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1 | INTRODUCTION
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Summary

Postbariatric loss of muscle tissue could negatively affect long-term health due to its
role in various bodily processes, such as metabolism and functional capacity. This
meta-analysis aimed to unravel time-dependent changes in the magnitude and pro-
gress of lean body mass (LBM), fat-free mass (FFM), and skeletal muscle mass (SMM)
loss following bariatric surgery. A systematic literature search was conducted in
Pubmed, Embase, and Web of Science. Fifty-nine studies assessed LBM (n = 37),
FFM (n = 20), or SMM (n = 3) preoperatively and =1 time points postsurgery.
Random-effects meta-analyses were performed to determine pooled loss per out-
come parameter and follow-up time point. At 12-month postsurgery, pooled LBM
loss was —8.13 kg [95%CI —9.01; —7.26]. FFM loss and SMM loss were —8.23 kg
[95%Cl —10.74; —5.73] and —3.18 kg [95%Cl| —5.64; —0.71], respectively. About
55% of 12-month LBM loss occurred within 3-month postsurgery, followed by a
more gradual decrease up to 12 months. Similar patterns were seen for FFM and
SMM. In conclusion, >8 kg of LBM and FFM loss was observed within 1-year post-
surgery. LBM, FFM, and SMM were predominantly lost within 3-month postsurgery,
highlighting that interventions to mitigate such losses should be implemented

perioperatively.
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(SMM). These terms should not be used interchangeably, since the

exact components are different (see Figure 1). A two-compartment

Bariatric surgery induces an average weight loss of 32% of preopera-
tive weight within two years postsurgery.® This weight loss does not
only exclusively consists of fat mass loss but also includes loss of mus-
cle mass.?® Muscle mass can be expressed by various terms, such as
fat-free mass (FFM), lean body mass (LBM), and skeletal muscle mass

model divides the body into fat mass and FFM, in which FFM contains
bone tissue, water, organ tissue, and the skeletal muscles. LBM, as
measured by three-compartment models, is defined as total body
mass minus fat mass and bone mineral content. SMM only contains

the dry weight of skeletal muscles and is estimated via segmental
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analysis of muscle volume by whole body MRI. Because skeletal mus-
cle tissue is the main component of LBM and FFM, they are often
used as a surrogate marker for SMM.

Muscle tissue is essential for a healthy metabolism, bone (re)
modeling, thermoregulation, and preservation of functional capacity
and can also function as a storage for glycogen, fat, and protein.* A
substantial loss of muscle tissue can, therefore, result in a decreased
basal metabolism, functional impairment, and poorer quality of life.”””
Furthermore, recent findings suggest that postbariatric FFM loss plays
a role in energy balance regulation by increasing appetite, which may
ultimately lead to weight regain.®=1° Therefore, loss of muscle tissue
may negatively impact the long-term success of bariatric surgery. Pre-
vious studies suggested that muscle tissue is predominantly lost within
6 months postbariatric surgery.2'* However, the exact amounts of
loss that can be expected in each postoperative phase remain unclear.
This makes it difficult for clinicians to recognize excessive amounts of
LBM, FFM, and SMM loss. More insight into the expected ranges of
postbariatric LBM, FFM, and SMM loss could help to identify patients
who may benefit from additional care on muscle mass preservation.
Furthermore, more insight into the time-dependent progress of LBM,
FFM, and SMM loss will help to define the most optimal time window
to counteract such loss in these patients.

Computed tomography (CT) and magnetic resonance imaging (MRI)
are the gold standards to assess body composition in vivo, because they
are not affected by hydration status.)? Likewise, dual energy X-ray
absorptiometry (DXA) is considered a good alternative to evaluate body
composition, because of its high precision and reproducibility.*®
However, postbariatric studies that use DXA, CT, or MRI have either

small sample sizes or few longitudinal measurements, making it difficult

FIGURE 1 The components
of fat-free mass, lean body mass,
and skeletal muscle mass

] according to the definitions used

by magnetic resonance imaging
(MRI), dual energy X-ray
absorptiometry (DXA), or
computed tomography (CT) scans.
Please note that proportions of
the components are an
approximation; exact proportions
may vary across individuals

to determine the magnitude and progress of muscle mass loss over
time. Combining findings from these studies may yield information on
the expected ranges of postbariatric muscle mass loss over time. There-
fore, the present systematic review and meta-analysis aimed to unravel
time-dependent changes in the magnitude and progress of LBM, FFM,
and SMM loss measured by DXA, CT or MRI following bariatric surgery.

2 | METHODS

2.1 | Search strategy

This systematic review was registered in PROSPERO (number
CRD42020150511) and performed using the Preferred Reporting
Items for Systematic reviews and Meta-Analysis statement 2015
(PRISMA). The databases of PubMed, Embase, and Web of Science
were systematically searched for eligible articles up to March
15, 2021. The following search strategy was used: Bariatric surgery
AND (DXA OR ((CT OR MRI) AND (Lean mass OR FFM OR Muscle
mass)). The extensive search strategy with adaptations for each data-

base is added in supporting information Table S1.

2.2 | Definitions of body composition parameters
This study included three body composition parameters: LBM, FFM,
and SMM. Since these terms cannot be used interchangeably due to
differences in components (see Figure 1), all analyses were performed
for LBM, FFM and SMM separately.
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2.3 | Study selection

Three reviewers independently screened all titles and abstracts for eli-
gibility. Thereafter, the same three reviewers assessed the remaining
studies in full text to determine whether the study could be included
in our meta-analysis. Studies were deemed eligible if they conformed
to the predetermined inclusion and exclusion criteria (Table 1). First,
all subjects should be 218 years old, have a BMI = 35 kg/m?, and have
undergone a bariatric procedure. Bariatric procedures included Roux-
en-Y gastric bypass surgery (RYGB), sleeve gastrectomy (SG),
biliopancreatic diversion (BPD), and adjustable gastric band proce-
dures. Studies with temporary restrictive procedures (e.g., intragastric
balloon) were excluded. Furthermore, studies that used 21 of the fol-
lowing outcomes—amount (kg) of LBM, FFM, or SMM measured with
whole body DXA, CT, or MRI—were included. Studies with other mea-
surement techniques; segmental analysis of DXA, CT, and MRI; or
studies that exclusively reported outcomes relative to body weight
(e.g., %FFM) were excluded. Finally, studies required longitudinal data
on body composition with one preoperative measurement and at least
one postoperative measurement. Small ranges in postoperative mea-
surement were allowed; however, studies with >3-month difference
within one postoperative measurement point (e.g., mean follow-up:
18 months [range 12 to 24 months]) were also excluded. When sepa-
rate studies had overlapping study populations, only the study with
most observations was included. In case of more than one outcome
measure within overlapping populations (e.g., Study 1: FFM (n = 30)
and Study 2: FFM (n=25) and SMM (n = 25)), the secondary
outcome of the study with less observations was also included.

Disagreement between reviewers was resolved through consensus.

24 | Data extraction

Data were extracted with the use of a predetermined data extraction
file. One reviewer recorded all pre-operative and postoperative data
on LBM, FFM, and SMM and corresponding standard deviations
(SD) or standard error of the mean (SEM). Furthermore, other infor-
mation was extracted, including year of publication; country; age; sex;
preoperative BMI; preoperative LBM, FFM, or SMM mass; type of
surgery; and weight loss per time point. In eight studies, data on body
composition or weight loss were reported in figures; therefore, data
were extracted using GetData Graph Digitizer software (version 2.26).
When viable information was missing, data were requested from the
authors by email (n = 24 studies; authors provided requested infor-

mation in n = 5 studies).

2.5 | Assessment of risk of bias in included studies
The reporting quality of each included study was assessed using the
STROBE Statement,'* which facilitates critical appraisal and interpre-
tation of observational research. The checklist consists of 22 items

relating to title, abstract, introduction, methods, and results and

TABLE 1

Inclusion criteria
Population
- Human subjects

- Bariatric procedure
(including RYGB, SG, BPD,
adjustable gastric banding,
gastric bypass)

- All subjects 218 years old
- Mean BMI > 35 kg/m?

Study design
- Observational studies

- Longitudinal measurements
(including a preoperative
measurement and 21
postoperative
measurement)

- Control groups of
randomized controlled
trials

Measurements
- Whole body DXA scan
- Whole body CT
- Whole body MRI
Outcome

- Lean body mass / lean mass
/lean tissue

- Fat-free mass

- Skeletal muscle mass/
muscle mass

Other
- English language

- Full text available

_WI ]_EyJLf”

Inclusion and exclusion criteria

Exclusion criteria

- Animal studies

- Gastrectomy for other medical
reasons (not focused on weight
loss)

- Abdominal liposuction

- Other severe diseases: cancer,
lung diseases, kidney diseases,
gastrointestinal diseases,
cardiovascular diseases or
immunodeficiency diseases
(except for obesity-related
diseases such as diabetes
mellitus type 2, hypertension,
arthrosis and sleep apnoea)

- Cross-sectional studies

- Review articles

- Intervention groups of
randomized controlled trials

- Ranges >3 months within one
postoperative measurement
point

- BIA
- Bod Pod

- %FFM (percentage of body
weight)

- Abstract only
- Conference proceedings

- Study protocols
- Letter to the editor

- Case reports

Abbreviations: BIA, bioelectrical impedance analysis; BMI, body mass
index; BPD, biliopancreatic diversion; CT, computed tomography; DXA,
dual energy X-ray absorptiometry; FFM, fat-free mass; MRI, magnetic
resonance imaging; RYGB, Roux-en-Y gastric bypass; SG, sleeve

gastrectomy.

discussion sections of articles. A total of 34 points could be received;
however, not all items were applicable in every study. Therefore,

quality scores were calculated both as total of points and as
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percentage of the applicable items. Subsequently, total scores were
divided into three categories: <60%, 60-80%, and 280%.

2.6 | Data synthesis

Follow-up time points were divided into five categories: <3-month,
>3- to <6-month, 26- to 9-month, 12-month, and 18- to <36-month
postsurgery. If two follow-up measurements of one study fell within
one time category (e.g., both 24- and 36-month postsurgery), only the
first time point was included in the meta-analysis. In studies with mul-
tiple study arms (e.g., Roux-en-Y gastric bypass vs. SG), all study arms
were separately included in statistical analyses. Since loss of muscle
tissue is highly dependent on weight loss, the proportional loss within
total weight loss (=%loss/WL) was estimated. First, study-specific %
loss/WL was calculated at each time point, by dividing the mean LBM,
FFM or SMM loss by the mean weight loss times 100. Then, a weight
factor was applied based on the sample size of each study. Subse-
quently, the weighted average %loss/WL was calculated per time
point. Although the %loss/WL is not suitable for meta-analysis since
group level calculations may not reflect individual results and group
level SEs are lacking, this outcome gives insight into the relative
amount of postbariatric LBM, FFM, and SMM |oss.

2.7 | Statistical analysis

A random-effects model (specified a priori) was used to account for
possible heterogeneity between studies and to determine the overall
effect (i.e., amounts of LBM loss, FFM loss, and SMM loss in kilo-
grams). For each outcome measure, a meta-analysis was performed to
estimate the pooled effect size per follow-up visit in terms of the
mean difference with its corresponding 95%Cl. Furthermore,
Cochrane's Q statistic and I?> were calculated to assess the degree of
heterogeneity across studies. Whereas the Q statistic indicates signifi-
cant heterogeneity at P < 0.10, the I? characteristic reflects the per-
centage of the observed between-study variability. An I? > 50% is
considered as substantial heterogeneity.!® Forest plots were gener-
ated to illustrate the study-specific effect sizes with 95%Cl. For the
subanalysis, type of surgery was added to the model as additional
fixed effect to determine the difference in LBM, FFM, and SMM loss
between procedures, adjusted for time. Studies that included 22
procedures but did not distinguish their results for each type were
excluded. Mean differences with respect to the reference group with
corresponding 95%Cl were determined for all possible comparisons.
Additionally, forest plots for LBM, FFM, and SMM loss per bariatric
procedure were generated, in which either the 12-month timepoint or
the latest available timepoint was included per study. Finally, potential
differences in proportional loss (=%loss/WL) between procedures
were assessed by a one-way ANOVA. Statistical analyses were per-
formed using R Statistical Software (version 3.6.2), and the script was
added as a supporting information. Statistical significance was
assumed at P < 0.05.

3 | RESULTS

The systematic search resulted in 302 eligible articles in PubMed,
507 articles in Embase, and 315 articles in Web of Science. After
removal of duplicates and elimination based on the selection criteria,
59 studies were included in risk and bias assessment and quantitative
analyses (Figure 2), with 37 studies assessing LBM,1116-51 50 studies
assessing FFM?22552770 3nd 3 studies assessing SMM.”1"72 The sub-
analysis on type of surgery was performed on 52 studies. Included
studies were published from 2000 to 2021.

3.1 | Cohort characteristics

An overview of general characteristics of the included studies is dis-
played in Table 2. In total, data were aggregated from 2270 individuals
with a mean BMI of 44.2 kg/m? (range 37.79 to 51.20 kg/m?). Mean
LBM was 58.2 kg (range 49 to 69 kg), mean FFM was 63.1 kg (range
55 to 89 kg), and mean SMM was 27.1 kg (range 22 to 37 kg). Main
continent of origin of the studies was Europe (n = 38), followed by
North America (n = 12), Asia (n = 5), South America (n = 3), and
Australia (n = 1). In 35 studies both sexes were included, whereas
22 studies exclusively included females. Most studies included only
one type of surgery: RYGB (n = 27), adjustable gastric band (n = 6),
SG (n =7), BPD (n = 5), whereas 14 studies examined the effect of
>2 procedures. Outcomes were predominantly measured by DXA

(n = 56), whereas only three studies used MRI.

3.2 | Quality assessment of reporting

Fifty-nine studies were included for risk and bias assessment. The
mean + SD score on the STROBE checklist was 24.3 + 2.4, reflecting
80.0 + 7.7% of the maximal achievable score. One study scored below
<60%, 26 studies scored between 60% and 80%, and 32 studies
scored >80% (supporting information Figure S1). A sensitivity analysis
of our main outcome measures after exclusion of the study with a
score <60% did not yield different results. Study-specific STROBE

scores were included in supporting information Table S2.

3.3 | Magnitude and progress of muscle mass loss

LBM loss, FFM loss, and SMM loss were displayed in forest plots
(Figures 3-5, respectively). At 12-month postsurgery, meta-analyses
showed pooled losses of —8.13 kg LBM [95%Cl —7.26; —9.01],
—8.23 kg FFM [95%Cl —5.73; —10.74], and —3.18 kg SMM [95%Cl
—0.71; —5.64]. Although absolute SMM loss is lower compared
with LBM and FFM loss, relative SMM loss with respect to preop-
erative SMM was equal to relative FFM and LBM loss (SMM: 13%
vs. FFM 13% vs. 13% LBM). The estimated proportional loss with
respect to weight loss at 12-month postsurgery was comparable
with 23.4%, 20.8%, and 8.2% loss/WL for LBM, FFM, and SMM,
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Records identified by database search
Identification - Pubmed (n=302)
- Embase (n=507)
- Web of Science (n=315) Records excluded (n=422)
‘ - Diseased population (n=28)
- No bariatric procedure (n=48)
Records after elimination of duplicates ) Anlmal/ex VIvo experiment (n=25)
(n=635) —» - Review (n=61)
- No longitudinal data (n=48)
- Preoperative data only (n=8)
‘ - No full body DXA/CT/MRI (n=62)
- No original atricle (n=117)
Screening Records screened on title and abstract - Case 'reports (n=23)
(n=635) - Duplicates (n=2)
\ Full text articles excluded (n=154)
Eligibility Full text articles checked for eligibility - Age <18y (n=9)
(n=213) - BMI <35 kg/m2 (n=4)
- Diseased population (n=2)
- Overlapping population (n=9)
- No preopreative data (n=5)
- Range in postoperative data (n=6)
y - No LBM/FFM/SMM (n=61)
Studies included in risk and bias - No full body D).(A/CT/MRI (n=25)
Included assessment and quantitative analysis -No full text available (n=7)
(n=59) - Meeting abstract (n=13)
- Not available in English (n=3)
LBM FEM SMM - Format data not suitable (n=6)
(n=37) (n=20) (n=3)
Excluded from sub analysis (n=7)
Y ‘ No results per type of surgery
Studies included in sub analysis -LBM - (n=3)
for type of surgery -FFM —(n=3)
(h=52) -SMM  (n=1)
LBM FFM SMM
(n=34) (n=17) (n=2)

FIGURE 2 Preferred Reporting Items for Systematic reviews and Meta-Analysis (PRISMA) flowchart of search strategy outcomes and
screening process. CT, computed Tomography; DXA, dual energy X-ray absorptiometry; FFM, fat-free mass; LBM, lean body mass; MRI, magnetic
resonance imaging; SMM, skeletal muscle mass

respectively. The studies (n = 8) that assessed LBM both at 12 and
18-36 months showed a mean loss of —1.29+1.0kg LBM
between these timepoints, suggesting a more stabilized LBM after
12 months. On the contrary, all studies showed greatest declines in
LBM, FFM, and SMM between the preoperative and first follow-up
measurement, after which a more gradual decrease occurred.
Patients lost —4.45 kg LBM [95%Cl —6.21; —2.70] within 3-month

postsurgery, accounting for 55% of the 12-month LBM loss. A sim-
ilar pattern was seen for FFM, in which the FFM loss within
<3 months (—4.25 kg [95%Cl —6.30 to —2.20]) reflected 52% of
12-month FFM loss and SMM loss at 3-6 months (—2.10 kg [95%
Cl —4.22 to 0.02]) reflected 66% of 12-month SMM loss. Study-
specific changes in LBM, FFM, and SMM over time are displayed
in supporting information Figure S2.
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10 of 17 Wl LEY— OBESITY NUITEN ET AL.

Study N Effect SE Mean 95%Cl
Visit = <3 months

Clements (2011) 30 770 174 R 770 [11.12;-4.28]
Cole (2017) 5 -580 807 —_— -5.80 [-21.61;10.01]
Diniz-Sousa (2020) 20 630 097 = 630 [-821;-4.39]
Legro (2012) 27 -500 075 -500 [-6.47,-3.53]
Lubrano (2004) 45 -290 209 —&T 290 [-6.99; 1.19]
Maimoun (2019) 30 -570 217 —&— -570 [-9.95;-1.45]
Rabl (2014) 12 -420 6.09 —_—T -420 [-16.14; 7.74]
Rabl (2014) 8 -360 354 — -360 [-10.54; 3.34]
Tacchino (2003) 101 -020 124 L3 -020 [-263; 2.23]
Weriing (2015) 6 300 258 = 300 [-8.05; 2.05]

Overall effect

284 4.45 [-6.21;-2.70]
Heterogeneity: /* = 56%, 1 = 2.1783, 13 = 20.49 (p = 0.02)

Visit = 3 to <6 months

Bazzocchi (2015) 29 -548 260 -5.48 [-10.58;-0.38]
Ciangura (2010) 42 700 166 700 [-10.24;-376)
Faucher (2019) 93 650 037 -6.50 [-7.23,-5.77]
Faucher (2019) 186 -7.10 027 -7.10 [-7.63;-6.57]
Legro (2012) 25 800 0.75 800 [-9.47,-653]
Lubrano (2004) 45 -400 216 -400 [-8.24; 0.24]
Moizé (2013) 25 550 219 550 [-9.80;-1.20]
Moizé (2013) 25 -750 311 -7.50 [-13.60;-1.40]
Vaurs (2015) 114 820 135 820 [-10.85;-5.55]
Werling (2015) 6 -450 239 -450 [-9.18; 0.18]
Zhang (2017) 14 875 392 875 [-16.43;-1.07)
Zhang (2017) 23 -11.23 318 -11.23 [-17.45;-5.01]
Overall effect 627 -6.97 [-7.40; -6.54]

Heterogeneity: 1* = 0%, 7* = 0, 73, = 103 (p = 0.50)

Visit = 6 to 9 months

Athire (2018) 52 967 212 967 [-13.82;-552]
Bazzocchi (2015) 29 501 265 501 [10.20; 0.18]
Beckman (2017) 28 -10.00 221 -10.00 [-14.33;-5.67]
Beliicha (2019) 45 850 136 850 [-11.16;-5.84]
Brzozowska (2020) 11 -150 2.90 — 150 [-7.19; 4.19]
Brzozowska (2020) 20 -460 242 460 [-9.34 0.14]
Brzozowska (2020) 7 570 521 — 570 [15.91; 451]
Chen (2021) 49 11210 214 1210 [16.29;-7.91)
Ciangura (2010) 42 860 157 860 [-11.69;-551
Cole (2017) 5 940 757 — 9.40 [24.23; 5.43
Diniz-Sousa (2020) 20 920 097 920 [-11.11;-729
Faucher (2019) 93 -7.40 0.36 740 [-8.11;-6.69
Faucher (2019) 186 -830 029 830 [-8.86;-7.74
Kim (2020) 44 800 236 -8.00 [-12.62;-3.38]
Legro (2012) 22 900 1.00 900 [10.96;-7.04]
Lubrano (2004) 45 370 210 370 [-7.82; 0.42)
Matos (2020) 17 -1020 3.08 1020 [-16.24;-4.16]
Oppert (2018) 22 880 228 -8.80 [-13.27;-433]
Rabl (2014) 14 -880 539 - -8.80 [19.37; 1.77]
Rabl (2014) 7 280 428 — 280 [11.19; 559
Tacchino (2003) 101 610 1.09 6.10 [-8.24;-3.96
Tamboli (2010) 29 1228 267 12.28 [17.50;-7.06]
Vatier (2012) 86 -870 194 870 [-12.50;-4.90
von Schotten (2017) 19 -650 4.09 + 650 [1451; 151]
Zhang (2018) 128 7.74 142 7.74 [-1053;-495]
Overall effect 121 7.99 [-8.77;-7.20]

Heterogeneity: 1° = 26%, ©* = 0.8121, 1, = 32.47 (p = 0.12)

Visit = 12 months

Arhire (2018) 26 -7.07 3.02 -7.07 [-12.99;-1.15
Bazzocchi (2015) 29 535 275 -5.35 [-10.74; 0.04
Beckman (2017) 20 -10.00 237 -10.00 [-14.64;-5.36]
Blom-Hogestel (2020) 34 620 255 620 [11.19;-1.21
Brzozowska (2020) 10 -2.80 3.03 — -280 [-8.75; 3.15]
Brzozowska (2020) 21 580 244 5.80 [-10.58;-1.02)
Brzozowska (2020) 7 600 532 — -6.00 [-16.43; 4.43]
Calleja-Fernandez (2015) 46 -6.95 1.91 6.95 [10.69;-3.21)
Chen (2021) 49 -12.80 212 -12.80 [-16.96;-8.64]
Ciangura (2010) 42 980 158 -9.80 [-12.90;-6.70
Cole (2017) 5 -750 757 — -7.50 [-22.33; 7.33
Coupaye (2005) 36 -290 176 -290 [-6.34; 0.54
Diniz-Sousa (2020) 16 -10.30 0.99 -10.30 [-12.24;-8.36]
Faucher (2019) 93 -840 035 -840 [-9.09;-7.71
Faucher (2019) 186 -9.20 0.66 920 [-10.49;-7.91]
Favre (2018) 21 497 212 -497 [-9.13;-0.81]
Favre (2018) 18 610 223 610 [-10.47;-1.73]
Favre (2018) 5 667 323 -6.67 [-12.99;-0.35]
Fjeldborg (2015) 31 -990 3.10 9.90 [15.98;-3.82)
Hayashi (2017) 11 -11.02 1.90 -11.02 [-14.75;-7.30]
Hayashi (2017) 3 -354 177 -3.54 [-7.01,-0.07]
Legro (2012) 17 -11.00 150 11.00 [-13.94; -8.06]
Lubrano (2004) 45 -490 231 -490 [-9.42;-0.38
Maimoun (2019) 30 -10.50 2.05 -10.50 [-14.52;-6.48]
Marengo (2017) 38 -7.75 1.07 <775 [-9.84;-566]
Moizé (2013) 25 620 219 620 [-10.50;-1.90]
Moizé (2013) 25 930 318 -9.30 [-15.54;-3.06]
Olbers (2006) 29 -390 235 -390 [-8.50; 0.70]
Olbers (2006) 31 -560 217 -560 [-9.85;-1.35]
Tacchino (2003) 101 -870 093 -8.70

Talalaj (2020) 155 -10.50 0.31 -10.50

Tamboli (2010) 29 -13.02 254 -13.02

Vatier (2012) 86 -9.40 1.94 -9.40

Vaurs (2015) 92 950 1.39 -9.50

Vilarrasa (2011) 59 -7.80 0.94 -7.80

Overall effect 1471 -8.13

Heterogeneity: /° = 63%, 1° = 2.9140, 2, = 91.71 (p < 0.01)

Visit = 18 to 36 months

Brzozowska (2020) 9 -330 327 — 330 [-9.70; 3.10]
Brzozowska (2020) 19 -7.00 255 7.00 [-12.00;-2.00]
Brzozowska (2020) 7 950 505 950 [19.40; 0.40]
Legro (2012) 9-1300 175 1300 [-16.43;-9.57]
Lubrano (2004) 45 520 233 520 [-976;-064]
Marengo (2017) 38 847 1.18 -8.47 [-10.77,-6.17)
Tacchino (2003) 101 -10.10 124 41010 [12.53;-767]
Vilarrasa (2011) 59 -850 0.99 -850 [-10.44;-6.56]
Werling (2015) 6 -550 277 550 [-10.94;-0.06]

el ot et e gt il *}”WM Myttt

Overall effect

293 -8.41 [-10.49; -6.33]
Heterogeneity: I = 44%, 1 = 3.2710, 72 = 14.18 (p = 0.08)

20 10 0 10 20
LBM oss (kg)  LBM gain (kg)

FIGURE 3 Forest plots of lean body mass loss with respect to preoperative measures. The effect size (mean difference between preoperative
and postoperative measure) and 95% confidence interval for individual studies and the pooled estimate per time point are depicted. Mean follow-
up time was 1.1 + 0.6 months for <3 months, 3.2 + 0.4 months for 3 to 6 months, 6.1 + 0.3 months for 6 to 9 months, 12 + O months for

12 months, and 26.2 + 5.7 months for 18 to 36 months
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FIGURE 4 Forest plots of Study N Effect SE Mean 95%Cl
fat-free mass loss with respect to Visit = <3 th
. Isit= months
preoperative measures. The Busetto (2000) 6 -520 098 520 [-7.11:-329]
effect size (mean difference Cole (2017) 5 580 848 —_— -5.80 [-22.43: 10.83]
between preoperative and Hirsch (2020) 15 410 317 —— -410 [-10.31; 2.11]
postoperative measure) and 95% Kayser (2017) 21 670 192 —— -6.70 [-10.46;-2.94]
confidence interval for individual Kayser (2017) 21 310 178 ] -3.10 [-6.59; 0.39]
studies and the pooled estimate Sajoux (2019) 24 740 281 —— 7.40 [-12.92;-1.88]
' ) ' Sergi (2003) 6 -1.30 1.28 —t -1.30 [-3.80; 1.20]
per time point are depicted. Mean  gyerall effect 98 4.25 [-6.30; -2.20]
follow-up time was 1.5 Heterogeneity: /° = 38%, t° = 1.2860, x> = 9.6 (p = 0.14)
+ 0.8 months for <3 months, 3.3 .
£07 months for 3to émonths,  gEEARSITOEN o 00 46 — 7.00 [16.03; 2.03]
6 + 0 months for 6 to 9 months, Hirsch (2020) 15 430 309 — 430 [10.36. 176]
12 + 0 months for 12 months, Jacobsen (2013) 12 660 1.00 - 660 [-8.56;-4.64]
and 18 + 0 months for 18 to Jorsal (2020) 20 -420 347 — -420 [-10.99; 2.59]
36 months Kayser (2017) 19 860 1.77 —— -8.60 [-12.07;-5.13]
Kayser (2017) 19 500 852 — -5.00 [-21.69; 11.69]
Sajoux (2019) 24 710 267 —— 710 [-12.33;-1.87]
Turcotte (2019) 16 -12.40 477 12,40 [-21.75;-3.05]
Overall effect 134 < -6.90 [-8.20; -5.60]
Heterogeneity: /* = 0%, ° =0, 32 = 3.71 (p = 0.81)
Visit = 6 to 9 months
Busetto (2000) 6 -670 156 —— 6.70 [-9.76;-3.64]
Carrasco (2009) 42 1070 1.07 - -10.70 [-12.79;-8.61]
Cole (2017) 5 960 7.93 _— 9.60 [25.14; 5.94]
Garrapa (2005) 15 556 4.02 —_— 556 [-13.45; 2.33)]
Hirsch (2020) 15 -480 297 —— -480 [-10.63; 1.03]
Johnson (2017) 16 -9.60 3.20 — 960 [-15.88;-3.32]
Khoo (2014) 30 -7.80 0.60 = 780 [-8.98;-6.62]
Moehlecke (2017) 30 -13.00 472 _— 13.00 [-22.25;-3.75)]
Nielsen (2021) 41 640 050 * 6.40 [-7.38;-5.42]
Raffaelli (2015) 8 -968 9.29 —_— 968 [-27.89; 8.53]
Savastano (2010) 45 100 1.36 - -1.00 [-3.66; 1.66]
Sergi (2003) 6 -240 1.39 — 240 [-5.12; 0.32]
Overall effect 259 <> -6.43 [-8.60; -4.27]
Heterogeneity: /* = 77%, t° = 6.2333, 12, = 48.27 (p < 0.01)
Visit = 12 months
Calleja-Fernandez (2015) 46 -7.31 1.86 —— 7.31 [-10.96; -3.66]
Carrasco (2009) 42 1070 1.05 - -10.70 [-12.76;-8.64]
Cole (2017) 5 780 7.93 B IEE TR S 780 [-23.34; 7.74]
Johnson (2017) 15 930 3.06 — 9.30 [-15.31;-3.29]
Khoo (2014) 30 -820 0.70 = 820 [-9.57;-6.83]
Mingrone (2002) 15 -1450 2.51 —— -14.50 [-19.42;-9.58]
Mingrone (2002) 31 880 1.31 - 880 [-11.37;-6.23]
Savastano (2010) 45 080 125 - -0.80 [-3.24; 1.64]
Tan (2016) 12 744 290 — 744 [13.13;-1.75]
Tan (2016) 10 -7.07 5.01 —_— 707 [-16.88; 2.74]
Turcotte (2019) 16 -12.30 4.94 —_— -12.30 [-21.97;-2.63]
Overall effect 267 < -8.23 [10.74; -5.73]
Heterogeneity: /* = 79%, 1° = 7.9622, >, = 48.32 (p < 0.01)
Visit = 18 to 36 months
Nielsen (2021) 39 -740 050 740 [-8.38;-6.42]
Overall effect 39 & -7.40 [-8.38; -6.42]
Heterogeneity: not applicable | | | |
20 10 0 10 20
FFMloss (kg)  FFM gain (kg)

34 |

Muscle mass loss per surgery type

—4.2 kg [95%Cl —6.6, —1.8], and —5.5 kg [95%Cl —8.1, —2.9] com-

Forest plots of LBM, FFM, and SMM loss per bariatric procedure were
displayed in supporting information Figures S3-S5. The comparison
of LBM, FFM, and SMM loss between different types of surgery
adjusted for time is illustrated in Figure 6. Adjustable gastric band pro-
cedures showed a lower LBM loss of —3.1 kg [95%CI —5.9, —0.3],

pared with BPD, RYGB, and SG procedures, respectively (all P < 0.05).
Similar effects were seen for FFM and SMM, in which the adjustable
gastric band showed significantly smaller decreases in FFM compared
with RYGB and BPD and smaller decreases in SMM with respect to
RYGB and SG. However, the procedures induced differences in total

body weight loss as well, in which the greatest weight loss was found
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Study N Effect SE Mean 95%ClI

Visit = 3 to <6 months

Kenngott (2019) 30 -210 1.08 | -2.10 [-4.22; 0.02]
Overall effect 30 < -2.10 [-4.22; 0.02]
Heterogeneity: not applicable

Visit = 12 months

Coupaye (2007) 32 -090 0.82 —&r -0.90 [-2.50; 0.70]
Davidson (2018) 40 -480 092 —=&— -4.80 [-6.60;-3.00]
Davidson (2018) 5 -730 366 —_— -7.30 [-14.48;-0.12]
Davidson (2018) 6 -1.10 3.19 e -1.10 [-7.35; 5.15]
Davidson (2018) 10 -6.30 2.54 — -6.30 [-11.29; -1.31]
Kenngott (2019) 30 -230 1.20 —# -2.30 [-4.66; 0.06]
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FIGURE 5 Forest plots of skeletal muscle mass loss with respect to preoperative measures. The effect size (mean difference between
preoperative and postoperative measure) and 95% confidence interval for individual studies and the pooled estimate per time point are depicted.

Mean follow-up time was 3 + 0 months for 3 to 6 months, 12 + 0 months for 12 months, and 24 + 0 months for 18 to 36 months

for BPD (43.5 + 9.8 kg), followed by RYGB (38.6 + 5.2 kg), SG (33.2
+ 6.1 kg) and BAND (22.4 + 6.1 kg). When considering LBM, FFM,
and SMM loss with respect to total body weight loss, no significant
differences in the proportional loss were observed across bariatric

surgery types (supporting information Figure S6).

3.5 | Heterogeneity

At 12-month postsurgery, substantial heterogeneity in the amount of
LBM, FFM, and SMM loss was observed across studies (supporting
information Figure S7). For LBM, this resulted in a pooled effect range
from —2.8 to —13.0kg (I = 63%; Q =91.71; P <0.01). Likewise,
large pooled effect ranges were found for FFM (range —0.8 to
—145kg; I = 77%; Q = 48.32; P < 0.01) and SMM (range —0.9 to
—7.3 kg; 2 = 64%; Q = 13.98; P = 0.02). Furthermore, the relatively
large standard errors and 95%Cls of individual studies suggest some

heterogeneity in LBM, FFM, and SMM loss within studies as well.

4 | DISCUSSION

The present work is the first meta-analysis to assess the magnitude
and progress of postbariatric LBM, FFM, and SMM loss and the
impact of different bariatric procedures on such losses. We found a

considerable loss of LBM and FFM at 12-month postsurgery, which
was predominantly lost within 3-month postsurgery and continuously
decreases up to 6 months. Substantial heterogeneity was present
across studies, which highlights the need for personalized care among
postbariatric patients. Furthermore, these findings suggest that peri-
operative care programs should actively monitor changes in body
composition and that interventions to limit muscle mass loss should
start immediately after (or even before) surgery.

A previous review on changes in FFM during weight loss showed
FFM losses of 17.5% to 31.3% of total weight loss after bariatric sur-
gery, dependent on the procedure. However, only 16 studies were
available at the time and no pooled meta-analysis, adjustments for
time of follow-up, or statistical tests between procedures could be
performed. Our meta-analysis demonstrated over 8-kg FFM and LBM
loss within 1-year postbariatric surgery, which reflected 21% and 22%
of total body weight loss, respectively. In comparison, weight loss by a
12-week low-caloric diet of 800-1000 kcal/day resulted in 1.5-kg
FFM loss (16% loss/WL), whereas another 12-week isocaloric diet
with 25% restriction of habitual diet resulted in 2.1-kg LBM loss (23%
loss/WL).”*72 Although bariatric surgery induced greater amounts of
FFM and LBM loss, proportional loss is quite similar to dietary inter-
ventions on the long term. This suggests a strong relation between
weight loss and FFM or LBM loss, in which higher weight loss
automatically results in greater FFM or LBM loss. However, higher

proportional FFM losses of 30-33%loss/WL are observed within
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FIGURE 6 Differences in lean body mass loss (A), fat-free mass loss (B), and skeletal muscle mass loss (C) in kilograms between bariatric
procedures adjusted for time-effects. Blue horizontal lines reflect the mean difference with respect to the reference group, and the error bars
reflect the corresponding lower and upper limit of the 95%CI. A positive value on the y-axis reflects a greater loss compared with the reference
group, whereas a negative value reflects a smaller loss than the reference group. BAND, adjustable gastric band operation; BPD, biliopancreatic
diversion; RYGB, Roux-en-Y Gastric bypass; SG, sleeve gastrectomy; * P < 0.05 with respect to reference group

3-month postbariatric surgery, which suggests that excessive FFM
loss predominantly occurs shortly after surgery.

Although benefits of weight loss may outweigh the burden of
muscle mass loss in the early-postoperative phase, excessive loss of
muscle tissue may particularly be detrimental on the long term,
because of its role in various bodily processes, such as functional
capacity, bone strength, and metabolic health. A previous meta-
analysis showed a decline of —1.95 kcal in resting energy expenditure
(REE) per kg FFM loss after bariatric surgery.”* This decline in REE
after bariatric surgery is greater than REE declines by dietary
interventions,”> but this difference was annulled by adjusting for
changes in body composition. Still, 29% of bariatric patients showed
greater declines in REE than can be explained by changes in body
composition, which is indicative of adaptive thermogenesis.”> This
may be caused by altered metabolic activity of fat mass and vital
organs.”®”” A lower REE is not necessarily problematic, since REE was
found to regulate energy intake and appetite control in weight-stable
subjects.”® However, this relation between weight loss associated
REE and energy intake and appetite control has not been confirmed
for patients with severe obesity. Moreover, recent findings suggest
that a higher proportional FFM loss during weight loss may enhance
the drive to eat,'® which could still predispose weight regain and thus
comprise long-term treatment outcomes. Moreover, predictive score
of sarcopenia (i.e., degenerative loss of muscle strength, muscle quan-

tity and quality, and low physical performance that occurs with aging

or immobility) based on sex-specific SMM index increased from 8% to
32% within 1-year postbariatric surgery.”” When accompanied by
muscle strength loss, this would increase the risk for frailty, functional
disability, mortality, and cardiometabolic diseases.®%®! Co-existence
of sarcopenia and obesity (i.e., sarcopenic obesity) is considered even
more harmful, since the negative effects of low SMM and high fat
mass may potentiate each other.2? For this reason, it would be valu-
able to include clinical outcomes, such as physical rehabilitation, mus-
cle strength, and muscle function to determine the impact of bariatric
surgery on long-term health.

The first postoperative weeks are most crucial to limit LBM and
FFM loss, since >50% of the total loss occurs within 3-month post-
surgery. This rapid loss shortly after surgery is probably multifactorial.
First, dietary protein intake is found to decrease to approximately
30 g/day at 1 month postsurgery.8384 This decrease in protein intake
is likely caused by an overall restriction in dietary intake (i.e., only
500-800 kcal/day), which makes it difficult to achieve the
recommended postbariatric protein intake of at least 60 g/day or
1.1 g/kg ideal body weight.®> Second, muscle protein synthesis (MPS)
functions via a dose-response relationship with protein intake, at
which a dose of 20-40 g/meal leads to the most optimal response.8¢
However, these larger portion sizes are not well tolerated by post-
bariatric patients, potentially leading to suboptimal anabolic
responses. Third, the body does not store protein, despite its essential

function throughout various bodily structures and processes. For this
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reason, a regular and sufficient protein intake is required. However, in
periods of protein deprivation (such as first postoperative weeks),
unused muscle tissue is broken down to compensate for caloric
restriction and to acquire amino acids for other processes.®” Fourth,
periods of muscle unloading are known to cause loss of muscle tissue,
which is likely to occur as clinical guidelines discourage exercise
(except walking and daily life activities) and prohibit lifting weight up
to six weeks postbariatric surgery.8> Together, these factors make
postbariatric patients very susceptible for large amounts of muscle
mass loss in the acute postoperative phase.

Our data present substantial heterogeneity in the magnitude of
LBM, FFM, and SMM loss across studies. The subanalysis regarding
bariatric procedures suggests that heterogeneity is mainly driven by
type of surgery, in which adjustable gastric band procedures induced
approximately 3 to 6 kg less LBM and FFM loss compared with other
bariatric procedures. Nevertheless, weight loss is also lower after
adjustable gastric band surgery.®® Proportional loss was similar across
procedures, which suggests that no bariatric procedure is more detri-
mental for LBM, FFM, or SMM than others. Furthermore, variation in
magnitude of weight loss may also cause heterogeneity between and
within studies. This hypothesis was confirmed by strong correlations
between weight loss and LBM loss (N = 73, r = 0655, P < 0.001),
FFM loss (N=31, r=0.639, P<0.001), and SMM loss (N=9,
r=0.854, P =0.003). Future studies are therefore encouraged to
report proportional LBM, FFM, or SMM loss, in order to compare loss
of muscle tissue between individuals. Other preoperative factors are
known to affect postbariatric muscle mass loss, such as body compo-
sition, gender, ethnicity, age, thyroid function and prevalence of dia-
betes, and growth hormone deficiency.28?-2 Postoperative factors
such as protein intake and exercise levels may also contribute to the
interindividual variation that was observed.”® It is likely that the
observed residual heterogeneity is caused by a combination of preop-
erative and postoperative factors. Unfortunately, we could not untan-
gle their individual contributions due to the absence of this
information in included studies and lack of stratified analyses. We
therefore recommend future studies to consider these parameters in
their analyses and perform stratified analyses to elucidate the exact
impact of these factors on muscle mass loss. Taken together, the
heterogeneity between and within studies calls for a more personal-
ized approach in the battle against postbariatric LBM, FFM, and
SMM loss.

In conjunction with the recognition of muscle mass loss as unfa-
vorable consequence of bariatric surgery is enhancing, the research
on this topic is expanding as well. Studies aiming for muscle mass
preservation mainly focus on protein intake and (resistance) exercise,
because of their essential role in protein synthesis. Whereas protein
supplementation and exercise are often proposed as potential inter-
ventions, evidence of their effectiveness in muscle mass preservation
during postbariatric weight loss is still scarce. Protein is known to
increase satiety and enhance weight loss,”*?> but additional protein
intake via supplementation or high-protein diets does not preserve
LBM loss.”® Likewise, studies incorporating (resistance) exercise train-

ing in postbariatric care show inconclusive results on muscle mass

loss.””78 As both sufficient protein and exercise levels are required to
optimally stimulate MPS, studies with combined approaches are
warranted. Furthermore, certain other topics should be further
addressed in future research. First, segmental analyses of postbariatric
muscle mass should be performed to examine the impact of regional
losses on health risks. Second, it should be determined how much of
the FFM loss consists of preoperative excess fat mass and excess
FFM.?? Third, the magnitude of muscle tissue loss at which long-term
health substantially decreases should be further addressed in order to
develop evidence-based guidelines for clinical practice. Finally, there
is evidence that muscle myostatin expression (i.e., a muscle growth
inhibitor) is declined after bariatric surgery, suggesting that myostatin
might be a natural regulator of muscle size in conditions of caloric
restriction.'°%1°? It is however unknown to which extent changes in
myostatin contribute to muscle mass preservation.

One limitation of this meta-analysis is that studies rarely report
their exact definition of FFM or LBM and that DXA algorithms used
to quantify body composition parameters were lacking. Due to inter-
changeable use of FFM and LBM, it could be possible that some data
were stratified incorrectly. On the other hand, we were primarily
interested in time-dependent within-study comparisons, so outcomes
are likely less affected by this limitation. More clarity about underlying
algorithms in DXA and more precise definitions of LBM and FFM
could improve generalizability and harmonization of findings in future
studies and meta-analyses.

5 | CONCLUSION

In conclusion, bariatric surgery induces 8 kg of LBM loss within 1-year
postsurgery. The most optimal time window to intervene are the first
weeks postsurgery, since 55% of LBM loss is lost within 3 months.
Although adjustable gastric band procedures showed less absolute
LBM, FFM, and SMM loss, proportional loss was similar compared
with other procedures. Future studies should focus on identifying
patients with high risk for excessive loss of muscle tissue and on opti-
mization of protein intake (e.g., protein source, timing, and tolerance)
and exercise guidelines (e.g., type, volume, intensity and tolerance) in
the first postoperative months. These insights could support the
development of evidence-based guidelines to limit postbariatric mus-
cle mass loss, with feasible and effective interventions specifically for
the bariatric population.
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