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Abstract

Objective: Metabolic dysfunction-associated steatotic liver disease (MASLD) is

closely associated with obesity. We aimed to assess the impact of obesity on the per-

formance of different noninvasive tests, including liver stiffness measurement (LSM)

and Agile3+ (A3+), to detect advanced fibrosis (AF) in a population of patients with

MASLD encompassing a wide range of BMI values.

Methods: A total of 479 patients with MASLD were consecutively included (Lyon Hepa-

tology Institute). Clinical data and noninvasive tests, including FibroTest, LSM, A3+,

Fibrosis-4 (FIB-4), magnetic resonance elastography, and liver biopsies, were collected.

AF was determined by a composite endpoint, i.e., histological stage ≥ F3, overt diagnosis

of cirrhosis by magnetic resonance elastography, or concordant LSM ≥ 9.6 kPa and

FibroTest ≥ F3.

Results: The median BMI was 35.0 kg/m2, and the prevalence of AF was 28.6%.

Patients with BMI ≥ 35 versus <35 had a lower proportion of AF, i.e., 19.3% versus

38.1% (p < 0.001), but higher indeterminate status for AF (34.2% vs. 15.4%;

p < 0.001). In the case of BMI ≥ 35, LSM had lower specificity to rule in AF (77.9%)

versus A3+ (90.4%), but A3+ had decreased sensitivity to rule out AF. A sequential

LSM/A3+ strategy achieved high specificity to rule in AF and lowered the proportion

of indeterminate cases in patients with BMI ≥ 35.

Conclusions: The grade of obesity affects the detection of MASLD-related AF. A

sequential use of LSM/A3+ could improve AF detection in patients with BMI ≥ 35.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD), or metabolic dysfunction-

associated steatotic liver disease (MASLD) based on the recent

novel nomenclature [1], is the most common liver disease world-

wide, affecting 25% of the global population with rising incidence

over the years [2, 3]. The most critical determinant of overall prog-

nosis and liver-related outcomes is the fibrosis stage, with a 1.9-

to 3.9-fold increase in all-cause mortality in patients with

advanced fibrosis (AF; i.e., F3-F4) compared with others [4].

Therefore, identifying this subgroup of patients is key to optimiz-

ing their clinical management, including hepatocellular carcinoma

surveillance, personalized weight loss management, cardiovascular

prevention, and considering specific treatment in a clinical trial [5–

7]. Therefore, several scientific society guidelines have recently

recommended systematic screening for AF in high-risk
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populations, including patients with metabolic risk factors such as

type 2 diabetes mellitus (T2DM) or obesity. Indeed, obesity is

strongly associated with MASLD, and an increase in body mass

index (BMI) is associated with the progression of MASLD [8–10].

The current screening strategy relies on noninvasive tests (NITs)

such as Fibrosis-4 (FIB-4) score and liver stiffness measurement (LSM)

by vibration-controlled transient elastography (VCTE) [1, 5–7, 11].

The LSM using VCTE is increasingly performed to assess liver dis-

eases, and its ability to rule out the presence of AF at the cutoff below

8 kPa has been extensively validated [12]. However, its diagnostic

performance to rule in the presence of AF is less accurate [13–15].

Liver biopsy is thereby considered in patients with elevated LSM,

remaining the gold standard to stage liver fibrosis. Recently, concor-

dant elevated LSM and patented blood-based tests such as

FibroMeter or FibroTest have been validated as sufficiently perform-

ing to diagnose AF in secondary care [6]. Finally, the Agile 3+ (A3+)

score was developed and validated for AF diagnosis in patients with

NAFLD/MASLD [16], combining LSM by VCTE with routine clinical

parameters. A3+ has demonstrated an improved diagnostic accuracy

for the screening of AF by reducing the false-positive cases at the

rule-in cutoff while reducing the proportion of patients in the indeter-

minate zone compared with LSM alone and with FIB-4 [16].

The severity of obesity and increase in BMI have been identified

as factors affecting the diagnostic performance of NITs, whether

blood-based biomarkers [17] or ultrasound-based imaging, including

LSM [18–21]. However, the impact of the severity of obesity and BMI

increase on the diagnostic performance of NITs for the detection of AF

has not been investigated in a population encompassing a wide range

of BMI values, to our knowledge. Therefore, we aimed at assessing the

impact of the severity of obesity on the diagnostic ability to detect the

presence of AF using data from a well-characterized population of

patients with MASLD encompassing a wide range of BMI values who

were consecutively enrolled on a liver assessment. This main objective

was met by fulfilling the following aims: 1) to assess the impact of obe-

sity severity on the detection of AF; 2) to compare the diagnostic per-

formance of NITs (FIB-4, LSM, and A3+) for the detection of AF across

different categories of obesity; and 3) to investigate the optimal nonin-

vasive strategy using these NITs according to BMI categories.

METHODS

Study population

This was a cross-sectional study of adult patients with MASLD con-

secutively included in a monthly multidisciplinary board for suspected

fibrotic metabolic dysfunction-associated steatohepatitis (MASH) at

the Lyon Hepatology Institute (including both a hepatology and diabe-

tology and nutrition department), Lyon University (Lyon, France),

between March 2020 and December 2022.

All patients met the eligibility criteria for MASLD according to the

new fatty liver disease nomenclature, including the presence of hepatic

steatosis defined by ultrasound assessment and at least one adult cardi-

ometabolic criterion [1]. All patients underwent comprehensive

evaluation for other causes of steatotic liver disease, notably ques-

tioning on alcohol consumption and a search for drug-induced liver

steatosis, viral hepatitis, autoimmune hepatitis, hemochromatosis,

Wilson disease, glycogen storage disease, and cholestatic and vascular

liver disease. Patients with evidence of another cause of liver disease

or with excessive alcohol consumption (≥14 drinks/week for men

and ≥7 drinks/week for women) were excluded.

Data collection

Pseudonymized clinical data, fasting labs, liver biopsy reports, and

available NITs, including FIB-4, FibroTest, LSM using VCTE, and mag-

netic resonance elastography (MRE), were systematically extracted

from electronic medical records. Biological parameters were collected

within a median (interquartile range [IQR], 0–68) of zero days from

LSM. We followed the Standards for Reporting of Diagnostic Accu-

racy Studies (STARD) guidelines (Table S1). The study was performed

in strict compliance with the French reference methodology MR-004,

established by the French National Commission on Informatics and

Liberties (CNIL), and in accordance with the Declaration of Helsinki.

Patients received written notice and could object to the use of their

Study Importance

What is already known?

• Metabolic dysfunction-associated steatotic liver disease

(MASLD) is strongly associated with obesity.

• Liver stiffness measurement (LSM) may be less accurate

in patients with severe obesity.

• A recently developed noninvasive test, Agile 3+ (A3+),

has improved the positive predictive value (PPV) for

advanced fibrosis (AF) diagnosis compared with other

noninvasive tests in all patients with MASLD.

What does this study add?

• LSM has insufficient specificity and PPV for AF diagnosis

in the case of BMI ≥ 35 kg/m2.

• A3+ has better PPV but leads to an increase in the pro-

portion of patients with indeterminate status for AF com-

pared with LSM.

• A sequential strategy of LSM followed by A3+ maximizes

PPV while reducing the proportion of patients in the indeter-

minate zone in patients with MASLD and BMI ≥ 35.

How might these results change the focus of clinical

practice?

• The use of the sequential strategy LSM/A3+ improves

the detection of AF in patients with BMI ≥ 35 and may

avoid unnecessary liver biopsies.

OBESITY AND NONINVASIVE FIBROSIS DIAGNOSIS IN MASLD 1115
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data [22]. The study was approved by the Research Ethics Commission

of Lyon University Hospital Institutional Review Board (IRB), 22_584.

Noninvasive evaluation of liver fibrosis

Noninvasive evaluation of liver fibrosis was performed by LSM using

VCTE, magnetic resonance imaging (MRI)/MRE, and/or blood-based

NITs (procedures described in online Supporting Information Methods).

LSM cutoff values of 8 kPa and 9.6 kPa were used respectively to rule

out and rule in AF as previously described [6, 13, 23–25]. The MRE cut-

off value of 3.62 kPa was used to rule out AF and was demonstrated to

have an excellent diagnostic performance [15]. Low and high cutoffs of

1.30 and 2.67 for FIB-4 [26, 27] and 0.451 and 0.679 for A3+, respec-

tively, were used to rule out and rule in AF, respectively [16, 23].

Histological assessment

Liver biopsy was proposed to patients when deemed clinically indi-

cated after multidisciplinary assessment for precise diagnosis of

MASH and fibrosis staging. All liver biopsies were scored by two

expert pathologists in MASLD at the Lyon Hepatology Institute, using

the SAF (Steatosis, Activity, and Fibrosis) score [28, 29]. AF was

defined by the presence of histological stage of fibrosis F3 or F4.

Definition and endpoints

The main endpoint was the presence of AF defined by composite

diagnostic criteria following hierarchical steps:

1. If liver biopsy was performed, presence of F3 or F4 histological

fibrosis stage.

2. If liver biopsy was not performed and MRI was available, presence

of overt imaging diagnosis of cirrhosis.

3. If liver biopsy and MRI were not performed, concordant

LSM ≥ 9.6 kPa and FibroTest ≥ F3 according to the European

Association for the Study of the Liver (EASL) guidelines [6].

The absence of AF was defined by composite diagnostic criteria

following hierarchical steps:

1. If liver biopsy was performed, presence of fibrosis stage < F3.

2. If liver biopsy was not performed and MRI available,

MRE < 3.62 kPa and absence of overt diagnosis of cirrhosis.

3. If liver biopsy and MRI were not performed, concordant

LSM < 8 kPa and FibroTest ≤ F2 according to the most recent

EASL guidelines [6].

Indeterminate status for AF was defined as the absence of liver

biopsy and MRI assessment and discordant LSM and FibroTest for the

presence of AF.

The hierarchical determination of AF is shown in Figure S1.

Statistical analysis

Data were described using number (percentage) for categorical

variables and median with IQR for continuous variables. Categorical

variables were compared with the χ2 or Fisher exact tests, and

quantitative variables were compared using the t test or nonpara-

metric tests (Mann–Whitney or Kruskal–Wallis tests) when

appropriate.

The performance of LSM, A3+, and the sequential combination

of LSM/A3+ for AF diagnosis was analyzed using the area under the

receiver operating characteristic curve (AUROC) and 95% confidence

interval (CI). Sensitivity, specificity, positive predictive value (PPV),

and negative predictive value (NPV) were calculated using the differ-

ent cutoff values. The DeLong test was used to compare the different

AUROCs. Two-sided p values < 0.05 were considered statistically sig-

nificant. Analyses were carried out on an intention-to-diagnose basis

and considered all LSM values, including technical failure. Statistical

analyses were performed using SPSS version 23 and GraphPad Prism

version 9.4.1.

RESULTS

Baseline characteristics

The study population consisted of 479 adult patients, including 50.3%

male individuals, with a median age of 59.0 years (IQR, 49.5–66.0).

Median BMI was 35.0 kg/m2 (IQR, 29.9–40.9). Class 2 or 3 obesity,

defined by BMI ≥ 35, was observed in 243 patients (50.7%). In this

subgroup, serum levels of aspartate aminotransferase (AST), alanine

aminotransferase (ALT), and γ-glutamyltransferase (GGT) were signifi-

cantly lower, whereas no difference was observed in T2DM fre-

quency. The FibroScan XL probe was significantly more frequently

used in patients with BMI ≥ 35 (79.0% vs. 32.2%; p < 0.001). Median

LSM was not different between patients with BMI < 35 and ≥35

(9.3 vs. 9.4 kPa, respectively; p = 0.299). Median FIB-4 and FibroTest

were significantly lower in patients with BMI ≥ 35, whereas A3+ was

not different in the two groups. The main characteristics and flow-

chart of the study population are shown in Table 1 and Figure S2,

respectively.

Higher BMI is associated with a decrease in the
proportion of patients with determinate status for AF

Overall, the prevalence of AF was 28.6%. Approximately half of the

cohort (46.6%) had no AF, and 24.8% showed an indeterminate sta-

tus for AF (Figure S1). The detection of AF was significantly lower in

patients with BMI ≥ 35 (19.3%) compared with 38.1% in patients

with BMI < 35 (p < 0.001), potentially due to the increased
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proportion of indeterminate cases. The presence of AF across the

different BMI categories is shown in Figure 1. Higher BMI was sig-

nificantly associated with an elevated proportion of indeterminate

status for AF (odds ratio [OR] = 1.09; 95% CI: 1.06–1.12;

p < 0.001), i.e., BMI ≥ 35 (OR = 2.85; 95% CI: 1.83–4.44; p < 0.001).

BMI ≥ 35 remained statistically and clinically significant after multi-

ple adjustments for age and sex (adjusted OR = 2.65; 95% CI: 1.69–

4.16; p < 0.001).

Overall diagnostic performance of NITs for the
detection of AF

We next assessed the diagnostic performance of NITs for the detec-

tion of AF in the subgroup of patients with determinate status for AF

and all NITs available (n = 358). As previously published [16], LSM

and A3+ had similar diagnostic performance in the overall population

with an AUROC of 0.91 (95% CI: 0.88–0.94) versus 0.91 (95% CI:

T AB L E 1 Baseline characteristics in the overall study population and stratified by BMI < 35 or ≥35.

Characteristics Overall (n = 479)
BMI < 35 kg/m2

(n = 236)
BMI ≥ 35 kg/m2

(n = 243) p value*

Age (y) 59.0 (49.5–66.0) 61.0 (52.0–68.0) 57.0 (47.5–63.0) <0.001

Male, n (%) 241 (50.3) 130 (55.1) 111 (45.7) 0.040

T2DM, n (%) 324 (67.8) 158 (66.9) 166 (68.3) 0.801

BMI (kg/m2) 35.0 (29.9–40.9) 29.8 (26.9–32.2) 40.8 (37.4–45.0) <0.001

AST (U/L) 35 (27–48) 37 (28–52) 33 (25–45) 0.012

ALT (U/L) 45 (32–70) 50 (34–77) 42 (29–64) 0.025

GGT (U/L) 54 (35–102) 62 (39–114) 47 (32–91) 0.016

Ferritin (μg/L) 117 (38–244) 122 (40–248) 116 (38–223) 0.296

Albumin (g/dL) 4.3 (4.0–4.6) 4.5 (4.2–4.7) 4.2 (4.0–4.4) <0.001

Glucose (mmol/L) 6.2 (5.3–8.0) 6.1 (5.1–8.0) 6.3 (5.4–8.2) 0.117

HbA1c (%) 6.3 (5.7–7.6) 6.4 (5.7–7.6) 6.3 (5.7–7.6) 0.536

Platelet count (109/L) 240 (202–284) 233 (193–280) 248 (209–288) 0.020

Prothrombin time (%) 97 (91–116) 97 (92–103) 97 (91–106) 0.292

AST/ALT 0.76 (0.59–1.02) 0.74 (0.57–0.99) 0.77 (0.61–1.04) 0.320

FIB-4 1.26 (0.86–1.76) 1.34 (0.92–1.96) 1.17 (0.82–1.61) <0.001

FibroTest 0.31 (0.16–0.56) 0.41 (0.23–0.62) 0.22 (0.12–0.40) <0.001

A3+ 0.506 (0.240–756) 0.549 (0.220–0.786) 0.489 (0.243–0.729) 0.501

LSM (kPa) 9.3 (7.4–12.4) 9.3 (6.8–12.6) 9.4 (7.7–12.3) 0.299

LSM (IQR) 1.3 (0.9–2.0) 1.2 (0.8–2.0) 1.5 (1.0–2.2) 0.803

IQR/median LSM ratio 0.14 (0.10–0.19) 0.13 (0.09–0.18) 0.15 (0.11–0.20) 0.093

CAP (dB/m) 330 (296–360) 319 (284–348) 341 (309–368) <0.001

Unreliable LSM, n (%)a 22 (4.2) 10 (4.2) 10 (7.0) 0.947

Use of FibroScan XL probe, n (%) 268 (59.2) 76 (32.2) 192 (79.0) <0.001

Liver biopsy performed, n (%) 179 (37.4) 111 (47.0) 68 (28.0) <0.001

Histological stage of fibrosis, n (%)

F0 3 (0.6) 1 (0.9) 2 (2.9) –

F1 34 (7.1) 15 (13.5) 19 (27.9) –

F2 58 (12.1) 37 (33.3) 21 (30.9) –

F3 46 (9.6) 31 (27.9) 15 (22.1) –

F4 38 (7.9) 27 (24.3) 11 (16.2) –

Presence of AF, n (%) 137 (28.6) 90 (38.1) 47 (19.3) <0.001

Indeterminate status for AF, n (%) 119 (24.8) 36 (15.3) 83 (34.2) <0.001

Note: Median values are provided with IQR in parentheses unless otherwise noted as n (%).

Abbreviations: A3+, Agile 3+; AF, advanced fibrosis; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CAP, controlled attenuation

parameter; FIB-4, Fibrosis-4; GGT, gamma-glutamyl transferase; HbA1c, glycated hemoglobin; LSM, liver stiffness measurement; T2DM, type 2 diabetes

mellitus.
aReliable LSM was defined as less than 10 valid measurements or IQR/median > 30%.

*p value determined by comparing patients with BMI ≥ 35 versus <35 using independent-samples t test, Mann–Whitney test, or χ2 test as appropriate.
Bold indicates significant p < 0.05.
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0.87–0.94), respectively (p = 0.802), whereas FIB-4 displayed a signif-

icantly lower diagnostic performance with an AUROC of 0.81

(95% CI: 0.76–0.84; p < 0.001) compared with LSM. There was no sig-

nificant difference in LSM diagnostic performance using the FibroScan

M probe or XL probe, i.e., AUROC of 0.94 (95% CI: 0.89–0.97) versus

0.89 (95% CI: 0.83–0.93; p = 0.091). The diagnostic accuracy of the

different NITs for AF detection is shown in Figure 2 and Table S2.

Diagnostic performance of NITs for the detection of
AF stratified by obesity severity

The AUROCs of FIB-4, LSM, and A3+ in patients without obesity and

within each class of obesity are shown in Table S3. Subsequently, we

focused on the diagnostic performance of NITs stratified by obesity

severity comparing patients with BMI < 35 and ≥35. FIB-4 tended to

have a higher AUROC in patients with BMI ≥ 35 compared with

others without reaching statistical significance (p = 0.211; Figure 2).

LSM had an excellent diagnostic accuracy in both patients with

BMI ≥ 35 and <35 with AUROCs of 0.90 (95% CI: 0.84–0.94) and

0.93 (95% CI: 0.88–0.96; p = 0.373), respectively (Figure 2). At the

rule-out cutoff < 8 kPa, NPV was excellent (>98%) in both groups.

However, at the rule-in cutoff ≥ 9.6 kPa, LSM had a lower ability

to discriminate AF in patients with BMI ≥ 35 with specificity of

77.9% compared with 85.4% in patients with BMI < 35, resulting

in a decreased PPV of 63.2% compared with 82.4%, respectively

(Table 2).

Similar to LSM, A3+ had an excellent diagnostic accuracy in both

patients with BMI ≥ 35 and <35 with AUROCs of 0.92 (95% CI:

0.86–0.95) and 0.90 (95% CI: 0.85–0.94), respectively (Figure 2). At

the rule-out cutoff < 0.441, A3+ had slightly lower sensitivity com-

pared with LSM in both BMI ≥ 35 (90.9% vs. 98.9%) and BMI < 35

(93.6% vs. 97.9%), resulting in a lower NPV in both groups (Table 2).

Conversely, at the rule-in cutoff ≥ 0.679, A3+ achieved better

specificity than LSM in both BMI ≥ 35 (90.4% vs. 77.9%) and

BMI < 35 (90.0% vs. 85.4%; Table 2). Therefore, the number of

false-positive cases with A3+ was lower compared with LSM

(Figure 3). However, the proportion of patients in the indeterminate

zone was higher with A3+ compared with LSM in both BMI groups

(Table 2; Figure 3).

F I GU R E 1 Distribution of advanced fibrosis (AF) status stratified by BMI categories. The proportion of patients with indeterminate status for
AF (orange with stripes) progressively raises in parallel with an increase in the different BMI categories, whereas the prevalence of AF (in red) is
lower in patients with BMI ≥ 35 kg/m2. Patients with a low probability of AF are represented in green. [Color figure can be viewed at
wileyonlinelibrary.com]

F I GU R E 2 Diagnostic accuracy of noninvasive tests (NITs) for the detection of advanced fibrosis (AF). The area under the receiver operating
characteristic curves (AUROCs) of Agile 3+ (A3+; in red), Fibrosis-4 (FIB-4; in gray), and liver stiffness measurement (LSM; in blue) are
represented in (A) the overall population, in (B) patients with BMI < 35 kg/m2, and in (C) patients with BMI ≥ 35 kg/m2. [Color figure can be
viewed at wileyonlinelibrary.com]
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Optimal algorithm for the detection of AF using a
sequential use of LSM followed by A3+

Because we observed a higher NPV of LSM to rule out AF compared

with A3+ and, conversely, a lower PPV of LSM to rule in AF, we have

next assessed the relevance of a sequential strategy using LSM fol-

lowed by A3+. LSM was used as a first line at the low cutoff < 8 kPa

to rule out AF, followed by A3+ at the low cutoff < 0.451 to rule out

additional cases for AF and the high cutoff ≥ 0.679 to rule in AF

(Figure 4A).

T AB L E 2 Diagnostic performance of NITs for the detection of AF stratified by BMI ≥ 35 (n = 160) or BMI < 35 (n = 198)

NITs of AF FIB-4 LSM A3+ Sequential LSM/A3+

Rule-out cutoff <1.30 <8 kPa <0.451

LSM < 8 kPa/
LSM ≥ 8 kPa and

A3+ < 0.451

% patients (n)

BMI < 35 kg/m2 50.0 (99) 37.4 (74) 44.4 (88) 48.5 (96)

BMI ≥ 35 kg/m2 54.4 (87) 42.5 (68) 49.4 (79) 55.0 (88)

Se % (95% CI)

BMI < 35 kg/m2 73.9 (63.4–82.7) 98.9 (93.9–100.0) 90.9 (82.9–96.0) 90.9 (82.9–96.0)

BMI ≥ 35 kg/m2 83.0 (69.2–92.4) 97.9 (88.7–99.9) 93.6 (82.5–98.7) 93.6 (82.5–98.7)

Sp % (95% CI)

BMI < 35 kg/m2 69.1 (59.6–77.6) 66.4 (56.7–75.1) 72.7 (63.4–80.8) 80.0 (71.3–87.0)

BMI ≥ 35 kg/m2 70.0 (60.6–78.2) 59.3 (49.6–68.4) 68.1 (58.7–76.6) 75.2 (66.2–82.9)

NPV % (95% CI)

BMI < 35 kg/m2 76.8 (69.5–82.8) 98.6 (91.2–99.8) 90.9 (83.6–95.1) 91.7 (84.9–95.5)

BMI ≥ 35 kg/m2 90.8 (83.9–94.9) 98.5 (90.5–99.8) 96.2 (89.5–98.7) 96.6 (90.4–98.8)

PPV % (95% CI)

BMI < 35 kg/m2 65.7 (58.5–72.2) 70.2 (64.4–75.8) 72.7 (66.1–78.5) 78.4 (71.3–84.2)

BMI ≥ 35 kg/m2 53.4 (45.7–61.0) 50.0 (44.4–55.6) 55.0 (48.0–61.8) 61.1 (53.1–68.6)

Indeterminate zone 1.31–2.66 8.1–9.5 kPa 0.451–0.678
LSM ≥ 8 kPa and
A3+ = 0.452–0.678

% patients (n)

BMI < 35 kg/m2 36.9 (73) 14.6 (29) 19.2 (38) 16.2 (32)

BMI ≥ 35 kg/m2 38.8 (62) 13.8 (22) 20.0 (32) 15.0 (24)

Rule-in cutoff ≥2.67 ≥9.6 kPa ≥0.679
LSM ≥ 8 kPa and
A3+ ≥ 0.679

% patients (n)

BMI < 35 kg/m2 13.1 (26) 48.0 (95) 36.4 (72) 35.4 (70)

BMI ≥ 35 kg/m2 6.9 (11) 43.8 (70) 30.6 (49) 30.0 (48)

Se % (95% CI)

BMI < 35 kg/m2 22.7 (14.5–32.9) 85.2 (76.1–91.4) 68.2 (57.4–77.7) 68.2 (57.4–77.7)

BMI ≥ 35 kg/m2 21.3 (10.7–35.7) 91.5 (79.6–97.6) 78.7 (64.3–89.3) 78.7 (64.3–89.3)

Sp % (95% CI)

BMI < 35 kg/m2 95.4 (89.7–98.5) 85.4 (77.5–91.5) 90.0 (82.8–94.9) 90.9 (83.9–95.6)

BMI ≥ 35 kg/m2 100.0 (96.8–100.0) 77.9 (69.1–85.1) 90.4 (83.2–95.0) 90.3 (83.2–95.0)

NPV % (95% CI)

BMI < 35 kg/m2 61.0 (58.1–63.9) 87.9 (81.3–92.3) 78.0 (72.1–82.9) 78.1 (72.3–83.0)

BMI ≥ 35 kg/m2 75.3 (72.1–77.4) 95.7 (89.6–98.3) 89.3 (80.9–94.2) 91.1 (85.4–94.7)

PPV % (95% CI)

BMI < 35 kg/m2 80.8 (62.3–91.4) 82.4 (74.7–88.1) 84.5 (75.4–90.7) 86.7 (76.6–91.7)

BMI ≥ 35 kg/m2 100.0 (NA) 63.2 (54.6–71.1) 66.7 (48.6–80.9) 77.1 (65.3–85.7)

Note: LSM and A3+ performance was assessed in intention-to-diagnose AF including patients with technical failure (n = 14).

Abbreviations: A3+, Agile 3+; AF, advanced fibrosis; FIB-4, Fibrosis-4; LSM, liver stiffness measurement; NA, not applicable; NIT, noninvasive test; NPV,

negative predictive value; PPV, positive predictive value; Se, sensitivity; Se, specificity.
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At the rule-in cutoff, the sequential LSM/A3+ strategy enabled a

maximization of specificity similar to A3+ alone in both groups

(�90%), leading to an improved PPV compared with LSM, FIB-4,

and A3+ (Table 2). The higher benefit in terms of increase in PPV

was observed in patients with BMI ≥ 35 (77.1% compared with

66.7% for A3+ and 63.2% for LSM). In addition, the proportion of

patients in the indeterminate zone was lower using the sequential

LSM/A3+ strategy compared with A3+ in both BMI groups

(Table 2; Figure 3).

Finally, the sequential LSM/A3+ strategy at the rule-out cutoff

maintained excellent sensitivity > 90% in all patients but was lower

than LSM. A decrease in NPV of the sequential LSM/A3+ com-

pared with LSM was mostly observed in patients with BMI < 35, i.

e., 91.7% versus 98.6%, respectively, but remained minimal in

patients with BMI ≥ 35, i.e., 96.6% versus 98.5% (Table 2;

Figure 3). The improved specificity at the rule-in cutoff compared

with LSM was observed starting from BMI ≥ 35, whereas LSM

alone seemed sufficiently accurate for lower BMI ranges

(Figure S3; Table S4).

Sensitivity analysis

We then performed a sensitivity analysis on patients diagnosed with

AF with liver biopsy or MRE (n = 233) to validate our findings and

exclude any misclassification bias. Using more stringent criteria for

the diagnosis of AF, our results remained similar, as well as statistically

and clinically significant (Table S5). This analysis confirmed that a

sequential LSM/A3+ at the high cutoff maximizes specificity and PPV

similar to A3+ alone while reducing the proportion of patients in the

indeterminate zone compared with A3+, especially in patients with

BMI ≥ 35, whereas LSM or A3+ alone seemed sufficiently accurate

for lower BMI ranges, as shown in Figure S4.

DISCUSSION

Using data from a well-characterized population of patients with

MASLD enriched with patients with obesity and encompassing a wide

range of BMI values, consecutively presented at a multidisciplinary

F I GU R E 3 Performance of liver stiffness measurement (LSM), Agile 3+ (A3+), and sequential LSM/A3+ to rule in and rule out
advanced fibrosis (AF). The percentage of the patients in the rule-in zone using LSM in pink, A3+ in green, and the sequential strategy with
LSM followed by A3+ in blue is presented in (A) patients with BMI < 35 kg/m2 and (B) BMI ≥ 35 kg/m2. The rule-out zone corresponds to
the percentage of patients with low cutoffs of either LSM < 8 kPa, A3+score < 0.451, or sequential LSM < 8 kPa or LSM ≥ 8 kPa and A3+ score
< 0.451. The rule-in zone corresponds to the percentage of patients at the high cutoffs of either LSM ≥ 9.6 kPa, A3+ score ≥ 0.679, or sequential
LSM ≥ 8 kPa and A3+ score ≥ 0.679. The indeterminate zone corresponds to patients between the low and high cutoffs of either LSM, A3+, or with
sequential LSM ≥ 8 kPa and A3+ score between 0.451 and 0.679. The LSM/A3+/sequential (presence of AF) corresponds to patients classified as
having AF using LSM/A3+/sequential LSM/A3+ cutoffs in dark pink, green, or blue, respectively. The LSM/A3+/sequential (absence of AF)
corresponds to patients classified as having no AF using LSM/A3+/ sequential LSM/A3+ cutoffs in light pink, green, or blue, respectively.
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board for suspected fibrotic MASH, our study demonstrates that an

increase in BMI significantly affects the ability to determine the pres-

ence of MASLD-related AF. We report a significantly higher propor-

tion of patients with indeterminate status for AF in patients with

BMI ≥ 35 compared with patients with BMI < 35 using a composite

criterion according to recent scientific society guidelines [6].

Furthermore, we highlight the impact of BMI ≥ 35 on the perfor-

mance of NITs for AF detection. Indeed, we report lower and insuffi-

cient specificity and PPV of LSM at the rule-in cutoff in patients with

BMI ≥ 35. We further observe better specificity and PPV of the A3+

score compared with LSM at the rule-in cutoff but lower sensitivity

and NPV at the rule-out cutoff, as well as a higher proportion of

patients in the indeterminate zone compared with LSM. Finally, we

propose a new sequential strategy of LSM followed by A3+ to iden-

tify AF in patients with MASLD and BMI ≥ 35 and demonstrate that

this sequential strategy maximizes PPV of the screening strategy

while reducing the proportion of patients in the indeterminate zone in

this population. To our knowledge, this is the first study assessing the

impact of BMI on the screening strategy for the detection of MASLD/

NAFLD-related AF using currently recommended NITs such as FIB-4,

LSM, and the recently developed A3+.

The key novelties of our study are to provide estimates of the

proportion of patients with indeterminate status for AF and to high-

light the major impact of obesity severity on the accurate diagnosis of

AF in patients with MASLD. This has important implications for clini-

cal practice because obesity is strongly associated with MASLD. Here,

half of our study population had BMI ≥ 35, with no significant differ-

ence regarding the proportion of T2DM, which is recognized as a

major risk factor for AF. The drop in the proportion of patients with

determinate status for AF in patients with BMI ≥ 35 may be due to

the lower frequency of liver biopsy performed in this population

because it may be technically more challenging. Finally, potential

stigma toward patients with severe obesity cannot be excluded, such

as weight discrimination for the access to MRE or liver biopsy [30].

Intriguingly, patients with BMI < 35 had more elevated transami-

nases and GGT serum levels, lower platelet count, and higher values

of FibroTest and FIB-4. AF detection was also higher, but this result is

at least partially explained by fewer cases of patients with indetermi-

nate status. Differences in biological tests may be due to different

demographic characteristics in the two groups (older patients and

overrepresentation of the male sex in the BMI < 35 group). However,

there have been recent data suggesting that liver fibrosis is more fre-

quent in lean patients with MASLD (BMI < 25) [31] and even in

patients with MASLD without obesity [32]. Because the prevalence of

MASLD increases with the presence of obesity [3], but not liver fibro-

sis, it may explain here the underrepresentation of severe forms in

patients with BMI ≥ 35.

The impact of obesity on the diagnostic performance of first-line

blood-based NITs in a cohort of biopsy-proven patients with MASLD

enriched with severe obesity (BMI ≥ 40) has been recently stud-

ied [17]. Similar to our results, the authors reported an excellent diag-

nostic accuracy of FIB-4 for the detection of AF (AUROC of 0.89) but

did not assess imaging-based biomarkers such as LSM or A3+ [17].

Another retrospective study reported a decrease in LSM diagnostic

accuracy when BMI increased above 44 in patients who underwent

bariatric surgery [20]. The impact of BMI on LSM diagnostic

F I GU R E 4 Strategy for advanced fibrosis (AF) risk stratification according to BMI in an obesity-enriched population. In (A) patients with
BMI ≥ 35 kg/m2: sequential strategy of liver stiffness measurement (LSM)/Agile 3+ (A3+). After a first step of LSM using the low cutoff of 8 kPa
to rule out AF, the A3+ score is calculated in all patients with LSM ≥ 8 kPa. Patients with LSM ≥ 8 kPa and A3+ score < 0.451 are reclassified
and ruled out for AF resulting in a high negative predictive value (NPV) of 96.6%, whereas patients with LSM ≥ 8 kPa and A3+ score between
0.452 and 0.678 are classified as indeterminate for AF. Patients with LSM ≥ 8 kPa and A3+ score ≥ 0.679 are ruled in for AF with a positive
predictive value (PPV) of 77.1%. In (B) patients with BMI < 35 kg/m2, LSM < 8 kPa enables ruling out of AF with a high NPV of 96.6%. Patients
with LSM ≥ 9.6 kPa are ruled in for AF with a PPV of 82.4%. [Color figure can be viewed at wileyonlinelibrary.com]
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performance may potentially be due to the increased skin-to-liver

capsule distance in patients with obesity [19, 21]. Additionally, the

adequate positioning of the probe for optimal acquisition may be

more challenging in patients with increased waist circumference [21].

The development of the FibroScan XL probe for the assessment of

LSM has considerably improved the accuracy of LSM using VCTE in

patients with obesity [19], and we report a similar proportion of unre-

liable LSM in patients with BMI ≥ 35 and <35. However, as previously

reported, LSM lacks specificity to rule in AF at the cutoff ≥ 9.6 kPa in

patients with severe obesity. Indeed, in our study population, the PPV

of LSM to rule in AF dropped from 82.4% to 63.2% in patients with

BMI ≥ 35. Previous studies have suggested the need to raise the rule-

in cutoff value of LSM in patients with severe obesity, thereby

increasing the proportion of cases in the indeterminate zone [20].

Others have found that the use of the XL probe in patients with obe-

sity enabled them to use the same threshold for AF diagnosis than in

patients without obesity using the M probe [33]. Finally, in our study,

the AUROC of LSM using the XL probe tended to be lower compared

with the M probe without reaching significant statistical difference.

Recently, A3+ was developed and validated for AF detection in

patients with biopsy-proven MASLD/NAFLD [16, 23, 34, 35]. These

studies demonstrated a significant improvement in the AF diagnostic

performance with fewer indeterminate results in patients from second-

ary and tertiary centers compared with LSM alone and FIB-4 [16, 23,

34, 35]. Our results show a similar diagnostic accuracy of A3+ com-

pared with Sanyal et al. [16]. However, we demonstrate a clear impact

of BMI ≥ 35 on the diagnostic accuracy of A3+ at the published rule-in

and rule-out cutoffs. Indeed, the interest of A3+ for AF detection in our

study population is less pronounced in patients with BMI < 35 because

PPV is modestly improved at the cost of an increased number of

patients in the indeterminate zone compared with LSM. However, a

greater increase in PPV at the rule-in cutoff is observed in patients with

BMI ≥ 35 using A3+ compared with LSM but remains relatively low, i.e.,

66.7% versus 84.5% in patients with BMI ≥ 35 and <35, respectively.

Therefore, we propose a two-step strategy using LSM followed by

A3+ to further discriminate patients for the presence of AF using previ-

ously published cutoff values. This strategy leverages the improved

PPV of A3+ at the rule-in cutoff ≥ 0.679 and the very high NPV of

LSM at the rule-out cutoff < 8 kPa while minimizing the proportion of

patients in the indeterminate zone. In patients with BMI ≥ 35, this strat-

egy increases the number of cases correctly ruled out while providing

the highest PPV of 77.1% at the rule-in cutoff, thereby theoretically

reducing the number of unnecessary liver biopsies.

There are several strengths in our study, including a large popula-

tion of well-characterized patients with MASLD and the availability of

numerous data, including different NITs, MRE, and histological assess-

ment. The study population encompasses a wide range of BMI values,

allowing head-to-head comparison of the diagnostic performance of

NITs in balanced groups with BMI above and below 35. Furthermore,

we used composite criterion to define AF, allowing us to consider sev-

eral clinical situations and to better assess the diagnostic performance

of NITs in their actual clinical context of use, in line with the most recent

recommendations [6, 36]. Therefore, our data are complementary to

those of previous studies that have been performed in highly selective

populations and included only patients with biopsy-proven MASLD but

that are not representative of the real-life management of the majority

of patients with MASLD [16, 23, 34, 35]. Although liver biopsy remains

the gold standard for staging liver fibrosis, it has several limitations,

including high cost, invasiveness with a risk of severe complication, sam-

pling variability, and intra- and inter-observer variability [37, 38]. There-

fore, it is usually not favored by the physician or the patient and rarely

performed in clinical practice [39]. Moreover, cirrhosis diagnosis can be

established in case of overt imaging features, especially using MRI [40,

41]. Finally, concordant NITs can provide a diagnostic accuracy compa-

rable with liver biopsy [42], reinforced by the most recently validated

EASL algorithm [6, 43]. Therefore, the most recent clinical practice

guidelines and expert recommendations advocate liver biopsy only in

patients with discordant NITs [6, 36]. Therefore, we used a composite

endpoint to assess the presence of AF, allowing us to consider all of

these clinical situations and avoid any selection bias by including

patients without liver biopsy. However, because our composite hierar-

chical criterion for AF detection included a subgroup of 127 participants

classified using concordant LSM and FibroTest, the analysis of the diag-

nostic performance of LSM and A3+ may be biased in favor of these

NITs. Nevertheless, our findings remained clinically and statistically sig-

nificant in the sensitivity analysis performed in the subgroup classified

based on more stringent criteria (liver biopsy or MRE), thereby exclud-

ing potential misclassification bias using the composite endpoint.

We acknowledge different limitations to our study. Because VCTE

was not systematically performed on the same day as the blood tests,

we cannot exclude potential bias due to the intrinsic variability of the

different variables. However, the diagnostic performance of the blood-

based biomarkers and their combination with LSM was similar to those

that have been previously published in the literature [16, 26]. In addi-

tion, all liver biopsy specimens were evaluated by a single hepatopathol-

ogist, inducing a potential misclassification of some patients for liver

fibrosis. The study included patients discussed at the MASH multidisci-

plinary board for suspected fibrotic MASH; therefore, the population is

enriched with more severe cases compared with the general population

of patients with MASLD. Therefore, potential selection bias cannot be

excluded. Although a recent study reported that the diagnostic perfor-

mance of blood-based NITs was also affected by race and ethnicity

[44], we were not able to study the impact of race and ethnicity in our

study. Finally, the study was performed in a single tertiary center expert

in the clinical management of patients with MASLD. Therefore, the

reproducibility of our results needs to be confirmed in larger indepen-

dent cohorts that include different clinical settings.

Systematic screening for AF is now unanimously recommended

by several society guidelines in high-risk populations, including

patients with obesity [1, 5–7, 11]. Thus, more individuals with

BMI ≥ 35 are expected to be enrolled in these screening programs

using the currently available and recommended NITs. Our findings will

help clinicians to better understand the impact of BMI categories

when interpreting these NITs using the recommended cutoff values

to rule in or rule out AF. Although there remains a critical need to

improve the diagnostic performance of currently available NITs to rule
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in AF in patients with a high BMI, i.e., ≥35, our proposed sequential

LSM/A3+ strategy could already improve AF screening in this popula-

tion. Indeed, the sequential LSM/A3+ algorithm is easy to implement

because it is based on previously validated cutoffs of LSM and A3+.

Moreover, this strategy is largely available, with no additional cost or

procedures, and applying the calculation of A3+ only in patients with

LSM ≥ 8 kPa saves clinical time. Finally, this strategy provides an

immediate benefit for the patients because it could lower the number

of indications for liver biopsy and additional NITs and ultimately mini-

mize health care costs (Figure 4). Further studies encompassing a

broader population to limit potential bias are needed to validate the

finding that the sequential LSM/A3+ strategy could improve the

detection of AF in patients with BMI ≥ 35.O
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