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Graphical abstract

Assessing cost-effectiveness of 2 surveillance strategies based on HCC risk stratification

Patients with non-viral or HCV cured/HBV controlled cirrhosis

Annual HCC risk estimate using
simple bio-clinical scoring system

Anticipated proportion: 35%

Detection of BCLC 0 HCC

Cost per patient

Anticipated proportion: 65%

Surveillance according to guidelines
(US/6 months)

Reinforced surveillance
(US and MRI/6 months)

ICER = €15,447/life year gained

<3%

14%

100,739 €

63%

106,873 €
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Markov model and
cost-effectiveness analysis

Baseline 3% annual incidence

Highlights Lay summary

� HCC risk stratification in patients with cirrhosis

aims at improving performance of cancer
surveillance.

� Using a simple scoring system, one-third of pa-
tients with cirrhosis with an annual HCC risk >3%
can be easily identified.

� Semi-annual surveillance using MRI in this popu-
lation could enable the cost-effective detection of
5x more BCLC 0 HCCs.
https://doi.org/10.1016/j.jhepr.2021.100390
The early identification of hepatocellular carcinoma in
patients with cirrhosis is important to improve patient
outcomes. Magnetic resonance imaging could increase
early tumour detection but is more expensive and less
accessible than ultrasound (the standard modality for
surveillance). Herein, using a simple score, we iden-
tified a subgroup of patients with cirrhosis (account-
ing for >one-third), who were at increased risk of
hepatocellular carcinoma and for whom the increased
expense of magnetic resonance imaging would be
justified by the potential improvement in outcomes.
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Background & Aims: Reinforced hepatocellular carcinoma (HCC) surveillance using magnetic resonance imaging (MRI) could
increase early tumour detection but faces cost-effectiveness issues. In this study, we aimed to evaluate the cost-effectiveness
of MRI for the detection of very early HCC (Barcelona Clinic Liver Cancer [BCLC] 0) in patients with an annual HCC risk >3%.
Methods: French patients with compensated cirrhosis included in 4 multicentre prospective cohorts were considered. A
scoring systemwas constructed to identify patients with an annual risk >3%. Using a Markov model, the economic evaluation
estimated the costs and life years (LYs) gained with MRI vs. ultrasound (US) monitoring over a 20-year period. The incre-
mental cost-effectiveness ratio (ICER) was calculated by dividing the incremental costs by the incremental LYs.
Results: Among 2,513 patients with non-viral causes of cirrhosis (n = 840) and/or cured HCV (n = 1,489)/controlled HBV
infection (n = 184), 206 cases of HCC were detected after a 37-month follow-up. When applied to training (n = 1,658) and
validation (n = 855) sets, the construction of a scoring system identified 33.4% and 37.5% of patients with an annual HCC risk
>3% (3-year C-Indexes 75 and 76, respectively). In patients with a 3% annual risk, the incremental LY gained with MRI was 0.4
for an additional cost of V6,134, resulting in an ICER of V15,447 per LY. Compared to US monitoring, MRI detected 5x more
BCLC 0 HCC. The deterministic sensitivity analysis confirmed the impact of HCC incidence. At a willingness to pay of V50,000/
LY, MRI screening had a 100% probability of being cost-effective.
Conclusions: In the era of HCV eradication/HBV control, patients with annual HCC risk >3% represent one-third of French
patients with cirrhosis. MRI is cost-effective in this population and could favour early HCC detection.
Lay summary: The early identification of hepatocellular carcinoma in patients with cirrhosis is important to improve patient
outcomes. Magnetic resonance imaging could increase early tumour detection but is more expensive and less accessible than
ultrasound (the standard modality for surveillance). Herein, using a simple score, we identified a subgroup of patients with
cirrhosis (accounting for >one-third), who were at increased risk of hepatocellular carcinoma and for whom the increased
expense of magnetic resonance imaging would be justified by the potential improvement in outcomes.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction
Monitoring for hepatocellular carcinoma (HCC) in patients with
cirrhosis based on bi-annual ultrasound (US) examinations1 aims
Keywords: cirrhosis; MRI; surveillance; liver cancer risk; cost-effectiveness.
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to detect liver tumours at the earliest stage possible. This sur-
veillance has been suggested to be cost-effective2 and is associ-
ated with increased survival.3 However, a substantial number of
patients included in surveillance programmes are diagnosed
with advanced HCC,4 particularly because of the poor sensitivity
of US (usually less than 30%) in detecting HCC at a very early
stage (smaller than 2 cm).5 Conversely, it has been shown that
more sophisticated techniques, such as magnetic resonance im-
aging (MRI), can markedly improve the detection of very early-
stage HCC6; when performed as routine surveillance in patients
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with cirrhosis, MRI can achieve a detection sensitivity rate of
84.8% for very early-stage HCC compared with 27.3% for US. In
this setting, intensification of screening programmes could
overcome the pitfalls related to the poor sensitivity of US in
patients with cirrhosis. However, implementing surveillance
programmes using MRI may only be cost-effective in certain
subsets of patients with cirrhosis because of their particularly
high annual HCC incidence.2 A recent Asian report suggested that
using MRI for HCC surveillance was cost-effective in HBV-
infected patients with an annual incidence of liver cancer
above 3%.7 Nevertheless, the results of this study may not be
adapted to European populations in which most patients have
non-viral causes of liver disease or have been largely exposed to
antiviral therapy.

The main driver of the cost-effectiveness ratio is indeed the
incidence of HCC in the population considered for screening
since it determines the total amount expended on MRI, the
receipt of curative treatment, and the overall survival in at-risk
patients. Although heterogeneous at the individual level, the
changing epidemiology of chronic liver diseases has recently
reshaped HCC risk prediction.8 This is notably the case in HCV- or
HBV-infected patients with cirrhosis, in whom the incidence of
HCC has dramatically decreased following the widespread
implementation of antiviral agents.9,10 Large prospective cohorts
of patients with cirrhosis from Europe and the US have reported
global annual HCC incidences ranging from 1.5% to 2.5%
following HCV eradication11 or HBV control,9 which are similar to
those observed in patients with non-viral causes of cirrhosis,
whether alcohol- or non-alcoholic fatty liver disease (NAFLD)-
related.12 However, in the era of widespread use of antivirals, the
proportion of European patients with a yearly HCC incidence
above 3% is currently unknown.

Refining costly HCC screening programmes as a function of
HCC incidence is a timely challenge to fairly allocate limited
medical resources.13 This strategy must however rely on robust
data obtained by randomized control trials testing the adjunc-
tion of liver MRI for the detection of early-stage HCC. The
feasibility of such trials depends on i) the expected proportion of
patients with a high HCC incidence in the era of widespread use
of antivirals and ii) the cost-effectiveness evaluation of this
strategy. Based on data obtained from 4 prospective cohorts of
French patients with cirrhosis of various aetiologies included in
HCC surveillance programmes,4,14-16 we first estimated the
anticipated proportion of patients with a predictable annual liver
cancer risk above 3% and then performed an economic evalua-
tion of MRI implementation for early HCC <2 cm detection in this
population (i.e. Barcelona Clinic Liver Cancer [BCLC] 0 stage)
using a previously developed Markov model.2
Patients and methods
Patients
The present work used data from 1 randomized clinical trial
(RCT) dedicated to HCC surveillance and 3 French prospective
cohorts of adults with biopsy-proven compensated cirrhosis
without detectable suspected focal liver lesions: the CHC2000
trial,4 the ANRS CO12 CirVir cohort,14 the CIRRAL cohort,16 and
the ANRS CO22 Hepather cohort.15 Each study was conducted in
accordance with the ethical guidelines of the 1975 Declaration of
Helsinki and French laws for biomedical research and was
approved by Ethics Committees. All patients gave written
informed consent to participate.
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All patients enrolled in these cohorts had periodic liver US
surveillance according to international and French guidelines,
with or without measurement of alpha-fetoprotein (AFP) serum
levels. In the case of detected focal liver lesions, a recalled
diagnostic procedure using contrast-enhanced imaging
(computed tomography scan or MRI) and/or guided biopsy was
performed according to the 2005 AASLD guidelines updated in
2011.17,18 A diagnosis of HCC was thus established by either his-
tological examination or based on probabilistic non-invasive
criteria (mainly dynamic imaging revealing early arterial hyper-
enhancement and washout on portal venous or delayed phases)
according to the different time periods (before and after 2011).
When HCC diagnosis was established, treatment was determined
using a multidisciplinary approach according to AASLD17,18 and
the EASL–EORTC1 guidelines.

In addition to HCC occurrence, which was the primary
endpoint for all 4 cohorts, all events that occurred during follow-
up (i.e., death, liver decompensation,19 bacterial infection,20

extrahepatic malignancies21 and cardiovascular diseases22)
were recorded using information obtained from the medical
records of patients held by each centre. Moreover, likely cause(s)
of death were established. Patients who underwent liver trans-
plantation were censored for analysis at the date of trans-
plantation. All treatments, including antiviral therapies, were
recorded at inclusion, and patients were notified of any modifi-
cations during follow-up. A single database encompassing clin-
ical data from the 4 cohorts was built on November 18, 2019.23

Among all included patients, only those with non-viral causes
of cirrhosis (alcohol-related and/or NAFLD-related) or who ach-
ieved HBV control/HCV eradication during follow-up were
considered for the present analyses.

CHC 2000 trial
The CHC 2000 multicentre randomized study was conducted in
43 tertiary liver centres in France and Belgium to compare 2 US
periodicities of surveillance for the detection of small HCC <−30
mm.4 The trial, whose promoter was the Assistance Publique-
Hôpitaux de Paris (APHP), was funded by the French Ministry of
Health (PHRC 1998 and 2003) and the French Ligue de
Recherche contre le Cancer (ClinicalTrials.gov, NCT00190385).
Specific additional inclusion criteria were i) cause of cirrhosis
related to either excessive alcohol consumption (80 g per day in
males and 60 g per day in females for at least 10 years), chronic
infection with HCV (serum anti-HCV antibody-positive), HBV
(serum hepatitis B surface antigen-positive), and/or hereditary
HFE1 haemochromatosis (C282Y homozygosity) and ii) absence
of previous hepatic complications. From June 2000 to March
2006, among the 1,278 randomized and analysed patients, at
least 1 focal lesion was detected in 358 patients (28%), but HCC
was confirmed in only 123 (9.6%). US surveillance performed
every 3 months detected more small focal lesions <−10 mm than
US every 6 months (41% vs. 28%, p = 0.002) but did not improve
the detection of small HCC (p = 0.13 between the randomized
groups).

ANRS CO12 CirVir cohort
The ANRS CO12 CirVir cohort, sponsored and funded by the
ANRS (France REcherche Nord & Sud Sida-HIV Hépatites), is a
multicentre observational cohort that aims to characterize the
incidence of complications occurring in biopsy-proven
compensated cirrhosis and to identify the associated risk fac-
tors using competing risks analysis.14 The full CirVir protocol is
2vol. 4 j 100390
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Fig. 1. Simplified Markov model. The “posttreatment” states are not represented but are implied in the treatment states for easier graphical representation. LT,
liver transplantation; LR, liver resection; RFA, radiofrequency ablation; RFA-1, 1st line RFA; RFA-2, 2nd line RFA; TACE, transarterial chemoembolization. Death can
occur in any health state.
available via the ANRS Web site (http://anrs.fr). Specific addi-
tional inclusion criteria were i) cause of cirrhosis related to either
chronic infection with HCV and/or HBV regardless of the levels of
replication and alcohol consumption, ii) patients belonging to
Child-Pugh A at enrolment, iii) absence of previous hepatic
complications (particularly ascites, gastrointestinal haemor-
rhage, or HCC), and iv) absence of severe uncontrolled extrahe-
patic disease resulting in an estimated life expectancy of less
than 1 year.

Among 1,822 patients recruited in 35 French clinical centres
between March 2006 and July 2012, 151 were subsequently
excluded from analysis after reviewing individual data due to
either non-compliance with inclusion criteria (n = 142) or con-
sent withdrawal (n = 9), leading to a total of 1,671 patients
selected for further analysis.

CIRRAL cohort
CIRRAL is a multicentre cohort study implemented in 22 French
and 2 Belgian tertiary liver centres to capture the whole spec-
trum of complications occurring in compensated alcohol-related
cirrhosis using competing risk analyses.16 The promoter was the
APHP. The cohort was funded by the French National Institute
of Cancer (INCa), the French Association for Research in Cancer
and the ANRS (PAIR CHC 2009) and was registered on
JHEP Reports 2022
ClinicalTrials.gov (NCT00190385). Specific additional inclusion
criteria were i) cause of cirrhosis related to chronic alcohol abuse
according to the World Health Organization criteria (more than
21 glasses per week for females and more than 28 glasses per
week for males) for at least 10 years, ii) absence of chronic
infection with HCV or HBV, and iii) patients belonging to Child-
Pugh A at enrolment. The follow-up of patients was strictly su-
perposed to the ANRSCO12Cirvir cohort design.

Among 706 patients included between October 2010 and
April 2016, 54 were subsequently excluded after reviewing in-
dividual data because of violations of the inclusion criteria (n =
48) or consent withdrawal (n = 6); ultimately, a total of 652
patients were selected for further analysis.

ANRS CO22 Hepather cohort
The ANRS CO22 Hepather cohort is a French national, multi-
centre, prospective, observational cohort study of patients with
HBV or HCV infection that started in August 2012, among whom
3,045 had active HCV-related cirrhosis at inclusion.15 Among the
latter, a subset of 1,374 patients consecutively enrolled between
08/2012 and 01/2014 who responded to similar inclusion criteria
as those included in the CirVir and CIRRAL cohorts were selected.
Follow-up, antiviral treatments, and the definition of the
endpoint were identical to those in the CirVir cohort.
3vol. 4 j 100390
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Economic evaluation
We used a previously published Markov model developed to
predict the survival of a cohort of 10,000 patients aged 50 years,
65% male, with compensated cirrhosis.2 The economic evaluation
estimated costs and life years gained with MRI vs. US monitoring
over a 20-year period and used a 2.5% discount rate for both costs
and life years as recommended by the French national health
authority (https://www.hassante.fr/upload/docs/application/
pdf/202011/methodological_guidance_2020choices_in_methods_
for_economic_evaluation.pdf.) The simplified state transition
model is presented in Fig. 1 (full model available in Fig. S1) and
consists of 14 states: cirrhosis, hepatectomy (tunnel), radio-
frequency ablation (RFA, tunnel), RFA for very early stage (tunnel
with a count), stable post-RFA, radiofrequency ablation 2 (RFA2)
(tunnel), stable post-RFA2, transplantation (tunnel), stable post-
transplantation, transarterial chemoembolization (TACE, tunnel),
stable post-TACE, sorafenib, and deceased. HCC was not consid-
ered a state but as a transition to a treatment depending on dis-
ease stage and current practice.

Patients entered the model in the ‘cirrhosis’ state; the yearly
incidence ofHCCwas set at 3%. Uponbeingdiagnosedwithnodules
or with liver cancer with either US first followed by MRI or direct
MRI, they transitioned to first-line curative-intent treatment for
patients in very early and early BLCC stages at diagnosis, using the
distribution of treatment presented in Table S1.

Patients who were ineligible for curative-intent first-line
treatment received TACE, systemic therapy (sorafenib) or other
palliative care. Death was an absorbing state combining disease-
specific mortality with age- and sex-specific mortality. The cycle
duration was 3 months. Transition probabilities were derived
from cumulative probabilities using the declining exponential
approximation of life expectancy (DEALE) method. All transition
probabilities are presented in Table S2. The sensitivity of US for
early HCC detection was established from the ANRS CO12 CirVir
cohort. The sensitivity of MRI was drawn from the PRIUS study
and was estimated to be 85.7%.7

We estimated costs from the viewpoint of the health care
system. The cost of managing cirrhosis with <20 mm nodules
was estimated on the basis of the annual cost of cirrhosis in the
long-term illness scheme of the French Social Health Insurance.
In the MRI group, we added the costs of two additional MRIs and
specialist consultations each year. The costs of curative HCC
treatments were estimated from the French national hospital
claims database by extracting admissions corresponding to liver
resection, RFA or liver transplantation for which HCC was coded
as the primary or secondary diagnosis along with all related
readmissions within 3 months of the initial hospitalization. For
patients in the stable posttransplant state, the costs of the
follow-up were obtained by extracting all hospital stays corre-
sponding to either transplant monitoring or transplant failure 3
months post-transplantation. Other post-transplantation treat-
ments were added.

Palliative treatment combined hospitalization for TACE, sys-
temic therapy (sorafenib) and other palliative care. We identified
all hospital stays corresponding to TACE or palliative care for
which HCC was coded as the primary or secondary diagnosis as
well as readmissions within the next 3 months. As sorafenib is
taken at home, we added a specialist consultation to the cost of
the drug.

Resource utilization was estimated for each health state and
accrued over the 10-year period of the model. Out-of-hospital
resources were valued from the SHI tariffs, and hospital stays
JHEP Reports 2022
were the DRG tariff to which daily supplements were added for
intensive care. Costs were updated to 2020 values. We calcu-
lated the total life years (LYs) accrued by patients and identified
the contribution of each strategy to the detection of HCC at
very early and early stages. Costs and LYs were discounted at
2.5% yearly. All input values and costs are presented in
Tables S2 and S3.

We calculated the incremental cost-effectiveness ratio (ICER)
of the MRI surveillance method compared to US. The ICER was
calculated by dividing the incremental costs (i.e., difference in
costs between two treatment options) by incremental LY and
explored the uncertainty of the results with deterministic and
probabilistic sensitivity analyses. Deterministic analyses were
performed on the range of each model parameter; the top 10
most impactful parameters were used to build a tornado dia-
gram. The probabilistic sensitivity analysis was run on all input
parameters each using the distribution reported in Table S2.

Statistical analyses
The baseline was defined as the date of inclusion in the corre-
sponding cohort for patients with non-viral causes of cirrhosis
and the date of sustained virological response achievement/viral
control for patients with HCV/HBV-related cirrhosis.

Descriptive results are presented as medians (IQR) for
continuous variables and as numbers (percentages) for categor-
ical data. The characteristics of patients at the baseline date were
compared between the 2 subsets of the cohort using the Stu-
dent’s t test or the Mann-Whitney rank-sum test for continuous
variables and the chi-squared test or Fisher’s exact test for cat-
egorical variables.

To estimate the proportion of patients with a high risk of HCC
set as the first objective of this analysis, a scoring system was
developed and validated using the 4 aforementioned cohorts. To
this aim, the combined population of the 4 cohorts was
randomly divided into a training set (two thirds) and a validation
set (one third), using a random sampling with stratification on
the initial cohort. The cumulative incidence of HCC was esti-
mated in the training and validation cohorts in a competing risk
framework, with death as a competing event.

The multivariate Fine-Gray regression method was used in
the training cohort to determine baseline features associated
with HCC occurrence, with death as a competing event. Univar-
iate analysis of the influence of features on HCC was performed
by computing unadjusted subdistribution hazard ratios (SHRs)
along with their 95% CIs using Fine-Gray regression models. The
final model was determined in a multivariate analysis by
entering all variables associated with HCC risk at the p <0.20
level in univariate analysis and then applying a backward step-
wise approach to retain significant factors at the p <0.05 level.
For each variable of this final model, a score was assessed by a
linear transformation of the estimated coefficient, after scaling
(multiplying) and rounding the coefficients to provide simplified
and more useable weights for scoring.

The discrimination performance of the multivariate model
was assessed after validation in the validation cohort by
computing Wolber’s concordance index (C-index), which mea-
sures the probability of concordance between predicted and
observed survival. Calibration plots were generated to assess the
agreement between the observed outcome and the predicted
survival probabilities.

Statistical analyses were performed using Stata 16.0 (Stata-
Corp, College Station, TX) and R v4.0.2 (R Foundation for
4vol. 4 j 100390
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Table 1. Baseline characteristics of patients.

Training cohort
n = 1,658

Validation cohort
n = 855

Standardized difference p value

Age (years) 58.5 ± 10.7
58 [51-65.7]

58.7 ± 10.3
58 [52-66]

0.022 0.461

Male sex (n, %) 1,103 (66.5) 587 (68.7) -0.045 0.281
Platelet count (103/mm3) 154.5 [112–202] 150 [109–201] 0.038 0.269
AST (IU) 30 [24-42] 31 [23–43] -0.021 0.914
AST x N (n = 40) 0.75 [0.60–1.05] 0.78 [0.58–1.08] -0.021 0.914
ALT (IU) 27 [20-39] 27 [20-40] -0.002 0.771
ALT x N (n = 40) 0.68 [0.50–0.98] 0.68 [0.50–1.00] -0.002 0.771
GGT (IU) 54 [30-118] 58 [31-123] -0.054 0.246
GGT x N (n = 45) 1.20 [0.67–2.62] 1.29 [0.69–2.73] -0.054 0.246
Prothrombin time (%) 85 [74-95] 84 [74-95] -0.020 0.936
Albuminemia (g/L) 42 [38.2-45] 42 [39-45] 0.025 0.957
Total bilirubin (lmol/L) 11 [8-17] 11.9 [8-18] -0.012 0.217
AFP (ng/ml) 5 [3-10.3] 5.1 [3-9.5] 0.037 0.728
Cirrhosis aetiology 0.819

Cured HCV 988 (59.6) 501 (58.6) 0.020
Controlled HBV 118 (7.1) 66 (7.7) -0.023
Alcohol and/or metabolic 552 (33.3) 288 (33.7) -0.008

Follow-up (months) 37.0 [IQR: 23.9–58.3] 37.2 [IQR: 23.3–55.6] 0.058 0.488

AFP, alpha-fetoprotein; ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma glutamyltransferase.
Statistical Computing, Vienna, Austria). p values <0.05 were
considered statistically significant.
Results
Selection and baseline characteristics of patients
A total of 4,973 patients with compensated cirrhosis undergoing
HCC surveillance and included in the 4 cohorts were considered
(see flow chart, Fig. S2). Among them, 1,302 were excluded,
mostly because of persistent HCV/HBV viral infection (n = 1,103)
during follow-up. The remaining 3,671 patients had either non-
viral causes of cirrhosis and/or cured HCV/controlled HBV in-
fections. Of the latter, 1,158 additional patients were excluded
due to missing information in important biological parameters at
baseline. Ultimately, 2,513 patients were included in all subse-
quent analyses (Table 1). The characteristics of the 1,158
excluded patients are displayed in Table S4. The outcomes of the
excluded and analysed populations were similar (Fig. S3). The
baseline characteristics of the patients are displayed in Table 1 as
a function of their inclusion in the training (n = 1,658) or vali-
dation (n = 855) set.

HCC incidence and risk factors
After a median follow-up of 37.0 (IQR 23.9–58.3] months in the
training set, 131 (7.9%) patients developed HCC (BCLC 0 = 15.9%),
with a corresponding yearly incidence of 2.3% (95% CI 1.9–2.7).
Table 2. HCC risk factors according to multivariate analyses using a Fine-Gray
cohort, n = 1,658).

Variables aSHR [95% CI]

Age (years)
<−60 Ref.
61–65 1.92 [1.21–3.06]
>65 2.96 [2.02–4.32]

Male sex 1.86 [1.23–2.79]
Platelet count <−120 103/mm3 1.81 [1.25–2.62]
GGT>1.5 ULN 2.16 [1.46–3.20]
Bilirubin >12 lmol/L 1.63 [1.13–2.36]
AFP> 5 ng/ml 2.53 [1.75–3.65]

AFP, alpha-fetoprotein; GGT, gamma glutamyltransferase; HCC, hepatocellular carcinom
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Similarly, 75 (8.8%, BCLC 0 = 18.2%) HCC cases occurred after 37.2
(IQR 23.3–55.6] months in the validation set (annual incidence =
2.6%; 95% CI 2.1–3.3). The HCC incidence was similar in both sets
(SHR = 1.15; 95% CI 0.86–1.52; p = 0.347, Fig. S4A). During the same
timeframe, 162 (9.8%) patients died in the training set (causes of
death: HCC-related 13 [9.4%], liver-related 50 [36.2%], extrahepatic
cause 75 [54.3%]; missing data = 24). In the validation set, 83
(9.7%) patients died (causes of death: HCC-related 10 [13.7%],
liver-related 26 [35.6%], extrahepatic cause 37 [50.7%]; missing
data = 10). Overall survival was also similar in both populations
(HR = 1.04; 95% CI 0.80–1.36; p = 0.756, Fig. S4B).

Table S5 displays the baseline characteristics of patients as a
function of subsequent HCC development and the results from
univariate analyses using Fine-Gray regression models. The
model selected male sex, older age, lower platelet count, lower
prothrombin time, higher bilirubin level, lower albuminemia,
and higher aspartate aminotransferase/alanine aminotrans-
ferase/gamma glutamyltransferase/AFP levels as HCC risk factors,
taking into account competing risks of death. Table S6 shows the
thresholds for continuous variables with the highest value of
SHR. Table 2 shows the results of multivariate analyses and
corresponding SHRs for each variable using Fine-Gray regression
models. Male sex, older age, lower platelet count, higher bili-
rubin level, and higher gamma glutamyltransferase/AFP levels
were the final independent HCC predictors selected by the
model.
regression model and construction of an HCC risk scoring system (training

p value Coefficient (ln(SHR)) Score (x3.5)

<0.001
0

0.006 0.6548859 2
<0.001 1.084074 4
0.003 0.6180754 2
0.002 0.5935341 2

<0.001 0.7692455 3
0.010 0.4897013 2

<0.001 0.9268662 3

a; (a)SHR, (adjusted) subdistribution hazard ratio.
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Estimate of the proportion of high-risk patients with an
annual HCC incidence>3%
According to thresholds and SHRs, a corresponding score was
applied to each covariate selected by the multivariate model,
leading to the calculation of a 16-point scoring system. Table 2
shows the corresponding scoring for each variable. When
applied to the training set, the C-indexes for HCC predictionwere
79.1 at 1 year, 76.3 at 2 years, 75.0 at 3 years, 75.5 at 4 years, and
73.7 at 5 years. In the validation set, the C-indexes for HCC
prediction were 83.1 at 1 year, 74.7 at 2 years, 76.0 at 3 years,
73.8 at 4 years, and 72.3 at 5 years. Fig. S5 shows calibration in
both the training and validation sets. The time-dependent
sensitivity and specificity of HCC scores in both sets are re-
ported in Tables S7 and S8.

The scores were applied in the training and validation cohorts
to identify patients with an annual HCC risk above 3% (Table 3).
When applied to the training cohort, patients with a risk score >−9
had a 5.50% (95% CI 4.45–6.78) annual HCC risk. Below this
threshold, the annual HCC incidence was 1.06% (95% CI 0.79–
1.42). The number of patients with a risk score >−9 was 554, which
corresponded to a proportion of patients with an annual HCC
incidence above 3% of 33.4% in the training set. Fig. 2A shows the
stratification of HCC risk in the development set as a function of
the scoring system. In the validation set, application of the same
scoring system allowed us to identify 37.5% of patients with a
score >−9 and an annual HCC incidence of 5.36% (95% CI 4.04–7.11)
(Table 3). Fig. 2B shows the stratification of HCC risk in the
validation set as a function of the scoring system.

Cost-effectiveness analyses
For the baseline incidence of 3% per year, 14% of all cancers
detected by US were at a very early stage, vs. 63% in the MRI
surveillance group (Table 4). For an annual HCC incidence of 3%,
patients in the MRI surveillance group gained 13.8 discounted
LYs, while those in the US surveillance group gained 13.4 dis-
counted LYs, yielding a difference of 0.4 discounted LYs over the
20-year projection. The total discounted costs per patient were
V106,873 and V100,739 for the MRI and US surveillance groups,
respectively. The V6,134 difference resulted in an ICER of
V15,447/LY.

In the deterministic sensitivity analysis (Table S9), the most
influential parameters on the cost-effectiveness of MRI surveil-
lance were the discount rate and the incidence of HCC. For inci-
dence rates of 2% and 1%, the corresponding cost-effectiveness
ratios were V23,338/LYG and V47,194/LYG, respectively. The
deterministic sensitivity analysis (Fig. 3 and Fig. S6) confirmed the
impacts of the annual incidence of HCC and of the unit cost of
MRI. Shifting to less expensive technology would further reduce
the ICER. The probabilistic sensitivity analysis used 1,000 Monte
Carlo simulations. At a willingness to pay of V50,000/LY, MRI
screening had a 100% probability of being cost-effective (Fig. 4).
Discussion
Our prospective cohort- and model-based evaluation of very
early HCC detection found that MRI monitoring was cost-
effective for a baseline yearly incidence of 3% and over a range
of assumptions on incidence, costs and treatment choice. The
robustness of the present analyses relies on the study popula-
tion, which encompassed the following strengths: i) the aggre-
gation of large multicentre cohorts including patients with
cirrhosis unambiguously diagnosed using liver biopsy; ii) a
6vol. 4 j 100390



Table 4. Detection performance of MRI vs. US for incidence rates of 3% (baseline), 2% and 1%. Calculations are based on the Markov simulation over a
lifetime horizon for a cohort of 1,000 patients.

Annual incidence
of HCC

Strategy Number of patients
diagnosed at BCLC 0 stage

Number of patients
diagnosed at BCLC A stage

Number of patients diagnosed
at BCLC B, C or D stage

Total HCC

3% US 59.7 139.8 224.9 424.4
MRI 268.4 95.3 60.7 424.4

2% US 43.4 101.5 163.3 308.2
MRI 194.9 69.2 44.1 308.2

1% US 23.7 55.4 89.2 168.3
MRI 106.4 37.8 24.1 168.3

BCLC, Barcelona Clinic Liver Cancer; HCC, hepatocellular carcinoma; MRI, magnetic resonance imaging; US, ultrasound.
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Fig. 2. Stratification of HCC risk as a function of the scoring system. (A) In the derivation cohort; (B) In the validation cohort. HCC, hepatocellular carcinoma.
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prospective design dedicated to HCC surveillance comprising a
long follow-up; and iii) the consideration of several therapeutic
eras, taking into account the evolution of chronic liver disease
management, in particular the widespread use of antiviral ther-
apies. Based on such rigorous aspects, these data enable us to
conclude that more than one-third of virus-free patients with
cirrhosis are at high risk of HCC development above 3% each year
and that early HCC detection using MRI in this subpopulation
would be cost-effective. These findings are pivotal for the feasi-
bility of randomized control trials aimed at confirming a po-
tential survival benefit of reinforced surveillance programmes in
these patients.

Over the past decades, numerous HCC risk scoring systems
aimed at stratifying HBV- or HCV-infected patients into various
HCC risk classes have been proposed and validated.24 However,
most of these risk scores were designed prior to the widespread
use of antiviral therapies and are now outdated since they
assigned heavy weighting to virological parameters. More
recently, new stratification models have been developed in the
current era of HCV eradication or HBV control and include
routine parameters estimating coexisting comorbidities, persis-
tent liver inflammation or functional impairment.8 As described
above, the global annual HCC incidence in patients with
controlled HBV infection or cured HCV in the case of advanced
JHEP Reports 2022
chronic liver disease is similar to those observed in patients with
cirrhosis due to non-viral causes, whether alcohol- or NASH-
related.12,25 For instance, using the US Veterans Affairs data-
base,12 the annual HCC incidence rates were 1.56% for NAFLD
cirrhosis (n = 7,068) and 1.44% for ALD cirrhosis (n = 16,175).
Among both cohorts, the HCC risk prediction models incorpo-
rated age, sex, diabetes, body mass index, platelet count, serum
albumin and transaminases as cancer predictors. These algo-
rithms enabled the stratification of these patients into low (<1%),
intermediate (<1%-3%) or high HCC (>3%) yearly risk. Neverthe-
less, the proportion of patients allocated to each class was not
precise. Furthermore, these data were obtained from a registry in
which the lack of cirrhosis diagnosis may have introduced se-
lection biases, and details regarding HCC surveillance pro-
grammes were not provided.

It is nevertheless tempting to develop universal scoring sys-
tems that could be applied regardless of the cause of the un-
derlying liver disease. More recently, an international effort
developed a universal HCC risk scoring system using data from
17,374 patients regardless of the cause of the underlying liver
disease; the population encompassed HBV- (75%) or HCV-
infected patients without viral replication as well as patients
with non-viral causes of liver disease who were recruited among
11 international prospective observational cohorts and ran-
domized controlled trials.26 The definite algorithm, called the
aMAP score, selected older age, male sex, albumin–bilirubin and
low platelet count as cancer predictors and was able to identify a
high-risk group that accounted for �18% of the overall popula-
tion with an HCC incidence of 19.9% at 5 years. However, this
scoring system was not developed in a selected population with
cirrhosis. Our analyses conducted in a population of patients
with a definite biopsy-proven diagnosis of cirrhosis allowed us to
refine this estimate. In addition, the long follow-up and most of
the exhaustive records of events (including competing risks of
death) in 4 studies dedicated to HCC surveillance strengthen the
confidence in the conclusions that were drawn. Finally, the large
sample size allowed validation and calibration of the developed
models. Overall, our stratification approach reveals that more
than one-third of French patients with cirrhosis included in HCC
surveillance programmes can be easily identified regardless of
the cause of the underlying disease and could be targeted for
reinforced screening strategies. Among them, the implementa-
tion of MRI as an early detection tool is probably one of the most
promising personalized approaches.

MRI is currently only recommended for the characterization
of hepatic focal lesions owing to long acquisition times, limited
availability and costs. Indeed, although MRI has high sensitivity
and specificity for HCC diagnosis, its routine use for surveillance
of the cirrhotic population is impaired by health economics is-
sues.27 One of the solutions to overcome this pitfall would be to
restrict its use to semi-annual surveillance in patients with the
highest probability of developing HCC, such as the subpopulation
of patients with an HCC yearly incidence above 3%, which is
estimated to be one-third of patients with cirrhosis in France. We
used a unit cost of 400V for MRI in the baseline analysis, and the
strategy remained cost-effective (below 30,000/LYG) for costs up
to V500. Our economic evaluation for French patients confirms
the results published by Kim et al.7 in Asia: MRI allows the
detection of HCC at a very early stage and a greater use of
treatments with curative-intent. The proportion of curative
treatments provided for patients with US detection was higher in
our cohort (49% vs. 32%) than in Kim et al.’s cohort due to our
8vol. 4 j 100390



extended use of radiofrequency ablation, which also explains the
good ICER, as RFA is the least expensive curative option. This also
explains that the difference between US and MRI detection was
less favourable in French patients than in Korean patients, with a
higher life expectancy for French patients in the US group (13.4
vs. 10.7 discounted years). Our sensitivity analyses also indicated
that HCC detection with MRI might even be cost-effective in HCC
risk below 3%, as suggested by the sensitivity analyses with in-
cidences of 2% and 1% showing values below the accepted
threshold of V50,000/LYG. Cost-effectiveness could even be
reinforced by the use of abbreviated MRI (AMRI) protocols.
Indeed, acquisition of a limited number of sequences for HCC
detection with or without contrast-enhanced phases has been
shown to be as performant as complete MRI protocols for the
early detection of liver cancer.28 The anticipated advantages of
AMRI include reduced acquisition and interpretation times,
which may decrease costs, thus increasing cost-effectiveness if
applied for HCC surveillance in the future.

Several limitations must be acknowledged. First, we assumed
that patients were adequately monitored in both groups and that
the population at risk had full access to MRI. We also applied an
average value for sensitivity and did not consider the potential
variations in equipment and operator performance. In addition,
we assumed the performance of the scoring systems would allow
JHEP Reports 2022
identification of the population at risk and did not include false
positives or false negatives of the scoring in our calculations. We
did not calculate quality-adjusted life years (QALY) due to the lack
of quality-of-life data in the patient population (trial and cohorts).
When applying the QALY to life years ratio of the study by Kim
et al. to our ICER, the incremental cost utility ratio was V26,830
per QALY, close to their $25,202 /QALY for the baseline 3% inci-
dence rate.7 Finally, while the consistency with the previous study
conducted in Asia supports our findings for the French population,
the models rely on hypotheses that are better confirmed by pro-
spective trials and real-life evidence.

In the era of viral suppression or control, the long-term
follow-up of patients with cirrhosis included in surveillance
programmes has been able to highlight specific subgroups in
which HCC risk is sufficiently high to trigger personalized man-
agement. This population is estimated to be more than one-third
of patients who are usually followed up in tertiary centres and
can be easily identified using simple routine measurements,
irrespective of the cause of liver disease. MRI using French costs
has proven to be cost-effective in this subset of patients and
could favour early HCC detection as well as increased allocation
to curative procedures. This hypothesis must now be tested in
randomized controlled trials dedicated to patients with cirrhosis
who are at a high risk of HCC.
Abbreviations
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