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Graphical abstract

Assessments conducted across NITs 
• Impact of age vs. histology on NIT distribution 
• Impact of age on NIT clinical performance for

at-risk MASH detection

• NIS2+™ was the only NIT among those tested that was sensitive to both fibrosis and MAS components with medium to high effect sizes and was not impacted by age 
• These results indicate that NIS2+™ is an efficient and robust test to rule in and rule out at-risk MASH with fixed cutoffs across age groups

Type II ANOVA: Summary and associated effect sizes (ω²p)
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Highlights Impact and Implications

� Robust non-invasive tests are needed for the eval-

uation of MASLD across all ages.

� NIS2+TM and APRI were the only panels not
significantly impacted by age.

� Age impacted the performance of FIB-4, NFS, and
ELFTM.

� NIS2+TM was sensitive to both fibrosis and MAS,
adapted for at-risk MASH detection.

� NIS2+TM showed robust performance across ages to
detect at-risk MASH at fixed cut-offs.
https://doi.org/10.1016/j.jhepr.2024.101011
While metabolic dysfunction-associated steatotic liver
disease (MASLD) can affect individuals of all ages, pa-
tient age could represent an important confounding
factor when interpreting non-invasive test (NIT) re-
sults, highlighting the need for reliable and efficient
NITs that are not impacted by age and that could be
interpreted with fixed cut-offs, irrespective of patient
age. We report the impact of age on different well-
established NITs – among those tested, only two
panels, NIS2+TM and APRI, were not impacted by age
and can be used and interpreted independently of pa-
tient age.NIS2+TMwas also sensitive tobothfibrosis and
MAS, further confirming its efficiency for the detection
of the composite endpoint of at-risk MASH and its po-
tential as a valuable candidate for large-scale imple-
mentation in clinical practice and clinical trials.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2024.101011&domain=pdf
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Background & Aims: Robust performance of non-invasive tests (NITs) across ages is critical to assess liver disease among
patients with metabolic dysfunction-associated liver disease (MASLD). We evaluated the impact of age on the performance of
NIS2+TM vs. other NITs.
Methods: An analysis cohort (N = 1,926) with biopsy-proven MASLD was selected among individuals screened for the phase
III RESOLVE-IT clinical trial and divided into <−45, 46–55, 56–64, and >−65 years groups. To avoid potential confounding effects, a
well-balanced cohort (n = 708; n = 177/age group) was obtained by applying a propensity score-matching algorithm to the
analysis cohort. Baseline values of biomarkers and NITs were compared across age groups using one-way ANOVA, and
the impact of age and histology were compared through three-way ANOVA. The impact of age on NIT performance for the
detection of at-risk metabolic dysfunction-associated steatohepatitis (MASH; MASLD activity score [MAS] >−4 and fibrosis
stage [F] >−2) was also evaluated.
Results: Age did not affect the distributions of NIS2+TM and APRI (aspartate aminotransferase-to-platelet ratio index), but
significantly (p <0.0001) impacted those of NFS (NAFLD fibrosis score), FIB-4 (Fibrosis-4 index), and Enhanced Liver Fibrosis
(ELFTM) score. NIS2+TM was the only NIT on which fibrosis and MAS exerted a moderate to large effect. While the impact of
fibrosis on APRI was moderate, that of MAS was low. The impact of age on FIB-4 and NFS was larger than that of fibrosis.
NIS2+TM exhibited the highest AUROC values for detecting at-risk MASH across age groups, with stable performances irre-
spective of cut-offs.
Conclusions: NIS2+TM was not significantly impacted by age and was sensitive to both fibrosis and MAS grade, demonstrating
a robust performance to rule in/out at-risk MASH with fixed cut-offs.
Impact and Implications: While metabolic dysfunction-associated steatotic liver disease (MASLD) can affect individuals of all
ages, patient age could represent an important confounding factor when interpreting non-invasive test (NIT) results, high-
lighting the need for reliable and efficient NITs that are not impacted by age and that could be interpreted with fixed cut-offs,
irrespective of patient age. We report the impact of age on different well-established NITs – among those tested, only two
panels, NIS2+TM andAPRI, were not impacted byage and can be used and interpreted independently of patient age. NIS2+TMwas
also sensitive to both fibrosis and MAS, further confirming its efficiency for the detection of the composite endpoint of at-risk
MASH and its potential as a valuable candidate for large-scale implementation in clinical practice and clinical trials.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: Non-invasive blood-based tests; NITs; NIS2+TM; metabolic dysfunction-
associated steatohepatitis; MASH; at-risk MASH; metabolic dysfunction-associated
liver disease; MASLD; fibrosis; age; NASH; NAFLD.
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Introduction
Metabolic dysfunction-associated steatohepatitis (MASH;
formerly known as non-alcoholic steatohepatitis [NASH]) is the
progressive form of metabolic dysfunction-associated liver
disease (MASLD; formerly known as non-alcoholic fatty liver
disease [NAFLD]), the leading cause of chronic liver disease.1–3

MASH is characterized by steatosis with hepatocellular
ballooning and lobular inflammation and can progress toward
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cirrhosis, potentially leading to severe liver complications,
including hepatic decompensation and hepatocellular carci-
noma.2,4 At-risk MASH (MASH with a MASLD activity score
[MAS; formerly known as NAFLD activity score, NAS] >−4 and a
fibrosis stage [F] >−2) is linked to a higher risk of disease pro-
gression; therefore, timely diagnosis of this condition is critical.5

While liver histology is the current clinical reference standard for
MASH diagnosis, broad utilization in the clinic is limited by its
cost, the invasive nature of the procedure, and variability in
interpretation, highlighting an unmet need for simpler/easier-to-
implement, accurate diagnostics.6–8

NIS4® is a blood-based panel comprising four independent
MASH-associated biomarkers (miR-34a-5p, alpha-2 macroglob-
ulin, YKL-40, and glycated hemoglobin) designed to detect at-
risk MASH among patients with metabolic risk factors.5 This
non-invasive test (NIT) has been validated in independent
cohorts, showing high overall diagnostic performance (AUROC =
0.8).5 Fixed low and high cut-offs have been derived to achieve
high performances for ruling in/out at-risk MASH, with 87.1%
specificity, 50.7% sensitivity, and a positive predictive value of
79.2% when ruling in this condition.5 Recently, the NIMBLE
consortium published independent data confirming NIS4® per-
formances for the detection of at-risk MASH, achieving an
AUROC of 0.815.9

NIS2+TM, an optimization of the NIS4® technology, was
developed to further improve the robustness of scores across
different MASLD subpopulations of interest (e.g., those defined
by age, type 2 diabetes mellitus [T2DM] status, sex, and BMI).
NIS2+TM comprises only two blood-based biomarkers (miR-34a-
5p and YKL-40), as well as a correction for the effect of sex on
miR-34a-5p, and returned reliable scores that were not impacted
by patients’ characteristics, increasing its potential for large-scale
use in clinical practice.10 NIS2+TM exhibited a statistically higher
AUROC (0.813) vs. NIS4® (0.792; p = 0.0002), demonstrating su-
perior clinical performance when ruling in/out at-risk MASH
across MASLD subpopulations of interest.10 In addition, NIS2+TM

was shown to have the potential to reduce the screen failure rate
associated with liver biopsy in MASH clinical trials, one of their
main feasibility aspects, in a cost-effective manner.11

Given that MASLD affects individuals of all ages, it is critical
that NITs used in the clinic exhibit a robust clinical performance
across a wide age range.12 This is reflected in guidance from the
US Food and Drug Administration, which highlights the rele-
vance of considering different age populations for the proper
characterization of a device’s safety and efficacy.13 McPherson
et al. reported that NAFLD fibrosis score (NFS) and Fibrosis-4
(FIB-4) index underperformed for the detection of advanced
fibrosis among patients aged <−35 years, and that specificity
decreased as age increased, leading to an unacceptably high
false-positive rate in patients aged >−65 years, for whom higher
cut-offs to rule out advanced fibrosis were proposed.14 Age was
also identified as the most relevant factor impacting the
enhanced liver fibrosis (ELFTM) score by Lichtinghagen et al., with
significant increases observed in healthy volunteers and patients
with chronic hepatitis C aged <20 years and up to >60 years.15 In
a recent study, Harrison et al. reported that NIS2+TM exhibited a
robust performance in detecting at-risk MASH; however, addi-
tional data are needed to robustly establish performance over a
broader age spectrum.10

The objective of this analysis was twofold. First, we compared
the effect of age with that of histology (fibrosis and MAS) on
the distribution of NIS2+TM and other NITs (NFS, FIB-4, ELFTM,
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aspartate aminotransferase-to-platelet ratio index [APRI], and
alanine aminotransferase [ALT]). We then evaluated the impact
of age on the clinical performances of NIS2+TM and other NITs for
the detection of at-risk MASH. Given that NFS, FIB-4, ELFTM, and
APRI have not been designed for the detection of at-risk MASH,
but of advanced fibrosis (F >−3), the impact of age on the latter
parameter was also assessed. ALT was included in the analysis as
a surrogate marker of reference for MASH.
Materials and methods
Analysis cohort
The analysis cohort comprised 1,926 patients with biopsy-
proven MASLD, aged 18–75 years, selected among those
screened for potential inclusion in the phase III RESOLVE-IT
clinical trial (NCT02704403), a randomized, double-blind,
placebo-controlled, multicenter, international trial that enrolled
non-cirrhotic patients with at-risk MASH, and evaluated the
safety and efficacy of elafibranor. This global trial screened over
5,000 patients aged 18–75 years in more than 270 centers
between March 2016 and March 2020. The patient selection
criteria for RESOLVE-IT are shown in Table S1. Patients in the
analysis cohort had available biopsy results at baseline and
available data for the calculation of NIS2+TM, FIB-4, NFS, APRI,
and ELFTM scores (formulas for these NITs are depicted in
Table S2). To ensure consistency between biomarker levels and
histology assessments, the gap between blood sampling and
biopsy dates for selected patients was <−90 days. Patients were
stratified into four age groups: <−45 years (n = 451), 46–55 years
(n = 519), 56–64 years (n = 581), and >−65 years (n = 375). A
supplementary analysis was conducted in patients aged <−35 (n =
152) vs. >35 years (n = 1,774).

Matching process
A propensity score−matching (PSM) algorithm was applied to
select sets of patients among the four age groups (matched
cohort, n = 708; n = 177/age group), which were well balanced
for the following confounding factors: sex (male proportion),
T2DM, dyslipidemia, hypertension, BMI, and fibrosis stage, as
well as steatosis, ballooning, and lobular inflammation by score.
The matching process was conducted separately in not at-risk
and at-risk MASH populations to allow for an assessment of
the impact of age on NIT scores in each of these populations
independently. The PSM algorithm was also applied to identify
the optimal subset of patients aged >35 years to match those
aged <−35 years (n = 135/group). The matchit function of the
MatchIt R package (version 4.3.2) with genetic method was used
to conduct these selections.16

Statistical analyses
Descriptive statistics were generated for baseline demographic,
clinical, and histologic characteristics of the analysis cohort, as
well as for each age group of the analysis or matched cohort.
These were compared using the Kruskal-Wallis test (or Student’s
t tests for comparisons of groups aged <−35 and >35 years) for
numerical features, and v2 test for proportions comparison.

Baseline distributions of biomarkers and NIT scores (mean ±
SD) were compared across age groups using one-way ANOVA
tests (or Student’s t tests for comparisons of groups aged <−35 and
>35 years). To control for type-1 error rate (probability of erro-
neously rejecting a true null hypothesis), the distribution of all
biomarkers and NIT scores was checked for normality through
24 vol. 6 j 101011



skewness and kurtosis statistics estimated using the analysis
cohort (N = 1,926).17 Biomarkers and NITs associated with a
skewness score >2 and/or kurtosis score >7 were transformed
using a log10 transformation (Table S3), while NIS2+TM scores
resulting from a logistic regression with values ranging from 0 to
1 were logit-transformed to allow for a linear scale analysis
when processed through ANOVA modeling.18 ANOVA-associated
p values were therefore derived from original or transformed
data.

The impact of age vs. histology on the distribution of NIT
scores was assessed through three-way type II ANOVA modeling
in the matched cohort (n = 708) using age by group, F by stage,
and MAS by group (1–2, 3–4, 5–6, 7–8) as factors. While p values
allow for assessment of the significance of the effect of different
factors on the distribution of NIT scores, they do not reflect the
magnitude of this effect. Therefore, effect sizes – a quantitative
measure that reflects the magnitude of the impact that each
factor had on the NIT scores distribution – for each parameter of
the ANOVA models were derived and reported utilizing partial
x2

p estimators.19 The thresholds used to interpret effect size
values (magnitude of impact) were defined as <0.01=very low,
>−0.01 to <0.06=low, >−0.06 to <0.14=medium, and >−0.14=large.

20

R2 was calculated and reported as the proportion of total NIT
variance explained by age, F, and MAS. Depending on the
intended use of each NIT, estimated marginal means were
calculated by age group across F or MAS class.

To further evaluate the impact of age vs. histology on NIT
scores, a comparison of the overall diagnostic performance of
Table 1. Demographic and baseline characteristics of the matched cohort by

<−45 years (n = 177) 46–55 years (n = 177)

Demographics
Sex, male 123 (70%) 120 (68%)
Age, years 39 (6) 51 (3)
Clinic
T2DM 65 (37%) 71 (40%)
Dyslipidemia 85 (48%) 88 (50%)
Hypertension 102 (58%) 108 (61%)
BMI, kg/m2 33.11 (5.96) 33.01 (5.61)
Obesity 123 (70%) 121 (68%)
Histology
MASLD 177 (100%) 177 (100%)
MASH 123 (70%) 125 (71%)
At-risk MASH 91 (51%) 91 (51%)
F 1.93 (1.14) 1.89 (1.13)
F, 0/1/2/3/4 23 (13.0%)/43 (24.3%)/

45 (25.4%)/56 (31.6%)/
10 (5.6%)

21 (11.9%)/50 (28.2%)/
43 (24.3%)/53 (29.9%)/

10 (5.6%)
MAS 4.29 (1.74) 4.3 (1.68)
MAS, 1–2/3–4/
5–6/7–8

27 (15.3%)/68 (38.4%)/
62 (35%)/20 (11.3%)

28 (15.8%)/64 (36.2%)/
68 (38.4%)/17 (9.6%)

Steatosis 2.02 (0.79) 2.04 (0.78)
Steatosis score,
1/2/3

53 (29.9%)/67 (37.9%)/
57 (32.2%)

50 (28.2%)/70 (39.5%)/
57 (32.2%)

Ballooning 1.05 (0.79) 1.04 (0.79)
Ballooning
score, 0/1/2

51 (28.8%)/67 (37.9%)/
59 (33.3%)

51 (28.8%)/68 (38.4%)/
58 (32.8%)

Lobular
inflammation

1.23 (0.66) 1.22 (0.62)

Lobular
inflammation
score, 0/1/2/3

18 (10.2%)/106 (59.9%)/
48 (27.1%)/5 (2.8%)

16 (9%)/109 (61.6%)/
49 (27.7%)/3 (1.7%)

Matched cohort, n = 708. At-risk MASH was defined as MASH with MAS >−4 and F >−2. Va
square tests for proportion comparisons or Kruskal-Wallis tests for numerical features.
MAS, MASLD activity score; MASH, metabolic dysfunction-associated steatohepatitis; M
2 diabetes mellitus.
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NITs for the detection of histologic endpoints (patients with
at-risk MASH or F >−3) and for the pairwise classification of
patients into age groups was conducted using the AUROC values,
reported with 95% CIs obtained with 1,000 bootstrap samples.

AUROC values of NITs across age groups were calculated to
evaluate the impact of age on their overall clinical performance
for the detection of at-risk MASH. Differences in AUROC values
were assessed through adapted Delong tests (pROC R package,
version 1.18.0). The impact of age on NIT clinical performances
for the diagnosis of at-risk MASH was further investigated by
calculating sensitivity and specificity across age groups using
Youden cut-offs derived for each NIT in the matched cohort
(n = 708). Differences in sensitivity and specificity among NITs
between the subpopulations of patients aged <−45 and >−65 years
were also calculated for the entire range of associated mean-
ingful cut-off values to represent the impact of age on clinical
performances by cut-off values.
Results
The analysis cohort (N = 1,926) was composed of patients with
biopsy-proven MASLD and metabolic risk factors. Demographic
and baseline characteristics of this cohort are shown in Table S4.
Most patients were male (62%), White or Hispanic (91%), and
exhibited a high prevalence of T2DM, dyslipidemia, hyperten-
sion, and obesity (43%, 49%, 57%, and 71%, respectively); 72% had
MASH, 50% had at-risk MASH, and 36% had F >−3. Demographic
and baseline characteristics of the analysis cohort by age group
age group.

56–64 years (n = 177) >−65 years (n = 177) p values

119 (67%) 122 (69%) 0.9671
60 (3) 69 (3) <0.0001

72 (41%) 70 (40%) 0.8762
93 (53%) 90 (51%) 0.8570
111 (63%) 108 (61%) 0.7985

32.93 (4.61) 32.84 (5.22) 0.9714
128 (72%) 119 (67%) 0.7555

177 (100%) 177 (100%) n.a.
124 (70%) 124 (70%) 0.9967
91 (51%) 91 (51%) 1.0
1.9 (1.12) 1.9 (1.14) 0.9889

19 (10.7%)/53 (29.9%)/
41 (23.2%)/54 (30.5%)/

10 (5.6%)

22 (12.4%)/49 (27.7%)/
41 (23.2%)/55 (31.1%)/

10 (5.6%)

n.a.

4.29 (1.76) 4.31 (1.71) 0.9991
30 (16.9%)/62 (35.0%)/
61 (34.5%)/24 (13.6%)

29 (16.4%)/63 (35.6%)/
65 (36.7%)/20 (11.3%)

n.a.

2.04 (0.78) 2.04 (0.78) 0.9962
50 (28.2%)/70 (39.5%)/

57 (32.2%)
50 (28.2%)/70 (39.5%)/

57 (32.2%)
n.a.

1.05 (0.79) 1.05 (0.79) 0.9998
51 (28.8%)/67 (37.9%)/

59 (33.3%)
51 (28.8%)/67 (37.9%)/

59 (33.3%)
n.a.

1.21 (0.63) 1.23 (0.63) 0.9949

17 (9.6%)/109 (61.6%)/
48 (27.1%)/3 (1.7%)

16 (9.0%)/108 (61.0%)/
50 (28.2%)/3 (1.7%)

n.a.

lues are expressed as n (%) or mean (SD). p values were calculated by using either Chi

ASLD, metabolic dysfunction-associated liver disease; n.a., not applicable; T2DM, type
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are depicted in Table S5. While patients were evenly distributed
across age groups, the prevalence of T2DM, dyslipidemia, and
hypertension, as well as the mean fibrosis score and the preva-
lence of F >−3 increased with age, whereas BMI, obesity, MAS, and
steatosis scores decreased with age. Given that these clinical and
histologic differences could act as potential confounding factors
when assessing the performance of NITs, a PSM algorithm was
applied to select subpopulations well matched for all the above-
mentioned confounders, with the exception of age, the only
variable for which distribution differed among groups. The
resulting matched cohort (n = 708, n = 177/age group; Table 1)
was well balanced for sex, as well as for clinical and histologic
characteristics. Across age groups, 37%–41% of patients had
T2DM, 48%–53% had dyslipidemia, 58%–63% had hypertension,
Table 3. Type II ANOVA modeling: Summary and associated effect sizes.

Full model Age

R2 x2
p p values

NIS2+TM 0.42 0 (0, 0) 0.4358
FIB-4 0.46 0.34 (0.29, 0.39) <0.0001
NFS 0.35 0.27 (0.21, 0.32) <0.0001
ELFTM 0.39 0.19 (0.14, 0.24) <0.0001
APRI 0.30 0.01 (0, 0.02) 0.0664
ALT 0.22 0.03 (0.01, 0.06) <0.0001 0

R2 was calculated and reported as a measure of total NIT variance explained by age, fib
ALT, alanine aminotransferase; APRI, aspartate aminotransferase-to-platelet ratio index;
metabolic dysfunction-associated liver disease; NAFLD, non-alcoholic fatty liver disease

Table 2. Means (SD) of NIT scores and associated biomarker levels in the ma

<−45 years 46–55 years

n Value n V
NIS2+TM

NIS2+TM* 177 0.56 (0.28) 177 0.56 (0
miR34-a, FoldC† 177 1.31 (1.96) 177 1.19 (1
YKL-40, ng/ml† 177 63.98 (60.36) 177 90.58 (149
FIB-4/NFS/APRI
FIB-4† 177 0.92 (0.62) 177 1.38 (0
NFS 177 –2.28 (1.42) 177 –1.36 (1
APRI† 177 0.55 (0.63) 177 0.58 (0
AST, IU/L† 177 45.61 (37.58) 177 43.49 (3
ALT, IU/L† 177 68.78 (52.55) 177 58.56 (42
Platelets, 10e9/L 177 252.84 (65.91) 177 232.08 (67
FPG, mmol/L† 176 5.94 (2.08) 177 6.08 (1
Albumin, g/L 177 46.27 (3.32) 177 45.99 (3
ELFTM

ELFTM 177 8.94 (1.02) 177 9.44 (0
Hyaluronic acid, ng/ml† 177 38.65 (50.93) 177 70.82 (156
P3NP, ng/ml† 177 10.85 (5.54) 177 11.37 (6
TIMP1, ng/ml† 177 265.2 (72.52) 177 264.05 (73
Other biomarkers
AST/ALT ratio† 177 0.72 (0.30) 177 0.78 (0
A2M, g/L 176 2.09 (0.85) 170 2.14 (0
HbA1c, % 174 6.12 (1.07) 177 6.16 (0
GGT, IU/L† 177 91.88 (131.22) 177 76.4 (100
ALP, IU/L† 176 84.64 (38.34) 177 81.73 (31
Triglycerides, mmol/L† 177 2.46 (2.31) 177 2.09 (3
Total cholesterol, mmol/L 177 4.92 (1.14) 177 4.71 (1

Matched cohort, n = 708. p values were calculated using Welch-adapted one-way ANOVA
that were associated to a Skewness score >2 and/or a Kurtosis score >7.
A2M, alpha-2-macroglobulin; ALP, alkaline phosphatase; ALT, alanine aminotransfera
transferase; ELFTM, Enhanced Liver Fibrosis; FIB-4, Fibrosis-4; FPG, fasting plasma gluco
score; MASLD, metabolic dysfunction-associated liver disease; miR34-a, microRNA 34a;
test; P3NP, type III procollagen peptide; TIMP1, tissue inhibitor matrix metalloproteina
* Logit-transformed for computation of p values.
† Log-transformed (base 10) for computation of p values.
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and 67%–72% were obese in this cohort. The prevalence of MASH
and at-risk MASH was 70%–71% and 51%, respectively; mean
fibrosis score was 1.9, with �36% of patients exhibiting F >−3, and
mean MAS was 4.3.

The distribution of NIT scores and associated biomarkers
across age groups in the matched cohort is shown in Table 2.
Mean scores for FIB-4, NFS, and ELFTM significantly increased
with age (change from <−45 to >−65 years: 0.92 to 2.04, –2.28 to
–0.27, and 8.94 to 10.06, respectively; p <0.0001 for all compar-
isons). Aspartate aminotransferase (AST)/ALT means were also
impacted, exhibiting increasing values with increasing age
(change from <−45 to >−65 years: 0.72–0.88; p <0.0001). Neither
NIS2+TM nor APRI was significantly impacted by age across
groups (p = 0.7111 and p = 0.1891, respectively).
Fibrosis MAS

x2
p p values x2

p p values

0.15 (0.1, 0.2) <0.0001 0.11 (0.07, 0.15) <0.0001
0.16 (0.11, 0.2) <0.0001 0 (0, 0.01) 0.186

0.12 (0.08, 0.16) <0.0001 0 (0, 0) 0.8555
0.17 (0.12, 0.22) <0.0001 0.02 (0, 0.04) 0.0012
0.13 (0.08, 0.17) <0.0001 0.05 (0.02, 0.08) <0.0001
.03 (0.01, 0.06) <0.0001 0.06 (0.03, 0.09) <0.0001

rosis, and NAS.
ELFTM, Enhanced Liver Fibrosis; FIB-4, Fibrosis-4; MAS, MASLD activity score; MASLD,
; NFS, NAFLD fibrosis score; NIT, non-invasive test.

tched cohort by age group.

56–64 years >−65 years

p valuesalue n Value n Value

.28) 177 0.55 (0.26) 177 0.57 (0.28) 0.7111

.57) 177 0.9 (0.90) 177 0.95 (1.04) 0.1138

.54) 177 95.93 (121.46) 177 117.01 (107.43) <0.0001

.89) 177 1.52 (0.75) 177 2.04 (1.04) <0.0001

.41) 177 –0.96 (1.16) 177 –0.27 (1.15) <0.0001

.54) 177 0.48 (0.29) 177 0.56 (0.39) 0.1891
3.9) 177 36.97 (17.86) 177 39.92 (23.06) 0.273
.59) 177 50.31 (27.05) 177 48.92 (31.03) 2e-04
.47) 177 225.31 (59.85) 177 208.87 (58.16) <0.0001
.80) 176 6.23 (1.87) 177 6.18 (1.73) 0.1841
.06) 177 45.81 (2.87) 177 44.97 (3.02) 7e-04

.97) 177 9.66 (0.86) 177 10.06 (1.02) <0.0001

.35) 177 79.81 (78.45) 177 126.76 (155.42) <0.0001

.36) 177 10.67 (4.91) 177 12.14 (6.37) 0.0774

.86) 177 267.81 (63.35) 177 275.74 (85.77) 0.5791

.28) 177 0.79 (0.24) 177 0.88 (0.34) <0.0001

.79) 172 2.47 (0.92) 176 2.68 (0.86) <0.0001

.92) 174 6.22 (0.99) 177 6.2 (0.87) 0.7915

.73) 177 75.36 (88.19) 177 81.98 (110.86) 0.2114

.60) 177 87.35 (26.68) 177 85.74 (29.57) 0.1168
.14) 177 2.05 (1.31) 177 1.81 (0.81) 0.0214
.23) 177 4.66 (1.10) 176 4.59 (1.10) 0.0344

tests based either on raw or transformed (log10 or logit) data for biomarkers and NITs

se; APRI, aspartate aminotransferase-to-platelet ratio index; AST, aspartate amino-
se; GGT, c-glutamyl transferase; HbA1c, glycated hemoglobin; MAS, MASLD activity
NAFLD, non-alcoholic fatty liver disease; NFS, NAFLD fibrosis score; NIT, non-invasive
se 1.
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The impact of age, fibrosis stage, and MAS on the distribution
of NIT scores was further investigated using type II ANOVA
modeling (Table 3). This approach allowed for the comparison of
the magnitude of the impact of age vs. that of histology (fibrosis
and MAS) through effect sizes, which were reported as partial
x2

p estimators as described in the ‘Materials and methods’
section. Among all NITs evaluated, the magnitude of the impact
of age was largest on FIB-4 and NFS (x2

p effect size: 0.34 and
0.27, respectively), surpassing that of fibrosis, their theoretical
main driver (x2

p effect size: 0.16 and 0.12, respectively). While
ELFTM was strongly impacted by age (x2

p effect size: 0.19), the
magnitude of this effect was similar to that of fibrosis (x2

p effect
size: 0.17). Neither FIB-4 nor NFS were impacted by MAS (p =
0.186 and p = 0.8555, respectively). Even though MAS exerted an
effect on ELFTM, the magnitude of this effect was low (x2

p effect
size: 0.02). The impact of age and fibrosis on ALT was low (x2

p

effect size for both parameters: 0.03), while that of MAS was
moderate (x2

p effect size: 0.06), consistent with its role as a
surrogate for disease activity. Neither NIS2+TM nor APRI were
significantly impacted by age (p = 0.4358 and p = 0.0664,
respectively). MAS and fibrosis exhibited a low and moderate
impact on APRI scores, respectively (x2

p effect size: 0.05 and
x2

p: 0.13). Among all NITs, including the disease activity surro-
gate ALT, the effect of MAS was largest on NIS2+TM (x2

p effect
size: 0.11); the magnitude of the impact of fibrosis on this NIT
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Fig. 1. ROC curves and AUROC values (95% CIs) of NITs for the detection of sub
cohort, N = 708. ALT, alanine aminotransferase; APRI, aspartate aminotransferase-
non-alcoholic fatty liver disease; NFS, NAFLD fibrosis score; NIT, non-invasive te
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was also large (x2
p effect size: 0.15), comparable to those of FIB-

4 or ELFTM. NIS2+TM and FIB-4 achieved the highest R2 across
NITs, with 42% and 46% of their total variability, respectively,
being associated with age, F, and MAS; however, while FIB-4
variability was mainly related to age, that of NIS2+TM was
mostly associated with histology, as this NIT was not impacted
by age. The effect size of age vs. histology on the distribution of
NIT scores observed in the linear modeling is depicted using
estimated marginal means in Figs S1 and S2.

To further compare the effects of age and histology on
NIS2+TM and other NITs, ROC curves and associated AUROC
values were derived for the detection of their respective histo-
logic endpoints (F >−3 for FIB-4, NFS, ELFTM, and APRI; MASH for
ALT; at-risk MASH for NIS2+TM) and used as benchmarks (Fig. 1).
This analysis included six pairs of age-based subgroups (<−45 vs.
46–55 years, <−45 vs. 56–64 years, <−45 vs. >−65 years, 46–55 vs.
56–64 years, 46–55 vs. >−65 years, 56–64 vs. >−65 years), which
were used to evaluate the ability of NITs to accurately classify
patients within their corresponding age subgroup through ROC
curves and AUROC values. Given that the four age-based groups
originally established in this analysis were matched for different
factors (including histology), the distribution of NITs across the
six age subgroups is expected to be similar. Therefore, AUROC
values for the classification of patients by age subgroup should
be �0.5 for NITs that are not impacted by age, and >0.5 for those
 specificity
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Fig. 2. NIT scores distributions by age and at-risk MASH status. *y-axis on a log10 scale for improved representations. Matched cohort, n = 708. At-risk MASH
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that are significantly impacted by age. FIB-4 exhibited the
highest AUROC values (reaching up to 0.889 for the classification
of patients in age subgroups <−45 vs. >−65 years), followed by NFS
(0.823) and ELFTM (0.787). These values were significantly higher
than 0.5 independently of the paired age groups considered,
corroborating the significant impact of age, even across pop-
ulations with a mean difference of only 10 years. FIB-4 and NFS
exhibited higher AUROC values for the classification of patients
into age subgroups characterized by a gap >−20 years (<−45 vs. >−65
years, <−45 vs. 56–64 years, and 46–55 vs. >−65 years) than for the
detection of advanced fibrosis. AUROC values for ELFTM were only
higher for the classification of patients into age subgroups than
for the detection of advanced fibrosis for the <−45 vs. >−65 years
subgroup. For ALT and APRI, AUROC values were lower for the
classification of patients into age subgroups than for the detec-
tion of their respective intended histologic endpoints. AUROC
values for ALT were significantly higher than 0.5 for the classi-
fication of patients into age subgroups with a gap >10 years (<−45
vs. >−65 years, <−45 vs. 56–64 years, and 46–55 vs. >−65 years),
while those for APRI were significantly higher than 0.5 only for
the classification of patients into the <−45 vs. >−65 years subgroup.
NIS2+TM was the only NIT that exhibited AUROC values that did
not significantly differ from 0.5 for the classification of patients
into age subgroups (range: 0.505–0.535), demonstrating that age
did not impact this NIT regardless of the mean age difference.
Furthermore, NIS2+TM achieved an AUROC of 0.836 for the
detection of at-risk MASH.

The distribution of NIT scores by age groups and at-risk MASH
status is shown in Fig. 2. FIB-4, NFS, and ELFTM returned lower
JHEP Reports 202
scores in biopsy-proven at-risk MASH patients aged <−45 years
than in patients aged >−65 years without at-risk MASH, corrob-
orating the significant impact of age on these NITs, which could
lead to a substantial bias when using fixed cut-offs to detect
advanced disease stage.

To evaluate the impact of age on the clinical performances of
NITs at fixed cut-offs, Youden cut-offs for the detection of at-risk
MASH were derived using the matched cohort (n = 708)
(Table S6, Fig. S3). FIB-4 exhibited major differences in clinical
performances, characterized by a strong decrease in specificity
(from 0.94 to 0.36) and increase in sensitivity (from 0.26 to 0.90)
with increasing age. Age exhibited a similar effect on the clinical
performances of NFS and ELFTM, while those of NIS2+TM and APRI
were stable across age groups.

To evaluate the impact of age on NIT clinical performances,
irrespective of selected fixed cut-off values, differences in the
sensitivity and specificity of NITs between patients aged <−45 and
>−65 years were calculated across the entire spectrum of mean-
ingful cut-off values (Fig. 3). Depending on the cut-off value, FIB-
4, NFS, and ELFTM exhibited differences higher than 50% in
sensitivity and specificity (absolute values) between these two
age groups. Specifically, the differences in sensitivity and speci-
ficity for FIB-4 with cut-off values of 0.88–1.43 were >50%,
reaching a maximum of 74% difference in specificity. NIS2+TM

showed the most stable performance among all NITs across the
entire range of cut-off values, with maximal differences in
sensitivity and specificity <14%.

The impact of age on the clinical performance of NITs in the
detection of patients with F >−3 was also evaluated and shown to
64 vol. 6 j 101011
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be similar to that observed in the detection of at-risk MASH
(Table S7, Figs S4 and S5).

AUROC values of NITs across age groups were calculated to
assess the impact of age on their overall clinical performance for
the detection of at-risk MASH (Fig. 4, Table S8). Despite a small
variability among AUROC values (up to 5 points difference), none
of the comparisons achieved statistical significance, and no trend
was observed for any of the NITs, with the exception of ELFTM.
NIS2+TM achieved the highest AUROC values across age groups
(0.821–0.870).

Based on the deficient performances previously reported for
NFS and FIB-4 for the population <−35 years, a supplementary
analysis to assess the impact of age on NITs in patients <−35 vs.
>35 years was conducted.12 Of note, the main analysis did not
include a group of patients aged <−35 years, as the low number
of patients would have led to a loss of power in statistical
analyses, as well as unreliable estimations of AUROC values,
sensitivity, and specificity, among other parameters. A well-
balanced cohort was selected by applying the PSM algorithm
(matched cohort, n = 270; n = 135/age group; Table S9). Overall,
the impact of age in patients <−35 years was similar to that
observed in the main analysis, with an extension/continuation
of trends previously observed in the distribution of NITs and
biomarkers across age groups (Tables S10 and S11). Key out-
comes of this supplementary analysis are included in the
‘Supplementary Results’ section.
JHEP Reports 202
Discussion
The burden of MASLD, a condition that can progress to MASH,
affects patients of all ages. It is therefore critical for NITs used in
the evaluation of liver disease (MASH, at-risk MASH, advanced
fibrosis) to exhibit robust clinical performances across age
groups. Age has been shown to impact FIB-4, NFS, and ELFTM,
suggesting that they should be used with age-adapted cut-offs,
which would need to be further derived and validated, repre-
senting a potential challenge.14,21 While NIS2+TM, an optimiza-
tion of NIS4® technology for the detection of at-risk MASH in
patients with metabolic risk factors, exhibited robust clinical
performances in patients aged <−50 vs. >−60 years, additional data
were needed to further characterize its performance across
age groups.5,10 This report thoroughly evaluated the potential
confounding role of age across different NITs commonly used in
clinical practice for the evaluation of liver disease, mainly among
patients with MASLD/MASH.

Neither NIS2+TM nor APRI were impacted by age, which allows
for their implementation with fixed cut-offs, irrespective of the
patient’s age. Overall, for NIS2+TM (Table S2), the mean levels of
YKL-40 increasedwith age,while thoseofmiR34-adecreasedwith
age, leading to steady mean scores across age groups and con-
firming preliminary observations.10 The mean scores of APRI,
which positively correlated with AST levels and inversely corre-
latedwith platelet levels (Table S2), remained stable across groups
due to the decrease in mean AST and platelet levels with age.
74 vol. 6 j 101011
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Age significantly impacted the performance of FIB-4, NFS, and
ELFTM. These results confirm previously reported outcomes on
FIB-4 and NFS, supporting the use of age-adapted cut-off values
for these NITs.14

The effect of age on the mean scores of FIB-4 and NFS can be
explained by the positive correlation between these scores
(Table S2) and age, as well as by their negative correlation with
ALT and platelet levels, which generally decrease with age.
Furthermore, NFS negatively correlated with albumin levels,
which generally decrease with age. While the mean levels of the
three biomarkers associated with ELFTM (Table S2) reached their
highest values in patients aged >−65 years, hyaluronic acid
exhibited a significant and consistent increase (from 38.65 ng/ml
to 126.76 ng/ml; p <0.0001; Table 2), acting as the driving factor
behind the impact of age on the mean scores of this NIT.

Using well-designed multi-way type II ANOVA, the effect size
of age on FIB-4 and NFS was higher than that of fibrosis, their
theoretical main driver. Furthermore, most AUROC values for age
subgroup classifications were higher for these NITs than for the
detection of their histologic endpoint (F >−3).

Overall, among the NITs evaluated, NIS2+TM showed the
strongest association with histology and was the only test on
which fibrosis and MAS exerted a moderate to large effect,
supporting its role as the most suitable panel to detect the
composite endpoint of at-risk MASH.

Age also impacted clinical performances of FIB-4, NFS, and
ELFTM for the detection of at-risk MASH or F >−3, which could
JHEP Reports 202
result in up to a 50% difference in sensitivity/specificity between
the <−45 and >−65 years age groups. On the other hand, the clinical
performances of APRI and NIS2+TM were not impacted by age.

While this study was not powered to allow for the inclusion
of a stand-alone age group comprising patients aged <−35 years in
the main analysis, a supplementary analysis that evaluated the
impact of age in patients <−35 vs. >35 years corroborated the
outcomes of the main analysis (similar trends/significance were
observed on NITs and biomarkers), and showed that neither NFS,
FIB-4, nor ELFTM should be used/interpreted using their pub-
lished cut-off values in patients aged <−35 years.

Unlike NIS2+TM, neither FIB-4, NFS, nor ELFTM were specif-
ically designed to detect at-risk MASH, which represents a lim-
itation of this study. Of note, however, the impact of age on the
clinical performances of NFS, FIB-4, and ELFTM for the detection
of advanced fibrosis was similar to that observed in the detection
of at-risk MASH. While evaluation of the impact of age on NIT
scores in patients aged <18 years would be of interest, the
analysis cohort did not include this subpopulation. Lastly, the
matched subpopulations selected through the implementation
of the PSM algorithm within each age category are not repre-
sentative of real-world subpopulations of the same age range.
Age usually correlates positively with fibrosis in most MASLD
clinical databases. Age also positively correlates with FIB-4 and
NFS based on their formulas (Table S2); furthermore, ELFTM

scores increase with age due to the impact of this parameter
on its biomarkers (mainly hyaluronic acid). Therefore, age
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contributes to the ability of these NITs to differentiate patients
with F >−3 from those with F0–F2, improving their estimated
clinical performances by acting as a confounding factor. While it
is likely that the implementation of the PSM in the analysis re-
ported here led to lower AUROC values for the detection of F >−3
compared with values that would have been obtained without
using this algorithm, it allows for a more precise estimation of
their ability to exclusively detect histologic endpoints. The goal
of this analysis was to quantify the impact of age on the distri-
bution of NITs in an independent manner and compare these
effects with those of histology (fibrosis and MAS). These thor-
ough assessments require that the age-based subpopulations be
JHEP Reports 202
similar with respect to selected factors, except for age, to control
for potential confounding factors.

In summary, NIS2+TM was the only NIT among those tested
that was not impacted by age and was sensitive to both fibrosis
and MAS, further confirming that this NIT constitutes an efficient
and robust test for the detection of the composite endpoint of at-
risk MASH. Given the unmet need for NITs with performances
that are not impacted by age, the demonstrated robust perfor-
mance of NIS2+TM to rule in and rule out at-risk MASH with fixed
cut-offs across age groups highlights its potential to improve
management of patients and interpretation of results, facilitating
the large-scale use of this test.
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