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ABSTRACT
Background and Aims: The performance of non-invasive liver tests (NITs) is known to vary across settings and subgroups. 
We systematically evaluated whether the performance of three NITs in detecting advanced fibrosis in patients with metabolic 
dysfunction-associated steatotic liver disease (MASLD) varies with age, sex, body mass index (BMI), type 2 diabetes mellitus 
(T2DM) status or liver enzymes.
Methods: Data from 586 adult LITMUS Metacohort participants with histologically characterised MASLD were included. The 
diagnostic performance of the Fibrosis-4 Index (FIB-4), enhanced liver fibrosis (ELF) and vibration-controlled transient elas-
tography liver stiffness measurement (VCTE LSM) was evaluated. Performance was expressed as the area under the receiver 
operating characteristics curve (AUC). Thresholds for detecting advanced fibrosis (≥F3) were calculated for each NIT for fixed 
(high) sensitivity, specificity and predictive values.
Results: Differences in AUC between all subgroups were small and statistically not significant, indicating comparable perfor-
mance in detecting ≥F3, irrespective of these clinical factors. However, different thresholds were needed to achieve the same 
level of accuracy with each test. For example, for a fixed sensitivity and specificity, the thresholds for all three NITs were higher 
in patients with T2DM. Effects for sex, age and liver enzymes were less pronounced.
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Conclusions: Performance of the selected NITs in detecting advanced liver fibrosis does not vary substantially with clinical 
characteristics. However, different thresholds have to be selected to achieve the same sensitivity, specificity and predictive val-
ues in the respective subgroups. Large prospective studies are called for to study NIT accuracy considering multiple patient 
characteristics.

1   |   Introduction

In parallel with the global rise of obesity and type 2 diabe-
tes mellitus (T2DM), the worldwide prevalence of metabolic 
dysfunction-associated steatotic liver disease (MASLD), previ-
ously known as non-alcoholic fatty liver disease (NAFLD), is 
increasing [1, 2]. MASLD represents a conceptual shift from 
the previous terminology of NAFLD, indicating a better under-
standing of the disease's complexity and the connection between 
metabolic dysregulation and liver pathology. This disorder poses 
a significant public health challenge, given its association with 
obesity, insulin resistance and cardiovascular risk factors. As 
MASLD can progress and lead to serious conditions, accurate 
and non-invasive tests (NITs) are crucial for timely intervention 
and effective management [3, 4].

The current reference standard for detecting metabolic 
dysfunction-associated steatohepatitis (MASH) and staging 
liver fibrosis in patients with MASLD is liver biopsy. Due to the 
invasive and resource-intensive nature and a small but notice-
able risk of complications of this procedure [5], particular atten-
tion has been given to the development of NITs for MASLD in 
recent years [6].

Several NITs for detecting MASH and fibrosis have been re-
ported in the literature. Some are recommended by guidelines 
in clinical care path development for patients with MASLD-
MASH [6]. Examples are the Fibrosis-4 Index (FIB-4), a simple 
fibrosis index relying on routinely measured clinical (chem-
istry) markers [7, 8], the Enhanced Liver Fibrosis test (ELF), a 
patented panel of three direct serum markers related to con-
nective tissue turnover [9] and liver stiffness measurement by 
vibration-controlled transient elastography (VCTE LSM) using 
the FibroScan device [6, 10].

Despite their mention in guidelines, variations in the reported 
performance of these NITs raise concerns about their reliabil-
ity and potential impact on accurate diagnosis and effective 
disease management [11–17]. It is possible that the variability 
in performance is due, at least in part, to identifiable differ-
ences between study groups and clinical settings. For instance, 
it is reported by a study that high BMI may affect the diagnos-
tic accuracy of VCTE LSM, leading to either overestimation or 
underestimation of the stage of fibrosis, while another study 
showed that non-obese patients with MASLD had lower VCTE 
LSM levels [18]. One study reported that at higher age, the 
specificity for FIB-4 to stage advanced fibrosis may have been 
unacceptably low, [19] while another study showed signifi-
cantly higher ELF results in healthy male controls compared 
to females [20].

This study addresses these concerns by exploring the variability 
in diagnostic accuracy of three liver NITs in detecting advanced 
fibrosis (fibrosis stage ≥ 3) across different clinical subgroups. 
Using a large sample of well-defined subjects from the Liver 
Investigation: Testing Marker Utility in Steatohepatitis (LITMUS) 
metacohort data of the European NAFLD Registry [21], we ex-
plored subgroups defined by anthropometric and metabolic fac-
tors. Moreover, this study builds upon our recent publication of 
the LITMUS study [12, 15, 22], highlighting the importance of 
our research within the evolving field of MASLD research. By 
examining how well diagnostic tests perform in various MASLD 
patients, our intention was to present this study as a demonstra-
tion of foundational validity, focusing on individual features to 
highlight broader concerns about variations in test accuracy.

2   |   Methods

2.1   |   Participants (LITMUS Metacohort)

We evaluated 966 adult participants with biopsy-proven MASLD 
from the LITMUS metacohort of the prospective European 
NAFLD Registry [21]. Patients were recruited from 13 countries 
across Europe between 2010 and 2019. All participants, initially 
recruited during two EU-funded projects, EPoS [23] and FLIP 
[24], provided informed consent prior to inclusion. The contrib-
uting projects were approved by the relevant Ethical Committees 
in the participating countries, and studies were conducted ac-
cording to the guidelines of the Declaration of Helsinki.

Eligible for this analysis were participants with paired liver biopsy 
and serum samples. All patients that met our inclusion criteria had 
undergone a liver biopsy as part of the routine diagnostic workup 
for presumed MASLD. Patients with excessive alcohol consump-
tion (> 20–30 g/day), other chronic liver diseases, such as viral hep-
atitis B or C, and incomplete data for analysis were excluded.

2.2   |   Clinical Assessments

Clinical data on anthropometric factors, medical history and 
lifestyle were collected in the respective recruiting centres. The 
body mass index (BMI) was calculated as weight in kg over 
height in m2. Blood samples were also collected locally and 
assessed in local laboratories by routine clinical assays: Lipid 
(LDL, HDL, cholesterol, triglyceride (TG)) and liver profiles 
(platelet count, alanine aminotransferase (ALT), aspartate ami-
notransferase (AST) and gamma-glutamyl transferase (GGT)). 
Patients were considered to have diabetes if they had a prior di-
agnosis of diabetes or had fasting glucose > 7.0 mmol/L.
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2.3   |   Histology

Liver biopsy samples were collected in each recruiting cen-
tres  and evaluated locally by expert liver pathologists in 
respective centres, prospectively following clinical work-up 
[24]. The Non-Alcoholic Steatohepatitis Clinical Research 
Network (NASH CRN) system was used for grading the dis-
ease activity: steatosis and lobular inflammation were scored 
from 0 to 3; ballooning from 0 to 2; and liver fibrosis was 
staged from 0 to 4, where advanced fibrosis was defined as 
F ≥ 3 [25].

2.4   |   Non-Invasive Tests

All serum samples were collected in standardised collection 
kits, stored at −80°C, then shipped to Nordic Biosciences, 
a CLIA-certified laboratory, and blinded to clinical data 
for analysis. The eligible sample-liver biopsy interval was 
six months.

The three following NITs were evaluated.

•	 ELF test, with scores based on hyaluronic acid, tissue 
inhibitor of matrix metalloproteinase-1 and aminotermi-
nal propeptide of procollagen type III, measured in the 
Central Laboratory using the Siemens Advia Centaur de-
vice [9, 26].

•	 FIB-4 index, with scores calculated using the available 
clinical laboratory data based on the following formula: 
age × AST (IU/L)/platelet count (×109/L) × √ALT (IU/L) 
[7, 8].

•	 Liver stiffness, measured locally by (VCTE LSM) 
(FibroScan, Echosens, Paris, France) by centres [27]. 
Probe sizes were selected based on the device guidelines' 
advice.

2.5   |   Statistical Analyses

We first evaluated the performance of the tests based on cur-
rent clinical practice and European Association for the Study 
of the Liver (EASL) [28] guidelines, using histology as the 

reference standard. The EASL guideline for managing pa-
tients with MASLD recommends a stepwise approach start-
ing with blood-based scores (e.g., FIB-4) followed by imaging 
techniques (e.g., VCTE) to rule out advanced fibrosis. In our 
cohort, we assessed the performance of VCTE and the ELF 
test for this stepwise approach, applying the thresholds rec-
ommended by EASL.

Then we assessed the diagnostic performance of the three NITs 
in detecting advanced fibrosis (F ≥ 3) across different subgroups. 
Eligible patients were categorised in six sets of subgroups based 
on (1) their sex (female, male) (2); BMI (normal BMI < 25 kg/m2, 
overweight BMI 25–30 kg/m2 or obese BMI ≥ 30 kg/m2) (3); age 
(18–45, 45–65 and > 65 years) (4); diabetes status (T2DM or no 
T2DM) (5); AST (lower or greater than 40 (U/L)); and (6) ALT 
(lower or greater than 45 (U/L)) [19].

For each subgroup, we constructed non-parametric, empirical 
receiver operating characteristic (ROC) curves and calculated 
the area under each ROC curve (AUC) with its 95% confidence 
interval (95% CI), using the DeLong method. DeLong's test was 
applied to evaluate if the difference between the AUC values of 
the subgroups is significant (p < 0.05) [29].

To reduce bias due to confounding from sex, age, BMI and 
T2DM status, we also estimated covariate-adjusted AUCs for 
these variables [30]. For this, we used the ‘ROCnReg’ package 
in R and its AROC.bnp method, which implements a nonpara-
metric Bayesian approach based on a single-weights depen-
dent Dirichlet process mixture of normal distributions and the 
Bayesian bootstrap [31].

We then defined thresholds of the respective NITs to de-
tect advanced fibrosis at pre-specified (high) sensitivity and 
specificity in each subgroup, based on the non-parametric 
ROC curve.

Additionally, we specified desired positive and negative pre-
dictive values (PPV/NPV) to rule in or out advanced fibro-
sis, based on the recommended thresholds of the respective 
tests in the literature. We calculated thresholds for the NITs 
to achieve these pre-specified PPV and NPV, while consider-
ing the proportion of participants with advanced fibrosis in 
each subgroup of patients as an expression of the prevalence. 
All statistical analyses were performed using R software ver-
sion 4.0.5.

3   |   Results

3.1   |   Study Group Characteristics

Of the 966 Metacohort participants, 960 had data for all rele-
vant clinical variables and at least one NIT. From those, 586 
patients had all three non-invasive test results available. In 
the 586 participants included in the analysis, the mean age 
was 52 years, mean BMI was 31 kg/m2, 64% were men and 
44% had T2DM. Fibrosis: F0 (26%), F1 (21%), F2 (25%), F3 

Summary

•	 Non-invasive tests are used to check for severe liver 
damage in people with fatty liver, but their accuracy 
may vary depending on patient characteristics.

•	 This study found that threshold values of non-invasive 
tests need to be adjusted for different groups based on 
their age, gender, weight or diabetes status.

•	 This means that tailoring the tests' thresholds is es-
sential to ensure they provide accurate results for 
everyone.
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(21%) and F4 (7%). Patient characteristics are summarised in 
Tables 1, S2 and S3.

3.2   |   Performance of Tests in Stepwise Approach

Using the EASL-recommended stepwise approach, FIB-4 
stratified patients into three categories: low-risk (< 1.3), in-
determinate (1.3–2.67) and high-risk (> 2.67) for advanced fi-
brosis. Of the 586 patients, 204 had an ‘indeterminate’ FIB-4 
result and could be evaluated for further assessment by a sec-
ond test. In this group, ELF (AUC: 0.76, 95% CI: 0.70–0.83) 
and VCTE LSM (AUC: 0.81, 95% CI: 0.75–0.87) were evaluated 
using thresholds of 7.7 and 8 kPa to rule out advanced fibrosis, 
respectively. ELF showed a sensitivity of 99% and NPV of 82% 
while VCTE LSM had a sensitivity of 89% and NPV of 88% 
(Figure 1).

3.3   |   Overall Performance of NITs for Detecting F 
≥ 3 in Different Subgroups

The three tests performed differently when evaluated in the 
586 included participants: ELF had an AUC of 0.79 (95% CI: 
0.75–0.84), FIB-4 an AUC of 0.74 (95% CI: 0.69–0.78), while 
VCTE LSM showed an AUC of 0.83 (95% CI: 0.79–0.86). 
The performance of the tests in different subgroups of pa-
tients is illustrated in Figure  2A–F. Overall, the diagnos-
tic performance of the three tests in detecting F ≥ 3 was not 
significantly different between the respective subgroups 
(p  > 0.05). For instance, in both males and females AUCs 
were around 0.80 for ELF, 0.73 for FIB-4 and 0.83 for VCTE 
LSM. Despite slight differences in the AUC, the performance 
of all three tests was comparable in different age and BMI 
subgroups. No significant difference was observed in perfor-
mance of the three tests in subgroups of patients with and 

TABLE 1    |    Characteristics of the study group.

Entire 
metacohort 

(n = 966)

Subgroup with all 
three tests and clinical 

data (n = 586)

Study group with missing 
biomarker or clinical 

data (n = 380)

Age, years 51.2 (13.0) 52.0 (13.2) 50.0 (12.6)

Female 403 (42%) 211 (36%) 191 (50%)

BMI, kg/m2 34.12 (8.26) 31.3 (6.02) 38.5 (9.11)

Diabetes 406 (42%) 257 (43.9%) 148 (39%)

ALT, U/L 62.7 (42.5) 66.3 (40.4) 57.0 (45.2)

AST, U/L 42.9 (26.0) 44.4 (25.7) 40.4 (26.3)

GGT, U/L 108 (155) 99.5 (111) 122 (207)

Albumin, g/L 4.38 (0.419) 4.38 (0.408) 4.39 (0.436)

Platelet count, 109/L 239 (73.4) 236 (70.4) 245 (77.5)

Glucose, mmol/L 6.42 (2.47) 6.33 (2.25) 6.57 (2.80)

Triglycerides, mg/L 2.08 (1.18) 2.05 (1.09) 2.14 (1.31)

VCTE LSM probe size

XL-probe 130 (13.5%) 112 (19.1%) 17 (4.5%)

M-probe 484 (51.0%) 452 (77.1%) 32 (8.4%)

Missing 352 (36.4%) 22 (3.4%) 331 (87.1%)

Liver fibrosis stage

0 309 (32%) 152 (26%) 157 (41%)

1 186 (19%) 121 (21%) 65 (17%)

2 198 (21%) 148 (25%) 50 (13%)

3 188 (19%) 122 (21%) 66 (17%)

4 85 (9%) 43 (7%) 41 (11%)

NASHa 512 (53%) 323 (55%) 188 (50%)

Note: All continuous variables are expressed as mean (SD).
Abbreviations: ELF, enhanced liver fibrosis; FIB-4, Fibrosis-4 Index; NASH, non-alcoholic steatohepatitis; VCTE LSM, vibration controlled transient elastography 
liver stiffness measurement.
aNAS score of ≥ 4 with at least one point in each component (inflammation, ballooning, steatosis).
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without diabetes and in those with different levels of liver en-
zymes (Tables S4 and S5).

Adjusting for age, sex, BMI and T2DM in estimating covariate-
adjusted ROC curves did also not show statistically significant 
differences in AUC across subgroups (Table S4).

3.4   |   Desired Thresholds at Pre-Defined Sensitivity 
and Specificity

Table 2 shows estimates of the tests' thresholds for fixed high 
sensitivity and specificity.

3.4.1   |   Sex at Birth (Female, Male)

Slightly higher thresholds of ELF and FIB-4 were required to 
achieve a sensitivity of 90% in females (8.72 and 0.95 vs. 8.59 
and 0.83, respectively). While for VCTE LSM, a higher thresh-
old was observed in males (7.65 kPa vs. 6.75 kPa). To reach a 
90% specificity the threshold of VCTE LSM had to be higher in 
males (VCTE LSM: 14.05 kPa vs. 13.95 kPa). The calculated ELF 
threshold was higher in females (10.38 vs. 9.95).

3.4.2   |   Age Subgroups (18–45, 45–65, and > 65 Years)

We observed higher thresholds of ELF and FIB-4 in higher 
age ranges while pre-specifying the sensitivity level at 90%. 

Pre-defining specificity at 90% resulted in higher thresholds of 
all three tests in higher age ranges.

3.4.3   |   BMI Subgroups (< 25, 25–30 and BMI  
≥ 30 kg/m2)

When pre-specifying a 90% sensitivity, we observed higher 
thresholds for all three tests in patients with a higher BMI 
(BMI≥ 30) compared to those with a lower BMI (BMI 25–30 and 
< 25 kg/m2). For 90% specificity the same trend was observed for 
ELF and VCTE LSM.

3.4.4   |   Diabetes Status (T2DM or No T2DM)

In patients with T2DM we observed higher thresholds for reach-
ing 90% sensitivity (ELF: 8.76) and 90% specificity (VCTE LSM: 
16.40 kPa) compared to non-T2DM patients (ELF: 7.03, VCTE 
LSM: 12.95 kPa).

3.4.5   |   Liver Enzymes, AST (< 40 or ≥ 40) and ALT (< 45 
or ≥ 45)

Lower thresholds in the low AST group for 90% sensitivity (ELF: 
8.45, VCTE LSM: 12.25 kPa) compared to the high AST group 
(ELF: 8.79, VCTE LSM: 15.25 kPa). Similar trend with ALT for 
90% sensitivity and specificity.

FIGURE 1    |    Stepwise strategy using FIB-4, ELF, and VCTE for non-invasive assessment of advanced fibrosis.
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3.5   |   Desired Thresholds to Rule In or Rule Out F 
≥ 3

When we pre-specified the PPV and NPV for ruling in or ruling out 
F ≥ 3, we found different threshold values for the tests (Table 3).

3.5.1   |   Sex at Birth (Female, Male)

To reach a PPV of 70% both FIB-4 and VCTE LSM thresholds 
were higher in males, while the ELF threshold was higher for 
females (10. 278 vs. 10.15).

A) AUC: ≥F3 in different gender groups

0.77 0.80
0.73 0.74

0.83 0.82

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

MSL4BIFFLE

Female Male

AU
C

B) AUC: ≥F3 in different age groups

0.70
0.76 0.77

0.67 0.70
0.64

0.77
0.84

0.76

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

MSL4BIFFLE

18-45 years 45-65 years >65 years

AU
C

C) AUC: ≥F3 in different BMI groups

0.78 0.78 0.79 0.78
0.72 0.75 0.79 0.82 0.82

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

MSL4BIFFLE

BMI <25 BMI 25-30 BMI ≥30

AU
C

FIGURE 2    |    The performance (AUCs) of the tests for detecting advanced fibrosis in different. (A) Gender groups; females (N = 211) and males 
(N = 375), (B) age groups; 18–45 years. (N = 157); 45–65 years (N = 331); > 65 years (N = 98), (C) body mass index (BMI in kg/m2); BMI < 25 (N = 70); 
BMI 25–30 (N = 209); BMI ≥ 30 (N = 307), (D) diabetes status; with (N = 257) and without type 2 diabetes (T2DM) (N = 329), (E) AST groups; < 40 
(N = 324); ≥ 40 (N = 262), (F) ALT groups; < 45 (N = 199); ≥ 45 (N = 387). ELF, enhanced liver fibrosis; FIB-4, Fibrosis-4 Index; LSM, liver stiffness 
measurement.
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To reach a NPV of 80% the threshold of ELF was higher for fe-
males (7.37 vs. 6.33).

3.5.2   |   Age Subgroups (18–45, 45–65 and > 65 Years)

In younger patients (18–45 years) a higher threshold of VCTE 
LSM was needed to reach the pre-specified PPV of 70% (12.25 kPa 
vs. 17.65 kPa). In this group, lower thresholds of ELF resulted in 

an 80% NPV, compared to older patients, while for VCTE LSM 
the threshold for ruling out F ≥ 3 was highest in this subgroup.

3.5.3   |   BMI Subgroups (< 25, 25–30 and BMI ≥ 30 kg/m2)

Lower thresholds of FIB-4 and VCTE LSM were needed to 
achieve 70% PPV in higher BMI groups (VCTE LSM: 19.30 kPa 
< 25 BMI vs. 13.55 kPa ≥ 30 BMI) while the ELF threshold had 

FIGURE 2    |     (Continued)

D) AUC: ≥F3 in different Diabetes groups
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E) AUC: ≥F3 in different AST groups
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F) AUC: ≥F3 in different ALT groups
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to be higher. In obese and overweight patients lower FIB-4 and 
VCTE LSM thresholds could result in 80% NPV.

3.5.4   |   Diabetes Status (T2DM or No T2DM)

In patients with T2DM lower thresholds of all three tests were 
shown to be required for detecting F ≥ 3 with a PPV of 70%. In 
contrast, lower thresholds to reach NPV of 80% were observed 
for all tests in patients without T2DM.

3.5.5   |   Liver Enzymes, AST (< 40 or ≥ 40) and ALT (< 45 
or ≥ 45)

Thresholds for PPV and NPV varied based on AST and ALT lev-
els, with in general, higher thresholds for reaching PPV of 70% 
in low AST (< 40 U/L) groups and lower thresholds for reaching 
a NPV of 80% in low AST and ALT (< 45 U/L) groups.

4   |   Discussion

Our stepwise analysis confirmed the practicability of the EASL-
recommended approach, where FIB-4 effectively stratifies pa-
tients and imaging techniques, like VCTE, refine the assessment 
in the group with intermediate results. This aligns with EASL 
guidelines, which emphasise the value of such a strategy for 
identifying individuals with advanced fibrosis, who are at risk of 
developing liver-related outcomes and guiding them into appro-
priate clinical care pathways. However, as our cohort primarily 

represents secondary and tertiary care settings, these findings 
may not be directly generalizable to the general population.

In addition, our analysis showed overall small differences in 
performance of the three NITs in detecting F ≥ 3 in different 
subgroups. However, the difference was more evident for some 
subgroups, such as ELF in the older versus younger patients.

Overall, the three NITs performed similarly in patients with 
and without T2DM. ELF and VCTE LSM demonstrated sim-
ilar accuracy across BMI categories. However, patients with 
higher BMI and T2DM required higher thresholds for fixed 
sensitivity and specificity. Notably, VCTE LSM thresholds 
differed significantly between low (< 25 kg/m2) and high BMI 
(≥ 30 kg/m2) and between younger and older patients for fixed 
specificity.

This study is conducted as a proof-of-principle demonstration 
based on single features to provide a foundation for understand-
ing the complex interaction between diagnostic test outcomes 
and diverse clinical characteristics. Building on initial findings 
from the LITMUS study [15], we analysed the data from the 
intended-use population recruited from multiple secondary or 
tertiary care centres in Europe. In the recently published study 
from the LITMUS consortium, the performance of different 
NITs was assessed separately in individuals with and without 
diabetes [15]. The results showed marginal differences in the 
performance of tests among participants with and without dia-
betes, particularly in detecting MASH and F ≥ 2. In the current 
manuscript, we extend upon these preliminary findings by pre-
senting a more comprehensive subgroup analysis, incorporating 

TABLE 2    |    Thresholds of the tests to detect advanced liver fibrosis in different subgroups to achieve fixed sensitivities and specificities.

ELF thresholds for FIB-4 thresholds for VCTE LSM thresholds for

Subgroups n Prev%
Sensitivity 

90%
Specificity 

90%
Sensitivity 

90%
Specificity 

90%
Sensitivity 

90%
Specificity 

90%

Female 211 34 8.72 10.38 0.95 2.06 6.75 13.95

Male 375 25 8.59 9.95 0.83 2.07 7.65 14.05

Age 18–45 157 10 6.23 9.47 0.26 1.24 5.95 12.70

Age 45–65 331 33 8.59 10.06 0.90 1.97 7.85 14.05

Age > 65 98 42 9.49 10.66 1.20 3.04 6.95 14.40

BMI < 25 70 14 6.91 9.97 0.54 1.93 5.00 10.45

BMI 25–30 209 24 8.45 9.98 0.83 2.24 6.75 11.95

BMI ≥ 30 307 34 8.80 10.27 0.87 1.85 7.95 15.05

Non-T2DM 329 14 7.31 9.98 0.41 1.95 6.75 11.95

T2DM 257 46 8.76 10.36 0.91 2.18 7.75 16.40

AST < 40 324 19 8.45 9.91 0.74 1.79 7.35 12.25

AST ≥ 40 262 39 8.79 10.36 1.06 2.50 7.65 15.25

ALT < 45 199 23 8.53 10.01 0.75 1.94 6.95 13.05

ALT ≥ 45 387 31 8.66 10.15 0.90 2.08 7.35 14.35

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index; ELF, enhanced liver fibrosis; FIB-4, Fibrosis-4 Index; LSM, 
liver stiffness measurement; n, sample size; T2DM, type 2 diabetes.
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variables such as age, BMI and liver enzymes to emphasise the 
importance of a holistic understanding of diagnostic accuracy, 
acknowledging the variability in clinical factors. Nevertheless, 
we acknowledge some limitations. Sample size constraints, in-
complete data and missing values from some centres highlight 
the challenges of conducting multicentre studies. In particular, 
the availability of test results was influenced by logistical con-
straints, such as sample availability for blood-based markers 
and the capacity of local centres to perform FibroScan, limit-
ing complete data collection across all patients in the cohort. 
Additionally, the absence of centralised histological scoring of 
liver biopsies may introduce potential variability in diagnostic 
precision [32]. Limitations of liver biopsy in general, an imper-
fect reference standard, may also have led to bias in the esti-
mates of test accuracy [33, 34].

We also acknowledge the potential spectrum effect as the prev-
alence of F ≥ 3 was different in each subgroup evaluated in our 
analysis. However, the differences in the thresholds that were 
needed to achieve the pre-specified level of sensitivity and spec-
ificity cannot be caused by differences in prevalence of the tar-
get condition across subgroups, as the accuracy statistics are 
based on conditional distributions: sensitivity is based on the 
distribution of test results in those with the target condition 
and specificity on the distribution in those without. These re-
spective distributions differed somewhat across the respective 
subgroups.

While evaluating test performance we observed higher AUCs 
for all tests in older patients, especially patients between 45 and 
65 years, in comparison to younger ones. One study, conducted 

in healthy volunteers, identified age as an important determi-
nant of differences in ELF results, with higher reference values 
being observed in older age groups [20]. VCTE LSM is presumed 
to be an age-independent test that can be used in older patients 
[35]. Our results underlined this age-independency, as we ob-
served more comparable findings for VCTE LSM across age 
categories.

There are also other published studies that suggest variations 
of NIT accuracy in patients with different basic clinical char-
acteristics [36]. These were not always consistent in the con-
clusions drawn. One study suggested that NITs may be useful 
for identifying F ≥ 3 in patients with T2DM as well as patients 
without T2DM [37], while another study reported lower per-
formance of NITs in patients with T2DM [38]. This may be 
due, in part, to other differences between subgroups under 
evaluation.

A recent study suggested that variations in NIT results be-
tween patients with and without diabetes may be influenced 
by differences in other patient characteristics. In that analysis 
ELF was not included and research into the performance of 
the ELF test in patients with T2DM was recommended [39]. 
In our study, we observed similar AUCs for ELF in patients 
with and without diabetes, as well as comparable performance 
across BMI categories. This might imply that ELF can be used 
as a suitable NIT in patients with MASLD, regardless of BMI 
and diabetes status. This paper, however, has a focus on se-
quential diagnostic algorithms in patients with and without 
T2DM but they do not look at different age, BMI and liver en-
zymes [39].

TABLE 3    |    Thresholds to detect advanced fibrosis in different subgroups to achieve pre-defined predictive values.

ELF thresholds for FIB-4 thresholds for VCTE LSM thresholds for

Subgroups Prev% PPV 70% NPV 80% PPV 70% NPV 80% PPV 70% NPV 80%

Female 34 10.27 7.37 2.10 0.31 11.05 4.45

Male 25 10.15 6.33 3.77 0.32 18.70 4.45

Age 18–45 10 10.15 6.37 NA 0.32 17.65 5.95

Age 45–65 33 10.06 7.48 2.27 0.60 13.65 4.45

Age > 65 42 10.28 8.88 3.41 NA 12.25 4.90

BMI < 25 14 10.07 6.91 2.22 0.54 19.30 5.00

BMI 25–30 24 10.18 7.83 4.36 0.41 17.45 4.45

BMI ≥ 30 34 10.21 7.15 1.86 0.41 13.55 4.45

Non-T2DM 14 12.03 6.90 3.28 0.33 19.40 4.45

T2DM 46 9.71 8.08 1.82 0.51 10.65 5.05

AST < 40 19 10.77 6.96 5.47 0.41 16.95 4.45

AST ≥ 40 39 10.17 8.03 2.35 0.54 13.20 4.45

ALT < 45 23 10.80 7.10 2.37 0.53 14.35 5.95

ALT ≥ 45 31 10.16 6.37 2.84 0.36 15.45 4.45

Note: NA: no threshold was found corresponding the fixed predictive value.
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body max index; ELF, enhanced liver fibrosis; FIB-4, Fibrosis-4 Index; LSM, 
liver stiffness measurement; PPV, positive predictive value; Prev, prevalence; NPV, negative predictive value; T2DM, type 2 diabetes.
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In contrast to sensitivity and specificity, predictive values are 
affected by differences in prevalence. We therefore also anal-
ysed what thresholds would be able to rule in or rule out the 
disease. Our findings showed varying thresholds for each test in 
different subgroups to achieve desired predictive values. These 
differences are based both on the difference in prevalence and 
on the shift in the distribution of test results in participants with 
or without the target condition (Figure S1). As expected, lower 
thresholds were needed to achieve the desired PPV in patients 
with higher age, with diabetes and with obesity, where the prev-
alence of F ≥ 3 was higher. In overweight patients, however, 
higher thresholds were required to result in the same level of 
PPV, despite the higher prevalence of F ≥ 3, compared to patients 
with normal BMI. These findings highlight that a single pre-
defined threshold of a test would not result in similar predictive 
values in patients that differ in basic clinical characteristics.

As age is included as one of the components of the FIB-4 al-
gorithm, we observed higher FIB-4 scores in elderly patients, 
and consequently, higher thresholds were needed to rule out 
F ≥ 3. Some studies proposed adapting a different threshold of 
FIB-4 in older patients that could reduce the need for unnec-
essary biopsies and inappropriate referrals [19]. However, these 
age-specific thresholds should be used cautiously as evidence 
shows that they may result in a considerable concomitant de-
crease in sensitivity for the diagnosis of F ≥ 3 in older patients 
[40]. Therefore, current guidelines suggest using FIB-4 as a first 
test with the same threshold in all patients and then confirming 
with an age-independent test [35].

Guidelines suggest NITs to differentiate low and high-risk pa-
tients for F ≥ 3 [5, 6, 28], but currently overlook variations in 
basic clinical or demographic characteristics. The thresholds 
identified in this study are reported to illustrate the implica-
tions of considering clinical and demographic characteristics. 
However, they were not independently validated, and each con-
siders only a single variable at a time. Sample size limitations 
prevented us from performing multivariable analyses. New 
and larger studies, such as the one currently performed by the 
LITMUS consortium, are anticipated to provide the necessary 
data for identifying multivariable thresholds that consider mul-
tiple characteristics simultaneously and validate these in an in-
dependent dataset.

5   |   Conclusion

In conclusion, this study highlights the importance of under-
standing diagnostic accuracy across diverse patient groups 
with MASLD. While the performance of FIB-4, ELF and VCTE 
LSM in detecting advanced liver fibrosis in our MASLD pa-
tients did not vary substantially by age, sex, BMI and presence 
of T2DM, different thresholds were needed to achieve the same 
sensitivity, specificity and predictive values across clinical 
subgroups. This highlights the fact that the accuracy of NITs 
can vary in specific demographic groups and can be optimised 
by using adjusted thresholds. Clinicians should keep this in 
mind when using NITs in clinical practice, where different 
positivity thresholds are required, depending on basic patient 
characteristics.
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