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among the target population for screening is lacking.

Aproach and Results: Among the meta-cohort (Rotterdam Study and
National Health and Nutrition Examination Survey) with metabolic dys-
function aged 18-80 years, 10 NITs were investigated. The diagnostic
accuracy for clinically relevant conditions [increased liver stiffness mea-
surement (LSM), at-risk metabolic dysfunction—associated steatohepatitis,
advanced fibrosis, or cirrhosis) was assessed. Subgroup analysis included
stratification by age group and diabetes/obesity status.
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We analysed 11,404 participants. Metabolic dysfunction—associated fibrosis
5 (MAF-5) obtained the highest AUC for increased LSM (>8 kPa: 0.80;
> 12 kPa: 0.87) and advanced fibrosis (AUC: 0.90). Fibrotic NASH index and
MAF-5 performed best for detecting metabolic dysfunction—associated
steatohepatitis (AUC: 0.93 and AUC: 0.92, p=ns) and SAFE for cirrhosis
(AUC: 0.92). To obtain 80% sensitivity for LSM > 8 kPa, the corresponding
MAF-5 cut-off resulted in fewer referrals (42%) compared to fibrosis-4 index
(77%) and higher specificity (62% vs. 24%); MAF-5 was also superior for
detection of LSM > 12 kPa and advanced fibrosis. Age-dependent scores
yielded lower sensitivity among younger individuals, for example, by referring
20% of the population with the highest NIT scores, the fibrosis-4 index,
steatosis-associated fibrosis estimator, NAFLD fibrosis score, FORNS, and
Hepamet fibrosis score yielded <10% sensitivity for LSM >8 kPa among
individuals aged 18-35 years, while fibrotic NASH index and MAF-5
obtained 40% and 71%.

Conclusions: Of the 10 investigated NITs, MAF-5 discriminated best be-
tween all conditions except cirrhosis, for which the steatosis-associated
fibrosis estimator yielded the highest accuracy. The performance of the
fibrosis-4 index was poor, implying that referral pathways for significant liver
disease in low-prevalence populations can be improved when more accurate
NITs such as MAF-5 are employed.

Keywords: epidemiology, external validation, fibrosis risk prediction,

INTRODUCTION

The American Association for the Study of Liver Diseases
(AASLD), the European Association for the Study of the
Liver (EASL), and the American Gastroenterological
Association (AGA) recommend referral pathways that
aim at detecting F2—F4 fibrosis among individuals who
are suspected to live with steatotic liver disease (SLD),
and/or have cardiometabolic risk factors.['-3! Depending
on the guideline, this varies between the presence of
diabetes mellitus (DM) or obesity (with or without other
traits of metabolic syndrome) to less severe metabolic
dysfunction phenotypes such as isolated dyslipidaemia
or hypertension. In the United States, up to 80% of the
general population aged 18-80 years meet the most
lenient criteria and are therefore potentially eligible for
liver disease screening.*®l This has led to concerns
about the feasibility of implementing referral
pathways.5>71 The recent introduction of resmetirom as
an FDA (Food and Drug Administration)-approved
pharmacotherapy for fibrotic metabolic dysfunction—
associated steatohepatitis (MASH) has made this imple-
mentation even more pertinent.®! Indeed, the recent
EASL guideline lists research into the performance of

general population, MASLD, screening, SLD

non-invasive tests (NITs) in lower-prevalence settings as
a key agenda topic.B!

The fibrosis-4 index (FIB-4) is the initial screening
tool recommended by these guidelines. Further assess-
ment is required with liver stiffness measurement (LSM)
or enhanced liver fibrosis (ELF) test in case the FIB-4
exceeds the threshold of 1.3 or (depending on the
guideline) 2.0 among individuals aged >65 years.
Since the introduction of FIB-4, several other promising
tests have been published that may perform better in a
low-prevalence setting.-'8 These tests may be more
suited for the intended referral pathways for fibrotic
metabolic dysfunction—associated steatotic liver dis-
ease (MASLD), as FIB-4-based pathways are either
associated with high referral rates or underestimation of
fibrosis prevalence.l>'9 Although some studies have
singularly compared FIB-4 to the NAFLD fibrosis score
(NFS), LiverRisk score (LRS), steatosis-associated
fibrosis estimator (SAFE), or metabolic dysfunction—
associated fibrosis-5 (MAF-5) in a general population
setting, a more comprehensive direct comparison of
these and other NITs in a single large meta-study
among the target population for screening is not yet
available.[®12:20.21]
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Here, we therefore directly compare 10 NITs for
ruling in and/or ruling out the risk of an increased LSM,
at-risk MASH, advanced fibrosis, and cirrhosis in 2
general population cohorts with metabolic dysfunction.

METHODS

This study comprises a pooled cross-sectional analysis
of 2 independent general population cohorts in the
Netherlands and the United States.

The first cohort is the Rotterdam Study, which was
designed to investigate health and healthy ageing in a
general population setting in the Netherlands. For this
specific study, we used data that was collected between
2009-2014 and 2016— 2020. Briefly, data were col-
lected on individuals’ health, and the examination
included, among others, laboratory testing, abdominal
ultrasound, and transient elastography. More details on
the rationale of the Rotterdam Study, its design, and
recent publications are described elsewhere.22]

The second cohort is the National Health and
Nutrition Examination Survey (NHANES) 2017-2020
cohort. NHANES aimed to investigate health and
nutritional status in the United States through inter-
views, physical examinations, and extensive clinical
measurements and tests performed by trained research
assistants. These tests include, among others, vibra-
tion-controlled transient elastography to assess LSM.
Details on procedures and the rationale of the NHANES
are published elsewhere.2324 Data are publicly avail-
able from the NHANES database (https://www.cdc.gov/
nchs/nhanes/index.htm).

For this study, we aimed to reflect the target
population of the current referral pathways. We there-
fore included only participants with at least one of the
metabolic dysfunction criteria (eg, overweight, hyper-
tension, dyslipidaemia, abdominal obesity, (pre)diabe-
tes) as outlined in the SLD consensus statement.[25 We
excluded participants who had incomplete data on AST,
ALT, and platelets, as these were the most common
laboratory parameters included in NITs. Additionally, we
excluded participants with heart failure (based on
interview data), which is known to falsely elevate LSM
in a general population setting.[2¢!

Endpoints

The endpoints for this study included the presence of
clinically relevant (significant) liver fibrosis (significant
refers to fibrosis stage F2 or above), at-risk MASH (ie,
MASH with a NAFLD activity score of >4 and fibrosis
stage >F2), advanced fibrosis (ie, >F3) and
cirrhosis.27:28] As this is a population-based study,
these endpoints are based on liver stiffness measure-
ments and liver stiffness-based scores, as liver

biopsies in this setting are neither available nor
feasible.

Elevated LSM (with 2 thresholds: >8.0 kPa or
>12.0 kPa) was used as a surrogate marker of clinically
relevant (significant) liver fibrosis.l2% At-risk MASH was
based on FibroScan AST (FAST) score >0.35.[30
Finally, advanced fibrosis and cirrhosis were based on
Agile 3+ >0.679 and Agile 4 >0.565.%" Formulas are
available in the Supplemental Methods, http://links.lww.
com/HEP/J791.

LSM was obtained through transient elastography
using the FibroScan device equipped with both the M
and XL probes (FibroScans). Participants were
instructed to fast for at least 3 hours before the
assessment. Measurements were considered reliable
if at least 10 measurements were obtained with an IQR
<30% in case LSM >7.0 kPa. Additional details about
the procedures are described previously.22:32:331 Con-
trolled attenuation parameter (CAP) was simultaneously
assessed in the Rotterdam Study since 2016 and in the
NHANES.

Non-invasive tests

The NITs that were selected to investigate were AST to
platelet ratio (APRI), Cirrhosis Outcome Risk Estimator
(CORE), FIB-4, fibrotic NASH index (FNI), FORNS,
Hepamet fibrosis score (HFS), LRS, MAF-5, NFS, and
SAFE."*-"81 Dye to a lack of data on albumin, globulin, and
HbA1c, the HFS, FNI, NFS, and SAFE scores could not
be calculated in the Rotterdam Study. All the aforemen-
tioned NITs could be calculated in the NHANES. We
calculated the investigated NITs according to their
formulas provided in the Supplemental Methods, http://
links.lww.com/HEP/J791, or used online calculators
when the exact formula has not been published.

Statistical analysis

Data from the Rotterdam Study and the NHANES were
pooled, and AUC analysis was performed on detecting
increased LSM (>8 and >12 kPa), at-risk MASH,
advanced fibrosis, and cirrhosis for the 10 investigated
NITs. NITs were compared with the best-performing test
for each outcome to assess whether they were equal or
inferior in performance by using the DeLong test.l** Here,
we particularly focused on the AUC of a test as an overall
performance estimate, as the AUC of a test is indepen-
dent of specific cut-offs. Of note, participant selection
corresponded with the criteria for screening for liver health
according to the AASLD or AGA guidelines: individuals
with metabolic dysfunction. In a sensitivity analysis, we
focused on the following subgroups: individuals aged
18-35 years, 35-65 years, 65-80 years, participants with
obesity, and participants with DM. The final 2 groups,
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individuals with diabetes or obesity, reflected the target
population for screening by the 2024 EASL guideline on
MASLD.BI

Next, we investigated the proportion of the population
that required referral for further workup at the cut-off of
the NIT to obtain at least 80% sensitivity for the detection
of increased LSM (>8 and >12 kPa) at-risk MASH,
advanced fibrosis, and cirrhosis. Additionally, we
reported the test characteristics [sensitivity, specificity,
positive predictive value (PPV), negative predictive value
(NPV), diagnostic odds ratio (DOR)] at the cut-off that
corresponded with 80% sensitivity to allow for a fair
comparison (as not all investigated tests were designed
to detect the investigated outcomes). For liver disease
screening purposes, there is currently no formal accept-
able sensitivity threshold published. Therefore, we aimed
for sensitivity thresholds that are similar to those used in
current colon cancer screening programs.® Higher
sensitivity thresholds would lead to undesirable high
referral rates with corresponding lower PPV. Of note, the
PPV and NPV were calculated based on the back-
ground-prevalence independent sensitivity and specific-
ity, together with the prevalence of the entire cohort,
rather than the subset in which the specific test was
available, allowing for a fair comparison.[¢l

In an additional sensitivity analysis, the yield of the
individual NIT was evaluated in a scenario where 20%
of the at-risk population would be referred. The 20%
was chosen taking into account the background
prevalence of increased LSM, test characteristics in a
general population setting, and the workload for already
strained healthcare systems. The corresponding sensi-
tivity, specificity, PPV, NPV, and DOR were calculated.

Ethics

Participants of the Rotterdam Study and NHANES
2017-2020 provided informed consent. This study was
conducted according to the principles outlined in the
Declaration of Helsinki and Istanbul.

RESULTS

We included 13,454 participants from the Rotterdam
Study and NHANES 2017-2020, who had data avail-
able on LSM. We excluded 642 participants for lacking
basic laboratory data, 1.168 participants for not being
the target population of screening due to the absence of
metabolic dysfunction, and 240 for having potentially
unreliable LSM due to prevalent heart failure, leaving
11,404 participants for analysis (Supplemental Figure
S1, http:/llinks.lww.com/HEP/J792). In general, 48.8%
were male, 12.8% (n=1464) were aged 18-35 years,
52.6% (n=5999) were 35-65 years, and 34.6% (3941)
were 65-80 years. LSM >8 kPa was present in 7.7%,

LSM >12 kPa in 2.2%, atrisk MASH in 6.8%,
advanced fibrosis in 4.3%, and cirrhosis in 0.6%.
Baseline characteristics per cohort are presented in
Table 1 and events per subgroup in Supplemental
Table S1, http://links.lww.com/HEP/J793.

NIT performance in the general population

The discriminative value of NITs for increased LSM, at-
risk MASH, advanced fibrosis, and cirrhosis is pre-
sented in Figure 1 and Supplemental Table S2, http://
links.lww.com/HEP/J793. In general, the investigated
tests were more accurate when used to assess the risk
of more severe disease. The MAF-5 yielded the highest
AUC to detect LSM >8 kPa (AUC: 0.80), LSM
>12 kPa (AUC: 0.87), and advanced fibrosis (AUC:
0.90), followed by SAFE (AUC: 0.74, 0.79, and 0.89,
respectively) and LRS (AUC: 0.721, 0.771, and 0.873,
respectively). Of note, the SAFE did not differ signifi-
cantly (using the DelLong test) from MAF-5 in the
detection of advanced fibrosis but had significantly
lower AUC for increased liver stiffness. The FNI (AUC:
0.93) and MAF-5 (AUC: 0.92) did not differ significantly
in the detection of at-risk MASH, while the other NITs
yielded inferior performances. Finally, cirrhosis was
best detected by the SAFE (AUC: 0.92) and NFS (AUC:
0.91). Important to note is that the FIB-4, the currently
recommended screening test, could only accurately
assess the presence of cirrhosis (AUC: 0.87, present in
0.6% of the general population) and performed subs-
tantially poorer for earlier stages (AUC: 0.58-0.72).
Supplemental Table S3, http:/links.lww.com/HEP/J793,
shows the AUC levels per subgroup for NHANES and
the Rotterdam Study separately. In the Rotterdam
Study, we observed that MAF-5, together with LRS,
was among the best-performing tests. The results in the
NHANES cohort did not change substantially.

Test characteristics to obtain at least 80%
sensitivity and corresponding referral rates

To obtain 80% sensitivity, the corresponding referral
rate to detect LSM >8 kPa ranged between 42% (for
the MAF-5) and 77% (for the FIB-4) and decreased with
more severe liver disease (Figure 2). The MAF-5 also
required the lowest number of referrals to obtain 80%
sensitivity for LSM >12 kPa (23%) and advanced
fibrosis (18%), whereas the FNI required the lowest
number of referrals to detect 80% of at-risk MASH
(15%) and SAFE for cirrhosis (8%). The corresponding
cut-offs, specificity, PPV, NPV, and DOR are provided
in Supplemental Table S2, http://links.lww.com/HEP/
J793. It was observed that for a sensitivity of 80%, the
MAF-5 had the highest specificity and DOR compared
to all other NITs, ranging from 62% to 87% for the
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TABLE 1 Participants’ characteristics
Variable All, n=11.404

NHANES, n=6.375 Rotterdam, n =5.029

Demographics
Age (y) 59 [46, 68]
Male 5441 (47.7)
Physical examination
Waist circumference (cm)

Male 101 (13)
Female 95 (15)
BMI (kg/m?) 29.1 (6.0)
Comorbidity
Obesity 3956 (34.8)
Diabetes mellitus 1846 (16.2)
Biochemistry
AST (U/L) 21 [18, 26]
ALT (U/L) 19 [14, 27]
GGT 32 (40)
Platelets 255 (65)
Non-invasive tests
APRI 0.22 (0.20)
CORE 0.003 (0.017)
FIB-4 1.23 (0.81)
FNI 0.12 (0.16)
FORNS -1.04 (1.63)
HFS 0.10 (0.14)
LRS 5.36 (1.44)
MAF-5 -0.45 (2.01)
NFS -1.20 (1.60)
SAFE 0.79 (98.67)
Outcomes
LSM >8 kPa 881 (7.7)
LSM >12 kPa 252 (2.2)
At-risk MASH? 503 (6.8)
Advanced fibrosis® 500 (4.4)
Cirrhosis® 64 (0.6)

52 [36, 64] 65 [56, 70]
3108 (48.8) 2333 (46.4)
103 (15) 99 (10)
100 (16) 89 (11)
30.4 (6.9) 27.5 (3.9)
2821 (44.5) 1135 (22.6)
1239 (19.4) 607 (12.1)
19 [16, 24] 24 [20, 28]
18 [13, 26] 20 [16, 27]
32 (41) 32 (39)
248 (66) 263 (62)
0.22 (0.22) 0.23 (0.16)
0.003 (0.017) 0.004 (0.016)
1.09 (0.89) 1.41 (0.64)

0.12 (0.16) —
-1.42 (1.89) -0.55 (1.05)
0.10 (0.14) —
5.35 (1.52) 5.38 (1.33)
-0.24 (2.23) -0.72 (1.66)
-1.20 (1.60) —
0.79 (98.67) —
659 (10.3) 222 (4.4)
219 (3.4) 33 (0.7)
461 (7.2) 42 (4.1)
399 (6.3) 101 (2.0)
58 (0.9) 6 (0.1)

Note: Data are presented as mean (SD), median [P25-P75], or n and percentage.

aAt-risk MASH was based on FAST >0.35, advanced fibrosis on Agile 3+ >0.679, and cirrhosis on Agile 4 >0.565.
Abbreviations: APRI, AST platelet ratio; BMI, body mass index; CORE, cirrhosis outcome risk estimator; DOR, diagnostic odds ratio; FIB-4, fibrosis-4 index; FNI,
fibrotic NASH index; HFS, Hepamet fibrosis core; LRS, LiverRisk score; LSM, liver stiffness measurement; MAF-5, metabolic dysfunction—associated fibrosis score-5;

NFS, NAFLD fibrosis score; SAFE, steatosis-associated fibrosis estimator.

diagnosis of LSM >8 kPa, LSM >12 kPa, and
advanced fibrosis.

Diagnostic yield of NITs when referring
20% of the at-risk population

Next, simulating a scenario in which 20% of the target
population would be referred by selecting a cut-off
corresponding with the 80th percentile, the MAF-5
obtained the highest sensitivity for LSM >8 kPa, LSM
> 12 kPa, at-risk MASH, and advanced fibrosis, ranging

from 63% for LSM >8 kPa to 89% for at-risk MASH.
The NFS obtained the highest sensitivity at the 80th
percentile cut-off for cirrhosis with 88% (Figure 3). The
corresponding cut-offs, sensitivity, specificity, NPV,
PPV, and DOR are provided in Supplemental Table
S4, http://links.lww.com/HEP/J793.

NIT performance among subgroups

The AUC of NITs across subgroups was consistent and
typically did not differ > 10% within each NIT, compared

© 2025 American Association for the Study of Liver Diseases. Published by Wolters Kluwer Health, Inc. Unauthorized reproduction of this article prohibited.
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LSM 2 8 kPa LSM 2 12 kPa At-risk MASH Advanced fibrosis Cirrhosis
FAST 20.35 Agile 3+ 20.679 Agile 4 2 0.565
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FIGURE 1 AUC per NIT for the detection of increased liver stiffness, at-risk MASH, advanced fibrosis, and cirrhosis in the target population for

screening. A comparison of 10 NITs among 11,404 individuals with 881, 252, 503, 500, and 64 cases for LSM >8 kPa, LSM > 12 kPa, at-risk
MASH, advanced fibrosis, and cirrhosis, respectively. HFS, FNI, NFS, and SAFE were based on 6,375 participants, with 659, 219, 461, 399, and
58 cases for LSM >8 kPa, LSM > 12 kPa, at-risk MASH, advanced fibrosis, and cirrhosis, respectively. *Non-inferior compared to the best-

performing test based on the Delong test. Abbreviations: APRI, AST platelet ratio; CORE, cirrhosis outcomes risk estimator; DOR, diagnostic
odds ratio; FIB-4, fibrosis-4 index; FNI, fibrotic NASH index; HFS, Hepamet fibrosis core; LRS, LiverRisk score; LSM, liver stiffness measurement;
MAF-5, metabolic dysfunction—associated fibrosis score-5; MASH, metabolic dysfunction—associated steatohepatitis; NIT, non-invasive test; NFS,

NAFLD fibrosis score; SAFE, steatosis-associated fibrosis estimator.

to the complete cohort for increased liver stiffness
(Figure 4). However, the AUC of tests including
(markers of) DM in their algorithm dropped >10% for
advanced fibrosis (eg, the FNI, HFS, LRS, and MAF-5)
in subgroups with DM.

The yield when the NIT cut-off was set at the 80th
percentile (reflecting a scenario referring to 20% of the
at-risk population) revealed more substantial differ-
ences in obtained sensitivity across subgroups (Sup-
plemental Figure S2, http:/links.lww.com/HEP/J792).
The NITs that include age in their algorithm (FIB-4, LRS,
SAFE, NFS, CORE, FORNS, HFS) did not exceed 30%
sensitivity for the detection of LSM >8 kPa and LSM
>12 kPa among individuals aged 18-35 years,
whereas the sensitivity increased among individuals
aged 65-80 years. Differences were less evident when
focusing on individuals with obesity or DM. Scores that
include (markers of) DM, such as FNI, LRS, and MAF-5,
yielded higher sensitivity among individuals with DM
when compared to the overall population.

DISCUSSION

We investigated the discriminative value of 10 NITs in
the risk stratification of increased LSM, at-risk MASH,
advanced fibrosis, and cirrhosis in the target population
for screening in a population-based meta-cohort.

Screening for clinically relevant (significant) fibrosis
and at-risk MASH is important because of the associ-
ated long-term reduced prognosis, to educate patients,
to prevent prognosis to (pre)cirrhosis and to identify the
target population for treatment and clinical trials.!>371 In
this comprehensive study, the MAF-5 was the best-
performing NIT for this purpose based on the following
targets: LSM >8 kPa, LSM >12 kPa, at-risk MASH
(similar to FNI), and advanced fibrosis (similar to
SAFE). The FNI and SAFE, however, were significantly
inferior for all but 1 or 2 diagnostic criteria. Hence, the
MAF-5 could be a universal first-line test with consistent
accuracy across relevant subgroups (age groups, BMI,
and DM). The SAFE, and not MAF-5, was the best test
for diagnosis (or exclusion) of cirrhosis, which is,
however, not the primary target condition in screening
strategies.

In the last decade, several promising tests have been
developed that may be useful in screening algorithms
instead of the FIB-4, which is currently endorsed by the
EASL, AASLD, and AGA as a first-line screening
tool.®-8] Most tests, including the FIB-4, are not
designed for early liver disease but for advanced liver
disease in a high-prevalence hospital-based population,
drastically affecting their discriminative value in the target
population for screening: the general population with
cardiometabolic dysfunction. Indeed, we have shown in
this study that the FIB-4 is not able to accurately
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FIGURE 4 AUC per NIT for the detection of increased liver stiffness, at-risk MASH, advanced fibrosis, and cirrhosis in the target population for
screening and subgroups. The AUC per NIT for the detection of increased liver stiffness and at-risk MASH, advanced fibrosis, and cirrhosis in the
target population for screening and subgroups. The population comprised 11,404 individuals with 881, 252, 503, 500, and 64 cases for LSM
>8 kPa, LSM > 12 kPa, at-risk MASH, advanced fibrosis, and cirrhosis, respectively. HFS, FNI, NFS, and SAFE were based on 6375 participants,
with 659, 219, 461, 399, and 58 cases for LSM >8 kPa, LSM > 12 kPa, at-risk MASH, advanced fibrosis, and cirrhosis, respectively. Abbre-
viations: APRI, AST platelet ratio; CORE, cirrhosis outcomes risk estimator; DOR, diagnostic odds ratio; FIB-4, fibrosis-4 index; FNI, fibrotic NASH
index; HFS, Hepamet fibrosis core; LRS, LiverRisk Score; LSM, liver stiffness measurement; MAF-5, metabolic dysfunction—associated fibrosis
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discriminate the presence of early clinically relevant liver
disease (such as LSM >8 kPa, LSM > 12 kPa or at-risk
MASH) and only has a good diagnostic value for the
presence of cirrhosis, a stage of disease that is ideally
prevented and not the target of screening strategies.
These findings align with the recent recommendation to
not use the FIB-4 for patient identification for clinical trials
on MASH due to poor performance.*8! Our study
indicates that the identification of patients who are
eligible for treatment or can partake in clinical trials can
be improved by using other NITs.

The AUC of NITs is independent of the cut-offs used.
Therefore, we primarily focused on the AUC of the
investigated NITs. Similarly, we deliberately did not
investigate the NIT performance (NPV, PPV, sensitivity,
specificity, and DOR) at the provided cut-offs in the
original publications, to overcome issues with poor
performance in low-prevalence populations (especially
for those scores that were developed in high-preva-
lence populations, such as tertiary care biopsy cohorts).
Moreover, the investigated NITs were not uniform in
their original diagnostic purpose (eg, detection of F > 2,
F >3, or MASH). However, NITs are commonly applied
beyond their intended use (eg, FIB-4 was originally
developed for the detection of F3—F4 in patients with
HIV and HCV).[3940] |nstead of the provided cut-offs, we
simulated the consequences of adopting the investi-
gated NITs in a screening program that aims to detect
80% of the cases, aligning the sensitivity of the occult
blood tests used for colon cancer screening.[3

Additionally, taking into account the background prev-
alence, we investigated the yield of referring 20% of the
population based on individual NITs. Finally, while the
NPV is an important marker of NIT performance, it is
less suitable for low-prevalence conditions, and we
therefore used the DOR (which is background preva-
lence independent) in addition to the NPV.[41]

The MAF-5 was the most suited test to detect LSM
>8 kPa, LSM >12 kPa, and advanced fibrosis in the
target population for screening, based on AUC. Addi-
tionally, it obtained the highest AUC for at-risk MASH,
together with the FNI (AUC: 0.92 and 0.93, respectively,
p=ns). Regarding the detection of cirrhosis, the SAFE
score had the highest AUC. This indicates that referral
pathways may be improved by using the MAF-5, FNI,
and/or SAFE for the detection of early but clinically
relevant, as well as more advanced liver disease.

Consistent with the AUC analysis, the MAF-5
required the lowest number of participants to be referred
for further workup to maintain 80% sensitivity to detect
LSM >8 kPa, LSM >12 kPa, and advanced fibrosis,
the FNI for atrisk MASH, and the SAFE score for
cirrhosis. The PPV for these tests ranged between 6%
and 15%, which at first glance seems low; however,
they are similar when compared to the diagnostic yield
of colon cancer screening, which requires more
invasive follow-up tests.*2 Similarly, the yield of
referring participants > 80th percentile was highest for
the MAF-5 in the detection of LSM >8 kPa, LSM
> 12 kPa, at-risk MASH, and advanced fibrosis.
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Although the AUC across age subgroups and
individuals with DM or obesity is quite consistent
compared to the overall population, the yield with a
single cut-off for all subgroups differed substantially.
With a cut-off at the 80th percentile of the NIT in the
overall group, the sensitivity for detection of LSM
> 8 kPa dropped to <10% for age-dependent scores
such as FIB-4, SAFE, NFS, FORNS, and HFS among
individuals aged 18-35 years old, making these tests
unsuitable for mono-cut-off screening strategies. These
findings align with previously identified concerns with
age-dependent NITs.#643 The MAF-5 and FNI were
the age-independent tests obtaining the best perform-
ance in the population aged 18-35 years with metabolic
dysfunction, with the MAF-5 being better at detecting
increased LSM while being equal in the detection of at-
risk MASH. Liver disease among individuals aged
18-35 years should not be neglected, and although
cirrhosis was rare, LSM > 8 kPa and at-risk MASH were
present in 5.9% and 6.2%, respectively, illustrating the
magnitude of the problem of liver disease even among
young individuals. Age-independent tests like MAF-5
and FNI are therefore superior for case finding among
young individuals compared to FIB-4, while not intro-
ducing additional complexity of screening strategies
due to age-dependent cut-offs.

Based on the NPV, one could argue that all
investigated tests have adequate performance. How-
ever, the worst obtainable NPV is 1 minus background
prevalence, which translates to 0.933 for LSM > 8 kPa
up to 0.994 for cirrhosis in this study. Hence, especially
for low-prevalence conditions, the DOR can be consid-
ered a better parameter to assess test performance.
The DOR is the ratio between the odds of having the
outcome among those being ruled in, compared to
those ruled out.*"! This parameter underscores again
the poor performance of the FIB-4 (DOR 1.25 for LSM
>8 kPa) compared to other NITs, for example, the
MAF-5, SAFE, FNI, and LRS (DOR 6.45, 4.35, 3.68,
and 3.47, respectively).

This comprehensive comparison of NITs is important
to improve referral pathways that aim at risk-stratifying
for early but clinically relevant liver disease in low-
prevalence populations, as well as case findings for
clinical trials and eligibility for pharmaceutical treatment.
The currently recommended test, the FIB-4, was
consistently among the worst-performing NITs across
every outcome: increased LSM and MASH, advanced
fibrosis, and cirrhosis. These findings indicate that
replacing the FIB-4 with, for example, the MAF-5, FNI,
or SAFE (depending on the aim of the referral pathway)
substantially improves the accuracy of these pathways.
The prevalence of advanced liver disease among
participants being ruled out will be lower, and the
overall yield of the referral pathway will consequently
increase. Although screening with FIB-4 was already
shown to be cost-effective, implementing a more

accurate (and not more costly) test will result in an
even more cost-effective program and should be
considered for guideline updates.**! The potential of
further improving screening strategies by employing
sequential NIT testing, utilizing the strength of multiple
individual tests, should be evaluated by future studies.

Switching from FIB-4 to other scores, such as MAF-
5, may result in a more complex initial test since these
are not solely lab-based and require assessment of
waist circumference (WC). However, there is an
ongoing transition from BMI to WC in obesity diagnosis
and in cardiovascular risk management.[*546] Therefore,
WC which is an easily obtainable should be widely
available in the future.[*546! Although a simple initial test
is important, preventing unnecessary referrals might be
even more essential to (1) prevent flooding of already
strained healthcare systems, (2) to keep referring
healthcare professionals engaged, and (3) also to
prevent unnecessary patient distress associated with
a false positive test.

Limitations

Despite this comprehensive comparison of 10 NITs in
the target population for screening, the following
limitations need to be considered. First, due to a lack
of data on albumin, globulin, and HbA1c, the HFS, FNI,
NFS, and SAFE could not be calculated in the
Rotterdam Study. To account for differences in back-
ground prevalence, the PPV and NPV were, however,
adjusted to be applicable to the overall background
prevalence.®8l Second, NITs including very specific
parameters such as the NIS2+, MACK-3, or ELF that
include, for example, TIMP-1, CK18, miR-34a-5p, and/
or YKL-40, were not investigated in this study, nor were
scores that included liver stiffness.3847] These tests,
although promising, are unlikely to be performed in a
low-prevalence setting in primary care and are more
suited as second-line tests like the ELF test, which is
already positioned as such in the guidelines.l¥! Third,
this study did not include liver biopsy data and
outcomes were based on liver stiffness (which itself is
a crucial step in the referral pathways) or liver stiffness-
based scores with good diagnostic accuracy in the
external validation cohorts like FAST (sensitivity 92%,
specificity 49%), Agile 3+ (sensitivity 61%, specificity
87%—90%) and Agile 4 (sensitivity 44%—55%, speci-
ficity 97%).3%31 The either poor specificity (for at-risk
MASH) or poor sensitivity (Agile 3+ and Agile 4) may
have resulted in misclassification. Fourth, the MAF-5
has been developed in the NHANES 2017-2020 cohort
on LSM >8 kPa and may therefore benefit in this
specific comparison. However, also for other endpoints
(LSM >12 kPa, at-risk MASH, advanced fibrosis, and
cirrhosis), MAF-5 was consistently among the best-
performing tests. Moreover, in a cohort-specific
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comparison, the MAF-5 was among the best-performing
tests supporting the main findings. Finally, there was no
data on confirmation of the diagnosis of (advanced) liver
fibrosis, which would be ideal for assessing the potential
of NITs in the population-based setting further. This
would require an extensive and large-scale study which
would logistically and ethically not be feasible.

CONCLUSIONS

We demonstrated that the currently recommended test
for screening, the FIB-4, was among the poorest
performing NITs in this comprehensive comparison
study of 10 NITs in the target population of screening
programs. Instead, the MAF-5 was most suited for ruling
in and ruling out LSM >8 kPa, LSM >12 kPa,
advanced fibrosis, the FNI or MAF-5 for MASH, and
the SAFE for cirrhosis. Pathways for early but signifi-
cant liver disease in low-prevalence populations are
likely to become substantially more feasible by using
the MAF-5, FNI, or SAFE instead of FIB-4.
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