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Abstract

Background: Liver transplantation is the most effective curative treatment for patients with hepato-
cellular carcinoma. Due to the scarcity of cadaveric donor livers, several selection criteria have been
established; however, these criteria are highly restrictive. In this study, we compare alternative selec-
tion tools with the standard selection criterion, the Milan Criteria. We conducted a cost-effectiveness
analysis from the perspective of the U.S. healthcare system to determine which criterion provides
the greatest benefit to the health system. Methods: An innovative non-homogeneous Markov model
was developed to simulate the health trajectories of patients with hepatocellular carcinoma who
underwent liver transplantation over five years. The model incorporated time-dependent transi-
tion probabilities, allowing the simulation to capture the evolving risk of recurrence and mortality
over time. Transition probabilities, costs, and QALYs were obtained from published studies, while
recurrence probabilities were estimated using the Kaplan-Meier method based on a cohort of 149
patients from Portugal and Spain. We evaluated mean recurrence-free survival, life years gained,
quality of life, and the incremental cost-effectiveness ratio (ICER) relative to the Milan Criteria. Results:
HepatoPredict yielded the most significant benefits but incurred higher total costs than the other
criteria. The ICERs of HepatoPredict Class I and Class II relative to the MC were $14 689.58/ QALY
and $39 542.98/QALY, respectively. Both values were below the cost-effectiveness threshold (U.S. GDP
per capita: $81 632.25/QALY), indicating that HepatoPredict is cost-effective in the U.S. healthcare
system. Conclusion: HepatoPredict stands out as the most cost-effective criterion and optimises organ
allocation, an especially important consideration given the scarcity of donor livers. This represents a
substantial advantage for healthcare institutions.

Keywords: non-homogeneous Markov Model; survival analysis; cost-effectiveness analysis; hepatocel-
lular carcinoma (HCC); selection criteria for liver transplantation

1. Introduction

Liver cancer is the sixth most common cancer in the world, with 866 136 new cases in 2022, and
the third with the highest mortality rate, with 758 725 deaths [1]. Hepatocellular Carcinoma (HCC) is
the most common type of primary cancer of the liver, representing 80% - 90% of all cases [2,3].

Liver cancer incidence is distributed in Eastern Asia (50%), South-Eastern Asia (12%), South
Central Asia (6.9%), Northern America (5.6%), Northern Africa (3.7%) and Western Europe (3.2%) [1].
HCC is associated with many sociodemographic characteristics (age, sex, and other factors). Advancing
age is a significant risk factor, as age-specific incidence rates are highest in individuals over 70
years [4]. Studies report higher rates of HCC by racial or ethnic groups, such as non-Hispanic white,
Asian/Pacific Islander, and Hispanics (people from Spanish-speaking countries) [5]. Another risk
factor is sex, having a higher prevalence in the male population (=~ 69%) [6].
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There are many classification systems for patients with HCC, but the most widely used is the
Barcelona Clinic Liver Cancer (BCLC) staging system. This classification system aims to help guide
treatment decisions and predict the prognosis of patients with HCC, meaning predicting if a patient
will relapse or not after the transplant. This classification is based on tumour burden, liver function,
and physical status. It has been refined by the Alpha-Fetoprotein (AFP), ALBI (albumin-bilirubin)
score, Child-Pugh and MELD (model for end-stage liver disease) score. In general, patients in early or
intermediate stages of the disease are good candidates for liver transplantation [7].

Depending on the stage of the disease and the patient’s overall condition, various treatment
options are available: liver resection, liver transplant (LT), ablation, trans-arterial chemoembolization
(TACE), systemic treatment, and best supportive care [7]. Among these, liver resection and LT are
recognised as the only curative intent treatments for HCC patients [8,9].

LT is the best curative treatment for HCC patients with/without chronic liver disease, with better
overall survival and recurrence-free survival (RFS) rates than other treatment options [8]. However,
liver donors — more specifically, cadaveric livers — are a scarce resource [10]. To ensure their efficient
allocation, over the past three decades, selection criteria have been developed to identify patients
with HCC most suitable for transplantation, namely those at lower risk of relapse after LT [11]. The
major limitation of these criteria is their restrictive nature, which results in a small number of patients
meeting the requirements and/or the exclusion of many patients with a favourable prognosis [12].

The most frequently used criteria are the Milan Criteria (MC), the University of California, San
Francisco (UCSF) criteria, the Up-to-7 (UP7) criteria, the AFP Model, and MetroTicket 2.0 (MT2.0).
Most of these criteria only use clinical parameters (number of tumours and tumour size), derived from
preoperative imaging (Table 1). Consequently, they do not consider the aggressiveness of HCC, which
can vary among patients with identical clinical profiles, thereby limiting their ability to accurately
predict prognosis. In addition to clinical parameters, the AFP Model and the MT2.0 criteria also
incorporate a biomarker (AFP levels) [13], which has demonstrated prognostic value for HCC in
non-transplant patients [14]. Details about the selection criteria under study can be found in Table 1.
Each criterion selects patients according to its own requirements/rules, resulting in different patient
selections for transplantation.

Table 1. Inclusion criteria for classifying HCC patients. Clinical parameters refer only to liver tumours, with size
corresponding to diameter.

Criteria Inclusion Rules
Single tumour < 5 cm OR
1Y (ol £ 1) s
Number of tumours < 3 AND all tumour size < 3 cm
Single tumour < 9 cm OR
8@ 2l T
Number of tumours < 3 AND largest tumour size < 4.5 cm AND total tumour diameter < 8 cm
UP7** [17] Number of tumours + largest tumour size < 7 cm

Tumour size: < 3 cm, 0 points; 3-6 cm, 1 point; > 6 cm, 4 points.
: 1= ints; > ints.
AFP Model [14] Number of tumours: 1-3, 0 po?nts, > 4,2 points . .
AFP level: < 100 ng/mL, 0 points; 100-1000 ng/mL, 2 points; > 1000 ng/mL, 3 points.
Sum of points < 2 points

Number of tumours + largest tumour size (cm) < 7 AND AFP level < 200 ng/mL OR

MT2.0 [18] Number of tumours + largest tumour size (cm) < 5 AND AFP level < 400 ng/mL OR

Number of tumours + largest tumour size (cm) < 4 AND AFP level < 1000 ng/mL
* Patient without vascular invasion, regional nodal or distant metastasis. ™ Patient without microvascular invasion.

HepatoPredict (HP) is a medical prognostic device developed by Ophiomics [19], a company
dedicated to advancing precision medical technologies in oncology. In its HP.Al version 2, the device
combines three clinical variables related to the tumour (number of tumours, largest tumour size
(diameter), and total tumour volume) with the tumour gene signature of four molecular biomarkers
(CLU, DPT, SPRY2, CAPSN1) obtained from a tumour biopsy. This product integrates two distinct
algorithms — one for optimised precision and the other for recall — to classify patients into three
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classes: HP-Classl, HP-ClasslI (good prognosis) and HP-Class0O (bad prognosis). However, the use
of HP requires a tumour biopsy on the patient to obtain a tumour gene signature, making it the only
pre-transplant prognostic tool that requires a biopsy [12].

Health economic models provide a structured framework for comparing the costs and outcomes of
alternative interventions, thereby supporting evidence-based decisions on both patient-level treatment
choices and resource allocation. In this study, we employ such a model to assess the cost-effectiveness
of the selection criteria mentioned above in comparison with the MC, which is the most widely
used benchmark for determining eligibility for LT. The analysis is based on U.S. data, as this source
provides more reliable information to support the study. It is conducted from the healthcare system
perspective to determine which criteria improve cost-effectiveness, enhance the patient journey, and
are economically feasible to implement.

In this study, we developed a time-dependent Markov process to model the health trajectories
of patients with HCC who underwent LT over a five-year period. An innovative procedure was
introduced for constructing the elementary transition matrices, allowing the model to incorporate
time-varying transition probabilities and more accurately reflect patients” evolving health status. This
framework enabled the simulation of patient distribution across health states and the computation of
key health and cost-effectiveness measures commonly used in health economics. The study highlights
the importance of adopting rigorous mathematical modelling to support reliable health economic
evaluations. To the best of the authors” knowledge, this is the first study of its kind to evaluate and
identify the most effective selection criterion for LT in patients with HCC.

The article is structured as follows. Section 2 outlines the methodology for the cost-effectiveness
analysis, including the process for obtaining the relevant data and parameters. Section 3 presents the
main findings, while Section 4 discusses the results, highlights the study’s limitations, and outlines di-
rections for future research. Section 5 concludes with the key findings and their potential contributions
to society.

2. Methodology
2.1. Clinical and Probabilistic Assumptions
The study was conducted under a set of clinical and probabilistic assumptions, detailed as follows:

*  Adult patients (> 18 years old);

*  Patients with early to intermediate HCC;

¢  Patients without regional nodal or distant metastases;

*  Patients without comorbidities that could affect quality of life or life expectancy;

*  Molecular analyses performed on explant specimens (diseased liver removed from transplanted
patients) were equivalent to molecular analyses performed on a biopsy sample (pre-transplant);

¢ The probability of mortality for relapsed patients who received different treatments (such as
resection, ablation, or systemic therapy) was equal to that of patients who only received systemic
therapy;

¢ The probability of mortality for patients without recurrence was assumed to be equal to the
all-cause mortality of HCC patients who underwent transplantation in the U.S. during 2017;

e  The probability of transplant-related mortality was not applied to patients who relapsed within
the first three months;

*  Costs did not include all expenses related to hospital infrastructure, such as laboratories;

e  Atany given month, the probability of a patient being in a specific health state depends solely on
the patient’s health state in the preceding month (Markov property).

2.2. Health Economic Model: Markov Model

Health economic models—such as decision trees, Markov models, and microsimulation ap-
proaches—provide a mathematical framework for comparing the costs and health outcomes of al-
ternative interventions. They offer a systematic means of evaluating cost-effectiveness, estimating
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budget impact, and positioning an intervention relative to competing strategies [20,21]. Key measures
of outcomes include Life Years Gained (LYG), Recurrence-Free Survival (RFS) and quality-adjusted life
years (QALYs), which quantify the survival advantage associated with LT. By integrating parameters
such as utilities, transition probabilities, and costs, these models support the efficient allocation of
healthcare resources and the quantitative comparison of interventions.

To address these objectives, we used a Markov model to simulate the clinical progression and
economic consequences associated with the alternative selection criteria for LT under evaluation. This
modelling approach allows for the representation of transitions between mutually exclusive health
states over time, thereby capturing both the stochastic nature of disease evolution and the accumulation
of costs and health outcomes throughout the follow-up period.

In brief, Section 2.2.1 defines the Markov chain representing the patient’s journey after LT, with
particular emphasis on the transition probabilities that rule the movement between health states
over time. Section 2.2.2 describes how costs and QALYs are assigned to each health state to quantify
the associated economic and health outcomes, thereby enabling the cost-effectiveness analysis. The
computation of two additional measures, LYG and RFS, is also detailed.

2.2.1. Formulation of the Markov Model

In this study, we developed a non-homogeneous Markov model from a healthcare system perspec-
tive over a five-year horizon (60 months). This horizon was selected because evidence from studies
comparing selection criteria for HCC patients undergoing LT indicates that the most pronounced
survival benefits in post-transplant outcomes occur within this period [14,16-18,22-24]. The Markov
model was chosen because it represents the evolution of a system over time through a defined set
of states, with transitions between states allowing the comparison of costs and benefits of health
interventions involving recurrent events [25,26]. Each Markov cycle lasted one month, simulating the
outcomes of patients with HCC undergoing LT, resulting in a total of 60 cycles under consideration.

The health economic model developed in this work simulates the post-LT journey of patients
through three distinct health states, defined by clinical descriptors (Figure 1). The aim is to investigate
the effect of seven selection criteria (HP-Classl, HP-ClassIl, MC, UCSF, UP7, AFP Model, and MT2.0)
for patients with HCC undergoing LT, classifying these hypothetical patients as either within or outside
each criterion.

The rationale underlying the Markov model depicted in Figure 1 can be summarized as follows. At
baseline (t = 0), all patients were assumed to have undergone LT. Accordingly, the model incorporated
the hospital’s costs associated with transplantation, including pre-LT examinations, hospitalization,
nursing appointments, and the transplantation procedure itself. In the HepatoPredict scenario, patients
underwent an additional biopsy and were tested using the HP kit. All patients entered the model in the
Disease-Free state. Patient assessment and follow-up occur at regular one-month intervals. During the
first three months post-transplantation, patients received follow-up treatment instead of surveillance,
regardless of whether they were in the Disease-Free or Recurrence state.

While in the Disease-Free state (i.e., LT was performed with curative intent in patients with HCC,
who were considered disease-free after transplantation until potential tumour recurrence occurred),
patients were monitored monthly (surveillance). They could either remain Disease-Free, transition to
the Death state due to causes unrelated to cancer recurrence, or relapse (that is, develop hepatic or
extrahepatic recurrence) and move to the Recurrence state. Patients who relapsed received systemic
therapy for the first three months, followed by monthly monitoring until death or the end of the
study. In this model, relapse was assumed incurable with systemic therapy; thus, patients either
remained in the Recurrence state (living with recurrent cancer) or transitioned to the Death state due to
treatment-related mortality, cancer progression, or other causes. Upon death, the model accounted
for the hospital costs associated with the patient’s death. The state Death is, therefore, an absorbing
state. Note that this state includes a self-transition to ensure that the corresponding row of the one-step
transition probability matrix sums to one, thereby preserving the stochastic property of the matrix.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1948.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2025 d0i:10.20944/preprints202510.1948.v1

50f 26

Disease-Free

Within criteria

Patient with HCC
undergoing LT

Outside criteria

Disease-Free

Figure 1. Health states in the Markov model. Each square represents a state, with arrows indicating monthly
transitions, including remaining in the same state. The state Recurrence is a tunnel state.

As shown in Figure 1, our Markov process takes discrete values with state space, S =
{Disease-Free (DF), Ry, Ry, ..., Ry9 (Recurrence states), Death (D)}.

The Recurrence state is represented as a tunnel state of 49 substates to track the number of months
a patient remains in it. This is necessary because survival probabilities vary annually and treatments
differ between the first three months and subsequent months. Beyond month 49, additional tunnel
states are unnecessary, as survival stabilises and no further alternative treatments are applied.

The same state space is applied to patients both within and outside the criteria; accordingly, we
use the nomenclature WC and OC to represent Within Criteria and Outside Criteria, respectively. So, the
state space for patients within the criteria is defined as

S* = {DFwc,Riwc, Rawe, ---, Raowe, Dwel,

whereas for patients outside the criteria, it is

S~ = {DFoc,R1.0¢, Raoc, - -+ Rag.oc, Doc}-

Hence, the global state space is givenby S = ST U S, and #S = 102.
The set of all criteria under consideration, U, is

U = {HP-Classl, HP-ClassII, MC, UCSF, UP7, AFP Model, MT2.0}.

Patients were evaluated every month over a 5-year period (60 months). Hence, the parameter
space is a finite set. Let { X{ } denote the Markov process describing the health evolution of patients in
the post-LT for HCC under criterion ¢, ¢ € U. This process characterises the transitions of individual
patients between the health states under study over time. To obtain the distribution of patients across
states at each monthly cycle t, we will introduce in Section 2.2.2 the state vector Y7, which summarises
the proportion of patients in each state at time ¢.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Returning to the Markov process { X{ }, the one-step transition probabilities are time-dependent
and are represented by the matrix Pf = [quj tJijes, where

P5y = P(XE = jIXE =), i,j€S, t€{0,...,59), Veeu,

with pfjlt representing the probability of transitioning from state 7 at month ¢ to state j at month t 4 1
under criterion c. The one-step transition probability matrix is stochastic, hence } ;e s pfj,t =1,i€Ss.

Figure 2 presents the transition diagram of the Markov model under study. Next, we analyse in
detail the transition probabilities under consideration.

1= PDEDE = PDER,

< e 1—pen. mmmmal—en le—pen mmmm 1 —prpy mmme
N PDE Ry t v D — PRD,
Disease-Free Ry

Figure 2. Elementary transition diagram between states of the Markov chain. The dashed purple squares are the
tunnel states associated with the Recurrence state.

The transition probability from the recurrence state to death varies annually following relapse,
yielding five distinct death probabilities over the 5-year horizon under analysis. These probabilities
are assumed to remain constant across months, invariant across criteria, and identical for patients both
within and outside the criteria. Formally, we get

pRDk = p;;ch,t = proc,t’
i€ {Riwc,---,Reowc}, 1 € {Rioc,- -, Ragoct, t=1,...,60, Vecu,

where
PrD,, i € {Riwe,---, Riowe, Rioc, - -+, Rizoc}

PRD,, i€ {Ruzwc, .-, Roawe, Rizoc, .-, Rosoc}
PRD, = § PrRD;, i€ {Raswc, .-+, Raswe, Rasoc, -, Rssoct » k=1,...,5 1)

PrD,, 1€ {Rszwe, - .-, Ragwe, Razoc, - -+, Ragoc}

PrDs, i € {Ryo.we, Ragoc}

thatis, prp,, k = 1,...,5, represents the probability that a patient who has relapsed dies k years later.

Next, we analyse the probability that a patient with recurrence stays in the Recurrence state in
the next month. This means that from month ¢ to ¢ + 1, the patient moves from the tunnel state
Rjwc to Rji1.wc (if the patient is within criteria), or from R;oc to Rj;1.0c (if the patient is outside

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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criteria), with this probability being identical across all criteria ¢, ¢ € U, and not varying over time.
These probabilities depend on the duration of time since the recurrence occurred. To capture this
dependence, tunnel states were introduced within the general Recurrence health state, enabling the
model to track the number of months a patient has survived with recurrence. Because the survival
probability remains constant from the 49th to the 60th month after recurrence, no additional tunnel
states are required for this interval; patients remain in state Rq9 wc or Rag oc until the end of the study,
or until they die. Formally, the transition probability between two consecutive recurrence states is

defined as pj(i1) = pz?(i-&-l),t’ te{l,...,60}, Veey, with

1—prp,, i€ {Riwc,---,Riowe, Rioc,---,Rizoct
1—prp, i€ {Rizwc,---,Roawe,Rizoc, -, Ruoc}
Piti+1) = § 1 — PrDy, 1 € {Roswe, - -+, Resswe, Rasoc, -+ -, Ras.och (2)

1—prp,, i€ {Rszwc,---,Ragwe, Rszoc,---, Ragoct

1—prps, i€ {Raowc, Ragoc}

The transition probability from the disease-free state to death varies over time. During the
first three months after LT, this probability reflects the risk of postoperative complications and is
identical across all criteria. From the fourth month onwards, it represents mortality due to causes
unrelated to HCC or postoperative complications, which is common to all criteria. This probability is
time-dependent and changes annually. Formally, ppr,p,t = php p ;s Veeu, with

PPT, t=1,23

Pprp,, t=4,...,12

pDP.DZ/ t= 13,,24

PDEDt = 3)
PDF.Dy, tE=25,...,36

pprp,, t=237,...,48

PprDs, t=49,...,60

where ppr denotes the probability of death from transplant-related causes after LT, and ppr.p,, k =
1,...,5, represents the probability of transitioning from the disease-free state to death in the kth year
after LT due to causes unrelated to HCC.

The probability of transitioning from the disease-free state to recurrence depends on the selection
criterion for LT. This probability plays a key role in differentiating the criteria studied in this work, as
all other transition probabilities are independent of the criterion being evaluated. In this context, it is
crucial to introduce the probability of recurrence-free survival (RFS) from month ¢ to f 4+ 1, denoted
by p% ES|WC,t (for a patient within the criterion ¢); and p5 Fs|OC,t (for a patient outside the criterion c),
t=2,...,60, c € U.Therefore, the probability of transitioning from the state Disease-Free to the tunnel
state Ry, ppp g, ¢ 1s given by

1-— p%FS‘WC,t for a patient within the criterion c

p‘bF,ert = , c e U 4)
1-p% FS|OC,t for a patient outside the criterion c

Finally, the probability of remaining disease-free from month ¢ to ¢ + 1 is given by, PBP,DF,t =
1—ppEDt = Pppg, ¢ € € U

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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The probabilities defined in Equations (1) - (4) constitute the one-step transition probabilities
depicted in Figure 2. All transition probabilities were derived from published sources, except for the
probability of transition from the disease-free state to the first recurrence tunnel state, Ry (Equation 4).
In this latter case, the probabilities were estimated using data from a patient cohort comprising
individuals from Portugal and Spain. As RFS is the key parameter distinguishing the different criteria,
this probability will also be considered here as a measure to evaluate the effectiveness of the various
criteria in determining eligibility for LT. The methodology of the estimation procedures is described in
Section 2.2.2.

2.2.2. Costs and Health Economic Measures

Next, we analyse how costs and utilities are assigned to each health state in the Markov model
to estimate total costs and quality-adjusted life-years (QALYs) per annual cycle over a 5-year time
horizon. The results are reported from the U.S. healthcare system perspective. Costs and QALYs are
discounted at an annual rate of 3% to reflect the present value of future costs and health benefits [27].
Therefore, the values were divided by the appropriate discount rate, ensuring that all costs were
aligned to the same time horizon, December 2023.

To calculate the total costs and health outcomes, we simulated a cohort of n patients and followed
their health trajectories over time across the different states of the Markov model. First, we defined
the initial state vector, Y§, which specifies whether patients were within or outside each criterion. The
proportion of patients within each criterion was established according to the respective percentages
observed in the Portuguese and Spanish cohort under study, as presented in Table6. The model was
then simulated to determine the evolution of the cohort across health states over time. At each monthly
cycle t, the distribution of patients was obtained by iteratively multiplying the initial state vector by
the transition matrices, taking into account that, in a time-dependent Markov chain, the probability of
being in a given state at time ¢ results from the cumulative product of all previous transition matrices.
More precisely,

t
f=Y5[ [P, ceU te{l,... 60}
i=1

Thus, the 102-dimensional random vector Y§, represents the distribution of patients across the state
space S at month ¢, t=1, ..., 60. To facilitate subsequent computations, we collected all these vectors
into the random matrix of patient distribution trajectories, Y¢, of dimension 61 x 102, representing the
complete trajectory of patient distribution across all states and cycles:

Y= : ,cel.
Yo 61x120
These patient distributions at each time point are subsequently combined with the costs and
utilities assigned to each state, allowing for the computation of total costs, LYG, RFS and QALYs.
The calculation of the total costs for the month ¢ for all patients under criterion ¢ requires
consideration of all cost components included in the health economic model. The initial costs at
t = 0 correspond to the expenses associated with the transplantation procedure. These costs may be
higher under the HP criterion, as this involves additional expenditures relative to the other criteria
under analysis. For the five-year follow-up period, the total costs also encompass expenses incurred
throughout the post-transplant phase, including surveillance, systemic therapy, and death-related
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costs. During the first three months after LT, these also encompassed extended post-operative care.
More precisely, the initial costs are given by:

(COStKit.HP+Labour + COStBiopsy + CostpreLT + Costrr + COStHosp) Z Y&',
ieSt
c € {HP-ClassI, HP-ClassII},
TC§ = ()
(COSi‘pre.LT + Costyir + COStHosp) Z Y(Si/
ieSt

¢ & {HP-ClassI, HP-ClassII}.

The total costs for months t = 1,2, 3, take the form,

Cos tpost.LT.Ol

cost
1T+ rmonthly ie{DFyc,Riwc}

TCS = YE, cel. 6)

TCS — Costpost1T.13 5 Y, cell @)

cost 2
(1+ rmonthly) ie{DFyc,Riwc,Rawc}

Cost post.LT.13

(1+ ’fgg;tqthly)3

TC = YE, cel. 8)

i€{DFwc,Riwc,Rowe,Rawe}

For month ¢, t = 4,...,60, the total costs are given by,

Costg i

c_ urveillance c

ch - (1 - peost )t Yfi +
monthly/ ieSt\{Dwc}

Cos tSystemic.Therapy

X+ roniy)!

COStDeath ¢ c
Wyml)t (Yt/DWC B Yt—l,DWC>r ce u. (9)
mon y

Y+

ie{Rywc.Rawe,Rawce}

The quantities involved in Equations (5) - (9) are defined by:
Costgit Hp4-Labour : Cost of the HP kit plus the labour required to perform it.
Costpiopsy : Cost of the ultrasound-guided liver biopsy.
Costpre 1T : Minimum cost needed before transplantation.
Costpr : Cost related to liver transplant.
Costposp : Costs of hospitalisation and nursing care immediately after the transplant.
Costgyryeillance : Monthly cost of patient follow-up.
Costsystemic.Therapy : Monthly cost of systemic therapy.
Costpeatn : Cost incurred by the hospital when a patient dies.
CostpostLT01 : Cost of the first month related to extra post-operative care.

CostpostT13 : Costs of the second and third months related to extra post-operative care.

Additionally, r<s , Tepresents the monthly discount rate for costs obtained from an annual rate of
3%,

1/12
Vmonthly = (14 Tannuar) /121, where Tannual = 0.03.
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Thus, the average initial cost (Cp) and the annual costs (Cy, k = 1,...,5) for criterion ¢, ¢ € U, are

given by:
07 Yiest Y5 U Yiest Y5 27 Yiest Y,
o DTG o TG TG
3 Zzes+ Yol £ Z:les+ Yoz > Zz‘es+ Y&'

Finally, the average total cost C* for criterion ¢, ¢ € U, takes the form,
Yy g

66 E TCC
ZleSJr

The quality-adjusted life year (QALY) is a widely used indicator in health economics that captures
the trade-off between length and quality of life. Quality of life is quantified by assigning patients’
preference values, known as utilities, to different health states. In this work, we assume that the utility
function takes values in the interval [0, 1], where 0 corresponds to the utility of death and 1 represents
the utility of perfect health. Accordingly, QALYs are computed as the product of the utility of each
health state and the time spent in that state. In this study, the total QALY for all patients under each
criterion were computed by accounting for the distribution of patients across health states in each
cycle and applying a time-dependent monthly discount rate. Each health state was assigned a monthly
QALY weight equal to one-twelfth of its corresponding annual value.

In this study, we primarily used the QALYs derived from Chong et al. [28], in which health utility
values were obtained by combining the standard gamble and visual analogue scale techniques with
responses from the EQ-5D and Health Utilities Index Mark 3 (HUI3) questionnaires.

During the first three months, patients experienced the same quality of life in the post-operative
period, regardless of whether they were in the Disease-Free or Recurrence health state. Hence, the total
QALYs for the first three months, TQALYY, t = 1,2, 3, take the form,

AL
TQALY! = % Y Y, t=1,23c€S. (10)
(1 rmonthly) i€ST\{Dwc}

For the subsequent months, the total QALYs, TQALY}, t = 4,...,60 are defined as:

QALYpp
TQALYf = QALY +; LDFye T
monthly)
QALY

T O0AlY o Y., c€S. (11)
QALY tirs
(1+ rmonthly) i€ST\{Dwc,DFwc}

The quantities involved in Equations (10) and (11) are defined by:
QALYpostLt : Monthly QALY in the first three months post-transplant.
QALYpr : Monthly QALY of a cancer-free patient after transplantation.

QALYR : Monthly QALY for a patient experiencing recurrence after transplantation.

QALY

rmonthly

: represents the monthly discount rate for QALY (annual rate of 3%).
The average total QALY for criterionc, c € U, QALYC, takes thus the form,

L TQALYf

ALY"
Q ZzeS‘*’ Y,
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The Incremental Cost-Effectiveness Ratio (ICER) evaluates the cost-effectiveness of a new treat-
ment relative to the standard of care. It is calculated as the difference in costs divided by the difference
in QALYs, representing the additional cost per QALY gained with the new intervention. QALYs were
selected as the measure of treatment benefit due to their widespread use in health economic evaluations.
In this study, MC was designated as the reference intervention, as it was the first selection criterion
developed and remains in use in some regions. The ICER for criterion ¢, ICER., was computed as

follows,
Cost, — Cost pic

QALY, — QALY pc’
where Cost., QALY,, for c € U, represent the cost and QALY associated with criterion c, respectively.

To assess whether the ICER is acceptable, we compared it with the willingness-to-pay (WTP)
threshold based on the U.S. healthcare system, which in this study is $81 632.25 [29]. If the ICER is below
this threshold, the intervention associated with criterion ¢ is considered cost-effective. Conversely, if it

ICER, =

ceu\ {Mc}.

exceeds the threshold, the intervention may be considered too costly in relation to the health outcomes
it provides.

Life Years Gained (LYG) and Recurrence-Free Survival (RFS) are also standard outcome measures
commonly used to compare different selection criteria for a given intervention. LYG captures life
extension due to the intervention without weighting for quality of life during the follow-up period.
Some organisations recommend presenting both QALYs and LYGs in the analysis to determine if the
quality of life has a significant impact on net benefit [30]. LYG is particularly relevant here, as life
extension is the primary health outcome in LT decisions based on a given criterion.

In this work, we calculated the average of LYG for our simulated patients from the Markov model
within and outside the criterion ¢, ¢ € U, denoted by m;vc and méc, respectively, using the
following equations:

60
Yce  — E]'ESJF\{DWC} Zt:l YL%' cel
WC — 7 7
Lijes\{Dwc} Yoj

60
IYce  — Z:]'657\{DOC} Zf:l thj cel
o ZJGS_\{DOC} ng '

To assess the effectiveness of the different criteria for selecting patients for LT, it is also essential to
analyse RFS in order to evaluate patients’ disease-free survival time after LT. Based on our simulated
patients from the Markov model with size 11, we computed the total months of RFS according to the
following equations:

T'RFslc\Io.Recurrence,WC =60 XEO,Dch’ cel

c _ c
T'RFSNO.Recurrence,OC =60 X60,DFOC’ celd

60
¢ _ ¢ ¢
T.RF SRecurrence,WC - Z Xt,DFWC —T.RF SNO.Recurrence,WC' cel
=1

60

c _ c c
T.RF SRecurrence,OC - Z Xt,DFOC —T.RF SNo.Recurrence,OC' cel
t=1

T'RFSiost,WC = 60nX(C),DFWC - T'RFSfiecurrence,WC' celd

T'RFSCLost,OC = 60(1 - n)X(S,DFOC - T'Rstiecurrence,OC’ cel,
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where

—T.RFSN, Recurrence, wCr T +-RF SNo Recurrence,0c * total months of RFS for all patients who

did not experience recurrence, within and outside criterion ¢, respectively;

—T.RFSg T.RF Sgecurrence,0c : total months of RFS for all patients who

Recurrence, WC”

experienced recurrence, within and outside criterion ¢, respectively;
—T.RFS o5t wer T-RFS[ ot oc * total months of lost by recurrence, for all patients who

experienced recurrence, within and outside criterion ¢, respectively.

Additionally, for the RFS analysis, we also calculated the average number of RFS months for
patients within and outside each criterion, RFSyy¢, and RFS5, respectively, using the following

equations:
RFSC _ T'RFSIC\IO.Recurrence,WC + T‘RFSCRecurrence,WC celu
we 601 X5 pp ’
RE c T'RFSIC\IO.Recurrence,OC + T'RFSf{ecurrer\ce,OC celu
oc 60 (1— 1) X§ pp ’ '

In this study, the probability of recurrence was estimated using the Kaplan-Meier method based
on a cohort of patients from Portugal and Spain. RFS was defined as the time interval from LT to the
first recurrence, with patients without documented recurrence or death at the end of follow-up being
considered censored.

Suppose we have a sample of m patients, and r of them are recurrences, with r < m. Assuming
that t1),t(2), ..., t(;) are the ordered distinct instants at which the recurrences occurred, then the
Kaplan-Meier estimator of the RFS curve is given by the following equation [31,32]:

RFS(t) = ] <1 - mf“) with RFS(t) =1, for0 <t < t),
icty <t Risk;

where

—RFS (t) : Estimated recurrence-free survival at time ¢, i.e., P(T > t), where T is a random

variable that describes the time until recurrence;
—Recurrence; : Number of observed recurrences at £ ;);

—Risk; : Number of patients at risk just before £ ;).

The 95% confidence interval (CI) for the RFS at time t is based on the log-log transformation of
the Kaplan-Meier estimator [31,32] and takes the form:

RFS(t) € ([RFs(n]7, [RES(1))°),

where

1 Recurrence;

— 2 . ; p T :
log (RFS(t)) it g <t Risk; (Risk; — Recurrence;)

214 denotes the quantile corresponding to probability 1 — 5 of the standard Normal distribution.

0= Zl—%

As stated above, to estimate the RFS curves, we used a sample of Portuguese and Spanish patients
diagnosed with HCC who underwent LT. A detailed description of the sample is provided in Section 3.
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Patients were classified according to each criterion under analysis. For the HP criterion, patient testing
and classification were performed by Ophiomics. Subsequently, for each criterion, two RFS curves
were estimated: one for patients who met the criterion and another for those who did not.

2.3. Parameters of the Markov Model

Mortality probabilities were derived from the literature for a cohort of adult patients with HCC
undergoing LT in US. Table 2 shows the monthly mortality probabilities for the respective health state
in the Markov model, obtained from [33-36]. Details about the computation of these probabilities can
be found in [37].

Table 2. Markov model: base values for monthly mortality probabilities.

Parameter Designations Monthly Probability (%)
PPT Post-transplant mortality (first 3 months) 1.39%
" pprp,  Mortality without recurrence in 4-12 months 042%
PDE.D, Mortality without recurrence in the ond year 0.25%
PDF.Ds Mortality without recurrence in the 3rd year 0.25%
PDF.D, Mortality without recurrence in the 4th year 0.33%
PDF.Ds Mortality without recurrence in the 5th year 0.33%
PRD; Mortality with recurrence in the 1% year 6.26%
PRD, Mortality with recurrence in the 2" year 3.65%
PRD; Mortality with recurrence in the 3™ year 3.35%
PRD, Mortality with recurrence in the 4% year 4.08%
PRDs Mortality with recurrence in the 5th year 2.91%

The health economic model under study incorporates direct hospital costs (e.g., device, drug,
treatment, and monitoring costs). All costs were obtained from the literature, reported in U.S. values [22,
38], adjusted to December 2023 U.S. dollars using the U.S. Consumer Price Index [39], and discounted
at an annual rate of 3%. A summary of cost inputs is provided in Table 3.

Table 3. Health economic model: Base values for costs retrieved from the literature.

Parameter Cost designation Reference Cost (U.S. $)
Health State One-Off Costs

Costpiopsy Biopsy [38] 3467.05

Hospitalisation and nurse

CostHosp appointments [22] 687.64
Costyit HP+Labour HP kit + Labour - 4000.00
Costrr Liver Transplant [22] 119616.88
CostpyerT Pre-Liver Transplant [22] 1055.12
Costpeath End of life cost [22] 23091.60
Health State Cycle Costs

Costpost 1T.01 Post-transplant 0-1 months [22] 3338.09
CoStpostLT13 fnoos;tt}l::nsplant 1-2 and 2-3 [22] 1595.33
Costgyryeillance Surveillance [22] 1278.47
Costgystemic Therapy Systemic Therapy [22] 23496.49

Each health state in the Markov model was assigned a monthly QALY value. Annual QALY
values, denoted by QALY ,,,,,41, specific to the U.S. [22], were used to calculate the corresponding
monthly values, denoted by QALY,n¢n1y, by dividing the annual value by twelve. Future QALYs
were discounted at an annual rate of 3% for time preference, considering that current health status was
often more valued than future health status. The QALY parameters used in the model are summarised
in Table 4.
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Table 4. Monthly and annual QALYs with the respective standard errors (SE) for different patient groups. Values
were extracted from [22].

. . Monthly Annual
Parameter = QALYs designation QALYs (SE) QALYs (SE)
. . . . 0.0575 0.69
QALYpost1T Patients without recurrence in the first three months (0.0058) (0.07)
QALYpr Patients without recurrence after the 3'4 month (888(2)2) 0.75 (0.01)
. . 0.0583 0.70
QALYR Patients with recurrence (0.0042) (0.05)

RFS was estimated from the Portuguese and Spanish patient data (see Section 2.2.2 for details) for
patients within and outside each criterion, using the Kaplan-Meier estimator. The resulting annual
probabilities were subsequently converted into monthly RFS probabilities following the methodology
described in Pereira [37].

2.4. Description of the Deterministic Sensitivity Analysis

In this study, a deterministic sensitivity analysis was performed. A probabilistic sensitivity
analysis was not conducted due to limited data availability. On the one hand, the literature does
not provide probabilistic distributions for recurrence probabilities across the selection criteria under
consideration. On the other hand, the available mortality distributions lack sufficient methodological
justification. Consequently, we focused on a deterministic one-way sensitivity analysis to evaluate the
impact of parameter uncertainty individually. A multi-way deterministic analysis was not undertaken,
as potential interactions among parameters were considered minimal and unlikely to influence the
results.

The one-way sensitivity analysis was performed by varying each model parameter individually
while holding all others constant, with the resulting variation in the ICER illustrated through tornado

diagrams. For the sensitivity analysis, we varied the discount rates for both costs, r;‘;osfz iy’ and QALYs,
QALY

monthly’
on hepatic transplantation [40]. The RFS varied according to the confidence intervals obtained from

r running the model with rates of 0% and 6%, as commonly applied in cost-effectiveness studies
the Kaplan-Meier estimator. As RFS differed across criteria, the variation in the ICER was analysed
separately for each criterion. For QALYs, we used standard errors reported in the literature [22], except
for QALYR, where a monthly standard error of 0.0042 was assumed to ensure that the restriction
QALYR < QALYpr was maintained during parameter variation (see [37] for details). The standard
errors used for QALYs in the sensitivity analyses are reported in Table 4. For costs, due to the lack of
specific data on their variability, a 20% variation was assumed for all cost parameters.

3. Results
3.1. Characterisation of the Portuguese and Spanish Cohort

Between May 2000 and December 2016, 149 patients with HCC, where 79 were Portuguese and 70
Spanish, underwent liver transplantation at Hospital Curry Cabral, Lisbon, Portugal, and Hospital
Universitario y Politécnico de La Fe, Spain, with no intraoperative fatalities. In this cohort, the median
follow-up after LT was 6.77 years. Of the initial number, 25 patients (16.78%) died, with a median time
to death of 1.93 years (Q; = 0.27; Q3 = 3.63). Additionally, 7 patients (4.70%) had their last follow-up
in less than five years, with a median time of 4.3 years (Q; = 2.77; Q3 = 4.45). Recurrence events
occurred in 22 patients (14.77%), with a median time to recurrence of 1.95 years (Q; = 1.19; Q3 = 3.53).

The main characteristics of the study sample, with respect to the clinical features of the tumours,
are summarised in Table 5.
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Table 5. Sample data: tumour-associated clinical parameters.
Parameter Median (Qy, Q3)
Tumour number 1(1,2)
Largest tumour size 3(2.1,3.9)
Total tumour volume 14.1 (5.8, 33.5)
Total tumour diameter 3.4 (2.5,5.3)
Levels of alpha-fetoprotein (AFP) 9.7 (4.3,38)

Qq: first quartile; Qs: third quartile.

For the sample under analysis, we assessed whether patients met each criterion, as outlined in
Table 1. The results are presented in Table 6. We can verify that the proportion of patients meeting the
different criteria ranges from 70% (MC criterion) to roughly 90% (UCSF, AFP Model and MT2.0).

Table 6. Number and proportion of patients within each criterion in the sample (#=149).

Criterion N.° patients within criteria (%)
HP-ClassI* 109 (73.15%)
HP-ClassII* 128 (85.91%)
ur7 127 (85.23%)
MC 104 (69.80%)
UCSF 133 (89.26%)
AFP Model 132 (88.59%)
MT2.0 134 (89.93%)

* HepatoPredict.Al version 3.

3.2. Base-Case Scenario
3.2.1. Recurrence-Free Survival, RFS

The analysis of the base-case scenario started by estimating RFS from the Portuguese and Spanish
cohort, with the main results summarised in Figures 3 and 4. When analysing the RFS for the criteria
under consideration, we observe that among patients within the criteria (Figure 3a), both HP classes
show fewer RFS months among those who eventually experienced recurrence (orange bar), whereas
UCSF exhibits the highest number. Although it does not have the largest number of patients within
the criteria, HP-Class II reports the highest total RFS months (combined orange and blue bars). It is
worth noting that HP-Class I is the only criterion without any recurrences among transplanted patients,
making it the only one with no months lost to recurrence (grey segment) and no RFS time attributable
to recurrent cases.

Therefore, both HP classes maximise RFS for patients within the criteria, as they show the highest
number of RFS months and the fewest months lost, with HP-ClassI being the most favourable. This
conclusion is confirmed by analysing the average RFS for patients within the criteria (Figure 4a) where
both HP classes exhibit the highest average RFS.

For patients outside the criteria (Figure 3b), both HP classes show the highest number of RFS
months among patients who experienced recurrence (orange segment), while UCSF shows the lowest
value. HP-ClasslI has the fewest RFS months among patients who did not relapse (blue segment) and
is the only criterion where the RFS months for relapsed patients exceed those for non-relapsed patients.
Additionally, both HP classes record the highest number of RFS months lost among relapsed patients
(grey segment). This indicates that both HP classes minimise RFS for patients outside the criteria.
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Figure 3. Cumulative five-year RFS distribution (in months) among the cohort of patients (#=100) with and
without recurrence: (a) patients within criteria; (b) patients outside criteria. Each bar represents the total RFS time
for each patient group. The orange segment indicates the number of RFS months for patients who relapsed within
60 months (5 years) post-transplant; the blue segment corresponds to those who remained relapse-free during the
same period (patients who stayed in the Disease-Free state beyond 60 months); and the grey segment represents
the time lost due to relapse — that is, the number of months (within the first five years after transplantation) that
patients remained in the Recurrence state, assuming they did not die during the observation period.

When examining the average RFS for patients outside the criteria (Figure 4), both HP classes
clearly differentiate themselves from the other criteria. They display the lowest average RFS among
patients outside the criteria — particularly HP-Class II — and also exhibit the largest difference in
average RFS between patients within and outside the criteria. In conclusion, both HP classes optimise
RFS after transplantation.

For patients outside the criteria (Figure 3b), both HP classes show the highest number of RFS
months among patients who experienced recurrence (orange segment), while UCSF presents the lowest
value. HP-Class II has the fewest RFS months among patients who did not relapse (blue segment) and
is the only criterion where the RFS months for relapsed patients exceed those for non-relapsed patients.
Moreover, both HP classes record the greatest number of RFS months lost among relapsed patients
(grey segment).
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Figure 4. Estimated five-year average RFS for: (a) Patients within criteria, and (b) Patients outside criteria.

This suggests that both HP classes minimise RFS for patients outside the criteria because they tend
to include more patients with a poor prognosis — those who relapsed within five years post-transplant.
This outcome is, in fact, favourable: patients classified as outside the criteria are expected to have a
higher likelihood of recurrence after transplantation. Therefore, in (Figure 3b), results for patients
outside the criteria (b) are considered positive when the RFS bar is predominantly orange and grey,
as this indicates a higher proportion of patients who actually relapsed, reflecting good predictive
discrimination of the criteria.

3.2.2. Life Years Gained, LYG

Another relevant health outcome is life years gained, LYG. A summary of this measure for the
different criteria under consideration is displayed in Figure 5.

For patients within the criteria (Figure 5a), HP-Classl demonstrates the highest average LYG,
providing an average of 0.19 additional LYG compared with the traditional criteria. HP-ClasslI
ranks second, with an average additional gain of 0.15 LYG. The remaining traditional criteria show
comparable values for the average LYG. Similarly, for patients outside the criteria (Figure 5b), both
HP classes display the lowest average LYG, with HP-Class II showing the lowest value. We can also
observe that HP-Classll is the only criterion for which the difference in average LYG between patients
within and outside the criteria exceeds one year. Overall, HP-ClasslI provides the largest improvement
in post-transplant life expectancy, followed by HP-ClassI.
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Figure 5. Estimated five-year average life years gained per patient with HCC following liver transplantation for:
(a) patients within criteria. (b) patients outside criteria.

3.2.3. QALYs

After analysing the health benefits associated with each criterion in terms of RFS and LYG, it is
now essential to compare the criteria with respect to their impact on the quality of life of LT patients,
expressed in terms of QALYs. After all, extending survival has limited value if it is not accompanied
by a corresponding improvement in quality of life. The comparison of different criteria for patients
within the criteria in terms of QALYs is presented in Figure 6.

AFP Model
MT2.0|
UP7

UCSF|

mMC
HP-Classl|

HP-Classl|

2.8 29 3.0 31
QALYs

Figure 6. Estimated five-year average quality-adjusted life years (QALYs) gained for a patient within the criteria.
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For patients within the criteria (Figure 6), HP-Class I exhibits the highest quality of life, with an
average of 3.06 QALYs, followed by HP-Class II with 3.03 QALYs. Compared with the traditional
criteria, HP-Class I and HP-Class II show average increases of 0.13 and 0.10 QALYs, respectively.
Among the traditional criteria, patients selected according to the AFP Model present the lowest
average quality of life, with approximately 2.90 QALYs. Overall, patients classified by the HP criteria
as having a good prognosis experience, on average, a higher quality of life.

3.2.4. Costs

An essential component of this analysis is the evaluation of the costs associated with each selection
criterion. Although direct costs are exclusively attributed to HP, the long-term clinical effectiveness
of each criterion influences the overall costs. This underscores the importance of performing a
comprehensive cost analysis.

In this work, the cost-effectiveness analysis considers both five-year and annual costs, enabling
comparison of clinical outcomes with financial expenditures and providing transparency regarding
the economic impact of the selection criteria. Table 7 shows the estimated average annual costs per
patient over five years for each criterion under consideration, along with the total costs for the five
years. It is important to note that an annual discount rate of 3% was applied in the computation of
these values, except for the initial case when t = 0, as discounting does not apply at baseline.

Table 7. Estimated average annual and five-year total costs (in US$) per patient within each selection criterion.

Year Total
0 1 2 3 4 5 (5 years)
HP-ClassI*  128826.69  22407.16 13920.03 13110.28 12454.89 11617.85  202336.90
HP-ClassII*  128826.69  23539.06 13941.42 13003.63 12314.77 11954.31  203579.88

Criterion

upr7 121359.64 24 652.01 15200.91 14 463.07 13905.15 11923.46 201504.24
MC 121 359.64 24450.14 14124.37 14224.09 14 369.60 12295.66 200823.50
UCSF 121 359.64 25055.66 15764.60 14 644.83 13654.56 12177.06 202 656.35
AFP Model  121359.64 25721.53 15294.15 14 678.85 13717.67 11728.74 202500.58
MT2.0 121 359.64 25090.01 15273.56 14 692.59 13748.93 11801.30 201 966.03

* HepatoPredict.Al version 3.

Analysing the average total cost over five years (Table 7), patients selected by HP-ClassII incur
the highest average total cost, while patients selected by MC have the lowest, with a difference of $2
756.38, which is less than the initial cost of using HP ($7 467.05). Patients selected by MC have the
lowest costs to the healthcare system. On the other hand, in the yearly basis analysis, both HP classes
are the least expensive during years one to four. In the fifth year, MC becomes the most expensive,
while HPClassl is the least costly; in this year, however, costs among the criteria considered differ less
than in previous years.

3.2.5. Cost-Effectiveness Analysis

We assessed the viability of the LT criteria under study from the perspective of the U.S. healthcare
system. Two cost-effectiveness measures were considered: the Cost-Effectiveness Ratio (CER) and the
Incremental Cost-Effectiveness Ratio (ICER). The CER corresponds to the ratio between total cost and
total QALYSs, representing the average cost per quality-adjusted life year gained. In contrast, the ICER
quantifies whether one criterion is more cost-effective than another by expressing the additional cost
required to gain one extra QALY. In this study, the ICER was computed relative to the MC, the most
commonly used benchmark.

The main findings derived from the cost-effectiveness analysis are summarised in Figure 7 and
Table 8.
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Figure 7. Estimated five-year cost-effectiveness ratio (CER) for a patient within each criterion. The cost-
effectiveness threshold (GDP per capita [41]) is indicated by the dashed dark blue line. HP classes correspond to
HepatoPredict.Al version 3.

Figure 7 shows that all CERs are below the U.S. GDP per capita [41] threshold, which indicates that
the cost-effectiveness of using each criterion is acceptable and favourable by U.S. economic standards.
HP-ClassI has the lowest CER, at approximately $64 735.43/QALY, making it the most cost-effective
criterion. HP-ClasslI follows as the second most cost-effective, with an CER of $65 825.03/QALY.

Figure 6 illustrates the nominal QALY values for each criterion under analysis, whereas Table 8
also presents the corresponding incremental ICER values. As shown in Table 8, UP7, UCSE, AFP Model,
and MT2.0 have negative ICERs, indicating that MC dominates these criteria due to lower cost and
higher QALY gains. In contrast, both HP classes are the only criteria that are cost-effective relative to
MC, offering greater outcomes at higher costs, with ICERs below the U.S. GDP per capita ($81 632.25),
consistent with WHO cost-effectiveness standards [29]. HP-Classl has the lowest ICER ($14 689.58 per
QALY), followed by HP-ClasslI ($39 542.98 per QALY), $24 853.40 higher than HP-Classl.

Table 8. Estimated five-year averages of QALYs, costs, and ICER (relative to the Milan Criteria) for patients
meeting the criterion.

Criterion Costs (US $) QALYs ICER
MC 200 883.76 2.96 -
HP-ClassI* 202 336.90 3.06 14 689.58
HP-ClassII* 203579.32 3.03 39542.98
ur7 201 407.00 2.94 —24486.76
UCSF 202738.45 291 —35099.84
AFP Model 202461.82 2.90 —26521.25
MT2.0 202 062.32 2.92 —26836.16
AUS$

* HepatoPredict.Al version 3. ICER = , where A represents the incremental change in costs and QALYs relative to the

AQALYs
Milan Criterion.

3.3. Deterministic Sensitivity Analysis

Since HP has emerged as the most cost-effective option based on the evaluated criteria, we
conducted a univariate sensitivity analysis to assess whether its advantage is sustained within the
U.S. context and whether it continues to outperform alternative criteria under varying parameter
conditions. The primary objective is to determine whether, among eligible patients meeting each
criterion, HP consistently remains the most cost-effective option across all scenarios.

For the one-way deterministic sensitivity analysis, we constructed a tornado diagram (Figure 8)
to evaluate the influence of various input parameters, including probabilities, QALYs, and costs.
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Figure 8. Tornado diagrams illustrating the results of the one-way sensitivity analysis of the five-year ICER for
(a) HP-Class I and (b) HP-Class II. Blue bars represent the lower bounds, whereas red bars represent the upper
bounds of the input parameters. The cost-effectiveness threshold (GDP per capita) is shown as a dashed dark blue
line, and the black vertical line denotes the ICER value from the base-case analysis.

For both HP classes, the five parameters with the greatest impact on the ICER are the probability
of RFS, the cost of systemic therapy, the cost of the HP kit and associated hospital labour, the cost of
biopsy, and the discount rate applied to costs and QALYs. The only parameter that causes both HP
classes to exceed the cost-effectiveness threshold is an increase in the probability of RFS for HP and MC.
For HP-Class I, it becomes dominant over MC when the probability of RFS is lower. The remaining
parameters did not exhibit sufficient sensitivity to raise the ICER above the cost-effectiveness threshold,
nor did they reveal any scenario in which the HP classes became simultaneously more effective and
less costly than MC.

As the probability of RFS emerged as the parameter with the largest influence on cost-effectiveness,
we conducted a sensitivity analysis varying its values within the corresponding lower and upper
bounds. It is important to note that the probability of RFS differs across the criteria under study.
Therefore, the variation in the ICER was calculated for all criteria. The results are presented in Table 9.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1948.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2025 d0i:10.20944/preprints202510.1948.v1

22 of 26

Table 9. One-way sensitivity analysis of the five-year RFS parameter for all criteria: total costs, QALYs and ICER
for patients meeting the criterion.

Criterion Costs (US $) QALYs ICER
Lower Bound for RFS
MC 204 646.32 2.83 -
HP-ClassI* 202 336.90 3.06 —10049.98
HP-ClassIT* 205994.44 2.94 12152.11
ur7 205 009.55 2.81 —24477.12
UCSF 206 201.50 2.79 —37020.23
AFP Model 206 095.59 2.77 —24766.17
MT2.0 205 453.50 2.80 —24359.91
Upper Bound for RFS
MC 198 336.24 3.01 —
HP-ClassI* 202 336.90 3.06 92 462.87
HP-ClassIT* 202747.23 3.05 123291.52
ur7 199 064.99 2.99 —35127.47
UCSF 200074.83 2.97 —42948.02
AFP Model 199919.30 297 —33973.87
MT2.0 199 495.13 2.98 —34249.17
AUS$

* HepatoPredict. Al version 3. ICER =

Milan Criterion.

AOALYs’ where A represents the incremental change in costs and QALYs relative to the

Regardless of changes in the probability of RFS, the UP7, UCSF, AFP Model, and MT2.0 criteria
remain dominated by MC (Table 9). For both HP classes, higher values of this parameter yield a cost-
benefit advantage over MC that exceeds the U.S. GDP per capita threshold ($81 632.25). Nonetheless,
according to the World Health Organization (WHO), an ICER below three to five times a country’s
GDP per capita remains economically acceptable, albeit relatively expensive [29]. At lower values
of the RFS parameter, HP-Class I becomes dominant over MC, as the negative ICER indicates that
HP-Class I provides greater benefits at a lower cost. Moreover, although HP-Class II is not dominant,
it maintains a favourable ICER from the perspective of the U.S. healthcare system (Table 9).

4. Discussion

In this study, we compared HP with other criteria for selecting HCC patients for LT, highlighting
differences in effectiveness, costs, and cost-effectiveness. Over a five-year horizon, both HP classes
improved RFS and QALYs, providing a clinical advantage over criteria based solely on clinical variables
and/or AFP levels. Importantly, HP integrates both clinical and molecular variables.

Following the RFS analysis, both HP classes improve RFES time after liver transplantation. Among
patients within the criteria, HP-Class I provides the greatest maximisation of RFS time, while HP-Class
I ranks second, with only a one-month difference between them. Among patients outside the criteria,
HP-Class II exhibits the lowest RFS time and the largest gap between the average RFS times of patients
within and outside the criteria. Contrary to expectations, HP-Class I does not minimise RFS for these
patients, despite being the most effective in maximising RFS among those within the criteria. This is
likely explained by its highly selective nature, as shown in Table 6, where it is identified as the second
most restrictive criterion for patient inclusion. This finding may suggest that these criteria exclude
potentially eligible patients with a good prognosis from receiving a transplant.

Another outcome analysed is patients’ life expectancy, assessed in terms of life years gained (LYG)
over a five-year horizon, which decreases substantially among relapsed patients, whose five-year
survival rate is only 38.82%. Although HP-Class II does not yield the highest values for patients within
the criteria — HP-Class I performs slightly better — the difference between the two classes is minimal,
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corresponding to less than one month in mean LYG. The main advantage of the HP criteria lies in their
ability to distinguish between patients with good and poor prognoses, as previously observed in the
RFS analysis. The difference in LYG between patients within and outside the criteria is 0.84 years for
HP-Class I and 1.22 years for HP-Class II, which is markedly higher than for the remaining criteria,
where the differences do not exceed 0.4 years.

Compared to MC, QALY gains were 0.07 for HP-Class I and 0.10 for HP-Class II, corresponding
to 24 and 35 additional days of perfect health, respectively. For context, the QALY difference between
a patient with recurrence and one without is only 0.05 per year (18 days). These gains may help
patients return to work more efficiently and for longer periods, positively impacting the economically
active population. As more individuals re-enter the labour market, macroeconomic benefits may arise,
including increased GDP and growth at both local and national levels. Employers may also benefit
from reduced costs due to fewer workforce absences and lower staff turnover.

Although HP-Class II was more costly than other criteria, the additional RFS and QALY gains
might justify the investment. Cost-effectiveness analyses from a U.S. healthcare perspective indicate
that these superior clinical outcomes outweigh the higher costs. In the base case analysis, MC was
0.75% less expensive than HP-Class I (incremental cost: $1513.40) and 1.37% less expensive than
HP-Class II (incremental cost: $2756.39), considering both pre- and post-transplant costs. Both HP
classes were the only criteria found to be cost-effective relative to MC.

Compared to MC, the lowest-cost criterion, HP-Class II incurs an additional $2 756.38, which is
considerably less than the initial investment of $7467.05 for using HP. Over five years, HP has reduced
post-transplant costs by improving long-term outcomes across all outcome metrics and lowering post-
transplant expenditures. Costs are discounted annually, reducing the impact of future expenditures.
The decrease in post-transplant costs is driven by both HP classes optimising RFS, selecting fewer
patients with poor prognosis. This results in savings, as treatment costs for patients with recurrence
are higher, and lower mortality further reduces costs associated with death.

The sensitivity analysis identified the probability of RFS as a critical parameter, with the most
significant impact on the ICER. Fluctuations in this parameter lead to substantial changes in the ICER,
which can influence conclusions. While variations in other parameters also affect the ICER, they do
not alter the overall conclusions regarding cost-effectiveness.

This model has several limitations. First, the cohort used, while realistically reflecting the expected
recurrence rate, was also employed to train the HP algorithm, which may have introduced bias. A
fully independent cohort of 62 patients with a low recurrence rate (<15%) was tested, but due to its
small size, it was not used for the primary analysis. Second, the availability of patient data in hospitals
is limited, as transplant patients are generally selected using traditional criteria, resulting in the loss of
information on patients who do not meet these criteria, which could be important for evaluating new
tools. Finally, only HCC explant specimens were used, rather than biopsy samples, which would be
the expected input for HP in practice. Further studies using HCC biopsy samples and an independent
cohort are necessary to validate these findings.

Information on costs and QALYs is limited for most countries and, when available, is often
derived from published studies that frequently omit essential details, such as the time frame of costs
or the regional and perspective-specific context, making data collection and analysis more challenging.

Additionally, this model does not account for indirect or societal costs, such as lost productivity,
transportation, or informal care provided by family and friends. Although these costs were not
included, the ICER conclusions are likely robust, as such costs would similarly affect all patients,
resulting in a proportional increase in total costs across criteria. Future economic evaluations should
incorporate a social cost-effectiveness analysis.

The mortality probability for patients without relapse was derived from survival curves of all
transplanted patients in the U.S., which included both patients with and without relapse. Although this
represents a limitation, its impact is likely minimal given the low proportion of patients who develop
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relapse and the large sample size of 8,066 patients. Additionally, Mazzaferro et al. [18] reported that
HCC-related mortality is low relative to other causes among transplant patients.

Since this analysis focuses on patient follow-up over five years post-transplant, it does not account
for the risks of complications or death during the biopsy, nor the probability of death during the
transplant procedure. Future studies should address these risks to evaluate their potential impact.

Finally, there is a lack of comparable studies evaluating different criteria for selecting HCC patients
for transplantation. This scarcity of literature limits the ability to compare our results with other data,
making it difficult to generalise and externally validate the conclusions, particularly regarding QALYs,
costs, and ICER metrics.

5. Conclusions

This study provides a comprehensive economic analysis of the clinical and economic implications
of different patient selection criteria for patients with HCC undergoing LT. The results demonstrate that
both HP classes offer greater benefits to the healthcare system and patient outcomes while supporting
fairer organ allocation, making HP a promising tool to optimise resources and improve post-transplant
outcomes. Both HP classes also present an acceptable cost-effective advantage over MC, particularly
HP-Class II, justifying their implementation as a viable alternative.

Despite limitations, including data scarcity and the use of cohorts differing from the training
set, this study represents the first analysis of its kind, and it makes an essential contribution by
highlighting the need for further research with larger and more diverse patient populations to validate
and strengthen these findings. Overall, the study offers new perspectives for optimising HCC patient
selection for LT, improving organ allocation, promoting sustainability, and enhancing long-term
outcomes through more efficient patient selection.
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