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Abstract

To validate cancer screening programs, experts recommend estimating
effects on case fatality rates (CFRs) and cancer-specific mortality. This study
evaluates hepatocellular carcinoma (HCC) screening in patients with cirrhosis
for those outcomes using a modeling approach. We designed a Markov model
to assess 10-year HCC-CFR, HCC-related, and overall mortality per 100,000
screened patients with compensated cirrhosis. The model evaluates different
HCC surveillance intervals (none, annual [12 months], semiannual [6 months],
or quarterly [3 months]) and imaging modalities (ultrasound [US] or magnetic
resonance imaging [MRI]) in various annual incidences (0.2%, 0.4%, or
1.5%). Compared to no surveillance, 6-month US reduced the 10-year HCC-
CFR from 77% to 46%. With annual incidences of 0.2%, 0.4%, and 1.5%, the
model predicted 281, 565, and 2059 fewer HCC-related deaths, respectively,
and 187, 374, and 1356 fewer total deaths per 100,000 screened patients,
respectively. Combining alpha-fetoprotein screening to 6-month US led to 32,
63, and 230 fewer HCC-related deaths per 100,000 screened patients for
annual incidences of 0.2%, 0.4%, and 1.5%, respectively. Compared to 6-
month US, 3-month US reduced cancer-related mortality by 14%, predicting
61, 123, and 446 fewer HCC-related deaths per 100,000 screened patients
with annual incidences of 0.2%, 0.4%, and 1.5%, respectively. Compared to
6-month US, 6-month MRI (-17%) and 12-month MRI (-6%) reduced HCC-
related mortality. Compared to 6-month US, overall mortality reductions
ranged from —0.1% to —1.3% when using 3-month US or MRI. AUS surveillance
interval of 6 months improves HCC-related and overall mortality compared to
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no surveillance. A shorter US interval or using MRI could reduce HCC-CFR
and HCC-related mortality, with a modest effect on overall mortality.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the third leading
cause of cancer-related death worldwide, with a low
5-year survival rate of 5% to 10%, which is partly due
to delayed diagnoses.m Overall survival increases to
15%—-20% in countries with greater access to cura-
tive treatments as a result of increased HCC screen-
ing rates,? although the latter is only performed in
20%—-40% of eligible patients. Despite European
Association for the Study of the Liver and American
Association for the Study of Liver Diseases (AASLD)
guidelines recommending ultrasound (US) imaging at
baseline and every 6 months,4 some experts still
question the benefits of this protocol.®! Overall, the
quality/certainty of evidence to support HCC screen-
ing is still classified as low to moderate. However,
randomized controlled trials are difficult to perform
for ethical reasons as well as patient and physician
reluctance.l®’ Mathematical modeling is a valuable
alternative to obtain further insight into the value of
HCC screening.

Defining the optimal primary endpoint when evalu-
ating the benefit of screening in cancer is a complex
scientific issue.l”® Certain groups support the use of
improvement in cancer-related outcomes as an end-
point, while others support improvement in all-cause
mortality. Breast and colorectal cancer screening pro-
grams are the most widely implemented surveillance
programs in solid tumors.°1% Although they do not re-
duce overall mortality, they are recommended based
on a clear reduction in case fatality and cancer-specific
mortality. Data on the impact of screening on the end-
points used for these surveillance programs are be-
coming an important issue in HCC.

The incidence of disease is a key factor when eval-
uating screening programs. The annual incidences
of breast and colorectal cancers in the screened
population aged 50-75years are 0.2%-0.4% and
0.15%—0.2%, respectively.'""? Surveillance for HCC
is recommended in populations with an annual inci-
dence >1.5% based on cost-effectiveness analysis."!
However, this cutoff is now a subject of debate because
HCC frequently develops in patients with non-cirrhotic
non-alcoholic steatohepatitis or hepatitis C virus-cured
patients with advanced fibrosis. To help experts up-
date the incidence thresholds and adapt them to this
new epidemiologic paradigm, the absolute reduction in
HCC-related deaths could be compared to those ob-
tained in other established screening programs.

The one-size-fits-all recommendation of semiannual
US surveillance is in contrast to the differences in the

incidence risk of HCC, tumor biology, and the effective-
ness of US, which depends on patients and tumor char-
acteristics. Japanese guidelines on HCC management
recommend tailoring the frequency of surveillance to
the incidence risk of HCC,"¥ similar to the shortened
screening period for breast or colorectal cancers in
germline carriers of the breast cancer type 1 (BRCAT1)
mutation or mismatch-repair deficiency.[15'16] Based on
the negative results of a randomized controlled trial,
Western guidelines do not recommend a shortened
3-month interval."”! In addition, the decreased effec-
tiveness of US in patients with obesity suggests that
magnetic resonance imaging (MRI) could be used in
these cases, although there is little evidence to support
this practice.

Using a step-by-step, rigorous, modeling approach,
we designed a model that updates HCC surveillance
outcomes in relation to case fatality rate (CFR) and
disease-specific and all-cause mortalities for different
disease incidences and screening modalities.

MATERIALS AND METHODS
Analytic overview

A monthly multistate Markov model simulated the oc-
currence, diagnosis, treatment, and follow-up of HCC
in 100,000 56-year-old patients (the median age at
diagnosis of cirrhosis in previous publications[18'19])
with compensated cirrhosis who complied to HCC sur-
veillance after an initial diagnostic imaging test that
excluded HCC. The model assessed the impact of
different HCC surveillance strategies on HCC-CFRs,
HCC-related deaths, and total deaths at 10years.
Because cancer-related and overall mortality depend
on the incidence of cancer, we evaluated the benefit
of surveillance according to hypothetical annual HCC
incidences: an incidence of 0.2%, which is similar to
breast and colorectal cancers; an incidence of 0.4%,
which corresponds to the incidence of HCC in patients
with cirrhosis who are at low risk?%; and an incidence
of 1.5%, the current recommended threshold for HCC
screening.m]

Model

The Markov model describes the pathway of patients
with compensated cirrhosis who undergo imaging sur-
veillance from the diagnosis of cirrhosis to death or
10-year follow-up (Figure S1). Patients are at risk of
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developing decompensated cirrhosis or HCC or to die
from non-liver-related causes at each monthly cycle of
the Markov model. Patients were classified as decom-
pensated in case of clinical events, such as ascites,
jaundice, and/or encephalopathy. Consequently, pa-
tients without clinical events remained candidates for
HCC surveillance in our model as they remain eligible
for all therapeutic options and HCC is the main driver
of therapeutic decision. In patients with clinical events,
the benefit of HCC surveillance was not evaluated be-
cause liver transplantation, the only remaining thera-
peutic option for HCC, is indicated primarily because of
liver decompensation in this setting.

Patients who develop HCC are diagnosed by either
surveillance imaging, depending on the effectiveness
of the screening method, or by symptoms. Patients
diagnosed with HCC are then treated and are sub-
sequently at risk of death from HCC, non-HCC liver-
related causes, or non-liver-related causes. Survival
from HCC depends on the tumor characteristics (tumor
size and number of nodules) and treatment options
at diagnosis. We applied a 3-month delay in initiating
treatment during which patients (both symptomatic and
asymptomatic) had no HCC-specific mortality’?? but
only mortality similar to that with compensated cirrho-
sis. Regardless of tumor characteristics, patients with
undiagnosed HCC (asymptomatic and unidentified by
imaging) are at risk of death from non-HCC liver-related
causes or non-liver-related causes.

Outcomes

We considered the following established outcomes
for cancer screening: CFR, defined as the number of
HCC-related deaths over the number of diagnosed
HCC (by surveillance or by symptoms); HCC-related
deaths, defined as death due to HCC among 100,000
patients with cirrhosis; and overall mortality as any
death that occurred among 100,000 patients with
cirrhosis.

To limit lead-time bias for cancer-specific out-
comes, the follow-up time was calculated from the
diagnosis of cirrhosis for all patients. To analyze
cancer-specific outcomes, we only considered pa-
tients who developed HCC within the first 5years.
Outcomes were analyzed 10years after the start of
the surveillance program, allowing at least 5years of
follow-up after HCC diagnosis, which was considered
to be sufficient to assess final HCC-related outcomes
(death or resolution).

The baseline scenario was the comparison between
semiannual US surveillance and no surveillance. We
then compared other HCC surveillance intervals (quar-
terly and annually) to semiannual intervals for US imag-
ing and then MRI.

Input data
Decompensation of cirrhosis and mortality

The annual risk of developing decompensated cirrhosis
was set at 2.3%,/2-% corresponding to a monthly risk
0f 0.19%. In the same cycle, individuals with decompen-
sated cirrhosis had a risk of death from liver disease of
39% in the first year (4.04% per month), then 11% per
year (0.97% per month),?®! and non-liver related deaths
were derived from French life tables.?"!

Tumor size

Tumor size varied over time on the basis of constant
exponential tumor growth, reflected in a fixed tumor
doubling time (TDT) as proposed by Schwartz?® as
follows:

-]
where D, is tumor size at time t, and D, equals the ini-
tial diameter of the tumor and was set at 1cm as the
minimum size of a tumor detectable by surveillance
that warrants further diagnosis, according to guide-
lines. The baseline scenario relied on a TDT of 90 days,

which was the median observed in the literature.?°-34

HCC diagnosis

The working hypothesis was that patients were 100%
compliant with HCC surveillance. Thus, HCC screening
only depended on the effectiveness of the screening
method (US or MRI). The effectiveness of screening
(performance in real-world conditions) is its capacity to
detect HCC in relation to the size of the main nodule.
The effectiveness of US and MRI for incremental tumor
sizes was extracted from the literature to derive a loga-
rithmic continuous model of imaging effectiveness ac-
cording to tumor size (Supporting Information).

To define the risk of having symptoms leading to
a cancer diagnosis in patients between two imaging
sessions (interval cancer), we calibrated data from
Cucchetti and colleagues[ss] to derive the cumula-
tive risk of symptoms according to tumor size (D)) as
0.021xexp(0.5636 x D,), setting 0.15% as the baseline
risk for a size of 1cm. The monthly incidence of symp-
toms was recalculated accordingly.

HCC treatment

First, we analyzed previous studies to derive the prob-
ability of HCC being uninodular, of having up to three
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nodules, or more than three nodules according to
tumor size (Supporting Information). We then applied
tumor stage-dependent treatment based on tumor
characteristics (the presence or absence of symptoms,
tumor size, and the number of nodules) 3months after
initial detection to account for the real-world waiting
time between the diagnosis and starting treatment!2-3°
(Supporting Information). Waiting time to liver trans-
plantation was set at 12months for eligible patients,
based on French data.*"!

HCC prognosis

Cancer-related and overall mortality from HCC after
treatment were defined according to published stud-
ies (Supporting Information). Death could be related
to HCC if it occurred within the first 5years after treat-
ment. HCC-related mortality depended on tumor stage,
type of treatment, and the presence of symptoms. After
an analysis of available studies, we made the conserv-
ative assumption that symptomatic HCCs were still eli-
gible for the same therapeutic options as asymptomatic
HCCs but with a 15% reduction in 5-year survival.

The posttreatment risks of non-HCC liver-related
death and non-liver-related death were the same for all
patients regardless of treatment (except patients that un-
derwent liver transplantation, which has specific risks)
and were ongoing until the end of the 10-year period.

Patients waiting for treatment or with undiagnosed
asymptomatic HCC were not expected to die from
HCC-related mortality!??! but only from other causes,
with a risk identical to that from compensated cirrhosis
(0.90% per year [0.08% per month]).

Model validation

Criteria to validate the model included the percentage
of patients diagnosed with a tumor <3cm, the mean
size of the diagnosed HCC, and the rate of access
to curative treatment in a scenario based on semian-
nual US surveillance. These outcomes were defined
to allow comparison with published outcomes of HCC
surveillance. The rate of access to curative treatment
was defined as the number of patients that received
resection, thermal ablation, or liver transplantation per
the number diagnosed with HCC.

Sensitivity analysis

Sensitivity analysis was performed to determine the ro-
bustness of our overall conclusions.

We evaluated the influence of a reduced effectiveness
of US (-25%) to detect HCC. We evaluated the combi-
nation of US and alpha-fetoprotein (AFP) screening,

recommended by AASLD, and took into account a recent
meta-analysis[38] that showed an increase of screening
sensitivity by 23%. We considered two alternative sce-
narios of 50% and 70% adherence to screening.

We also considered an alternative scenario of inciden-
tal detection for miscellaneous reasons, such as abdomi-
nal symptoms not related to HCC, abnormal liver tests, or
urogenital symptoms. For this, we obtained data on the
use of medical imaging between 2000 and 2016 in health
care systems of the United States.?® We considered that
56-year-old patients with cirrhosis may have a higher rate
of use of incidental abdominal imaging than an individual
of the same age from the general population, and conse-
quently we assumed a similar rate to that of individuals
from the United States who were older than 65years old.
We calculated that the overall rate of abdominal US was
165 per 1000 person-years, which led us to consider that
16.5% of the cirrhotic population randomly receive inci-
dental US screening yearly.

Finally, we evaluated the influence of an excess of
non-liver-related mortality in patients with cirrhosis
compared to the general population. We applied a 2.1
relative risk to all-cause mortality rates as the mean
observed in health care settings for patients with com-
pared to without cirrhosis.!”!

Software

The model was developed using TreeAge Pro 2021
(TreeAge Software, LLC, Williamstown, MA, USA).

RESULTS
Validity of the model

The model predicted that with semiannual US, 69%
of HCC would be diagnosed before the largest nod-
ule reached a maximum size of 3cm. The mean size
of HCC at diagnosis would be 2.7 cm, with a rate of
access to curative treatment of 59%. These numbers
were not affected by variations in the incidence of
HCC. These results were similar to previous results
of semiannual US, which reported a mean HCC of
<3cm in 63%—70% of patients,"*"" a median size of 2—
2.5c¢m,3%*?l and access to curative treatment in 53%—
74% of patients!!’3>42=44 (Table 1; Table S1 for those
with access to liver transplantation).

HCC-CFR at 10years

Comparing semiannual US surveillance to no surveil-
lance (Table 1), the size of HCC at diagnosis was be-
tween 1and 3cmin 69% versus 8% of patients, between
3and 5¢cm in 25% versus 20% of patients, and >5cmin
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7% versus 72% of patients, respectively. Interval can-
cer occurred in 10% of patients in the 6-month group.
CFRs in the semiannual and no-surveillance groups
were 46% and 77%, respectively. Size-specific CFR
in the semiannual and no-screening groups were 37%
and 44% in nodules between 1 and 3cm, 61% and 68%
in nodules between 3 and 5cm, and 83% and 83% for
nodules >5cm, respectively.

CFRs varied according to the interval and the type
of imaging surveillance (Table 2). When US was used,
CFR varied from 39% in the 3-month interval group to
56% in the 12-month interval group. With MRI, the CFR
with a 6-month interval was 38% while it was 43% with
the 12-month interval.

Ten-year mortality according to annual
incidence of HCC

Comparing semiannual US surveillance (Table 3) ver-
sus no surveillance, 431 versus 712 (annual incidence,

TABLE 1 Semiannual US compared to no surveillance for
hepatocellular carcinoma
Model output No surveillance 6-month US
Interval cancer N/A 10%
Size of main nodule
Mean (cm) 5E5) 2.7
1-3cm 8% 69%
3-5cm 20% 24%
>5cm 71% 7%
Curative treatment 1% 59%
Case fatality rate
Overall 77% 46%
1-3cm 44% 37%
3-5cm 68% 61%
>5cm 83% 83%

Note: Baseline case scenario relies on a tumor doubling time of 90days.
Abbreviations: N/A, not applicable; US, ultrasound.

0.2%), 865 versus 1430 (annual incidence, 0.4%), and
3146 versus 5205 (annual incidence, 1.5%) HCC-
related deaths were observed per 100,000 screened
patients with cirrhosis. This corresponds to an absolute
reduction of 281, 565, and 2059 HCC-related deaths,
respectively. Overall, mortality was reduced by 187,
374, and 1356 deaths per 100,000 screened patients,
respectively, with semiannual US compared to no sur-
veillance. Causes of deaths in patients without HCC
are provided in Table S2.

The absolute reduction in HCC-related deaths varied
according to the screening scenario (Table 4; Figure 1).
Compared to semiannual US, quarterly US reduced
HCC-related mortality by 61, 123, and 446 deaths for
annual HCC incidences of 0.2%, 0.4%, and 1.5%, re-
spectively. Compared to semiannual US, semiannual
MRI reduced cancer-related mortality by 75, 150, and
544 deaths and annual MRI by 26, 52, and 186 deaths
per 100,000 screened patients.

For annual HCC incidences of 0.2%, 0.4%, and
1.5%, quarterly US compared to semiannual US re-
duced total mortality by 36, 72, and 293 deaths, respec-
tively, corresponding to reductions of total mortality of
-0.1%, —0.4%, and -1.3%; semiannual MRI compared
to semiannual US reduced total mortality by 38, 77, and
281 deaths, respectively, corresponding to reductions
of =0.2%, -0.4%, and —1.3%; annual MRI compared to
semiannual US reduced total mortality by 13, 27, and
98 deaths per 100,000 screened patients, correspond-
ing to reductions of <-0.1%, —0.1%, and -0.4%.

Compared to no surveillance, the number of patients
needed to screen (NNS) with semiannual US was 356,
177, and 49 to prevent one HCC-related death and
535, 267, and 74 to prevent one all-cause death, for
annual incidences of 0.2%, 0.4%, and 1.5%, respec-
tively. Compared to semiannual US, the NNS to prevent
one HCC-related death was 1639, 813, and 224 with
quarterly US; 3846, 1923, and 538 with annual MRI;
and 1333, 667, and 184 with semiannual MRI, for an-
nual incidences of 0.2%, 0.4%, and 1.5%, respectively.
Compared to semiannual US, the NNS to prevent one
all-cause death was 2777, 1388, and 341 with quarterly
US; 7692, 3703, and 1020 with annual MRI; and 2632,

TABLE 2 Overall and size-specific 10-year case fatality rates, using different surveillance strategies

us MRI
Size of main HCC nodule No surveillance 12M 6M 3M 12M 6M
Overall 7% 56% 46% 39% 43% 38%
1-3cm 44% 38% 37% 37% 37% 37%
3-5cm 68% 62% 61% 61% 61% 61%
>5cm 83% 83% 83% 82% 83% NA?®

Note: Baseline case scenario relies on a tumor doubling time of 90days.

Abbreviations: M, month; MRI, magnetic resonance imaging; NA, not adequate; US, ultrasound.

#NA due to zero hepatocellular carcinoma diagnoses in this subcategory.
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Reduction of HCC-related deaths in various scenarios of imaging modality and screening interval. Increased (+, upwards) or

decreased (-, downwards) absolute numbers of HCC-related deaths when using annual US (12M US, light blue), annual MRI (12M MR, light
green), quarterly US (3M US, dark blue), or semiannual MRI (6M MRI, dark green), compared to semiannual US (6M US). Left, middle, and
right sets of bar graphs are results for annual HCC incidences of 0.2%, 0.4%, and 1.5% respectively. Abbreviations: HCC, hepatocellular
carcinoma; M, month; MRI, magnetic resonance imaging; US, ultrasound.

TABLE 5 Number needed to prevent one death 10years after
the start of screening, according to HCC annual incidence and
surveillance modality

6-M US 3-MUS 12-M 6-M MRI

Annual HCC  vs.no vs.6-M MRIlvs. vs.6-M
incidence surveillance US 6-M US US
HCC-related mortality

0.2% 356 1639 3846 1333

0.4% 177 813 1923 667

1.5% 49 224 538 184
Overall mortality

0.2% 585 2777 7692 2632

0.4% 267 1388 3703 1299

1.5% 74 341 1020 356

Note: Baseline case scenario relies on a tumor doubling time of 90days.

Abbreviations: HCC, hepatocellular carcinoma; M, month; MRI, magnetic
resonance imaging; US, ultrasound.

1299, and 356 with semiannual MRI, for annual inci-
dences 0of 0.2%, 0.4%, and 1.5%, respectively (Table 5).

Sensitivity analysis

Sensitivity analysis was performed by decreasing the
effectiveness of US screening to detect the presence
of HCC. For semiannual US, a 25% reduction in
effectiveness resulted in an 11% increase in the
CFR and HCC-related mortality (CFR, 51% vs. 46%;

HCC-related mortality: 477 vs. 431, 957 vs. 865, and
3483 vs. 3146 for annual incidences 0of 0.2%, 0.4%, and
1.5%, respectively). In this scenario, quarterly rather
than semiannual US resulted in a reduction of 79, 159,
and 579 HCC-related deaths and 50, 100, and 361
total deaths per 100,000 screened patients for annual
incidences of 0.2%, 0.4%, and 1.5%, respectively.
Semiannual MRI decreased HCC-related mortality by
121, 242, and 881 deaths and total mortality by 68,
137, and 497 deaths compared to semiannual US.
Finally, annual MRI decreased HCC-related mortality
by 72, 144, and 523 deaths and total mortality by 43,
87, and 314 deaths compared to semiannual US for
the same incidences.

Compared to US alone, combining AFP to semian-
nual US imaging led to an increase of screening sensi-
tivity and a decrease of CFR and HCC-related mortality
(CFR, 43% vs. 46%; HCC-related mortality: 399 vs.
431, 802 vs. 865, and 2916 vs. 3146 for annual inci-
dences of 0.2%, 0.4%, and 1.5%, respectively).

When screening adherence to semiannual US was
70%, CFR and HCC-related mortality increased by
15% compared to 100% adherence (CFR, 52% vs.
46%; HCC-related mortality: 487 vs. 431, 979 vs. 865,
and 3562 vs. 3146 for annual incidences of 0.2%, 0.4%
and 1.5%, respectively). When screening adherence to
semiannual US was 50%, CFR and HCC-related mor-
tality increased by 25% compared to 100% adherence
(CFR, 58% vs. 46%; HCC-related mortality: 537 vs.
431, 1079 vs. 865, and 3926 vs. 3146 for annual inci-
dences of 0.2%, 0.4%, and 1.5%, respectively).
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When compared to no screening, the scenario of
incidental detection (16.5% of the cirrhotic population
randomly receiving abdominal imaging) resulted in
a reduction of CFR and HCC-related mortality (CFR,
67% vs. 77%; HCC-related mortality: 627 vs. 712, 1259
vs. 1430, and 4580 vs. 5205 for annual incidences of
0.2%, 0.4%, and 1.5%, respectively).

Increasing non-liver-related mortality led to small
decreases in HCC-related mortality in all surveillance
scenarios but did not affect the differences between
scenarios. When comparing 6-month US to no surveil-
lance, overall mortality was reduced by 0.7%, 1.4%,
and 4.5% vs. 1%, 1.9%, and 5.7% in the baseline anal-
ysis for annual incidences of 0.2%, 0.4%, and 1.5%,
respectively. All results of sensitivity analysis are pro-
vided in Tables S3-S5.

DISCUSSION

The evaluation of CFR and the absolute numbers of
cancer-related and overall deaths provides additional
insight into the value of HCC surveillance. Compared to
no surveillance, semiannual US screening decreases
the CFR and HCC-related and all-cause mortality.
Even in the scenario with the lowest annual incidence of
0.2%, the extent of the decrease in cancer-related mor-
tality is close to that observed with other established
cancer screening protocols. This questions the optimal
incidence threshold for HCC screening. Moreover, re-
ducing the interval of US to 3months improves CFR
and cancer-related mortality, although it does not sig-
nificantly change overall mortality. The use of MRI in-
stead of US also improves cancer-related outcomes.
When US is unsuitable, such as in patients with obe-
sity, annual MRI could be an acceptable option.

The optimal endpoint to evaluate screening pro-
grams is a subject of debate. While all-cause mortality
is a clear endpoint that is free of bias, it is not suitable
to identify the specific decrease in death from the tar-
get disease. When all-cause mortality is used as an
endpoint, identifying the effect of screening requires
huge sample sizes and extended follow-up. A model-
ing study for breast cancer screening has suggested
that 300,000 participants per arm followed up for 16 to
26 years were needed to show a reduction in all-cause
mortality of between 0.4% and 1.8%.1*°! Consequently,
health authorities recommend screening for breast,
colorectal, and lung cancers only due to their effect
on cancer-related mortality. This was achieved for col-
orectal cancer with biennial fecal immunological testing
(an estimated 236 fewer cancer deaths)*®! and breast
cancer with an annual mammogram (eight fewer can-
cer deaths).*”! Thus, the evaluation of HCC screening
should evaluate both total and cancer-specific mortali-
ties but as with other cancers should focus on the latter
to help experts design new strategies.

Our results show that HCC screening improves
cancer-related mortality. Importantly, even in a sce-
nario with 0.2% annual incidence, equivalent to breast
and colorectal cancer incidence in the general pop-
ulation between 50 and 74years old, semiannual US
prevents 281 HCC-related deaths per 100,000 patients
screened compared to no surveillance. Itis important to
emphasize that the effectiveness of cancer screening
depends on the CFRs, which vary according to tumor
sites. CFR for breast cancer with a tumor size <3cm is
around 10% while it is 43% for tumors >5cm.*"lin HCC,
the CFR with semiannual US was 37% and 83% for
tumors <3cm and>5cm, respectively. The probability
of early detection outside of screening also depends on
the tumor site. In unscreened patients, colorectal can-
cer and HCC are often detected at advanced stages
due to symptoms while breast cancer can still be diag-
nosed at a relatively early stage due to its anatomical
localization. All these elements show the complexity of
evaluating screening programs in different solid tumors.
However, the marked reduction in HCC-related deaths
even in the scenario of lowest incidence emphasizes
the need for studies to reconsider the optimal cutoff for
HCC screening. The current threshold of 1.5% annual
incidence for HCC screening was defined in 1996 in a
cost-effectiveness analysis that should be reassessed
with updated costs and outcomes.™

In a scenario of 1.5% annual incidence, all-cause
mortality was reduced by 5.7%, from 23,595 deaths to
22,239 deaths, with 10years of semi-annual HCC sur-
veillance of 100,000 patients. All-cause mortality has
not been shown to improve with other cancer screening
programs. It is important to note that HCC screening is
applied to patients with underlying disease while other
screening programs apply to the general population.

Although scientific societies widely recommend
semiannual US surveillance, certain experts suggest
tailoring the screening interval. Our model predicts that
quarterly US would reduce HCC-related mortality com-
pared to semiannual US. Most clinical studies address-
ing such questions have been underpowered, and
none have used cancer-related mortality as an end-
point. The randomized controlled trial comparing a US
interval of 3 and 6 months in 1340 patients did not as-
sess cancer-related or overall survival.l'”’ However, this
sample is smaller than those used in other solid tumor
screening programs. As an example, the pivotal study
for colorectal cancer screening included 46,551 pa-
tients to detect a significant difference in cancer-related
mortality between the biennial-screening group and the
control group with 2.2% and 2.7%, respectively.*®! Only
a sample of this size could provide sufficient evidence
for scientific societies to recommend colorectal cancer
screening.

In the present study, either semiannual or annual
MRI reduced HCC-related mortality compared to
semiannual US. Machine availability and costs are
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major limits to consider this method in a screening pro-
gram. However, an abbreviated MRI could help allevi-
ate those limitations as it has shown high sensitivity
and specificity for early stage HCC. Additional studies
are needed to standardize acquisition sequences for
HCC screening. Our model shows that combining AFP
to US imaging at an interval of 3 months may be an
interesting option for patients suitable for US screen-
ing. For patients unsuitable for US screening due to
reduced sensitivity, such as for patients with obesity,
the reduction of HCC-related mortality observed with
MRI in our study calls for the additional evaluation of
this strategy.

This study confirms the value of mathematical mod-
eling to evaluate HCC surveillance.*8~°% Nevertheless,
this approach has certain limitations. First, the data
used in the model were obtained from multiple sources
and assumptions. We therefore focused on the most ro-
bust data available. Second, we assumed that patients
were 100% compliant to HCC surveillance and that
diagnosed patients were 100% fit for HCC treatment.
We chose this hypothesis because expert guidelines
recommend only applying screening to patients who
are fit for HCC treatment. We agree that this is not a
conservative assumption, but this makes it possible to
evaluate the impact of the different strategies, all other
things being equal. However, we also evaluated two al-
ternative scenarios of 50% and 70% adherence to US
screening. Third, our baseline scenario of “no surveil-
lance” may not be realistic as incidental detection may
occur. Nevertheless, sensitivity analysis considered the
use of medical imaging for reasons unrelated to HCC
surveillance. Even in this scenario, the benefit of HCC
surveillance was still observed even when compared
to this “real-life” scenario. Last, we considered a con-
servative assumption of similar non-liver-related mor-
tality in patients with cirrhosis compared to the general
population. Some studies suggest that patients with
cirrhosis may have an excess risk of non-liver-related
mortality.[40] However, they included patients with cir-
rhosis identified in health care settings, with the high-
est probability of comorbidities that are risk factors of
liver disease progression but also of non-liver-related
events. Non-liver-related mortality also depends on the
etiology of liver disease, and risk factors associated
with each etiology vary according to geographic areas.
Nevertheless, we performed a sensitivity analysis to
consider a 2.1 higher risk of non-liver-related mortal-
ity compared to the general population. Even such in-
crease had small impact on the benefit of surveillance
and did not change our conclusions.

In conclusion, the present study supports the in-
clusion of cancer-related outcomes, such as CFRs, in
the evaluation of screening for HCC. Semiannual US
improves cancer-related and overall mortality com-
pared to no surveillance. Shortening the interval of US
to 3months or using MRI as an option in patients for

whom US is unsuitable was found to be effective for
cancer-related outcomes.
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