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Aim: Evaluations of nonalcoholic steatohepatitis (NASH) treatments require predicting lifetime outcomes
from short-term clinical trials. Materials & methods: A Markov model with NASH fibrosis stages FO-
F3, NASH resolution, compensated cirrhosis (F4/CC), and liver-related complication (LRC) states was
developed using literature-based standard of care (SoC) data. Hypothetical efficacy profiles were defined
affecting resolution (100%-increase), fibrosis improvement (100% increase), or fibrosis worsening (50%
decrease). Results: For the SoC, 10-year LRC rates increased with baseline fibrosis stage (F1: 3.0%; F2:
9.8%; F3: 27.2%; F4/CC: 64.9%). The fibrosis worsening profile reduced predicted 10-year LRC rates (F1:
1.9%; F2: 6.5%; F3: 19.1%; F4/CC: 55.0%) more than the resolution and fibrosis improvement profiles
(F1: 2.6%/2.6%; F2: 8.5%/8.3%; F3: 23.3%/23.0%; F4/CC: NA/59.0%). Scenario analyses considered
alternative SoC progression, treatment efficacy and treatment-stopping rules. Conclusion: Potential NASH
efficacy profiles have differing impacts on predicted long-term outcomes, providing insights for future
stakeholders.

Plain language summary: Many new treatments are being investigated for nonalcoholic steatohepatitis
(NASH), a progressive and life-threatening disease often resulting in liver fibrosis (scarring) and advanced
liver disease. The clinical value of these treatments and whether they are good value for money will
depend on their ability to reduce the risk of advanced liver disease and subsequent liver transplantation.
We developed a disease progression model which tracks survival and quality of life for two identical
groups of NASH patients over their lifetimes. One group received a new hypothetical treatment for
NASH while the other received current standard care. We used the model to estimate the potential
health benefits of different hypothetical treatments for NASH. Our results suggest that treatments slowing
fibrosis worsening may lead to greater long-term health benefits than treatments that improve NASH or
improve existing fibrosis. These findings may provide insights to researchers involved in the development
of new treatments for NASH.
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Nonalcoholic steatohepatitis (NASH), a progressive form of nonalcoholic fatty liver disease (NAFLD), affects
2-3% of the United States (US) population [1] and is a leading cause of liver transplantation (LT) [2,3. NAFLD is
defined as the accumulation of excess hepatic fat (steatosis) not attributable to alcohol consumption, while NASH
is subsequently characterized by inflammation and hepatocyte injury (ballooning) and can lead to advanced liver
fibrosis [4]. While NASH may resolve on its own for some patients [5] (i.e., a decrease in steatosis, inflammation
and ballooning), fibrosis associated with NASH can progress to cirrhosis of the liver, ultimately resulting in clinical
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decompensation, hepatocellular carcinoma (HCC) or liver failure (4). The development and rate of progression of .4,
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Table 1. Overview of emerging NASH treatment strategies.

Clinical trial outcome Targeted populations Investigated treatment (trial) Ref.
Improvement in fibrosis by at least one Histological evidence of NASH and histopathological Cenicriviroc (AURORA) [28]
stage without worsening NASH evidence of stage 2 or 3 liver fibrosis
Liver biopsy consistent with NASH and bridging (F3 fibrosis)  Selonsertib (STELLAR 3) [29]
Confirmed diagnosis of NASH and a fibrosis score of 4 Obeticholic acid (REVERSE) Selonsertib [30,31]
(STELLAR 4)
Achieving resolution of NASH without Histological confirmation of steatohepatitis, fibrosis stage Elafibranor (RESOLVE-IT) [32]
worsening of fibrosis of 1 or greater and below 4
Histologic evidence of NASH and evidence of fibrosis stage 2 Obeticholic acid (REGENERATE) [33]
or stage 3

T Clinical trial outcomes were summarized in a recent review of NASH therapeutic strategies [4].
NASH: Nonalcoholic steatohepatitis.

NASH is highly heterogeneous among patients (6], and many patients with NASH will not progtess to cirrhosis (7).
Those patients that do progress to cirrhosis experience an increase in mortality associated with liver-related
complications (LRCs), as well as comorbidities such as diabetes, obesity and cardiovascular disease [1,8].

Current recommendations for the management of patients with NASH focus on lifestyle modification, including
long-term changes in diet, increasing physical exercise, and encouraging weight loss (91. The goal of NASH disease
management is deceleration of the progression of liver disease to cirrhosis [10] and possibly reversal of the hepatic
damage [11]. Although no pharmacologic therapies are currently available for NASH, there are several treatments in
late-stage development. A selection of these emerging treatments is shown in Table 1, each of which targets some
combination of increasing the probability of NASH resolution, increasing the probability of fibrosis improvement, or
decreasing the probability of fibrosis worsening [4]. Both the US Food and Drug Administration (FDA) guidance [12]
and the European Medicines Agency (EMA) draft guidance [13] for drug development in NASH state that these
three efficacy endpoints are reasonable surrogates for long-term liver-related outcomes and survival outcomes.

Because of the number and variety of emerging therapies for NASH, economic models will be needed to
assist payers, health technology assessment bodies and other decision makers with evaluating the value for money
provided by these treatments. Existing models for NASH provide a framework for evaluating single interventions
but were not designed to consider either the heterogeneity of fibrosis severity in NASH patient populations or the
variety of treatment efficacy profiles suggested by clinical trial endpoints. A modeling approach that can account
for heterogeneous populations and different treatment efficacy profiles is critical to accurately predict the long-term
outcomes that are expected to be drivers of clinical and economic value. The objective of this study was to develop
a model for NASH that can serve as a framework for future economic evaluations of products with demonstrated
effects on NASH resolution, fibrosis improvement and/or disease progression.

Materials & methods

Review of existing models

To inform the design of the model, we conducted a targeted review of published economic models in NASH. Six
published models [14-19] and one systematic literature review of existing models (6] were identified. Each of the six
NASH modeling studies identified in the literature used a Markov-based approach to capture long-term NASH
progression. Several of these models share a similar structure in which fibrosis stages were grouped together, as
well as a similar approach to modeling postcirrhotic progression to decompensated cirrhosis (DCC), HCC, and
subsequent liver failure. Approaches to NASH resolution varied greatly between studies, if included at all. This
variability in modeling approaches, especially for NASH resolution and precirrhotic fibrosis stages, was similarly
highlighted by Johansen ez al. (6], who further emphasized that economic models for NASH often lack NASH-
specific data and rely on data from other liver diseases. Differences among these models may be due to the objective
of each model, and the structural assumptions may have been dictated by the interventions and populations being
studied.

Mahady et al. 14] compared lifestyle modification, pioglitazone, and vitamin E treatment in patients with
NASH in Australia from a third-party payer perspective; the model structure in their study was limited by the
combination of all noncirrhotic health states into a single-model health state and the omission of the possibility
of NASH resolution. Klebanoff ez al. [15] investigated the cost—effectiveness of bariatric surgery compared with
lifestyle intervention in patients with NASH in the US from a societal perspective and was one of the few studies
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to include separate health states for different stages of fibrosis. However, NASH resolution was included as a single
health state without distinguishing patients’ fibrosis levels after resolution. Both Corey et al. [16] and Zhang et al. (17)
estimated the cost—effectiveness of NASH screening strategies from a third-party payer perspective for patients in
the US and Canada, respectively; the model structures for these studies did not include NASH resolution health
states. In 2016, the Institute for Clinical and Economic Review (ICER) [18] conducted a preliminary evaluation of
obeticholic acid for the treatment of NASH in US patients from a health system perspective; this model structure
included separate fibrosis states for both NASH and NASH resolution and allowed fibrosis improvement once
NASH resolution was achieved. In the final ICER evaluation of obeticholic acid conducted in 2020, the clinical
efficacy and safety profile of obeticholic acid led to the omission of NASH resolution health states and the inclusion
of cardiovascular events [20].

Although these models addressed the effectiveness of NASH interventions, including lifestyle modification, using
a variety of approaches, none of these models were sufficiently flexible to evaluate the variety of target populations
and treatment efficacy profiles for emerging NASH therapies. The evaluation of these emerging drugs requires a
comprehensive and flexible modeling approach that can account for the differences in population and treatment
efficacy profiles among these therapies.

Model structure

The target populations and anticipated efficacy profiles for emerging NASH therapies require a model structure
that considers transitions between separate health states for individual fibrosis stages as well as transitions between
NASH and NASH resolution. Consistent with the identified published models, a Markov modeling approach
was utilized that captured four precirrhotic fibrosis health states (no fibrosis [FO], mild fibrosis [F1], moderate
fibrosis [F2], and significant fibrosis [F3]), compensated cirrhosis (F4/CC), DCC, HCC, liver transplant (LT)
(which includes the first-year post-transplantation), post-LT (1-year post-transplantation and beyond), and death
(liver-related and general population mortality) (Figure 1). This separation of fibrosis into five separate health states
(F0-F4/CC) was defined by the 5-point METAVIR scoring system.

Additional health states were included to distinguish between NASH and NASH resolution for patients in the
precirrhotic fibrosis stages (FO-F3). In alignment with clinical trial inclusion criteria (Table 1), NASH is defined
as having a NAFLD Activity Score of 4 or more, while NASH resolution is defined as having a NAFLD Activity
Score of less than 4. The disaggregation of the precirrhotic health states by fibrosis stage and NASH status is
important for multiple reasons. First, this allows the model to reflect the specific fibrosis stages targeted by emerging
NASH therapies [4]. Additionally, this allows the model to capture any continued fibrosis improvement occurring
after NASH resolution (18], which is important for tracking patient outcomes in the event NASH redevelops. Finally,
the disaggregated precirrhosis health states allow the model to explore the impact of diverse treatment-stopping
rules, such as discontinuing therapy after NASH resolution or fibrosis worsening. This is important because the
duration of treatment is influential in cost—effectiveness analyses and because it would be inappropriate to keep
patients on treatment if they are no longer receiving benefit.

The model uses a cycle length of 1 year (i.e., the time period during which patients transition between model
health states), in alignment with previous modeling studies [14-17]. In alignment with estimates reported in meta-
analyses of fibrosis progression literature, the model assumes that patients transition at most one fibrosis stage per
year [21]. Because the available data on fibrosis improvement and NASH resolution do not rule out the possibility
of these events occurring simultaneously [21], the model allows for simultaneous fibrosis improvement and NASH
resolution within a single-model cycle (Figure 1).

Because the model is intended to follow patients with NASH for their remaining lifetimes, long-term LRCs
are included in the model using postcirrhosis health states similar to those used in previously published NASH
models [14-18]. Patients in F4/CC can improve back to F3, stay in F4/CC, or progress to DCC or HCC. The
model does not allow improvement from DCC back to F4/CC; patients can either remain stable, worsen to HCC,
or transition to LT. Patients in HCC either remain in HCC or progress to LT. Patients remain in the LT health
state for a single-model cycle and then transition to the post-LT health state. The model also includes death due to
liver disease (from the F4/CC, DCC, HCC, LT, or post-LT health states) and due to other causes (from all health
states, based on general population mortality rates).
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Figure 1. Model structure. The cycle length for transitions between health states is 1 year. Straight arrows designate
possible patient transition pathways between health states, while curved arrows indicate that patients may remain
within that health state.

2General mortality, occurs from all states and varies by age.

bLiver-related mortality occurs from F4/CC, DCC, HCC, LT and post-LT. Liver-related mortality varies between different
health states.

DCC: Decompensated cirrhosis; FO: No fibrosis; F1: Mild fibrosis; F2: Moderate fibrosis; F3: Significant fibrosis; F4/CC:
Compensated cirrhosis; HCC: Hepatocellular carcinoma; LT: Liver transplant; NASH: Nonalcoholic steatohepatitis.

Model settings

Because the target populations for NASH therapies in development span a range of disease severities, the model
was designed to consider baseline populations consisting of adults (aged 18 years or older) with NASH ranging
from no fibrosis (F0) to compensated cirrhosis (F4/CC). Population demographics (mean age: 52.4 years; sex:
60% male) were aligned with the baseline characteristics of the GOLDEN-505 trial population [5]. As differences
in demographic characteristics across fibrosis score groups were not reported in the GOLDEN-505 trial, these
demographic characteristics were assumed to apply across all potential baseline fibrosis scores.

The model was designed to consider up to a lifetime horizon, since new treatments have the potential to impact
LRC:s, costs, and outcomes for the remainder of patients’ lifetimes, as well as to be in alignment with established
guidelines for economic evaluations [22,23]. While our analysis did not include costs and therefore was not designed
to reflect a particular cost perspective (e.g., third-party payer, societal) or country (only the general mortality data
were US specific), the modeling approach was aligned with global health technology assessment requirements for
cost—effectiveness analysis. The model was programmed in Microsoft Excel (Microsoft Corporation, WA, USA) in
accordance with good practice guidelines for state-transition models [24].

Standard of care transition probabilities

The current standard of care (SoC) for patients with NASH across fibrosis levels focuses on lifestyle modification,
including dietary changes and exercise recommendations [9). All patients in the model were assumed to continue
receiving the SoC whether or not they were receiving active pharmacologic treatment for NASH. The transition
probabilities for disease progression in NASH patients receiving the SoC were characterized using estimates derived
from literature reviews, clinical studies, and existing published models.
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Table 2. Annual transition probabilities for the standard of care.
Health-state transitions Probability Study Ref.

NASH resolution transitions

NASH FO to NASH resolution FO 12.8% Ratziu et al. [5]
NASH F1 to NASH resolution F1 9.6%
NASH F2 to NASH resolution F2 9.6%
NASH F3 to NASH resolution F3 9.6%

NASH fibrosis improvement transitions

NASH F1 to NASH FO 13.3% Singh et al. [21]
NASH F2 to NASH F1 13.3%
NASH F3 to NASH F2 13.3%

NASH fibrosis worsening transitions

NASH FO to NASH F1 19.3% Singh et al. [21]
NASH F1 to NASH F2 19.3%

NASH F2 to NASH F3 19.3%

NASH F3 to NASH F4/CC 19.3%

NASH resolution fibrosis improvement transitions

NASH resolution F1 to NASH resolution FO 16.5% Singh et al. [21]
NASH resolution F2 to NASH resolution F1 16.5%

NASH resolution F3 to NASH resolution F2 16.5%

NASH redevelopment transitions

NASH resolution to NASH (FO, F1, F2, and F3) 10.0% Assumption

Simultaneous NASH fibrosis improvement and NASH resolution

NASH F1 to NASH resolution FO 3.2% Assumption applied to [5,21]
NASH F2 to NASH resolution F1 3.2% Zit"g/h etal. and Ratziu

NASH F3 to NASH resolution F2 3.2%

Postcirrhosis

NASH F4/CC to NASH F3 5.9% Younossi et al. [25]
NASH F4/CC to DCC 7.9% Harrison et al. [26]
NASH F4/CC to HCC 2.6% Younossi et al. [25]
DCC to HCC 2.6%
DCCto LT 3.1% Younossi et al. [25]
HCCto LT 3.1%

Mortality (incremental risk)

NASH F4/CC to death 3.4% Zhang et al. [17]
DCC to death 16.0%
HCC to death 52.0%
LT to death 9.4% Klebanoff et al. [15]
Post-LT to death 10.1%

DCC: Decompensated cirrhosis; FO: No fibrosis; F1: Mild fibrosis; F2: Moderate fibrosis; F3: Significant fibrosis; F4/CC: Compensated cirrhosis; HCC: Hepatocellular carcinoma;
LT: Liver transplant; NASH: Nonalcoholic steatohepatitis.

The specific sources considered for SoC progression data included a recent meta-analysis of fibrosis progression
studies [21], the NASH cost—effectiveness models described previously [14-17], and additional clinical and burden-
of-illness studies [5,25,26]. All progression data selected from these studies were converted to annual transition
probabilities; all patients not transitioning to another health state in each cycle were assigned to remain in their
current health state. Probabilities for fibrosis worsening (i.e., transitioning to a more advanced fibrosis stage) and
fibrosis improvement (i.e., transitioning to a less advanced fibrosis stage) in NASH were obtained from the review
presented by Singh et 4l [21], and a weighted average of the transition probabilities from individual studies was
calculated for use in the model. The probability of NASH resolution was obtained from the GOLDEN-505 trial [5],
and an annual probability of NASH redevelopment of 10.0% was assumed based on consultations with clinical
experts due to the lack of data published in the literature. The resulting annual transition probabilities for the
precirrhotic health states are shown in Table 2.
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Estimates of the overlap between the identified improvement and resolution probabilities were not identified in
the literature. On the basis of input from clinical advisors during model development, we assumed that 25% of
NASH resolution is accompanied by a one-stage improvement in fibrosis, as shown in Table 2. With this approach,
the sum of the resulting fibrosis improvement probabilities (with and without simultaneous NASH resolution)
continued to match the estimates derived from Singh ez a/. [21); likewise, the resulting sum of the NASH resolution
probabilities (with and without simultaneous fibrosis improvement at each fibrosis level) matched the estimates
derived from Ratziu ez al. [5]. Note that simultaneous NASH resolution and fibrosis improvement does not apply
in the FO health state.

Annual postcirrhotic transition probabilities were derived from estimates used in a model of the clinical and
economic burden of NASH in the US and Europe [25] and from recent NASH clinical trials [26]. These estimates
are also presented in Table 2.

Mortality

The probability of death for the general population by age and sex was obtained from the National Vital Statistics
Report [27]. Liver-related mortality risks for patients in the F4/CC, DCC, HCC and LT health states (Table 2)
were obtained from Zhang ez al. 17] and Klebanoff ez 4. [15]. In alignment with previous NASH modeling studies,
liver-related mortality risks were applied additively to general population mortality without adjustment for the
potential contribution of liver mortality to the general mortality estimates. The impact of this assumption on
model outcomes was expected to be minimal because liver-related mortality comprises a negligible proportion of
all-cause mortality. A separate multiplicative factor was considered for the general mortality probabilities to adjust
for comorbidities that are common in patients with NASH (e.g., obesity, diabetes); however, this factor was not
used in the base-case analysis owing to the validation of survival outcomes predicted by the model.

Treatment efficacy profiles

Our model incorporated three hypothetical efficacy profiles for NASH therapies: a “resolution” profile where therapy
increases the annual probability of NASH resolution, an “improvement” profile where therapy increases the annual
probability of fibrosis improvement, and a “worsening” profile where therapy decreases the annual probability of
fibrosis worsening. Rather than modeling the specific clinical trial endpoints for particular NASH therapies, we
designed these hypothetical efficacy profiles in alignment with the range of endpoints for therapies currently in
development (Table 1). While some trial outcomes rely on combinations of these endpoints (e.g., resolution of
NASH without fibrosis worsening), our analysis considers each efficacy profile separately to provide insights into
the differences between the profiles. However, our approach does allow for individual efficacy profiles to have
indirect effects on the other outcomes (e.g., increasing the probability of NASH resolution would indirectly reduce
the probability of fibrosis worsening).

The efficacy parameters for the three profiles were defined by using risk ratios (RRs), with the default RRs
assumed to be 2.0 for the resolution and improvement profiles (i.e., 100% increase in annual probabilities) and
0.5 for the worsening profile (i.e., 50% decrease in annual probabilities). These RRs were applied directly to the
appropriate SoC transition probabilities according to the design of the efficacy profiles (e.g., the RR for NASH
resolution was applied to the annual probability of NASH resolution) and were assumed to remain constant for as
long as patients remained on treatment. Each treatment efficacy profile was considered separately for each of four
baseline fibrosis stages (i.e., F1, F2, F3 and F4/CC) in comparison with SoC.

In the base-case analyses, clinical treatment-stopping rules were enforced to limit treatment to the baseline-
indicated health states (i.e., patients immediately stopped treatment if they left their baseline health state); broader
clinical stopping rules were considered in scenario analyses. Note that in the model, once patients discontinue
treatment they cannot restart, even if they return to the baseline health state (e.g., a one-step improvement in
fibrosis followed by a one-step worsening of fibrosis). In the base case, an annual treatment discontinuation of 10%
was assumed for all treatment efficacy profiles to reflect discontinuation due to potential adverse events or lack of
compliance.

Outcomes

To compare the clinical benefits to patients for these three treatment efficacy profiles across each of the four baseline
fibrosis stages, we calculated 10-year LRC rates, 10-year liver-related deaths and the predicted life-years (LYs) over
a lifetime horizon. The treatment exposure (i.e., time on treatment) was also estimated to provide insight into the
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Table 3. Expected outcomes per patient for the base-case analyses.

Treatment efficacy profile’ Baseline fibrosis stage
F1 F2 F3 F4/CC
Standard of care
10-year liver-related complication rates 3.0% 9.8% 27.2% 64.9%
10-year liver-related deaths 1.6% 5.8% 18.3% 49.1%
Lifetime LYs 27.5 25.5 21.2 125

Resolution profile

10-year liver-related complication rates 2.6% (-0.4%) 8.5% (-1.3%) 23.3% (-3.9%) NA
10-year liver-related deaths 1.4% (-0.2%) 5.1% (-0.7%) 15.8% (-2.5%)
Lifetime LYs 27.7 (0.2) 25.9 (0.5) 22.2(1.0)
Improvement profile
10-year liver-related complication rates 2.6% (-0.4%) 8.3% (-1.5%) 23.0% (-4.3%) 59.0% (-5.9%)
10-year liver-related deaths 1.4% (-0.2%) 5.0% (-0.8%) 15.5% (-2.8%) 44.9% (-4.2%)
Lifetime LYs 27.7 (0.2) 26.0 (0.5) 22.3(1.1) 13.8 (1.4)
Worsening profile
10-year liver-related complication rates 1.9% (-1.1%) 6.5% (-3.3%) 19.1% (-8.1%) 55.0% (-9.9%)
10-year liver-related deaths 1.0% (-0.6%) 3.7% (-2.1%) 12.4% (-6.0%) A41.4% (-7.7%)
Lifetime LYs 27.9(0.4) 26.3(0.9) 23.0(1.8) 14.1 (1.6)

TThe results reported for each treatment efficacy profile are accompanied by the parenthetical difference between the standard of care and the treatment efficacy profile for
each result (in absolute percentage points for the 10-year liver-related complications and deaths, and in life-years for lifetime life-years).
F1: Mild fibrosis; F2: Moderate fibrosis; F3: Significant fibrosis; F4/CC: Compensated cirrhosis; LY: Life year; NA: Not applicable.

treatment burden associated with these clinical benefits. Both the FDA [12] and EMA [13) acknowledge reduction
in LRC rates as the preferred long-term outcome for NASH treatment, and gains in LYs reflect the potential
improvements in survival associated with avoiding LRCs. Treatment exposure (which also includes monitoring
burden) may be used as a proxy for patient burden of care, costs, and treatment- or diagnostic-related risks.

The 10-year LRC rate outcome was calculated as the percentage of the patient cohort that advanced from F4/CC
to DCC or HCC or those who died due to liver-specific mortality. Treatment exposure was calculated as a function
of the stopping rules. Both long-term LRC rates and LY outcomes were validated against the literature; validation
results are described in detail in the Supplementary Material.

Results

Base-case analysis

Base-case analyses for hypothetical patient cohorts starting in each of the four different baseline fibrosis stages (F1,
F2, F3 and F4/CC) were conducted for each of the three treatment efficacy profiles (resolution, improvement
and worsening) in comparison with the SoC (Table 3 & Figure 2). As the F4/CC health state does not have a
corresponding NASH resolution state, the resolution treatment efficacy was not applicable for this baseline fibrosis
stage. All treatment efficacy profiles predicted lower 10-year LRC rates and fewer liver-related deaths versus SoC,
as well as a higher number of LYs. It should be noted that due to the strict stopping rules limiting treatment to
the baseline fibrosis stage, treatment exposure did not vary significantly between the different treatment efficacy
profiles (results not shown).

For patients receiving SoC, 10-year LRC rates (F1: 3.0%; F2: 9.8%; F3: 27.2%; F4/CC: 64.9%) and 10-year
liver-related death rates (F1: 1.6%; F2: 5.8%; F3: 18.3%; F4/CC: 49.1%) increased with baseline fibrosis stage,
while lifetime LYs decreased with baseline fibrosis stage (F1: 27.5; F2: 25.5; F3: 21.2; F4/CC: 12.5). For each of
the three treatment efficacy profiles, the absolute differences in outcomes versus SoC are presented in brackets in
the paragraphs below.

For the resolution profile, 10-year LRC rates decreased compared with SoC (F1: 2.6% [absolute difference = -
0.4%]; F2: 8.5% [-1.3%]; F3: 23.3% [-3.9%]; F4/CC: not applicable), as did 10-year liver-related death rates (F1:
1.4% [-0.2%]; F2: 5.1% [-0.7%]; F3:15.8% [-2.5%]; F4/CC: not applicable). Lifetime LYs increased compared
with SoC (F1: 27.7 [0.2]; F2: 25.9 [0.5]; F3: 22.2 [1.0]; F4/CC: not applicable).

For the improvement profile, 10-year LRC rates decreased compared with SoC (F1: 2.6% [-0.4%]; F2: 8.3%
[-1.5%]; F3: 23.0% [-4.3%]; F4/CC: 59.0% [-5.9%)]), as did 10-year liver-related death rates (F1: 1.4% [-0.2%];
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Figure 2. Effect of treatment efficacy profiles on liver-related complication rates over time by baseline fibrosis
stage. Depiction of the proportion of the baseline cohort with the 10-year LRC rate (i.e., DCC, HCC, or beyond) over
time for three different treatment efficacy profiles (NASH resolution [dash-long], fibrosis improvement [dash-short],
and fibrosis worsening [dot-dash]) compared with the standard of care (solid) for the baseline fibrosis stages of F1
(top right), F2 (top left), F3 (bottom right), and F4/CC (bottom left).

DCC: Decompensated cirrhosis; FO: No fibrosis; F1: Mild fibrosis; F2: Moderate fibrosis; F3: Significant fibrosis; F4/CC:
Compensated cirrhosis; HCC: Hepatocellular carcinoma; LRC: Liver-related complication; NASH: Nonalcoholic

steatohepatitis.
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Table 4. Scenario results for a cohort with baseline fibrosis stage F2.

Scenario analysis Expected 10-year LRC rate per patient Expected lifetime LYs per patient
Soct Resolution Improvement  Worsening Soct Resolution Improvement  Worsening

Base-case settings 9.8% 8.5% (-1.3%) 8.3% (-1.5%) 6.5% (-3.3%) 25.5 25.9 (0.5) 26.0 (0.5) 26.3 (0.9)
40% faster fibrosis progression 18.8% 16.4% (-2.4%) 16.4% (-2.4%) 13.2% (-5.6%) 22.9 23.5(0.7) 23.5 (0.6) 24.1 (1.2)
20% higher general mortality 9.7% 8.4% (-1.3%) 8.3% (-1.5%) 6.5% (-3.3%) 241 24.6 (0.4) 24.6 (0.5) 25.0 (0.8)
No progression stopping rulef 9.8% 8.4% (-1.4%) 8.1% (-1.7%) 6.2% (-3.7%) 25.5 26.1 (0.6) 26.2 (0.7) 26.6 (1.1)
F4/CC or less severe stopping rule$ 9.8% 7.3% (-2.5%) 6.5% (-3.3%) 4.0% (-5.8%) 25.5 26.5 (1.0) 26.8 (1.4) 27.2(1.7)
Higher treatment efficacy 1 9.8% 7.9% (-1.9%) 7.8% (-2.1%) 4.5% (-5.3%) 25.5 26.1(0.7) 26.2 (0.7) 26.9 (1.4)
Lower treatment efficacy* 9.8% 9.1% (-0.7%) 9.0% (-0.8%) 8.3% (-1.5%) 25.5 25.7 (0.3) 25.7 (0.3) 25.9 (0.4)

Base-case efficacy was defined with an RR = 2.0 for the resolution and improvement profiles and an RR = 0.5 for the worsening profile. Results for 10-year LRC rate and lifetime
life-years are accompanied by the parenthetical difference between the standard of care and the treatment efficacy profile for each result (in absolute percentage points for the
10-year LRC rate and in life-years for lifetime life-years).

The base-case results for the standard of care are not affected by changes in treatment-stopping rules and treatment efficacy.

$“No progression” clinical stopping rule defined as allowing treatment to continue until a patient progresses to a fibrosis stage that is worse than their baseline stage (i.e., continuing
treatment for patients with fibrosis improvement or NASH resolution).

8“F4/CC or less severe” clinical stopping rule defined as allowing treatment to continue until a patient leaves the F4/CC health state (i.e., continuing treatment for patients with
fibrosis improvement, NASH resolution or fibrosis worsening provided they do not progress past F4/CC to either the HCC or DCC health state).

9The improvement in treatment efficacy for the resolution and improvement profiles equates to an increase in the RR from 2.0 to 2.5, while an improvement in the efficacy for the
worsening profile equates to a reduction in the RR from 0.50 to 0.25.

#The reduction in treatment efficacy for the resolution and improvement profiles equates to a decrease in the RR from 2.0 to 1.5, while a reduction in the efficacy for the worsening
profile equates to an increase in the RR from 0.50 to 0.75.

DCC: Decompensated cirrhosis; F2: Moderate fibrosis; F4/CC: Compensated cirrhosis; HCC: Hepatocellular carcinoma; LRC: Liver-related complication; LY: Life year; RR: Risk ratio;
SoC: Standard of care.

Table 5. Years of treatment exposure across selected scenarios for a cohort with baseline fibrosis stage F2.

Scenario analysis Treatment efficacy profile
Resolution Improvement Worsening

Base-case settings 1.1 1.0 1.9
40% faster rates of fibrosis progression 0.9 0.9 1.7
20% higher risk of general mortality 1.1 1.0 1.9
No progression stopping rule 5.6 5.8 6.5
F4/CC or less severe stopping rule 8.2 8.2 8.4
Higher treatment efficacy 1.0 0.9 2.1
Lower treatment efficacy 1.3 1.2 1.6

Base-case efficacy was defined with an RR = 2.0 for the resolution and improvement profiles and an RR = 0.5 for the worsening profile. Results for treatment exposure are
reported as years; incremental changes are not reported, as there is no treatment exposure for the untreated health states for standard of care. Scenario parameters are the same
as those described in Table 4.

F2: Moderate fibrosis; F4/CC: Compensated cirrhosis; RR: Risk ratio; SoC: Standard of care.

F2:5.0% [-0.8%]; F3: 15.5% [-2.8%]; F4/CC: 44.9% [-4.2%]). Lifetime LYs increased compared with SoC (F1:
27.7 [0.2]; F2: 26.0 [0.5]; F3: 22.3 [1.1]; F4/CC: 13.8 [1.4]).

For the worsening profile, 10-year LRC rates decreased compared with SoC (F1: 1.9% [-1.1%]; F2: 6.5%
[-3.3%]; F3: 19.1% [-8.1%]; F4/CC: 55.0% [-9.9%)]), as did 10-year liver-related death rates (F1: 1.0% [-0.6%];
F2:3.7% [-2.1%]; F3: 12.4% [-6.0%]; F4/CC: 41.4% [-7.7%]). Lifetime LYs increased compared with SoC (F1:
27.9 [0.4]; F2: 26.3 [0.9]; F3: 23.0 [1.8]; F4/CC: 14.1 [1.6]).

Scenario analyses

Scenario analyses were performed to quantify the impact of factors influencing natural history (faster rates of
fibrosis progression and increased mortality due to underlying comorbidities) and of factors influencing treatment
effectiveness (magnitude of RRs for treatment efficacy and treatment-stopping rules). Scenario analysis results for
patients with a baseline health state of fibrosis stage F2 are presented in Tables 4 and 5. For each scenario, the
absolute differences from SoC are presented in brackets.

Faster fibrosis progression

Faster baseline rates of fibrosis progression, reflecting uncertainty in the base-case data or the possibility of treatment
targeting subgroups of faster progressors, were considered by applying a 40% increase to the SoC transition
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probabilities for fibrosis worsening, including those from F4/CC to DCC and HCC. This increase in fibrosis
progression rates nearly doubled the 10-year LRC rates in the SoC from 9.8 to 18.8% and increased the incremental
LRC rate for each treatment profile by 1-2% absolute percentage points over the SoC (as shown in Table 4). Similar
to the base-case results, both the resolution and the improvement treatment efficacy profiles predicted a similar
difference in 10-year LRC rates, while the worsening treatment efficacy profile showed the greatest change (Table 4).
However, this change in the baseline fibrosis progression rate had little impact on the lifetime LYs gained. Faster
fibrosis progression also resulted in fewer years of treatment exposure compared with the base case (Table 5).

Increased general mortality

Increased background mortality to account for potential comorbid conditions (e.g., obesity, Type 2 diabetes
mellitus) was considered by applying a 20% increase to the underlying general mortality probabilities. As shown
in Table 4, this increase in mortality had almost no effect on the incremental 10-year LRC rates and incremental
lifecime LYs across all three treatment efficacy profiles. Treatment exposure remained unchanged for resolution
(1.1 years), improvement (1.0 years), and worsening profiles (1.9 years) compared with base-case settings.

Broader clinical stopping rules

In order to investigate the effect that treatment-stopping rules had on the model outcomes, two scenarios broadening
the stopping rules were considered. The first stopping rule scenario allowed patients to continue treatment as long
as their fibrosis stage did not worsen relative to baseline (i.e., baseline F2 patients would be allowed to stay on
treatment in F1 and FO) and patients were allowed to continue treatment even after achieving NASH resolution.
The second stopping rule scenario allowed patients to continue treatment even if their disease progressed up to
compensated cirrhosis but not beyond (i.e., discontinuing treatment only if patients progressed to DCC or HCC).
In both of these stopping rule scenarios, treatment efficacy was maintained across all health states where treatment
was permitted. For the first stopping rule scenario (“no progression”), the incremental outcomes improved slightly
for all three treatment efficacy profiles (10-year LRC rates: less than 0.5% absolute incremental percentage points;
lifetime LYs: less than 0.3 incremental years) as shown in Table 4 and Figure 3. Incremental treatment exposure
increased over the SoC for the resolution (5.6 years), improvement (5.8 years), and worsening (6.5 years) treatment
profiles as shown in Table 5.

In the second stopping rule scenario (“F4/CC or less severe”), the differences from SoC for 10-year LRC
rates and lifetime LYs were greatest in the worsening profile, as expected. However, there was a smaller decrease
in 10-year LRC rates compared with the SoC for the resolution treatment profile (-1.3% vs -2.5%) than the
improvement treatment profile (-1.5% vs -3.3%); both treatment efficacy profiles gained similar benefits to lifetime
LYs. Treatment exposure demonstrated the greatest increase over the base settings for the resolution (8.2 years),
improvement (8.2 years), and worsening (8.4 years) profiles compared with other scenarios.

Changes in treatment efficacy

The effects of higher and lower treatment efficacy were considered by varying the treatment efficacy RRs for the
NASH resolution profile (from 2.0 to 1.5 or 2.5), the fibrosis improvement profile (from 2.0 to 1.5 or 2.5), and
the fibrosis worsening profile (from 0.50 to 0.25 or 0.75).

For both the higher and lower efficacy scenarios, the benefits to 10-year LRC rates and lifetime LYs followed base-
case trends as shown in Table 4. As expected, the higher efficacy scenario decreased treatment exposure for treatment
profiles that increase transition probabilities away from the baseline fibrosis stage (resolution and improvement);
whereas higher efficacy increased treatment exposure for treatment profiles that decrease transition probabilities
away from the baseline fibrosis stage (worsening). Conversely, lower treatment efficacy increased treatment exposure
for the resolution and improvement profiles, while decreasing treatment exposure for the worsening profile.

Discussion

Understanding the potential impact of emerging NASH treatments on long-term health outcomes, especially
the reduction in NASH-related liver complications, is critical to help decision makers understand how best
to compare different treatment options. The diversity of mechanisms reflected in therapies being investigated
for NASH, including anti-diabetic therapies targeting the potentially bidirectional relationship between NASH
and metabolic syndrome, heightens the importance of understanding how these treatment options impact clinical
outcomes [4]. Emerging therapies are being evaluated in clinical studies with endpoints measuring NASH resolution,
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Figure 3. Effect of treatment efficacy profiles on liver-related complication rates over time by stopping rule for a
cohort with baseline fibrosis stage F2. Depiction of the proportion of the baseline F2-baseline fibrosis cohort with the
LRC rate (i.e., DCC, HCC, or beyond) over time for three different treatment efficacy profiles (NASH resolution
[dash-long], fibrosis improvement [dash-short], and fibrosis worsening [dot-dash]) compared with the standard of
care (solid) for treatment-stopping rules limiting treatment to baseline fibrosis stage only (top), NASH fibrosis stages
with no progression (middle), and fibrosis stages — both NASH and NASH resolution - less severe than F4/CC (bottom).
DCC: Decompensated cirrhosis; F4/CC: Compensated cirrhosis; HCC: Hepatocellular carcinoma; LRC: Liver-related
complication; NASH: Nonalcoholic steatohepatitis.
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fibrosis improvement, and fibrosis worsening. However, as emphasized in regulatory guidance for NASH drug
development [12,13] and reinforced in the recent FDA determination on obeticholic acid [19], the objective of
NASH treatment is to prevent progression to cirrhosis and LRCs. The analysis presented in this study demonstrates
how different efficacy profiles measured in clinical studies (in terms of NASH resolution, fibrosis improvement,
and fibrosis worsening) can be used in a model to estimate predictions for reductions in 10-year LRC rates and
improvements in survival.

Across all three treatment effect profiles, the increased mortality scenario had a minimal impact on the incremental
10-year LRC rates (Table 4) or treatment exposure (Table 5). Similarly, an additional scenario analysis in which the
assumed 10% probability of NASH redevelopment was set to 0% had only a slight impact on the 10-year LRC rate
and treatment exposure (results not shown). Also note that the incremental lifetime LYs were not greatly affected
in any of the scenarios.

The incremental 10-year LRC rates were very similar for both the efficacy profile that increased the annual
probability of NASH resolution and the efficacy profile that increased the annual probability of fibrosis improve-
ment, as shown in Figures 2 & 3. Both the NASH resolution and the fibrosis improvement treatment efficacy
profiles increased the probability of patients transitioning to a state with improved health, moving them further
away from the F4/CC health state from which LRCs occur. Because the SoC transition probability for fibrosis
improvement across all NASH fibrosis stages (13.3% per year) is higher than the SoC transition probability for
NASH resolution (9.6% per year), the improvement treatment efficacy profile yields slightly higher incremental
10-year LRC rates than the resolution profile when compared with the SoC. This slightly larger reduction in LRC
rates for the improvement treatment efficacy profile over the resolution treatment efficacy profile is increased in
the “F4/CC or less severe” stopping rule scenario as shown in Figure 3. In this expanded stopping rule scenario,
patients who continue to receive the improvement treatment efficacy profile compared with the resolution profile
benefit from a larger reduction in LRC rates, as the resolution treatment efficacy profile confers no benefits to those
who enter the F4/CC health state.

The worsening efficacy profile, however, had the greatest impact on health-related outcomes both in terms of
absolute percentage point reduction in 10-year LRC rates and an increase in lifetime LYs compared with the SoC
across all four stages of fibrosis as shown in Figure 2 and Table 3. In contrast with the other efficacy profiles, the
worsening treatment efficacy profile directly affects the transition probability of transiting to a more severe fibrosis
stage (e.g. F4/CC, DCC, HCC, LT). For the reduced annual probability of fibrosis worsening efficacy profile, the
scenario that allowed patients to continue treatment regardless of whether their fibrosis status improved or declined
led to the largest 10-year LRC rate reduction across all scenarios and all treatment efficacy profiles as shown in
Table 4 and Figure 3. As expected, the greatest decrease in 10-year LRC rates occurred in the faster baseline fibrosis
progression scenario (as shown in Table 4).

For all three treatment efficacy profiles, the scenario analyses for faster baseline rates of fibrosis progression
and the “F4/CC or less severe” stopping rule both resulted in a lower 10-year LRC rates than the higher efficacy
scenario. This indicates that focusing treatment on patients with fast-progressing NASH or demonstrating treatment
effectiveness over a broader range of health states may translate to larger clinical benefits per patient than focusing
on treatment showing higher efficacy in its baseline health state only.

Decreases in 10-year LRC rate did not correlate directly with treatment exposure between scenario analyses.
Across all three treatment efficacy profiles, broadening the stopping rules increased the treatment exposure by a
factor of three-times or more; as a comparison, higher treatment efficacy resulted in a decrease in treatment exposure
for the resolution and improvement efficacy profiles while increasing treatment exposure for the worsening efficacy
profile. Note that the worsening profile treatment in the faster baseline rates of fibrosis progression scenario reduces
the overall exposure to treatment while offering a similar reduction in 10-year LRC rates as expanded stopping
rules. This reduction in treatment exposure would reduce the number of potentially invasive liver-related diagnostic
procedures, possible drug-related adverse events and treatment costs.

A number of limitations should be noted when interpreting the findings of this analysis. In particular, a few key
assumptions were made to fill data gaps regarding the NASH patient characteristics and SoC transition probabilities:
baseline demographics were assumed to be the same across fibrosis levels; the transition probabilities for fibrosis
improvement, fibrosis worsening, and NASH resolution were assumed to be identical across all precirrhotic
(i.e., FO-F3) fibrosis stages; simultanecous NASH resolution and fibrosis improvement was permitted, and the
degree of overlap was assumed; and the annual probability for NASH redevelopment was assumed. Postcirrhosis
transition probabilities and mortality were obtained from studies that were specific to liver disease but were not
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specific to NASH. In addition, the model is based on two key structural assumptions: patients can move at most
one fibrosis severity level per annual cycle, and no fibrosis worsening was allowed in the NASH resolution health
states. Many of these data gaps and assumptions may be addressed by conducting additional analyses of existing or
future clinical trial data or by leveraging the data being collected in ongoing real-world evidence initiatives.

It should be noted that many of the transition probabilities that were obtained from literature were estimated from
clinical trials with limited durations. The annual transition probabilities obtained from these studies for fibrosis
progression, NASH resolution, and cirrhotic complications (DCC, HCC, and F4/CC mortality) were extrapolated
in the model over longer horizons to predict LRC rates and other outcomes. The hypothetical treatment efficacy
profiles considered in our analysis also may differ from the endpoints used in clinical trials for specific NASH
therapies. Evidence on potential combinations of efficacy profiles (e.g., direct effects on NASH resolution and
fibrosis improvement) and on the durability of treatment effect may be considered for future analysis. Additionally,
from a practical clinical perspective, the enforcement of treatment-stopping rules based on fibrosis progression and
NASH resolution is dependent on an annual liver analysis that may require costly and invasive tests and procedures.
Finally, this model does not account for potential health outcomes associated with cardiovascular events (e.g., due
to comorbid diabetes or obesity) or treatment-related adverse events.

Conclusion

Given the relatively few published models for NASH, this model is a step forward for the development of a modeling
approach that can account for different treatment efficacy profiles and accurately predict long-term LRC rates from
short-term clinical trial endpoints. Unlike existing published models, this work accounts for separate health states
for fibrosis stages in both NASH and NASH resolution. Also, this work provides a basis of comparison for decision
makers as they compare different approaches to the treatment of NASH (resolution, improvement and worsening
treatment efficacy profiles), including the potential impact of identifying fast-progressing patient subpopulations
and determining appropriate treatment-stopping rules. As additional data on the natural history of NASH become
available, this modeling approach and the insights gained from our analysis can aid researchers and decision makers
studying the clinical and economic value of treatment options for NASH patients.

Summary points

e Nonalcoholic steatohepatitis (NASH) is a leading cause of liver transplantation and the focus of ongoing drug
development efforts.

e There are several treatments for NASH in development targeting some combination of increasing NASH
resolution, increasing fibrosis improvement, or decreasing fibrosis worsening.

e Regulatory guidance describes these endpoints as reasonable surrogates for long-term liver-related and survival
outcomes.

e Economic evaluations of new treatments for NASH will require the prediction of lifetime health outcomes from
short-term clinical trial data on these surrogate endpoints.

e Our objective was to use an evidence-based modeling approach for NASH to estimate the impact on predicted
long-term health outcomes of hypothetical NASH efficacy profiles aligned with clinical trial endpoints.

e Our results suggest that treatments slowing fibrosis worsening have a larger impact on 10-year liver-related
complication rates and overall survival than treatments increasing NASH resolution or fibrosis improvement.

e In scenario analyses, the long-term health benefits of NASH treatments also depended on patients’ baseline
fibrosis stage, underlying rates of fibrosis progression, and potential treatment-stopping rules.

e These results have implications for future researchers and decision makers tasked with evaluating emerging
treatments for NASH.
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