Journal Pre-proof

| JOURNAL
- OF HEPATOLOGY

it

N

wd

Predicted estimates of resting energy expenditure have limited clinical utility in
patients with cirrhosis

Ana Teresa Limon-Miro, Clive Douglas Jackson, Tannaz Eslamparast, Hisami
Yamanaka-Okumura, Lindsay Dudley Plank, Christiani Jeyakumar Henry, Angela
Mary Madden, Livia Garcia Ferreira, Evangelos Kalaitzakis, César Prieto de Frias,
Anne Wilkens Knudsen, Leah Gramlich, Maitreyi Raman, Cathy Alberda, Dawn
Belland, Vanessa Den Heyer, Puneeta Tandon, Marsha Yvonne Morgan

PII: S0168-8278(22)00018-6
DOI: https://doi.org/10.1016/j.jhep.2022.01.005
Reference: JHEPAT 8576

To appearin:  Journal of Hepatology

Received Date: 11 September 2021
Revised Date: 11 January 2022
Accepted Date: 13 January 2022

Please cite this article as: Limon-Miro AT, Jackson CD, Eslamparast T, Yamanaka-Okumura H, Plank
LD, Henry CJ, Madden AM, Garcia Ferreira L, Kalaitzakis E, Prieto de Frias C, Knudsen AW, Gramlich
L, Raman M, Alberda C, Belland D, Den Heyer V, Tandon P, Morgan MY, Predicted estimates of resting
energy expenditure have limited clinical utility in patients with cirrhosis, Journal of Hepatology (2022),
doi: https://doi.org/10.1016/j.jhep.2022.01.005.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2022 Published by Elsevier B.V. on behalf of European Association for the Study of the Liver.


https://doi.org/10.1016/j.jhep.2022.01.005
https://doi.org/10.1016/j.jhep.2022.01.005

Predicted estimates of energy

/People with cirrhosis \

are often malnourished

LK IR
MG
PR
LA A A

@Nj}%@

Poor outcome

Energy
intake

Energy Balance  Energy

l \ Stable
Welght

expenditure

Weight
loss
Weight

gain

Accurate assessments of energy
requirements are needed to optimize
dietary intake

-

Directly
measured

Resting Energy \

Expenditure

Indirectly
predicted

Prediction Equations

(i) Harris-Benedict (ii) Mifflin
(iii) Schofield (iv) Heny

\ fg Study Centres | /

Individual measured and predicted energy
expenditure data compared in 900 patients
with cirrhosis and 282 healthy controls

ﬂredicted values vs. Measured valuem

Discordance
-501 to +548 kcal/kg/24 hr

X

Prediction Equations
(i) Harris-Benedict (ii) Mifflin
(i) Schofield (iv) Henry




10

11

12

13

JHEPAI-D-21-UlY18R3
Predicted estimates of resting energy expenditure have limited clinical utility in

patients with cirrhosis

Ana Teresa Limon-Miro*!, Clive Douglas Jackson*?, Tannaz Eslamparast®, Hisami Yamanaka-
Okumura3, Lindsay Dudley Plank*, Christiani Jeyakumar Henry>, Angela Mary Madden®, Livia Garcia
Ferreira’, Evangelos Kalaitzakis®®, César Prieto de Frias?®, Anne Wilkens Knudsen?'?, Leah Gramlich?,
Maitreyi Raman??, Cathy Alberda'®, Dawn Belland'®, Vanessa Den Heyer'4, Puneeta Tandon!”,

Marsha Yvonne Morgan®>™*

Department of Medicine, University of Alberta, Edmonton, Canada. analimonmiro@ualberta.ca,

eslampar@ualberta.ca, leah.gramlich@ualberta.ca, ptandon@ualberta.ca

Department of Clinical Neurophysiology, Royal Free Hospital, Royal Free London NHS Foundation Trust,

London, UK. clive.jackson@nhs.net

Department of Clinical Nutrition and Food Management, Institute of Biomedical Sciences, Tokushima

University Graduate School, Kuramoto-cho, Tokushima, Japan. okumurah@tokushima-u.ac.jp

Department of Surgery, University of Auckland, Auckland, New Zealand, l.plank@auckland.ac.nz

Department of Biochemistry, National University of Singapore, Singapore. jeya henry@sics.a-star.edu.sg

School of Life and Medical Sciences, University of Hertfordshire, Hatfield, UK, a.madden@herts.ac.uk

Graduate Program in Nutrition and Health, Department of Nutrition, Universidade Federal de Lavras,

Brazil. livia.ferreira@ufla.br

Gastro Unit, Division of Endoscopy, Copenhagen University Hospital Herlev, Denmark,

kalvag@hotmail.com

Department of Gastroenterology, University Hospital of Heraklion, University of Crete, Heraklion, Greece,

kalvag@hotmail.com

Department of Gastroenterology, Clinica Universidad de Navarra, Pamplona, Spain, cprieto@unav.es

Gastrounit, Medical Division, Copenhagen University Hospital — Hvidovre, Denmark,

anne.wilkens.knudsen.01@regionh.dk

Department of Medicine, Division of Gastroenterology, University of Calgary, Calgary, Alberta, Canada,

mkothand@ucalgary.ca

Royal Alexandra Hospital, Alberta Health Services, Edmonton, Alberta, Canada, cathy.alberda@ahs.ca



mailto:analimonmiro@ualberta.ca
mailto:eslampar@ualberta.ca
mailto:leah.gramlich@ualberta.ca
mailto:ptandon@ualberta.ca
mailto:clive.jackson@nhs.net
mailto:okumurah@tokushima-u.ac.jp
mailto:l.plank@auckland.ac.nz
mailto:jeya_henry@sics.a-star.edu.sg
mailto:a.madden@herts.ac.uk
mailto:livia.ferreira@ufla.br
mailto:kalvag@hotmail.com
mailto:kalvag@hotmail.com
mailto:cprieto@unav.es
mailto:anne.wilkens.knudsen.01@regionh.dk
mailto:mkothand@ucalgary.ca
mailto:cathy.alberda@ahs.ca

14

15

JHEPAI-D-21-Ul1Y918K3

University of Alberta Hospital, Alberta Health Services Nutrition Services, Edmonton, Canada,

dawn.belland@albertahealthservices.ca, Vanessa.DenHeyer@albertahealthservices.ca

UCL Institute for Liver & Digestive Health, Division of Medicine, Royal Free Campus, University College

London, UK, marsha.morgan@ucl.ac.uk

*Denotes co-first authors **Denotes co-senior and co-corresponding authors
Co-corresponding authors:

Marsha Y Morgan, UCL Institute for Liver& Digestive Health, Division of Medicine, Royal Free Campus,
University College London, Hampstead, London, NW3 2PF, UK,
+ 44 (0)20 7433 2866

marsha.morgan@ucl.ac.uk

Puneeta Tandon, Department of Medicine, Division of Gastroenterology (Liver Unit), University of Alberta,

Edmonton, Alberta, Canada

+1 (780) 492-7934

ptandon@ualberta.ca

Keywords: energy requirements; ethnicity; indirect calorimetry; liver disease; prediction equations; resting

energy expenditure; sex

Electronic Word Count: 6263 Number of Figures & Tables: Figure 1: Tables 6

Conflicts of Interest: None of the authors report a conflict of interest in relation to this work

Financial Support: No relevant financial support

Data Availability Statement: Detailed study data are provided in the supplementary files. The original

ethics approvals preclude public sharing of the raw data.


mailto:dawn.belland@albertahealthservices.ca
mailto:Vanessa.DenHeyer@albertahealthservices.ca
mailto:marsha.morgan@ucl.ac.uk
mailto:marsha.morgan@ucl.ac.uk
mailto:ptandon@ualberta.ca

Authors’ contributions

JHEPAI-D-Z21-U1918K3

Authors’
initials

Study
concept/
design

Acquisition
of data

Analysis &
interpretation
of data

Drafting of
manuscript

Critical
revision of
manuscript

Statistical
analysis

Support Study

supervision

ATL-M

v

v

CDJ

v

v

v

TE

v

v

HY-O

LDP

CHH

AMM

GF

EK

CPfF

AWK

NSRRI ARV IRV ARV AN

LG

MR

CA

DB

VDH

MYM

PT

NN N I N I N N N R R N B N B VAN IR NERN AN R NN




JHEPAI-D-Z1-ULY18K3
Abstract

Background & Aim: Malnutrition is associated with adverse clinical outcomes in patients with cirrhosis.
Accurate assessment of energy requirements is needed to optimize dietary intake. Resting energy
expenditure (REE), the major component of total energy expenditure, can be measured using indirect
calorimetry (mREE) or estimated using prediction equations (pREE). This study assessed the usefulness

of predicted estimates of REE in this patient population.

Methods: Individual mREE data were available for 900 patients with cirrhosis (mean [+1SD] age
55.7+11.6 yr; 70% men; 52% south-east Asian) and 282 healthy controls (mean age 36.0+12.8 yr; 52%
men; 18% south-east Asian). Metabolic status was classified using thresholds based on the mean+1SD
of the mREE in the healthy controls. Comparisons were made between mREE and pREE estimates
obtained using the Harris-Benedict, Mifflin, Schofield and Henry equations. Stepwise regression was
used to build three new prediction models which included sex, ethnicity, body composition measures,

and MELD scores.

Results: The mean mREE was significantly higher in patients than controls when referenced to dry body
weight (22.4+3.8 cf. 20.842.6 kcal/kg/24hr; p<0.001); there were no significant sex differences. The
mean mMREE was significantly higher in Caucasian than Asian patients (23.1+4.4 c¢f. 21.7+2.9
kcal/kg/24hr; p<0.001). Overall, 37.1% of Caucasians and 25.3% of Asians were classified as
hypermetabolic. The differences between mREE and pREE were both statistically and clinically relevant;
in the total patient population, pREE estimates ranged from 501 kcal/24hr less to 548 kcal/24hr more
than the mREE. Newly-derived prediction equations provided better estimates of mREE but still had
limited clinical utility.

Conclusions: Prediction equations do not provide useful estimates of REE in patients with cirrhosis. REE
should be directly measured.

Word count: 271
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Lay summary

People with cirrhosis are often malnourished and this has a detrimental effect on outcome.
Provision of an adequate diet is very important and is best achieved by measuring daily energy
requirements and adjusting dietary intake accordingly.

Prediction equations, which use information on age, sex, weight, and height can be used to
estimate energy requirements; however, the results they provide are not accurate enough for

clinical use, particularly as they vary according to sex and ethnicity.
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Introduction

Malnutrition is common in patients with cirrhosis (1-5) and is a substantial risk factor for bacterial
infections, hepatic encephalopathy, hospitalization, and mortality (6-12); improving nutritional status
has a beneficial effect on several of these outcome variables (13-19). Several guidelines for the
nutritional management of patients with cirrhosis exist and provide recommendations for daily energy
intakes based on body weight (20-25). However, the recommended daily energy intakes are
inconsistent varying, for example, in patients with compensated disease from 25 kcal/kg (20) to at least
35 kcal/kg (24,25). In addition, several factors mitigate against the use of generic dietary prescriptions
viz: (i) energy requirement may increase in patients with cirrhosis who develop acute complications
(22); (ii) approximately one-quarter to one-third of patients with cirrhosis are hypermetabolic but are
not identifiable based on demographic or clinical features (26-30); and, (iii) during the natural course of
the disease patients with cirrhosis tend to spontaneously reduce their dietary intake (29) and to reduce
their levels of physical activity (31)and this will have compensatory, but not necessarily identifiable

effects, on intake requirements.

The inter-patient variability in energy requirement, in patients with cirrhosis, is high and the risk of
under- and overfeeding, resulting from a formulaic approach to dietary provision, is likely to be
significant. It has, therefore, been recommended that energy requirements should be determined, in
this patient population, whenever possible, by indirect calorimetric measurements of resting energy
expenditure (mREE) (20-22,24,25). However, this guidance is rarely adopted in clinical practice. Instead
estimates of REE from prediction equations (pREE) are used as a substitute even though there are
considerable concerns about their accuracy in this patient population (30,32). Further the prediction
equations are generic despite substantial evidence of ethnic diversity in energy homeostasis (33-35).

Thus, in a recent systematic review of 17 studies involving 1883 patients with cirrhosis, pREE estimates
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significantly underestimated mREE in the majority of Caucasian patients while tending to overestimate

mMREE in patients of south-east Asian origin (32).

The present study utilized individual data from a large cohort of patient with cirrhosis to: a) determine
the effects of ethnicity on mREE; b) delineate the prevalence and predictors of hypermetabolism; c)
compare REE estimates predicted using the Harris Benedict (36), Mifflin (37), Schofield (38) and Henry
(39) equations with mREE; and d) devise new models for predicting both the hypermetabolic state and

REE and to determine their clinical utility.
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Subjects and methods
Data sources
The authors of the 17 studies included in a recent systematic review of REE in patients with cirrhosis
(32) were approached to determine if they had access to and permission to share individual data on the
patients included in their studies and, if available, corresponding data in healthy controls. Additional

potential sources of healthy control data were identified from the literature and network contacts.
Individual data extraction

The patient data accessed included: hospitalization status (inpatient vs. outpatient), sex, age, self-
reported ethnicity, liver disease aetiology, the presence/absence of fluid retention, height, body weight,
estimated dry weight, Pugh’s score and Child-Pugh grade (40), Model for End-stage Liver Disease
(MELD) score (41), mREE, and, where available, measures of body composition, such as fat free mass
(FFM). Patients with ascites, in whom the dry weight had not been estimated, and patients with
hepatocellular carcinoma were excluded from the analyses. The healthy controls data accessed
included: sex, age, self-reported ethnicity, height, body weight, mREE, and, where available, measures

of body composition.

The studies from which data were obtained had been undertaken according to the ethical guidelines of
the 1975 Declaration of Helsinki (42) and approved by the appropriate institutional review committees.

All participants had provided written informed consent.
Resting energy expenditure

REE was measured (mREE) using indirect calorimetry as recommended (32). REE was predicted (pREE)
using the formulae proposed by Harris-Benedict (36), Mifflin (37), Schofield (38) and Henry (39)
(Appendix). mREE and pREE data were expressed both in absolute (kcal/24 hr), and relative (kcal/kg dry

body weight/24 hr) terms.
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Data curation and statistical analysis

Statistical analyses were performed using R software (43); p-values of <0.05 were considered

significant.

Differences in demographic, clinical, anthropometric and metabolic variables between patients with

cirrhosis and healthy controls and between patient subgroups were compared using the Wilcoxon rank

and ¥ tests.

Patients’ metabolic status was classified using the mean (£1SD) of the mREE in the relevant healthy
controls as: hypometabolic (<mean-1SD), normometabolic (meant1SD), or hypermetabolic
(>mean+1SD) (30). The relationships between patients’ demographic/clinical features and metabolic
status were examined using the Jonckheere-Terpstra test for ordered differences among classes.
Logistic regression modelling was used to derive equations suitable for predicting metabolic status, in
particular, the hypermetabolic state. Models were built for the total combined control and patient
populations and separately, by sex and ethnicity based on both absolute and relative mREE

(Supplementary Methods 1).

The interchangeability of mREE and pREE values, identified by the limits of agreement between the two
measures and their directionality, were assessed using a modified Bland and Altman approach (44) in
which the differences between mREE and pREE were plotted against pREE in order to assess the

residuals and hence reduces bias.

The associations between mREE and sex, age, ethnicity, dry weight, height, body mass index (BMI) and
MELD score were examined using simple regression. A stepwise regression with forward selection was
applied utilizing the available data in the patient and healthy control populations to derive two new
prediction models (Basic and London) and a third new prediction model (MELD) based on information

available in the patient population alone (Supplementary Methods 2). The validity of the newly devised
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models was then examined by application to the patient population. The estimates of pREE provided
using the new models and the estimates provided by the four standard prediction equations were

compared using standard Bland and Altman plots (44).

10



JHEPAI-D-Z1-U1Y18K3
Results
Study subjects
A total of 900 patients with cirrhosis and 282 healthy control subjects were identified and included in

the analyses (30,45-51) (Supplementary Table 1).
Patients with cirrhosis

The patients were predominantly middle-aged and male (Table 1). Overall, 61% had viral-related
cirrhosis; 69% were either Child-Pugh Grade B or C; 48% were Caucasian while 52% were south-east
Asian. The expected male: female differences in anthropometric measurements were observed in both
the Caucasian and Asian subpopulations but there was no significant sex-related difference in mean
BMI, based on estimated dry body weight (Table 2: Supplementary Table 1). There were, however, a
number of significant differences in the demographic and derived variables in the ethnic subpopulations
(Table 2). The Asian patients were older (mean [+1SD] 59.8+10.9 cf. 51.3+£10.8 yr; p<0.001), had a lower
mean dry BMI (22.2+3.2 ¢f. 25.5+4.9 kg/m? p<0.001), were more likely to have HBV/HCV-related
cirrhosis (89.7 cf. 32.2%; p<0.001), and to have less decompensated disease (MELD score 9.2+4.2 cf.

13.745.2; p<0.001) (Table 2).
Healthy controls

The control population comprised of 282 healthy people (51.8% men; mean age 36.0£12.8 yr; mean
BMI 26.2+5.1 kg/m?) (Table 2). Of these, 50 (17.7%) were Caucasian while the remainder were south-
east Asian. The Asian healthy controls were significantly younger than their Caucasian counterparts
(mean age 32.8410.5 cf. 50.6+12.4 yr; p<0.001), and significantly shorter (166.3+8.5 cf. 169.6+8.4 cm;

p<0.05) but were otherwise comparable (Table 2).
Matching of patient and control populations

There were no significant differences in demographic and derived variables between the Caucasian

patients and healthy Caucasian controls except for an imbalance in the proportion of men

11
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(Supplementary Table 2). In contrast, there were several potentially confounding differences between
the Asian patients and the healthy Asian controls, notably in sex distribution, BMI and age
(Supplementary Table 2). However, the difference in sex distribution was accounted for by correcting
the analyses for sex and the differences in weight were largely off-set by correcting REE for body
weight. Likewise, the difference in age was non-consequential as there was no significant relationship
between age and weight-corrected REE in the healthy Asian controls (correlation coefficient — 0.169;
Supplementary Figure 1); in particular there was no significant difference in mREE/kg body weight in

healthy Asian controls aged <40 and >40 yr (20.8+2.6 cf. 20.3%2.2 kcal/kg; p = 0.12).

Measured REE

The mean mREE was significantly higher in men than in women in both the total patient and healthy
control populations when expressed in absolute terms; the difference was retained in the control
population when referenced to body weight (21.3+2.6 c¢f. 20.2+2.5 kcal/kg/24 hr; p<0.001) but was

negated in the patient population (22.443.7 cf. 22.2+3.9 kcal/kg dry body weight/24 hr) (Table 3).

The mean mREE was significantly lower in the total patient population compared to the healthy
controls when expressed in absolute terms (1447+354 cf. 1499+293 kcal/24 hr; p<0.02) but was
significantly higher than in healthy controls when expressed relative to dry body weight (22.4+3.8 cf.

20.8+2.6 kcal/kg/24 hr (p<0.001) (Table 3).

In the Caucasian population, the mean mREE, expressed in absolute terms, was significantly higher in
the total patient population than in the healthy controls, and was also significantly higher in the group
as a whole, and by sex, relative to dry body weight (Table 3). In the Asian population the mean mREE,
expressed in absolute terms, was significantly lower in the patients than in the healthy controls both in
the group as a whole, and by sex. However, the mean mREE, expressed relative to body weight, was
significantly higher in the patients than the healthy controls in the whole group and in women but was

comparable in men (Table 3).

12
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Overall, the mean mREE did not differ significantly between the Caucasian and Asian healthy controls
whether expressed in absolute or relative terms. However, the mean mREE in the Caucasian patients
was significantly higher than in the Asian patients as a whole and by sex whether expressed in absolute

or relative terms (Table 3).

Metabolic status in patients with cirrhosis

The thresholds for determining metabolic status were based on the mean (£1SD) of the mREE in the
corresponding healthy control populations (30) (Supplementary Table 3). Significant differences in the
classification of metabolic status were observed in the Caucasian and Asian patients, when expressed in
absolute terms with approximately 30% of Caucasians classified as hypermetabolic but almost 45% of
Asians patients classified as hypometabolic (Table 4; Supplementary Tables 4A-F). However, when
mMREE was expressed relative to dry body weight approximately a quarter to one- third of Caucasian and
Asian patients were classified as hypermetabolic (Table 4; Supplementary Tables 4G-L). There was no
sex- difference in the prevalence of hypermetabolism in the Caucasians (men 33.2%: women 37.1%) but
a notable, unexplained, sex-difference in prevalence in the Asians (men 20.5%; women 35.2%; p=0.001).
Patients classified as hypermetabolic, based on relative REE, were younger, weighed less and had more
decompensated liver disease than their normo- or hypometabolic counterparts (Supplementary Tables
4G-L).

Predicting metabolic status

Logistic regression modelling was used to determine if it were possible to predict the hypermetabolic
state in patients with cirrhosis. The performance of the prediction models based on absolute mREE was
fair to moderate (total population: sensitivity 59%, specificity 95%, positive predictive value (PPV) 71%,

negative predictive value (NPV) 92%; accuracy 89%) with no notable differences by sex or ethnicity

(Supplementary Table 5). The performance of the prediction models based on mREE relative to dry

13
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body weight was also fair to moderate (total population: sensitivity 40%, specificity 91%, PPV 64%, NPV

79%; accuracy 77%) again with no notable differences, by sex or ethnicity.
PREE using standard equations

Differences were observed between mREE and pREE estimates, in the healthy controls, relative to the
prediction equation, sex and ethnicity (Supplementary Table 6). Overall pREE estimates were within the
mean+2SD of mREE in 65.2-72.7% of healthy controls; were under-predicted in 3.9-12.4% and over-
predicted in 14.9-29.1%, depending on the equation used. pREE estimates were within the mean+2SD
of mREE in 69.9-85.6% of healthy male controls; 79.4-89.0% of healthy female controls; 74.0-78.0% of

healthy Caucasian controls and 63.4-69.0% of healthy Asian controls.

Differences were observed between mREE and pREE estimates, in the patients with cirrhosis, again
relative to the prediction equation, sex and ethnicity (Table 5). Overall, pREE estimates were within the
mean+2SD of mREE in 82.0-86.3% of the patients but were under-predicted in 4.3-13.4% and over-
predicted in 3.8-10.9%, depending on the equation used (Table 5). pREE estimates were within the
mean+2SD of mREE in 80.1-91.9% of men with cirrhosis and 70.9%-94.0% of women with cirrhosis. In
the Caucasian patients as a whole, and by sex, the mean REE estimates provided by all four prediction
equations were significantly Jower than the mean mREE (Table 5). In contrast, in the Asian patients the
mean Schofield and Henry pREEs significantly over-estimated the mean mREE in the total population
and in men (Table 5) while the mean Mifflin and Harris—Benedict pREEs significantly over-estimated the

mean MREE in men and under-estimated mREE in women (data not shown).
Limits of Agreement between the mREE and pREE

Information on data interchangeability was determined by the limits of agreement between measures

of mREE and pREE and their directionality.

In the 282 healthy controls, the pREE estimates, provided by the four prediction equations, were from -

432 kcal/24 hr less to 301 kcal/24 hr more than the mREE (Supplementary Table 7). In the 900 patients

14
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with cirrhosis, the pREE estimates, provided by the four equations, were from 501 kcal/24 hr less to 548
kcal/24 hr more than the mREE (Table 6). Similar differences in the limits of agreement between mREE

and pREE estimates were observed in the patient populations by sex and by ethnicity (Table 6; Figure 1).

The pREE estimates were within the limits of agreement for all four equations in 50% of the patients

with cirrhosis. However, these individuals could not be distinguished clinically.
New models to predict REE

Three separate models were built (Supplementary Material 2):
(i) Basic model: in the total patient population the limits of agreement, ranged from -427 to 413 kcal/24
hr (Supplementary Table 8); these are marginally narrower than those provided by the four standard

prediction equations (Table 6).

(ii) MELD model: the limits of agreement, in the total population, ranged from -441 to 441 kcal/24 hr
(Supplementary Table 8); these are also marginally narrower than those obtained with the standard

prediction equations (Table 6).

(iii) London model: the limits of agreement, in the total population, ranged from -398 to 398 kcal/24 hr
(Supplementary Table 8); these are the narrowest of the limits of agreement provided by any of the

standard and newly devised prediction equations (Table 6).
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Discussion
The key findings in the present study were: (i) mREE must be referenced to a measure of body composition,
for example, dry body weight; (ii) ethnicity is an important determinant of mREE; (iii) the commonly used
prediction equations do not provide REE estimates that can be used interchangeably with mREE and hence
have limited clinical utility; and (iv) the major determinants of REE in patients with cirrhosis have yet to be

fully delineated limiting the accuracy of any model derived to predict metabolic status and REE.

Expressing mREE in absolute rather than relative terms provides misleading results and inaccurate
comparisons. Thus, the mean mREE was significantly lower in patients with cirrhosis than in healthy
controls, when expressed in absolute terms, but was significantly higher when expressed relative to dry
body weight. Likewise, approximately 30% of Caucasian patients were classified as hypermetabolic based
on absolute mREE values while over 45% of south-east Asian patients were classified as hypometabolic;
referencing the mREE to dry body weight identified an excess of hypermetabolic patients in both

populations.

The unique composition of this cohort of patients allowed the effects of ethnicity on metabolic status in
cirrhosis to be explored. The mean mREE was significantly higher in the Caucasian patients than in their
south-east Asian counterparts even when allowance was made for differences in BMI. In addition, whilst
the frequency of hypermetabolism was comparable in Caucasian men and women (33.6 % cf. 37.8%) there
was a distinct and unexplained sex-related difference in frequency in the south-east Asians (20.2% cf.
36.8%). Similarly, the performance of the prediction equations differed substantially, by ethnicity. Thus, in
the Caucasian patients the mean pREE estimates provided by the four prediction equations were
significantly lower than the mean mREE. In contrast, in the south-east Asian patients the mean pREEs were
either significantly higher than the mean mREE or else did not differ from it significantly. The limits of
agreement between the pREE estimates and mREE were considerably wider in the Caucasian patients as

were the ranges between the minimum and maximum differences between these variables.

16
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These findings clearly identify ethnicity as a major determinant of mREE and this undoubtedly relates to the
well-documented variation in body composition between races, more especially to differences in the size
and composition of the FFM (52). Variation in the size of the FFM explains 65 to 90% of the inter-subject
variation in mREE in healthy adults (53-55). However, the composition of the FFM is equally as important
as REE may be significantly influenced by variation in the ratios of high to low energy-requiring FFM
contributors (56-59). In healthy Caucasian adults, skeletal and liver mass are the major FFM contributors to
REE (57). Healthy African Americans have significantly lower mREE than their white counterparts largely
accounted for by a smaller summed mass of specific high-metabolic-rate organs (60). Asian Indians living in
Singapore have a significantly lower mREE than their Chinese counterparts; this difference remains
significant after adjustment for total FFM and skeletal muscle mass but is attenuated when adjusted for

visceral FFM (61).

Approximately a quarter to one third of patients, in the present study, were classified as hypermetabolic, in
line with previous findings (26-30). However, there is little or no consensus on the most accurate method
for defining metabolic status in this patient population. Classification has been based on threshold relating
to the ratio of mREE to pREE (29), the range of values in healthy controls (28) or, as in this study, the mean
+ 1SD of healthy control values (30). A universally acceptable, evidence-based classification of metabolic
status is clearly required. Patients who are hypermetabolic may be particularly vulnerable to nutritional
insult (62,63) and the ability to identify them is a significant unmet need. Several models were built to
facilitate prediction of the hypermetabolic state, based on the available individual patient and healthy
control data, but their diagnostic performance was only fair to moderate. Future prediction modelling
requires accurate information on the factors that underpin the hypermetabolic state (29) which is being

actively pursued (50).

The pREE estimates, in the patients with cirrhosis, ranged from 501 kcal/24 hr less to 548 kcal/24 hr more

than the mREE rendering them of little value in the clinical setting. This finding is not specific to this patient
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population as the accuracy of the pREE estimates is notably poor in several conditions, for example,
obesity, malignancy, and critical illness (64-67). This prediction inaccuracy in disease states has been
attributed to the fact that the original equations were developed in cohorts of healthy, non-hospitalized
Caucasian individuals of normal weight in first two decades of the 20" century. However, the pREE
estimates in the healthy controls, in the present study, were equally as poor ranging from 432 kcal/24 hr

less to 301 kcal/kg more than the mREE.

The novel prediction models developed in the present study provided better mREE estimates than those
provided by the established prediction equations. Of these the London model, which included a measure
of FFM derived from skinfold anthropometry (68), provided the best estimates with the narrowest limits of

agreement. However, none of the models provided pREE estimates that would be useful clinically.

Currently between 50 to 65% of the variance in mREE in patients with cirrhosis can be explained by
demographic and body composition variables (30). Clearly more information is needed on the factors

responsible for the remaining variance in REE if clinical useful prediction tools are to be developed (69).

It is likely that referencing mREE not just to FFM but to more specific metabolic components of the FFM
would provide more meaningful results and comparisons (69,70). Data on the composition of the FFM in
patients with cirrhosis and the contribution of the various FFM components to the variance in REE are
lacking and are not easily obtained (57). However, this knowledge might allow development of novel

energy expenditure body composition models in the future (69,70).

The present study has a number of strengths: (i) the patient population was large and thus subgroup
analyses for differences in potentially important confounders such as sex, body composition, and ethnicity
were possible; (ii) the patients were drawn from study centres in Europe, south-east Asia, New Zealand and
South America; the findings are, therefore, more generally applicable than if the population were more

refined; (iii) a healthy control population was included which allowed for a more precise classification of
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metabolic status than the techniques used in previous publications (48,50,71); and, (iv) the pREE estimate
were calculated de novo for the four most widely-used equations, for all included patients and healthy

controls, hence ensuring consistency.

This study also has a number of limitations: (i) the patients were of either of south-east Asian or Caucasian
descent; information was not available on south Asian or African/Afro-Caribbean populations; (ii) the
majority of patients had HBV/HCV-related cirrhosis although patients with alcohol-related cirrhosis were
well-represented; only 6% had non-alcoholic fatty liver-related cirrhosis, which is not reflective of current
clinical practice; (iii) data on the level of functional hepatic reserve, assessed using the Child-Pugh or MELD
scores, were available for 51% and 79% of the patient population respectively; however the number of
patient available for analysis was still substantial; (iv) data on nutritional status were not generally available
and so could not be included - this has particular relevance when determining the appropriateness of
recommended energy intakes, by nutritional status (46,72); (v) dry BMI was used as a surrogate for
nutritional status but the methods of ascertainment differed between populations; (vi) measures of FFM
and skeletal muscle mass were not available for the majority of patients; these would have provided a
more robust and less variable tissue reference for REE expression; (vii) the number of Caucasian healthy
controls was relatively small but still adequate for analysis, and (vii) it is likely that there were differences in
preparation of both the patients and the healthy controls for REE measurements e.g. fasting state;
concomitant medication with B-blockers (46) and in measurement techniques e.g. type of indirect
calorimeter used, the calibration; the equilibration and measurement periods and the calculation of REE, in

particular whether it included an adjustment for 24 hr urinary nitrogen excretion (32).

Conclusions

Prediction equations do not provide estimates of REE that are sufficiently accurate to determine dietary
requirements in patients with cirrhosis. These findings further strengthen the recommendation made in

recent nutritional guidelines that REE should be directly measured in these patients and not predicted.
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Further studies are needed to identify the variables which contribute to the variance in REE in this patient
population. It may then be possible to devise accurate prediction models obviating the need for direct REE
measurement. If, in addition, evidence-based information on the relationship between mREE and TEE, can
be obtained then future recommended weight—based dietary prescriptions could be more securely

formulated.

Abbreviations: BMI: Body mass index; FM: fat mass; FFM: fat-free mass; HBV/HCV: hepatitis B/C; ht:
height; IPD: individual patient data; MELD: Model for End-stage Liver Disease; mREE: measured resting
energy expenditure; NAFLD: non-alcoholic fatty liver disease; NPV: negative predictive value; PPV: positive
predictive value; pREE: predicted resting energy expenditure; REE: resting energy expenditure; TEE: total

energy expenditure; wt: weight.
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Appendix

Published equations used to predict REE

Harris-Benedict (36)
Men: 66.47 + (13.75 x wt) + (500.33 x ht) - (6.76 x age)
Women: 655.10 + (9.56 x wt) + (184.96 x ht) - (4.68 x age)

Mifflin (37)
Men:  (9.99 x wt) + (625 x ht) - (4.92 x age) + 5
Women: (9.99 x wt) + (625 x ht) - (4.92 x age) — 161

Schofield (38)

Men: (18-30yr) = (15.06 x wt) - (10.04 x ht) + 706.12
(>30-60 yr) = (11.48 x wt) - (2.63 x ht) + 877.57
(60+ yr) = (9.09 x wt) + (972.74 x ht) - 834.77

Women: (18-30 yr) = (13.63 x wt) + (283.12 x ht) + 98.28
(>30-60 yr) = (8.13 x wt) + (1.43 x ht) + 844.09
(60+yr) 5 (7.89 x wt) + (458.39 x ht) + 17.69

Henry (39)

Men: (18-30yr) =(14.4 x wt) + (313 x ht) + 113
(>30-60 yr) = (11.4 x wt) + (541 x ht) - 137
(60+ yr) = (11.4 x wt) + (541 x ht) - 256

Women: (18-30 yr) = (10.4 x wt) + (615 x ht) - 282
(>30-60 yr) = (8.18 x wt) + (502 x ht) — 11.6
(60+ yr) = (8.52 x wt) + (421 x ht) + 10.7
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Figure 1: The degree of agreement between measured REE in 900 patients with cirrhosis and the estimates
provided by the Harris—Benedict (36), Mifflin (37), Schofield (38) and Henry (39) equations. The blue
horizontal line is the line of identity; the horizontal green lines represent the mean and limits of agreement of
the data; the difference between the line of identity and the mean represents the bias; the red line represents

the best fit through the data set
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Table 1: Measured and derived demographic variables and hospital status in the total patient population

Population
Variable Number P
Total Men Women
Sex (n: %) 900 632 (70.2) 268 (29.8)
55.7+11.6 56.4+11.3 54.3+12.3
Age (yr) 900
(20.0-84.0)  (20.0-84.0) (20.0-78.0)
165.5+9.3 168.8+7.7 157.5+8.0"""
Height (cm) 900
(134.0-190.0) (146.0-190.0)  (134.0-178.0)
67.0+15.6 69.7 +15.7 60.8+13.7°"
Scale weight (kg) 900
(33.5-131.8) (40.2-131.8) (33.5 - 105.5)
Ascites (n: %) 900 193 (21.4) 127 (20.1) 66 (24.6)""
. 65.3+14.9 68.0 £14.8 58.9+13.1""
Dry weight (kg) 900
(33.5-131.8) (40.2-131.8) (33.5-105.5)
23.7+4.5 23.8+4.5 23.7+4.5
Dry BMI (kg/m?) 900
(13.1-41.1)  (14.8-41.1) (13.1-40.7)
Cirrhosis aetiology (n: %) 610(71.1) 248 (28.9)
Alcohol 198 (23.1) 142 (23.3) 56 (22.6)
NAFLD ned 48 (5.6) 34 (5.6) 14 (5.6)
HBV 167 (19.5) 136 (22.3) 31(12.5)
HCV 356 (41.5) 58 (42.3) 98 (39.5)
Other 89 (10.4) 40 (6.6) 49 (19.8)
497 (70.3%) 210 (29.7%)
MELD score 707 12.0+5.3 11.6 £5.0 12.8+58"
(6.0 - 36.0) (6.0 -33.0) (6.0 - 36.0)
251 (66.2%) 128 (33.8%)
Pugh’s score 373 8t2 8.0+2.4 82423
(5-14) (5.0-14.0) (5.0-13.0)
Child-Pugh Grade (n: %) 310 (67.4) 150 (32.6)
A 143 (31.1) 104 (33.5) 39 (26.0)
B 460 186 (40.4) 118 (38.1) 68 (45.3)
I 131 (28.5) 88 (28.4) 43 (28.7)
Hospital inpatient (n: %) 900 397 (62.8) 145 (54.1)

BMI: body mass index; NAFLD: non-alcoholic fatty liver disease; HBV/HCV: hepatitis B/C; MELD: model of end
stage liver disease

Data are presented as mean £ 1SD (range) or as number (%)

Significance of the difference between men and women: * p < 0.05; ** p < 0.01; *** p<0.001
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Table 2: Comparison of measured and derived variables in the patients with cirrhosis and healthy controls, by sex and ethnicity

Variable

Patients with Cirrhosis

(n = 900)
Caucasian Asian
All Men Women All Men Women
(n=429) (n=286) (n=143) (n=471) (n=346 (n=125)
Sex (% men) 66.7% 73.5%*
Age (yr) 51.3+10.8 51.3+10.0 51.3+12.2 59.8+10.9™ 60.5+10.6"" 57.7+11.5™
Height (cm) 169.0+9.1 173.0+ 7.0 161.0+ 7.3 162.3 +8.3™ 165.4+6.4"" 153.6+6.8""
Scale weight (kg) 76.2+15.1 80.6+14.3 67.4+12.6 58.7+10.7°" 60.7 £ 10.0™" 53.2+10.6™
Ascites (%) 183 (42.7%) 120 (42.0%) 63 (44.1%) 10 (2.1%)™" 7 (2.0%)"" 3(2.4%)"
Dry weight (kg) 72.8+15.4 77.2+14.7 64.0+13.0 58.5+10.5""" 60.5+9.8" 53.0+10.4""
Dry BMI (kg/m?) 25.5+4.9 25949 24.7+4.9 22.2+32™ 22.1+£3.1™ 224+3.6™
Aetiology (% viral) 32.2% 36.4% 23.8% 89.7%"" 89.5%""" 90.5%"""
MELD score 13.7+5.2 13.6+5.0 14.1+5.5 9.2 442" 9.0+3.7"" 10.1+5.5™
Varae Healt(zyz(é‘,gzr;trols
Caucasian Asian
All Men Women All Men Women
(n =50) (n=25) (n=25) (n=232) (n=121) (n=111)
Sex (% men) 50.0% 52.2%
Age (yr) 50.6 £12.4 51.4+12.8 49.9+12.2 32.8+10.57 323+9.9™ 33.4+11.2°7
Height (cm) 169.6 + 8.4 175.4+6.9 163.8+5.1 166.3 +8.5 172.0+6.0" 160.1+6.2"
Scale weight (kg) 74.0 +12.9 79.6 £11.0 68.4 +12.3 72.9+16.8 79.2 £14.9 66.1+16.1
BMI (kg/m?) 25.7+3.9 25.9+3.2 25.5+45 26.31+5.4 26.8+4.9 25.7+5.8

BMI; body mass index
Data are presented as mean £ 1SD (range) or as number (%)
Significance of the difference between Caucasian and Asian populations: *p <0.05; **p<0.01; *** p<0.001
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Table 3: Measured REE in patients and healthy controls expressed in absolute and relative terms, by sex and ethnicity

Patients Healthy controls
Variable
Total Caucasian Asian Total Caucasian Asian
Total

(n = 900) (n = 429) (n=471) (n =282) (n = 50) (n=232)
REE: kcal/24hr 1447 + 354/n 1652 + 3497 1261 + 236AAA 1499 + 293 1542 + 283 1489 + 295
REE: kcal/kg/24hr 22.4 + 3.8/ 23.1+4.47N 21.7 £ 2.9/AAHH 20.8+2.6 21.0+3.0 20.7+£2.5

Men

(n =632) (n = 286) (n = 346) (n = 146) (n = 25) (n=121)
REE: kcal/24hr 1515 + 362/1 1765 + 333 1309 + 230AAA*H 1668 + 248 1691 + 254 1663 + 248
REE: kcal/kg/24hr 22.4 £3.7/MN 23.2 £ 4.4 21.8 2.9 213126 21.4+3.0 21.3+25

Women

(n=268) (n=143) (n=125) (n=136) (n=25) (n=111)
REE: kcal/24hr 1287 £ 276*** 1426 + 260*** 1128 + 198AAA**,, 4+ 1317 + 227 %** 1393 + 229%** 1300 + 217%**
REE: kcal/kg/24hr 22.2 £ 3.9/MA 22.7 4.5 21.5+ 3. 1A/ 20.2 £ 2 5%** 20.6+2.9 20.1 £ 2.4%**

REE: resting energy expenditure
Data are presented as mean * 1SD in kcal/24 hr or kcal/kg dry body weight/24 hr
Significance of difference between patients and healthy controls: » p < 0.05, ** p <0.02, " p < 0.001
Significance of the difference between men and women: ***p <0.001
Significances of the difference between Caucasians and Asians populations ** p< 0.02; ***p < 0.001
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Table 4: Metabolic status in the Caucasian and Asian patients with cirrhosis, by sex expressed

in absolute and relative terms

Metabolic status*

Population Number
Hypometabolic Normometabolic Hypermetabolic
REE kcal/24 hr
Total (n:%)
Total 900 251 (27.9) 491 (54.6) 158 (17.6)
Men 632 290 (45.9) 250 (39.6) 92 (14.6)
Women 268 74 (27.6) 145 (54.1) 49 (18.3)
Caucasian (n:%)
Total 429 49 (11.4) 254 (59.2) 126 (29.4)
Men 286 50 (17.5) 157 (54.9) 79 (27.6)
Women 143 16 (11.2) 94 (65.7) 33(23.1)
Asian (n:%)
Total 471 210 (44.6) 246 (52.2) 15.(3.2)
Men 346 245 (70.8) 98 (28.3) 3(0.9)
Women 125 59 (47.2) 59 (47.2) 7 (5.6)
REE kcal/kg dry body weight/24 hr
Total (n:%)
Total 900 95 (10.6) 519 (57.7) 286 (31.8)
Men 632 86 (13.6) 369 (58.4) 177 (28.0)
Women 268 30 (11.2) 135 (50.4) 103 (38.4)
Caucasian (n:%)
Total 429 45 (10.5) 225 (52.4) 159 (37.1)
Men 286 32 (11.2) 159 (55.6) 95 (33.2)
Women 143 17 (11.9) 73 (51.0) 53(37.1)
Asian (n:%)
Total 471 50 (10.6) 302 (64.1) 119 (25.3)
Men 346 51 (14.7) 224 (64.7) 71 (20.5)
Women 125 13 (10.4) 68 (54.4) 44 (35.2)

*Thresholds for determination of metabolic status were derived from the
mean + 1SD of the relevant healthy control population
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Table 5: Distribution of predicted REE relative to measured REE in 900 patients with cirrhosis,

by sex and ethnicity

Method REE Measured vs. Predicted
(kcal/24 hr) Under Within Over
Total (n = 900)
Measured 1447 + 354
Harris-Benedict 1403 + 258" 95 (10.6%) 738 (82.0%) 67 (7.4%)
Mifflin 1368 + 249" 121 (13.4%) 745 (82.8%) 34 (3.8%)
Schofield 1469 + 256 39 (4.3%) 763 (84.8%) 98 (10.9%)
Henry 1420 + 243 61 (6.8%) 777 (86.3%) 62 (6.9%)
Men (n = 632)
Measured 1515 + 362
Harris-Benedict 1466 + 267" 84 (13.3%) 506 (80.1%) 42 (6.6%)
Mifflin 1463 + 208** 36 (5.7%) 581 (91.9%) 15 (2.4%)
Schofield 1550 + 251* 28 (4.4%) 550 (87.0%) 54 (8.5%)
Henry 1503 +225 18 (2.8%) 580 (91.8%) 34 (5.4%)
Women (n = 268)
Measured 1287 £ 276
Harris-Benedict 1256 + 157 6 (2.2%) 249 (92.9%) 13 (4.9%)
Mifflin 1145 + 188" 73 (27.2%) 190 (70.9%) 5(1.9%)
Schofield 1279+ 143 6 (2.2%) 252 (94.0%) 10 (3.7%)
Henry 1225 + 154* 15 (5.6%) 247 (92.2%) 6 (2.2%)
Caucasian (n =429)
Measured 1652 + 349
Harris-Benedict 1540 + 252*** 80 (18.6%) 333 (77.6%) 16 (3.7%)
Mifflin 1481 + 244+ 107 (24.9%) 317 (73.9%) 5 (1.2%)
Schofield 1591 + 250* 62 (14.5%) 344 (80.2%) 23 (5.4%)
Henry 1535 + 244+ 84 (19.6%) 332 (77.4%) 13 (3.0%)
Asian (n = 471)
Measured 1261 + 236
Harris-Benedict 1279+ 193 24 (5.1%) 379 (80.5%) 68 (14.4%)
Mifflin 1265 + 205 66 (14.0%) 345 (73.2%) 60 (12.7%)
Schofield 1359 £ 207" 7 (1.5%) 323 (68.6%) 141 (29.9%)
Henry 1316 + 188" 20 (4.2%) 365(77.5%) 86 (18.3%)

Data are presented as mean + 1SD or as number (%)

Significance of the difference between mREE and pREE estimates: **p < 0.01; ***p < 0.001
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Table 6: Degree of agreement between measured REE and the estimates provided by the four
prediction equations in patients with cirrhosis, by sex and ethnicity

Method REE Mean/SD Limits of Rangen
(kcal/24 hr) of Differences Agreement
Total (n =900)
Measured 1447 + 354
Harris-Benedict 1403 + 258** 44 + 224 -404 to 492 -565 to 1361
Mifflin 1368 £ 249** 79 +234 -390 to 548 -520 to 1460
Schofield 1469 + 256 -22+239 -501 to 456 -688 to 1319
Henry 1420 +243 27 +234 -441 to 495 -602 to 1390
Men (n = 632)
Measured 1515 + 362
Harris-Benedict 1466 + 267" 49 + 234 -419 to 518 -565 to 1361
Mifflin 1463 £ 208" 52 +246 -440 to 545 -520 to 1460
Schofield 1550 + 251* -35+ 250 -535 to 465 -688 to 1319
Henry 1503 225 12+ 245 -477 to 501 -602 to 1390
Women (n = 268)
Measured 1287 + 276
Harris-Benedict 1256 + 157 31+197 -362 to 425 -542 to 706
Mifflin 1145 + 188*** 142 + 190 -238 to 522 -421 to 835
Schofield 1279 + 143 7 +208 -409 to 424 -648 to 665
Henry 1225 + 154* 62 +203 -343 to 467 -581 to 757
Caucasian (n =429)
Measured 1652 £ 349
Harris-Benedict 1540 + 252*** 112 + 263 -414 to 638 -565 to 1361
Mifflin 1481 + 244+ 171 + 263 -356 to 698 -515 to 1460
Schofield 1591 + 250" 61 + 268 -475 to 597 -688 to 1319
Henry 1535 + 244 117 + 266 -414 to 648 -602 to 1390
Asian (n =471)
Measured 1261 + 236
Harris-Benedict 1279 + 193 -18 + 157 -333 to 297 -524 to 510
Mifflin 1265 + 205 -5+ 165 -335to 325 -520 to 499
Schofield 1359 + 207 -69 + 178 -455 to 258 -601 to 528
Henry 1315 + 188" -55 + 162 -379 to 269 -538 to 487

Data are presented as mean = 1SD
ARange: minimum/maximum difference between measured and predicted REE
Significance of the difference between measured REE and predicted estimates; ** p < 0.01;**p < 0.001
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Highlights

Malnutrition has a significant negative effect on outcome in patients with
cirrhosis

Accurate information on daily energy requirements is essential for effective
nutritional management

Prediction equations provide estimates of daily energy expenditure but these
vary significantly by ethnicity and can range from 501 kcal less to 548 kcal
more than measured values

Where available, resting energy expenditure should be measured using
indirect calorimetry



