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Aim: Metabolic dysfunction-associated steatohepatitis (MASH) and steatotic liver disease (MASLD) are
progressive liver conditions that can lead to serious long-term outcomes and adverse clinical events.
Histologic liver fibrosis is an accepted short-term surrogate end point used in pivotal clinical trials
supporting conditionally approved MASH therapies. This study aimed to synthesize up-to-date published
associations between histologic liver fibrosis and clinical outcomes, including several novel syntheses.
Materials & methods: A systematic literature review identified studies of MASH + MASLD patients
published January 2014 to November 2024 from Ovid MEDLINE®, Embase and grey literature. Studies
reporting hazard ratios (HRs) comparing the risk of relevant major adverse liver outcomes (MALO; e.g.,
cirrhosis, hepatic decompensation, hepatocellular carcinoma) and mortality by histologic liver fibrosis
stage were included in meta-analysis. Pooled estimates were reported as HRs and 95% Cls. Results: Of
2810 returned records, there were 32 eligible studies from 39 articles. Higher fibrosis stage was associated
with increased risk of clinical outcomes. Risk of progression to cirrhosis was twofold higher in F3 versus F2
(2.05[1.45, 2.90]). Risk of hepatic decompensation was >ten-times higher in F3-4 versus FO-2 (10.93 [6.31,
18.92]). Risk of MALO and all-cause mortality were also significantly higher in F4 versus F3 and versus F2,
and in F3-4 versus FO-2. Results were directionally consistent among studies of MASH-majority (=80%
MASH) populations and individually reported HRs. Conclusion: Increased clinical risk with more advanced
fibrosis and/or cirrhosis among patients with significant liver disease supports the value of histologic liver
fibrosis as a short-term surrogate for long-term clinical outcomes.

Plain language summary: Using long-term studies to connect changes in liver tissue to risk of serious
consequences for patients with metabolic dysfunction-associated steatohepatitis

What is this article about? In chronic liver diseases such as metabolic dysfunction-associated
steatohepatitis (MASH), symptoms may not be visible until they have progressed to serious consequences

such as liver failure or liver cancer, which may be life-threatening. A challenge of testing new medications

for MASH is the length of time it can take for these serious consequences to occur, which can be longer

than the 1-2 years of most clinical trials. In such cases, a clinical trial may use a ‘proxy’ test that is known

to be connected to serious long-term consequences, but shows improvements in a shorter timeframe.
Previous research has found that a potentially useful proxy in MASH is liver scarring (‘fibrosis’), and many
studies have individually found a connection between severity of liver fibrosis and risk of serious long-term
consequences. This article aimed to combine the data from these studies to determine how consistent and
strong this connection is across studies.

How was the research carried out? The authors reviewed previously published studies measuring both

liver fibrosis and later occurrence of serious consequences, including liver swelling, bleeding, failure,
transplant and death. Then the individual results of each study were pooled together in a combined
analysis.

What were the results? Both individual study results and the combined analysis showed that increased
severity of liver fibrosis was associated with increased risk of cirrhosis and other liver problems leadingto 4
hospitalization, as well as death, indicating that liver fibrosis is likely a useful proxy test for clinical trials. % \Becaris
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Metabolic dysfunction-associated steatotic liver disease (MASLD), and its progressive form, metabolic dysfunction-
associated steatohepatitis (MASH) are increasingly common liver conditions that may involve inflammation and
fibrosis, leading to serious health consequences [1]. The incidence rate of progression from MASL (the mildest form
of MASLD) to MASH is 7.4 per 100 person-years (equivalent to 31% of patients over 4.7 years) [2] and patients
are at increased risk for long-term consequences, including liver cirrhosis, decompensation (typically involving
symptoms such as ascites, variceal bleeding, hepatic encephalopathy), hepatocellular carcinoma (HCC), which
can result in liver failure, requiring liver transplant, and death (3. MASH is the most common reason for liver
transplantation among women in the US [4], and is expected to continue increasing in frequency among both men
and women, in conjunction with increased prevalence of MASLD risk factors such as obesity, Type 2 diabetes
mellitus and dyslipidemia in the US (5] and globally [6]. The most common causes of death in MASLD and MASH
include cardiovascular disease, liver disease and cancer [7].

The primary area of unmet need for MASLD and MASH is a treatment that can slow, halt or potentially
reverse disease progression, thus preventing serious clinical outcomes [8]. Currently, there are only two conditionally
approved therapeutics available for treatment of MASH: resmetirom, a thyroid hormone receptor-beta agonist
conditionally approved by the US FDA in 2024 9] and by the EMA in 2025 (10}, and semaglutide, a glucagon-like
peptide 1 (GLP-1) receptor agonist conditionally approved by the FDA in August 2025 [11]. Capturing clinical event
outcomes in the context of clinical trials is limited by practical considerations. For example, a recent observational
study reported that just 2.1% of MASLD patients developed HCC over a mean follow-up time of 3.4 years [12].
The low incidence rate may make it difficult to meet sample size requirements to differentiate outcomes between
active and comparator arms, particularly in the time frame of a typical clinical trial.

In order to accommodate this practical limitation, regulatory agencies including the FDA and EMA, have
adopted surrogate end points, such as histologic liver fibrosis stage, which can show meaningful change over a
shorter timeframe [13,14]. The utility of histologic liver fibrosis stage, particularly in the context of clinical trials,
has also been underscored by international clinician consensus [15]. While previously published reviews have
quantitatively synthesized the relationship between liver fibrosis and mortality, this has not yet been explored for
key outcomes such as cirrhosis, hepatic decompensation or HCC [2,16-18]. The objective of this systematic literature
review (SLR) was to synthesize estimates of the relationship between histologic liver fibrosis stage and a variety of
relevant clinical outcomes in a population of adults with MASLD and/or MASH, as reported in clinical trials and
observational studies.

Materials & methods

SLR & meta-analysis inclusion criteria

The review adheres to methodological standards for conducting SLRs and meta-analyses, including Preferred
Reporting Items for Systematic reviews and Meta-Analyses (PRISMA) (191, MOOSE Reporting Guidelines [20] and
AMSTAR 2 guidelines [21]. The protocol for this review was not registered.

Investigators implemented the literature search on 13 November 2024 in Ovid MEDLINE® and Embase
(Supplementary Table 1), with supplementary searches of grey literature sources (Clinical Trials.gov, World Health
Organization International Clinical Trials Registry Platform) and reference lists of relevant published reviews.
Clinical trial registry searches were conducted using “NASH or MASH” in the “Title” or “Condition” fields.

Within the study search window, the nomenclature was officially changed from nonalcoholic fatty liver disease
(NAFLD) and nonalcoholic steatohepatitis (NASH) to MASLD and MASH [22]. To address this, both sets of terms
were included in the search strategies. Previous work has demonstrated that the legacy NAFLD/NASH definitions
and the new MASLD/MASH definitions overlap in approximately 99% of cases [23]; thus these terms were treated
interchangeably in this study’s analysis. If both sets of nomenclature were included in a given study, the newer terms
were favored.

Studies of interest were identified according to PI/ECOS (Population, Intervention/Exposure, Comparator,
Outcomes and Study design) criteria. Eligible study populations included adult patients with a diagnosis of
MASH or MASLD (>1% of patients had to have a MASH diagnosis; “MASH 4+ MASLD”) and reported risk
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of outcomes stratified by histologic liver fibrosis stage at least at baseline (follow-up timepoints were included if
reported). Studies conducted in patients with MASLD only were excluded from data synthesis. Outcomes of interest
included progression to cirrhosis (compensated or decompensated), hepatic decompensation events (ascites, variceal
bleeding, hepatic encephalopathy, clinically significant portal hypertension), HCC, liver transplant, end-stage liver
disease, composite outcomes of the above liver-related events (i.e., “hepatic decompensation and/or HCC”, “major
adverse liver outcome [MALQ]”), all-cause mortality, liver-specific mortality, CV-related mortality, major adverse
cardiovascular events (MACE)/CV-related events and health related quality of life (HRQoL). Outcome definitions
are listed in Supplementary Table 2. Eligible study designs were primary studies, either interventional trials or
observational longitudinal studies that were published in English. Previously published literature reviews and meta-
analyses were excluded from data synthesis, but their reference lists were reviewed to identify additional relevant
primary studies.

All studies that were identified by the search strategy were screened by two researchers independently according
to the PI/ECOS criteria. Discrepancies between reviewers were discussed, and unresolved conflicts were resolved
by a third reviewer. Reasons for exclusion were documented at all stages.

Study characteristics and variables of interest were extracted by a single reviewer and verified by a second reviewer
for all studies meeting the inclusion criteria. Extracted data were stored and managed in Microsoft® Excel®. A
structured quality control process was applied to every study to ensure completeness, accuracy, and consistency.
Data from publications describing the same underlying patient population were mapped in order to avoid double-
counting of data contributing to meta-analysis and narrative syntheses. When required, authors were contacted for
additional information.

Risk of bias (RoB) assessments were performed with the Cochrane RoB 2 tool for randomized controlled
trials (RCTs), and with the ROBINS-I V2 tool for observational studies, by a single reviewer. The certainty of
evidence was not formally assessed (i.e., Grading of Recommendations Assessment, Development and Evaluation

[GRADE)).

Meta-analysis

Various fibrosis staging systems were used across included studies, which were converted to the Kleiner/Brunt system
(FO-F4) scheme (Supplementary Table 3). In the remainder of this article, all F-stages are reported according to
the Kleiner/Brunt staging scheme.

Adjusted HRs (aHRs) and their associated measures of variability were extracted from eligible studies; if they
were not reported, unadjusted HRs (uHRs) were instead utilized. Where possible, HRs reported in papers were
used to calculate additional comparisons (see Supplementary Methods for details).

In studies where a numeric HR value was not reported, but a Kaplan—Meier (KM) curve was presented, pseudo
individual patient data (IPD) was generated and used to calculate the HR value using the method described by
Guyot ez al. [24]. Cox proportional hazards models were then fitted to the reconstructed IPD to derive log HRs and
standard errors (SE). KM curve data were extracted using Digitizelt, and further calculations were performed using
R Statistical Software.

For outcomes with a comparison of interest reported in at least three studies, models were fit to calculate a pooled
HR, with a 95% CI and a heterogeneity measure (I?). The model selection process was as follows: if fewer than
five HRs could be pooled, then a fixed-effects (FE) model was selected. If five or more HRs could be pooled, then
random-effects (RE) models were also fit, using both the Hartung—Knapp-Sidik—Jonkman (HKSJ) method with
a Paule-Mendel (PM) estimator [25-27] and DerSimonian-Laird (DL) method [28]. The model that was valid and
meaningful was selected, i.c., the model that yielded an informative pooled estimate (CI lies within the union of
individual study Cls) that was statistically congruent with the DL model (same significance conclusion) was deemed
as the most appropriate meta-analytical model. Pooled HRs were calculated such that the lower F-stage was the
reference. In other words, an HR >1 indicates higher risk of outcome in the higher F-stage group compared with
the lower F-stage group. All calculations were performed using R Statistical Software (v4.4.2) with “IPDfromKM”,
“survival”, “survminer”, “dplyr” and “ggplot2” packages.

Narrative synthesis

Data reported as incidence rates of outcomes of interest, stratified by fibrosis stage, were described narratively,
without formal quantitative analysis. These descriptions focused on trends across studies and were included as
supportive evidence to the meta-analysis results. For studies that did not report HRs suitable for meta-analysis or
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incidence rates stratified by fibrosis stage, other measures such as means or patient counts were used to identify
trends.

Sensitivity analyses

Sensitivity analyses were conducted to assess the appropriateness of model choice. For models that included more
than five effect estimates, a leave-one-out analysis was performed by repeating the meta-analysis and excluding one
study at a time, allowing the identification of studies that had greater influence over the pooled effect estimate.
Additionally, for models that included more than five or more effect estimates, the following sensitivity analyses
were conducted as feasible given the characteristics of included studies: including only studies with at least 5 years
of follow-up, excluding studies with serious/high RoB, including only studies that used the same fibrosis staging
system, including only observational studies, and excluding pseudo-IPD generated from KM curves.

An additional sensitivity analysis to investigate the consistency of results in MASH patients specifically was
conducted by restricting to risk estimates from populations of 80-100% MASH patients (“MASH-majority”).
This was conducted to investigate a population more closely related to the populations currently indicated for FDA
approved treatments.

Results

Evidence base

Of the 2811 records identified by the search strategy, 279 records were retained for review of full-text articles

(Figure 1). With the addition of nine records from hand searching and clinical trial registry searching, ultimately,

32 unique primary studies (with data from these studies reported across 39 publications) were included, which

included a range of 17.6-100% of patients with MASH. Of these, there were 10 studies (reported in 14 publications)

conducted in MASH-majority populations. The full list of included publications is in Supplementary Table 4.
Among the included studies, there were three RCTs (two pooled analyses and one stand-alone trial) and 29

observational studies (Table 1). Most studies were assessed as having moderate RoB (n = 22). Results of RoB

assessments are summarized in Supplementary Figure 1. Nineteen studies were eligible for meta-analysis (Figure 2).

Cirrhosis
Three studies (one clinical trial and two retrospective cohorts), enrolling 66.9-100% patients with MASH, reported
sufficient data for fixed effects meta-analysis of aHRs comparing patients with F3 and F2 fibrosis [29-31]. Cirrhosis
data from the STELLAR-3/-4 trials were reported in a conference abstract (301, limiting the description of the
outcome definition. Patients with F3 fibrosis had an increased risk of progression to cirrhosis, compared with those
with F2 (pooled aHR: 2.05 [95% CI: 1.45, 2.90]; Table 2). Of note, the aHR reported by Younossi ez al. [31] was
over tenfold larger than the next highest aHR estimate. This is likely because Younossi ez al. (311 defined cirrhosis
based on histologic progression only, whereas Fujii ez a/. 29] and Goh ez al. 30] estimated aHRs for decompensated
cirrhosis (Supplementary Table 2). The high heterogeneity observed between studies (I* = 77.6%) may be explained
in part by this variation in outcome definition.

The incidence rate per 1000 person-years of cirrhosis, reported in one study, was 1.0 in F2 fibrosis and 44 in F3
fibrosis (Figure 3A) [31].

Hepatic decompensation
Three studies (two retrospective cohorts and one prospective cohort), enrolling 17.6-100% patients with MASH,
reported sufficient data for fixed effects meta-analysis of aHRs comparing patients with F3—4 and FO-2 fibrosis [31-
33]. Patients with F3—4 fibrosis had a significantly increased risk of hepatic decompensation compared with those
with FO-2 fibrosis, with a pooled aHR of 10.93 (95% CI: 6.31, 18.92) and individual aHR >7 among the
included studies (Table 2). Variability in the specific hepatic decompensation events observed in each study varied
(Supplementary Table 2), which, in combination with differences in the adjustment factors among the three
contributing aHRs, may partly explain the moderate statistical heterogeneity (I* = 47.8%) detected.

The incidence rate per 1000 person-years of hepatic decompensation, reported in two studies, was 4 in F2
fibrosis, 10 to 24 in F3 fibrosis and 27 to 71 in F4 fibrosis (Figure 3B) (31,33].
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Total number of references identified in bibliographical databases: 2810
Ovid® MEDLINE hits: 1505 | Ovid® Embase hits: 1305

Duplicate references excluded: 214

Identification

Abstracts screened: 2596

Abstracts excluded: 2317

Population: 751

Intervention/Comparator: 115
- » Study design: 788

Outcomes: 625

Duplicate publication: 35

Other: 3

Full text articles assessed for eligibility: 279

Full texts excluded: 151

Population: 16

Intervention/Comparator: 9
———— Study design: 15

Outcomes: 103

Duplicate publication: 8

Other: 0

Screening against eligibility criteria

Articles included from literature search: 128

Other articles included: 9 Supplementary evidence:

Hand-searched: 6 E—— MASLD only: 89

Clinical trial registries: 3 Other histological surrogates
(NAS, NITs): 9

Final included MASH = MASLD articles (reporting
histologic fibrosis stage:
39 (32 unique studies)

|
MASH only: Mixed MASH/MASLD:
14 (10 unique studies) 25 (22 unique studies)

Figure 1. PRISMA diagram of study selection.

MASH: Metabolic dysfunction-associated steatohepatitis; MASLD: Metabolic dysfunction-associated steatotic liver
disease; NAFLD: Nonalcoholic fatty liver disease; NAS: NAFLD Activity Score; NIT: Noninvasive test; PRISMA: Preferred
Items for Systematic reviews and Meta-Analyses; SLR: Systematic literature review.

Articles included in the SLR

Hepatic decompensation &/or HCC

Three retrospective cohort studies, enrolling 45.9-74.9% patients with MASH, reported sufficient data for fixed
effects meta-analysis of aHRs comparing patients with F3—4 and FO-2 fibrosis [29,34,35]. Meta-analysis of unadjusted
estimates suggested a 30-fold increase in risk of hepatic decompensation and/or HCC in patients with F3—4 fibrosis
compared with those with mild-moderate fibrosis (F0-2) (pooled uHR 32.37, 95% CI: 13.51, 77.59; I? = 60.6%;
Table 2). Pooling aHRs from these same studies attenuated the magnitude of effect, but the association remained
consistent (pooled aHR: 20.50, 95% CI: 8.25, 50.93, I? = 59.9%). The substantial heterogeneity detected may be
due to study-level differences in the specific hepatic decompensation events observed across studies and variation in
the adjustment factors among the three contributing aHRs (Supplementary Table 2). Despite these differences, HRs
reported in individual studies were consistent with the pooled HR in terms of direction and statistical significance.
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Cirrhosis: n=3

—
Excluded from meta-analysis: n = 13 MASH-majority: n = 0
Critical RoB: n = 2
Inappropriate and/or insufficient data to Hepatic decompensation: n = 3
pool in meta-analysis: n = 11 ™
MASH-majority: n = 0
Hepatic decompensation and/or
HCC:n=3
o
MASH = Eligible for MASH-majority: n = 0
MASLD: '“Ieta_' S
n=32 analysis:
- HCC:n=6
n=19
MASH-majority: n = 0
MALO:n =6
e
MASH-majority: n = 3
All-cause mortality: n =9
-

MASH-majority: n = 0

Figure 2. Eligibility of studies for meta-analysis.
HCC: Hepatocellular carcinoma; MALO: Major adverse liver outcome; MASH: Metabolic dysfunction-associated
steatohepatitis; MASLD: Metabolic dysfunction-associated steatotic liver disease; RoB: Risk of bias.

Hepatocellular carcinoma

Three studies (two retrospective cohorts and one prospective cohort), enrolling 66.9-100% patients with MASH,
reported sufficient data for fixed effects meta-analysis of aHRs comparing patients with F4 and F3 fibrosis [29,31,33].
All three aHRs were estimated by indirect calculation from directly reported aHRs. Patients with F4 fibrosis showed
an uncertain risk of HCC compared with those with F3 fibrosis; while the pooled aHR was 1.52 (95% CI: 0.33,
7.10), individual estimates varied (0.52 [95% CI: 0.03, 9.05], 0.53 [95% CI: 0.02, 12.53] and 5.00 [95% CI:
0.53, 46.91]). Statistical heterogeneity (I* = 2.05%) was low.

Five studies (three retrospective [29,36,37] and two prospective [33,38] cohorts), enrolling 49—70% patients with
MASH, were included in an RE meta-analysis (PM-HKS] model) of aHRs comparing patients with F3-4 and
FO0-2 fibrosis (see Supplementary Table 5 for model selection). The resulting pooled aHR was 5.57 (95% CI: 1.87,
16.60), indicating an increased risk of HCC in patients with advanced fibrosis (F3—4) compared with mild-moderate
fibrosis (FO—-2; Table 2). The heterogeneity was low (I* = 17.0%), suggesting limited between-study variability.
Variation in the pooled aHR was observed in the leave-one-out sensitivity analysis, with estimates ranging from
3.64 to 10.72 (Supplementary Table 6). The study by Kumazaki ez al. (36] yielded the most precise individual
estimate and had the largest influence on the pooled result. The variability in pooled estimates indicates that results
may be sensitive to individual study inclusion, perhaps due to differences in covariate adjustments. Only two of the
five studies contributing to the HCC meta-analysis reported more than 5 years of follow-up. Moreover, the median
follow-up times among these studies lacked the variation for this sensitivity analysis to be meaningful (range: 4.0
to 6.1 years). As such, stratified or sensitivity analyses by follow-up duration were not feasible for this outcome.
Sensitivity analysis based on RoB was not conducted, since all included studies were assessed as having a moderate
RoB.

The incidence rate per 1,000 person-years of HCC, reported in three studies, was 2.2 in F1 fibrosis, 4.5 in F2
fibrosis, 3 to 14.2 in F3 fibrosis and 1 to 19 in F4 fibrosis (Figure 3C) [29,51,33].
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Figure 3. Incidence rates of clinical outcomes by fibrosis stage in MASH with or without MASLD patients. Published
incidence rates (per 1000 patient-years) by fibrosis stage in MASH + MASLD patients of (A) cirrhosis, (B) hepatic
decompensation, (C) HCC, (D) MALO and (E) all-cause mortality.

*Incidence not reported at this stage.

HCC: Hepatocellular carcinoma; MALO: Major adverse liver outcome; MASH: Metabolic dysfunction-associated
steatohepatitis; MASLD: Metabolic dysfunction-associated steatotic liver disease.

Major adverse liver outcomes

Opverall, five studies enrolling 39—100% patients with MASH reported an association between histologic fibrosis
stage and MALO. Three retrospective cohort studies enrolling 46-100% patients with MASH [31,34,39], and two
RCTs enrolling 100% patients with MASH (30,40] were included in a FE meta-analysis of uHRs comparing patients
with F4 and F3 fibrosis. There was a greater than twofold increased risk of MALO in patients with F4 versus
F3 fibrosis (pooled uHR of 2.43, 95% CI: 1.70, 3.46; I = 64.4%; Table 2). Overall, leave-one-out influencer
sensitivity analysis showed consistency in pooled uHRs across all iterations, ranging from 2.6 to 3.63; however,
in most instances, the pooled estimate did not reach statistical significance. Of these five studies reporting HRs
comparing risk of MALO in F4 and F3 fibrosis, three retrospective cohorts reported aHRs [29,33,39]. Based on FE
meta-analysis, patients with F4 fibrosis had a significantly increased risk of MALO compared with those with F3
fibrosis (pooled aHR 3.27, 95% CI: 1.98, 5.41; I? = 45.9%)).

Meta-analysis of other F-stage comparisons showed consistency in terms of direction and significance of the
effect while pooling uHRs and aHRs, showing increased risk of MALO among patients with higher fibrosis stages.
A FE meta-analysis of three retrospective cohort studies (46-100% patients with MASH) showed a sixfold increase
in risk of MALO in patients with F4 versus F2 fibrosis (pooled uHR: 6.62, 95% CI: 3.72, 11.78; I = 71.22%;
pooled aHR 6.31, 95% CI: 3.38, 11.79; 12 = 72.33%; Table 2) (51,34,39]. Based on a RE meta-analysis (PM-
HKS]J model) of six retrospective cohort studies reporting aHRs patients with advanced fibrosis (F3—4) had a
significantly increased risk of MALO compared with those with mild-moderate fibrosis (F0-2) with a pooled aHR
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of 6.66 (95% CI: 4.04, 10.99) and low-to-moderate statistical heterogeneity (I* = 34.13%; Table 2; Supplementary
Table 5) (31,34,39,41-43). When limiting analysis to studies judged to be at moderate or low RoB, the effect estimate
was directionally consistent and statistically significant, albeit slightly attenuated (pooled aHR: 6.14, 95% CI: 3.76,
10.04). Leave-one-out influencer sensitivity analysis showed high consistency in pooled aHRs across all iterations,
ranging from 6.14 to 7.48 (Supplementary Table 6). Limiting analysis to studies with at least 5 years of follow-up
(n = 5) yielded a pooled aHR of 6.43 (95% CI: 3.33-12.41), compared with 6.66 (95% CI: 2.79, 15.90) in the
full sample, indicating that the relationship between fibrosis stage and MALO was consistent across longer periods
of observation. However, given the observed statistical heterogeneity in pooled HRs comparing F4 and F3 or F4
and F2, the magnitude of increased risk of MALO at higher fibrosis stages should be interpreted with caution.

The incidence rate per 1000 person-years of MALO, reported in two studies, was 2.9 in F1 fibrosis, 4 to 7.1 in
F2 fibrosis, 28 to 28.2 in F3 fibrosis and 97 in F4 fibrosis (Figure 3D) [51,41].

All-cause mortality
In total, 15 studies reported on all-cause mortality. Four studies (three retrospective [29,39,44] and one prospective [33]
cohorts), enrolling 56-67% patients with MASH, were included in a FE meta-analysis of uHRs comparing patients
with F4 and F3 fibrosis. A uHR was estimated indirectly for one study, while uHRs were estimated from digitized
KM curves for all other studies (Table 2). There was a twofold increased risk of all-cause mortality in patients with
F4 versus F3 fibrosis (pooled uHR of 2.30; 95% CI: 1.35, 3.94; I> = 0%). Pooled uHRs remained stable across
all iterations of leave-one-out influencer analyses, ranging from 2.15 to 2.47 with a majority of pooled estimates
retaining statistical significance (Supplementary Table 6). The effect remained consistent when pooling aHRs from
three of these four studies (pooled aHR: 2.13, 95% CI: 1.10, 4.10; I* = 0%) [29,33,39].

Meta-analysis of other F-stage comparisons consistently showed an increased risk of all-cause mortality in patients
at higher versus lower fibrosis stages. Three studies (two retrospective cohorts [29,44] and one prospective cohort [33],
enrolling 56-67% patients with MASH) were included in a FE meta-analysis of uHRs comparing patients with F4
and FO-2 fibrosis. A fivefold increase in risk of all-cause mortality was found in patients with F4 versus FO-2 (pooled
uHR: 5.63, 95% CI: 3.15, 10.06; I = 0%; Table 2). When comparing patients with F3—4 and FO-2 fibrosis, the
pooled estimate of effect was attenuated. Based on a RE meta-analysis (PM-HKS] model) pooling nine studies
(six retrospective [29,35,39,44-46] and three prospective [32,33,47] cohorts), enrolling 18-75% patients with MASH,
patients with advanced fibrosis (F3—4) had a threefold increase risk of all-cause mortality compared with patients
with mild-moderate fibrosis (FO-2) (pooled aHR: 3.36, 95% CI: 2.37, 4.75; I* = 0%; Table 2; Supplementary
Table 5). When the analysis was limited to studies judged as having moderate or low RoB, the pooled aHR was
similar to the overall estimate (3.33, 95% CI: 2.26, 4.90) (29,32,33,35,39,44,46,47). Leave-one-out sensitivity analysis
showed minimal variation, with pooled aHRs ranging from 3.18 to 4.06 (Supplementary Table 6). When limited
to studies with at least 5 years of follow-up (n = 6), the pooled aHR was 4.22 (95% CI: 2.28, 7.83), compared with
3.36 (95% CI: 2.37, 4.75) in the full analysis [32,35,39,45-47].

The incidence rate per 1000 person-years of all-cause mortality, reported in three studies, was 4.7 to 5.1 in F1
fibrosis, 4.9 to 7 in F2 fibrosis, 8.2 to 10.5 in F3 fibrosis and 18 to 26.3 in F4 fibrosis (Figure 3E) [29,33,48).

Other outcomes

Three studies reported HRs of liver-specific mortality [33,47,491; however, these studies did not report the same
fibrosis stage comparisons, which prevented meta-analysis (Supplementary Table 7). HRs for end-stage liver disease
(one study) 133 and MACE/CV-related events (two studies) [4,31] were limited; therefore, meta-analysis was not
feasible. None of the identified studies reported HRs of liver transplant. Only two studies reported HRQoL;
however, data were presented as mean HRQoL scores by liver fibrosis stage at baseline (50) and 18 months after
randomization [51]. These data trended toward worse outcomes among patients with higher fibrosis stage.

MASH-majority sensitivity analysis

Of the outcomes reported in MASH-majority populations, only data for MALO were sufficient for meta-analysis.
Three studies (two RCTs [30,40] and one retrospective cohort study [31]) reported uHRs comparing patients with
F4 and F3 fibrosis. Based on a fixed effects meta-analysis, patients with F4 fibrosis had a significantly increased risk
of MALO compared with those with F3 fibrosis (pooled uHR: 2.06, 95% CI: 1.34, 3.14). Substantial statistical
heterogeneity (I = 74.8%) was detected. This heterogeneity appeared to be driven by the data reported by Goh
et al. 30 from the STELLAR-3/STELLAR-4 trials, which did not clearly report whether this HR was adjusted or
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unadjusted (7.76, 95% CI: 1.83, 32.87). Variation in the definition of MALO across studies also contributes to the
observed heterogeneity, although the other two contributing estimates showed a more modest increase in risk of
MALO (uHRs 1.20 and 3.12; Supplementary Table 2). This warrants caution while interpreting the pooled effect
estimate.

The variation in fibrosis stage comparisons and general paucity of data reported prevented the calculation of
any further pooled HRs in MASH-majority populations. However, trends in individually reported HRs were
directionally consistent with the rest of the MASH 4+ MASLD meta-analysis results reported in this manuscript
(Supplementary Table 8).

Discussion

This meta-analysis assessed the association between liver fibrosis stage and key patient-relevant outcomes to
provide evidence for the utility of histologic liver fibrosis as a surrogate marker in patients with MASH. Across
both MASH £+ MASLD and MASH-majority populations, available evidence consistently supported a positive
association between advancing fibrosis stage and increased risk of several clinical outcomes. This association was
demonstrated in the meta-analyses of MASH £ MASLD study populations. For example, the comparison of
patients with F3—4 versus FO-2 fibrosis showed over a threefold increased risk of all-cause mortality and more
than a fivefold increased risk of HCC. Pooled comparisons of patients with stage F4 versus F3 fibrosis also yielded
a statistically significant increase in all-cause mortality risk, while the F3 versus F2 comparison similarly showed
a significant association with cirrhosis. These associations remained directionally consistent across leave-one-out
sensitivity analyses, and no single study altered statistical significance. In the MASH majority population, meta-
analysis was generally not feasible due to limited data. One exploratory meta-analysis was conducted for MALO,
which found that patients with stage F4 fibrosis showed twofold higher risk of MALO compared with those with
stage F3 fibrosis.

The present meta-analysis strengthens the existing literature by expanding on the estimates calculated previously,
by including more recently published primary data, more clinical and additional novel outcome types (some of which
had previously not been included in a published meta-analysis of HRs, i.e., cirrhosis, hepatic decompensation, HCC
and MALO), calculating pooled HRs for multiple fibrosis stage comparisons, and aiming to provide greater nuance
to the understanding of progression from moderate fibrosis (stages F2-F3) to cirrhosis (stage F4). The present
meta-analysis was also the first, to the authors’ knowledge, to publish a pooled risk estimate in a MASH-majority
population. As the evidence base for the MASH population increases, future meta-analyses can provide estimates
for more outcome types to provide more accurate estimates in this higher-risk group. Findings from this analysis
are consistent with previous meta-analyses that found significant associations between increased fibrosis stage and
clinical outcomes, including mortality and liver-related events [2,16-18]. These included an exponential increase in
pooled risk of both all-cause and liver-specific mortality incrementally with increasing fibrosis stage [16,17], increases
in pooled risk of all-cause mortality and liver-related events in advanced fibrosis versus mild-moderate or no fibrosis
(as well as between moderate fibrosis [F2] and mild or no fibrosis [FO—1]) [18], and an estimated incidence of
progression from stage F3 fibrosis to F4 fibrosis (cirrhosis) of 5.1 patients per 100 person-years [2]. The consistent
association with increased risk of progression to cirrhosis is particularly relevant as it is, itself, associated with risk
of serious clinical outcomes such as mortality [52].

Notably, the estimates of association between fibrosis stage and clinical outcomes in many of the meta-analyses
showed substantial heterogeneity. Potential sources of heterogeneity include differences in the proportion of patients
with a MASH diagnosis, staging system for liver fibrosis, number and nature of variables used in statistical adjustment
of aHRs, and outcome definitions across studies. The proportion of patients with MASH in each study population
varied widely, which allowed the inclusion of more studies for meta-analysis; however, patients with progressive
disease (i.e., MASH) have greater risk of clinical outcomes than those with MASLD alone [53. While there were
various liver fibrosis staging systems used across studies, the harmonization scheme is likely to have mitigated
major impacts on study conclusions, though residual misclassification of patients may have increased heterogeneity.
Outcome definitions also varied across studies for outcomes such as hepatic decompensation, defined in one study
as incidence of esophageal varices, hepatic encephalopathy, ascites or trans-jugular intrahepatic portosystemic shunt,
and in another as incidence of ascites, encephalopathy or variceal hemorrhage.

Strengths of this study include a rigorous SLR and the broad list of outcomes and fibrosis stage comparisons
that were considered for meta-analysis, maximizing the use of the evidence base. The sensitivity analyses also
provided confirmation that the direction of association for each fibrosis stage comparison was consistent and was
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not driven by outlier studies alone, or by studies with different lengths of follow-up or serious RoB. The limitations
of this meta-analysis were largely related to the lack of available primary studies reporting the risk of outcomes in
populations with MASH. While a larger number of studies are available for MASLD-only populations, the risks
of adverse outcomes in those with progressive disease (i.e., MASH) are expected to be substantially greater than
in MASLD, due to the advanced inflammation, liver injury and fibrosis (53]. Additionally, as with all literature
reviews there was a risk of publication bias, limiting the inclusion of negative results. While this study attempted to
minimize this by including data from grey literature sources, including nonpeer reviewed sources, formal assessment
was not feasible for several pooled outcomes because of the limited number of contributing studies. It is difficult to
quantify the impact of nonpublication of relevant data [54], however if negative results (statistically nonsignificant
values or significant values showing an inverse relationship between fibrosis stage and clinical outcomes) were less
likely to be published, this may have led to an overestimation of the positive association between fibrosis stage and
clinical outcomes [s5]. In addition, the exclusion of nonEnglish language publications may have excluded relevant
international studies, limiting the generalizability of results. This SLR was conducted according to a protocol
and search strategy drafted a priori, though it was not prospectively registered. This study included data from
both clinical trial and observational study designs, which maximized the use of available longitudinal data. While
observational study designs more frequently report longer follow-up times with sufficient outcome incidence to
conduct analysis, there was a risk of residual confounding by variables not accounted for in each study’s statistical
adjustment model. If present, residual confounding would lead to overestimation of the positive association between
fibrosis stage and clinical outcomes.

In conclusion, both meta-analysis and narrative synthesis derived from studies involving mixed populations
of MASH and MASLD patients indicate that a progressively worsening fibrosis (particularly cirrhosis) is linked
to increased risk of adverse clinical outcomes, including hepatic decompensation, HCC, MALO, all-cause and
liver-specific mortality and HRQoL. These findings support the notion that liver fibrosis is an important and useful
short-term surrogate for long-term clinically relevant events.

Summary points

e Metabolic dysfunction-associated steatohepatitis (MASH), a progressive form of metabolic dysfunction-associated
liver disease (MASLD), is associated with serious long-term adverse clinical outcomes which may occur over a
longer timeframe than is practical to measure in a clinical trial.

e Key adverse clinical outcomes of MASH include liver cirrhosis, decompensation (typically involving symptoms such
as ascites, variceal bleeding, hepatic encephalopathy) and hepatocellular carcinoma (HCC), which can result in
liver failure, requiring liver transplant, and death.

e Histologic liver fibrosis staging has been identified in pivotal clinical trials as a surrogate marker that is
observable over a shorter timeframe, therefore, allowing earlier identification of clinical efficacy.

e The objective of this systematic literature review (SLR) was to synthesize estimates of the relationship between
histologic liver fibrosis stage and a variety of relevant clinical outcomes in a population of adults with MASLD
and/or MASH.

e The search strategy identified articles from 1 January 2014 - 13 November 2024, from Ovid MEDLINE® and
Embase as well as clinical trial registries.

e Meta-analyses were conducted pooling together hazard ratios (HRs) using fixed and/or random effects models (if
n > 5 estimates were available) for each outcome, and separately for available fibrosis stage comparisons (F4 vs
F3, F4 vs FO-2, etc.).

e This SLR identified 32 unique studies (n = 22 studies mixed MASH and MASLD patient populations, n = 10 studies
MASH-majority [>80% MASH] patient populations), with a range of 17.6-100% of patients having MASH.

e Meta-analyses were performed for risk of progression to cirrhosis, hepatic decompensation, HCC, MALO and
all-cause mortality, with a consistent pattern of increased risk of adverse outcomes among patients with higher
fibrosis stage, relative to lower stage.

e The only outcome for which meta-analysis was feasible among MASH-majority study populations was MALO,
patients with F4 fibrosis had a significantly increased risk of MALO compared with those with F3 fibrosis (2.06,
95% Cl: 1.34, 3.14).

e Increased risk of clinical outcomes (several synthesized for the first time) in advanced stage fibrosis, versus earlier
stage, further supports the utility of liver fibrosis as a surrogate of disease progression in clinical trials of MASH.
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