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Abstract

Patients with end-stage liver disease (ESLD) and undergoing liver transplantation (LTx) commonly present with malnutrition
attributed to various etiologies. One of the causes is potential hypermetabolism resulting from increased resting energy expenditure
(REE). After the surgery, it is hypothesized that these patients show a reduction in REE, which may contribute to the weight gain
observed in this population. However, there have been controversial results regarding the metabolic status of ESLD patients and
liver recipients, which has led us to critically review the pertinent literature. We enrolled studies with the following goals: assessment
of REE of these patients either before or after surgery by using indirect calorimetry (measured REE [mREE]) and comparison
of these mREE values with those of healthy controls or with REE values obtained using predictive equations (predicted REE
[PREE]). For most patients, mREE and pREE values were comparable. However, >5.3% of patients exhibited hypermetabolism
when the mREE was compared with the pREE using the Harris-Benedict formula. Three follow-up studies that were conducted
postsurgery showed a progressive reduction in the mREE for <1 year. However, conflicting data have been published, and cross-
sectional studies have not reported hypometabolic patients. In conclusion, there is no consensus regarding the metabolic status of
pre-LTx and post-LTx patients, which may be due to differences in the methods used for comparison. Therefore, we highlight this
aspect of LTx patient management, which impacts the quality of nutrition therapy required by these patients. (JPEN J Parenter
Enteral Nutr. 2021;45:456-464)
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The majority of patients (78.1%) exhibited a negative energy
balance, secondary to insufficient energy intake.’

After the transplant, alterations in the REE were investi-
gated as part of the etiology of weight gain.®® The exact
mechanisms behind the metabolic changes that occur in
liver recipients, including in the long-term postsurgery, are

Introduction

Transplantation is the standard treatment for patients with
advanced liver disease. Before liver transplantation (LTX),
malnutrition is a common condition and is associated
with worse prognosis.! After surgery, patients often exhibit
excessive weight gain with an increased prevalence of the
metabolic syndrome, indicating that alterations in their
metabolism may predominate after transplantation.?
Malnutrition is prevalent in patients with end-stage liver
disease (ESLD), observed in <74.7% of patients on the
waiting list for LTx.? In a study of 268 patients with ESLD,
the authors assessed the patients’ nutrition status using
several methods, such as in vivo neutron activation analysis
and dual-energy x-ray absorptiometry. The prevalence of
significant protein depletion was 51%, and the patients with
a higher degree of protein depletion also presented with
lower muscle functionality, as assessed by dynamometry,
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indicating impairment in muscle strength.* Other authors
assessed 73 patients with reference to energy balance. En-
ergy intake was evaluated with a 3-day food record, and the
energy requirements were derived from the resting energy
expenditure (REE) measured by indirect calorimetry and
further corrected by using daily physical-activity factors.
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yet unclear. However, one of the plausible causes may be
related to the loss of hepatic innervations, which may impair
the ability to control energy metabolism.’

Total energy expenditure is equal to the heat energy
required to maintain daily functions. It includes 3 main
components: REE, diet-induced thermogenesis, and en-
ergy needed to carry out physical activity.! REE is the
major component of the total energy expenditure and is
the energy expended by an individual at rest and in the
postabsorptive state.!! The gold-standard tool to assess the
REE is indirect calorimetry, and the REE value obtained
by using this method is commonly referred to as the mea-
sured REE (mREE)."? Oxygen consumption and carbon
dioxide production are measured, using either a canopy
or a mask.!3 The mean oxygen consumption and carbon
dioxide production per minute are used in indirect formulas,
such as the one developed by Weir (REE = [3.9 (VO,)
+1.1 (VCO,)))."* This value is multiplied by 1440 to obtain
the 24-hour mREE. It is necessary to take some precau-
tions while performing the test to assure that the energy
measurement is accurate. Therefore, indirect calorimetry
should be carried out in a temperature-controlled room,
after an overnight fast, and after a period of rest.'® The
calorimeter should be calibrated before each test, and the
2 gases should be collected for a period between 12 and
30 minutes. '

In clinical practice, when calorimeters are not available
because of high cost, or because of a lack of time to
perform the test, REE can also be predicted by using
specific equations. The main equations used to obtain
predicted REE (pREE) are those published by Harris and
Benedict,'® Mifflin et al,!” Schofield,'® Owen et al,'® Muller
et al,’> and Cunningham.?! Although useful, there are
some concerns about the accuracy of these equations in
nonhealthy individuals.?>** According to the authors of
a recent systematic review on the accuracy of predictive
equations for ESLD patients, the abovementioned formulas
underestimate the REE. The authors evaluated studies that
compared pREE obtained by using different formulas with
mREE and observed that the difference between the pREE
and mREE was lowest when the pREE was obtained by
using the Harris-Benedict (HB) equation. !

These equations are normally used to classify the
metabolic status as hypometabolic, normometabolic, or
hypermetabolic. Most authors perform this classification by
comparing the pREE with the mREE.?* 3" When the mREE
is <80%?2’ of the pREE, the metabolic status is designated
as hypometabolic, and when the mREE is >120% of the
PREE, it is designated as hypermetabolic. However, as
highlighted by the latest European Association for the Study
of the Liver (EASL) guidelines, the formulas usually under-
estimate the REE of patients with ESLD, which is a cause
for concern.’! Some authors also assessed the metabolic

status by comparing the mREE of ESLD patients with
the mREE of healthy controls, matched by age, sex, and
body mass index ([BMI] calculated as weight in kilograms
divided by height in meters squared)®; this method is a
more accurate way to assess the metabolic status of patients
with ESLD.

In patients who underwent LTx, assessment of alter-
ations in the REE may help in adjusting nutrition therapy.
Therefore, the aim of this review is to critically assess data
regarding the mR EE both before and after LTx and to verify
the prevalence of hypermetabolism in patients with ESLD
and hypometabolism in patients who underwent LTx. In this
study, we have reviewed articles comparing the mREE with
that of healthy controls or with that obtained by predictive
equations.

REE of Patients With ESLD Undergoing
Transplantation

In patients with ESLD, the liver is marked by tissue fibro-
sis and nodule formation, leading to severe morphologic
alterations.’®> These alterations cause substantial changes
in metabolism, such as liver glycogen depletion, impaired
glucose metabolism, increased protein catabolism, and ac-
cumulation of total body water.!

The metabolism in these patients is characterized by a
rapid reduction in the respiratory quotient in the postab-
sorptive state, indicating the use of fatty acids as the
primary fuel instead of glucose.> Furthermore, decreased
protein synthesis and increased gluconeogenesis is observed,
which may lead to an increase in REE. Ascites, commonly
seen in these patients, may also impact the REE.’! Dolz
et al?® assessed the influence of ascites in the energy
metabolism of 10 ascitic patients. They measured the REE
of 10 patients with moderate or severe ascites before and
after paracentesis. The authors observed that, after the
procedure, mREE was significantly decreased by 9.1%. On
the other hand, more recently, Knudsen et al investigated
changes in the mREE of 19 patients with ascites, measuring
REE both preparacentesis and postparacentesis and after 4
weeks of paracentesis, and did not find significant changes
in the values when compared to baseline values.*® Thus,
important possible causes of increased mREE in ESLD
patients include alterations in substrate oxidation, with an
increase in energy-expensive metabolic pathways, such as
gluconeogenesis.** Also, hypermetabolism was associated
with a higher Model for ELD (MELD) score, higher body
weight, and higher body-water content in a study includ-
ing 256 patients with ESLD.*> Other independent factors
potentially related to hypermetabolism are insulin resis-
tance, leptin adjusted for fat-free mass (FFM), percentage
of FFM,3® and increased fasting glucose.”® Furthermore,
catecholamine levels are often increased in patients with
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Table 1. Resting Energy Expenditure (REE) in Patients With End-Stage Liver Disease (ESLD).

mREE
to
N (patients +  mREE ESLD pREE ESLD pREE Prediction mREE healthy
Authors controls) patients patients value equation controls
Dolz et al (1991)% 10 1523.40 £+ 240.0 1429.0 £ 205.0 94.4 HB NA
Vermeij et al (1991)% 60 1530.0 £ 235.0 1419.0 £ 303.0 111.0 HB 1645.0 £+ 315.0
Waluga et al (1996)* 35 1693.0 & 400.0 1571.0 +291.0 122.0 HB 1756.0 & 344.0
Selberg et al (1997)% 75 1707.0 4 268.0 NG NA HB NA
Madden et al (1999)* 141 1660.0 & 337.0"" 1532.0 +252.0 128.0 HB 1590.0 + 306.0
Muller et al (1999)% 473 1700.5 £ 320.0 1648.0 +212.5 52.5 HB NA
Scolapio et al (2000)3 15 1637.0 1572.0 65.0 HB NA
Plank et al (2001)** 14 1943.0 & 53.0° 1476.0° 467.0 16.85x FFMc + 725 NA
Richardson et al 41 1462.0 £+ 59.0 NG NA Schofield’s 1468.0 & 59.0
(2001)° age-specific
equation
Perseghin et al (2002)% 26 1692.1 £+ 50.1 1596° 96.1 HB 1684.9 £+ 35.8
Kalaitzakis et al 41 1500.0 NA NA NA 1430.0
(2007)* (1400.0-1790.0) (1320.0-1477.5)

Shiraki et al (2010)* 24 1188.0 (892-1830) 1170.0 (1077-1760) 18.0 HB NA
Meng et al (2011)* 100 12742 + 316.3" 1493.8 £246.8 —219.6 HB NA
Schutz et al (2012)% 42 1566.0 (959-2017)" 1234.0 (1059-1777) 332.0  28.765x BCM + NG

727.074 (males);

25.822 x BCM +

784.956 (females)
Glass et al (2013)® 50 1525.6 4+ 305.3 1711.6 +293.9 —186 HB 1571.2 £ 278.3
Ferreira et al (2014)% 81 1587.5 4+ 426.6 1511.9 +£239.9 75.6 HB NA
Teramoto et al (2014)* 488 1256.0 1279.0 -23 HB NA
Knudsen et al (2016)* 19 1587.7(1363.7- NA NA HB NA

1716.0)

Prieto-Frias (2016) 57 1987.0 + 229.0"° 1676.0 & 209.0 311 HB 1791.0 £+ 83.0

BCM, body cell mass; FFMc, fat-free mass (kg) corrected for abnormal hydration; HB, Harris-Benedict; mREE, measured REE; NG, not given;

NA, not analyzed

N Statistically different from pREE

. Statistically different from mREE of healthy controls
Estimated from the percentage of mREE to pREE

ESLD, which may also increase the REE. Muller et al®’
assessed the mREE and catecholamine levels of 59 pa-
tients with ESLD and reported elevated concentrations in
hypermetabolic patients. The infusion of a 8-blocker on a
subgroup of 19 patients caused a significant reduction in
the mREE. Thus, in studies regarding the mREE of patients
with ESLD, authors often consider the use of B-blockers as
exclusion criteria®® or verify whether it significantly affected
the mREE.?$-3¢

Hypermetabolism is reported to have an influence on
prognosis. Mathur et al*®> assessed the role of REE on
survival and found that, after 5 years of LTX, hyperme-
tabolic patients had lower transplant-free survival rates
when compared with patients with a normal metabolic
status (29% vs 45%, respectively). Hypermetabolism was
predictive of prognosis independently of the Child-Pugh
score and the MELD score.

Data on studies regarding REE of patients with ESLD
are depicted in Table 1.%2430-32

REE of Patients With ESLD: Measured Values
vs Values Predicted By Equations Before LTx

In a study including 10 inpatients with ESLD, Vermeij et
al did not observe significant differences between mREE
and pREE values.’’ In the study published by Scolapio et
al, when mREE and pREE values of 15 patients diagnosed
with cirrhosis were assessed, the mean mREE was 1637.0
kcal/d, and the pREE (as per the HB formula) was 1572.0
kcal/d, with a good correlation between both methods.
Dolz et al,?® as well as Knudsen et al,*° also found a good
correlation between mREE and pREE (HB formula) in
patients with ESLD, with no significant difference between
the values.

On the other hand, some of the studies in the current
literature report hypermetabolism in patients with ESLD.
Shiraki et al assessed 24 patients with viral cirrhosis, and
mREE was significantly higher than the pREE obtained
by the HB formula.®® Selberg et al assessed the mREE of
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75 patients with ESLD, and pREE was calculated with the
HB formula. The authors identified 31% of the participants
as hypermetabolic.** Muller et al measured the REE of
473 patients with ESLD and also used the HB formula to
calculate pREE,? identifying 160 patients (33.8% of the
population) as hypermetabolic. Plank et al** measured the
REE of 14 patients with ESLD and compared the results
with the pREE using an equation previously developed by
the authors. The equation was developed with data from 80
healthy volunteers by using FFM. Before the surgery, there
was a significant difference between the pREE and mREE
values, and the latter was 24% higher. Using the same pre-
dictive equation, as well as the HB formula, Mathur et al®
found similar results among 256 patients with ESLD. The
average mREE of the patients was 1571.0 + 316.0 kcal/d.
It was reported that 15% were hypermetabolic according
to the FFM formula and 8% as per the HB formula. In
a group of 26 patients with ESLD, Perseghin et al found
that 18% were hypermetabolic, with 91% of the population
presenting with an mREE higher than the pREE (HB
formula).?® Schutz et al assessed 39 patients with ESLD?
and reported that the mREE was higher than the pREE
obtained by using an equation developed by the authors
with data derived from 310 healthy controls.*! Ferreira et al
assessed 81 patients with indications for LTx, and 24.7% of
them were classified as hypermetabolic when the mREE and
pREE by HB formula were compared.?® Hypermetabolism
was also found by Teramoto and colleagues in 5.3% of a
group of 488 patients with ESLD*? and by Brito-Costa et
al in 21.4% within a group of 56 patients.* Prieto-Frias
et al evaluated 48 inpatients with ESLD?*® and observed a
higher mREE when compared with pREE (HB formula),
with 58.3% of the participants classified as hypermetabolic.
However, this study only included male patients who had no
ascites or edema, and the authors defined hypermetabolism
as an mREE >115% of the pREE instead of the 120%
threshold, which is commonly used.?’

Unlike the other authors, Meng et al found that the
mREE of 100 patients with ESLD was significantly lower
than the pREE obtained by the HB formula.*

REE of Patients With ESLD vs REE of
Healthy Controls

Studies comparing the mREE of ESLD patients with that
of healthy controls have also yielded controversial results.
Waluga et al assessed 15 patients and 20 controls* and
reported no significant differences between the study groups.
In another study, Richardson et al compared the mREE
values of 23 patients with ESLD and 18 healthy controls,
and no significant differences were reported.’ In agreement
with these results, no differences were found between the
mREE of patients with viral cirrhosis and healthy controls
in the study published by Tajika et al.*® Sugihara et al

compared the mREE data (1 week before surgery) of 14
patients undergoing living-donor LTx to those of 10 healthy
donors and reported no differences between the values.*’
Similarly, Perseghin et al assessed 26 patients with ESLD,
and the mREE was not significantly different between
patients and healthy controls.?’

On the other hand, some authors present contradictory
results. Prieto-Frias et al assessed male inpatients with
ESLD (n = 48) and reported increased mREE as compared
with that of 9 healthy controls.*® Madden et al®® also
found that patients had higher mREE when compared
with controls. Nonetheless, in this study, malnourished
patients presented with significantly lower mREE values
when compared with nourished patients, and the presence
of ascites did not influence the mREE.

The lower muscle mass of patients with ESLD, resulting
from metabolic alterations induced by the disease,* may
also affect REE. In a study with 31 patients with ESLD,*
Kalaitzakis et al did not observe differences between the
mREE values of the patients and those of the healthy
controls. However, when mREE was adjusted for FFM,
the patients exhibited a significantly higher median mREE
value (1509.0 kcal for patients and 1353.0 kcal for controls).
Similarly, Glass et al evaluated 25 patients with ESLD and
25 matched, healthy controls and found that the mREE was
similar between the 2 groups (mREE, mean and SD: 1525.6
4+ 305.3 and 1571.2 4 278.3 kcal in patients with ESLD and
healthy individuals, respectively). No significant difference
between the pREE and the mREE was observed for patients
with ESLD. However, patients exhibited lower (P < .01)
muscle mass when compared with controls, and when the
mREE was normalized to muscle area, patients with liver
disease showed significantly higher values.*

Most of the assessed studies that compared mREE
with pREE reported that the patients with ESLD were
hypermetabolic, as depicted in Tables 1 and 2.2426-28.3340 Op
the other hand, when ESLD patients were compared with
healthy controls, matched by sex, age, and BMI, there were
no significant differences between the mREE values of the
2 groups.”?? Therefore, it is difficult to determine if ESLD
patients are indeed hypermetabolic.

Nonetheless, because of a large variability in the methods
used in the studies, it is necessary to be cautious while
analyzing the results. The majority of the studies included
a small sample size. Additionally, there was heterogeneity
in the patient groups regarding the following: severity of
disease, as shown by the differences in the Child-Pugh and
MELD scores; nutrition status; etiology of the liver disease;
and presence of complications, such as fluid retention.
When comparing mREE with pREE, there were differences
when the formulas that require body weight were used to
calculate pREE, and this may have affected the results. Some
authors used the dry weight of the participants,®2847-!1
whereas others excluded patients with clinically detectable
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Table 2. Prevalence of Alterations in Resting Energy Expenditure (REE) of Patients With End-Stage Liver Disease (ESLD).

% Mea-

N (patients sured/predicted % Hyperme- % Hy-
Authors + controls) REE' tabolism pometabolism
Dolz et al (1991)% 10 106.6% NG NG
Vermeij et al (1991)%7 60 107.8% NG NG
Waluga et al (1996)* 35 107.7% NG NG
Selberg et al (1997)* 75 113.2% 31.0% NG
Madden et al (1999)* 141 108.3% 30.0% 12.0%
Muller et al (1999)” 473 103.1% 33.8% 3.2%
Scolapio et al (2000)* 15 104.1% NG NG
Plank et al (2001)** 14 124.0% NG NG
Perseghin et al (2002)* 26 108.5% 18% 0%
Shiraki et al (2010)% 24 101.5% NG NG
Meng et al (2011)* 100 85.3% NG NG
Schutz et al (2012)*° 42 126.9% NG NG
Glass et al (2013)* 50 89.0% 12.0% 28.0%
Ferreira et al (2014)% 81 105.0% 24.7% 7.4%
Teramoto et al (2014)% 488 98.2% 5.3% 5.1%
Knudsen et al (2016)° 19 106.9% NG NG
Prieto-Frias (2016) 57 119.0% — —

NG, not given.
* A number > 100 indicates increased REE.

fluid retention.’%3%0 However, these corrections were not
performed (or mentioned) in a majority of the studies. Since
ascites and edema are common in patients with ESLD,
the body weight should be corrected for fluid retention by
recording the postparacentesis weight or the weight before
any fluid retention or by deducting the percentage of fluid
retention according to its severity.’! Furthermore, there
were crucial methodological differences pertaining to REE
assessment, such as period of fasting and the gas-exchange
measurement method.

Changes in REE After LTx

Patients often exhibit excessive weight gain after LTx,
with an increased prevalence of obesity and metabolic
syndrome.? The exact explanation for these disorders has
not been fully elucidated, but it has been hypothesized that
hypometabolism, with concomitant appetite recovery and
increased food intake, may lead to a positive energy balance
and weight gain.® Immunosuppressive therapy is prescribed
to avoid graft rejection after LTx, mainly with the use
of calcineurin inhibitors, corticosteroids, and antimetabo-
lites. Some authors®? assessed the potential impact of
immunosuppressive drugs on the REE, with controversial
results. Perseghin et al>® compared the mREE of patients
with chronic uveitis and healthy controls. The patients with
chronic uveitis were on an immunosuppressive regimen
similar to that of LTx patients, with the use of cyclosporine
and prednisone. There were no significant differences in
the mREE between the study groups. However, in the

study by Ferreira et al,® the cumulative dose of prednisone
was inversely associated with the mREE of LTx patients
assessed <1 year postsurgery.

Independent factors associated with the REE measured
6 days after LTx were reported to be the MELD score
before the surgery, the surgical time, and the time of
cold ischemia.> Ferreira et al also identified presurgery
mREE values (8 = 0.56) and the triceps skinfold thick-
ness (B = 10.84) as predictors of mREE after LTx. The
occurrence of hypometabolism after LTx has also been
associated with fat mass and percentage of fat intake before
the surgery.®

Longitudinal Assessment of REE in Patients
Who Underwent LTx

Several authors have performed longitudinal follow-up as-
sessments of mREE in LTx patients®%242630.33 for <50
months postsurgery (Table 3).

Richardson et al’ evaluated the mREE of 23 patients
before and <9 months after LTx. They observed a pro-
gressive reduction in the mREE and additionally identified
that the mREE by body weight was inversely related to fat
mass. The mREE was revealed to be the strongest predictor
of increased fat mass 9 months after transplantation. In
agreement with the above, Plank et al and Ferreira et
al,>?* who assessed 14 and 17 patients, respectively, from
the preoperative phase until 1 year postsurgery, reported a
progressive reduction in the mean mREE, with a decrease
of 19.5%* and 6.2%.,° respectively.
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Table 3. Differences Between Resting Energy Expenditure (REE) Before and After Liver Transplantation (LTx).

mREE pre-LTx (kcal + mREE post-LTx (kcal

Author N Period post-LTx SD) + SD)

Muller et al (1994)* 26 432 days 1638.0 (1220.0-2190.0) 1612.0 (1010.0-2490.0)
Richardson et al (2001)° 23 9 months 1462.0 £ 59.0 1410.0 £+ 58.0

Plank et al (2001)* 14 360 days 1943.0 £ 53.0 1564.0 + 60.0"
Perseghin et al (2002)* 11 9 months 1692.1 £+ 50.1 1701.7 £ 69.3

Schutz et al (2012)% 42 50 months 1566.0 (959.0-2017.0) 1579.0 (1016.0-2564.0)
Ferreira et al (2013)° 17 379 days 1706.3 £ 607.0 1601.0 £ 509.3
Brito-Costa et al (2016)> 56 36 days 1469.6 +472.2 1638.2 + 446.2
Ribeiro et al (2019) 29 8 days 1570.0 (1307.8-1870.5) 1630.5 (1455.0-1773.0)

gnREE, measured REE.
mREE post-LTx significantly different from mREE pre-LTx.

On the other hand, other authors have not observed a
reduction in the mREE after LTx. Muller et al® reported
no differences in mREE of 26 patients assessed before and
<432 days after LTx. Perseghin et al enrolled 11 patients,
including 5 patients with a diagnosis of diabetes who were
evaluated before and 9 months after surgery. The mREE
did not show significant alterations. Other authors who
followed 42 patients for a longer time (<50 months after
the surgery) reported no significant changes in median
mREE.?® In Figure 1, we summarize the changes in REE
reported in longitudinal studies with a follow-up of >6
months.

Studies with shorter follow-up periods post-LTx also
revealed no changes in the mREE after surgery.”>? A
survey of 25 liver recipients reported the mREE of patients,
measured <72 hours post-LTx (baseline) and at 5, 10, and
15 days postsurgery. The mean baseline mREE was 1832.0
+ 952.0 kcal/d, decreasing to 1565.0 £+ 383.0 kcal/d on
the 5th day and 1578.0 & 418.0 kcal/d on the 15th day,
with no significant differences. However, a decrease of >250
kcal in the REE from baseline to subsequent measurements
was observed.’! The high energy expenditure at baseline

observed in the first few days after transplantation may be
due to the organic response to surgical stress, which causes
increases in energy requirements and catabolism rates.®>

Cross-Sectional Studies

Some authors evaluated mREE of LTx patients only after
surgery.>>® The mREE of 143 patients®> was assessed
within a median time of 6 days after LTx and compared
with the pREE (HB) (mean mREE: 1950 £ 461 kcal [24.5 +
6.1 kcal/kg] and mean pREE: 1695 + 256 kcal). Only 22%
of patients had an mREE within 90%-110% of the pREE,
and the mREE ranged from 61% to 195% of the pREE.
The prevalence of hypometabolism and hypermetabolism
was 10% and 49%, respectively. As discussed earlier, the
alterations in mREE in the first few days after LTx may
be due to the surgical stress. Regarding the comparison
between the predictive equations, in a recent study®’ with
46 LTx recipients, pREE was calculated by using equa-
tions published by HB and Ireton-Jones,’® as well as Penn
State,” and using the simple, weight-based equation (25
kcal/kg/d). The pREE calculated was compared with the

Ferreira et al. (2013)
Schutz et al. (2012)
Perseghin et al. (2002)
Plank et al. (2001)
Richardson et al. (2001)

Muller et al. (1994)

mm mREE after LTx - mREE before LTx

Figure 1. Changes in mREE (before and after LTx) of LTx patients in longitudinal studies with >6 months of follow-up. Bars on
the left indicate a reduction in mREE. mREE, measured resting energy expenditure; LTx, liver transplantation.
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mREE assessed <48 hours after admission into the intensive
care unit. The mean mREE was 1513.8 £ 295.5 kcal
(24.8 £+ 4.5 kcal/kg). The HB, Ireton-Jones, Penn State,
and the simple weight-based equations showed a mean
difference in comparison with mREE values of 148.5 +
247.6, —105.3 £ 284.7, —52.4 + 249.8, and —41.4 + 280.0
kcal, respectively. All 4 equations presented fixed bias in
the Bland-Altman plot, showing inaccuracy for this group
of patients. The simple, weight-based equation showed the
least bias, whereas the HB formula tended to underestimate
the mREE. Regarding long-term, follow-up postsurgery, the
mREE of 42 patients with a follow-up of >1 year post-
LTx (mean time of 6.5 years post-LTx) was assessed and
compared with pREE obtained using the HB equation.>
The mean mREE measured by indirect calorimetry was
1449.7 £ 226.7 kcal/d, whereas the pREE was 1404.5 +
166.1 kcal/d; no patient was classified as hypometabolic or
hypermetabolic.

Singhvi et al compared the mREE of 14 patients who
underwent transplantion for nonalcoholic steatohepatitis
(NASH) or cryptogenic cirrhosis with that of control pa-
tients with nonalcoholic fatty liver disease who did not un-
dergo transplantation. NASH is characterized by steatosis,
fibrosis, and inflammation in individuals without excessive
consumption of alcohol and is usually related to obesity.
However, after the development of cirrhosis, this condition
is often misdiagnosed, with patients being diagnosed with
cryptogenic cirrhosis instead.®® In this group of patients,
the mean mREE was significantly lower for women who
underwent transplantion in comparison with controls. It
was also lower in men but with no statistical significance.>’
Rodrigues et al evaluated 20 overweight (BMI >25) liver
recipients after 1-3 years post-LTx and compared their
mREE values with those of matched controls. It was ob-
served that patients who underwent transplantion presented
with significantly lower mREE (1449.1 £ 101.2 kcal/d) when
compared with healthy controls (1768.4 £ 86.9 kcal/d) and
exhibited a lower REE to FFM ratio. In this regard, it may
be hypothesized that overweight patients with lower mREE
values are at a higher risk for weight gain,” which is in
accordance with some longitudinal studies that reported a
reduction in the mREE after LTx.

The controversial results presented above may be at-
tributable to the high variability in the study populations
and the methods used. Hypometabolism cannot be disre-
garded as a potential contributor to weight gain in LTx
patients posttransplantation. Nevertheless, other factors
should be considered. For instance, the majority of patients
are sedentary after LTx, as reported by several authors.>>7%!
Therefore, physical inactivity should also be considered
when assessing these individuals. More recently, our group
has revealed deviation in eating behavior as another poten-
tial risk factor for weight gain and obesity.%?

It is important to highlight that this review encompasses
studies conducted at different times, and thus variability in

the types of calorimeters used to determine the mREE can-
not be ruled out. However, majority of the studies were per-
formed using the Deltatrac calorimeter3>37.3%:9:40.46,24,26.27.49
and the COSMED,%?%30:33:52 which have previously been
validated for accuracy.®»%* Furthermore, in longitudinal
studies, all the assessments were conducted using the same
device.

Conclusion

Patients undergoing LTx often present with metabolic alter-
ations, both before and after the surgery. This was clearly
demonstrated by the observation that >50% of the studies
included in this review showed differences in the mREE
of patients who underwent LTx when compared with the
pREE or with the mREE of healthy controls. However,
the lack of uniformity in measurement methods, types of
populations, time frames for the assessments, predictive
formulas used, as well as the nutrition status and body
composition of the patients, among other factors, preclude
definite conclusions. To clarify the remaining questions
about this topic, future research should be conducted with
homogeneous populations, with reference to the nutrition
status and the severity of the disease, and with an ap-
propriate sample size, which enables accurate assessment
of outcomes. Nevertheless, health professionals should be
aware that because of the limitations of the predictive
equations, the REE of patients undergoing LTx should be
measured using indirect calorimetry whenever possible.

Acknowledgments

The authors acknowledge the Conselho Nacional de Desen-
volvimento Cientifico e Tecnologico (CNPq) for the grant to
M.LT.D. Correia (research grant number 303754/2019-2), and
for the grant given to B. C. Santos.

Statement of Authorship

B. C. Santos, M. I. T. D. Correia, and L. R. Anastacio equally
contributed to the conception and design of the research;
L. R. Anastacio and M. I. T. D. Correia contributed to the
design of the research; B. C. Santos, M. I. T. D. Correia, and
L. R. Anastacio contributed to the acquisition and analysis
of the data; B. C. Santos, M. I. T. D. Correia, and L. R.
Anastacio contributed to the interpretation of the data; and B.
C. Santos, M. I. T. D. Correia, and L. R. Anastacio drafted the
manuscript. All authors critically revised the manuscript, agree
to be fully accountable for ensuring the integrity and accuracy
of the work, and read and approved the final manuscript.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

References

1. Plauth M, Bernal W, Dasarathy S, et al. ESPEN guideline on clinical
nutrition in liver disease. Clin Nutr. 2019;38(2):485-521.



Santos et al

463

20.

21.

22.

23.

. Anastacio LR, Diniz KG, Ribeiro HS, et al. Prospective evaluation

of metabolic syndrome and its components among long-term liver
recipients. Liver Int. 2014;34(7):1094-1101.

. Ferreira LG, Anastacio LR, Lima AS, Correia MITD. Assessment

of nutritional status of patients waiting for liver transplantation. Clin
Transplant. 2011;25(2):248-254.

. Peng S, Plank LD, McCall JL, Gillanders LK, Mcllroy K, Gane

EJ. Body composition, muscle function, and energy expenditure in
patients with liver cirrhosis: a comprehensive study. Am J Clin Nutr.
2007;85(5):1257-1266.

. Ferreira LG, Ferreira Martins Al, Cunha CE, Anastacio LR, Lima

AS, Correia MITD. Negative energy balance secondary to inadequate
dietary intake of patients on the waiting list for liver transplantation.
Nutrition. 2013;29(10):1252-1258.

. Ferreira LG, Santos LF, Anasticio LR, Lima AS, Correia MITD.

Resting energy expenditure, body composition, and dietary intake: a
longitudinal study before and after liver transplantion. Transplant J.
2013;96(6):579-585.

. Rodrigues DF, Monteze NM, Fagundes GBP, et al. Hypometabolism

as a potential risk factor for overweight and obesity in liver recipients.
Nutrition. 2019;61:16-20.

. Miiller MJ, Loyal S, Schwarze M, et al. Resting energy expenditure

and nutritional state in patients with liver cirrhosis before and after
liver transplantation. Clin Nutr. 1994;13(3):145-152.

. Richardson RA, Garden OJ, Davidson HI. Reduction in energy

expenditure after liver transplantation. Nutrition. 2001;17(7-8):585-
589.

. Haugen HA, Chan L-N, Li F. Calorimetry: a practical guide for clini-

cians determining energy expenditure. Nutr Clin Pract. 2007;22(4):377-
388.

. Levine JA. Measurement of energy expenditure. Public Health Nutr.

2005;8(7a):169-187.

. Eslamparast T, Vandermeer B, Raman M, et al. Are predictive energy

expenditure equations accurate in cirrhosis? Nutrients. 2019;11(2):334.

. Holdy KE. Monitoring energy metabolism with indirect calorimetry:

instruments, interpretation, and clinical application. Nutr Clin Pract.
2004;19(5):447-454.

. J. B. de V. Weir. New methods for calculating metabolic rate with

special reference to protein metabolism. J Physiol. 1949;109(1-2):1-9.

. da Rocha EEM, Alves VGF, da Fonseca RB V. Indirect calorimetry:

methodology, instruments and clinical application. Curr Opin Clin
Nutr Metab Care. 2006;9(3):247-256.

. Harris JA, Benedict FG. A biometric study of human basal

metabolism. Proc Natl Acad Sci. 1918;4(12):370-373.

. Mifflin MD, St Jeor ST, Hill LA, Scott BJ, Daugherty SA, Koh YO.

A new predictive equation for resting energy expenditure in healthy
individuals. Am J Clin Nutr. 1990;51(2):241-247.

. Schofield WN. Predicting basal metabolic rate, new standards and

review of previous work. Hum Nutr Clin Nutr. 1985;39(Suppl 1):5-41.

. Owen OE, Holup JL, D’Alessio DA, et al. A reappraisal of the caloric

requirements of men. Am J Clin Nutr. 1987;46(6):875-885.

Miiller MJ, Bottcher J, Selberg O. Energy expenditure and sub-
strate metabolism in liver cirrhosis. Int J Obes Relat Metab Disord.
1993;17(3):102-106.

Cunningham JJ. A reanalysis of the factors influencing basal
metabolic rate in normal adults. Am J Clin Nutr. 1980;33(11):2372-
2374.

Kamimura MA, Avesani CM, Bazanelli AP, Baria F, Draibe SA,
Cuppari L. Are prediction equations reliable for estimating resting
energy expenditure in chronic kidney disease patients? Nephrol Dial
Transplant. 2011;26(2):544-550.

Purcell SA, Elliott SA, Baracos VE, et al. Accuracy of resting energy
expenditure predictive equations in patients with cancer. Nutr Clin
Pract. 2019;34(6):922-934.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Plank LD, Metzger DJ, McCall JL, et al. Sequential changes in the
metabolic response to orthotopic liver transplantation during the first
year after surgery. Ann Surg. 2001;234(2):245-255.

Perseghin G, Mazzaferro V, Benedini S, et al. Resting energy ex-
penditure in diabetic and nondiabetic patients with liver cirrhosis:
relation with insulin sensitivity and effect of liver transplantation and
immunosuppressive therapy. A4m J Clin Nutr. 2002;76(3):541-549.
Schiitz T, Hudjetz H, Roske AE, et al. Weight gain in long-term
survivors of kidney or liver transplantation—another paradigm of
sarcopenic obesity? Nutrition. 2012;28(4):378-383.

Miiller MJ, Bottcher J, Selberg O, et al. Hypermetabolism in clinically
stable patients with liver cirrhosis. A4m J Clin Nutr. 1999;69(6):1194-
1201.

Ferreira LG, Santos LF, da Silva TRN, Anastacio LR, Lima AS, Cor-
reia MITD. Hyper- and hypometabolism are not related to nutritional
status of patients on the waiting list for liver transplantation. Clin Nutr.
2014;33(5):754-760.

Dolz C, Raurich JM, Ibanez J, Obrador A, Marse P, Gaya J. Ascites
increases the resting energy expenditure in liver cirrhosis. Gastroen-
terology. 1991;100(3):738-744.

Knudsen AW, Krag A, Nordgaard-Lassen I, et al. Effect of paracente-
sis on metabolic activity in patients with advanced cirrhosis and ascites.
Scand J Gastroenterol. 2016;51(5):601-609.

Merli M, Berzigotti A, Zelber-Sagi S, et al. EASL Clinical Prac-
tice Guidelines on nutrition in chronic liver disease. J Hepatol.
2019;70(1):172-193.

Glass C, Hipskind P, Tsien C, et al. Sarcopenia and a physiologically
low respiratory quotient in patients with cirrhosis: a prospective
controlled study. J Appl Physiol. 2013;114(5):559-565.

Pinzani M, Rosselli M, Zuckermann M. Liver cirrhosis. Best Pract Res
Clin Gastroenterol. 2011;25(2):281-290.

Owen OE, Reichle FA, Mozzoli MA, et al. Hepatic, gut, and renal
substrate flux rates in patients with hepatic cirrhosis. J Clin Invest.
1981;68(1):240-252.

Mathur S, Peng S, Gane EJ, McCall JL, Plank LD. Hyperme-
tabolism predicts reduced transplant-free survival independent of
MELD and Child-Pugh scores in liver cirrhosis. Nutrition. 2007;23(5):
398-403.

Prieto-Frias C, Conchillo M, Payeras M, et al. Factors related to
increased resting energy expenditure in men with liver cirrhosis. Eur
J Gastroenterol Hepatol. 2016;28(2):139-145.

Vermeij CG, Feenstra BWA, Oomen AMFA, et al. Assessment
of energy expenditure by indirect calorimetry in healthy subjects
and patients with liver cirrhosis. J Parenter Enter Nutr. 1991;15(4):
421-425.

Scolapio JS, Bowen J, Stoner G, Tarrosa V. Substrate oxidation in
patients with cirrhosis: comparision with other nutritional markers. J
Parenter Enter Nutr. 2000;24(3):150-153.

Shiraki M, Terakura Y, Iwasa J, et al. Elevated serum tumor
necrosis factor-a and soluble tumor necrosis factor receptors cor-
relate with aberrant energy metabolism in liver cirrhosis. Nutrition.
2010;26(3):269-275.

Selberg O, Bottcher J, Tusch G, Pichlmayr R, Henkel E, Miiller
MJ. Identification of high- and low-risk patients before liver
transplantation: a prospective cohort study of nutritional and
metabolic parameters in 150 patients. Hepatology. 1997;25(3):
652-657.

Plauth M, Schiitz T, Buckendahl DP, et al. Weight gain after tran-
sjugular intrahepatic portosystemic shunt is associated with improve-
ment in body composition in malnourished patients with cirrhosis and
hypermetabolism. J Hepatol. 2004;40(2):228-233.

Teramoto A, Yamanaka-Okumura H, Urano E, et al. Comparison
of measured and predicted energy expenditure in patients with liver
cirrhosis. Asia Pac J Clin Nutr. 2014;23(2):197-204.



464

Journal of Parenteral and Enteral Nutrition 45(3)

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Brito-Costa A, Pereira-da-Silva L, Papoila A, et al. Preoperative
metabolic status is associated with different evolution of resting
energy expenditure after liver transplant in adults. Nutr Hosp.
2017;34(5):1024-1032.

Meng QH, Hou W, Yu HW, et al. Resting energy expenditure and
substrate metabolism in patients with acute-on-chronic hepatitis B
liver failure. J Clin Gastroenterol. 2011;45(5):456-461.

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. Experientia. 1996;52(6):591-596.

Tajika M, Kato M, Mohri H, et al. Prognostic value of en-
ergy metabolism in patients with viral liver cirrhosis. Nutrition.
2002;18(3):229-234.

Sugihara K, Yamanaka-Okumura H, Teramoto A, et al. Recov-
ery of nutritional metabolism after liver transplantation. Nutrition.
2015;31(1):105-110.

Madden AM, Morgan MY. Resting energy expenditure should
be measured in patients with cirrhosis, not predicted. Hepatology.
1999;30(3):655-664.

Kalaitzakis E, Bosaeus I, Ohman L, Bjérnsson 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(3):808-815.

Brito-Costa A, Pereira-da-Silva L, Papoila AL, et al. Factors associ-
ated with changes in body composition shortly after orthotopic liver
transplantation. Transplantation. 2016;100(8):1714-1722.

Chen Y, Kintner J, Rifkin SK, Keim KS, Tangney CC. Changes in
resting energy expenditure following orthotopic liver transplantation.
J Parenter Enter Nutr. 2016;40(6):877-882.

Lindqvist C, Nordstedt P, Nowak G, et al. Energy expenditure early
after liver transplantation: better measured than predicted. Nutrition.
Published online March 20, 2020. https://doi.org/10.1016/j.nut.2020.
110817.

Ribeiro HS, Coury NC, de Vasconcelos Generoso S, Lima AS,
Correia MITD. Energy balance and nutrition status: a prospective
assessment of patients undergoing liver transplantation. Nutr Clin
Pract. 2019;35(1):126-132.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Shanbhogue RL, Bistrian BR, Jenkins RL, Randall S, Black-
burn GL. Increased protein catabolism without hypermetabolism
after human orthotopic liver transplantation. Surgery. 1987;101(2):
146-149.

Ribeiro HS, Anastacio LR, Ferreira LG, Lima AS, Correia MITD.
Energy expenditure and balance among long term liver recipients. Clin
Nutr. 2014;33(6):1147-1152.

Singhvi A, Sadowsky HS, Cohen A, et al. Resting and exercise energy
metabolism after liver transplantation for nonalcoholic steatohepatitis.
Transplant Direct. 2017;3(8):1-7.

Lee S, Lee H-J, Jung Y-J, Han M, Lee S-G, Hong S. Comparison
of measured energy expenditure using indirect calorimetry versus
predictive equations for liver transplant recipients. J Parenter Enter
Nutr. Published online May 26, 2020. https://doi.org/10.1002/jpen.
1932

Ireton-Jones C, Jones JD. Improved equations for predicting energy
expenditure in patients: the Ireton-Jones equations. Nutr Clin Pract.
2002;17(1):29-31.

Frankenfield D, Smith JS, Cooney RN. Validation of 2 approaches
to predicting resting metabolic rate in critically ill patients. J Parenter
Enter Nutr. 2004;28(4):259-264.

Contos MJ, Cales W, Sterling RK, et al. Development of nonalcoholic
fatty liver disease after orthotopic liver transplantation for cryptogenic
cirrhosis. Liver Transplant. 2001;7(4):363-373.

Anastacio LR, Ferreira LG, De Sena Ribeiro H, Lima AS, Garcia
Vilela E, Toulson Davisson Correia MI. Body composition and over-
weight of liver transplant recipients. Transplantation. 2011;92(8):947-
951.

Samanta Catherine LRF, Fernanda Rodrigues de Oliveira P, Amanda
de Souza Rezende C, et al. Eating behavior patterns are associated
with excessive weight gain after liver transplantation. J Hum Nutr Diet.
2019;32(6):693-701.

Kaviani S, Schoeller DA, Ravussin E, et al. Determining the accuracy
and reliability of indirect calorimeters utilizing the methanol combus-
tion technique. Nutr Clin. 2018;33(2):206-216.

Welch WA, Strath SJ, Swartz AM. Congruent validity and reliability of
two metabolic systems to measure resting metabolic rate. Int J Sports
Med. 2015;36(5):414-418.


https://doi.org/10.1016/j.nut.2020.110817
https://doi.org/10.1016/j.nut.2020.110817
https://doi.org/10.1002/jpen.1932
https://doi.org/10.1002/jpen.1932

