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Abstract

Context: Guidelines recommend blood-based fibrosis biomarkers to identify advanced nonalcoholic fatty liver disease (NAFLD), which is par
ticularly prevalent in patients with obesity.

Objective: To study whether the degree of obesity affects the performance of liver fibrosis biomarkers in NAFLD.

Design: Cross-sectional cohort study comparing simple fibrosis scores [Fibrosis-4 Index (FIB-4); NAFLD Fibrosis Score (NFS); aspartate
aminotransferase to platelet ratio index; BARD (body mass index, aspartate-to-alanine aminotransferase ratio, diabetes); Hepamet Fibrosis Score
(HFS)] and newer scores incorporating neo-epitope biomarkers PRO-C3 (ADAPT, FIBC3) or cytokeratin 18 (MACK-3).

Setting: Tertiary referral center.

Patients: \We recruited overweight/obese patients from endocrinology (n = 307) and hepatology (n = 71) clinics undergoing a liver biopsy [me-
dian body mass index (BMI) 40.3 (interquartile range 36.0-44.7) kg/m?]. Additionally, we studied 859 less obese patients with biopsy-proven
NAFLD to derive BMI-adjusted cutoffs for NFS.

Main Outcome Measures: Biomarker area under the receiver operating characteristic (AUROC), sensitivity, specificity, and predictive values to
identify histological stage >F3 fibrosis or nonalcoholic steatohepatitis with >F2 fibrosis [fibrotic nonalcoholic steatohepatitis (NASH)].

Results: The scores with an AUROC >0.85 to identify >F3 fibrosis were ADAPT, FIB-4, FIBC3, and HFS. For fibrotic NASH, the best predictors
were MACK-3 and ADAPT. The specificities of NFS, BARD, and FIBC3 deteriorated as a function of BMI. We derived and validated new cutoffs
for NFS to rule infout >F3 fibrosis in groups with BMIs <30.0, 30.0 to 39.9, and >40.0 kg/m?2. This optimized its performance at all levels of BMI.
Sequentially combining FIB-4 with ADAPT or FIBC3 increased specificity to diagnose >F3 fibrosis.

Conclusions: In obese patients, the best-performing fibrosis biomarkers are ADAPT and the inexpensive FIB-4, which are unaffected by BMI.
The widely used NFS loses specificity in obese individuals, which may be corrected with BMI-adjusted cutoffs.

Key Words: nonalcoholic fatty liver disease, nonalcoholic steatohepatitis, fibrosis, cirrhosis, biomarkers, obesity

Most patients with nonalcoholic fatty liver disease (NAFLD) cirrhosis [stage F4]), which is associated with over a 3-fold
are either overweight or obese (1). Obesity is a key predictor increase in the risk of all-cause and liver-related mortality
of advanced liver fibrosis (bridging fibrosis [stage F3] or (2,3). Thus, timely identification of affected patients by
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obesity-treating clinicians in both primary care and specialist
clinics is essential, as even advanced fibrosis is amenable
to weight loss (4). Furthermore, the substantial long-term
resolution of liver fibrosis in patients undergoing bariatric
surgery underlines the importance of case finding for priori-
tizing those who will benefit most from invasive treatment
strategies (5).

Guidelines recommend first-line screening of advanced
fibrosis using composite biomarker scores, primarily the
Fibrosis-4 Index (FIB-4) and the NAFLD Fibrosis Score
(NFES) (6-9). Other less commonly used scores include the
aspartate aminotransferase to platelet ratio index (APRI)
(10), BARD [body mass index (BMI), aspartate-to-alanine
aminotransferase ratio, diabetes] (11), and the recently
developed Hepamet Fibrosis Score (HFS) (12), These bio-
markers are inexpensive as they utilize readily available
clinical information and routine laboratory tests. Recently,
novel composite scores incorporating direct biomarkers of
active fibrogenesis, such as the N-terminal type III collagen
propeptide (PRO-C3; included in the ADAPT and FIBC3
scores), show utility in detecting advanced fibrosis associ-
ated with NAFLD (13,14). On the other hand, cytokeratin
18 (CK-18) antibodies M65 and M30 may be better bio-
markers of nonalcoholic steatohepatitis (NASH) than of
advanced fibrosis (15). MACK-3 (homeostasis model as-
sessment, aspartate aminotransferase, CK-18) is a score
incorporating CK-18 and is specifically designed to predict
the presence of fibrotic NASH, defined as active NASH with
concomitant stage F2 or F3 fibrosis (16).

Data are sparse regarding the applicability of fibrosis bio-
markers in patients with morbid obesity. To our knowledge,
previous studies have included 88 to 331 patients and mostly
examined either NFS or BARD, both of which showed variable
specificity (17-22). A limitation of most fibrosis biomarker
studies is the inclusion of patients solely from hepatology
clinics, with lower rates of severe obesity in comparison with
obesity and diabetes clinics. As the highest risk of NAFLD
and liver fibrosis is among the obese and metabolically un-
healthy, however, noninvasive biomarkers should be specif-
ically examined in these populations (7,23,24). Furthermore,
as the NFS, BARD, and FIBC3 scores rely heavily on BMI
as a predictor variable, it is unclear whether an increase in
false positives could occur when they are applied in popula-
tions mainly comprising obese individuals. No single study
has compared a wide array of old and new biomarkers in a
large obese cohort with histological data. More important,
the effect of BMI on the performance of fibrosis biomarkers
remains unknown.

A limitation of simple scores such as FIB-4 and NFS is
their relatively low diagnostic accuracy, mandating the use
of 2 cutoff points to rule in or rule out advanced fibrosis and
leaving up to 50% of all patients in an indeterminate gray
area (9,25,26). In such cases, fibrosis should be evaluated by
more accurate tests such as transient elastography, which is,
however, seldom available outside of tertiary centers due to
cost and operator training requirements (27). A more feas-
ible alternative could be another blood-based test. A large
prospective study recently showed that use of the proprietary
enhanced liver fibrosis test in patients with elevated liver en-
zymes and an indeterminate FIB-4 reduced unnecessary re-
ferrals to diagnose advanced fibrosis in NAFLD (28). There
are no data on whether sequential use of existing or novel

blood-based biomarkers could be of benefit in screening for
advanced fibrosis in patients with obesity.

Our aims were to find the best-performing biomarkers of
advanced fibrosis and fibrotic NASH in obese individuals
and to study whether biomarker performance is affected by
BMI. Additionally, we studied whether a sequential mode of
testing increases diagnostic yield for advanced fibrosis. To
this end, we recruited 378 overweight/obese patients with a
liver biopsy. We compared simple composite scores (FIB-4,
NES, APRI, BARD, HFS) to direct neo-epitope biomarkers
of fibrogenesis (PRO-C3) and hepatocellular injury (CK-18
M65/M30), as well as scores derived from PRO-C3 (ADAPT,
FIBC3) and CK-18 (MACK-3). Because BMI significantly
modified the performance of NFS, we studied an additional
859 patients from external cohorts to validate new BMI-
adjusted cutoffs.

Materials and Methods
Patients and Study Design

Overweight/obese cohort

The cohort comprised 378 patients studied at the Helsinki
University Hospital (Helsinki, Finland). Of these, 307 had a
BMI of >30 kg/m? and were consecutively recruited among
those eligible for weight-loss surgery. The other 71 had a BMI
of >25 kg/m? and were referred to the gastroenterologist due
to elevated liver enzymes and suspected NASH. All patients
fulfilled the following inclusion criteria: (1) age 18 to 75 years;
(2) no evidence of acute or chronic disease except for obesity,
hypertension, dyslipidemia, NAFLD, or type 2 diabetes
(T2DM) based on history, physical examination, standard
laboratory tests (complete blood counts, serum creatinine,
thyrotropin, and electrolyte concentrations), and electrocar-
diogram; (3) alcohol consumption < 20 g per day for women
and < 30 g per day for men; (4) no use of drugs or toxins
associated with steatosis; and (5) not pregnant or lactating.
A week before undergoing a liver biopsy, the patients arrived
at the Clinical Research Unit after an overnight fast. A history
and physical examination were performed, including meas-
urement of body weight and height (29). Fasting blood sam-
ples were drawn for standard biochemical measurements, as
well as for measurement of concentrations of PRO-C3 and
CK-18 M65/M30 (29). A wedge biopsy of the liver was taken
from the 307 patients undergoing bariatric surgery, while per-
cutaneous needle biopsies were taken from the 71 patients
seen by a gastroenterologist. The Ethical Review Committee
of the Hospital District of Helsinki and Uusimaa (Helsinki,
Finland) approved the study.

External cohorts

Since we found NFS to be affected by BMI (see Results
section), we recruited 2 additional cohorts from Swedish and
Italian hepatology clinics for derivation and validation of new
BMI-adjusted cutoffs.

The Swedish cohort comprised 646 patients from a cohort
study with retrospectively collected data, including patients
diagnosed with biopsy-proven NAFLD at the Karolinska
University Hospital (Huddinge, Sweden) and Linkoping
University Hospital (Linkoping, Sweden) from 1971 to
2009. Patients with liver disease other than NAFLD or diag-
nosis with any concurrent liver disease during follow-up
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were excluded. Otherwise, inclusion and exclusion criteria
follow those of the overweight/obese cohort and have been
previously published (30). The regional ethics committees
at Karolinska Institutet and Linkoping University approved
the study.

The Italian cohort comprised 213 individuals who under-
went a liver biopsy between 2016 and 2018 for suspected
NASH, due to the presence of metabolic cofactors and evi-
dence of steatosis at imaging plus persistently increased liver
enzymes, ferritin, noninvasive predictors of liver fibrosis, or in-
creased liver stiffness values (>7.9 kPa). Part of this cohort has
previously been described (31). Other causes of liver disease
were ruled out, including high alcohol intake (230/20 g per
day for males/females), viral and autoimmune hepatitis, her-
editary hemochromatosis, and alpha-1-antitrypsin deficiency.
Patients with hepatocellular carcinoma and current use of
steatosis-inducing drugs were excluded. The regional ethics
committee at the Fondazione IRCCS Ca’ Granda approved
the study.

Liver Histology (Reference Standard and Target
Conditions)

Slides were coded and read at each clinical center by
a single expert pathologist (J.A. in the overweight/obese
cohort), blinded to the patients’ identities and histories.
Histopathological features of NAFLD (steatosis, ballooning,
lobular inflammation, fibrosis) were assessed using the NASH
Clinical Research Network grading and definitions (32).
Fibrosis stage was scored on a 5-point scale (FO-F4) (32). We
diagnosed NASH when steatosis, lobular inflammation, and
ballooning were concomitantly present (33). Fibrotic NASH
was defined as NASH with a NAFLD Activity Score >4 and
concomitant > F2 fibrosis (34).

Fibrosis Biomarkers (Index Tests)

Circulating neo-epitope biomarkers of fibrogenesis (PRO-C3)
and cell death (CK-18 M65/M30) were measured in the over-
weight/obese cohort by personnel blinded to clinical data.
PRO-C3 (a marker of interstitial matrix collagen type III for-
mation) was measured in serum using competitive enzyme-
linked immunosorbent assays (ELISAs; Nordic Bioscience A/S,
Denmark) (35). Concentrations of caspase-cleaved CK-18
fragments were determined by measuring the M30 anti-
body (M30 Apoptosense CK18 kit [ELISA]; VLVbio, Nacka,
Sweden), and the combination of cleaved and intact CK-18
using the M65 antibody (M65 ELISA CK-18 kit; VLVbio).
We used clinical and laboratory data obtained at the clinical
visit to calculate the FIB-4 (6), NFS (7), APRI (10), BARD
(11), HFS (12), ADAPT (13), FIBC3 (14), and MACK-3 (16)
scores, using formulae shown in Supplementary Table 1 (36).
Cutoff values for advanced fibrosis follow those previously
published, as outlined in Supplementary Table 2 (36). We used
the age-adjusted cutoffs for FIB-4 and NFS in patients aged
>635 years or older, where indicated in tables and figures (37).

Statistical Analyses

We determined the overall diagnostic performance of fi-
brosis biomarkers and composite scores using the receiver
operating characteristic (ROC) curve analysis as well as the
area under the ROC curve (AUROC). The method by DeLong
et al was used to compare AUROCs (38). To overcome or-
dinal scale and spectrum effect issues associated with the use

of AUROC in the context of fibrosis stage, as suggested by
Lambert et al (39), we calculated the Obuchowski measure
(40). The measure can be interpreted as the probability that
the biomarker will correctly rank 2 randomly chosen patients
who have different fibrosis stages. A weighted penalty func-
tion of 0.25 per a difference of 1 unit in fibrosis stage was
used. Sensitivity, specificity, positive predictive value (PPV),
and negative predictive value (NPV), as well as positive like-
lihood ratio (LR+) and negative likelihood ratio (LR-) for
each composite score and diagnostic algorithm were derived,
along with their confidence intervals (Cls). When reporting
the combined performance metrics of a test with 2 cutoffs,
we considered indeterminate results as true positives/nega-
tives (the patients were assumed to be ultimately diagnosed
by biopsy with 100% accuracy). The number needed to diag-
nose was calculated as the inverse of the Youden’s index (41).
Sensitivities and specificities of the composite scores were
compared using the exact McNemar’s test for paired bino-
mial responses or the Chi-squared test for unpaired data.
PPVs and NPVs were compared using weighted generalized
score test statistics. A P-value < 0.05 was considered statistic-
ally significant. In the few cases where data were insufficient
to derive the full composite score, we report the number of
patients in table and figure legends. Only patients with full
data to derive a given score were included in each analysis.

To derive new BMI-adjusted cutoffs for NFS (see Results
section), we divided the patients into groups who were either
nonobese (BMI < 30.0 kg/m?), obese (BMI 30.0-39.9 kg/m?),
or morbidly obese (BMI > 40.0 kg/m?). Patients in each group
were randomly split in a 70:30 ratio into derivation and val-
idation groups. The single-best cutoff to diagnose advanced
fibrosis was defined as the point having the highest Youden’s
index in the derivation groups. We additionally determined
a priori that to either rule out or rule in advanced fibrosis in
an at-risk population with a prevalence of 15% (as shown by
recent epidemiological data for patients with T2DM (42)), 2
cutoffs should be fixed at approximately 85% sensitivity and
95% specificity to achieve an NPV > 95% or a PPV >75%
(and an accuracy > 90%), respectively. Similar sensitivity
and specificity were shown for the original NFS cutoffs by
Angulo et al (7). We performed replication by applying the
new cutoffs in the validation groups.

Analyses were performed using R 4.0.3 or GraphPad Prism
9.1.0 (GraphPad Software, La Jolla, CA, USA).

Results

Characteristics of the Patients

Table 1 shows characteristics of the individual cohorts as
well as of all patients (n = 1237). In the overweight/obese co-
hort, median BMI was 40.3 (interquartile range 36.0-44.7)
kg/m?, ranging from 25.9 to 75.1 kg/m?. In the Swedish and
Italian cohorts, median BMIs were 28.0 (25.7-30.8) kg/
m? and 29.8 (27.3-33.1) kg/m? (combined BMI range 18.1-
46.7 kg/m?). Despite having a significantly lower prevalence
of histologically verified advanced fibrosis (F3-F4), the over-
weight/obese cohort had significantly higher NFS and BARD
scores compared to the Swedish cohort and similar scores
compared to the Italian cohort. In patients with advanced
fibrosis compared to those with none-to-moderate fibrosis
(FO-F2), all fibrosis biomarkers were significantly elevated
[Supplementary Tables 3-6 (36)].
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Table 1. Clinical characteristics of the patients

The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. XX, No. XX

Overweight/obese cohort

Swedish cohort

Italian cohort

All patients

n 378 646 213 1237
Age, years 50+9 48 =142 61 =100 51=+13
Males, n (%) 110 (29) 402 (62)° 129 (61)2 641 (52)
BMI, kg/m? 40.3 (36.0, 44.7) 28.0 (25.7,30.8)° 29.8 (27.3,33.1)" 30.2 (26.8,36.7)
Waist circumference, cm 120 (110, 131) NA NA NA
Waist-to-hip ratio 0.95 (0.89,1.01) NA NA NA
fP-Glucose, mmol/L 6.1+1.3 6.0 =2.22 6.6 =1.9%° 6.1+1.9
B-HbAlc, % 6.0+0.9 NA NA NA
fS-Insulin, mU/L 15«11 NA 28 + 50° NA
HOMA-IR 3.15(1.84,4.93) NA 5.33 (3.01, 7.66)* NA
fP-Total cholesterol, mmol/L 42=+1.1 6.0+1.4 4.9+£2.8° 45«19
fP-HDL cholesterol, mmol/L 1.22 +0.36 NA 1.32 = 0.420 NA
fP-LDL cholesterol, mmol/L 2.6+0.9 NA 2.8+2.7° NA
fP-Triglycerides, mmol/L 1.45«1.13 2.35=1.65 1.62 = 0.81* 1.51+1.03
P-ALT, U/L 43 +35 84 = 520 46 + 28 65 =48
P-AST, U/L 35«21 50 = 34° 38 + 19%b 44 + 29
P-AST/ALT 1.0+ 0.7 0.7 = 0.7 0.9 =0.3" 0.8+0.7
P-GGT, U/L 59 =107 109 = 127 84 + 974b 68 = 104
P-ALP, U/L 73 =36 91 = 47 NA NA
P-Albumin, g/L 384 42 + 42 44 & 5%b 41 x5
B-Platelets, E10° 251 =63 247 =73 181 = 860 237 «77
Type 2 diabetes, n (%) 161 (43) 93 (14) 119 (56)*> 373 (30)
Fibrosis stage (FO/F1/F2/F3/F4), n 204/125/21/17/11 163/256/149/58/20° 25/30/39/40/79° 392/411/209/115/110
NASH, % 15 66° 533b 24
Direct biomarkers

PRO-C3, ng/mL 11.0 (8.8, 14.2) NA NA NA

CK-18 M30, U/L 169 (122,257)¢ NA NA NA

CK-18 M65, U/L 216 (154, 376)¢ NA NA NA

Composite scores

FIB-4 1.05 (0.78, 1.40) 0.94 (0.66, 1.43)* 1.93 (1.34, 3.08)* 1.09 (0.77, 1.66)
NFES 20.23 (~1.26, 0.69)° 22.26 (-3.22, -1.30) 0.06 (-0.98, 1.03)° ~1.29 (~2.58, 0.08)
APRI 0.32 (0.24, 0.45) 0.40 (0.29, 0.64)* 0.48 (0.34, 0.80)* 0.38 (0.28, 0.59)
BARD 3.0 (2.0, 4.0) 1.0 (0.0, 2.0)° 3.0 (2.0, 4.0)° 2.0 (1.0, 3.0)
HFS 0.09 (0.03, 0.21)° NA NA NA
ADAPT 5.14 (4.29, 5.87) NA NA NA

FIBC3 ~1.03 (=2.05, 0.18) NA NA NA
MACK-3 0.10 (0.04, 0.24)¢ NA NA NA

Data are in means = SD, medians (25th, 75th percentiles), counts (percentages), or percentages. The Mann-Whitney U and Chi-squared tests were used for

statistical testing.

Abbreviations: ALP, alkaline phosphatase; ALT, alanine aminotransferase; APRI, aspartate aminotransferase to platelet ratio index; AST, aspartate
aminotransferase; B, blood; BMI, body mass index; CK-18, cytokeratin 18; f, fasting; GGT, gamma-glutamyltransferase; FIB-4, Fibrosis-4 Index; HbAlc,
glycated hemoglobin Alc; HDL, high-density lipoprotein; HES, Hepamet Fibrosis Score; HOMA-IR, homeostatic model assessment of insulin resistance;
LDL, low-density lipoprotein; NA, not available; NASH, nonalcoholic steatohepatitis; NFS, NAFLD Fibrosis Score; P, plasma; PRO-C3, N-terminal type III

collagen propeptide; S, serum.

2P < 0.05 vs overweight/obese cohort.

PP < 0.05 vs Swedish cohort.
‘n = 354.
dn = 361.
‘n=373.
fn = 371
en = 352.

Performance of Fibrosis Biomarkers in the

Advanced (>F3) and significant (>F2) fibrosis
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Overweight/Obese Cohort

The ROC curves for all biomarkers are shown in
Supplementary Figure 1 (36).

The biomarkers that reached an AUROC of >0.85 for
advanced fibrosis were ADAPT, FIB-4, FIBC3, and HFS
(Table 2). ADAPT and FIB-4 had significantly higher
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Table 2. Overall diagnostic accuracy of the biomarkers in the overweight/obese cohort (n = 378)

Biomarker Advanced fibrosis (>F3) Significant fibrosis (>F2) Fibrotic NASH Obuchowski measure (95% CI)
AUROC (95% CI) AUROC (95% CI) AUROC (95% CI)
ADAPT 0.89 (0.82-0.95)bedefsh 0.82 (0.76-0.88)bede 0.89 (0.84-0.94)cd 0.904 (0.888-0.920)
FIB-4 0.89 (0.83-0.95)bcdebeh 0.79 (0.72-0.85)¢ 0.82 (0.73-0.92)¢ 0.890 (0.875-0.905)
FIBC3 0.86 (0.79-0.93)defeh 0.78 (0.72-0.84)4 0.80 (0.72-0.88)¢ 0.890 (0.872-0.908)
HEFS 0.85 (0.77-0.93)deh 0.77 (0.71-0.84)4 0.83 (0.74-0.93)¢ 0.891 (0.873-0.910)
APRI 0.82 (0.73-0.91)" 0.74 (0.66-0.82) 0.83 (0.72-0.94) 0.882 (0.862-0.901)
PRO-C3 0.78 (0.67-0.89) 0.73 (0.64-0.82) 0.82 (0.73-0.92)¢ 0.885 (0.864-0.905)
NFSk 0.77 (0.68-0.86)" 0.68 (0.60-0.76) 0.65 (0.53-0.77) 0.862 (0.842-0.883)
CK-18 M65! 0.76 (0.66-0.86) 0.74 (0.65-0.82) 0.91 (0.87-0.95)d 0.884 (0.863-0.906)
CK-18 M30™ 0.75 (0.64-0.86) 0.75 (0.67-0.83) 0.89 (0.83-0.95)¢ 0.884 (0.862-0.906)
MACK-3i» 0.71 (0.57-0.84) 0.73 (0.64-0.83) 0.92 (0.86-0.97)<d 0.886 (0.859-0.913)
BARD 0.63 (0.52-0.73) NS NS 0.828 (0.806-0.850)

The DeLong’s test for 2 correlated receiver operating characteristic curves was used for statistical testing.
Abbreviations: APRI, aspartate aminotransferase to platelet ratio index; AUROC, area under the receiver operating characteristic; CK-18, cytokeratin 18;
FIB-4, Fibrosis-4 Index; HFS, Hepamet Fibrosis Score; NASH, nonalcoholic steatohepatitis; NFS, NAFLD Fibrosis Score; NS, not significant; PRO-C3,

N-terminal type III collagen propeptide.
2P < 0.05 vs FIBC3.

PP < 0.05 vs APRI.

P < 0.05 vs PRO-C3.

4P < 0.05 vs NFS.

P < 0.05 vs CK-18 M65.

P <0.05 vs CK-18 M30.

8P < 0.05 vs MACK-3.

"P <0.05 vs BARD.

'MACK-3 was developed specifically for fibrotic NASH.
in=371.

kn = 373.

n =361.

mn = 354.

" =352.

AUROC:s both (0.89) compared to most others. They also had
the highest AUROC:s of 0.82 and 0.79 for significant fibrosis
(Table 2). The Obuchowski measure, which compares the dis-
criminatory ability of the biomarkers between any 2 fibrosis
stages, was highest for ADAPT (0.904) (Table 2).

Table 3 shows performance of the composite scores by ap-
plying the previously published cutoffs for advanced fibrosis.
ADAPT, which uses a single cutoff and therefore classified
no patients as indeterminate, had the highest combined sen-
sitivity (79%) and specificity (87%) as well as the lowest
number needed to diagnose (1.5). Of the scores requiring use
of 2 cutoffs, FIB-4 (sensitivity 82 %, specificity 98%) and HFS
(sensitivity 86%, specificity 97%) performed equally, classi-
fying 28% and 30% of the patients as indeterminate, while
NEFS had a lower specificity (78 %) and classified 54% of the
patients as indeterminate (Table 3).

Fibrotic NASH

The biomarkers that reached an AUROC of >0.85 for fibrotic
NASH were MACK-3, CK-18 M65/M30, and ADAPT (Table
2). Both CK-18 Mé65 and M30, along with the MACK-3
score, were the only biomarkers that had a significantly higher
AUROC for fibrotic NASH compared to advanced or signifi-
cant fibrosis (Fig. 1A). Being the only biomarker with validated
cutoffs (16), MACK-3 diagnosed or ruled out fibrotic NASH
with a high degree of sensitivity (100%) and specificity (95 %)
(Table 3). Those classified as indeterminate comprised 32%.

Effect of BMI on biomarker performance

To examine whether BMI affects the diagnostic performance
of fibrosis biomarkers, we next divided the overweight/obese

cohort into groups based on BMI quartiles [median BMIs,
Q1: 32.6 (27.5-34.4), Q2: 38.2 (37.3-39.2), Q3: 42.3 (41.1-
43.4), Q4: 48.9 (46.4-51.6) kg/m?] [Supplementary Table 7
(36)]. The AUROC:s of all biomarkers for advanced fibrosis
were unchanged across the BMI quartiles (Fig. 1B, shown
for the scores only). However, BMI substantially influenced
the sensitivities and specificities of several composite scores.
Most notably, the specificity of NFS linearly decreased as a
function of BMI (Fig. 1C and 1D). A similar dependence on
BMI was observed for BARD and FIBC3 [Supplementary
Figure 2 (36)], while BMI did not affect FIB-4 (Fig. 1E and
1F), HFS, APRI, or ADAPT [Supplementary Figure 2 (36)].
We also examined NFS in patients with T2DM compared
to those without [Supplementary Table 8 (36)]. The pres-
ence of T2DM associated with a lower overall specificity of
NES (61% vs 89%), but patients with T2DM were also sig-
nificantly more obese (data not shown). Regarding fibrotic
NASH, the diagnostic performance of MACK-3 was un-
affected by BMI [Supplementary Figure 3 (36)].

BMiI-adjusted Cutoffs Improve the Diagnostic
Performance of NFS for Advanced Fibrosis

We next wished to characterize in detail the relationship be-
tween BMI and NFS. To this end, all patients (n = 1237) were
divided into groups based on the degree of obesity (nonobese,
BMI < 25.0 kg/m?, n = 160; overweight, BMI 25.0-29.9 kg/
m?, n = 442; obese, BMI 30.0-34.9 kg/m?, n = 2635; severely
obese, BMI 35.0-39.9 kg/m?, n=159; morbidly obese,
BMI > 40.0 kg/m?, n=211). The AUROCs of NFS to diag-
nose advanced fibrosis were similar across the BMI groups
[Supplementary Figure 4, Supplementary Table 9 (36)]. The
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Table 3. Diagnostic performance of the composite scores to identify advanced fibrosis or fibrotic NASH in the overweight/obese cohort

(n=378)
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Biomarker Cutoff

Se, % (95% CI) Sp, % (95% CI) PPV, % (95% CI) NPV, % (95% CI)

LR+ LR-

NND Indeterminate,* %

Advanced fibrosis

ADAPT 6.3287 79 (59-92) 87 (83-91) 33 (22-46) 98 (96-99) 6.08 024 1.5 NA

FIBC3 0.4 61 (41-78) 84 (80-88) 24 (14-35) 96 (94-98) 3.81 046 2.2 NA

FIB-4 1.3 (2.0) 82 (63-94) 72 (67-76) 19 (12-27) 98 (96-99) 2.93 025 1.9 28
2.67 36 (19-56) 98 (96-99) 62 (35-85) 95 (92-97) 18.00 0.65 2.9

NFS® ~1.455 (0.12) 89 (72-98) 22 (18-27) 9 (6-12) 96 (89-99) 114 0.50 9.1 54
0.676 61 (41-78) 78 (73-82) 18 (11-27) 96 (93-98) 2.77 0.50 2.6

HFS¢ 0.12 86 (67-96) 67 (62-72) 18 (12-25) 98 (96-100)  2.61 021 1.9 30
0.47 50 (31-69) 97 (94-98) 54 (33-73) 96 (93-98) 16.67 0.52 2.1

APRI 1 32 (16-52) 98 (96-99) 60 (32-84) 95(92-97)  16.00 0.69 3.3 NA

BARD 2 93 (76-99) 26 (21-31) 9 (6-13) 98 (92-100) 1.26 0.27 5.3 NA

Fibrotic NASH

MACK-3¢ 0.134 100 (79-100) 64 (58-69) 13 (8-20) 100 (98-100) 2.78 0.00 1.6 32

0.549 56 (30-80) 95 (92-97) 36 (19-58) 98 (95-99) 1120 0.46 2.0

Abbreviations: APRI, aspartate aminotransferase to platelet ratio index; FIB-4, Fibrosis-4 Index; HFS, Hepamet Fibrosis Score; LR+, positive likelihood
ratio; LR, negative likelihood ratio; NA, not applicable; NASH, nonalcoholic steatohepatitis; NFS, NAFLD Fibrosis Score; NND, number needed to
diagnose; NPV, negative predictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

In parentheses are cutoffs that are used for patients aged > 65 years.
bn = 373.
‘n=371.
dn = 352.

‘Proportion of patients with an indeterminate result (between the upper and lower cutoffs).

lower cutoff for NFS (-1.455) had a specificity of 88% in
the group with BMI <25 kg/m?, decreasing to 9% in the
group with BMI>40 kg/m? (Fig. 2A). Specificity of the
upper cutoff (0.676) decreased from 98% to 68% (Fig. 2B).
Correspondingly, sensitivities increased with BMI (Fig. 2A
and 2B). The other composite scores performed similarly as
in the overweight/obese cohort [Supplementary Figures 4 and
5 (36)].

Because the established cutoffs for NFS performed espe-
cially poorly in obese and morbidly obese individuals, we
determined optimal cutoffs to either rule in or rule out ad-
vanced fibrosis separately in nonobese (BMI < 30.0 kg/m?),
obese (BMI 30.0-39.9 kg/m?), and morbidly obese (>40.0 kg/
m?) patients (Table 4). The groups were similar with respect
to clinical variables (data not shown) and the AUROCs of
NES (Table 4). When finally applied in all patients, the new
BMI-adjusted cutoffs markedly improved the sensitivity and
specificity of NFS over the entire range of BMI (Fig. 2C and
2D, Table 5). Those left in the indeterminate range comprised
31% to 39%. The negative likelihood ratio to rule out ad-
vanced fibrosis was 0.25 to 0.29, and the positive likelihood
ratio to rule in, 5.17 to 7.50, confirming the applicability of
these cutoffs in clinical practice. Figure 2E illustrates use of
the BMI-adjusted cutoffs. In the overweight/obese cohort,
compared to the old cutoffs (Fig. 3A), use of the new cutoffs
resulted in significantly higher specificity (78% vs 94%,
P <0.001) and PPV (25% vs 54%, P < 0.001), as well as in
fewer patients classified as indeterminate (54% vs 41%) [Fig
3B, Supplementary Table 10 (36)].

Sequential Testing Increases DiagnosticYield for
Advanced Fibrosis

Finally, we tested in the overweight/obese cohort whether
sequential use of 2 composite scores improves accuracy to

diagnose advanced fibrosis over a single score. We chose
FIB-4 as the initial test (Fig. 4A) as it had an adequate dis-
criminatory ability by itself, was independent of BMI, and
is already in widespread use. An algorithm beginning with
FIB-4 and followed by ADAPT for those with FIB-4 in the
indeterminate range showed highest diagnostic performance
(Table 6). It classified 51/378 (13%) patients as high risk and
had the highest PPV (37%) and specificity (91%), which were
significantly higher than those of FIB-4 alone (P < 0.0001).
The specificity was also higher than that of ADAPT alone
(P <0.01), while sensitivity was similar (P = 0.25). An algo-
rithm with FIB-4 followed by FIBC3 performed comparably
(Table 6). When used in sequence after FIB-4, ADAPT and
FIBC3 significantly reduced the degree of false-positive diag-
noses while maintaining similar sensitivity to FIB-4 alone
(Fig. 4B). Supplementary Figures 6 to 9 (36) illustrate the
studied algorithms.

Discussion

We examined both direct fibrosis biomarkers and composite
scores in an obese cohort, which is hitherto the most com-
prehensive in terms of its size and the number of biomarkers
studied. The best composite scores for advanced fibrosis were
ADAPT and FIB-4, while the most accurate tests for fibrotic
NASH were MACK-3 and ADAPT. We observed that obesity
highly influenced the performance of NFS, BARD, and FIBC3,
all of which include BMI in their formulae. The specificity
of NFS, which is recommended as a first-line test in several
guidelines (8,43,44), substantially deteriorated as a function
of BML. This finding is important given the high proportion
of patients with NAFLD who are obese. We established new
BMI-adjusted cutoffs for NFS, restoring its utility over a wide
range of adiposity.
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Figure 1. Performance of fibrosis biomarkers in the overweight/obese cohort (n = 378). (A) Areas under the receiver operating characteristic (AUROCs)
for the composite scores to identify advanced fibrosis (F3-F4), significant fibrosis (F2-F4), or fibrotic nonalcoholic steatohepatitis (NASH + NAFLD
Activity Score > 4 + >F2). Whiskers denote 95% Cl. The Delong's test was used. *P < 0.05; **P < 0.01. (B) AUROCs for the composite scores to
identify advanced fibrosis, based on groups divided by body mass index (BMI) quartiles (Q1-Q4). The DelLong's test was used. (C-F) Sensitivities

and specificities for the (C) lower and (D) upper cutoffs of the NAFLD Fibrosis Score (—1.455 and 0.676), and for the (E) lower and (F) upper cutoffs

of the Fibrosis-4 Index (1.30 and 2.67) for advanced fibrosis, in groups divided based on BMI quartiles (Q1-Q4). Black circles and solid lines denote
specificity, and white circles and dashed lines denote sensitivity. Regression lines were fitted using a quadratic model for visualization purposes.

The validity of blood-based fibrosis biomarkers in mor-
bidly obese cohorts has, to the best of our knowledge, previ-
ously been addressed by 6 studies (17-22). Only one of these
compared multiple blood-based tests, and none included data
on neo-epitope biomarkers. Our overweight/obese cohort
from a single center was large, as it included 378 individuals
with 11 biomarkers. The highest combined sensitivity and
specificity for advanced fibrosis was possessed by the PRO-
C3-dependent score ADAPT. It also had a similar AUROC
as MACK-3 to identify fibrotic NASH, although it lacks val-
idated cutoffs. Interestingly, PRO-C3 was inferior to FIB-4
in identifying advanced fibrosis, consistent with recent re-
ports on its limited utility when used alone (14). The high
accuracy of ADAPT, which incorporates PRO-C3 as a direct
measurement of extracellular matrix formation, emphasizes
the importance and utility of assessing markers of extracel-
lular matrix turnover in addition to other liver-related tests.
Regarding the other composite scores, the suggested cutoff
of 1.0 for APRI resulted in high specificity but poor sensi-
tivity, making it useful only as a rule-in test (45). BARD had

the lowest AUROC and had low specificity, mirroring pre-
vious findings in obese individuals (21). These considerations
support use of ADAPT or the inexpensive FIB-4, which has
limitations regarding its use of 2 cutoffs, as first-line tests in
obese individuals. Even better, as discussed later, sequentially
combining 2 tests might be the ideal and most cost-effective
solution.

The AUROC:s of every biomarker were similar at all de-
grees of adiposity. This is in keeping with baseline data from
the STELLAR trial, in which BMI did not affect the AUROCs
of FIB-4 or NFS (46). The limitation of only considering
AUROC, however, is that it is a measure merely reflecting
the overall discriminatory capacity of a diagnostic test (47).
Real-world test performance is determined by applying the
selected cutoff values and judged by sensitivity, specificity,
predictive values, and likelihood ratios. Previous studies have
failed to examine the relationship between these metrics and
BMI (17-22,46). As NFS, BARD, and FIBC3 all incorporate
BMI as a predictor variable, we hypothesized that they would
suffer in specificity in obese individuals. This was true for all
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Figure 2. Body mass index (BMI)-adjusted cutoffs improve the performance of the NAFLD Fibrosis Score (NFS) for advanced fibrosis in all patients

(n =1232). Sensitivities and specificities for the (A) lower and (B) upper cutoffs of NFS using the standard cutoffs of —=1.455 and 0.676 for advanced (F3-
F4) fibrosis and for the BMI-adjusted (C) lower and (D) upper cutoffs in groups divided based on the degree of obesity. Black circles and solid lines
denote specificity, and white circles and dashed lines denote sensitivity. Regression lines were fitted using a quadratic model for visualization purposes.
(E) Schematic illustration of the use of BMI-adjusted NFS cutoffs to either rule in or rule out advanced fibrosis. Patients who have NFS between the

upper and lower cutoffs are classified as indeterminate.

3 biomarkers. Of the BMI-dependent biomarkers, FIBC3 was
least affected, probably due to incorporating PRO-C3 and the
smaller weighting of BMI in its formula.

Our main finding was the strong dependence, especially of
the widely used NFS score, on BMI. For the standard cutoffs
of NFS, specificity began sharply declining in those with BMI
over 30 kg/m?, with a concomitant increase in sensitivity.
Interestingly, sensitivity and specificity of the lower cutoff
value (-1.455) in lean individuals were similar to those of
the higher cutoff value (0.676) in the morbidly obese (Fig.
2A and 2B). This implies that the cutoffs should be adjusted
upward to prevent a high rate of false-positive classifica-
tions in individuals with a high BMI. We found that separate

cutoffs are required for lean-overweight (BMI < 30.0 kg/m?),
obese (BMI 30.0-30.9 kg/m?), and morbidly obese patients
(BMI > 40.0 kg/m?). The new cutoffs restored the specificity
and sensitivity of NFS in each BMI group, approximating
those previously reported in leaner cohorts (48). We did not
consider developing such new cutoffs for BARD due to its
low AUROC in these patients.

Similar to many other composite scores, NFS was devel-
oped by using stepwise logistic regression (7), an algorithm
that easily leads to overfitting and not necessarily selecting
the most meaningful combination of variables to predict
disease state (ie, advanced fibrosis) (49). We surmise that
the weight given to BMI in the NFS formula may be too
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Table 4. Derivation of new BMI-adjusted cutoffs for NFS to identify advanced fibrosis in all patients with available NFS (n = 1232)

Group n F3-F4,n AUROC (95% CI) Cutoff Se, % Sp, % PPV, % NPV, % Interpretation
BMI < 30.0 kg/m?
Derivation 421 81 0.81 (0.76-0.87) -2.022 85 58 32 94 Rule out
0.326 30 95 57 85 Rule in
-1.309 78 78 45 94 Best single
Validation 179 34 0.85 (0.78-0.92) -2.022 85 62 35 95 Rule out
0.326 38 96 68 87 Rule in
-1.309 79 77 45 94 Best single
BMI 30.0-30.9 kg/m?
Derivation 296 66 0.79 (0.73-0.85) -1.083 85 58 37 93 Rule out
1.076 33 95 65 83 Rule in
-0.438 73 73 43 90 Best single
Validation 127 28 0.81 (0.71-0.91) -1.083 86 61 38 94 Rule out
1.076 21 98 75 82 Rule in
-0.438 71 77 47 91 Best single
BMI > 40.0 kg/m?
Derivation 146 11 0.77 (0.64-0.89) 0.544 82 67 17 98 Rule out
2.054 28 95 30 94 Rule in
0.544 82 67 17 98 Best single
Validation 63 N 0.83 (0.65-1.00) 0.544 80 60 15 97 Rule out
2.054 40 91 29 95 Rule in
0.544 80 60 15 97 Best single

Abbreviations: AUROC, area under the receiver operating characteristic; BMI, body mass index; NFS, NAFLD Fibrosis Score; NPV, negative predictive
value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

Table 5. Application of the new BMI-adjusted cutoffs for NFS to rule in or rule out advanced fibrosis in all patients with available NFS
(n=1232)

NFS value n FO-F2,n F3-F4,n Se, % Sp, % PPV, % NPV, % LR+ LR- Interpretation
BMI < 30.0 kg/m?
<-2.022 303 286 17 85 59 33 94 2.07 0.25 Rule out
-2.022-0.326 236 175 61 - - - - - - Indeterminate
>0.326 61 24 37 32 95 61 86 6.40 0.72 Rule in
>-1.309 199 109 90 78 78 45 94 3.55 0.28 Best single
BMI 30.0-39.9 kg/m?
<-1.083 208 194 14 85 59 37 93 2.07 0.25 Rule out
-1.083-1.076 173 121 52 - - - - - - Indeterminate
>1.076 42 14 28 30 96 67 83 7.50 0.73 Rule in
>-0.438 154 86 68 72 74 44 90 2.77 0.38 Best single
BMI > 40 kg/m?
<0.544 128 125 3 81 65 16 98 2.31 0.29 Rule out
0.544-2.054 64 56 8 - - - - - - Indeterminate
>2.054 17 12 N 31 94 29 94 5.17 0.73 Rule in
>0.544 81 68 13 81 65 16 98 2.31 0.29 Best single

Abbreviations: BMI, body mass index; LR+, positive likelihood ratio; LR-, negative likelihood ratio; NFS, NAFLD Fibrosis Score; NPV, negative predictive
value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

high. Furthermore, the relationship between fibrosis risk  liver disease is inferior to that of FIB-4 among the obese
and BMI may not be linear, especially in the severely obese (51). In addition to age, FIB-4 only includes the aspartate-

range. These notions are corroborated by the slight but con-  to-alanine aminotransferase ratio as well as platelets,
sistent outperforming of NFS by the much simpler FIB-4 which are among the best indicators of advanced fibrosis
(45,50). Recent data also suggest that, at the general popu- and cirrhosis in routine laboratory tests (52). Of interest,

lation level, the ability of NFS to predict incident severe McPherson et al showed that higher cutoffs for FIB-4 and
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Figure 3. Use of body mass index (BMl)-adjusted cutoffs for the NAFLD Fibrosis Score (NFS) significantly improves diagnostic performance in the
overweight/obese cohort (n = 373). Flowcharts illustrating use of either the (A) standard or (B) BMI-adjusted cutoffs of NFS to identify advanced
fibrosis (F3-F4). In white rectangles are shown the allocation of patients with different stages of fibrosis (FO-F4) into low (rule out >F3), high (rule in
>F3), and indeterminate risk categories. Percentage values separated by slashes indicate the proportion of patients in the risk category as well as the

proportion out of all patients having the same fibrosis stage. '-2.022 (BMI < 30.0 kg/m

?), —=1.083 (BMI 30.0-39.9 kg/m?), 0.544 (BMI > 40 kg/m?). *0.326

(BMI < 30.0 kg/m?), 1.076 (BMI 30.0-39.9 kg/m?), 2.054 (BMI > 40 kg/m?). Abbreviations: LR+, positive likelihood ratio; LR-, negative likelihood ratio; NPV,

negative predictive value; PPV, positive predictive value.

NES are needed for individuals aged >65 years (37). The
effect of age on the biomarkers is partly explainable by
changes exerted by aging on transaminases and partly by
the inclusion of age as a predictor variable (37). Thus, as
epidemiological risk factors such as BMI do not truly in-
crease liver fibrosis in a dose-dependent manner, including
them in predictive scores may lead to poor specificity in
populations with a high prevalence of those risk factors.

Despite the paucity of data regarding the cost-effective-
ness of population-scale screening efforts (25), the European
guidelines recommend that at-risk individuals be screened for
advanced fibrosis (8). To prevent an overburdening of liver
clinics as well as unnecessary liver biopsies, sequential use of
blood-based tests has been proposed (25,27). We found that
sequentially combining FIB-4 with either ADAPT or FIBC3
significantly improved specificity to diagnose advanced
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fibrosis in the overweight/obese cohort (Fig. 4, Table 6). FIB-4
is an ideal initial test as it is easily calculated, inexpensive,
and has consistently shown high accuracy for advanced fi-
brosis (9,50,53). Srivastava et al prospectively evaluated a
primary care pathway for NAFLD in which patients with an
indeterminate result by FIB-4 were further evaluated using
the enhanced liver fibrosis test. This test incorporates con-
centrations of hyaluronic acid, tissue inhibitor of matrix
metalloproteinases-1, and amino-terminal propeptide of
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Figure 4. Sequential use of the Fibrosis-4 Index (FIB-4) followed by
another biomarker increases the diagnostic yield for advanced fibrosis.
(A) Proposed algorithm to test patients with FIB-4 in the indeterminate
range. (B) Accuracy of using FIB-4 alone compared to sequential use
with either the NAFLD Fibrosis Score (NFS), the Hepamet Fibrosis Score
(HFS), FIBC3, or ADAPT to identify advanced fibrosis in the overweight/
obese cohort (n = 378). Cutoffs used for NFS were BMI-adjusted as
follows: —=2.022 (BMI < 30.0 kg/m?), —1.083 (BMI 30.0-39.9 kg/m?), and
0.544 (BMI > 40 kg/m?); cutoffs used for the other scores: HFS, 0.12;
FIBC3, 0.4; and ADAPT, 6.3287. Light gray bars show true positives and
dark gray bars false positives. The Chi-squared test was used. *P < 0.05.
Abbreviation: NS, not significant.

type III procollagen, which are direct biomarkers akin to
CK-18 and PRO-C3, respectively. During a 2-year period, the
studied pathway reduced unnecessary referrals by 80% while
improving the detection of advanced fibrosis approximately
5-fold (28). Notably, the inclusion of only patients with ele-
vated liver enzymes in this study likely contributed to the high
diagnostic yield. A separate investigation deemed the pathway
more cost-effective as compared to screening of fibrosis using
elastography (54). Similar to findings by Srivastava et al, use
of ADAPT after FIB-4 in the present study reduced potential
unnecessary referrals (false positives) by as much as 68% (Fig.
4).

A limitation of our study was the relatively small albeit
epidemiologically representative prevalence of advanced fi-
brosis in the overweight/obese cohort. This translated into
wide CIs for test sensitivity. Moreover, in validating BMI-
adjusted cutoffs, we were unable to devise separate cutoffs
for individuals aged 65 years or older due to a low number of
patients in this age range. Thus, we cannot recommend using
the new cutoffs in this age category. As the study population
included patients solely of the European ancestry, our findings
may be inapplicable to other ethnicities due to different rela-
tionships between liver disease, obesity, and metabolic risk
factors (55). We also acknowledge that visceral adiposity may
be a better indicator of fibrosis risk compared to BMI (56).
In the overweight/obese cohort, however, body composition
data were unavailable. Lastly, our study was cross-sectional,
making it difficult to reconcile how the proposed sequen-
tial algorithms or BMI-adjusted cutoffs potentially affect
diagnostic yield in real-life referral pathways. Future studies
should validate the new NFS cutoffs in completely inde-
pendent cohorts, in patients aged >65 years, and preferably
with longitudinal outcome data to ascertain performance in
this application.

In summary, we found the best-performing fibrosis scores
in obese individuals to be FIB-4 and ADAPT, both of which
were unaffected by adiposity. The inexpensive FIB-4 is cur-
rently more feasible as it is simple, easily calculated in the
clinical practice, and performs slightly better than compar-
able biomarkers in head-to-head comparisons (50). FIB-4
can therefore be recommended to be used by all clinicians for
screening of advanced liver fibrosis in patients with obesity. In
cases where NFS has been adopted as the primary test, how-
ever, we recommend using BMI-adjusted cutoffs. Sequentially
combining FIB-4 with the PRO-C3-incorporating ADAPT
or FIBC3 scores may significantly reduce the degree of false-
positive diagnoses, potentially reducing screening-related
costs and healthcare burden.

Table 6. Diagnostic performance of sequential algorithms to identify advanced fibrosis (F3-F4) in the overweight/obese cohort (n = 378)

PPV, % (95% CI) NPV, % (95% CI) LR+ LR- NND

Algorithm Second test cutoff ~ Se, % (95% CI)  Sp, % (95% CI)
FIB-4 + ADAPT  6.3287 8 (48-84) 1(87-94)
FIB-4 + FIBC3 0.4 1(41-78) 0 (86-93)
FIB-4 + HFS® 0.12 1(51-87) 4 (79-87)
FIB-4 + NFSP BMI-adjusted® 2 (63-94) 8 (72-81)

7 (24-52) 7 (95-99) 7.56 035 1.7
3 (20-47) 7 (94-98) 6.10 043 2.0
6 (17-38) 7 (95-99) 444 035 1.8
3(15-31) 8 (96-99) 373023 1.7

Abbreviations: FIB-4, Fibrosis-4 Index; HFS, Hepamet Fibrosis Score; LR+, positive likelihood ratio; LR-, negative likelihood ratio; NFS, NAFLD Fibrosis
Score; NND, number needed to diagnose; NPV, negative predictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.

n=371.
bn = 373.

“BMI < 30.0 kg/m?* -2.022; BMI 30.0-39.9 kg/m?: -1.083; >40.0 kg/m?*: 0.544.

220z Arenugad g1 uo 1senb Aq 121 6¥9/EE69EBP/WAUIIO/0LZ L 0L/10P/9[oILE-9UBADE/WSD(/WO9"dNO"DIWSPED.//:SA)Y WO PAPEOjUMOQ



12 The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. XX, No. XX

Acknowledgments

We gratefully acknowledge the volunteers for their help. We
thank Aila Karioja-Kallio and Piivi Thamuotila for their ex-
cellent technical assistance.

Financial Support

H.Y.J. was supported by grants from the Academy of Finland
(no. 309263), the Novo Nordisk Foundation, and the Sigrid
Jusélius Foundation. S.Q. was supported by grants from
the Orion Research Foundation sr, the Yrjo Jahnsson
Foundation sr, the Maud Kuistila Memorial Foundation sr,
and the Emil Aaltonen Foundation sr. L.V. was supported
by grants from the Italian Ministry of Health (Ministero
della Salute, Ricerca Finalizzata) (no. RF-2016-02364358;
“Impact of whole exome sequencing on the clinical manage-
ment of patients with advanced nonalcoholic fatty liver and
cryptogenic liver disease”), the Ricerca Corrente Fondazione
IRCCS Ca’ Granda Ospedale Maggiore Policlinico, the
Fondazione IRCCS Ca’ Granda core COVID-19 Biobank (no.
RC100017A), and the Fondazione IRCCS Ca’ Granda “Liver
BIBLE” (no. PR-0391).

Disclosures

LL. is a full-time employee at Nordic Bioscience R&D.
D.J.L. and M.K. are full-time employees and stockholders at
Nordic Bioscience. P.P. is employed by VLVbio as a research
and development specialist. All other authors state that no
conflicts of interest with regard to this manuscript exist.

Data Availability

Restrictions apply to the availability of some or all data
generated or analyzed during this study to preserve patient
confidentiality or because they were used under license. The
corresponding author will on request detail the restrictions
and any conditions under which access to some data may be
provided.

References

1. Yki-Jarvinen H. Non-alcoholic fatty liver disease as a cause and a
consequence of metabolic syndrome. Lancet Diabetes Endocrinol.
2014;2(11):901-910.

2. Ekstedt M, Hagstrom H, Nasr P, et al. Fibrosis stage is
the strongest predictor for disease-specific mortality in
NAFLD after up to 33 years of follow-up. Hepatology.
2015;61(5):1547-1554.

3. Angulo P, Kleiner DE, Dam-Larsen S, et al. Liver fibrosis, but no
other histologic features, is associated with long-term outcomes of
patients with nonalcoholic fatty liver disease. Gastroenterology.
2015;149(2):389-397.e10.

4. Vilar-Gomez E, Martinez-Perez Y, Calzadilla-Bertot L, ef al. Weight
loss through lifestyle modification significantly reduces features of
nonalcoholic steatohepatitis. Gastroenterology. 2015;149(2):367-
378.eS.

5. Lassailly G, Caiazzo R, Ntandja-Wandji L-C, et al. Bariatric sur-
gery provides long-term resolution of nonalcoholic steatohepatitis
and regression of fibrosis. Gastroenterology. 2020;159(4):1290-
1301.e1295.

6. Sterling RK, Lissen E, Clumeck N, et al. Development of a simple
noninvasive index to predict significant fibrosis in patients with
HIV/HCV coinfection. Hepatology. 2006;43(6):1317-1325.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Angulo P, Hui JM, Marchesini G, et al. The NAFLD fibrosis score:
a noninvasive system that identifies liver fibrosis in patients with
NAFLD. Hepatology. 2007;45(4):846-854.

European Association for the Study of the Liver; European
Association for the Study of Diabetes; European Association for
the Study of Obesity. EASL-EASD-EASO clinical practice guide-
lines for the management of non-alcoholic fatty liver disease. |
Hepatol. 2016;64(6):1388-1402.

Vilar-Gomez E, Chalasani N. Non-invasive assessment of
non-alcoholic fatty liver disease: Clinical prediction rules and
blood-based biomarkers. ] Hepatol. 2018;68(2):305-315.

Wai C. A simple noninvasive index can predict both signifi-
cant fibrosis and cirrhosis in patients with chronic hepatitis C.
Hepatology. 2003;38(2):518-526.

Harrison SA, Oliver D, Arnold HL, Gogia S, Neuschwander-
Tetri BA. Development and validation of a simple NAFLD clinical
scoring system for identifying patients without advanced disease.
Gut. 2008;57(10):1441-1447.

Ampuero J, Pais R, Aller R, et al. Development and validation of
Hepamet fibrosis scoring system—a simple, noninvasive test to iden-
tify patients with nonalcoholic fatty liver disease with advanced fi-
brosis. Clin Gastroenterol Hepatol. 2020;18(1):216-225.e215.
Daniels SJ, Leeming DJ, Eslam M, et al. ADAPT: an algorithm
incorporating PRO-C3 accurately identifies patients with NAFLD
and advanced fibrosis. Hepatology. 2019;69(3):1075-1086.

Boyle M, Tiniakos D, Schattenberg JM, et al. Performance of the
PRO-C3 collagen neo-epitope biomarker in non-alcoholic fatty
liver disease. JHEP Rep. 2019;1(3):188-198.

Lee ], Vali Y, Boursier ], et al. Accuracy of cytokeratin 18 (M30
and M6S5) in detecting non-alcoholic steatohepatitis and fi-
brosis: a systematic review and meta-analysis. PLoS Ome.
2020;15(9):€0238717-¢0238717.

Boursier J, Anty R, Vonghia L, et al. Screening for therapeutic
trials and treatment indication in clinical practice: MACK-3, a new
blood test for the diagnosis of fibrotic NASH. Aliment Pharmacol
Ther. 2018;47(10):1387-1396.

Qureshi K, Clements RH, Abrams GA. The utility of the “NAFLD
fibrosis score” in morbidly obese subjects with NAFLD. Obes Surg.
2008;18(3):264-270.

Rodriguez RD, Pomar MD, Ferndndez AC, de Francisco TG,
Gofii JL. Usefulness of an index score as a predictor of hepatic
fibrosis in obese patients undergoing bariatric surgery. Rev Esp
Enferm Dig. 2009;101(8):528-535.

Pimentel SK, Strobel R, Gongalves CG, Sakamoto DG, Ivano FH,
Coelho JC. Evaluation of the nonalcoholic fat liver disease fibrosis
score for patients undergoing bariatric surgery. Arq Gastroenterol.
2010;47(2):170-173.

Simo KA, Mckillop TH, Mcmillan MT, ez al. Does a calculated
“NAFLD fibrosis score” reliably negate the need for liver biopsy in
patients undergoing bariatric surgery? Obes Surg.2014;24(1):15-21.
Nassif AT, Nagano TA, Okayama S, Nassif LS, Branco Filho A,
Sampaio Neto J. Performance of the bard scoring system in bar-
iatric surgery patients with nonalcoholic fatty liver disease. Obes
Surg. 2017;27(2):394-398.

de Carli MA, de Carli LA, Correa MB, Junqueira G Jr, Tovo CV,
Coral GP. Performance of noninvasive scores for the diagnosis of
advanced liver fibrosis in morbidly obese with nonalcoholic fatty
liver disease. Eur | Gastroenterol Hepatol. 2020;32(3):420-425.
Angulo P, Keach JC, Batts KP, Lindor KD. Independent predictors
of liver fibrosis in patients with nonalcoholic steatohepatitis.
Hepatology. 1999;30(6):1356-1362.

Lallukka S, Siadevirta S, Kallio MT, et al. Predictors of liver fat and
stiffness in non-alcoholic fatty liver disease (NAFLD)—an 11-year
prospective study. Sci Rep. 2017;7(1):1-10.

Tsochatzis EA, Newsome PN. Non-alcoholic fatty liver disease
and the interface between primary and secondary care. Lancet
Gastroenterol Hepatol. 2018;3(7):509-517.

Musso G, Gambino R, Cassader M, Pagano G. Meta-analysis:
natural history of non-alcoholic fatty liver disease (NAFLD) and

220z Arenugad g1 uo 1senb Aq 121 6¥9/EE69EBP/WAUIIO/0LZ L 0L/10P/9[oILE-9UBADE/WSD(/WO9"dNO"DIWSPED.//:SA)Y WO PAPEOjUMOQ



The Journal of Clinical Endocrinology & Metabolism, 2022, Vol. XX, No. XX 13

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

diagnostic accuracy of non-invasive tests for liver disease severity.
Ann Med. 2011;43(8):617-649.

Patel K, Sebastiani G. Limitations of non-invasive tests for assess-
ment of liver fibrosis. JHEP Rep. 2020;2(2):100067.

Srivastava A, Gailer R, Tanwar S, et al. Prospective evaluation of a
primary care referral pathway for patients with non-alcoholic fatty
liver disease. ] Hepatol. 2019;71(2):371-378.

Kotronen A, Peltonen M, Hakkarainen A, et al. Prediction of non-
alcoholic fatty liver disease and liver fat using metabolic and ge-
netic factors. Gastroenterology. 2009;137(3):865-872.

Hagstrom H, Nasr P, Ekstedt M, et al. Fibrosis stage but not NASH
predicts mortality and time to development of severe liver disease
in biopsy-proven NAFLD. | Hepatol. 2017;67(6):1265-1273.
Bianco C, Jamialahmadi O, Pelusi S, e al. Non-invasive stratifica-
tion of hepatocellular carcinoma risk in non-alcoholic fatty liver
using polygenic risk scores. ] Hepatol. 2021;74(4):775-782.
Kleiner DE, Brunt EM, Van Natta M, et al. Design and validation
of a histological scoring system for nonalcoholic fatty liver disease.
Hepatology. 2005;41(6):1313-1321.

Bedossa P, Consortium FP. Utility and appropriateness of the fatty
liver inhibition of progression (FLIP) algorithm and steatosis, ac-
tivity, and fibrosis (SAF) score in the evaluation of biopsies of non-
alcoholic fatty liver disease. Hepatology. 2014;60(2):565-575.
Sanyal AJ, Brunt EM, Kleiner DE, et al. Endpoints and clin-
ical trial design for nonalcoholic steatohepatitis. Hepatology.
2011;54(1):344-353.

Nielsen M]J, Nedergaard AF, Sun S, et al. The neo-epitope spe-
cific PRO-C3 ELISA measures true formation of type III collagen
associated with liver and muscle parameters. Am | Transl Res.
2013;5(3):303-315.

Qadri S, Ahlholm N, Lensmann I, ef al. Supplementary data for:
Obesity modifies the performance of fibrosis biomarkers in nonal-
coholic fatty liver disease. Zenodo Digital Repository. Deposited
December 7, 2021. https://doi.org/10.5281/zenodo.5507774
McPherson S, Hardy T, Dufour JE et al. Age as a confounding
factor for the accurate non-invasive diagnosis of advanced NAFLD
fibrosis. Am | Gastroenterol. 2017;112(5):740-751.

Delong ER, Delong DM, Clarke-Pearson DL. Comparing the areas
under two or more correlated receiver operating characteristic
curves: a nonparametric approach. Biometrics 1988;44(3):837.
Lambert J, Halfon P, Penaranda G, Bedossa P, Cacoub P, Carrat F.
How to measure the diagnostic accuracy of noninvasive liver fi-
brosis indices: the area under the ROC curve revisited. Clin Chem.
2008;54(8):1372-1378.

Obuchowski NA. Estimating and comparing diagnostic tests’
accuracy when the gold standard is not binary. Acad Radiol.
2005;12(9):1198-1204.

Linn S, Grunau PD. New patient-oriented summary measure of net
total gain in certainty for dichotomous diagnostic tests. Epidemiol
Perspect Innov 2006;3(1):11.

42.

43

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Younossi ZM, Golabi P, de Avila L, et al. The global epidemiology
of NAFLD and NASH in patients with type 2 diabetes: a systematic
review and meta-analysis. | Hepatol. 2019;71(4):793-801.

. Chalasani N, Younossi Z, Lavine JE, et al. The diagnosis and man-

agement of nonalcoholic fatty liver disease: practice guidance
from the American Association for the Study of Liver Diseases.
Hepatology. 2018;67(1):328-357.

Eslam M, Sarin SK, Wong VW, et al. The Asian Pacific Association
for the Study of the Liver clinical practice guidelines for the diag-
nosis and management of metabolic associated fatty liver disease.
Hepatol Int. 2020;14(6):889-919.

McPherson S, Stewart SE, Henderson E, Burt AD, Day CP. Simple
non-invasive fibrosis scoring systems can reliably exclude advanced
fibrosis in patients with non-alcoholic fatty liver disease. Gut.
2010559(9):1265-1269.

Anstee QM, Lawitz EJ, Alkhouri N, et al. Noninvasive tests accu-
rately identify advanced fibrosis due to NASH: baseline data from
the STELLAR trials. Hepatology. 2019;70(5):1521-1530.
Mandrekar JN. Receiver operating characteristic curve in diag-
nostic test assessment. | Thorac Oncol. 2010;5(9):1315-1316.
Shah AG, Lydecker A, Murray K, et al. Comparison of noninvasive
markers of fibrosis in patients with nonalcoholic fatty liver disease.
Clin Gastroenterol Hepatol. 2009;7(10):1104-1112.

Harrell FE Jr. Regression Modeling Strategies. 2nd ed. Springer
International Publishing; 2015.

Crossan C, Tsochatzis EA, Longworth L, et al. Cost-effectiveness
of non-invasive methods for assessment and monitoring of liver
fibrosis and cirrhosis in patients with chronic liver disease: sys-
tematic review and economic evaluation. Health Technol Assess.
2015;19(9):1-410.

De Vincentis A, Tavaglione F, Jamialahmadi O, et al. A poly-
genic risk score to refine risk stratification and prediction for
severe liver disease by clinical fibrosis scores. Clin Gastroenterol
Hepatol. 2021;51542-3565(21)00595-4. Doi:10.1016/j.
cgh.2021.05.056

Udell JA, Wang CS, Tinmouth J, et al. Does this patient with liver
disease have cirrhosis? JAMA. 2012;307(8):832.

Castera L, Friedrich-Rust M, Loomba R. Noninvasive assessment
of liver disease in patients with nonalcoholic fatty liver disease.
Gastroenterology. 2019;156(5):1264-1281.e1264.

Srivastava A, Jong S, Gola A, et al. Cost-comparison analysis of
FIB-4, ELF and fibroscan in community pathways for non-alcoholic
fatty liver disease. BMC Gastroenterol. 2019;19(1):1-15.

Zou B, Yeo YH, Nguyen VH, Cheung R, Ingelsson E, Nguyen MH.
Prevalence, characteristics and mortality outcomes of obese,
nonobese and lean NAFLD in the united states, 1999-2016. |
Intern Med. 2020;288(1):139-151.

Van Der Poorten D, Milner K-L, Hui J, et al. Visceral fat: a key
mediator of steatohepatitis in metabolic liver disease. Hepatology.

2008;48(2):449-457.

220z Arenugad g1 uo 1senb Aq 121 6¥9/EE69EBP/WAUIIO/0LZ L 0L/10P/9[oILE-9UBADE/WSD(/WO9"dNO"DIWSPED.//:SA)Y WO PAPEOjUMOQ


https://doi.org/10.5281/zenodo.5507774
https://doi.org/10.1016/j.cgh.2021.05.056
https://doi.org/10.1016/j.cgh.2021.05.056

	Discussion
	Statistical Analyses
	External cohorts
	Overweight/obese cohort

	Fibrosis Biomarkers (Index Tests)
	Liver Histology (Reference Standard and Target Conditions)
	Patients and Study Design

	Results
	Sequential Testing Increases Diagnostic Yield for Advanced Fibrosis
	BMI-adjusted Cutoffs Improve the Diagnostic Performance of NFS for Advanced Fibrosis
	Effect of BMI on biomarker performance
	Fibrotic NASH
	Advanced (≥F3) and significant (≥F2) fibrosis

	Performance of Fibrosis Biomarkers in the Overweight/Obese Cohort
	Characteristics of the Patients

	Materials and Methods

