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Background. Cleavage products from collagen for-
mation and degradation hold potential as first-
line biomarkers for the risk of advanced fibrosis
in patients with metabolic dysfunction-associated
steatotic liver disease (MASLD). Here, we evaluated
the performance of PRO-C3, PRO-C6, C4M, PRO-
C18L, and the clinical score ADAPT (age, diabetes,
PRO-C3, and platelet count) to detect patients with
an LSM >8 kPa or >12 kPa in comparison to the
Fibrosis-4 Index (FIB-4).

Methods. Serum from patients with MASLD
(n = 269) from six Swedish University Hospitals
was analyzed using enzyme-linked immunosor-
bent assay-based methods. Liver stiffness mea-
surement (LSM) by vibration-controlled transient
elastography was performed. The area under the
curve (AUC), calibration curves, and net benefit
analysis were used.

Results. An LSM >8 kPa was found in 108 (40.1%)
patients. PRO-C3, PRO-C6, C4M, and PRO-C18L
had AUCs ranging from 0.48 to 0.62. ADAPT
had the highest AUC (0.73, 95% confidence inter-
val [CI] = 0.67-0.79) to detect patients >8 kPa,
compared to FIB-4 (0.71, (95%CI = 0.64-0.77,

p = 0.35), and had a higher net benefit com-
pared to FIB-4 from a probability threshold of 15%.
FIB-4 and ADAPT performed equally well to detect
patients with an LSM >12 kPa, AUC 0.76 versus
0.76, p = 0.93.

Conclusions. ADAPT seems to be marginally better
than FIB-4 in identifying patients with an LSM
>8 kPa. However, the clinical utility of ADAPT as
a first line test is uncertain, especially in low-risk
populations. The overall performance of FIB-4 was
similar to that of ADAPT in detecting patients with
an LSM of >12 kPa. Altogether, the results sug-
gest that ADAPT might be useful to detect earlier
stages of fibrosis in MASLD, but that FIB-4 remains
a first-line test for advanced fibrosis.
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Introduction

Metabolic dysfunction-associated steatotic liver
disease (MASLD) (previously nonalcoholic fatty
liver disease) is the most common liver disease
globally with an estimated prevalence of around
40% [1, 2], and encompasses a heterogeneous
spectrum of disease stages.

Fibrosis stage is the most reliable predictor of liver-
related outcomes [3]. Most clinical guidelines sug-
gest a two-step approach to identify patients out-
side of hepatology services with a high risk for
advanced liver fibrosis. The first step is a simple
noninvasive test such as the Fibrosis-4 Index (FIB-
4), [4]. Patients with values corresponding to inter-
mediate or high risk of advanced fibrosis should
undergo a second test, usually a liver stiffness
measurement (LSM) with vibration-controlled tran-
sient elastography (VCTE). Patients with VCTE val-
ues above 8 kPa are considered at a higher risk of
advanced fibrosis and are suggested to be referred
to hepatology services [4]. However, the first step in
this approach (FIB-4) lacks diagnostic accuracy [5].

Collagen cleavage products reflect fibrosis forma-
tion and degradation and may hold potential as
biomarkers for fibrosis. PRO-C3, a neo-epitope of
collagen III reflecting active fibrogenesis, can differ-
entiate significant (fibrosis stage >2) and advanced
(fibrosis stage >3) liver fibrosis from lower stages,
both alone and in conjunction with clinical scores
such as ADAPT (age, diabetes, PRO-C3, platelet
count) [6, 7]. Here, we assessed the performance of
collagen cleavage products compared to FIB-4 as
biomarkers for the detection of elevated liver stiff-
ness in patients with MASLD.

Material and methods
Study population

This cross-sectional study included patients with
MASLD from an ongoing prospective cohort study
from university hospitals in six regions in Sweden:
Stockholm, Linképing, Uppsala, Umea, Orebro,
and Gothenburg. Steatosis was diagnosed using
ultrasound, computed tomography, or magnetic
resonance imaging. Most patients were referred
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from primary care for routine evaluation of elevated
transaminases or incidental findings of hepatic
steatosis. Patients with other etiologies of steato-
sis, including potentially steatogenic medications
and a self-reported alcohol consumption exceeding
30 g per week in men and 20 g per week in women,
were excluded.

Variables

The primary analysis considered if collagen-based
biomarkers PRO-C3, PRO-C6, C4M, PRO-C18L, or
ADAPT outperformed FIB-4 in detecting a liver
stiffness >8 kPa. However, as most patients with
a VCTE measurement of >8 kPa do not have
advanced fibrosis, a secondary analysis was con-
sidered if the collagen-based biomarkers outper-
formed FIB-4 in detecting a liver stiffness of
>12 kPa.

All participants underwent LSM by VCTE after
fasting for a minimum of 3 h, using the M- or
XL-probe as appropriate. Measurements with an
LSM >7.1 kPa and an interquartile range (IQR) of
the median >30% were considered unreliable [8].
Blood samples were collected at the same visit as
VCTE or within 30 days of baseline.

Clinical parameters including height, weight, waist
and hip circumference, medications, alcohol con-
sumption, smoking status, and regular labora-
tory tests such as complete blood count, alanine
aminotransferase (ALT), aspartate aminotrans-
ferase (AST), albumin, fasting glucose, hemoglobin
Alc, and creatinine were collected. Type 2 diabetes
was defined as a formal diagnosis, a fasting glucose
>7.0 mmol/L, hemoglobin Alc >48 mmol/mol,
or use of any antidiabetic medication. Hyperten-
sion was defined as blood pressure of or above
140/90 mmHg, a formal diagnosis, or use of
an antihypertensive medication. Hyperlipidemia
was defined as triglycerides >2.0 mmol/L, total
cholesterol >5.2 mmol/L, low-density lipoprotein
>3.0 mmol/L, or use of a lipid-lowering med-
ication. Obesity was defined as a body mass
index >30 kg/m?. The ADAPT (age, diabetes, PRO-
C3, platelet count) and FIB-4 (AST, ALT, age,
platelet count) scores were calculated as previously
described [7, 9].

Measurements of PRO-C3, PRO-6, C4M, and PRO-C18L

Each biomarker was assessed using an enzyme-
linked immunosorbent assay at the Nordic Bio-
science laboratory, Herlev, Denmark [10].
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Statistical analysis

The data are presented as median values and IQR,
or as total numbers and percentages. Statistical
comparisons between groups were by the Mann-
Whitney U test or Chi’-test. The levels of each
biomarker were compared between patients using
two cut-offs: an LSM by VCTE <8 kPa and >8 kPa,
and patients with an LSM <12 kPa and >12 kPa.
Univariable logistic regression was performed for
each cut-off and biomarker, and the area under the
curve (AUC) was calculated. To illustrate the tests’
performance in correctly identifying the majority of
patients above the set cut-offs (8 or 12 kPa), we set
the sensitivity to 90% and calculated test charac-
teristics based on that level. We evaluated the cur-
rently suggested cut-offs 1.30 for FIB-4 and 4.45
for ADAPT [11], and as an explorative analysis, we
evaluated ADAPT as a second-line test in patients
with a FIB-4 >1.30, using a cut-off of 4.45.

We used logistic regression to calibrate the level
of FIB-4 or ADAPT to correspond with an absolute
risk (0%-100%) of an elevated liver stiffness of 8 or
12 kPa. We then assessed calibration of FIB-4 and
ADAPT and performed a decision curve analysis to
evaluate the net benefit of each model [12, 13]. To
compare the number of FIB-4 and ADAPT, respec-
tively, needed to avoid one unnecessary LSM by
VCTE, the opt-out test trade-offs were calculated at
different probability thresholds. It was calculated
as 2 /(NBiest1 — NBiesto), where p is the probabil-

1—
ity th?eshold and NBis the net benefit [13].

Ethical considerations

Ethical approval was obtained from the Swedish
Ethical Review Authority (dnr 2016/2137-31), and
patients provided written and oral consent.

RESULTS

We included 269 patients with MASLD (Fig. S1).
Baseline characteristics are presented in Table 1.
The median age was 55 years (43-64), and 50.3%
were male.

Evaluation of test characteristics at the >8 kPa cut-off

The prevalence of an LSM >8 kPa was 40.1%
(n = 108). PRO-C3 had the highest AUC among
the examined individual biomarkers at 0.62
(95% confidence interval [CI] = 0.55-0.69). The
other biomarkers showed comparatively lower
AUCs: PRO-C6 0.51 (95%CI = 0.43-0.58), C4M
0.56 (95%CI = 0.49-0.63), and PRO-C18L 0.48
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Fig. 1 Area under the curve (AUC) for PRO-C3, PRO-C6,
C4M, PRO-C18L, ADAPT (age, diabetes, PRO-C3, platelet
count), and the Fibrosis-4 Index (FIB-4), for detecting
patients with a liver stiffness measurement (LSM) >8 kPa
(a) and patients with an LSM > 12 kPa (b) in patients with
metabolic dysfunction-associated steatotic liver disease.

(95%CI = 0.41-0.55). The ADAPT score had an AUC
of 0.73 (95%CI = 0.67-0.79), which was numeri-
cally but not statistically significantly higher than
the FIB-4 AUC of 0.71 (95%CI = 0.64-0.77,
p = 0.35). AUCs for the examined biomarkers are
presented in Fig. la. When the cut-off of 1.3 for
FIB-4 was used, the sensitivity and specificity was
63% and 67% to detect an LSM >8 kPa. The PPV
and NPV were 56% and 73%, respectively. The sug-
gested cut-off of 4.45 for the ADAPT score had sen-
sitivity and specificity of 96% and 28%. The PPV
and NPV was 47% and 92%, respectively (Table
S1). The test characteristics of FIB-4 and ADAPT
using these cut-offs to detect patients with an LSM
>12 kPa are presented in Table S2.

When calculating the test characteristics at a sen-
sitivity of 90%, the ADAPT score demonstrated the
highest specificity (37%), followed by FIB-4 (30%).
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Table 1. Baseline characteristics in patients with metabolic dysfunction-associated steatotic liver disease (MASLD) and a
liver stiffness measurement (LSM) above, or equal to and below, 8 kPa.

LSM <8 kPa, n= 161

LSM >8 kPa, n= 108

(IQR or %) (IQR or %) p-Value
Male sex 76 (47%) 64 (59%) 0.052
Age (years) 53 (43-62) 59 (54-67) <0.001
BMI (kg/m?) 30 (27-34) 32 (29-39) 0.001
Waist circumference (cm) 105 (98-114) 112 (106-120) <0.001
Waist/Hip ratio 0.99 (0.94-1.04) 1.03 (0.96-1.07) 0.001
Smoking 0.938

Never 86 (53%) 60 (56%)

Past 62 (39%) 40 (37%)

Current 13 (8%) 8 (7%)

Diabetes type 2 54 (34%) 71 (66%) <0.001
Hypertension 94 (58%) 87 (81%) <0.001
Hyperlipidemia 132 (82%) 80 (74%) 0.119
AST (U/L) 34 (26-44) 47 (32-65) <0.001
ALT (U/L) 50 (30-80) 60 (43-88) 0.001
Albumin (g/L) 41 (38-44) 40 (38-43) 0.13
Platelets (x1079) 239 (205-282) 223 (182-265) 0.017
Creatinine (mmol/L) 72 (60-82) 73 (63-84) 0.28
Fasting glucose (mmol/L) 6.1 (5.7-7.0) 6.9 (6.1-8.2) <0.001
HbAlc (mmol/mol) 39 (35-44) 46 (38-56) <0.001
VCTE

LSM (kPa) 5.8 (5.0-6.7) 10.9 (9.3-14.6) <0.001

M-probe 95 (59%) 48 (44%)

XL-probe 61 (38%) 57 (53%)

CAP (dB/m) (n = 178) 314 (280-344) 337 (302-366) 0.002
PRO-C3 (ng/mL) 10.9 (8.8-14.6) 13.3 (10.1-19.0) 0.001
PRO-C6 (ng/mL) 12.1 (9.3-16.8) 12.7 (9.5-17.4) 0.76
C4M (ng/mlL) 204 (166-246) 218 (178-259) 0.094
PRO-C18L (ng/mL) 13.0 (9.0-19.4) 12.2 (8.8-18.2) 0.674
FIB-4 1.06 (0.70-1.43) 1.54 (1.03-2.13) <0.001
ADAPT 5.01 (4.40-5.98) 6.16 (5.27-7.48) <0.001

Abbreviations: AST, aspartate aminotransferase; ADAPT, (age, diabetes, PRO-C3, platelet count); ALT; alanine amino-
transferase; BMI; body mass index; CAP, controlled attenuation parameter; FIB-4, Fibrosis-4 Index; IQR, interquartile
range; LSM, liver stiffness measurement; VCTE, vibration-controlled transient elastography.

The PPV for ADAPT versus FIB-4 was 49% versus
46% and the NPV was 86% versus 83%, respec-
tively. Test characteristics for all biomarkers and
scores in detecting patients with an LSM >8 kPa
are presented in Table 2.

The decision curves showed that ADAPT had a
higher net benefit than FIB-4 or VCTE in everyone
across a threshold probability range of 15%-40%
(Fig. 2a). A probability threshold of 20% would, for
example, mean that we are willing to do five VCTE
to find one patient with an LSM >8 kPa. In our

cohort, this corresponded to a cut-off of 0.5 for FIB-
4 and 4.05 for ADAPT (Fig. 3). Using these cut-
offs, we would be doing a VCTE in 254 patients
using FIB-4 and 241 patients using ADAPT, where
they both would identify 106 of 108 patients with
an LSM >8 kPa. Translated into a clinical context,
this means that ADAPT could reduce the number
of unnecessary VCTEs used as a first-line test. The
opt-out test trade off at a probability threshold of
20% was 14 tests of ADAPT to avoid one unnec-
essary VCTE. Comparing ADAPT with FIB-4 at the
same threshold probability of 20%, the opt-out test
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Table 2. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and area under the curve
(AUC) in detecting patients with a liver stiffness measurement >8 kPa.

Cut-off Sensitivity (%) Specificity (%) PPV (%) NPV (%) AUC (95%CI)
PRO-C3 8.126 90 22 44 76 0.62 (0.55-0.69)
PRO-C6 7.66 90 8 40 52 0.51 (0.43-0.58)
c4am 152 90 19 43 74 0.56 (0.49-0.63)
PRO-C18L 4.888 90 10 40 59 0.48 (0.41-0.55)
FIB-4 0.7352 90 30 46 83 0.71 (0.64-0.77)
ADAPT 4.708 90 37 49 86 0.73 (0.67-0.79)

Abbreviations: ADAPT (age, diabetes, PRO-C3, platelet count); CI, confidence interval; FIB-4, fibrosis-4 index.
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_____ Net Benefit: FIB-4 Net Benefit: ADAPT Fig. 3 Predicted risk of a liver stiffness measurement
>8 kPa based on the level of Fibrosis-4 Index (FIB-4) (a)
Fig. 2 Decision curve comparing ADAPT (age, diabetes, anfi ADAPT (29?: gigb.etes, PRO-C3, platelet C‘?uﬂt) (b). Y-
PRO-C3, platelet count) and the Fibrosis-4 Index (FIB- axis is the predicted risk (0-1) based on a logistic regres-
4) in detecting patients with a liver stiffness measure- sion model. X-axis is the level of FIB-4 (a) or ADAPT (b).
ment (LSM) >8 kPa. (a) and patients with an LSM > 12 kPa The dashed lines are the 95% confidence interval. The ref-
(b). ‘Treat all’ corresponds to the strategy of classifying erence line is for a FIB-4 of 1.3 (a) and an ADAPT of 4.45
everyone with an LSM >8 kPa (a) or >12 kPa (b) using (b).

vibration-controlled transient elastography (VCTE), and
‘treat non’ corresponds to the strategy of not classifying
anyone as having advanced fibrosis. The y-axis displays
net benefit, and the x-axis displays threshold probability.
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Table 3. Sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and area under the curve
(AUC) in detecting patients with a liver stiffness measurement > 12 kPa.

Cut-off Sensitivity (%)  Specificity (%) PPV (%) NPV (%) AUC (95%CI)
PRO-C3 8.477 90 21 19 91 0.69 (0.60-0.78)
PRO-C6 7.868 90 10 17 82 0.53 (0.43-0.62)
c4am 152 90 17 18 88 0.58 (0.48-0.68)
PRO-C18L 4.788 90 9 17 81 0.48 (0.38-0.58)
FIB-4 1.01 90 41 23 95 0.76 (0.68-0.84)
ADAPT 4.647 90 25 20 93 0.76 (0.68-0.85)

Abbreviations: ADAPT (age, diabetes, PRO-C3, platelet count); CI, confidence interval; FIB-4, fibrosis-4 index.

trade off was 20 tests of ADAPT to avoid one addi-
tional unnecessary VCTE compared to 20 tests of
FIB-4. Calibration of FIB-4 and ADAPT to detect
and LSM >8 kPa is presented in Fig. S2.

Used as a potential second-line test following a FIB-
4 >1.30 (n = 134), an ADAPT score using the sug-
gested cut-off at 4.45, as an example, had a sensi-
tivity of 100% and a specificity of 11.1% to detect
an LSM >8 kPa.

Evaluation of test characteristics at the > 12 kPa cut-off

The prevalence of patients with and LSM >12 kPa
was 16.7% (n = 45), baseline characteristics in
patients with an LSM >12 kPa or <12 kPa are pre-
sented in Table S3.

Among the individual biomarkers, PRO-C3 had the
highest discriminatory ability to detect patients
with an LSM >12 kPa with an AUC of 0.69
(95%CI = 0.60-0.78) (Fig. 1b). The ADAPT
score and FIB-4 had almost equal AUCs, 0.76
(95%CI = 0.68-0.85) and 0.76 (95%CI = 0.68-
0.84), respectively (p = 0.93) (Fig. 1b). At a set sen-
sitivity of 90%, FIB-4 had the highest specificity of
41%, followed by ADAPT (25%). The PPV and NPV
at a sensitivity of 90% were 23% and 95% with
FIB-4 and 20% and 93% with ADAPT. Test char-
acteristics for all biomarkers and scores in detect-
ing patients with an LSM > 12 kPa are presented in
Table 3.

The decision curve analysis showed that ADAPT
had a higher net benefit compared to FIB-4 across
a threshold probability range of approximately
15%-25%, after which the net benefit was similar
between the two tests. Using a probability thresh-
old of 20% as an example, this corresponded to a
cut-off of 1.9 for FIB-4 and 6.70 for ADAPT (Figs.
2b and 4). Using these cut-offs, we would be doing

Risk of LSM >12 kPa
5
L

Risk of LSM >12 kPa
5
L

25
L

®)|

T T T T T T T T T T T T T T T
o 1 2 3 4 5 6 7 8 9 10 M1 12 13 14
Level of ADAPT

Fig. 4 Predicted risk of a liver stiffness measurement
> 12 kPa based on the level of fibrosis-4 index (FIB-4)
(a) and ADAPT (age, diabetes, PRO-C3, platelet count)
(ADAPT) (b). Y-axis is the predicted risk based on a logistic
regression model. X-axis is the level of FIB-4 (a) or ADAPT
(b). The dashed lines are the 95% confidence interval. The
reference line is for a FIB-4 of 1.3 (a) and an ADAPT of 4.45

(b).

a VCTE in 63 patients using FIB-4 and 66 using
ADAPT, identifying 23 and 27 patients with an LSM
>12 kPa, respectively. Translated into a clinical
context this means that if we are willing to do an
LSM by VCTE in five patients to find one with an
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LSM >12 kPa, 2 tests of ADAPT as a first-line test
can be used to avoid one unnecessary VCTE. Com-
paring ADAPT with FIB-4 at the same the threshold
probability of 20% the opt-out test trade off was 10
tests of ADAPT to avoid one additional unnecessary
VCTE compared to 10 tests of FIB-4. Calibration of
FIB-4 and ADAPT to detect and LSM >12 kPa is
presented in Fig. S3.

DISCUSSION

In this cross-sectional study of Swedish patients
with MASLD, the ADAPT score had the highest dis-
criminatory ability to detect patients with an LSM
>8 kPa with an AUC of 0.73. Among the individual
collagen cleavage products, PRO-C3 had the high-
est discriminative ability to detect both patients
with an LSM >8 kPa and >12 kPa. For the com-
posite scores, ADAPT had a higher specificity (37%)
than FIB-4 (30%) at a fixed sensitivity of 90%.
Translated into a clinical context, ADAPT and FIB-
4 would identify 9 of 10 patients with an LSM
>8 kPa as suggested by guidelines to be a reason-
able cut-off for further investigation by hepatolo-
gists, but the rate of false positives would be 63%
and 70%, respectively. However, using the FIB-4
cut-off of 1.3 in this cohort showed the caveats of
this test as a first-line test to exclude patients with
an LSM >8 kPa, with a high risk of both false neg-
atives and false positives.

Even though there was no statistically significant
difference between the discriminatory ability of
ADAPT and FIB-4 in detecting patients with an
LSM >8 kPa, the results from the calibration and
net benefit analysis suggest that ADAPT may be a
better option to use as a first-line test instead of
FIB-4. The opt-out test trade off suggested that 20
tests of ADAPT would avoid one additional unnec-
essary VCTE compared to 20 tests of FIB-4 if they
were to be used as first-line tests. This applies if
we are willing to do five VCTE to find one patient
with an LSM >8 kPa. The optimal threshold proba-
bility may differ depending on the clinical settings
with varying prevalence of advanced fibrosis in the
target population. For example, by using the sug-
gested cut-off of 1.3 for FIB-4 to detect an LSM
>8 kPa we indirectly base the number of VCTEs we
are willing to do to find one patient using that cut-
off. A more reasonable approach would be to decide
the number of VCTE we are willing to do based on
the clinical setting. The cut-off of the biomarker
would then be based on that, and a cut-off used in
one situation may not be suitable in another set-

ting. Other aspects, such as cost-effectiveness and
availability of noninvasive tests and VCTE, must
also be taken into consideration when the clinical
utility of a test is evaluated. ADAPT and PRO-C3
are currently not commercially available, and the
potential cost of ADAPT and PRO-C3 in commer-
cial use is currently unknown. The cost of a FIB-4
in a Swedish setting is approximately 0.2 euros per
FIB-4. If we were to assume that the cost of ADAPT
would be 100 times that of FIB-4, the cost to avoid
one additional VCTE to find a patient with an LSM
>8 kPa, at a probability threshold of 20%, would be
396 euros (the difference in cost between 20 tests
of ADAPT and 20 tests of FIB-4).

When investigating the performance of the
biomarkers in detecting patients with an LSM
>12 kPa, the discriminatory ability of the ADAPT
score was equal to FIB-4 (AUC 0.76). The NPV was
high for all the evaluated tests and above 90%
using the cut-offs for FIB-4 and ADAPT at a fixed
sensitivity of 90%, where FIB-4 had a higher speci-
ficity (41%) compared to ADAPT (25%). The NPV
was >90% for both FIB-4 and ADAPT using the
established cut-offs of 1.3 and 4.45, respectively.
The ADAPT score was slightly better calibrated
than FIB-4 at a lower predicted risk of detecting
patients with an LSM >12 kPa. When analyzing
the decision curve at a probability threshold of
20% (i.e., the cut-off value where, among those
sent to VCTE based on the test, 20% or 1 in 5
will have an LSM >12 kPa), both tests had higher
net benefit than the strategy of testing all with
VCTE. ADAPT performed better than FIB-4 at this
threshold probability, where the opt-out test trade
off suggested that 10 tests of ADAPT would avoid
one additional unnecessary VCTE compared to 10
tests of FIB-4. At a probability threshold of 10%,
there was almost no difference between the ADAPT
score and FIB-4. In a clinical setting, it might be
appropriate to consider doing more VCTE exams
to find patients with an LSM >12 kPa compared
to finding patients with an LSM >8 kPa. The
added value of using ADAPT instead of FIB-4 to
detect patients with an LSM >12 kPa is even more
uncertain than in detecting patients with an LSM
>8 kPa. FIB-4 performs better to detect patients
with an LSM >12 kPa compared to detecting
patients with an LSM >8 kPa. This is expected
since FIB-4 was developed to detect fibrosis stages
3-4, and not an LSM of >8 kPa [9]. Altogether,
these results underline that further studies are
needed to delineate how many VCTE exams that
are reasonable to perform to find patients with
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elevated liver stiffness and higher risk of advanced
fibrosis. For the time being, we suggest that FIB-4
should remain the first-line test to first-hand rule
out an LSM >12 kPa in patients with MASLD. This
may be especially important in low-prevalence
settings, where more data on ADAPT as a first-line
test is needed.

Eslam et al. investigated the performance of both
FIB-4 and ADAPT in 713 patients with MASLD,
using LSM with a cut-off of 9.6 kPa to define
advanced fibrosis, and found almost identical diag-
nostic performance [11]. FIB-4 had an AUC of
0.60 and ADAPT of 0.59, respectively, in detecting
advanced fibrosis [11]. The prevalence of advanced
fibrosis was 2.9%. A direct comparison of the
results between this study and the abovemen-
tioned study is hard since they used another cut-off
of LSM (9.6 kPa) in a primarily Asian population.
This emphasizes that the difference in performance
between FIB-4 and ADAPT is dependent on both
the clinical setting and the prevalence of advanced
fibrosis.

A superior discriminatory ability of ADAPT in
detecting advanced and significant fibrosis in
MASLD has been highlighted in several studies
[6, 11, 14-16]. A LITMUS consortium based study
by Vali et al. found an AUC of 0.77 compared
to 0.73 for FIB-4 in 444 patients with MASLD
[14]. A smaller study by Armandi et al. found
an AUC of 0.80 for ADAPT compared to 0.72 for
FIB-4 in 96 patients [15]. Eslam et al. demon-
strated a superior performance of PRO-C3 and
ADAPT in two hospital-based cohorts [11]. This was
also concluded in a study of 851 biopsy-verified
MASLD patients from China, where the prevalence
of advanced fibrosis was 12.1%. ADAPT and PRO-
C3 were superior in detecting advanced fibrosis
compared to FIB-4 [6]. The AUC of ADAPT was
0.87, whereas FIB-4 had an AUC of 0.75 [6]. Most
data in these studies stem from tertiary centers
with a high pretest probability of advanced fibro-
sis but did not report net benefit. They indicate a
better performance of algorithms including PRO-
C3 in populations with earlier stages of fibrosis and
in populations with a relatively high prevalence of
fibrosis, even higher than in our cohort. Hence,
using ADAPT as a first-line test in the general pop-
ulation may lead to an overutilization of LSM by
VCTE as second-line testing.

Even though the individual collagen neo-epitopes
evaluated in this study did not perform as well as

FIB-4 or ADAPT, a future role of these biomarkers
as diagnostic or prognostic tools cannot be ruled
out. Since they mirror the formation and degrada-
tion of collagens associated with liver fibrosis [17],
they might not correlate to the present liver stiff-
ness, being less applicable in cross-sectional stud-
ies such as this. Future studies are needed to eval-
uate how longitudinal changes in these biomarkers
are associated with disease progression or regres-
sion, and also as treatment response biomarkers.
Further research is also needed regarding ADAPT
as a second-line test, although our data suggest a
low specificity at only 11% for the currently sug-
gested cut-off at 4.45.

The strengths of our study include a large sample
size, including patients with MASLD from various
regions of Sweden. The distribution of men and
women was even, and the proportion of patients
with an LSM >12 kPa was relatively low, indi-
cating a high external validity. We used the LSM
cut-offs suggested in the American Gastroentero-
logical Association (AGA) clinical practice update
[4]. Other cut-offs have also been suggested but
have not been investigated in the current study.
There were several limitations: First, VCTE was
only performed at one time point, with a risk of
false positives. Second, patients were included
at tertiary centers, possibly explaining the high
prevalence of an LSM >8 kPa. The decision curve
analysis is based on the prevalence of an LSM
>8 kPa and >12 kPa in this cohort and should
be interpreted with caution. Our primary analysis
included patients with VCTE, partly since biopsy
was not available in the full cohort. However, the
main reason was that our aim was to evaluate the
clinical pathway of first-line testing with nonin-
vasive tests and their performance in detecting
patients with an LSM >8 kPa, as a VCTE is the rec-
ommended second-line test in guidelines. The aim
was not to identify patients with fibrosis stage 3 or
4 on liver biopsy. Other liver fibrosis biomarkers,
such as ELF, which is recommended as an alterna-
tive to FIB-4 as a first-line test in the AGA clinical
practice update [4], were not evaluated. This
should be performed in future studies. Lastly, few
patients had a high predicted probability, making
calibration estimates uncertain in that range.

Conclusion

The PRO-C3-based ADAPT algorithm seems to be
marginally better than FIB-4 in detecting patients
with an LSM >8 kPa. FIB-4 performed similar to
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ADAPT in detecting patients with an LSM >12 kPa.
However, the added clinical value of ADAPT instead
of FIB-4 as a first-line test in patients with MASLD
is uncertain. The advantage of ADAPT compared
to FIB-4 tends to depend on the prevalence of
advanced fibrosis and the number of VCTE we
are willing to perform to find one patient with ele-
vated liver stiffness. For now, we suggest that FIB-4
remain the first-line noninvasive test, with the pri-
mary goal to rule out patients with LSM >12 kPa.
However, we also conclude that better first-line
tests are needed, where a possible utility of ADAPT
might be further evaluated.
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Supplementary Figure S1: Flow chart of the
inclusion and exclusion of patients.

Supplementary Figure S2: Calibration curves of
FIB-4 (A) and ADAPT (B) in detecting patients with
a liver stiffness measurement (LSM) >8 kPa. Y-
axis is observed risk of an LSM > 8 kPa. X-axis
is predicted risk of an LSM >8 kPa. The diagonal
dashed line indicates agreement between predicted
and observed risks. The light blue area is the 95%
confidence interval. The red horizontal line above
the x-axis displays observed risk among patients
with an LSM >8 kPa (=1), and an LSM equal or
below 8 kPa (=0).

Supplementary Figure S3: Calibration curves of
FIB-4 (A) and ADAPT (B) in detecting patients with
a liver stiffness measurement (LSM) >12 kPa. Y-
axis is observed risk of an LSM >12 kPa. X-axis
is predicted risk of an LSM >12kPa. The diagonal
dashed line indicates agreement between predicted
and observed risks. The light blue area is the 95%
confidence interval. The red horizontal line above
the x-axis displays observed risk among patients
with an LSM >12 kPa (=1), and an LSM equal or
below 12 kPa (=0).

Supplementary Table S1: Sensitivity, specificity,
positive predictive value (PPV), and negative predic-
tive value (NPV), and AUC in detecting patients with
an LSM >8 kPa using previously proposed cut-offs
of FIB-4 and ADAPT.

Supplementary Table S2: Sensitivity, specificity,
positive predictive value (PPV), and negative pre-
dictive value (NPV), and AUC in detecting patients
with an LSM >12 kPa using previously proposed
cut-offs of FIB-4 and ADAPT.

Supplementary Table S3: Baseline character-
istics in patients with metabolic dysfunction-
associated steatotic liver disease (MASLD) and a
liver stiffness measurement (LSM) above, or equal
and below 12 kPa. @
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