplant Candidates. J. Hepatol. 2017. [CrossRef]
IIner, K.; Brinkmann, G.; Heller, M.; Bosy-Westphal, A.; Muller, M.]. Metabolically Active Components of
Fat Free Mass and Resting Energy Expenditure in Nonobese Adults. Am. |. Physiol.-Endocrinol. Metab. 2000,
278, E308-E315. [CrossRef]

Mourtzakis, M.; Prado, C.M.; Lieffers, ].R.; Reiman, T.; McCargar, L.J.; Baracos, V.E. A Practical and Precise
Approach to Quantification of Body Composition in Cancer Patients using Computed Tomography Images
Acquired during Routine Care. Appl. Physiol. Nutr. Metab. 2008, 33, 997-1006. [CrossRef] [PubMed]
Sinclair, M.; Gow, PJ.; Grossmann, M.; Angus, PW. Sarcopenia in Cirrhosis-aetiology, Implications and
Potential Therapeutic Interventions. Aliment. Pharmacol. Ther. 2016, 43, 765-777. [CrossRef] [PubMed]
Tanaka, S.; Ohkawara, K.; Ishikawa-Takata, K.; Morita, A.; Watanabe, S. Accuracy of Predictive Equations
for Basal Metabolic Rate and Contribution of Abdominal Fat Distribution to Basal Metabolic Rate in Obese
Japanese People. Anti-Aging Med. 2008, 5, 17-21. [CrossRef]

Chun, S.; Kim, H.; Shin, H. Estimating the Basal Metabolic Rate from Fat Free Mass in Individuals with
Motor Complete Spinal Cord Injury. Spinal Cord 2017, 55, 844. [CrossRef] [PubMed]

Stucky, C.H.; Moncure, M.; Hise, M.; Gossage, C.M.; Northrop, D. How Accurate are Resting Energy
Expenditure Prediction Equations in Obese Trauma and Burn Patients? J. Parenter. Enteral Nutr. 2008, 32,
420-426. [CrossRef] [PubMed]

Weiss, C.O.; Cappola, A.R.; Varadhan, R.; Fried, L.P. Resting Metabolic Rate in Old-Old Women with and
without Frailty: Variability and Estimation of Energy Requirements. J. Am. Geriatr. Soc. 2012, 60, 1695-1700.
[CrossRef] [PubMed]

Segadilha, N.L.; Rocha, E.E.; Tanaka, L.; Gomes, K.L.; Espinoza, R.E.; Peres, W.A. Energy Expenditure in
Critically Ill Elderly Patients: Indirect Calorimetry Vs Predictive Equations. J. Parenter. Enteral Nutr. 2017, 41,
776-784. [CrossRef] [PubMed]

Wichansawakun, S.; Meddings, L.; Alberda, C.; Robbins, S.; Gramlich, L. Energy Requirements and the
use of Predictive Equations Versus Indirect Calorimetry in Critically Ill Patients. Appl. Physiol. Nutr. Metab.
2014, 40, 207-210. [CrossRef] [PubMed]

de Goes, C.R.; Berbel-Bufarah, M.N.; Sanches, A.C.; Xavier, P.S.; Balbi, A.L.; Ponce, D. Poor Agreement
between Predictive Equations of Energy Expenditure and Measured Energy Expenditure in Critically Il
Acute Kidney Injury Patients. Ann. Nutr. Metab. 2016, 68, 276-284. [CrossRef] [PubMed]

Tatucu-Babet, O.A ; Ridley, E.J.; Tierney, A.C. Prevalence of Underprescription Or Overprescription of Energy
Needs in Critically Ill Mechanically Ventilated Adults as Determined by Indirect Calorimetry. J. Parenter.
Enteral Nutr. 2016, 40, 212-225. [CrossRef]

Tignanelli, C.J.; Andrews, A.G.; Sieloff, KM.; Pleva, M.R,; Reichert, H.A.; Wooley, ].A.; Napolitano, L.M.;
Cherry-Bukowiec, ].R. Are Predictive Energy Expenditure Equations in Ventilated Surgery Patients Accurate?
J. Intensive Care Med. 2017. [CrossRef] [PubMed]

Frankenfield, D.; Roth-Yousey, L.; Compher, C. Evidence Analysis Working Group. Comparison of Predictive
Equations for Resting Metabolic Rate in Healthy Nonobese and Obese Adults: A Systematic Review. . Am.
Diet. Assoc. 2005, 105, 775-789. [CrossRef] [PubMed]

de Oliveira, M.C.; Bufarah, M.N.B.; Ponce, D.; Balbi, A.L. Poor Agreement between Indirect Calorimetry
and Predictive Formula of Rest Energy Expenditure in Pre-Dialytic and Dialytic Chronic Kidney Disease.
Clin. Nutr. ESPEN 2018, 28, 136-140. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/sj.ejcn.1602223
http://www.ncbi.nlm.nih.gov/pubmed/16015258
http://dx.doi.org/10.1016/j.jsams.2011.02.010
http://dx.doi.org/10.1016/j.clnu.2014.06.009
http://dx.doi.org/10.1016/S0261-5614(97)80022-2
http://dx.doi.org/10.1016/j.jhep.2017.11.030
http://dx.doi.org/10.1152/ajpendo.2000.278.2.E308
http://dx.doi.org/10.1139/H08-075
http://www.ncbi.nlm.nih.gov/pubmed/18923576
http://dx.doi.org/10.1111/apt.13549
http://www.ncbi.nlm.nih.gov/pubmed/26847265
http://dx.doi.org/10.3793/jaam.5.17
http://dx.doi.org/10.1038/sc.2017.53
http://www.ncbi.nlm.nih.gov/pubmed/28534498
http://dx.doi.org/10.1177/0148607108319799
http://www.ncbi.nlm.nih.gov/pubmed/18596313
http://dx.doi.org/10.1111/j.1532-5415.2012.04101.x
http://www.ncbi.nlm.nih.gov/pubmed/22985142
http://dx.doi.org/10.1177/0148607115625609
http://www.ncbi.nlm.nih.gov/pubmed/26826262
http://dx.doi.org/10.1139/apnm-2014-0276
http://www.ncbi.nlm.nih.gov/pubmed/25610953
http://dx.doi.org/10.1159/000446708
http://www.ncbi.nlm.nih.gov/pubmed/27288392
http://dx.doi.org/10.1177/0148607114567898
http://dx.doi.org/10.1177/0885066617702077
http://www.ncbi.nlm.nih.gov/pubmed/28382850
http://dx.doi.org/10.1016/j.jada.2005.02.005
http://www.ncbi.nlm.nih.gov/pubmed/15883556
http://dx.doi.org/10.1016/j.clnesp.2018.08.014
http://www.ncbi.nlm.nih.gov/pubmed/30390871

Nutrients 2019, 11, 334 18 of 18

64.

65.

66.

67.

European Association for the Study of the Liver. EASL Clinical Practice Guidelines on Nutrition in Chronic
Liver Disease. J. Hepatol. 2019, 70, 172-193. [CrossRef] [PubMed]

Spengler, EK.; O’leary, ].G.; Te, H.S.; Rogal, S.; Pillai, A.A.; Al-Osaimi, A.; Desai, A.; Fleming, ] N.; Ganger, D.;
Seetharam, A. Liver Transplantation in the Obese Cirrhotic Patient. Transplantation 2017, 101, 2288-2296.
[CrossRef] [PubMed]

Bambha, K.M.; Dodge, ].L.; Gralla, J.; Sprague, D.; Biggins, S.W. Low, rather than High, Body Mass Index
Confers Increased Risk for Post-liver Transplant Death and Graft Loss: Risk Modulated by Model for
End-stage Liver Disease. Liver Transplant. 2015, 21, 1286-1294. [CrossRef] [PubMed]

Amodio, P; Bemeur, C.; Butterworth, R.; Cordoba, J.; Kato, A.; Montagnese, S.; Uribe, M.; Vilstrup, H.;
Morgan, M.Y. The Nutritional Management of Hepatic Encephalopathy in Patients with Cirrhosis:
International Society for Hepatic Encephalopathy and Nitrogen Metabolism Consensus. Hepatology 2013, 58,
325-336. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.jhep.2018.06.024
http://www.ncbi.nlm.nih.gov/pubmed/30144956
http://dx.doi.org/10.1097/TP.0000000000001794
http://www.ncbi.nlm.nih.gov/pubmed/28930104
http://dx.doi.org/10.1002/lt.24188
http://www.ncbi.nlm.nih.gov/pubmed/26097202
http://dx.doi.org/10.1002/hep.26370
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Search Strategy 
	Trial Selection 
	Data Extraction 
	Outcome Measures 
	Statistical Analysis 
	Study Quality and Publication Bias Assessment 

	Results 
	Characteristics of Included Studies 
	Study Quality 
	Energy Expenditure Assessment 

	Discussion 
	Conclusions 
	References

