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Abstract
Purpose  Obesity and type 2 diabetes (T2DM) are major risk factors for hepatic steatosis. Diet or bariatric surgery can reduce 
liver volume, fat content, and inflammation. However, little is known about their effects on liver function, as evaluated here 
using the LiMAx test.
Methods  In the MetaSurg study (RCT on the effects of different Roux-en-Y gastric bypass (RYGB) limb lengths on diabetes 
remission in patients with BMI ≥ 27 to ≤ 60 kg/m2 and T2DM; trial registration: DRKS00007810, German Clinical Trials 
Register Freiburg), 24 consecutive patients underwent liver function (LiMAx) and imaging assessments (MRI, transient 
elastography; TE) before and after diet and surgery. Two weeks before surgery, the patients received a hypocaloric protein-
rich diet.
Results  Nine of 18 patients had a pathologic LiMAx value (≤ 315 µg/kg/h) at baseline. After two weeks of diet, LiMAx 
values improved (p = 0.01, paired t test, n = 15). LiMAx values further recovered six months after RYGB (p = 0.01, paired t 
test, n = 15), which was accompanied by decreased liver volumes (p = 0.005, paired t test, n = 10), proton density fat fraction 
(p = 0.003, paired t test, n = 12), and TE measurements (p = 0.032, paired t test, n = 14). The need for medical diabetes treat-
ment decreased from 100 to 35%.
Conclusion  Liver function improved after a two-week hypocaloric protein-rich diet and metabolic surgery in patients with 
obesity and T2DM. These data suggest that a two-week diet for this group of patients prior to abdominal surgery could 
improve a presumably impaired liver function.
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Introduction

Obesity and insulin resistance are main risk factors for 
metabolic dysfunction-associated steatotic liver disease 
(MASLD) [1–3]. The global prevalence of MASLD is 30% 
and is even higher in the presence of obesity [4, 5]. Thus, 
the majority of patients who undergo bariatric/metabolic 
surgery are likely affected.

Liver biopsy is the gold standard for MASLD diagnosis 
and staging. But due to its invasiveness and possible com-
plications, it is unsuited for widespread use as a screening 
or monitoring tool [6]. Several non-invasive diagnostic 
tools based on serum parameters or imaging techniques, 
like magnetic resonance-based proton density fat fraction 
(PDFF) or ultrasound-based liver elastography combined 
with attenuation-based steatosis measurement, serve as sur-
rogate techniques [7, 8]. However, the diagnostic accuracy 
(and for imaging studies also feasibility) of these tests is 
limited in severely obese patients such as bariatric surgery 
candidates [9, 10]. Furthermore, laboratory and imaging 
analyses provide, if at all, only indirect information on the 
hepatic function that can be impaired even at early stages 
of MASLD. The LiMAx (maximum liver function capac-
ity) test was developed to assess the liver function capac-
ity non-invasively before major hepatic resections [11] and 
has been shown to detect liver function impairment more 
reliably than indocyanine green plasma disappearance rate 
[12, 13]. It was also validated in bariatric surgery candidates 
in whom it detected reduced liver function capacities espe-
cially in patients with obesity and type 2 diabetes mellitus 
(T2DM) and proved useful in screening for MASH [14].

At early MASLD stages, hepatic alterations are revers-
ible and can be improved by substantial weight loss fol-
lowing lifestyle interventions or bariatric surgery [15, 16]. 
Preoperative hypocaloric diets before bariatric surgery can 
reduce liver volume, hepatic fat content and parameters of 
inflammation [17]. To the best of our knowledge, there are 
no data addressing the effect of such a diet and consecu-
tive gastrointestinal bypass surgery on the liver function of 
patients treated in metabolic surgery programs.

The LiMAx study is a substudy of the prospective ran-
domized clinical trial MetaSurg (Metabolic Surgery for 
Type 2 Diabetes within BMI range of 27 to 60 kg/m2). It 
analyzed the effects of a preoperative two-week hypocaloric 
protein-rich diet and consecutive metabolic surgery on liver 
function and imaging-based MASLD parameters.

Materials and methods

Trial design

The LiMAx study was a concomitant scientific project to 
the MetaSurg study, an open-label prospective random-
ized parallel group trial that investigated effects of two 
Roux-en-Y gastric bypass (RYGB) variants with differ-
ent limb lengths (standard RYGB (stRYGB) and changed 
limb length RYGB (cllRYGB)) in patients with T2DM in 
the context of metabolic surgery. The single center trial 
was conducted at University Hospital Leipzig, Germany 
and the MetaSurg trial protocol is available in the Supple-
mentary Information (Online Resource 1). Detailed inclu-
sion and exclusion criteria are given in Online Resource 
2. After screening, MetaSurg patients were randomized 
to one of the two surgical arms. The company Humedics 
GmbH (Humedics GmbH, Marie-Elisabeth-Lüders-Straße 
1, 10625 Berlin) granted financial support by covering the 
test expenses for 30 patients at maximum. Thus, a sample 
size estimation for power calculations was obsolete. From 
21/03/2019 to 29/10/2020, 42 patients were recruited for 
the two surgically treated study arms of the MetaSurg trial. 
Twentyfive out of these 42 gave their consent to addition-
ally participate in the LiMAx study. At the beginning of the 
study, the MetaSurg trial protocol also included an obser-
vational control (medical treatment instead of surgery). But 
due to patient refusal to further participate in the trial after 
being randomized to the control, this had to be abandoned. 
Thus, there is no non-surgical control and also no control 
group without diet, since the LiMAx study was embedded 
in MetaSurg which required a preoperative diet for all surgi-
cal patients. The MetaSurg study is registered at “Deutsches 
Register Klinischer Studien Freiburg” (German Clinical 
Trials Register Freiburg; DRKS-ID: DRKS00007810) and 
was approved by the ethics committee of Leipzig Univer-
sity (153/15-ek). All participants provided written informed 
consent.

Interventions

Prior to surgery, all patients were recommended a hypocalo-
ric protein-rich diet for 14 days similar to a previously pub-
lished protocol [17]. The detailed diet instructions handed 
out to the participants are given in the Supplementary Infor-
mation (Online Resource 3). In brief, participants were 
instructed to consume four protein shakes daily (prepared 
with protein powder in skimmed milk, buttermilk or water) 
to achieve a daily protein intake of ~ 70 g and a daily energy 
intake of ~ 900 kcal. Additional consumption of vegetables 
was allowed with optional limited supplementation of low-
fat milk products or milk alternatives (e.g. soy milk). Diet 
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adherence was monitored by food diaries and estimated by a 
professional dietician as published before [17]. RYGB was 
performed as laparoscopic procedure. The size of the stom-
ach was first reduced to a small pouch with a volume of 
10–20 cm3. Then, the pouch was attached to the small intes-
tine (alimentary limb; AL), bypassing most of the rest of the 
stomach and the upper part of the small intestine (biliopan-
creatic limb; BPL). Assigned limb lengths in the stRYGB 
group were: 150 cm AL / 50 cm BPL for BMI ≤ 50 kg/m² 
and 170  cm AL / 80  cm BPL for BMI ≥ 50  kg/m². Limb 
lengths in the cllRYGB group were: 50  cm AL / 150  cm 
BPL for BMI ≤ 50 kg/m² and 80 cm AL / 170 cm BPL for 
BMI ≥ 50 kg/m².

Outcomes

The primary outcome measure was the change in liver func-
tion assessed by the LiMAx test after above mentioned diet 
and surgical procedure. A further aim of the study was to 
analyze if morphological parameters (liver volume and 
degree of steatosis assessed by magnetic resonance imaging 
(MRI) and transient elastography (TE)) reflect the expected 
functional hepatic changes.

Within six weeks after study enrolment and baseline visit 
(V1), participants started the diet, and after two weeks, visit 
2 (V2) was scheduled on the day before surgery. Postopera-
tive follow-ups took place three (V3) and six (V4) months 
after surgery. Anthropometric measurements and LiMAx 
tests were performed at all study visits, MRIs and TE on 
V1 and V4.

LiMAx test

The LiMAx test assesses the liver function capacity by 
metabolization of the 13C-labelled test substance methacetin 
(Methacetin®, Humedics GmbH, Berlin, Germany) by the 
cytochrome P450 (CYP) 1A2 enzyme that is exclusively 
expressed in the liver [11]. After intravenous bolus injec-
tion of 2 mg/kg 13C-methacetin, it is metabolized to acet-
aminophen and the non-radioactive 13CO2 isotope, which 
is exhaled. The exhaled air is directed (via mask and tube) 
into the FLIP device (Humedics GmbH, Berlin, Germany) 
that detects the 13CO2/12CO2 ratio over a period of 60 min 
and calculates the LiMAx value as maximum delta over 
baseline. A LiMAx value of > 315 µg/kg/h is considered a 
normal liver function capacity [18]. The LiMAx maximum 
liver capacity test is certified for diagnostic use in the Euro-
pean Union and the United Kingdom.

Transient elastography (FibroScan)

Transient elastography (TE) for the assessment of hepatic 
steatosis (Controlled Attenuation Parameter; CAP; in dB/m) 
and fibrosis (Liver Stiffness Measurement; LSM; in kPa) 
was performed with the FibroScan device (Echosens, Paris, 
France) according to the manufacturer’s instructions and the 
European Federation of Societies for Ultrasound in Medi-
cine and Biology (EFSUMB) Guidelines and Recommenda-
tions on the Clinical Use of Liver Ultrasound Elastography 
[19].

MRI assessment of liver volume and hepatic fat 
fraction

Abdominal MRIs were performed on a 3 Tesla scanner 
(Achieva XR, Philips Healthcare, Best, The Netherlands) 
with a bore diameter of 60  cm using the integrated body 
coil for signal reception. The protocol included an axial in-
phase/opposed-phase gradient echo (Dixon) sequence with 
images (slice thickness 10  mm) acquired in breath-hold 
technique (expiration). The liver volume was determined 
by an in-house segmentation tool (developed under Mat-
lab, The MathWorks Inc., Natick, MA, USA) that was used 
previously by Karlas et al. [20]. The hepatic fat fraction 
was estimated by computing the MRI-based proton density 
fat fraction (PDFF) from the respective Dixon images and 
averaging the values over three regions of interest placed in 
liver segments II, IV, and VII.

Statistical methods

Statistical analysis was performed with Microsoft Excel 
2016 and IBM SPSS Statistics version 29. Graphs were cre-
ated in GraphPad Prism 7.05. For longitudinal data, univari-
ate and multivariate analyses were done with a linear mixed 
model. Two-sided t test was applied to compare means of 
paired samples. Associations between continuous variables 
were tested by Pearson’s correlation. Paired nominal data 
were analyzed by McNemar test. A p < 0.05 was considered 
statistically significant.

Results

From 21/03/2019 to 29/10/2020, 25 out of 42 consecutive 
patients, who were randomized into one of the two surgical 
arms of the MetaSurg study, were willing to participate in the 
LiMAx substudy. The final date for follow-up data collec-
tion was 07/07/2021. Data of patients who had at least one 
preoperative LiMAx test (V1 or V2) were included in the 
final analyses. One patient had to be excluded after surgery, 
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age was 53 (SEM 2.23) years and mean BMI 45.65 (SEM 
1.07) kg/m2. Sixteen participants were women, 8 were men. 
All had T2DM. Before start of the diet, mean weight was 
132.13 (SEM 3.4) kg and after diet 128.35 (SEM 3.35) kg. 
Mean weight difference before and after diet was 4.8 (SEM 
0.61) kg. Thus, a good overall adherence to the preoperative 
diet could be concluded. Detailed patient characteristics are 
given in Table 1. There was no morbidity and no mortality.

because a sleeve gastrectomy had to be performed for ana-
tomical reasons instead of the planned cllRYGB, leading 
to 24 participants being analyzed. The numbers of patients 
evaluated by LiMAx test on the single study visits were: V1: 
n = 18, V2: n = 21, V3: n = 17, V4: n = 20. Due to restricted 
hospital access during the COVID-19 pandemic and a tem-
porary bottleneck of methacetin supply, the study experi-
enced markedly varying participant numbers at the different 
study visits. The study flow chart is shown in Fig. 1. Mean 

Fig. 1  Participant Flow in the LiMAx Study. Abbreviations: stRYGB, 
standard Roux-en Y gastric bypass; cllRYGB, changed limb length 
Roux-en Y gastric bypass; SG, sleeve gastrectomy; LiMAx, maxi-
mum liver function capacity; MRI, magnetic resonance imaging; V1, 

baseline visit at participant enrolment in the study; V2, after two-week 
hypocaloric protein-rich diet on the day before surgery; V3, three 
months post-surgery; V4, six months post-surgery
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15 also provided data at V4 and only 2 of the original 9 
with impaired liver function still had pathological results 
(p = 0.016; McNemar test). For longitudinal analysis of all 
available LiMAx values, a linear mixed model with LiMAx 
as dependent variable and time as fixed factor was applied 
(Table 2). Pairwise comparisons with Bonferroni correction 
to adjust for multiple testing revealed that LiMAx values 
6 months after operation (V4) were significantly higher 
than prior protein diet (V1) (mean difference − 80.473 µg/

Impaired liver function recovers after diet and 
additionally after metabolic surgery

Overall, it could be observed that the mean LiMAx values 
increased over time (Table 1). At baseline (V1; n = 18), 50% 
of the available LiMAx tests yielded pathological results 
below the normal range of > 315 µg/kg/h. The rate of patho-
logical liver function capacities was only 15% at six months 
postoperatively. Of the 18 patients who provided data at V1, 

Table 1  Patient characteristics
V1 V2 V3 V4

Age (years) 52.63 (2.23)
n = 24

Sex
Men 8 (33%)
Women 16 (67%)
BMI (kg/m2) 45.65 (1.07)

n = 24
44.32 (1.04)
n = 24

36.07 (1.1)
n = 17

34.09 (0.9)
n = 23

T2DM
Insulin treatment 4 3
Insulin treatment +
oral medication

8 5

Oral medication 12 0
Dietary treatment 0 16
LiMAx (µg/kg/h) 327.33 (23.3)

n = 18
349.95 (17.56)
n = 21

366.18 (22.45)
n = 17

400.6 (23.33)
n = 20

PDFF (%) 11.3 (2.56)
n = 12

2.99(0.53)
n = 12

Liver volume (ml) 2379 (266.06)
n = 10

1820.2 (172.81)
n = 10

CAP (dB/m) 298.36 (15.87)
n = 14

235.57 (19.39)
n = 14

LSM (kPa) 11.94 (2.47)
n = 14

7.39 (1.59)
n = 14

Weight (kg) 132.13 (3.4)
n = 24

128.35 (3.35)
n = 24

104.67 (3.6)
n = 17

99.26 (3.25)
n = 23

Abbreviations: V1, baseline visit at participant enrolment in the study; V2, after two-week hypocaloric protein-rich diet on the day before 
surgery; V3, three months post-surgery; V4, six months post-surgery; BMI, body mass index; LiMAx, liver maximum capacity; PDFF, proton 
density fat fraction; CAP, continuous attenuation parameter; LSM, liver stiffness measurement
Values are shown as total numbers or mean and standard error of the mean (SEM)

Table 2  Longitudinal analysis of all acquired LiMAx values during the study
95% confidence interval for the difference between 
means

Mean difference
(µg/kg/h)

SEM pvalue Lower limit Upper limit

V1 vs. V2 -17.332 19.327 1.000 -70.315 35.652
V1 vs. V3 -33.186 20.823 0.702 -90.261 23.890
V1 vs. V4 -80.473 19.472 < 0.001* -133.865 -27.081
V2 vs. V3 -15.854 19.971 1.000 -70.608 38.900
V2 vs. V4 -63.141 18.451 0.007* -113.765 -12.517
V3 vs. V4 -47.287 20.331 0.143 -103.008 8.434
A linear mixed model analysis with LiMAx as dependent variable and time as fixed factor was applied. Pairwise comparisons between time 
points were done with Bonferroni correction for multiple testing. *p < 0.05 was considered statistically significant
Abbreviations: V1, baseline visit at participant enrolment in the study; V2, after two-week hypocaloric protein-rich diet on the day before sur-
gery; V3, three months post-surgery; V4, six months post-surgery; SEM, standard error of the mean
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kg/h) without concomitant clinical or laboratory anomalies. 
A fifth LiMAx test was performed one year postoperatively, 
which showed a moderate recovery to 387 µg/kg/h.

Imaging-based assessments confirm a 
morphological improvement of hepatic steatosis 
after combined Diet and metabolic surgery

MRI and TE examinations were performed at baseline and 
at the last study visit six months postoperatively to non-
invasively assess the degree of MASLD. Data of patients 
who obtained measurements at both study visits were ana-
lyzed by two-sided paired t test (Fig. 3). Results from TE 
measurements could be obtained from 14 patients at V1 and 
V4. Both LSM (mean difference 4.55 kPa, SEM 1.896, 95% 
CI [0.453, 8.646], p = 0.032, n = 14) and CAP (mean differ-
ence 62.785 dB/m, SEM 26.158, 95% CI [6.272, 119.298], 
p = 0.032, n = 14) values were significantly improved at V4. 
MRI examinations were avalaible from 12 patients, but 
due to technical issues, liver volumetry data could only 
be obtained from 10 patients. Liver volume significantly 
decreased (mean difference 558.9 ml, SEM 151.955, 95% 
CI [215.153, 902.646], p = 0.005, n = 10) concomitantly 
with a significant reduction of the hepatic fat fraction mea-
sured by PDFF (mean difference 8.309%, SEM 2.205, 95% 
CI [3.453, 13.164], p = 0.003, n = 12). Effect sizes of TE 
measured improvements were medium (Cohen’s d of 0.6 for 
both LSM and CAP), but large for MRI-based measurements 
(Cohen’s d of 1.1 for liver volume and 1.0 for PDFF). Taken 
together, all imaging-based MASLD parameters improved 6 
months after RYGB in line with the improved liver function 
measured by LiMAx test. The two surgical groups did not 
differ in any of the imaging-based measurements.

Combined diet and metabolic surgery reduced the 
need for diabetes medication

At baseline, all participants were on medical treatment for 
T2DM (Table 1). Six months after RYGB, 67% (16 out of 
24) patients did not require insulin and/or oral antidiabetic 
medication anymore.

kg/h, SEM 19.472, 95% confidence interval (CI) [-133.865, 
-27.081], p < 0.001). Also, Limax values improved signifi-
cantly 6 months post-RYGB (V4) in comparison to liver 
function values on the day before surgery (V2) (mean dif-
ference − 63.141 µg/kg/h, SEM 18.451, 95% CI [-113.765, 
-12.517], p = 0.007). In this model, there were no differences 
between pre- (V1) and post-diet (V2) values or 3 months 
after surgery (V3).

To identify factors that influenced the change in liver 
function, a multivariate analysis was performed by intro-
ducing age, sex, type of surgical procedure and weight as 
covariates with fixed effects into the linear mixed model 
(Table 3). Thereby only weight had a significant effect on 
the change in LiMAx values.

Since the number of patients that provided LiMAx data 
fluctuated greatly between study visits, also direct com-
parisons were performed with the available cross-sectional 
sample data using two-sided paired t tests (Fig. 2). Analo-
gously to the results of the longitudinal analysis, LiMAx 
values improved significantly between V1 and V4 (mean 
difference − 87.067 µg/kg/h, SEM 29.184, 95% CI [-149.66, 
-24.474], p = 0.01, n = 15) as well as between V2 and V4 
(mean difference − 72.667 µg/kg/h, SEM 22.988, 95% CI 
[-121.168, -24.165], p = 0.006, n = 18). Furthermore, paired t 
test of the mean LiMAx values of the patients who provided 
data on V1 and V2 also showed a significant improvement 
of the liver function after the two-week diet (mean differ-
ence − 27  µg/kg/h, SEM 9.05, 95% CI [-46.409, -7.591], 
p = 0.01, n = 15). The effect size for LiMAx improvement 
between V1 and V2 as well as V1 and V4 was large with 
a Cohen’s d of 0.8. For the LiMAx difference between V2 
and V4, a Cohen’s d of 0.7 showed a medium effect size. 
However, Pearson’s correlation did not show significant 
associations between changes in weight and LiMAx values 
between V1 and V2 (r = -0.038, 95% CI [-0.540, 0.483], 
p = 0.892) as well as V1 and V4 (r = 0.140, 95% CI [-0.401, 
0.609], p = 0.618).

In one patient (cllRYGB group), after an initial improve-
ment of the liver function until three months post-surgery 
(V1: 403  µg/kg/h, V2: 420  µg/kg/h, V3: 431  µg/kg/h), a 
decline was observed at the last study visit (V4: 335  µg/

Table 3  Multivariate analysis of factors influencing LiMAx improvement
95% confidence interval

Estimate SEM pvalue Lower limit Upper limit
Intercept 703.818 162.687 < 0.001* 372.371 1035.265
Age -1.597 1.499 0.297 -4.691 1.496
Sex 10.370 34.647 0.767 -61.287 82.027
Procedure 46.274 31.215 0.152 -18.434 110.982
Weight -2.447 1.071 0.028* -4.620 -0.274
Age, sex, surgical procedure and weight were introduced as covariates with fixed effects into the linear mixed model analysis of all acquired 
LiMAx values during the study. *p < 0.05 was considered statistically significant
Abbreviations: SEM, standard error of the mean
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apply means to reduce concomitant risks. At the beginning 
of our study, 50% of the participants had a pathological liver 
function capacity measured with the LiMAx test. This pro-
portion is in line with findings of Alizai et al. who found 
pathologic LiMAx values in 61–64% of their bariatric sur-
gery patients [14, 28]. Our group has reported the benefits of 
a two week hypocaloric, protein-rich diet prior to bariatric 
surgery [17]. In the current study, we sought to investigate 
the effects of such a diet on the liver function and could show 
significantly improved LiMAx values thereafter, implicat-
ing a restorative effect of the diet on the liver function in 
patients with obesity and T2DM. Thus, the implementation 
of similar dietary programs might also be beneficial in prep-
aration for other major elective interventions or operations 
in this patient group. Further studies with a control group 
would be needed to validate our observations.

Six months after RYGB surgery, the liver function of 
our study participants increased even further. This was 

Discussion

This study provides evidence that the impaired liver func-
tion of patients with obesity and T2DM can be improved by 
a two-week hypocaloric protein-rich diet and furthermore 
by gastrointestinal bypass surgery.

Prevalence and severity of MASLD increase with BMI 
[21, 22]. This is even more pronounced through the pres-
ence of T2DM [22, 23]. In patients with a high degree of 
obesity, as in bariatric surgery candidates, liver biopsies 
revealed MASLD features in > 80% [24]. Besides increas-
ing the overall cardiovascular risk [25], MASLD and the 
metabolic syndrome increase morbidity and mortality after 
major abdominal surgery [26, 27]. Since the majority of 
patients scheduled for metabolic/bariatric surgery are likely 
to have MASLD, it seems reasonable to preoperatively 
screen for impairments of the liver function and preferably 

Fig. 2  Effects of Diet and Metabolic Surgery on the Liver Function. 
Maximum liver function capacity (LiMAx) was measured before and 
after a two-week hypocaloric protein-rich diet (A; n = 15, p = 0.01), 
before diet and 6 months after Roux-en-Y gastric bypass (RYGB) 
surgery (B; n = 15; p = 0.01), after diet and 3 months after RYGB (C; 
n = 15; p = 0.107), after diet and 6 months after RYGB (D; n = 18; 
p = 0.006). Data are expressed as boxplots with median as middle line 

and interquartile range (IQR) as ends of the box, minimum and maxi-
mum values as whiskers and a cross marking the mean value. Paired t 
test, p < 0.05 (*). Abbreviations: V1, baseline visit at participant enrol-
ment in the study; V2, after two-week hypocaloric protein-rich diet on 
the day before surgery; V3, three months post-surgery; V4, six months 
post-surgery; LiMAx, maximum liver function capacity
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population was unbalanced, with significantly more type 2 
diabetes patients in the SG group. But if T2DM was present 
in patients who underwent RYGB, this was associated with 
a decrease in LiMAx 6 months after surgery. In our study 
population, all patients had T2DM and the recovered liver 
function six months after surgery was also accompanied 
by a reduced need for pharmacological antidiabetes treat-
ment. These findings are in agreement with a recent study 
that found an association between T2DM remission and the 
presence of low-grade hepatic steatosis in bariatric surgery 
patients [31] and further support the complex and dynamic 
interplay between MASLD and diabetes [32]. RYGB shows 
advantages over SG in terms of diabetes remission [33, 34]. 
By increasing the length of the BPL, even higher beneficial 
effects on T2DM could be expected [35]. In our study, no 
differences between the two surgical groups were observed. 
Yet, the group sizes in this substudy were not large enough 
to uncover group differences. The investigation of effects 

accompanied by significant decreases in the investigated 
imaging-based MASLD parameters. The observed liver 
function recovery is therefore likely to be explained by the 
reduced liver fat content [29], although our sample size was 
too small to identify a direct association. Improved LiMAx 
values after bariaric surgery were also reported by the group 
of Alizai and co-workers [28, 30]. However, in their first 
study they did not differentiate between patients receiving 
a RYGB or sleeve gastrectomy (SG) [30]. In another inves-
tigation the same group compared pre- and postoperative 
LiMAx tests after RYGB versus SG. The study method-
ology resembles very much that of our present investiga-
tions, also revealing an influence of preoperative weight on 
post-RYGB LiMAx recovery in a linear model analysis. 
However, RYGB patients in general did not significantly 
benefit from the operation in context of their liver function 
as opposed to SG patients [28]. In contrast to our study, the 
distribution of patients with type 2 diabetes in their study 

Fig. 3  Effects of Diet and Metabolic Surgery on Imaging-based 
MASLD Assessment. Transient elastography and magnetic resonance 
imaging was performed at baseline and 6 months postoperatively after 
participants had undergone a two-week hypocaloric protein-rich diet 
and Roux-en-Y gastric bypass (RYGB) surgery to assess liver stiff-
ness (A; n = 14; p = 0.032), hepatic steatosis (B; n = 14; p = 0.032), 
liver volume (C; n = 10; p = 0,005) and hepatic fat fraction (D; n = 12; 

p = 0,003). Data are expressed as boxplots with median as middle line 
and interquartile range (IQR) as ends of the box, minimum and maxi-
mum values as whiskers and a cross marking the mean value. Paired t 
test, p < 0.05 (*). Abbreviations: V1, baseline visit at participant enrol-
ment in the study; V4, six months post-surgery; LSM, liver stiffness 
measurement; CAP, continuous attenuation parameter; PDFF, proton 
density fat fraction
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