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Arun J. Sanyal® "¢
James Bolognese?, Erika Daly®, Clayton A. Dehn®, Brent Neuschwander-Tetri®®,
Kris Kowdley’, Raj Vuppalanchi®2, Cynthia Behling®, James Tonascia®,

Anthony Samir®'°, Claude Sirlin®", Sarah P. Sherlock™, Kathryn Fowler",
Helen Heymann®, Tania N. Kamphaus™, Rohit Loomba ® "

& Roberto A. Calle ® "

, Sudha S. Shankar?'6, Katherine P. Yates?,

There are no approved diagnostic biomarkers for at-risk non-alcoholic
steatohepatitis (NASH), defined by the presence of NASH, high histological
activity and fibrosis stage >2, whichis associated with higher incidence

of liver-related events and mortality. FNIH-NIMBLE is a multi-stakeholder
project to support regulatory approval of NASH-related biomarkers. The
diagnostic performance of five blood-based panels was evaluated in an
observational (NASH CRN DB2) cohort (n =1,073) with full spectrum of
non-alcoholic fatty liver disease (NAFLD). The panels were intended to
diagnose at-risk NASH (NIS4), presence of NASH (OWLiver) or fibrosis

stages >2, >3 or 4 (enhanced liver fibrosis (ELF) test, PROC3 and FibroMeter
VCTE). The prespecified performance metric was an area under the receiver
operating characteristic curve (AUROC) >0.7 and superiority over alanine
aminotransferase for disease activity and the FIB-4 test for fibrosis severity.
Multiple biomarkers met these metrics. NIS4 had an AUROC of 0.81 (95%
confidenceinterval: 0.78-0.84) for at-risk NASH. The AUROCs of the ELF
test, PROC3 and FibroMeterVCTE for clinically significant fibrosis (=stage 2),
advanced fibrosis (=stage 3) or cirrhosis (stage 4), respectively, were all >0.8.
ELF and FibroMeter VCTE outperformed FIB-4 for all fibrosis endpoints.
These data represent a milestone toward qualification of several biomarker
panels for at-risk NASH and also fibrosis severity in individuals with NAFLD.

Non-alcoholic fatty liver disease (NAFLD) is a leading cause of
liver-related morbidity and mortality'. The presence of non-alcoholic
steatohepatitis (NASH), an active form of NAFLD, and liver fibrosis
stage 2 or higher is linked to an increased incidence of liver-related
adverse clinical outcomes and death and is also referred to as ‘at-risk’
NASH?**. Identification of individuals with at-risk NASH for therapy
isa cornerstone for clinical care and inclusion in therapeutic trials’.
Histological evaluation of liver biopsy sections is the reference
standard for diagnosis of NASH as well as quantification of disease
activity and fibrosis stage, butit requires aninvasive liver biopsy with

its associated risks and limitations, hindering its widespread use® .
This has spurred much work to establish non-invasive tests (NITs) to
diagnose NASH and fibrosis, yet none has met the evidentiary require-
ments needed for regulatory qualification. The lack of regulatory
approval limits availability of these tests for widespread clinical use.
Italso hinders patient recruitmentinto clinical trials and their further
development for treatment response monitoring. Froma public health
point of view, the lack of approved biomarker panels for diagnostic
purposes is, thus, a major barrier to access to care and drug develop-
ment’. Although progress has been made in retrospective comparative
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assessment of NITs', evidence gaps remain for full qualification. Devel-
opment of such NITs to regulatory standards remains a major unmet
need for thefield.

There are three general pathways for regulatory approval of
biomarker panels”. Drug development tools are developed and vali-
dated in the context of a specific drug development program, and
the approvalis limited in anarrowly defined context of use. Academic
consensusisanother pathway, butitis limited by lack of standardized
reported outcomes and publications based on studies that are not
designed to meet typical regulatory standards. Biomarker qualifica-
tion is the third pathway. It is a process wherein regulatory agencies
agree that a given biomarker, when used in a specific clinical setting
to answer a specific question, provides actionable information with a
prespecified level of certainty".

Regulators recognize collaborative initiatives and consortiaas a
vehicle to tackle the qualification process®. It includes consideration
ofthe analytic robustness of the assay and clear definition of the clini-
calsettings and boundaries within which the biomarker assays work. It
further requires rigorous assessment of sensitivity and specificity for
its intended use and validation across relevant populations. Finally,
it also includes an assessment of benefit versus the risks of misclas-
sification. The overall use case is defined by the context of use, which
defines who the test will be used onand the clinical setting where it will
beused, the purpose of the test, the read-out anditsinterpretation and
the decisions that willemanate from the read-out. The purpose can be
diagnostic, prognostic, predictive, disease monitoring or assessment
of treatment response”. Together, this represents a substantial amount
of data, which, for practical logistic reasons, are usually generated in
amulti-step manner.

The Foundation for the National Institutes for Health (FNIH) was
established by the federal government of the United States as a plat-
formto enable public-private partnerships, bringing multiple federal
agenciestogether withacademics, industry partners and other relevant
stakeholders to solve problems of great public health importance.
The Non-Invasive Biomarkers for Metabolic Liver Disease (NIMBLE)
project was commissioned by the FNIH to qualify NITs for NAFLD”. It
represents a collaborative effort involving the FNIH, the US Food and
Drug Administration (FDA), academics and 14 industry partners to
qualify biomarkers for diagnostic enrichment of “at-risk’ NASH and its
subcomponents. NIMBLE has animaging workstream and a circulating
biomarker workstream. The current study is the final report of stage 1 of
the NIMBLE project’s circulating biomarker workstream and represents
acollaboration between the NIMBLE circulating biomarker workstream
and the adult clinical centers and the data coordinating center of the
NASH Clinical Research Network (NASH CRN) of the National Institute
of Diabetes and Digestive and Kidney Diseases (NIDDK) (Extended Data
Table 1). It evaluates the performance metrics of several biomarker
panels for the diagnosis of NASH, at-risk NASH and varying severity of
fibrosisinindividuals with NAFLD. The results of this study willinform
ifany of the biomarkers have met the evidence needed for qualification
oriftheyaresupportive but need additional validationinstage 2. They
will also inform if any of these are not considered for final validation
effortsin stage 2 of the NIMBLE project.

The first step in the biomarker qualification path is regulatory
acceptance of aletter of intent establishing the scientific roadmap to
be taken. ANIMBLE study letter of intent for the circulating biomark-
ers in the current study has been accepted by the FDA, a critical step
in the qualification process™. The proposed context of use was for
diagnostic enrichment for at-risk NASH and its components—that
is, presence of NASH, high histological disease activity and specific
fibrosis thresholds, for example clinically significant fibrosis (>stage 2),
advanced fibrosis (=stage 3) or cirrhosis (stage 4), ina population with
NAFLD or risk factors for NAFLD. A successful diagnostic enrichment
biomarker is expected to select for patients with a higher likelihood
of meeting the criteria for at-risk NASH in a subsequent liver biopsy,

thus reducing the number of patients who undergo this procedure
unnecessarily and improving the efficiency of the process to select
patients in need of clinical intervention and/or suitable for participa-
tion in NASH clinical trials.

The panels chosenrepresent the first wave of circulating biomark-
ers going through this qualification effort and included NIS4 (Genfit,
Lille, France), OWLiver (One Way Lipidomics, Bilbao, Spain), PROC3
(Nordic Bioscience, Copenhagen, Denmark), enhanced liver fibrosis
(ELF) (Siemens Healthineers, New Jersey, USA) test and the FibroMeter
VCTE (Echosense, Paris, France). The latter was chosen as the best vibra-
tion controlled transient elastography (VCTE)-linked panel at the time
when NIMBLE was designed®. Since the design of NIMBLE, additional
panels have emerged—for example, the FAST, Agile and ADAPT scores;
the qualification of these is expected to follow the roadmap established
by the letter of intent for NIMBLE'*'%", A separate qualification effort
for the FAST score is underway already.

Thegoal of the current step in the qualification process was not to
identify novel biomarkers or to determine which biomarker is the best
but to rigorously determine the sensitivity and specificity of each of
the biomarker panelsina curated cohort with abalanced distribution
of fibrosis stage and to compare their performance to commonly used
laboratory tests for the same purpose used by the general medical
community. The data would inform the further development of the
selected biomarkers and provide the foundation for a full qualification
planfor these panels which, after acceptance by the FDA, will support
their qualification with or without additional data from stage 2 as afinal
step. This critical step thus moves the field closer to having qualified
NITs that can be used to identify individuals with at-risk NASH and its
subcomponents for both routine practice and drug development.

Results

The current study evaluated the diagnostic performance of five bio-
marker panels (NIS4, OWLiver, PROC3, ELF and FibroMeter VCTE) for
the diagnosis of NASH, high NAFLD activity score or varying severity
ofhepatic fibrosisin a population with NAFLD (Extended Data Table 2).
The study cohort was derived from the NASH CRN study cohort, which
had 4,094 participants (Fig.1). Atotal of 2,479 individuals were excluded
because of age, lack of samples or lack of evaluable liver biopsies. Of the
remaining individuals, consecutive patients for each stage of disease
were selected to ensure that enough patients were available to meet
sample size estimates and to have arelatively balanced-distributed
spectrum of fibrosis severity (stages 0: n = 222; stage 1: n = 114; stage 2:
n=262;stage3:n=277;and stage 4: n=198). Atotal of 1,073 individu-
alsmeeting the eligibility criteriawere, thus, included for this analysis
(Table1). The mean time from blood sample to biopsy varied from 55 d
to79 dwiths.d. of about 24-25 d for most groups except cirrhosis where
itwas 39 d; 946 of 1,073 (88.2%) individuals had blood samples within
90 d of biopsy, and all had samples within 180 d of biopsy.

The mean age of the cohort was 52.5 years and included 62.3%
females. In total, 225 individuals had NAFL present; 835 had NASH;
and 13 had cirrhosis with an indeterminate NAFLD phenotype. Those
without fibrosis were younger, had mainly fatty liver and not steato-
hepatitis. They also had alower NAFLD activity score compared to those
with fibrosis stage 2 or higher. The study population for FibroMeter
VCTE was a smaller subset of the larger population (n =396) as this
analysis was limited toindividuals who had a VCTE examination within
6 months of the liver biopsy. The baseline features of this subset were
similar to the larger cohort (Extended Data Table 3).

At-risk NASH

At-risk NASH was defined as presence of steatohepatitis withan NAFLD
activity score >4 and fibrosis stage >2 (refs. 9,18). Thisis correlated with
ahigher risk of liver outcomes and is the target population for most clin-
icaltrials®. The prespecified analytic approach for this study was, first,
to establish that the area under the receiver operating characteristic
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4,094 adult patients enrolled in 4 NASH CRN studies

n =1,349 patients excluded

- n =282 no baseline biopsy

-n=1,067 biopsy window > 6

2,745 adult patients with a baseline liver tissue biopsy within 6 months of enrollment

n =1,016 patients excluded

- n =5 fibrosis stage missing

1,729 patients available for sample selectiont:
e 389 patients available for subgroup O
e 304 patients available for subgroup 1
e 822 patients available for subgroup 2
e 214 patients available for subgroup 3

- n =103 not NASH, cirrhosis
- n =39 NAS* <4, fibrosis >1
- n =869 NAS >3, fibrosis <2

MERGE

34,522 baseline serum samples for 1,615 patients available with at least 7 aliquots

n =537 patients (26,976 samples) not used

1,078 patients selected (7,546 patient-samples)
Subgroup 0O: n =220 patients (n = 1,540 patient-samples)
Subgroup 1: n = 220 patients (n = 1,540 patient-samples)
Subgroup 2: n = 440 patients (n = 3,080 patient-samples)
Subgroup 3: n =198 patients (n = 1,386 patient-samples)

n =5 patients
(85 samples)

excluded to
low volume

] !

| |

Siemens: ELF
n =1,073 patients
(2,146 samples)

LabCorp (FIB4, ALT)
n=1,073
patients (1,073

OWL OWLiver:
n =1,073 patients
(1,073 samples)

Genfit: NIS4
n =1,073 patients
(2,146 samples)

Nordic PROC3
n =1,073 patients
(1,073 samples)

samples)

Fig.1|Study population derivation. Sample derivation from the NASH CRN cohort and their use for laboratory analysis of the components of NIS4, OWLiver, PROC3,

ELF testand FibroMeter VCTE.

curve (AUROC) was atleast 0.7 and superior to the unit line—thatis, the
95% confidence limits did notintersect 0.5.Second, it was to establish
superiority over alanine aminotransferase (ALT), a universally used
measure of liver injury for over five decades, for biomarkersintended
toassess disease activity and FIB-4 for biomarkersintended to evaluate
fibrosis. These were selected because of the amount of pre-existing lit-
erature on these biomarkers at the time when NIMBLE was conceived™*
and their wide availability for use by the medical community®. The FIB-4
testalso provides prognosticinformation with astep-wiseincreasein
mortality from 0.07 to 0.3 to 2.5 per 100 person-years in individuals
withFIB-3<1.3,1.3-2.6 and >2.6, further supporting its use asa compara-
tor?>?, Other markers for liver injury, such as CK18, were not considered
as comparators because they are not universally available or used by
the general medical community to assess liver injury. Superiority over
ALT and FIB-4 were considered a pragmatic initial step to move to final
qualification; biomarker panels that could not meaningfully outper-
form such simple laboratory measures to inform decision-making
would not be suitable for further qualification studies.

NIS4 was the only panel with an intended use to diagnose the
underlying composite phenotype of at-risk NASH (n = 539 within the full
cohort). The sensitivity and specificity of NIS4 for this diagnosis were
78.1% and 73.6%, respectively, with an AUROC of 0.815 at the optimal

cutpoint (Table 2), which was superior to both ALT (AUROC = 0.726)
and FIB-4 (AUROC = 0.704) (P < 0.001NIS4 versus both) (Table 3). The
sensitivity and specificity at varying cutpoints along the dynamic range
of scores for NIS4 are shown graphically in Fig. 2.

NASH diagnosis

NIS4 and the OWLiver tests had an intended use to diagnose NASH
(Extended Data Table 2). NIS4 (Youden cutpoint 0.539) had an AUROC
of 0.83 (95% confidence interval (Cl): 0.8-0.86) and was superior to
ALT (AUROC = 0.67) for thisintended use (Table 2). The sensitivity and
specificity were 77.7% and 76.2%, respectively, at this cutpoint. NIS4
had aspecificity of 47.7% and a sensitivity of 54.4% when sensitivity and
specificity were constrained at 90%, respectively (Table 3). Under both
conditions with either sensitivity or specificity constrained at 90%,
NIS4 was significantly superior to ALT (P < 0.001 for both). OWLiver
provided the results in categorical format, which did not permit gen-
eration of an AUROC; it diagnosed NASH with a sensitivity of 77.3% and
aspecificity of 66.8%.

High NAFLD activity score (=4)
Ahigh NAFLD activity score (NAS) isacomponent of at-risk NASH. The
AUROC (0.815,95% CI: 0.786-0.844) for NIS4 was significantly superior
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Table 1| Demographic, clinical and laboratory data from the study cohort

Stage O Stage 1 Stage 2 Stage 3 Stage 4

n=222 n=14 n=262 n=277 n=198
Age (years) 47.8 (12.2) 481(13.8) 517 (11.5) 54.4(11.2) 56.2(9.8)
Gender (males) (n (%)) 99 (44.6%) 52 (45.6%) 102 (38.9%) 91(32.9%) 60 (30.3%)
White (n (%)) 158 (71.2%) 68 (59.6%) 199 (76.2%) 217 (78.9%) 169 (86.2%)
African American (n (%)) 4 (1.8%) 5(4.4%) 8 (31%) 8(2.9%) 3(1.5%)
Hispanic (n (%)) 34 (15.3%) 20 (17.5%) 28 (10.7%) 24 (8.7%) 16 (8.2%)
Other (n (%)) 26 (11.7%) 21(18.4%) 26 (10.0%) 26 (9.5%) 8(41%)
Body mass index (kgm™) 32.8 (6.6) 33.3(6.1) 34.5(6.3) 36.1(6.6) 36.4(7.3)
Waist circumference (cm) 104.7 (14.7) 107.3 (13.9) 110.8 (14.2) 114.3 (14.8) 113.7 (15.1)
Type 2 diabetes (n (%)) 45 (20.3%) 41(36.0%) 13 (431%) 162 (58.5%) 129 (65.2%)
Hypertension (n (%)) 94 (42.3%) 65 (57.0%) 164 (62.6%) 191 (69.0%) 132 (66.7%)
AST (IUL™) 27.8(13.3) 31.9(17.7) 50.3(29.3) 58.3(39.8) 51.9(28.9)
ALT (IUL™) 38.5(25.4) 45.0(34.6) 65.5 (43.1) 68.1(47.8) 491 (34.5)
ALP(IUL™) 86.6 (30.5) 80.6 (28.2) 87.0 (28.0) 93.0(33.2) 114.5 (53.2)
Total bilirubin (mgdLl™) 0.5(0.3) 0.6 (0.5) 0.5(0.3) 0.5(0.4) 0.8(0.8)
INR 1.0 (0.1) 1.0(0.2) 1.0 (0.) 11(0) 2.8(4.3)
Albumin (gdl") 4.6(0.3) 4.6(0.3) 46(0.3) 45(0.3) 4.3(0.4)
Hemoglobin (gdl™) 14.4(1.4) 14.3 (1.5) 14.2(1.5) 13.9(1.5) 13.6 (1.6)
White blood cells (10° per pl) 70 (2.2) 71(2.0) 7.3 (2.0) 76 (6.0) 6.5(3.3)
Platelets (cells per ml) 250.3 (62.7) 243.5(82.9) 237.8 (60.5) 218.7(66.2) 165.9 (64.1)
Fasting glucose (mgdl™) 101.3 (33.8) 106.7 (42.0) 114.6 (42.2) 116.6 (34.8) 126.2 (51.7)
Fasting insulin (nUmL™) 17.8 (14.2) 25.5 (32.4) 26.8 (29.1) 30.9 (27.6) 35.5(35.4)
Total cholesterol (mgdl™) 193.7 (43.1) 181.2 (43.3) 189.7 (48.5) 183.3 (42.3) 174.2 (40.4)
LDL-C (mgdl™) 117.5 (36.5) 105.9 (36.6) 112.0(39.2) 106.1(38.1) 100.7 (35.3)
HDL-C (mgdl™) 451 (10.9) 44.4(13.5) 42.9(1.9) 42.8 (11.9) 45.2(13.2)
Triglycerides (mgdLl™) 169.8 (108.0) 168.1(108.5) 203.1(275.0) 186.3 (114.9) 141.5 (66.2)
Statin use (n (%)) 63 (28.4%) 46 (40.4%) 91(34.7%) 13 (40.8%) 84 (42.4%)
Time from biopsy to study entry (days) 5516 (24.32) 60.44 (26.93) 53.60 (25.24) 53.18 (24.15) 79.31(39.22)
NAFL (n (%)) 195 (87.8%) 23(20.2%) 0(0.0%) 0(0.0%) 7(3.5%)
NASH (n (%)) 27 (12.2%) 91(79.8%) 262 (100%) 277 (100%) 178 (89.9%)
Steatosis grade 1.3(0.5) 1.2 (0.4) 2.0(0.8) 1.8 (0.9) 1.3(0.9)
Ballooning grade 0.1(0.3) 0.3(0.5) 1.2(0.7) 1.5(0.7) 1.5(0.7)
Lobular inflammation 1.0 (0.3) 11(0.3) 1.7 (0.7) 1.8(0.7) 1.5(0.7)
Portal inflammation 0.8 (0.6) 0.9(0.5) 1.2(0.5) 1.4 (0.5) 17(0.5)
NAS 2.5(0.6) 2.5(0.6) 4.8(1.5) 5.2 (1.6) 4.2(1.6)

All statistics presented are means (s.d.), unless otherwise specified. *Time between the liver biopsy and study enrollment for 109 (10%) individuals of the cohort was 92-183d.

to ALT (AUROC: 0.726, sensitivity 71.1%, specificity 64.1%), the com-
parator for panels intended to diagnose high activity (P < 0.001). The
specificity and sensitivity of NIS4 were 57.8% and 46.2%, respectively,
when sensitivity and specificity were locked at 90%. Under both condi-
tions, the diagnostic performance of NIS4 was significantly superior
to ALT (P < 0.001 for both) (Table 3).

Clinically significant fibrosis (fibrosis stage >2)

NIS4, ELF, PROC3 and FibroMeter VCTE had anintended use to identify
clinically significant fibrosis in individuals with NAFLD. The AUROCs
were as follows: NIS4 (0.874), ELF (0.828), PROC3 (0.8) and FibroM-
eter VCTE (0.841). Their respective sensitivity and specificity at their
Youden cutoff are provided in Table 2. FIB-4 had an AUROC of 0.798,
which was very close to the expected benchmark AUROC of 0.8 (ref.19).
NIS4 (P<0.001),ELF (P < 0.01) and FibroMeter VCTE (P < 0.001) were all

significantly superior to FIB-4. However, the overall AUROC for PROC3
was not superior to FIB-4. Similar data were obtained when the perfor-
mance of these panels with sensitivity and specificity constrained at
90% were evaluated (Table 3).

Advanced fibrosis (stage >3)

The operational definition of advanced fibrosis included individuals
withstage 3 or 4. The AUROCs of the panels tested for the diagnosis of
advanced fibrosis were as follows: FIB-4 (0.789), ELF (0.835, P < 0.001
versus FIB4), PROC3 (0.809, P = not significant (NS) versus FIB-4) and
FibroMeter VCTE (0.841, P < 0.001 versus FIB4). A secondary analysis
of NIS4 for advanced fibrosis provided an AUROC of 0.78 (P = NS versus
FIB4). The sensitivity with specificity fixed at 90% were 50.3% and 54.2%,
whereas the specificity was 55.3% and 59.6% with sensitivity fixed at 90%
for ELF and FibroMeter VCTE, respectively; for both analyses, ELF and
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Table 2 | Sensitivity and specificity of individual panels for their intended use

Sensitivity (%) Specificity (%) Youden index AUROC Significance
(95% CI) (versus ALT or FIB4)

NASH diagnosis

ALT 63.2 64.8 0.28 0.678 (0.639, 0.717)

NIS4 777 76.2 0.539 0.832(0.801, 0.864) <0.001

OWL 773 66.8 Categorical data AUROC cannot be

computed

NAS 24

ALT 7 64.1 0.352 0.726 (0.694, 0.759)

NIS4 781 73.6 0.517 0.815 (0.786, 0.844) <0.001
At-risk NASH

ALT 7a 64.1 0.352 0.726 (0.694, 0.759)

FIB4 76.4 58.4 0.349 0.704 (0.671, 0.737)

NIS4 781 73.6 0.517 0.815 (0.786, 0.844) <0.001
Fibrosis stage >2

FIB4 65.6 80.6 0.462 0.798 (0.768, 0.828)

ELF 71.8 81.5 0.533 0.828 (0.08, 0.857) 0.013

NIS4 82.3 79.9 0.622 0.874(0.848, 0.899) <0.001

PROC3 69.8 81 0.507 0.809 (0.779, 0.839) 0.279

FibroMeter VCTE 66.7 86.4 0.53 0.841(0.796, 0.886) <0.001
Fibrosis stage >3

FIB4 70.3 72.4 0.427 0.789 (0.758, 0.819)

ELF 80.8 70.2 0.509 0.835 (0.807, 0.863) <0.001

NIS4 72.9 74.8 0.476 0.788 (0.757, 0.820) 0.615

PROC3 n4a n4a 0.428 0.764 (0.732, 0.795) 0.947

FibroMeter VCTE 76.2 81.3 0.575 0.858 (0.814, 0.902) <0.001
Fibrosis stage 4

FIB4 847 62.9 0.476 0.810 (0.770, 0.850)

ELF 821 73.3 0.555 0.855 (0.818, 0.892) <0.001

NIS4 781 61.4 0.395 0.725 (0.681, 0.760) 1

PROC3 66.2 68.5 0.346 0.728 (0.685, 0.770) 1

FibroMeter VCTE 94.2 70.4 0.646 0.897(0.843, 0.951) 0.002

FibroMeter VCTE were superior to FIB-4 (P < 0.001for both biomarkers
for both analyses) (Table 3).

Cirrhosis (stage 4)

The AUROC:s for the diagnosis of cirrhosis were 0.81 for FIB-4, 0.855 for
ELF (P<0.001versus FIB-4) and 0.897 for FibroMeter VCTE (P= 0.002
versus FIB-4). The sensitivity of ELF and FibroMeter VCTE at the Youden
cutpoint were 82.1% and 94.2%, and the specificities were 73.3% and
70.4%, respectively. Their performance at 90% sensitivity (specificity:
ELF 60.5%, FibroMeter VCTE 72.5%) and 90% specificity (sensitivity:
ELF 49%, FibroMeter VCTE: 66.7%) were also significantly superior to
FIB-4 (ELF: P < 0.001 for both analyses, FibroMeter VCTE: P= 0.002 for
both analyses) (Table 3).

Discussion

The current study demonstrates that NIS4 met the prespecified criteria
for further qualification efforts for diagnostic enrichment for NASH,
for high NAS and for at-risk NASH. Also, the ELF test and FibroMeter
VCTE met the criteriafor further qualification efforts for the diagnosis
of clinically significant fibrosis (>stage 2), advanced fibrosis (>stage 3)
andcirrhosis (stage 4) inindividuals with NAFLD. These datainform the

development and approval of the full qualification plan that will define
the final set of studies needed for regulatory approval for diagnostic
enrichment tools for NASH™.

This study has implications for the approval of biomarkers for
diagnostic evaluation of at-risk NASH and its components. The defi-
nition of the sensitivity and specificity for each biomarker for each
of its intended uses in individuals with NAFLD sets the stage for its
validation in other cohorts, retrospective and prospective, with
varying prevalence of each phenotype evaluated as the final step for
qualification. The current study was a first step to determine if the
biomarker panels not only identified the relevant phenotypes based
ontheirintended usebut alsoifthey were superior to some commonly
used clinicallaboratory tools, such as ALT and FIB-4. These will serve
as criteria, to be finalized with feedback from the FDA, to move the
panels with the most promising performance metrics to the final
qualification steps.

Another implication of the current study is that, along with the
approved letter of intent, it establishes a roadmap for qualification
of biomarkers for diagnostic enrichment. This regulatory roadmapis
also likely to be used by other panels, such as FAST, ADAPT and Agile,
that were developed after NIMBLE was initiated and are also strong
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Table 3 | Performance of biomarkers at high sensitivity and specificity

When constraining sensitivity to be at least 90%

When constraining specificity to be at least 90%

Cutpoint Specificity (%) Significance Cutpoint Sensitivity (%) Significance

NASH diagnosis

ALT 222.0 26.9 272.0 26.3

NIS4 >0.20 55.9 <0.001 20.7 54.2 <0.001
NAS 24

ALT >25.0 281 >73.0 323

NIS4 >0.30 57.8 <0.001 >0.80 46.2 <0.001
At-risk NASH

ALT 223.0 25.7 >73.0 271

FIB4 >0.8 44.0 217 461

NIS4 >0.2 64.4 <0.001 >0.6 67.2 <0.001
Fibrosis (fibrosis stage >2)

FIB4 20.8 44 21.7 461

NIS4 >0.2 64.4 <0.001 >0.6 67.2 <0.001

ELF >8.8 48.7 0.013 210.0 52.8 0.013

PROC3 (ELISA) >12.8 36.3 0.279 >20.1 46.7 0.279

FibroMeter VCTE 20.2 50 <0.001 >0.6 60.2 <0.001
Advanced fibrosis (fibrosis stage >3)

FIB4 21.0 43.7 221 43.6

NIS4 >0.3 497 0.615 >0.9 37 0.615

ELF >9.2 5588 <0.001 >10.4 50.3 <0.001

PROC3 >13.6 346 0.947 225.0 42.5 0.947

Fibrometer VCTE 20.3 59.6 <0.001 20.8 54.2 <0.001
Cirrhosis (fibrosis stage 4)

FIB4 >1.3 50.5 22.6 42.3

NIS4 >0.5 46 1 >0.9 23 1

ELF >97 60.5 <0.001 210.9 49 <0.001

PROC3 2151 37.3 1 >30.6 29.8 1

FibroMeter VCTE 20.7 72.5 0.002 20.9 66.7 0.002

Note: The P values reflect comparisons of performance between individual panels versus ALT for diagnosis of NASH or NAS >4 and to FIB-4 for diagnosis of fibrosis categories or both

for at-risk NASH.

candidates to be moved forward for qualification. The establishment
of qualified biomarkers for diagnostic enrichment will also set the
stage for their use for disease monitoring and treatment response
biomarkers, which will be critically needed to establish a surrogate
endpointbased on NITs alone. In this respect, the diagnosis of cirrhosis
is particularly relevant because progression to cirrhosis as assessed
histologically is already a generally accepted surrogate endpoint to
assess therapeutic efficacy’.

The practical application of these data has to be considered in
the context of how the tests are used (Extended Data Tables 4 and 5).
Inprimary care, where the prevalence of advanced fibrosisis 1%, posi-
tive tests are likely to be false positives, and, even with excellent sensi-
tivity and specificity, the positive predictive value (PPV) will be low*.
Using these tests toidentify patients for clinical trialsin such settingsis
likely to have many false positives, resulting in high screen fail rates. The
negative predictive value (NPV) for FIB4, as well as all of the biomarker
panels evaluated, ranged from 98% to 99.7% when the population
prevalence of advanced fibrosis was 1% (Extended Data Table 4). These
tests can, therefore, be applied for exclusion of this phenotype for both
clinical management and to exclude individuals during screening for
clinical trials targeting individuals with at-risk NASH, particularly in a
primary care setting.

The prevalence of at-risk NASH or its subsets, NASH with advanced
fibrosis or cirrhosis are higher in hepatology clinics and range from
10% to 40%>*?°, The high NPV in settings with low prevalence was
maintained at these ranges, whereas the PPVs approached 80% at the
40% prevalence when the Youden cutpoint was used (Extended Data
Table 5). In clinical trial settings, these data should allow exclusion of
individuals without these phenotypes while limiting overdiagnosis
compared to a primary care setting. Additional enhancement of cer-
tainty for ruling in disease by using the cutpoint for 90% specificity
(Table 3) will, however, be associated with a loss of sensitivity and
increased potential for misclassification.

Furtherimprovement is likely to require an algorithmic approach
using multiple panels or use ofimaging-based tests for greater precision
inidentification of this population. Magnetic resonance elastography
with FIB4 or aspartate transaminase (AST) has been shown to identify
individuals with NASH and advanced fibrosis or at-risk NASH, respec-
tively,and may provide suchtools” ». The current data cannot, however,
be directly compared to these due to methodological differences.

For patients with advanced fibrosis or cirrhosis, a mistaken diag-
nosis of absence of these phenotypes may cause them to be followed
without surveillance for hepatocellular cancer or gastro-esophageal
varices, whichare needed for those with cirrhosis. The overall high NPVs
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Fig.2 | Performance of selected biomarker panels for their intended uses.
Sensitivity and specificity of key NIT panels for their respective intended uses
are shown as a function of the cutoff scores for the NIT. a-c, The top panels
demonstrate changes in sensitivity and specificity at varying NIS4 cutoff scores
for the diagnosis of at-risk NASH (a) and its key subcomponent diagnosis of
NASH (b) and stage 2 or greater fibrosis (c). d-f, The middle panels show similar
datafor the ELF test for the diagnosis of >stage 2 fibrosis (d), >stage 3 (e) and

stage 4—that s, cirrhosis (f). g-i, The lower panels demonstrate the changesin
sensitivity and specificity at varying FibroMeter VCTE (FM-VCTE) score cutoffs
for the diagnosis of >stage 2 fibrosis (g), >stage 3 fibrosis (h) and stage 4 fibrosis
(i). Individual plots were derived from 50 individual score cutoffs covering

the range where sensitivity was 100% to where specificity approached 100%,
followed by smoothening of the graph to cover the dynamic range of scores for
their intended uses.

suggest that therisks are,ingeneral, low. Conversely, overdiagnosis due
to modest PPVs may result in redundant additional testing, including
liver biopsy with its associated risks. ELF and FibroMeter VCTE can
identify 82-94% of true-positive cases of cirrhosis but may also over-
diagnose some patients for cirrhosisin clinics with high prevalence of
cirrhosis (Extended Data Table 5). The risks of overdiagnosis have to
be considered in the context of the risks of missing advanced fibrosis
orcirrhosis altogether in specific populations, both in clinical practice
and for consideration for inclusionin trials.

This study has several methodological strengths. The time from
biopsy to blood draw was short, and all analyses, including the com-
parators, were made using the same blood sample. Furthermore, all
samples were drawn, aliquoted, stored and analyzed without multiple
freeze-thaw cycles using prespecified protocols and verifiable chain
of custody. All laboratory tests were run contemporaneously on these
samples. Histology was read independently using a rigorous prespeci-
fied protocol by the pathology committee of the NASH CRN masked to
clinicaland laboratory data***'. The distribution of fibrosis stages in the
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cohortwasbalanced and, thus, avoided fibrosis-related spectrum bias.
Finally, for each of the phenotypes studied—for example, NASH or NAS
>4 or varying fibrosis cutoffs—the sample size included enough indi-
viduals with and without the phenotype to assure power for both sen-
sitivity and specificity. The chain of custody of sample from withdrawal
fromthe NIH biorepository toits analysis inindividual laboratories and
the subsequent data transfer to the NIMBLE data coordinating center
and integration with metadata followed a prespecified and verifiable
protocol to ensure data and the overall integrity of the project.

This study also has some limitations. The NASH CRN is based at
tertiary care centers, generating ascertainment bias. The study popu-
lation was also predominantly White ethnicity, and the data are not
generalizable to other ethnicities. The curated patient population to
ensure a balanced distribution of fibrosis stages to rigorously define
sensitivity and specificity did not allow evaluation of the predictive
values in populations with variable distribution of disease phenotypes.
This will be performed in the final qualification step, and the current
study sets the stage for the evaluation of these diagnostic cutoffs tobe
validated in these future analyses. Another potential limitation is that
new biomarkers—for example, FAST, Agileand ADAPT—are not studied
in the predetermined qualification panel. These were, however, not
developed at the time the current study was conceived, and they are
currently undergoing rigorous evaluation and will be reported as post
hoc analyses separately. Furthermore, although the study population
was specifically curated to have arelatively even distribution of fibrosis
stages to avoid spectrum bias, real-world populations do not have such
adistribution, and the PPV and NPV of the testsin populations with vary-
ing prevalence may require separate confirmation. It must, however,
benoted thatthe journey from discovery and initial validation of a bio-
marker to adiagnostic tool thatis approved for use by all cliniciansis a
long one and involves many steps that cannot be combined in one study.

In conclusion, multiple biomarker panels met the prespecified
criteriadescribedintheletter of intent for biomarker qualification by
the FDAinstage 1of the circulating workstream of the NIMBLE project
ofthe FNIH. These findings inform the development of the full qualifi-
cation package for these biomarkers for diagnostic enrichmentinthe
next stage of the NIMBLE project.

Online content
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maries, source data, extended data, supplementary information,
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Methods

Serum samples collected from adult participants with NAFLD in a
non-interventional registry (database1and database 2 (DB1and DB2))
and baseline samples from clinical trials (PIVENS and FLINT) across 12
NIDDK NASH CRN clinical sites (Extended Data Table 1) were analyzed.
The investigators have analyzed the data and take responsibility for
the contents of thismanuscript. The studies were donein accordance
with STARD guidance and reported using the TRIPOD statement®>*,

Ethics statement

This study was approved as an ancillary study of the NASH CRN, and
the study samples were curated from the NASH CRN biorepository that
was linked to the DB1and DB2 registry studies and from baseline sam-
ples from the PIVENS and FLINT trials (ClinicalTrials.gov: 01030484,
01265498 and 00063622).1tis a post hoc analysis of samples and clini-
cal-histological data from selected individuals from these studies who
met the criteria for the current study. These studies were approved by
the individual site institutional review boards (IRBs) for these stud-
ies, and all patients provided informed consent, including the use of
their blood samples for additional analyses. The current study was
performed on a de-identified clinical dataset and on blood samples
of such individuals who had blood samples drawn and frozen within
180 d of aliver biopsy. Alist of individual site IRB approvals is provided
asSupplementary Table1.

Context of use

Inindividuals with NAFLD or with risk-factors for NAFLD, to serve as a
diagnosticenrichmenttool for the identification of various histologi-
cal phenotypes of NAFLD, intended for selection for participation in
NAFLD/NASH clinical trials and/or drug treatment. Individuals who
were overweight or obese, or who had other features of metabolic
syndrome, were considered to be at risk for NAFLD?. The presence of
specific phenotypes to be diagnosed included:

e At-risk NASH: (NASH + NAS >4 + fibrosis stage 2 or higher)
* NASH (borderline or definite)

« NAS>4

« Clinically significant fibrosis (fibrosis stage >2)

« Advanced fibrosis (stages 3 or 4)

« Cirrhosis (stage 4)

Study design

Study population. The study population was curated from the CRN
patientbase to ensure sufficient number of individuals withand with-
out the histological phenotypes of interest and a balanced distribu-
tion of fibrosis stages to avoid fibrosis spectrum bias. These included
patients with biopsy-proven NAFLD who had stored serum obtained
within 180 d of a liver biopsy. Patients were derived from four differ-
ent NASH CRN studies; these included the non-interventional registry
studies (DB1 and DB2) and the PIVENS and FLINT clinical trials. The
results of the clinical trials were previously published. For patients in
DB2, baseline biopsy and serum samples were used from the time of
entry, whereas, for DB, biopsies performedboth at baseline and during
follow-up were considered. For the clinical trials, only baseline samples
andbiopsy databeforerandomization wereincluded. Theliver biopsies
had already been read and scored by the pathology committee of the
NASH CRN using previously published methods***°. The histological
data from the CRN database were used for this analysis.

The study population was specifically curated toinclude enough
patients with or without clinically significant fibrosis (=stage 2),
advanced fibrosis (=stage 3) or cirrhosis (stage 4) to be powered to
robustly assess sensitivity and specificity. It isimportant to note that
thisdoes notreflect the prevalence of advanced fibrosis in the general
population or even routine clinic populations, and the sensitivity and
specificity data from this study will be used to confirm the predictive
values of the biomarker panels for their intended uses in the final

qualification step in stage 2 of NIMBLE. The current analysis included
aliquots from a serum sample obtained within 180 d of an evaluable
liver biopsy demonstrating NAFLD. For FibroMeter VCTE, a liver stiff-
ness measurement was required within 180 d of the biopsy. Exclu-
sion criteria included pregnancy at the time of sample collection or
biopsy, comorbid liver diseases, use of drugs known to cause steatosis,
non-availability of minimum required serum, bariatric surgery within
3 years before biopsy, prior liver transplant and known primary or
secondary malignancy of the liver.

Biomarker panels tested and their intended context of use. Serum
biomarker panels selected by the NIMBLE circulating workstream were
reviewed and approved by the project team, NASH CRN ancillary study
and steering committees and accepted by the FDA inthe letter of intent
for their qualification. These included:

NIS4**: based on mir34a, hemoglobin Alc, a2-macroglobulinand
YKL-40

OWLiver®:based on triglyceride species with variable number of
saturated fatty acids

ELF test*: based on type Il procollagen peptide, hyaluronic acid
and TIMP-1

PROC3: procollagen-3 fragment reflective of fibrogenesis

FibroMeter VCTE*: based on liver stiffness measurement by VCTE,
age, gender, a2-macroglobulin, international normalized ratio (INR),
platelet count, AST and gamma-glutamyl transferase (GGT)

Theintended use of NIS4 was to diagnose at-risk NASH and its com-
ponents, whereas the OWLiver panels’ intended use was to diagnose
the presence of NASH (Extended Data Table 2). The intended uses of
the ELF test, PROC3 and FibroMeter VCTE were to diagnose clinically
significant fibrosis (=stage 2 fibrosis), advanced fibrosis (>stage 3
fibrosis) or cirrhosis (stage 4 fibrosis).

Study approach. The study plan was summarized in a letter of intent
approved by the FDA™*, De-identified, barcoded, frozen aliquots of the
same serum sample from each participant without any prior freeze-
thaw were released to the individual laboratories. These laboratories
contemporaneously generated panel scores, which were provided to
theindependent statistical team (Cytel), which deposited thesein the
CRN data warehouse. The CRN then released the meta-data linked to
thebarcodes to Cytel, whichimplemented the prespecified statistical
analysis plan without involvement of individual vendors whose panels
were tested. The NIMBLE circulating workstream and statistical team
thenjointly reviewed the results and interpreted the data.

Histological examination. The pathology committee of the NASH CRN
performed the histological assessment, masked to clinical and labo-
ratory data, using an established and validated protocol’**, The key
measuresincluded the presence of steatohepatitis and individual sever-
ity grades for steatosis (0-3), lobular inflammation (0-2), hepatocel-
lular ballooning (0-2) and fibrosis stage (0-4). The NAS was computed
from the scores for steatosis, ballooning and inflammation, whereas
‘at-risk’ NASH was computed from the presence of its components®-*,

Statistical analyses

Two pre-specified performance metrics formed the basis for hypoth-
esis testing. First, that the AUROC for each panel would be 0.7 or
higher for its intended use with 95% confidence limits that would not
intersect 0.5. Next, the biomarker performance would be superior to
commonly used blood-based laboratory aids for their intended use.
The AUROC of each panel was, therefore, compared to that of ALT
for diagnosis of NASH or NAS >4 and FIB-4, acommonly used labora-
tory aid based on age, AST, ALT and platelet counts, for diagnosis of
fibrosis severity". The rationale for the use of ALT as a marker of liver
injury is that it has been used by the general medical community for
this purpose for many decades despite its limitations in the context
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of NAFLD. FIB-4 was used as the comparator for fibrosis because it is
awidely available test that does not require special testing. Although
VCTE is widely used in clinical practice, it is not approved by the FDA
or the European Medicines Agency as a diagnostic tool for any stage
of fibrosis. It was, therefore, not permissible to use it as the compara-
tor, and a VCTE-based test, FibroMeter VCTE, was one of the panels
being tested. The imaging workstream of NIMBLE will separately
reporton VCTE and other ultrasound-based tools and also magnetic
resonance imaging (MRI)-based measures. It isimportant to note
that, if the biomarker panels could not outperform these very simple
tools, they would not move forward with additional qualification
efforts. The sensitivity and specificity were computed at the Youden
cutpoint. The sensitivity was further estimated, keeping specificity
fixed at 90%, and, conversely, specificity was measured, keeping the
sensitivity fixed at 90%. Finally, the PPVs and NPVs were computed at
various prevalence of specific NAFLD phenotypes. Missing data were
assumed to be missing at random from the statistical analysis, asthey
resulted from sample handling and laboratory issuesindependent of
the relationship between biomarkers and histology; complete case
analysis was done.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

Pre-existing data access policies for each of the parent cohort studies
specify that research datarequests can be submitted to each steering
committee; these will be reviewed promptly for confidentiality or
intellectual property restrictions and will not be unreasonably refused.
Individual-level patient or assay datamay be further restricted by con-
sent, confidentiality or privacy laws and considerations. These policies
apply toboththe non-publicly available clinical and the assay data. The
NAFLD Database, PIVENS and FLINT clinical data are publicly available
at the NIDDK Central Repository: https://repository.niddk.nih.gov/
home/; the NAFLD DB2 clinical data will be submitted by end of 2023.

Code availability

The codefor the analysesis available on GitHub (project title: NIMBLE
circulating workstream stage 1 collaboration with NASH CRN; https://
github.com/kcpyates2023/NIMBLE-collaboration-with-NASHCRN).
See file with instructions on how to use the codes.
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Extended Data Table 1] List of participating NASH CRN sites

Cleveland Clinic Foundation (CCF), Cleveland, OH 44185

Duke University Medical Center (DUKE), Durham, NC 27710

Indiana University (1U), Indianapolis, IN 48202

Liver Institute Northwest (LIN), Seattle, WA 88105

St. Louis University (SLU). St. Louis, MO 83110

University of California, San Diego (UCSD), La Jolla, CA 82083
University of Southern California (USC), Los Angeles, CA 80088
University of California, San Francisco (UCSF), San Francisco, CA 84143
Virginia Commonwealth University (VCU), Richmond, VA 23288
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Extended Data Table 2 | Intended use of biomarker panels and comparators used

ELF Comparator
cou NIS4 OowL PROC3 Eibrameter.VCTE
test test
NASH diagnosis X X ALT
NASz 4 x x ALT
ALT
At risk NASH X
FIB4
Fibrosis stage 2 2 x X X X FIB4
Fibrosis stage 2 3 X X X FIB4
Fibrosis stage 4 X x X FIB4
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Extended Data Table 3 | Baseline demographics, clinical and laboratory data for the FibroMeter VCTE cohort

Parameter Total Stage 0 Stage 1 Stage 2 Stage 3 Stage 4
N=396 N=85 N=47 N=93 N=100 N=T1

Age (ws) 52.5(12.1) 48.6(11.6) 48.21(11.8) 51.5(12.5) 54.5(11.9) 58.56(0.7)
Males (%) 371 447 40.4 387 33.0 208
White (n) 320 61 33 77 87 82
BMI (kg/m2) 348(8.7) 32.4(6.9) 33.2(5.4) 34.8(6.6) 36.1(5.7) 36.1(3.0)
Biza%':tg)) ftype 2 177 13 18 41 60 45
Hypertension (n) 232 20 23 53 7 50
Total Cholesterol (mg/d1) 181.2(30.7) 194.8(38.0) 177.8(42.4) 184.1(39.2) 1767.0(37.5) 168.9(30.4)
LDL-C (mgidl) 105.1(35.2) 116.3(32.8) 105.15(37.3) 108.14(33.8) 98.44(34.1) 97.3(36.8)
Triglycerides (mgidl) 168.1(103.2) 173.7(125.5) 158.5(128.0) 170.5(84.2) 187.0(107.9) 137.50(55.3)
£GFR (mliminf1.73m2),
using the CKD-EP 91.9(19.0) 91.2(19.2) 89.9(18.9) 93.2(17.0) 93.0(21.2) 90.70(18.1)
formula
HBA1C (%) 6.3(1.3) 5.6(0.9) 6.0(1.4) 8.4(1.3) 6.7(12) 6.51(1.3)
Hemoglobin (mg/dI) 14.1(1.6) 14.7(1.4) 14.2(1.6) 14.4(1.6) 13.9(1.4) 13.5(1.9)
WBC (Cell’ML) 7.4(5.2) 7.3(2.7) 7.2(2.0) 7.5(2.0) 8.3(0.5) 6.35(1.9)
Platelets (/mm3) 230.8(75.2) 258.2(74.2) 234.4(62.1) 248.3(72.1) 234.9(85.7) 166.9(86.1)
FIB-4 1.86(1.4) 0.85(0.5) 1.08(0.6) 1.37(0.8) 1.70(0.9) 3.24(2.4)
Total Bilirubin (mg/di) 0.63(0.58) 0.52(0.29) 0.53(0.22) 0.61(0.34) 0.57(0.40) 0.04(1.14)
AST (UM} 43.7(32.0) 26.9(10.0) 31.1(15.5) 47.0(27.5) 57.0(47.5) 49.21(24.2)
ALT (U 53.6(38.0) 30.3(25.4) 44.8(20.7) 82.0(38.1) 86.7(47.7) 46.75(31.2)
INR 1.05(0.11) 1.01(0.07) 1.02(0.07) 1.03(0.08) 1.08(0.13) 1.12(0.14)
NAFL (n) 83 74 8 0 0 1
Steatohepatitis () 313 1 30 93 100 70
Steatosis grade 1.598(0.81) 1.24(0.43) 1.21(0.41) 1.04(0.84) 1.89(0.86) 1.41(0.89)
Lobular Inflammation 1.48(0.60) 1.04(0.33) 1.08(0.35) 1.68(0.83) 1.81(0.72) 1.61(0.80)
Hepatocelular Ballooning 0.90(0.83) 0.14{0.35) 0.20(0.46) 0.82(0.76) 1.50(0.66) 1.32(0.79)
NAFLD Activity Score 0.42(0.30) 0.18(0.18) 0.23(0.15) 0.40(0.26) 0.54(0.28) 0.69(0.25)
lm {L‘;‘;‘s';‘”sy to study 67.3(28.2) 61.00(23.0) 73.1(24.8) 84.1(24.1) 80.263(23.3) 85.2(38.1)
Statin Use (n) 145 17 17 24 50 37
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Extended Data Table 4 | Predictive values of biomarker panels for their intended use in populations with varying prevalence
of disease phenotype

Activity Prevalence of disease phenotype

1% 5% 10% 20% 50% 75% 90%

PPVI PPVI PPVI/ PPVI PPVI PPV PPV/

NPV NPV NPV NPV NPV INPV NPV

NA SH Diagnosis
ALT 1.78%/ 8.83%/ 18.62%/ 30.97%/ 64.21%/ 84.33%/ 84.17%/
09.43% 87.1% 94.07% 87.57T% 683.78% 368.99% 16.37%
NIS4 3.2%/ 14.67%/ 28.64%/ 44.06%/ 78.57%/ 90.74%/ 96.71%/
99.71% 98.40% 96.86% 93.18% 77.38% 53.20% 27.55%
NASz4
ALT 1.88%/ 0.44%/ 18.04%/ 33.12%/ 66.468%/ 85.6%/ 04.60%/
99.55% 97.88% 95.23% 89.88% 68.9% 42.48% 10.76%
NISE 2.9%/ 13.49%/ 24.76%/ 42.54%/ 74.76%/ 89.88%/ 96.38%/
20.7% 98.46% 08.8% 93.08% 77.08% 52.85% 27.2%
Atrisk NASH

ALT 1.88%/ 0.44%/ 18.04%/ 33.12%/ 66.48%/ 85.6%/ 94.60%/
89.55% 97.88% 95.23% 89.88% 68.9% 42.48% 10.76%
FIB4 1.81%/ 8.77%/! 18.87%/ 31.34%/ 64.61%/ 84.568%/ 94.26%/
20.6% 97.94% 95.74% 80.8% 71.4% 45.42% 21.72%
NIS4 2.9%/ 13.49%/ 24.78%/ 42.54%/ 74.78%/ 89.88%/ 96.38%/
00.7% 98.46% 08.8% 93.08% 77.08% 52.85% 27.2%
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Extended Data Table 5 | Predictive values of biomarker panels for their intended use in populations with varying prevalence

of disease phenotype
Fibrosls Prevalence of disease phenotyps
1% 5% 10% 20% 50% 75% 90%
PPV PPV PPV PPV PPV PPV PPV
NPV NPV NPV NPV NPV NPV NPV
Clinically significant fibrasis (2 stage 2 fibrosis)
— 3.3%) 15.1%/ 27.3%/ 45.8%/ 77A7%T0.07  91.02%43.84 96.82%/
89.57% 97 8% 85.47% 80.35% % % 20.65%
iadi 3.97%/ 17.72%¢ 31.26%/ 50.56%/ 80.36%/ 92.47%/ 97.36%/
59.76% 68.85% 97 6% 084.76% £1.88% €0.09% 33.42%
ke 377%/ 16.96%/ 30.13%/ 49.25%( 79.51%/ 92.08%/ 97.22%!
99.65% 88.21% 96.3% 62.05% 74.32% 49.1% 24.33%
3.57%/ 16.16%/ 28.92%/ 47.8% 78.55%/ 91.66%/ 97.06%!
PROC3 {ELISA) 9.62% 98.07% 96.01% 91.46% 728% 47.15% 22.92%
471%) 20.47%/ 35.29%/ 56%! 83.02%/ 93.62%/ 97.78%!
Ehussies VCTE 99.61% 88.01% 95.89% 91.2% 72.15% 46.34% 22.35%
Advanced fibrosis (2 stage 3)
—_— 2.4%! 11.38%¢ 21.32%/ 37.88%/ 70.92%/ 87.98%/ 95.64%/
23 6% 97.97% 95.81% 91.04% 71.75% 45.85% 22.01%
G 2.84%/ 13.29%/ 24.3% 41.94%¢ 74.20%/ 89.66%/ 96.3%/
99.63% 68.13% 86.13% 91.68% 73.38% 47.86% 23.45%
Sl 2.66%/ 12.48%¢ 23.13%/ 40.38%¢ 73.04%/ 89.04%/ 96.06%/
89.72% 8.56% 57.04% 83.59% 78.49% 54.87% 28.84%
R 2.46%) 11.62%¢ 21.72%/ 38.44%/ 71.41%¢ 88.23%/ 95.74%!
29 6% 67.93% 85.74% ©0.89% 71.39% 45.4% 21.7%
3.96%/ 17.68%/ 31.2% 50.51%¢ 80.32%/ 92.45%/ 97.35%/
Shussusies VCTE 2971% 08.48% 06.85% 93.18% 77.36% 53.24% 27.51%
Cirthosis (stage 4)
e 3.96%/ 17.68%/ 31.29%/ 50.51%¢ 80.32%/ 92.45%/ 97.35%!
89.71% 88.48% 96.85% 83.18% 77.36% §3.24% 27.51%
— 2%/ 9.62%/ 18.34%/ 33.57%/ 66.91%/ 85.85%/ 94.79%/
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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IZ The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.
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A description of all covariates tested
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A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated
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Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection  Data were collected in clinical record forms from clinical sites of NASH CRN and uploaded to NASH CRN Data Coordinating Center. The meta
data was extracted from this and sent to Cytel in an Excel Sheet. Raw data from individual labs for biomarkers were sent directly to Cytel in
Excel sheets. These were combined for the analyses.

Data analysis the codes are made available. Please see code availability statement

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Pre-existing data access policies for each of the parent cohort studies specify that research data requests can be submitted to each steering committee; these will
be reviewed promptly for confidentiality or intellectual property restrictions and will not unreasonably be refused. Individual level patient or assay data may further
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be restricted by consent, confidentiality or privacy laws/considerations. These policies apply to both the non-publicly available clinical and the assay data. The
NAFLD DB, PIVENS and FLINT clinical data are publicly available at the NIDDK Central Repository: https://repository.niddk.nih.gov/home/ ; the NAFLD DB2 clinical
data will be submitted by the summer 2023.

Human research participants

Policy information about studies involving human research participants and Sex and Gender in Research.

Reporting on sex and gender these are provided (Table 1)

Population characteristics provided in Table 1 and in Extended data table 3
Recruitment this is a curated data set from the NASH CRN with relatively balanced distribution of fibrosis stages to avoid spectrum bias
Ethics oversight all studies were IRB approved (see Supplemental Table 1)
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Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
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For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size see statistical section. It was powered to identify at risk NASH or advanced fibrosis or cirrhosis with an AUROC 0.8 with 80% power. It is
powered for both sensitivity and specificity to ensure rule in and rule out data are robust.

Data exclusions  N/A
Replication N/A.
Randomization  N/A

Blinding All clinical investigators and the laboratory investigators/staff were blinded to histology and meta data associated with individual samples or
even aggregate data. The independent statistical core at Cytel had all of the data and executed the pre-specified statistical plan

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration = NCT# 01030484, 01265498, 00063622

Study protocol provided as supplemental files
Data collection these are noted in the manuscript and in TRIPOD statement provided as supplemental document
Outcomes N/A
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