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Abstract

We herein summarize the available literature on the effects of bariatric surgery (BS) on energy expenditure in individuals with
obesity. We conducted a systematic literature review, and 35 prospective studies met our inclusion criteria. The findings indicate
that BS contributes to increased diet-induced thermogenesis (DIT) and decreased total energy expenditure (TEE) and resting
energy expenditure (REE) in patients with obesity. The meta-analysis demonstrated a significant decrease in TEE and REE
within 6 months following BS. With the sustained decrease in REE, there was no further decrease in TEE between the 6- and 12-
month follow-up. Increased DIT might explain the variance between the patterns of REE and TEE change. The postoperative
decrease in REE/FFM and increase in REE/BW were observed. The changes in substrate utilization might be consistent with the

change in the respiration quotient postoperatively.

Keywords Bariatric surgery - Energy metabolism - Diet-induced thermogenesis (DIT) - Respiration quotient (RQ) - Substrate

oxidation

Introduction

Obesity and obesity-related complications have been regarded
as the main causes of adverse health risks. The increasing
prevalence of obesity has been confirmed as a major public
health concern. The Global Burden of Disease study revealed
that 603.7 million adults and 107.7 million children were di-
agnosed with obesity in its analysis of 195 countries including
more than 68.5 million people in 2015 [1]. Bariatric surgery
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(BS) has been approved as an effective treatment that achieves
sustained reduction of body weight (BW), which may result
from changes in the energy balance after surgery.

Changes in various components of energy expenditure,
such as resting energy expenditure (REE), diet-induced ther-
mogenesis (DIT), and physical activity (PA), may influence
the long-term maintenance of weight loss after BS. REE rep-
resents the energy that maintains the basic energy require-
ments of daily life, which comprises two thirds of total energy
expenditure (TEE). Notably, an excessive decline in REE is a
major determinant of weight regain, and increased REE/BW is
a strong predictor of excess weight loss after BS [2, 3]. DIT is
the energy produced during food digestion and absorption. It
is defined as an increase of the REE after food consumption,
which represents 10% to 15% of the TEE. A low DIT also
contributes to weight gain and obesity [4]. The respiration
quotient (RQ) is applied to estimate the utilization of sub-
strates by an organism. If the RQ approaches 0.7, it indicates
that the organism mainly uses fat oxidation, and the closer it
gets to 1.0, the greater the tendency for carbohydrate
oxidation.

Given the importance of energy expenditure for weight
control and changes in energy expenditure that result from
altered BW following BS, we investigated how energy
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metabolism changes in individuals with obesity who have
undergone BS.

Materials and Methods
Study Design

This systematic review and meta-analysis was conducted ac-
cording to the Cochrane Handbook for Systematic Reviews of
Interventions [5] and is presented based on the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
guidelines [6].

Search Strategy

Eligible studies were trials reporting changes in the energy ex-
penditure of patients with obesity following BS. Only full reports
published in the English language were considered. The measure
of effect of treatment was, in the whole sample and within each
group of patients, the change of energy expenditure. Retrieval of
studies was based on MEDLINE, EMBASE, Web of Science,
and the Cochrane Central Register of Controlled Trials
(CENTRAL) in The Cochrane Library from inception until 30
June 2018 with the combination of the following terms: (“energy
metabolism” OR “energy requirements” OR “resting energy
expenditure” OR “basal metabolic rate” OR “total energy
expenditure” OR “indirect calorimetry” OR “diet-induced
thermogenesis” OR “physical activity level”) AND (“bariatric
surgery” OR “Roux-en-Y” OR “gastric bypass” OR “sleeve
gastrectomy” OR “gastroplasty” OR “biliopancreatic diversion”
OR “adjustable gastric banding”). A manual search was also
performed on reference lists from articles, reviews, editorials,
and proceedings of international congresses. Decisions on which
trials to include were made by the authors (authors 1, 2, 3, and 4)
in an unblinded manner.

Inclusion and Exclusion Criteria

Two reviewers independently screened all abstracts and se-
lected articles for the meta-analysis if they met all of the fol-
lowing criteria: (1) described randomized controlled trials or
prospective studies, (2) were written in the English language,
(3) were conducted on human subjects, and (4) described
changes in energy expenditure of patients with obesity follow-
ing BS. For studies without the required outcomes, the au-
thor(s) were contacted via e-mail for more relevant informa-
tion, if necessary. In studies that analyzed multiple interven-
tions, only data associated with BS were considered for inclu-
sion. The exclusion criteria were (1) observational studies in-
cluding cohort, cross-sectional, and case-control studies and
(2) reviews, comments, case reports, abstracts, animal studies,
and unpublished studies.

Primary Outcomes

The main outcomes were the changes of TEE, REE (including
the resting and basal metabolic rate), REE/BW, REE/fat-free
mass (FFM), PA, DIT, RQ, and substrate oxidation after BS.
To evaluate the energy-sparing phenomenon, we analyzed
findings from studies that compared measured REE and
REE values predicted from linear regression equations before
and after BS.

Data Extraction

Two investigators independently reviewed the abstracts of all
citations. Data verifications between the two authors were
performed to ensure reliability and completeness after all ab-
stracts were reviewed. The inclusion criteria were applied to
all identified studies independently. Different decisions were
resolved by consensus. The full texts of potentially relevant
articles identified through other sources were retrieved. I[f mul-
tiple articles from the same study were searched, only the
article with the longest follow-up period was included. Data
regarding the research design, type of surgery, participant
characteristics, study duration, and outcomes were indepen-
dently extracted. We contacted the authors for the primary
reports of the unpublished data. If the authors did not reply,
the available data were used for our analyses.

Methodological Quality Assessment

We used the nine-point Newcastle—Ottawa Scale to assess the
study quality for all included observational studies [7]. We
arbitrarily classified quality as high (score of 7-9) or low
(score of 0-3). We excluded studies from our meta-analysis
if they had poor quality. Discrepant opinions between authors
were resolved to reach a consensus.

Statistical Analysis

The data were pooled using RevMan 5.0 software (The
Nordic Cochrane Centre, Copenhagen, Denmark) and
STATA/SE version 15 (Stata Corp, College Station, TX,
USA). For each study, we calculated the mean difference
(MD) with 95% confidence interval (CI) for continuous data.
A random-effects model (DerSimonian—Laird method) was
used when significant heterogeneity was detected between
studies (P < 0.10; P > 50%). Otherwise, a fixed-effects model
(Mantel-Haenszel test) was used. Subgroup analyses were
performed by type BS (Roux-en-Y gastric bypass [RYGB]
and other types of BS) and follow-up period (6 months and
12 months). A sensitivity analysis was performed to assess the
stability of the meta-analysis results. Publication bias was
assessed by the Egger’s test and represented graphically by
funnel plots.
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Results
Description of Included Studies

After excluding duplicate results, the initial search in-
cluded 2166 articles. In total, 2131 articles were exclud-
ed because 2049 were off the topic after scanning the
title and/or the abstract, 32 were conference abstracts,
26 were traditional (not systematic) reviews, 3 were
systematic reviews, 12 had no preoperative data, and 9
were comments or editorials. Thus, 35 articles were in-
cluded in our systematic review, and 30 studies involv-
ing 1233 patients were included in the meta-analysis
(Fig. 1). The characteristics of the studies are outlined
in Tables 1 and 2.

Quality Assessment of Included Studies
The total score of the Newcastle Ottawa scale ranged from 4 to

8. None of the studies had low quality (total score of < 3);
thus, none were excluded from the meta-analysis.

Changes in TEE, REE, REE/FFM, and REE/BW
TEE

The change in TEE between the preoperative period and
follow-up was reported in six studies [22, 29, 33, 38, 40, 41].
Compared with the preoperative value, the TEE was signifi-
cantly lower at 2, 6, and 12 months postoperatively (preop and
2-mo MD 342.53, 95% CI 287.38-397.67, P<0.001, P =
79%; preop and 6-mo MD 699.72, 95% CI 574.43-825.01,
P<0.001, P =0%; preop and 12-mo MD 537.80, 95% CI
480.95-594.64, P < 0.001, I = 77%) (Fig. 2). In addition, the
TEE at 6 months was significantly lower than that at 2 months
after BS (MD 154.14, 95% CI 104.43-203.84, P<0.001, I =
4%) (Fig. 2). However, there was no significant difference in
the TEE between 6 and 12 months after BS (MD — 34.80, 95%
CI—129.21 t0 59.61, P=0.72, I* = 34%) (Fig. 2).

REE

Eight trials [9, 13, 17, 21, 29, 30, 33, 34] reported the changes
in REE at 3 months or < 3 months after BS. The meta-analysis

Fig. 1 Flow diagram of the
selection process. RCT, c
randomized controlled trial .g Records identified through Additional records identified
o database searching through other sources
= (n=2932) (n=2)
c
]
k]
— Y
Records after duplicates removed
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(Y]
£
c
[
) v
S Records excluded on the
@ Records screened » basis of titles and
(n=2166) abstracts
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() v
Full-text articles assessed Full-text articles excluded,
2 for eligibility > with reasons:
E (n=117) 32 were conference
2 abstracts
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v systematic) review
— 3 Systematic review
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P qualitative synthesis d
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°
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Baseline BMI or BW Assessment periods (follow-up)

Age (years)

No. of patients

(female)

Type of study

Table 1 (continued)
Included trials (country)

@ Springer

SG: 41.6 £ 7.4 kg/m?

RYGB: 47.8 +7.7 years

RYGB: 13 (8)

RYGB: 45.2+5.1 kg/m?

6 months

AGB: 453 +4.2 kg/m?

RYGB: 47.1 +6.8 kg/m®
49+9 kg/m?

AGB: 45.4+17.3 years

RYGB: 46.6 £10.2 years
43 +£12 years

RYGB: 8 (6)
AGB: 5 (4)
30 (25)

Prospective study

Browning 2017 [35] (USA)

6 months

Prospective study

Moehlecke 2017 [36] (Brazil)
Bettini 2018 [37] (Italy)
Cleva 2018 [3] (Brazil)

12 months
6 months

45.5+72 kg/m?
47.8+4.9 kg/m®
44.9+2.5 kg/m®
45.9+6.45 kg/m®
47.8+52 kg/m?®

45.1£11.6 years
38.9+9.4 years

154 (98)
54

Prospective study

Prospective study

6, 12 months
12 months

29.4+5.1 years

20 (20)

Prospective study

Ravelli 2018 [38] (Brazil)

40.3£11.1 years

233 (175)
16 (14)

Prospective study

Wilms [39] 2018 (Switzerland)
Wolfe 2018 [40] (USA)

6, 24 months

46.3+11.2 years

Prospective study

LGBP laparoscopic Roux-en-Y gastric bypass surgery, LVBG laparoscopic vertical banded gastroplasty, LAGB laparoscopic adjustable silicone gastric banding, VBG vertical banded gastroplasty, BMI body

mass index, BW body weight, RYGB Roux-en-Y gastric bypass, SG sleeve gastrectomy, AGB adjusted gastric band, Band gastric band, RCT randomized controlled trial, NR not reported

revealed a significant reduction in REE at <3 months after
RYGB and other types of BS (MD 240.88, 95% CI 218.21—
263.56, P<0.001, > =0%; MD 159.41, 95% CI 112.64—
206.18, P<0.001, I* = 11%, respectively) (Figs. 3 and 4). In
12 studies that reported 6-month outcomes [3, 9, 13, 17, 20,
27-29, 34, 36, 40-42], the meta-analysis revealed a signifi-
cant reduction in REE at 6 months after RYGB and other types
of BS (MD 381.76, 95% CI 337.31-426.21, P<0.001, I* =
48%; MD 76.87, 95% CI 28.37-125.38, P=0.002, I = 28%,
respectively) (Figs. 3 and 4). Likewise, the results from 15
studies [2, 9, 12,13, 17,24-27,29, 33, 34, 37, 39, 40] showed
a statistically significant decrease in REE 12 months after
RYGB and other types of BS (MD 387.74, 95% CI 369.12—
406.37, P<0.001, > =82%; MD 363.87, 95% CI 327.22—
400.52, P<0.001, > =87%, respectively) (Figs. 3 and 4).
The changes in REE between 3, 6, and 12 months after BS
were reported in seven studies [9, 13, 17, 27, 29, 34, 40]. A
sustained decrease in REE after gastric bypass surgery was
observed at 3, 6, and 12 months of follow-up (3-mo and 6-
mo MD 52.01, 95% CI 30.79-73.23, P < 0.001, I* =22%; 6-
mo and 12-mo MD 57.6, 95% CI 38.14-77.07, P<0.001,
P = 12%; 3-mo and 12-mo MD 115.06, 95% CI 95.05—
135.07, P<0.001, > = 1%) (Fig. 3). Compared with the 3-
month outcomes, there was a statistically significant decrease
in REE at both 6 and 12 months after other types of BS (MD
84.39,95% C131.48-137.31, P=0.002, * = 0%; MD 86.00,
95% CI 48.09-123.91, P<0.001, I* = 0%, respectively)
(Fig. 4). There was no significant difference in the change in
REE between 6 and 12 months after other types of BS (MD —
5.04, 95% CI—49.11 to 39.03, P=0.82, I = 0%) (Fig. 4).

REE/FFM and REE/BW

REE/BW was reported in nine studies [2, 3, 18, 25, 28, 30, 32,
36, 37] and REE/FFM in five studies [16, 20, 28, 30, 37].
There was a significant increase in REE/BW after RYGB
and other types of BS (MD —2.44, 95% CI —2.81 to —2.06,
P<0.001, 7 =34%; MD —1.21, 95% CI — 1.75 to —0.67,
P<0.001, > =0%, respectively) (Fig. 5). REE/FFM de-
creased significantly after BS (MD 3.97, 95% CI 3.20-4.73,
P<0.001, * =38%) (Fig. 5).

Differences in Measured REE and Predicted REE Using
Linear Regression

There was no significant difference between predicted REE
and measured REE before the operation, without evidence of
statistical heterogeneity (MD 0.82, 95% CI—25.47 to—27.11,
P=0.95, > =0%) (Fig. 6). However, compared with the pre-
dicted REE, the measured REE decreased significantly at 3, 6,
and 12 months after RYGB and other types of BS (MD —
109.09, 95% CI —127.85 to —90.32, P<0.001; MD —
88.35, 95% CI —105.73 to —70.97, P<0.001; MD —
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119.16, 95% CI — 113.42 to — 104.91, P<0.001, respective-
ly). There was a high degree of heterogeneity between studies
(12 =92%, 97%, and 97%, respectively) (Fig. 6).

Parameters

Changes in DIT, PA Level, Substrate Oxidation, and RQ
DIT

The postoperative changes in DIT were reported in four stud-
ies [15, 25,31, 41]. Two studies used the percentage of caloric
intake to represent the thermic effect of food [15, 41], and two
studies reported DIT and weight-adjusted DIT [25, 31]. Iesari
et al. [41] and Faria et al. [25] suggested that there was a
significant increase in DIT after surgery, while other studies
confirmed that DIT in absolute terms did not change obvious-
ly [15, 31]. However, when adjusted for total tissue, DIT was
significantly higher after surgery [25, 31].

EE measure methods

PA Level

Eight trials explored the PA level between the preoperative
and postoperative periods [12, 14, 15, 23, 29, 31, 33, 38].
Five studies performed assessments using a metabolic cham-
ber [14, 23, 29, 31, 33], two used recall questionnaires [12,
15], and only one used an accelerometer [38]. Of these eight
studies, five indicated that no significant differences in PA
were observed after surgery [14, 15, 31, 33, 38], while only
one revealed a decrease in PA at 12 months after RYGB com-
pared with the preoperative level [29]. Conversely, two studies
suggested that there was a significant increase in PA after
biliopancreatic diversion [12, 41].

tion. Subjects were not given an ex-

multivitamin, and B;, supplementa-
ercise prescription.

Inventions (food energy intake

postoperatively)

(surgery)

Substrate Oxidation

Eight studies measured the postoperative substrate oxida-
tive patterns [12—14, 18, 20, 22, 29, 32]. Five of them
compared the changes in the lipid, glucose, and protein
oxidation rates within 1.5 to 6 months after BS, showing
that carbohydrate and protein oxidation decreased while fat
oxidation increased as a result of weight loss after surgery
[13, 14, 20, 22, 29]. Four studies revealed that fat and
carbohydrate utilization returned to the preoperative levels
more than 12 months after surgery [13, 14, 18, 32].
However, Butte et al. [29] and Benedetti et al. [12] found
that the changes in fat and carbohydrate utilization re-
versed in the weight stable phase despite increased fat uti-
lization and decreased carbohydrate utilization at
1.5 months after surgery. A decrease [14, 18] or stability
[13, 29] of protein utilization at the time point of weight
stabilization was shown in several studies.

Population (obesity or diabetes or metabolic Inventions

syndrome)
laparoscopic Roux-en-Y gastric bypass surgery, RYGB Roux-en-Y gastric bypass surgery, SG sleeve gastrectomy, LBW lean body weight, MAT meal-associated thermogenesis, DLW doubly labeled water

method, TDEE total daily energy expenditure, NR not reported

respiratory quotient, PA physical activity, BPD biliopancreatic diversion, NSMR non-sleeping metabolic rate, PA/ physical activity index, TEF thermic effect of food, PPRQ postprandial RQ; LRYGB

SMRm measured sleeping metabolic rate, VBG vertical banded gastroplasty, REE resting energy expenditure, /B Harris—Benedict, TEE total energy expenditure, RQ respiration quotient, npRQ non-protein

Table 2 (continued)
Included trials (country)
ASGB adjustable silicone gastric banding, RMR resting metabolic rate, mREE measured resting energy expenditure, pREE predicted resting energy expenditure, SMRp predicted sleeping metabolic rate,
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RQ

Changes in the RQ were reported in nine studies [8, 9, 15,
20-22, 25, 29, 39]. Compared with baseline, the RQ de-
creased significantly at 6 months [8, 9, 20-22, 25, 29] (MD
0.04, 95% CI 0.03-0.05, P < 0.001, /* = 0%) (Supplement 1),
while no significant difference was observed at 12 months [9,
15, 22, 25, 29, 39], with evidence of statistical heterogeneity
(MD 0.00, 95% CI —0.00 to 0.01, P=0.31, > =92%)
(Supplementary Fig. 1).

Sensitivity Analysis and Publication Bias

The studies included in the meta-analysis of REE, TEE, and RQ
at 12 months following surgery showed considerable statistical
heterogeneity. A sensitivity analysis was performed to evaluate
the stability of the results. None of the results were significantly
altered, indicating that our results were robust (Supplementary
Fig. 2). Because publication bias can affect the results of meta-
analyses, we attempted to evaluate this potential publication
bias by using funnel plot analysis and Egger’s test. The funnel

Former Latter Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
a pre VS 2mo
Butte 2015 3,189 358 11 2,421 243 11 4.7% 768.00[512.31, 1023.69] —_—
Tam 2016 AGB 2,278 113 7 2,005 94 7 256% 273.00[164.11, 381.89] =
Tam 2016 RYGB 2,204 89 5 1,909 53 5 36.9%  295.00[204.20, 385.80] =
Tam 2016 SG 2,608 128 9 2,218 73 9 32.8% 390.00[293.73, 486.27] &
Subtotal (95% CI) 32 32 100.0% 342.53 [287.38, 397.67] L 4
Heterogeneity: Chiz = 14.19, df = 3 (P = 0.003); 1> = 79%
Test for overall effect: Z = 12.17 (P < 0.00001)
b pre VS 6mo
Butte 2015 3,189 358 11 2,363 256 11 23.2% 826.00 [565.91, 1086.09] — =
lesari 2013 3,461.9 784.4 6 3,251 774.2 6 2.0% 210.90[-670.96, 1092.76] >
Ravelli 2018 2,930 525 20 2,319 430 20 17.7% 611.00 [313.59, 908.41] - =
Tamboli 2010 2,768 474 29 2010 260 29 40.5%  758.00 [561.24, 954.76] —
Wolfe 2018 2,957 540 16 2,423 324 16  16.5% 534.00 [225.43, 842.57] - &
Subtotal (95% Cl) 82 82 100.0% 699.72 [574.43, 825.01] D
Heterogeneity: Chi? = 3.87, df =4 (P = 0.42); 1> = 0%
Test for overall effect: Z = 10.95 (P < 0.00001)
C pre VS 12mo
Butte 2015 3,189 358 11 2,323 294 11 4.3% 866.00 [592.24, 1139.76] -
Ravelli 2018 2,930 525 20 2,538 336 20 4.3% 392.00[118.83, 665.17] -
Tam 2016 AGB 2,278 113 7 1,931 126 7 20.6%  347.00 [221.62, 472.38] — =
Tam 2016 RYGB 2,204 89 5 1,709 85 5 27.8%  495.00 [387.13, 602.87] &
Tam 2016 SG 2,680 128 9 2,058 87 9 31.6% 622.00[520.89, 723.11] -
Tamboli 2010 2,768 474 29 1,987 228 29 8.8%  781.00[589.56, 972.44] -
Wolfe 2018 2,957 540 16 2,602 471 16 2.6% 355.00 [3.90, 706.10] -
Subtotal (95% CI) 97 97 100.0% 537.80 [480.95, 594.64] 4
Heterogeneity: Chi? = 26.02, df =6 (P = 0.0002); I = 77%
Test for overall effect: Z = 18.54 (P < 0.00001)
d 2mo VS 6mo
Butte 2015 2,421 243 11 2,323 294 11 4.9% 98.00 [-127.40, 323.40] -
Tam 2016 AGB 2,005 94 7 1,931 126 7 18.2% 74.00 [-42.45, 190.45] I
Tam 2016 RYGB 1,909 63 5 1,709 85 5 32.0% 200.00[112.20, 287.80] -
Tam 2016 SG 2,218 73 9 2,058 87 9 44.9% 160.00 [85.80, 234.20] L
Subtotal (95% ClI) 32 32 100.0% 154.14 [104.43, 203.84] ‘
Heterogeneity: Chi? = 3.13, df =3 (P = 0.37); I? = 4%
Test for overall effect: Z = 6.08 (P < 0.00001)
€ 6mo VS 12mo
Butte 2015 2,363 256 11 2,323 294 11 16.8%  40.00[-190.37, 270.37] - ™
Ravelli 2018 2,319 430 20 2,538 336 20 15.6% -219.00 [-458.16, 20.16] |
Tamboli 2010 2,010 260 29 1,987 228 29 56.3% 23.00 [-102.86, 148.86]
Wolfe 2018 2,423 324 16 2,602 471 16 11.4% -179.00 [-459.12, 101.12]
Subtotal (95% ClI) 76 76 100.0% -34.80 [-129.21, 59.61]
Heterogeneity: Chi? = 4.51, df = 3 (P = 0.21); 12 = 34%
Test for overall effect: Z = 0.72 (P = 0.47)
-1000 -500 0 500 1000

Favours [Former] Favours [Latter]

Fig. 2 Forest plot comparing TEE preoperatively and 2, 6, and 12 months after all types of bariatric surgeries. TEE, total energy expenditure
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Former Latter Mean Difference Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI

a pre VS 3mo
Bobbioni-Harsch 2000 1,823 45 20 1,585 39 20 75.5% 238.00[211.90, 264.10] [ |
Butte 2015 2,335 374 11 1,909 333 11 0.6% 426.00[130.07, 721.93]
Castro 2008 2,006.7 376.4 21 1,763.3 310.5 21 1.2% 243.40[34.71, 452.09] -
Flancbaum 1997 2,017 700 70 1,930 352 70 1.5%  87.00 [-96.55, 270.55] T
Tam 2016 2,025 66 5 1,765 35 5 12.0% 260.00[194.52, 325.48] -
Tam 2016-2 1,886 109 14 1,633 92 14 9.2% 253.00[178.28, 327.72] =
Subtotal (95% CI) 141 141 100.0% 240.88 [218.21, 263.56] ¢+
Heterogeneity: Chi? = 4.68, df = 5 (P = 0.46); 1> = 0%
Test for overall effect: Z = 20.82 (P < 0.00001)

b pre VS 6mo
Browning 2016 2,029 261 8 1,759 287 8 2.7% 270.00 [1.18, 538.82] -
Butte 2015 2,335 374 11 1,818 189 11 3.2% 517.00 [269.37, 764.63] -
Carrasco 2007 1,845 302 31 1,449 215 31 11.6% 396.00 [265.50, 526.50] -
de Cleva 2018 1,778.8 4327 45 1,564.3 277 45 8.8% 214.50[64.39, 364.61] -
Flancbaum 1997 2,017 700 70 1,868 400 70 5.5% 149.00 [-39.87, 337.87] T
Knuth 2014 2,128 291 13 1,754 377 9 2.3% 374.00[81.28, 666.72] -
Moehlecke 2017 2,297 182 30 1,892 182 30 23.3% 405.00[312.90, 497.10] .=
Rabl 2014 2,096 298 12 1,777 270 12 3.8% 319.00[91.48, 546.52]
Tam 2016-2 1,886 109 14 1,448 82 14 38.7% 438.00 [366.55, 509.45] el
Subtotal (95% CI) 234 230 100.0% 381.76 [337.31, 426.21] *

Heterogeneity: Chi? = 15.38, df = 8 (P = 0.05); 1> = 48%
Test for overall effect: Z = 16.83 (P < 0.00001)

C pre VS 12mo

Bobbioni-Harsch 2000 1,823 45 20 1,475 34 20 56.8% 348.00[323.28, 372.72] |
Butte 2015 2,335 374 11 1,877 305 1" 0.4% 458.00[172.81, 743.19]

Faria 2012 1,700.78 408.48 46 1,471.07 291.78 46 1.6% 229.71[84.65, 374.77] -

Faria 2014 1,952.3 82.3 13 1,581 82.3 13 8.7% 371.30[308.03, 434.57] -
Flancbaum 1997 2,017 700 70 1,831 414 43 0.8% 186.00 [-19.43, 391.43] —
lannelli 2013 1,860.3 2725 115 13789 2164 115 8.6% 481.40[417.80, 545.00] -
lannelli 2014 2,128 291 13 1,832 196 13 1.0% 296.00 [105.28, 486.72] -
Knuth 2014 2,221.4 4357 30 1,666.7 320.5 30 0.9% 554.70[361.15, 748.25] -
Tam 2016 2,025 66 5 1,598 59 5 5.8% 427.00 [349.40, 504.60] -
Tam 2016-2 1,886 109 14 1,347 71 14 7.5% 539.00[470.86, 607.14] ™
Wilms 2018 2,132 425 233 1,673 288 233 8.0% 459.00 [393.08, 524.92] .l
Subtotal (95% CI) 570 543 100.0% 387.74 [369.12, 406.37] ¢

Heterogeneity: Chi? = 55.17, df = 10 (P < 0.00001); 12 = 82%
Test for overall effect: Z = 40.81 (P < 0.00001)

d 3mo VS 6mo

Bobbioni-Harsch 2000 1,585 39 20 1,529 34 20 87.6% 56.00 [33.32, 78.68] .
Butte 2015 1,909 333 11 1,818 189 1 0.9% 91.00[-135.27, 317.27] -1
Flancbaum 1997 1,983 409 70 1,868 400 70 2.5% 115.00 [-19.02, 249.02] I
Tam 2016-2 1,440 107 14 1,448 82 14 9.0% -8.00 [-78.62, 62.62] R
Subtotal (95% CI) 115 115 100.0% 52.01 [30.79, 73.23] ¢

Heterogeneity: Chi? = 3.86, df = 3 (P = 0.28); 12 = 22%
Test for overall effect: Z = 4.80 (P < 0.00001)

€ 6mo VS 12mo

Bobbioni-Harsch 2000 1,529 34 20 1,475 34 20 85.3% 54.00 [32.93, 75.07] .
Butte 2015 1,818 189 11 1,877 305 11 0.8% -59.00 [-271.04, 153.04] -
Flancbaum 1997 1,868 400 70 1,831 414 43 1.6% 37.00 [-118.22, 192.22] -1
Knuth 2014 1,754 377 9 1,832 196 13 0.5% -78.00 [-346.36, 190.36] - 1
Tam 2016-2 1,448 82 14 1,347 4l 14  11.7% 101.00 [44.18, 157.82] -
Subtotal (95% CI) 124 101 100.0% 57.60 [38.14, 77.07] U

Heterogeneity: Chi? = 4.56, df =4 (P = 0.34); I = 12%
Test for overall effect: Z = 5.80 (P < 0.00001)

f 3mo VS 12mo

Bobbioni-Harsch 2000 1,585 39 20 1,475 34 20 77.9% 110.00 [87.32, 132.68] |
Butte 2015 1,909 333 1" 1,877 305 11 0.6% 32.00 [-234.85, 298.85] -
Flancbaum 1997 1,983 409 70 1,831 414 43 1.6%  152.00 [-4.50, 308.50] _'_
Tam 2016 1,765 35 5 1,598 59 5 11.1% 167.00[106.87, 227.13] i
Tam 2016-2 1,440 107 14 1,347 7 14 8.8% 93.00 [25.73, 160.27] -
Subtotal (95% Cl) 120 93 100.0% 115.06 [95.05, 135.07] ¢

Heterogeneity: Chi? = 4.06, df =4 (P = 0.40); = 1%
Test for overall effect: Z = 11.27 (P < 0.00001)

-1000 -500 0 500 1000
Favours [Former] Favours [Latter]

Fig. 3 Forest plot comparing REE preoperatively and 3, 6, and 12 months after RYGB. REE, resting energy expenditure; RYGB, Roux-en-Y gastric
bypass
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plots for studies that evaluated REE, TEE, and RQ suggested a
symmetric distribution of studies around the effect size, and
Egger’s test confirmed the lack of publication bias except for
REE/FFM (P =0.033) (Supplementary Fig. 3).

Discussion

BS can result in substantial weight loss in patients with obe-
sity, and the long-term durability of weight loss is proven to be
superior to lifestyle and nonsurgical treatments [10, 11]. The
total BW is composed of the FFM and fat mass (FM), which
are both determinants of REE. Most studies have shown a
post-BS decrease in REE that had been predicted by a de-
crease in both FFM and FM [3, 19, 39]. In our review, we
found a statistically significant decrease in REE at 3, 6, and
12 months following BS, which is consistent with the most
substantial changes in BW and body composition in the first
year after surgery. Moreover, the decrease in TEE is propor-
tional to the weight change within 6 months after surgery, and
there is no further change in TEE with ongoing weight loss.

Although all organs and tissues are metabolically active,
large differences in REE exist between organs and tissues.
Among organs comprising the FFM, the heart and kidneys
have the highest REE (440 kcal/kg/day), closely followed by
the brain and liver (200 kcal/kg/day). In contrast, adipose tis-
sue (4.5 kcal/kg/day) and skeletal muscle (13 kcal/kg/day)
have lower metabolic rates [35]. Individuals with obesity have
a larger FM but also a larger FFM than do individuals without
obesity [35]. During the dramatic weight-loss phase in the first
postoperative year, the substantial weight loss consists of a
reduction in low-metabolic FM; only a small part of the
weight loss is the result of thermogenically active FFM, main-
ly due to the reduction in skeletal muscle [43]. When we
evaluated REE in relation to BW and FFM utilizing both
ratio-based methods, our findings indicated that the REE/
FFM ratio decreased after BS, while the REE/BW ratio in-
creased. The postoperative decrease in REE/FFM may be at-
tributed to the decline in FFM metabolism, and the increase in
REE/BW may be the result of the substantial loss of metabol-
ically inert FM.

Interestingly, reductions in REE measured by indirect cal-
orimetry were greater than the predicted REE using linear
regression (from FFM and FM). In other words, REE predic-
tion equations overestimated REE after weight loss [27, 44].
In our study, we also confirmed that the measured REE was
less than the predicted REE at 3, 6, and 12 months after BS.
The mechanism of this energy-sparing phenomenon is not
clear. One of the main reasons might be that almost half of
the studies involving predicted REE [9, 12, 30, 38, 45] used
the Harris—Benedict (HB) formula, which is not an appropri-
ate formula for patients with obesity. In addition, several stud-
ies proposed many explanations. One assumption is that the

sympathetic nervous system activity could be blunted by the
decreases in circulating leptin and thyroid hormones, which
seem to be responsible for the energy-sparing phenomenon
[46, 47]. Several studies have suggested that replacement of
plasma leptin to pre-weight loss levels reverses this phenom-
enon, perhaps through alterations in mitochondrial content
and/or coupling [48, 49] and maintenance of thyroid hormone
concentrations [50]. An alternative explanation for this is that
early starvation, decreased insulin secretion, and an increased
free water clearance rate are closely associated with this phe-
nomenon [51]. The decline in FFM metabolism, which might
be caused by starvation-induced decreases in the heart rate and
glomerular filtration rate and increased hepatic gluconeogen-
esis, also adds to the explanation of the energy-sparing phe-
nomenon after BS. In support of this concept, we confirmed
that the degree of the energy-sparing phenomenon was be-
yond the expected effect of the FM and FFM loss on REE.
The decrease in TEE does not appear to follow the same
pattern of the REE change after BS. Our review showed that a
sustained decline in REE was observed until 1 year following
surgery, while there was no significant difference in the value
of TEE between 6 and 12 months postoperatively. One possi-
ble explanation for this is the change in PA and DIT. However,
most studies indicated no significant differences in PA after
surgery [14, 15, 31, 33, 38]. Thus, we concluded that in-
creased absolute and weight-adjusted DIT might explain the
variance in the patterns of REE and TEE change.
Anatomical changes after BS lead to a wide range of endo-
crine, metabolic, and ecologic changes that influence central
neuroendocrine signaling related to the energy expenditure
balance after food ingestion. Postprandial release of biliary
acid and gut hormones and changes in the gut microbiota com-
position have been proposed to contribute to the increase in
DIT observed after BS, especially RYGB. Intestinal mucosal
hyperplasia and hypertrophy have been confirmed after RYGB
[52]. Cell turnover is upregulated after surgery by flattened and
broadened villi, reduced epithelial surface area, and increased
cell proliferation, which could increase diet-induced energy
expenditure [31, 53]. Moreover, enhanced DIT after meals
might be partly explained by small bowel mucosal hypertro-
phy [54, 55]. All of these well-documented postoperative
changes may together and collectively influence TEE [56-59].
We demonstrated that carbohydrate and fat utilization
returned to the preoperative levels or even reversed in the
weight stable phase despite an increase in fat utilization and
a decrease in carbohydrate utilization within 1.5 to 6 months
after surgery. Such changes might be consistent with the fact
that the RQ decreased significantly at 6 months while no sig-
nificant difference was observed between baseline and
12 months. A negative energy balance caused by very-low-
calorie diets might result in a shift toward increased fat oxida-
tion. In other words, when patients eat a low-carbohydrate diet
early postoperatively, increased fat utilization is mainly due to
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Former Latter Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% ClI IV, Fixed, 95% CI
a pre VS 3mo
Carey 2006 2,091 588 19 1,758.4 4121 19  21% 332.60 [9.74, 655.46]
Hasani 2015 1,939 332.8 21 1,658.8 326.7 21 5.5%  280.20 [80.74, 479.66] -
Tam 2016 AGB 2,062 99 7 1,899 91 7 22.0% 163.00[63.39, 262.61] =
Tam 2016 SG 2,373 102 9 2241 101 9 249%  132.00[38.22, 225.78] Nl
Tam 2016-2-AGB 1,505 145 8 1,454 135 8 11.6%  51.00[-86.28, 188.28] -
Tam 2016-2-SG 1,762 105 13 1,578 104 13 33.9% 184.00 [103.66, 264.34] -
Subtotal (95% CI) 7 77 100.0% 159.41 [112.64, 206.18] *
Heterogeneity: Chi? = 5.60, df =5 (P = 0.35); I’= 11%
Test for overall effect: Z = 6.68 (P < 0.00001)
b pre VS 6mo
Browning 2016 1,907 132 5 1,779 170 5 6.6% 128.00[-60.65, 316.65] T =
Carey 2006 2,091 588 19 1,651 460 19  2.1% 440.00[104.31, 775.69]
lesari 2013 2,534.7 589.3 6 22644 575 6  0.5% 270.30[-388.50, 929.10]
Rabl 2014 1,840 202 8 1,684 278 12 5.3% 156.00 [-54.56, 366.56] T
Tam 2016-2-AGB 1,505 145 8 1,493 100 8 15.8% 12.00[-110.06, 134.06] i
Tam 2016-2-SG 1,762 105 13 1,708 46 13 60.6% 54.00 [-8.31, 116.31] g
Wolfe 2018 1,792 267 16 1,628 192 16 9.1% 164.00 [2.86, 325.14] D
Subtotal (95% CI) 75 79 100.0%  76.87 [28.37, 125.38] 2
Heterogeneity: Chi? = 8.38, df = 6 (P = 0.21); I> = 28%
Test for overall effect: Z = 3.11 (P = 0.002)
C pre VS 12mo
Benedetti 2000 2,293 284 14 1,640 254 14 3.4% 653.00 [453.42, 852.58] -
Bettini 2018 1,980 483 154 1,410 312 154 16.3% 570.00 [479.18, 660.82] -
Carey 2006 2,091 588 19 1,673.8 341.9 17 1.4% 417.20 [106.85, 727.55]
Coupaye 2005 2,006 362 36 1,707 285 36  5.9% 299.00[148.50, 449.50] -
lannelli 2013 2,293.8 595 30 1,600.4 427.3 30 2.0% 693.40[431.27, 955.53]
Tam 2016 AGB 2,062 99 7 1821 135 7  87% 241.00[116.98, 365.02] -
Tam 2016 SG 2,373 102 9 1,960 82 9 18.4% 413.00[327.50, 498.50] =
Tam 2016-2-AGB 1,505 145 8 1,454 85 8 9.9%  51.00[-65.47, 167.47] 1
Tam 2016-2-SG 1,762 105 13 1,424 67 13 29.3% 338.00[270.29, 405.71] 3
Wolfe 2018 1,792 267 16 1,563 216 16 4.7%  229.00[60.72, 397.28] N
Subtotal (95% CI) 306 304 100.0% 363.87 [327.22, 400.52] ¢
Heterogeneity: Chi = 70.54, df =9 (P < 0.00001); I> = 87%
Test for overall effect: Z = 19.46 (P < 0.00001)
d 3mo VS 6mo
Carey 2006 1,758.4 4121 19 1,651 460 19  3.6% 107.40[-170.30, 385.10] -1
Tam 2016-2-AGB 1,522 114 8 1,493 100 8 254%  29.00[-76.08, 134.08] =
Tam 2016-2-SG 1,496 87 13 1,393 76 13 71.0%  103.00 [40.20, 165.80] L
Subtotal (95% CI) 40 40 100.0%  84.39 [31.48, 137.31] L 2
Heterogeneity: Chiz = 1.43, df =2 (P = 0.49); 1= 0%
Test for overall effect: Z = 3.13 (P = 0.002)
€ 6mo VS 12mo
Carey 2006 1,651 460 19 1,673.8 341.9 17  2.8% -22.80[-285.85, 240.25] - 1
Tam 2016-2-AGB 1,493 100 8 1,454 85 8 23.5%  39.00[-51.95, 129.95] =
Tam 2016-2-SG 1,393 76 13 1,424 67 13 64.0% -31.00 [-86.08, 24.08]
Wolfe 2018 1,628 192 16 1,563 216 16 9.7%  65.00[-76.61, 206.61]
Subtotal (95% CI) 56 54 100.0% -5.04 [-49.11, 39.03]
Heterogeneity: Chi? = 2.71, df = 3 (P = 0.44); I? = 0%
Test for overall effect: Z = 0.22 (P = 0.82)
f 3mo vs 12mo
Carey 2006 1,758.4 4121 19 1,673.8 341.9 17  2.4% 84.60[-161.88, 331.08] -1
Tam 2016 AGB 1,899 91 7 1821 135 7 99%  78.00[-42.61, 198.61] N
Tam 2016 SG 2,074 60 9 1,960 82 9 32.6% 114.00[47.62, 180.38] -
Tam 2016-2-AGB 1,522 114 8 1,454 85 8 14.8%  68.00[-30.54, 166.54] I
Tam 2016-2-SG 1,496 87 13 1,424 67 13 40.3% 72.00 [12.31, 131.69] bd
Subtotal (95% CI) 56 54 100.0%  86.00 [48.09, 123.91] ¢
Heterogeneity: Chi? = 1.04, df = 4 (P = 0.90); I?= 0%
Test for overall effect: Z = 4.45 (P < 0.00001)
-1000 -500 0 500 1000

Favours [Former]

Favours [Latter]

Fig. 4 Forest plot comparing REE preoperatively and 3, 6, and 12 months after bariatric surgeries other than RYGB. REE, resting energy expenditure
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Mean Difference
IV, Fixed, 95% CI

Mean Difference
IV, Fixed, 95% CI

pre-op post-op

Study or Subgroup Mean SD Total Mean SD Total Weight

a REE/FFM
Bettini 2018 286 4.7 154 239 43 154 57.2%
Carrasco 2007 334 441 31 30.1 26 31 19.8%
Coupaye 2005 36.3 4.9 36 323 45 36 12.3%
Hasani 2015 396 8.5 21 374 12 21 1.5%
Rabl 2014 AGB 324 44 8 313 37 8 3.6%
Rabl 2014 RYGB 32 4 12 309 4 12 56%
Subtotal (95% CI) 262 262 100.0%
Heterogeneity: Chi? = 8.00, df =5 (P = 0.16); 1> = 38%
Test for overall effect: Z = 10.22 (P < 0.00001)

b reeiBW_RYGB
de Cleva 2018 13.7 241 45 169 24 45 16.2%
Faria 2012 15.61 3.09 46 18.96 3.33 46  8.2%
Faria 2014 17.75 2.7 13 2049 16 13 4.8%
Moehlecke 2017 16 1 30 18 1 30 54.9%
Rabl 2014 15 1 12 176 1.8 12 10.4%
Schneider 2016 156 2.8 19 182 22 19 55%
Subtotal (95% ClI) 165 165 100.0%
Heterogeneity: Chi? = 7.53, df =5 (P = 0.18); 1> = 34%
Test for overall effect: Z =12.73 (P < 0.00001)

C REE/BW other bariatric surgeries
Bettini 2018 165 23 154 169 123 154 7.4%
Galtier 2006 173 1.9 73 185 28 73 48.1%
Hasani 2015 17.62 3.43 21 18.81 5.07 21 4.2%
Rabl 2014 152 1.4 8 154 14 8 15.4%
Schneider 2016 164 1.3 23 182 23 23 24.9%
Subtotal (95% CI) 279 279 100.0%

Heterogeneity: Chi? = 3.27, df =4 (P = 0.51); I?=0%
Test for overall effect: Z = 4.40 (P < 0.0001)

i

[

4.70[3.69, 5.71]
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Fig.5 Forest plot comparing REE/FFM and REE/BW between the preoperative and postoperative periods. REE, resting energy expenditure; FFM, fat-

free mass; BW, body weight

a shift from the use of energy intake to the use of endogenous
fat reserves for fuel. In addition, an increase in fat mobilization
with a decrease in fat intake contributes to massive loss of
adipose tissue [29]. Considering that the changes in diet and
weight appear to have stabilized at 12 months after surgery,
carbohydrate and fat utilization returned to the preoperative
levels.

Both lean body mass and protein oxidation decrease during
the semi-starvation phase. Thus, a protein-sparing mechanism
that does not totally prevent loss of FFM during this period is
likely to exist. Our review suggests the occurrence of a steady
decrease in protein oxidation that lasts until weight stabiliza-
tion. Therefore, it is reasonable to presume that decreased
protein oxidation is not only due to semi-starvation but is
primarily due to the inability of patients to consume some
protein-rich foods, such as meat, after BS. These results em-
phasize the need for nutritional assessment and support of
individuals with obesity after BS, especially during the phase
of rapid weight loss.

The heterogeneity among studies analyzing REE, RQ, and
TEE was statistically significant. We performed a sensitivity

analysis for these heterogeneities, and the results suggested
that our results were robust. We believed that the observed
heterogeneity in our meta-analysis was mainly attributed to
differences in population, duration of obesity, study design,
sample size, or comorbidities.

Our review has some strengths and limitations. The
strengths include the comprehensive search method, data ex-
traction, and study quality assessment performed by two in-
dependent reviewers. Some limitations of the current meta-
analysis should be acknowledged. First, although comprehen-
sive search strategies were implemented, this systematic re-
view is inevitably subject to publication bias. Second, because
the number of studies included in the meta-analysis was rela-
tively small, some of the subgroup analyses were difficult to
implement. Third, the methodological differences in the as-
sessment of energy expenditure may have introduced bias. We
acknowledge that the gold standard technique for measure-
ment of energy expenditure in free-living circumstances (the
double-labeled water technique) has been used in a limited
number of studies. Because individuals with large differences
in weight have different REE results in absolute terms,
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mREE pREE Mean Difference Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Fixed, 95% CI IV, Fixed, 95% CI
RYGB
a pre-op
Bobbioni-Harsch 2000 1,823 45 20 1,818 52 20 81.6% 5.00 [-25.14, 35.14] -
Browning 2016 2,029 261 8 2,000 217 8 13% 20.00 [-215.21, 255.21] -1
Knuth 2014 2,128 291 13 2,142 353 13 1.2%  -14.00 [-262.69, 234.69] ]
Wilms 2018 2132 425 233 2,130 321 233 159% 2.00 [-66.39, 70.39] e
Subtotal (95% CI) 274 274 100.0% 4.50 [-22.73, 31.72] ]
Heterogeneity: Chi? = 0.04, df = 3 (P = 1.00); I = 0%
Test for overall effect: Z=0.32 (P = 0.75)
b 3mo
Bobbioni-Harsch 2000 1,585 39 20 1,625 42 20 73.9% -40.00 [-65.12, -14.88] |
Tam 2016 1,765 35 5 1,961 56 5 13.9% -196.00 [-253.88, -138.12] -
Tam 2016-2 1,440 107 14 1,742 50 14 12.2% -302.00 [-363.87, -240.13] Ea
Subtotal (95% CI) 39 39 100.0%  -93.63 [-115.22, -72.03] (]
Heterogeneity: Chi? = 73.10, df = 2 (P < 0.00001); I> = 97%
Test for overall effect: Z = 8.50 (P < 0.00001)
C 6mo
Bobbioni-Harsch 2000 1,529 34 20 1,538 34 20 83.2% -9.00 [-30.07, 12.07] .
Browning 2016 1,759 287 8 1,755 193 8 0.6% 4.00 [-235.66, 243.66] -1
Knuth 2014 1,754 377 9 1,955 351 9 0.3% -201.00[-537.53, 135.53] I
Tam 2016-2 1,448 82 14 1,712 42 14 15.9% -264.00[-312.26, -215.74] -
Subtotal (95% CI) 51 51 100.0% -49.98 [-69.20, -30.76] ¢
Heterogeneity: Chi? = 91.05, df = 3 (P < 0.00001); 12 =97%
Test for overall effect: Z = 5.10 (P < 0.00001)
d 12mo
Bobbioni-Harsch 2000 1,475 34 20 1,465 36 20 64.9% 10.00 [-11.70, 31.70] [ |
Knuth 2014 1,832 196 13 1,824 320 13 0.7% 8.00 [-195.99, 211.99] -
Tam 2016 1,598 59 5 1,783 58 5 5.8% -185.00[-257.52,-112.48] -
Tam 2016-2 1,347 71 14 1,688 48 14 15.2% -341.00 [-385.89, -296.11] -
Wilms 2018 1,673 288 233 1,636 237 233 13.3% 37.00 [-10.89, 84.89] ™
Subtotal (95% CI) 285 285 100.0% -51.02 [-68.51, -33.53] (]
Heterogeneity: Chi? = 217.06, df = 4 (P < 0.00001); I> = 98%
Test for overall effect: Z=5.72 (P < 0.00001)
other bariatric surgeries
€ pre-op
Benedetti 2000 2,293 284 14 2,187 452 14 13.1% 106.00 [-173.63, 385.63] -
Browning 2016 1,907 13.2 5 1,938 172 5 446%  -31.00[-182.21, 120.21]
Hasani 2015 1,939 332.8 21 2,056.9 1455 21 423%  -117.90 [-273.25, 37.45]
Subtotal (95% CI) 40 40 100.0% -49.87 [-150.90, 51.16]
Heterogeneity: Chiz = 1.99, df =2 (P = 0.37); I = 0%
Test for overall effect: Z =0.97 (P = 0.33)
f 3mo
Hasani 2015 1,658.8 326.7 21 1,768.1 131 21 6.3%  -109.30 [-259.84, 41.24] - I
Tam 2016 AGB 1,899 91 7 2,026 75 7 18.8% -127.00 [-214.36, -39.64] e
Tam 2016 SG 2,074 60 9 2241 101 9 244% -167.00 [-243.75, -90.25] S
Tam 2016-2-AGB 1,454 135 8 1,647 64 8 13.4% -193.00 [-296.53, -89.47] T
Tam 2016-2-SG 1,578 104 13 1,738 48 13 37.1% -160.00 [-222.26, -97.74] -
Subtotal (95% CI) 58 58 100.0% -156.70 [-194.61, -118.80] ¢
Heterogeneity: Chi? = 1.38, df = 4 (P = 0.85); I = 0%
Test for overall effect: Z = 8.10 (P < 0.00001)
g 6mo
Browning 2016 1,779 170 5 1,851 161 5 39% -72.00[-277.23, 133.23] - 1
Tam 2016-2-AGB 1,493 100 8 1,628 61 8 25.1% -135.00[-216.17,-53.83] .
Tam 2016-2-SG 1,393 76 13 1,708 46 13 71.0% -315.00 [-363.29, -266.71] |
Subtotal (95% CI) 26 26 100.0% -260.25 [-300.92, -219.57] ¢
Heterogeneity: Chi? = 17.32, df = 2 (P = 0.0002); I> = 88%
Test for overall effect: Z = 12.54 (P < 0.00001)
h 12mo
Benedetti 2000 1,424 67 13 1,705 46 13 41.4% -281.00[-325.18, -236.82] =
Tam 2016 AGB 1,640 254 14 1524 317 14 1.8% 116.00 [-96.78, 328.78] T
Tam 2016 SG 1,960 82 9 2,082 87 9 132% -122.00 [-200.11, -43.89] -
Tam 2016-2-AGB 1,454 85 8 1,623 61 8 15.4% -169.00 [-241.50, -96.50] e
Tam 2016-2-SG 1,367 87 13 1,701 46 13  28.2% -334.00 [-387.50, -280.50] -
Subtotal (95% CI) 57 57 100.0% -250.61 [-279.03, -222.19] ¢
Heterogeneity: Chi? = 37.84, df = 4 (P < 0.00001); 12 = 89% K X X ,
Test for overall effect: Z = 17.28 (P < 0.00001) 21000 -500 0 500 1000

Favours [nREE] Favours [pREE]

Fig. 6 Forest plot comparing mREE and pREE at baseline and 3, 6, and 12 months postoperatively. mREE, measured resting energy expenditure
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normalizing REE for total BW or FFM might be a good meth-
od to explore the relationship between REE and body compo-
sition. However, when adjusting for muscle mass, there is an
important bias among the methods usually used to assess body
composition among the obese population. Fourth, changes in
energy metabolism after BS may be exaggerated or
underestimated by inadequate control of confounders, espe-
cially highly variable methods in how body composition was
assessed and the populations from which the REE prediction
equations were derived. Although most studies excluded
some factors that can affect energy metabolism, unknown
confounders may partly explain the observed outcomes.
Therefore, a more precise analysis should be conducted if
individual data are available; this would allow for adjustment
by other covariates, including age, sex, race, medication situ-
ation, smoking status, drinking status, and obesity-related
complications. Finally, most studies included in the review
had only 1- to 12-month follow-up periods, but weight gain
after BS always occurs 1 year postoperatively. Therefore, a
large prospective trial with long-term outcomes must be
performed.

Conclusions

We found a statistically significant decrease in REE at 3, 6,
and 12 months following BS, which is consistent with the
most substantial changes in BW and composition in the first
year after surgery. Moreover, the decrease in TEE was propor-
tional to the weight change within 6 months after surgery, and
no further change in TEE occurred with ongoing weight loss.
The increased absolute and weight-adjusted DIT might ex-
plain the variance between the patterns of REE and TEE
changes. The postoperative decrease in REE/FFM may be
attributed to the decline in FFM metabolism. The increase in
REE/BW may be the result of the substantial loss of metabol-
ically inert FM. Carbohydrate and fat utilization returned to
the preoperative levels or even reversed in the weight stable
phase despite an increase in fat utilization and a decrease in
carbohydrate utilization within 1.5 to 6 months after surgery.
Such a change might be consistent with the fact that the RQ
decreased significantly at 6 months while no significant dif-
ference was observed between baseline and 12 months.
However, most studies included in the review had only 1- to
12-month follow-up periods despite the fact that weight gain
after BS always occurs 1 year later. Therefore, a large prospec-
tive trial with long-term outcomes must be performed.
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