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Background: Nonalcoholic steatohepatitis (NASH) is a cause of chronic liver disease. Aim: Model the burden of
NASH in the United States according to obesity. Methods: The discrete-time Markov model comprised adult
NASH subjects moving through 9 health states and 3 absorbing death states (liver, cardiac, and other deaths)
with 1-year cycles and a 20-year horizon. Given that reliable natural history data for NASH are not available, tran-
sition probabilities were estimated from the literature and population-based data. These rates were disaggre-
gated to determine age-obesity group rates by applying estimated age-obesity patterns. The model considers
2019 prevalent NASH cases and new incident NASH cases (2020-2039), assuming that recent trends will continue.
Annual per-patient costs by health state were based on published data. Costs were standardized to 2019 US dol-
lars and inflated by 3% annually. Results: NASH cases in the United States are forecasted to increase by +82.6%,
from 11.61 million (2020) to 19.53 million (2039). During the same period, cases of advanced liver disease
increased +77.9%, from 1.51 million to 2.67 million, while its proportion remained stable (13.46%-13.05%).
Similar patterns were observed in both obese and non-obese NASH. Among NASH, 18.71 million overall deaths,
6.72 million cardiac-specific deaths, and 1.71 million liver-specific deaths were observed by 2039. During this
period, the projected cumulative direct healthcare costs were $1208.47 billion (obese NASH) and $453.88 billion
(non-obese NASH). By 2039, the projected NASH attributable healthcare cost per patient increased from $3636 to
$6968. Conclusions: There is a substantial and growing clinical and economic burden of NASH in the United
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he prevalence of obesity is increasing around the
world, with data from the World Health Organiza-
tion suggesting that in 2016 over 650 million peo-
ple around the world were considered to be obese (39% of
all adults)." Similar data is being reported from the United
States with over 50% of the adult Americans estimated to
be obese by 2030.>” In addition, obesity among children
is increasing rapidly, with an estimated 12-13% of pre-
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schoolers in the United States currently considered to be
obese.” In this context, overweight or obese children are
five times more likely to be obese as adults. ™

In 2019, obesity was associated with immense economic
impact in the United States, which was estimated at about
1.8% of the US gross domestic product.’ This was primarily
due to decreased worker productivity (absenteeism and the
inability to be as productive at work) and increased obesity-
related medical expenses.6 It is also important to recognize
that obesity is associated with a number of chronic health
conditions such as type 2 diabetes, cardiovascular disease,
stroke, various forms of cancer, as well as mental health is-
sues.” !

In the context of these chronic diseases, obesity
adversely affects a number of organs, such as the liver. In
fact, the disruption of lipid metabolism from obesity
causes infiltration of the liver with fat, which leads to he-
patic steatosis (fatty liver). When fatty liver is present in
the absence of excessive alcohol consumption and other
causes of fatty liver disease, patients may be diagnosed
with non-alcoholic fatty liver disease (NAFLD) and or the
more progressive form of non-alcoholic steatohepatitis
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(NASH).* ' Currently, 25-30% of the global adult
population has NAFLD.'” Studies on the natural history
of NAFLD suggest a heterogeneous pattern of progression
with some patients developing hepatic and/or non-hepatic
complications.13 "5 In this context, the majority of people
with NAFLD have non-progressive fatty liver. In contrast,
over 20% can develop NASH, which can progress to
hepatic fibrosis, cirrhosis, liver cancer, end-stage liver dis-
ease, and death."”* In fact, NASH is now a leading
cause of cirrhosis, hepatocellular carcinoma (HCC), and
as an indication for liver transplantation in the United
States.”* *® The cause of death in NAFLD is dependent
on the stage of liver disease where patients with cirrhosis
primarily die from liver related events, while those
without cirrhosis die primarily of cardiovascular disease,
non-hepatic cancers, and complications from associated
co-morbidities such as chronic kidney disease and type 2
diabetes mellitus.”” ** Regardless of the cause of death,
the burden of NAFLD related to morbidity, mortality,
health-care costs, and impairment of health-related quality
of life can be enormous.'®

Despite this substantial and growing burden of NASH,
treatments are limited to exercise and diet.”*** These chal-
lenges are compounded by a significant lack of disease
awareness among patients, providers, policy makers, and
other stakeholders.”®”” Therefore, in an attempt to close
this knowledge gap, we assessed the clinical and economic
burden associated with NASH in the presence and absence
of obesity. The assessment was carried out by developing
two models which simulated the probability of moving
through the stages of NASH and the associated clinical
outcomes and economic costs.

METHODS

A Markov model is a computer-based algorithm that as-
signs each simulated patient to one of a finite number of
discrete-health states for a period called a cycle. At the

end of each cycle, the patients either travels to a different
health state or remains in their current state based on
probabilities that are specified for transitioning from one
health state to another (hereafter, transition probabilities).
We developed a Markov model of the natural history of
NASH to assess the long-term clinical and economic
burden of NASH, stratified by the presence of obesity in
a real-world setting, following the Consolidated Health
Economic Evaluation Reporting Standards reporting
guideline, and using Microsoft Excel, R, and SAS soft-
ware.”® In addition, this study was approved by the Inova
Health Systems Review Board as exempt due to the use
of secondary de-identified data which are publically avail-
able.

Our Markov model comprised all stages of NASH:
NASH without fibrosis (F0), fibrosis stage 1 (F1), fibrosis
stage 2 (F2), fibrosis stage 3 (F3), compensated cirrhosis
(CC), decompensated cirrhosis (DCC), HCC, first-year
post-LT (1yPLT), post-LT after 1 year and onwards
(PLT), and 3 absorbing death states (liver, cardiac, and
other deaths) (Figure 1). We defined “other causes” of
deaths as all remaining deaths not captured under cardiac
or liver-specific deaths. Fibrosis regression was permitted
from F1 to FO, F2 to F1 and FO, F3 to F2, F1, and FO,
and CC to F3. All patients who underwent LT, transitioned
to a tunnel state for their first-year PLT stage. The model
cycle length was 1-year, and a 20-year horizon was applied.

The model begins with the prevalent obese NASH and
normal/overweight NASH (non-obese NASH) cases in
the United States (2019), as well as the annual estimated
incident cases of obese and non-obese NASH from 2020
to 2039.

Input: Prevalent NASH Cases in the United
States 2019

Data sources used in prevalent NASH estimation are avail-
able in Supplementary Table 1. The prevalence of NAFLD

9 Health states and 3 absorbing death states for NASH
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Figure 1 9 Health states and 3 absorbing death states for NASH.
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(24.8%) was taken from the published literature (12), 21.4%
in the age group 18-44, 27.0% in the age group 45-64, and
29.0% in age group +65. Based on the estimate that NASH
comprises 7-30% of NAFLD prevalence (11), we assumed
that 20% of NAFLD cases would be classified as NASH,
which corresponded to 11.22 million (4.48%) of the US
population in 2019, and was comprised of 3.70 million
for age group 19-44, 4.45 million for age group 45-64,
and 3.06 million for age group +65, where 7.87 million
(70.1%) had obese (BMI = 30 kg/m?).'****

As a second step, the total number of prevalent NASH
cases was distributed among the nine non-death health
states. From the literature, we obtained the distribution of
FO-F4 among the patients with NASH. However, there
was no information available on the distribution for the
three health states of HCC, 1y-LT, and post LT. Therefore,
to overcome this limitation, we obtained data for NASH
related HCC cases from the Global Burden of disease
(GBD) 2019 US subsample (n = 3965 NASH related HCC
cases) and the Organ Procurement Transplant Network/
Scientific Registry of Transplant Recipients (OPTN/SRTR)
2019 annual data report for the number of liver transplants
for NASH (n = 26,186) and the number of liver transplants
due to NASH post 1 year liver transplant (n = 2951)."" The
number of fibrosis states (FO-F4) was estimated by multi-
plying the proportion of fibrosis stages from the literature
(31) with the residual number of prevalent NASH cases
(the overall number of prevalent NASH cases minus the
sum of NASH-related liver cancer, liver transplant, and LT
recipients). Furthermore, the number of F4 cases was split
into the number of CC and DCC cases by using the ratio
of CC and DCC previously published.*

To split the number of health states for each age group
from the overall prevalent NASH cases, we used the
observed proportion of age groups in NASH with FO-
DCC from the SRTR 2002-2020 data,”® 1yPLT and PLT
from the OPTN/SRTR 2019 annual report data,”’ and
HCC cases from the GBD 2019 data.”

Subsequently, from NHANES 2017-2018 data, we used
the observed proportion of obesity for each age group
among those with NASH to further split the number of
health states for each age group into those for each age-
obesity group, with the assumption that the age pattern
for health states remained the same regardless of the
obesity status. The estimated prevalent NASH cases in
the US population in 2019 are presented in
Supplementary Table 2.

Input: Incidental NASH Cases in the United
States over the Next Two Decades: 2020-2039

Data sources used in incidental NASH estimation are avail-
able in Supplementary Table 3. Due to a lack of data on
NASH incidence, we performed a mathematical calcula-
tion to provide a NASH incidence estimate for the years

YOUNOSSI ET AL

2020-2039, with the assumption that the trends in the
past decade continued, and NASH incidence trends were
the same as NAFLD's. First, using the GBD 2019 study,
we calculated the annual percent change (APC) of NAFLD
prevalence (+2.89%) and NAFLD incidence (+1.93%) over
the last decade (2010-2019) using Joinpoint Trend Anal-
ysis Software, a software package developed by National
Cancer Institute for calculating the percent of annual
changes.44 Second, using our prevalent model, we esti-
mated the NASH incidence at 4.40 per 1000 which is
a +2.89% increase in NASH prevalence in 2020 from
2019. Third, the incidence rates from 4.40 per 1000 in
2020 to 6.45 per 1000 in 2039 were calculated by applying
an APC of +1.93%. Our approach using the current trend in
NAFLD prevalence is conservative because a recent study
reported that high-risk NAFLD defined as a FIB-4 =2.67
increased annually by 9.72%.* Fourth, the number of
NASH incident cases was then obtained by applying the
incidence rates to the corresponding US projected popula-
tion for 2020-2039. Fifth, the distribution of age groups in
incidental NAFLD cases in 2019 and trends in the propor-
tion of age groups in incidental NAFLD cases over the last
decade (APC = —0.464% for 18-44, —0.392% for 45-64,
and +1.55% for =65 years) were calculated from the GBD
2019 study by splitting the number of NASH incident
case into each age group. Finally, trends in the obese prev-
alence by age group obtained from NHANES (1999-2016)
(APC = +2.00% for 18-44, +1.22% for 45-64, and +1.71% for
=65 years) were applied to further split NASH incident
cases in each age group into the age-obesity group. The
estimated number of incident NASH cases began their
model at FO, F1, or F2, according to age-obesity status.
The proportion of the stages of fibrosis (F0, F1, and F2)
among incident NASH cases for each age-obesity group
is estimated by using transient elastography liver stiffness
measurement, with FIB-4 scores among NAFLD defined as
a controlled attenuation parameter of =285 dB/M
(NHANES 2017-2018) (Supplementary Table 3). The
annual estimated number of incident NASH cases is avail-
able in Supplementary Table 4.

Transition Probabilities

Data sources used in estimating transition probabilities
(TPs) in the NASH cohort are available in Supplementary
Table 5. Briefly, TPsfor FO, F1, F2, F3, and CC are based
on synthesized data from a 2015 meta-analysis™® and the
placebo arms from recent clinical trials.””** TPs from CC
to DCC were obtained from Nyberg's article.”” TPs for
HCC and LT were obtained from Estes's article,” and
were adjusted to ensure that the model outputs aligned
with the 3965 prevalent NASH-related HCC from GBD
data and the number of LT cases from OPTN/SRTR
2020 annual data report (Liver-2906 LT-related NASH in
2020) using our prevalent NASH cases.”'

456 © 2022 Indian National Association for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Since the age-obesity pattern can make significant dif-
ferences in clinical and economic outcomes among
NASH, it is essential to have TPs for each age-obesity sub-
group. Therefore, we estimated TPs in the overall NASH
cases by using the published literature and population
data obtained from NHANES III, National Vital Statistics
System, GBD, and SRTR. Then, the TPs for the overall
NASH cohort were split to build the transition probability
for the age-obesity NASH subgroup by using the observed
age-obesity distribution of NASH from population-based
studies or databases via our developed tool, called the
age-splitting method. A detailed description of the devel-
opment is available in the supplementary information. A
methodological summary for TPs is presented in
Figure 2. Finally, the TPs for remaining at the same health
state were obtained by 1 minus the sum of all other TPs
from a state so the total of TP from a state to all other
states equaled one (Supplementary Table 6).

COST

Annual health state costs for patients with NASH were
taken from our previous study (Supplementary Table
7).*” A combination of micro-costing and gross-costing
methods was used to estimate the costs associated
with each health state in our model. As this study was
conducted from a US payer's perspective, we estimated
only the direct medical costs associated with NASH
health states. Costs included inpatient hospitalization,
outpatient visits, emergency room, drugs, laboratory, im-
aging, and screening tests. Resource use in the first year

[ Mortality for all ages NASH

1]

and subsequent years for FO, F1, F2, and F3 patients in
the all-NASH model was based on the input from pub-
lished data.'”"” Costs for outpatient visits, laboratory,
imaging, and screening for hepatitis C and B tests
were based on Current Procedural Terminology codes
using the Center for Medicare and Medicaid Fee
Schedule 2017. Furthermore, costs for FO, F1, F2, and
F3 were updated based on a recent study.”’ The costs
for CC, DCC, and HCC were derived from a study on
the costs of advanced NAFLD in the Veterans Adminis-
tration.”” There are no NASH-specific costs available for
patients with advanced liver disease. Nevertheless, we
assumed that once patients reach advanced liver disease,
the costs of monitoring and management are driven by
disease severity rather than the etiology of liver disease.
In this context, we assumed that the costs of HCC, LT,
and PLT would be the same as the conditions observed
in hepatitis C patients, except for the cost of antiviral
drugs, which we excluded from the analysis. Therefore,
the costs for LT, 1yPLT, and PLT stages were derived
from a retrospective study’' that reported incremental
all-cause costs for hepatitis C virus patients relative to
non-hepatitis C virus patients. We assumed that state
costs would not vary among different age groups. Costs
were inflated 3% annually for forward years.

Sensitivity Analysis
One-way deterministic sensitivity analysis was performed

to test the model output sensitivity to changes in inci-
dental NASH cases and transition probabilities. To

TPs from 9 health states to
3 absorbing death states

[ Health state-specific mortality for all ages

Age-health state-
specific mortality
for aged 45-64

Age-health state-
specific mortality
for aged 18-44

Age-obesity-
health state-
specific mortality
for aged 18-44

Age-obesity-

health state-

specific mortality
for aged 45-64

Age-obesity-
health state-
specific mortality
for aged 18-44

Age-obesity-
health state-
specific mortality
for aged 45-64

Age-splitting:

TPs from 9 health states to
3 absorbing death states
for each age group
Age-health state-

specific mortality

for each age and obesity
group

Age-obesity-
health state-
specific mortality
for aged 265

Age-obesity-
health state-
specific mortality
for aged 265

for aged 265 5 L
Obesity-splitting:
TPs from 9 health states to
3 absorbing death states

with obese with non-obese with obese with non-obese with obese with non-obese
TPs across 9 health states
for each age and obesity
group

Transition Transition Transition Transition Transition Transition
probabilities probabilities probabilities probabilities probabilities probabilities
for aged 18-44 for aged 18-44 for aged 45-64 for aged 45-64 for aged 265 for aged 265
with obese with non-obese with obese with non-obese with obese with non-obese

Figure 2 A methodological summary for transition probabilities. TP, Transition probability.
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Figure 3 Projected prevalent NASH cases by the presence of obesity in the United States (2020-2039).

calculate the range of trends for the possible number of
incident NASH cases for 2020-2039, an APC of 0% (no
change) and an APC of +9.72% (rate obtained from a prior
study) were applied among those with NAFLD and a FIB-4
of =2.67."° Progression/regression transition probability
ranges were based on data obtained via literature review
with a range of £5-10% from the base values, which were
used to construct the TPs. For details, please see the
supplementary material.

RESULT

With the assumption that the trends of obesity and
NAFLD over the past decade will continue, NASH cases
in the United States are forecasted to increase +82.6%,
from 11.61 million (prevalence = 4.64%) in 2020 to 19.53
million (prevalence = 7.69%) in 2039. Of patients with
NASH, obese NASH will increase by +83.0%, from 8.08
million (prevalence = 3.25%) to 14.78 million

Table 1 Projected Advanced Liver Diseases Among NASH Cohort, Stratified by the Presence of Obesity in the United States,

2020-2039.
Year Total 18-44y 45-64y =65y
Obese NASH
2020 1,086,905 (13.46) 152,683 (6.09) 501,629 (15.56) 432,593 (18.45)
2039 1,929,134 (13.05) 372,503 (7.40) 914,057 (15.37) 642,573 (16.91)
% Change from 2020 to 20397 77.49 (-3.02) 143.97 (21.54) 82.22 (—1.24) 48.54 (—8.32)
Normal/Overweight NASH
2020 418,202 (11.84) 88,846 (6.06) 199,470 (15.01) 129,886 (17.66)
2039 745,202 (11.61) 154,064 (6.70) 377,085 (13.89) 214,054 (15.23)
% Change from 2020 to 2039 78.19 (—1.96) 73.41 (10.65) 89.04 (—7.46) 64.80 (—13.72)
All NASH
2020 1,505,107 (12.97) 241,529 (6.08) 701,099 (15.40) 562,479 (18.26)
2039 2,674,336 (12.62) 526,567 (7.18) 1,291,142 (14.91) 856,627 (16.46)
% Change from 2020 to 2039° 77.68 (—2.71) 118.01 (18.17) 84.16 (—3.22) 52.29 (—9.86)

Data displayed as count (proportion, %).
NASH, non-alcoholic steatohepatitis.

@Data displayed as percent change in counts (percent change in proportion).
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Table 2 Projected All-cause and Cause-specific Death Among NASH Cohort, Stratified by the Presence of Obesity in the United

States, 2020-2039.

Year

Total

18-44y

45-64y

=65y

Obese NASH
All-cause death
2020
2025
2030
2039

Cumulative total 2020-2039
% Change from 2020 to 2039°

Cardiac-specific death

2020
2025
2030
2039

Cumulative total 2020-2039
% Change from 2020 to 2039°

Liver-specific death
2020
2025
2030
2039

Cumulative total 2020-2039
% Change from 2020 to 20397
Normal/Overweight NASH

All-cause death
2020
2025
2030
2039

Cumulative total 2020-2039
% Change from 2020 to 2039°

Cardiac-specific death

2020
2025
2030
2039

Cumulative total 2020-2039
% Change from 2020 to 2039°

Liver-specific death
2020
2025
2030
2039

Cumulative total 2020-2039

549,203 (220.86)
608,409 (235.32)
709,322 (266.92)
957,118 (347.27)
14,331,178
74.27 (57.23)

203,814 (81.96)
228,477 (88.37)
266,140 (100.15)
358,983 (130.25)
5,375,719

76.13 (58.91)

15,587 (6.27)
18,151 (7.02)
21,877 (8.23)
29,416 (10.67)
432,156
88.72 (70.27)

152,552 (61.35)
184,517 (71.37)
222,892 (83.87)
287,900 (104.46)
4,379,028

88.73 (70.27)

19,735 (7.94)
24,644 (9.53)
30,058 (11.31)
38,910 (14.12)

587,824
97.16 (77.88)

5796 (2.33)
5448 (2.11)
6462 (2.43)
8880 (3.22)
132,571

40,609 (33.82)
53,126 (42.79)
65,593 (51.82)
82,270 (64.09)
1,260,950

102.59 (89.50)

8372 (6.97)
11,641 (9.38)
14,398 (11.37)
17,795 (13.86)
275,070
112.54 (98.80)

10,799 (8.99)
12,857 (10.36)
15,633 (12.35)
20,402 (15.89)
304,878

146.75 (76.72)

16,624 (13.84)
20,066 (16.16)
23,331 (18.43)
25,566 (19.92)
445,213
53.79 (43.85)

1374 (1.14)
1776 (1.43)
2061 (1.63)
2171 (1.69)

38,795
58.00 (47.79)

3248 (2.71
3230 (2.60
3940 (3.11
5177 (4.03

78,770

)
)
)
)

190,922 (227.66)
211,092 (256.69)
244,338 (296.41)
348,218 (386.79)
5,025,988

82.39 (69.89)

59,673 (71.16)
66,963 (81.43)
77,426 (93.93)
110,694 (122.95)
1,593,971

85.50 (72.79)

4789 (5.71)
5204 (6.44)
6244 (7.57)
9014 (10.01)
127,278

88.24 (75.35)

60,892 (72.61)
70,154 (85.31)
83,636 (101.46)
117,798 (130.85)
1,696,692

93.45 (80.20)

6811 (8.12)
8077 (9.82)
9691 (11.76)
13,756 (15.28)

196,246
101.97 (88.13)

2548 (3.04)
2219 (2.70)
2522 (3.06)
3703 (4.11)
53,802

328,471 (734.35)
357,048 (684.76)
415,024 (731.65)
547,032 (956.13)
8,349,118

66.54 (30.20)

135,768 (303.53)
149,874 (287.43)
174,315 (307.30)
230,493 (402.87)
3,506,677

69.77 (32.73)

10,799 (12.88)
12,857 (15.63)
15,633 (18.96)
20,402 (22.66)
304,878

88.93 (75.99)

78,285 (175.02)
97,527 (187.04)
119,865 (211.31)
149,722 (261.69)
2,315,892

91.25 (49.52)

11,550 (25.82)
14,790 (28.36)
18,306 (32.27)
22,984 (40.17)

352,784
98.99 (55.57)

3248 (3.87)
3230 (3.93)
3940 (4.78)
5177 (5.75)
78,770

(Continued on next page)
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Table 2 (Continued)
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Year

Total

18-44y

45-64y

=65y

% Change from 2020 to 2039°
All NASH
All-cause death

2020

2025

2030

2039
Cumulative total 2020-2039
% Change from 2020 to 2039°
Cardiac-specific death

2020

2025

2030

2039
Cumulative total 2020-2039
% Change from 2020 to 2039°

Liver-specific death
2020
2025
2030
2039
Cumulative total 2020-2039

% Change from 2020 to 2039°

53.20 (38.22)

701,755 (282.21)
792,926 (306.69)
932,214 (350.79)
1,245,027 (451.73)
18,710,206

77.42 (60.07)

223,549 (89.90)
253,121 (97.90)
296,197 (111.46)
397,893 (144.37)
5,963,543

77.99 (60.59)

21,383 (8.60)
23,599 (9.13)
28,339 (10.66)
38,296 (13.89)
564,727

79.09 (61.58)

39.49 (49.07)

57,232 (47.66)
73,192 (58.95)
88,924 (70.25)
107,836 (84.00)
1,706,163
88.42 (76.24)

9746 (8.12)
13,417 (10.81)
16,459 (13.00)
19,966 (15.55)
313,865

104.86 (91.61)

14,047 (11.70)
16,087 (12.96)
19,573 (15.46)
25,579 (19.93)
383,648
82.10 (70.32)

45.33 (35.37)

251,814 (300.27)
281,246 (342.00)
327,974 (397.86)
466,016 (517.63)
6,722,680

85.06 (72.39)

66,484 (79.28)
75,040 (91.25)
87,117 (105.68)
124,450 (138.23)
1,790,217

87.19 (74.36)

7336 (8.75)
7513 (9.14)
8766 (10.63)
12,717 (14.13)
181,079
73.34 (61.46)

59.37 (48.45)

406,755 (909.37)
454,575 (871.81)
534,889 (942.97)
696,753 (1217.83)

10,665,010
71.30 (33.92)

147,318 (329.35)
164,664 (315.80)
192,621 (339.58)
253,477 (443.04)
3,859,461

72.06 (34.52)

14,047 (31.40)
16,087 (30.85)
19,573 (34.51)
25,579 (44.71)
383,648
82.10 (42.36)

Data displayed as count (age-specific rate per 100,000).
NASH, non-alcoholic steatohepatitis.
®Data displayed as percent change in counts (percent change in rate).

(prevalence = 5.36%), while non-obese NASH will increase
by +81.8%, from 3.53 million (prevalence = 1.42%) to 6.42
million  (prevalence = 2.33%) (Figure 3 and
Supplementary Table 8). Among obese NASH, the fastest
growth in prevalent NASH cases will occur among those
aged 18-44 (+100.7% increase), followed by those aged
45-64 (+84.5%), and then those aged =65 years (+62.0%),
whereas among non-obese, the fastest growth will occur
in those aged 45-65 years (+104.3%), followed by those
aged =65 years (+91.0%), and then those aged 18-44 years
(+56.7%).

From 2020 to 2039, the number of cases of advanced
liver disease (combining F3, F4, DCC, and HCC) will in-
crease by 77.9%, from 1.51 million to 2.67 million, while
the proportion of advanced liver disease remains relatively
stable (13.46%-13.05%). The proportion of advanced
liver disease will increase by +18.2, from 6.08% to 7.18%,
among younger patients (18-44 years). Similar patterns
occur in both obese and non-obese NASH (Table 1).
During the same period of time, prevalent cases of

NASH-related DCC, HCC, and LT will increase to
219,212 (+118.4% increase from 2020), 13,838 (+237.1%),
and 5655 (+107.4%) among obese NASH cases, respectively.
Also, 42,627 (+15.1%), 2861 (+165.1%) and 1126 (+1.19%)
cases were noted among non-obese NASH, respectively
(Supplementary Tables 9-11). It is estimated that obesity
will account for 81.58% of cumulative liver transplants
(n = 98,171) among NASH patients for the next two
decades.

In regards to mortality, from 2020 to 2039, we project
18.71 million deaths (from all causes) among individuals
with NASH. Among these, 6.72 million deaths are expected
to be cardiac-specific deaths and 1.71 million liver-specific
deaths (Table 2, Supplementary Tables 12-14, Figure 4). In
this context, cardiac- and liver-specific death rates (per
100,000) will increase by +60.6% and +61.6%, from 88.90
per 100,000 to 144.37 per 100,000 and 8.60 per 100,000
to 13.89 per 100,000, respectively. The fastest increase in
the cardiac- and liver-specific death rates is expected in
the younger patients (18-44 y) as compared to the

460 © 2022 Indian National Association for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Figure 4 Cumulative projected deaths among NASH population in the United States for the next two decades.

middle-aged and older patients (increase +91.6%
and +70.3%, respectively, vs. +74.4% and +61.5% in patients
aged 45-64; +34.5% and +42.4% in patients aged +65 years).
Furthermore, obese NASH accounted for 76.6% of the all-
cause deaths, 90.1% of the cardiac specific deaths and 76.5%
of the liver specific deaths. The fastest growth in cardiac-
and liver-specific deaths are projected to occur among
those aged 18-44. Similar patterns are expected to occur
in both obese and non-obese NASH.

The projected cumulative direct healthcare costs associ-
ated with NASH (obese and non-obese) are estimated to

$15,000 4 Projected Cumulative NASH-attributable health care

costs over the next two decades

$13,000 A

$4s

$11,000 A

$1,208.478 NASH

$9,000 4
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$5,756
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$5,000 4 $4,495
$3,000 4
$1,000 4

Obese NASH Normal/overweight | Obese NASH

$1,000 4

All ages | Aged 1844

Normal/overweight
NASH NASH

reach $893.5 billion ($686.9 billion obese; $206.6 billion
for non-obese) (Figure 5, Table 3, and Supplementary
Table 15). The highest costs ($275.2 billion) are estimated
for the obese NASH cohort who are 65 years or older. This
is almost 4 times greater than the cost for the non-obese
NASH cohort for the same age group ($70.6 billion). The
individual costs are also highest for the obese NASH and
are projected to increase 46% by 2039 from $1865 to
$4013. Again, the obese NASH group who are 65 years or
older are projected to have the highest costs in 2030
($6105) (see Table 3).

B Cost per Person-years in 2039

= Obese NASH

= Normal/overweight

$8,931
57,425 $7,242
I SGIOSS
Obese NASH Normal/overweight Obese NASH Normal/overweight
NASH NASH
Aged 45.64 ‘ Aged 65-80

Figure 5 Economic burden of NASH in the United States for the next two decades.
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Table 3 Projected NASH Attributable Healthcare Costs, Stratified by the Presence of Obesity in the United States, 2020-2039.

2020 2025
Obese NASH
18-44y $6.53B ($2604) $10.52B ($3132)
45-64 y $12.58B ($3903) $17.54B ($4889)
=65y $10.25B ($4373) $14.68B ($5836)
Total $29.36B ($3636) $42.74B ($4517)

Normal/overweight NASH

18-44y $3.77B ($2570) $5.56B ($2928)
45-64 y $4.92B ($3700) $6.43B ($3989)
=65y $3.00B ($4076) $4.30B ($4598)
Total $11.68B ($3309) $16.29B ($3664)
NASH overall
18-44y $10.30B ($2591) $16.08B ($3058)
45-64 y $17.50B ($3844) $23.97B ($4610)
=65y $13.25B ($4302) $18.98B ($5501)
Total $41.05B ($3537) $59.02B ($4244)

2030 2039 2020-2039
$15.35B ($3754) $24.89B ($4945) $303.13B
$23.59B ($5664) $44.16B ($7425) $498.67B
$19.91B ($6864) $33.93B ($8931) $406.66B
$58.85B ($5276) $102.98B ($6968) $1208.47B
$7.50B ($3430) $10.33B ($4495) $144.32B
$8.82B ($4546) $16.43B ($6055) $186.53B
$6.13B ($5367) $10.18B ($7242) $123.02B
$22.45B ($4261) $36.94B ($5756) $453.88B
$22.86B ($3641) $35.22B ($4804) $447.46B
$32.41B ($5309) $60.60B ($6996) $685.21B
$26.04B ($6441) $44.11B ($8475) $529.69B
$81.30B ($4950) $139.92B ($6601) $1662.36B

Data displayed as total cost (cost per patient).
NASH, non-alcoholic steatohepatitis.

Future cost by the inflated rate of 3%.
@Cumulative cost.

Specifically, among the obese NASH cohort, the pro-
jected cumulative healthcare cost for those aged 18-44,
45-65, and +65 will be $303.13 billion, $498.67 billion,
and $406.66 billion, respectively, while $144.32 billion,
$186.53 billion, and $123.02 billion for the normal/obese
NASH cohort. Furthermore, the projected NASH attribut-
able healthcare cost per patient will increase from $3636 to
$6968 among the obese NASH, and from $3309 to $5756
among the non-obese NASH. Of the obese NASH cohorts
in 2039, the highest healthcare cost per patient for the
obese NASH is expected to occur among 65 years or older
($8931), followed by age groups 45-64 ($7425) and 18-44
($4945). A similar pattern across age groups will be ex-
pected in the non-obese NASH cohort.

We performed One Way Sensitivity Analysis, which is
summarized in Table 4 and in the supplementary material.

DISCUSSION

Our economic model forecasts that NASH cases in the
United States will increase by +82.6%. In this context,
both the obese and non-obese NASH groups will experi-
ence substantial increases. Interestingly, the fastest growth
in prevalent NASH cases will occur among the younger
group who are between 18 and 44 years old. This rapid
growth in the younger age group is consistent with the cur-
rent trend in the growth of obesity in the United States.””
In addition to the prevalent cases, we also project a sub-
stantial increase in the number of cases of NASH-related

advanced liver disease (F3, F4, DCC, and HCC), liver trans-
plantation, and death (both cardiac- and liver-specific
deaths). Again, this increase was greatest among the
younger group. Although the increases were noted in
both obese and non-obese NASH, the proportion of the in-
crease driven by the obese NASH was substantially higher.
In this context, by 2030, 82% of liver transplant subjects
with NASH are expected to be obese. These trends are high-
ly concerning not only because of the trajectory of obesity
in next decades, but also because it impacts the younger
age group in their most productive years of life.

In addition to the adverse clinical outcomes, costs asso-
ciated with NASH (both obese and the non-obese) will be
substantial. As expected, these costs are growing in every
age group over the next 2 decades. It is important to recog-
nize that these are direct costs and do not include indirect
costs associated with work productivity and impairment of
patients’ health-related quality of life.

Together, our results show that the clinical and cost
burden of NASH is tremendous and should be considered
a public health concern, requiring the immediate attention
of both policy and clinical decision makers.” Given that
obesity plays a significant role in the development of
adverse outcomes of NASH,””™° we purposefully
provided both age-specific and obesity-specific data to
assist and to help clinicians and policy makers target inter-
ventions based on age groups with the presence or absence
of obesity. In this context, we suggest that attention must
be focused towards prevention and early identification of

462 © 2022 Indian National Association for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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Table 4 Sensitivity Analysis for Among NASH Cohort, Stratified by the Presence of Obesity Compared With Base Values.

Input (Range) Base Values Change (%) in NASH prevalence in 2039 Change (%) in Cumulative Liver-specific
(lower to upper bound) Deaths (lower to upper bound)

Incidence Obese Normal All Obese Normal All
APC, 0%-9.7% 1.93% —19.23 to 162.36 —16.20 to 131.57 —18.31 to 153.04 —6.19 to 40.97 —4.41 t0 27.99 —5.75t0 37.77
Transition Probabilities
Progression
FO to F1, 0%-10% 5.78% 0.74 to —0.32 0.86 to —0.38 0.77 to —0.33 —-0.22t0 —-0.44 —3.69to —0.05 —1.07 to —0.35
F1 to F2, 0%-10% 2.97% 0.78 to —1.24 0.75t0 —1.18 0.77 to —1.22 —4.90 to 7.83 —7.46109.74 —5.53 t0 8.30
F2 to F3, 0%-10% 3.93% 0.24to —0.26 0.07 to —0.06 0.19to0 —0.20 —4.36 t0 4.69 —4.17 t0 2.52 —4.31t04.16
F3 to CC, 0%-15% 10.55% 1.12 to —0.33 0.52to —0.18 0.94 to —0.29 —17.02 to 5.16 —13.46 to 3.68 —16.14 to 4.80
CC to DCC, 0%-15% 9.29% 1.63to0 —0.58 0.66 to —0.29 1.34t0 —0.49 —29.99t0 11.10 —19.81 10 7.82 —27.49 10 10.29
Regression
F1 to FO, 0%—10% 3.23% —0.191t0 0.38 —0.24t00.41 —0.21t0 0.39 —0.58t0 —0.61 —0.77 to —2.70 —0.63t0 —1.12
F2 to F1, 0%-10% 5.45% —0.79 10 0.54 —0.52t0 0.34 —0.7110 0.48 4.61to —-3.91 3.64t0 —4.71 4.37to -4.11
F3 to F2, 0%-10% 8.09% —0.14 t0 0.06 —0.06 t0 0.03 —0.11t0 0.05 2.84to —1.25 2.52t0 —2.27 2.76 to —1.50
CC to F3, 0%-10% 7.63% —0.04 t0 0.14 —0.26 t0 0.08 —0.36t0 0.12 7.03to —2.54 5.79 to —3.27 6.73t0 —2.72

Change (%) in Proportion of Advanced Liver Change (%) in Cumulative Cardiac-specific Deaths

Disease in 2039 (lower to upper bound) (lower to upper bound)
APC, 0%-9.7% 1.93% —15.23 t0 117.36 —11.16 to 80.72 —14.10 to 107.15 —14.17 to 108.86 —10.28 to 74.48 —13.25 to 100.65
Transition Probabilities
Progression
FO to F1, 0%-10% 5.78% —2.02t0 —2.23 —5.59t0 —1.95 —3.01t0 —2.15 —0.13 to —0.69 —4.99to —0.01 —1.29t0 —0.53
F1 to F2, 0%-10% 2.97% —4.06 to 3.06 —4.7110 2.75 —4.24 10 2.97 —6.91 t0 9.99 —10.71t0 13.31 —7.821010.79
F2 to F3, 0%-10% 3.93% —24.74 t0 24.03 —20.881018.21 —23.66 10 22.41 —6.6410 6.7 —6.13 10 4.09 —6.52 10 6.08
F3 to CC, 0%-15% 10.55% —3.79 10 1.07 —5.46 10 1.96 —4.25101.32 —20.07 to 5.65 —18.75 10 5.29 —19.76 to 5.56
CC to DCC, 0%-15% 9.29% 12.29 to —4.28 5.45t0 —2.25 10.38to —3.72 —32.91010.64 —24.46 t0 8.95 —30.8810 10.24
Regression
F1 to FO, 0%-10% 3.23% —2.90to —3.64 —3.281t0 —6.25 —3.01to —4.36 —0.94t0 —0.64 —0.86 to —3.42 —0.921t0 -1.30
F2 to F1, 0%-10% 5.45% 1.35 to —5.89 —0.96 to —6.50 0.71 to —6.06 6.43 to —5.14 5.39 to —6.07 6.18 to —5.36
F3 to F2, 0%-10% 8.09% 13.50 to —6.19 20.26 to —8.67 15.38 to —6.89 3.85t0 —1.67 4.41to —3.01 3.99to —1.99
CC to F3, 0%-10% 7.63% —1.24 to —3.68 —0.95to —5.27 —1.16to —4.12 8.92 to —3.22 9.55to —4.47 9.07 to —3.52

Change (%) in Cumulative NASH attributable Change (%) in NASH attributable Healthcare Cost

Healthcare Cost (lower to upper bound) per Patient in 2039 (%) (lower to upper bound)
APC, 0%-9.7% 1.93% —8.59 t0 59.43 —7.25t0 48.93 —8.23 t0 56.56 3.33t0 —11.09 2.93t0 —10.34 4.25to —13.67

(Continued on next page)
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Table 4 (Continued)

GROWING ECONOMIC AND CLINICAL BURDEN OF NONALCOHOLIC STEATOHEPATITIS

Change (%) in Cumulative Liver-specific
Deaths (lower to upper bound)

Change (%) in NASH prevalence in 2039
(lower to upper bound)

Base Values

Input (Range)

464

Normal All Obese Normal All

Obese

Incidence

Transition Probabilities

Progression

0.28 to —0.92

—0.31to —0.68
—2.24 10 2.82
—4.86 to 4.59
—13.93 t0 4.90
—3.18t01.51

0.45to0 —0.87 0.86 to —1.08 0.46 to —0.99

1.02t0 —-1.16

5.78%
2.97%
3.93%
10.55%
9.29%

FO to F1, 0%-10%
F1 to F2, 0%-10%
F2 to F3, 0%-10%
F3 to CC, 0%-15%
CC to DCC, 0%-15%

—2.47103.21
—6.71106.75
—16.7 t0 5.12
—4.59101.70

—2.54 10 3.33
—7.321t07.45
—17.51 10 5.13
—4.76 10 1.66

—1.21t01.45
—5.02t0 5.27

—0.96 t0 1.07
—3.68 10 3.68

—1.30to 1.60
—5.53 10 5.86
—15.22 to 4.60
—3.96t0 1.46

—14.11 t0 4.44
—3.58101.41

—11.14t0 4.01
—2.551t01.29

Regression

—1.09to —0.63

1.78 to —2.48
4.35t0 —1.83
6.76 to —2.73

—0.96 to —0.95
0.82to —1.97
4.93t0 —1.96
7.27 to —2.77

—1.12t0 —0.53

2.02 to —2.59
4.11t0 -1.78
6.53 to —2.69

—1.02to —0.26

0.59 to —1.55
3.42t0-1.49
5.39to —2.23

—0.90 to —0.47
0.09to —1.24
3.72to0 -1.53
5.37 to —2.16

—1.06 to —0.18
0.78 to —1.66

3.31to —1.47
5.40 to —2.26

3.23%
5.45%
8.09%
7.63%

X X x X
o © o ©
TY 7
R R X
o © o ©
N RN )
i e
g/e & 2

[}
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APC, annual percent change; NASH, non-alcoholic steatohepatitis.

Data displayed as % change from the outputs of a model using a base value (lower to upper bound).

Lower bound denotes % change from the outputs of a model using a parameter of 0%.

Upper bound denotes % change from outputs of a model using a parameter of the highest value in the specified range.
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high-risk patients with NAFLD and NASH. As such, a
number of recommendations can be considered to address
obesity.

First, since the consumption of a diet high in fructose,
fats, and sugar, as well as living in an environment that
is not conducive to healthy living all play a significant
role in the development of NAFLD, improvements in the
food environment are imperative. This should include
easy access to healthy and reasonably priced food choices
and safe places to exercise. Also, schools should provide
healthy food choices and safe and age-appropriate areas
for exercise and play all year and not just when school is
in session.”””>°7°%%%0 Another important step is early
identification of high risk NAFLD patients. In this context,
addressing the cardiometabolic risk factors associated with
NAFLD will be critical. This risk stratification to identify
high risk NAFLD can be done through algorithms and
the use of non-invasive tests'® Finally, efforts to raise
awareness of this liver disease among the public and
healthcare should continue, and be enhanced to ensure
success of prevention and treatment interventions.

Our study has several strengths. First, our model struc-
ture was designed to comprehensively project obese or
normal/overweight NASH burden of disease by simulating
movement through incidence, progression, and regression
across prevalent NASH patient age bands by interlinking
Markov chains in order to generate the most accurate pro-
jection in a real-world setting. Given that reliable, prospec-
tive, and large scale natural history data for NASH were not
available, TPs between states by age-obesity group were
estimated. A crucial step in this process was to split aggre-
gated deaths and TPs for all NASH patients into age-
obesity specific groups, using the observed age-obesity
pattern from national population data. Second, we
adjusted data to ensure that the model inputs/outputs
aligned with the available reported data from
population-based data, such as the GBD and OPTN/
SRTR annual data. A unique aspect of the current analysis
was that it accounts for all-cause, liver-specific, and cardiac-
specific mortality in NASH population, using a sufficient
follow-up period for mortality (median of 23 years) and a
representative sample of the US population. In addition,
we conducted sensitivity analysis and found that our re-
sults remained robust, where if the current trends remain,
the obese younger NASH patients were most sensitive to an
increase in incident NASH cases, which will demonstra-
tively increase all measured outcomes to include costs.
On the other hand, if there are no changes in the incidence
of NASH, there may actually be a decrease in all measure
outcomes. Finally, in this model, mortality was based on
population-based data (NHANES), whereas in previous
models, mortality was based on data published from ter-
tiary care sources with substantial selection bias.* In this
context, the old models may have overestimated liver
related mortality and underestimated cardiovascular

National Association for Study of the Liver. Published by Elsevier B.V. All rights reserved.
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mortality among NASH. These are very important differ-
ences which will need acknowledgement to help target in-
terventions to provide the most benefit.

Despite these strengths, our study has certain limita-
tions. First, we did not have population-based data on
the annual incidence rate of NASH, so it was calculated
by maintaining a current trend in NASH prevalence. As
such, we suggest that further prospective longitudinal
research is required to estimate the current and predicted
rise in incidence of NASH more accurately. Second,
although we used a nationally representative population-
based database (NHANES III) to obtain mortality data
for NASH population, the data were collected between
1988 and 1994 when the prevalence of obesity, diabetes,
and metabolic abnormalities were most probably much
lower than today, which may have resulted in lower mortal-
ity for the current NASH population. Third, the inherent
assumption of “lack of memory” within a Markov transi-
tion state implies that the probability of moving from
one state to another is independent of the experiences of
previous cycles, which could change the model's outcomes.
To minimize the effects of this assumption, we changed
the TPs to account for the population aging as they moved
through the model. Fourth, although we inflated future
costs at a rate of 3% annually, we did not take into account
the potential for additional increase in the cost of health
care, and the future costs for each state of advanced liver
disease will be more expansive.

In conclusion, this study projects a significant in-
crease in the clinical and economic burden of NASH
in the United States. In fact, these increases are most
prominent in the younger population. As such, policy
makers must consider NAFLD as an urgent public
health issue, and prioritize interventions that can
help reverse the current trajectory of this liver disease.
There should also be a comprehensive program to in-
crease awareness of this disease, and the need to use
easy-to-use diagnostic tools to identify those most at
risk for adverse outcomes. These patients should be
the targeted for close clinical monitoring and therapeu-
tic interventions as they develop.
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