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Simple Summary: Increasing screened and linked to care (SLTC) to a hypothetical 100% of eligible
high-risk people in Greece leads to a statistically significant reduction in deaths and in total years
lost due to lung cancer, when compared with the current SLTC paradigm. Over 5 years, the model
predicted a difference of 339 deaths and 944 lost years between the hypothetical and current sce-
nario. More specifically, the hypothetical scenario led to fewer deaths (—24.56%, p <0.001) and fewer
life years lost (-31.01%, p <0.001). It also led to a shift to lower-stage cancers at the time of diagnosis.
This study suggests that applying a 100% screening strategy amongst high-risk adults aged 50-80
would result in additional averted deaths and lung cancer life years lost (LCLYs) gained over 5-
years in Greece.

Abstract: (1) Background: Lung cancer causes a substantial epidemiological burden in Greece. Yet,
no formal national lung cancer screening program has been introduced to date. This study modeled
the impact on lung cancer life years (LCLY) of a hypothetical scenario of comprehensive screening
for lung cancer with low-dose computed tomography (LDCT) of the high-risk population in Greece,
as defined by the US Preventive Services Taskforce, would be screened and linked to care (SLTC)
for lung cancer versus the current scenario of background (opportunistic) screening only; (2) Meth-
ods: A stochastic model was built to monitor a hypothetical cohort of 100,000 high-risk men and
women as they transitioned between health states (without cancer, with cancer, alive, dead) over 5
years. Transition probabilities were based on clinical expert opinion. Cancer cases, cancer-related
deaths, and LCLYs lost were modeled in current and hypothetical scenarios. The difference in out-
comes between the two scenarios was calculated. 150 iterations of simulation scenarios were con-
ducted for 100,000 persons; (3) Results: Increasing SLTC to a hypothetical 100% of eligible high-risk
people in Greece leads to a statistically significant reduction in deaths and in total years lost due to
lung cancer, when compared with the current SLTC paradigm. Over 5 years, the model predicted a
difference of 339 deaths and 944 lost years between the hypothetical and current scenario. More
specifically, the hypothetical scenario led to fewer deaths (-24.56%, p < 0.001) and fewer life years
lost (-31.01%, p < 0.001). It also led to a shift to lower-stage cancers at the time of diagnosis; (4)
Conclusions: Our study suggests that applying a 100% screening strategy amongst high-risk adults
aged 50-80, would result in additional averted deaths and LCLYs gained over 5 years in Greece.
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1. Introduction

Lung cancer is the first cause of cancer mortality, accounting for almost 1 in 5 deaths
from cancer globally in both sexes, and responsible for ~270,000 deaths annually in Europe
[1]. Most patients are diagnosed with advanced disease (>70%), while lung cancer is cur-
able when diagnosed at initial stages and highly treatable in non-metastatic stages [2].
Lung cancer is etiologically associated with smoking and is a disease with a significant
economic burden in societies [3].

In Greece, data from Globocan 2020, show that 8960 new lung cancer cases are diag-
nosed each year. Lung cancer deaths are the first cause of cancer-related deaths in the
country, representing 23.1% of the total, with 7662 estimated deaths for 2020 [4]. Greece is
also the second country in the European region, in tobacco smoking among adults > 15
years old (Age-Standardized Prevalence: 34.3%) and cigarette smoking (Age-Standard-
ized Prevalence: 38%) [5].

Recent large, randomised trials on low-dose computed tomography (LDCT) screen-
ing, including the American National Cancer Institute-sponsored National Lung Screen-
ing Trial (NLST) as well as the Dutch/Belgian NELSON trial, have shown significant re-
ductions (20-26%) in lung cancer (LC) mortality and have triggered international efforts
to implement LC screening [6-8]. European mortality data has recently become available
from the NELSON randomised controlled trial, which confirmed lung cancer mortality
reductions by 26% in men and 39-61% in women. A recently presented UK meta-analysis
[9] of 4055 participants, receiving either a single invitation to LDCT screening or no screen-
ing (usual care) between October 2011 and February 2013, confirmed that LDCT screening
reduces mortality from lung cancer. These results have mobilized advocacy for LDCT-
LCS implementation in Europe. However, implementation of a lung cancer screening pro-
gram is challenging and depends on many country-specific factors [10], including the as-
sessment of the economic impact of LDCT-LCS and the definition of relevant guidelines.
There is already evidence that LDCT screening has both clinical and cost-effectiveness
benefits [8], although there is still some degree of uncertainty. For instance, Snowsill et al.,
highlight that a single round of LDCT-LCS may be cost-effective at conventional thresh-
olds, however, there is still major uncertainty about the effect on costs and the magnitude
of benefits [8]. These benefits and uncertainties are largely dependent on access to and
availability of such services, particularly across countries with wide differences in geo-
graphic allocation of healthcare resources, as well as their actual useability and outcomes,
to be monitored and reported upon with real-world evidence. Therefore, additional stud-
ies are required to determine the exact economic impact of LDCT screening for LC, by
exploiting existing large-scale randomized clinical trials or other observational, popula-
tion-based, or registry studies.

Given the high epidemiological burden of lung cancer in Greece, the current study
aims to model the impact on lung cancer life years (LCLY) of a hypothetical scenario of
comprehensive screening for lung cancer with LDCT of all high-risk population in Greece,
as defined according to the US Preventive Services Taskforce protocol [11].

2. Materials and Methods
2.1. Verification Study

The program is implemented in a pipeline of several tailor-made functions. Each
function was tested independently for the validity of its output using arbitrary data as
input. Furthermore, several methods of static analysis were used for the whole program,
such as control flow analysis and data flow analysis. Moreover, prior to final modeling,
an estimation of execution times together with the usage of system resources was made,
for project management purposes.
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Men & Women aged
50-80 defined as
high risk according
to eligibility criteria

2.2. Modelling Study Objectives

The modeling study objective was to estimate the impact on LCLY of adopting a hy-
pothetical scenario, where 100% of the high-risk population in Greece, as defined by the
US Preventive Services Taskforce [11], i.e., aged 50-80, first-hand smokers (20 pack-years)
or ex-smokers (have quit within the past 15 years) would be screened and linked to care
(SLTC) for lung cancer versus the current scenario of background (opportunistic) screen-
ing only (Figure 1).

Sereening and diagnosis Linkage to care and treatment Results

Current scenario (cancer-unrelated

Opportunistic screenin
LDCT probability) PROTEUNIStic screening

Post diagnosis according to
clinical guidelines (assumed
optimal available)

Deaths due to lung cancer
Lost LYs due to lung cancer

Hypothetical scenario 100% of high-risk population aged 50-80

Figure 1: Current and hypothetical scenario for LCLY.

2.3. Modelling Study Methods

We reviewed available literature on modeling lung cancer screening versus no
screening [6,11-14]. We identified critical data to include in our model. We then developed
a cohort stochastic model to monitor a hypothetical cohort of 100,000 high-risk men and
women aged 50-80 first-hand smokers (20 pack-years) or ex-smokers (have quit within
the past 15 years) over a horizon of 5 years in 3-month time steps (Figure 2).

Parameters Value

3 months (Quarter), to reflect the probability of health state transitions, as

Ti in th |
ime steps in the mode suggested by clinical experts

Each quarter, the model follows each person in the cohort as they progress in
time, remaining in or exiting the various health states, as defined in the model,
through transition rates (probabilities).

Every patient is due to transition between health states following probabilities
provided by expert clinical opinion. For every state, there is an end-point in the

Transitions between health

states - MPT
model, after which a transition is forced upon the patient to reflect the
inevitable clinical course of the disease. This end-point is the Mean Progression
Time which reflects the maximum time a patient can stay in a health state
without his/her health deteriorating

Model exit rule Cohort members exit the model only through death

Figure 2. Design of the hypothetical model inputs.

Due to the lack of published data in Greece, we developed a de novo methodology
to define probabilities of transitioning from one health state to another (without cancer,
with cancer, alive, dead) based on input from clinical experts. Expected outcomes (cancer
cases, deaths, lost LYs) were modeled both for the current and the hypothetical scenario,
and the difference in lung cancer life years lost/gained between the two scenarios was
calculated.

The impact of screening was assessed on lung cancer deaths only —therefore, all
other lung cancer-unrelated causes of death were not considered in the model, thus avoid-
ing skewing any model results.

Further, the model assumed no progression for cancer type Non-Small Cell Lung
Cancer (NSCLC)/Stage 0 over the model time frame, as per clinical expert opinion. Screen-
ing after symptoms and random cancer-unrelated screenings were assumed to be per-
formed in annual loops. This may underestimate model calculated benefits.

2.4. Modelling Study Data Inputs

We used data from Globocan, 2020 [5] and Hellenic Statistical Authority [15] on a
smoking population to define the annual number of lung cancers to be identified amongst
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our high-risk cohort (incidence-based approach). This approach addresses the lack of data
on the number of lung cancer screenings/false screenings, as cancer cases identified in the
study cohort are the “actual” cases that would be incident amongst the cohort according
to the published national lung cancer incidence. The clinical expert opinion provided data
on clinical management, irrespective of sex or age.

2.5. Modelling Study Schema

In the current scenario, each year of the model (which comprises four quarters) the
model controlled whether a person in the cohort was a lung cancer case (defined through
lung cancer incidence), had developed symptoms, or had undergone a random cancer-
unrelated scan. If the person had lung cancer (defined as “patient” for reference) and ei-
ther developed symptoms or underwent a random CT scan, the model assumed that the
patient was diagnosed and received optimal treatment & care, according to treatment
guidelines. If the person had lung cancer (defined as “patient” for reference) but had not
developed symptoms nor had he/she undergone a random CT scan, the model assumed
that the patient was undiagnosed and continued in time as untreated until the next year.
When lung cancer in this undiagnosed and untreated patient progressed, the patient had
a defined probability to develop symptoms. Outside this probability, the patient remained
undiagnosed and untreated until the next lung cancer stage or the next year (whichever
occurred first), when the same process loop was applied. In the new scenario, all cohort
members underwent LDCT screening upon entering the model and, if diagnosed with
lung cancer, were identified as patients and assigned to optimal treatment and care, ac-
cording to the latest available international, European, and national treatment guidelines
[16-18]. The model followed the patient cohort for the next 5 years to estimate life years
gained amongst those diagnosed as patients when this 100% SLTC approach was applied.
The remainder of the cohort members, who were not diagnosed at point 0, were screened
(100%) for lung cancer again on an annual basis. The same process loop as above was
applied. The model schema —cohort population flow is depicted in Figure 3

Population at risk

Lung cancer incidence in
Greece

I

Cancer type and stage
incidence
Healthy T~
i

1
A Probability of developing symptoms ‘
Patients I Progress
developing

symptoms
——

O\

Patients without
symptoms

IN 1
Screening probability for Remain at same
cancer-unrelated reasons stage

N

Not

Screened and screened/not —
diagnosed diagnosed
I Linkage To Care - Remain at \ Death or
| same stage, progress/regress ‘ model end

Figure 3. Model schema for the cohort population flow.
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2.6. Model Transitions” Structure

In the current treatment scenario, each person entering the model was assigned a
health state, either healthy or cancer patient, based on the health state distribution pre-
sented in Supplementary Table S1. Following this assignment, healthy cohort members
moved forward to the next model year. At that moment, their health state was re-evalu-
ated according to the procedure described above, and if they remained healthy, this pro-
cess continued until model time ended when the person exited the model healthy.

However, if, at any moment, the health state of the person changed to being a cancer
patient, then a different routine was applied. If the patient underwent a random cancer-
unrelated CT scan or developed symptoms, he was assigned cancer patient status. The
probability of random screening was set to 3.84% for the Greek population over 15 years
old [1-3], as calculated from data shown in Supplementary Table S2, and the probability
of developing symptoms, by cancer type and stage, was set according to Supplementary
Table S3. If the patient was diagnosed with cancer, he/she was assumed to receive optimal
treatment and was denoted as a “treated patient”. Otherwise, the patient would be undi-
agnosed and denoted as an “untreated patient”.

For “treated patients”, the progression of cancer depended on their type and stage.
This progression was quantified by assuming that the patient moved from the initial stage
to another pseudo-stage. The NSCLC-Stage 0 patients remained at this stage until they
exited the model. The remaining patients moved to the next stage at a certain time accord-
ing to Supplementary Table S4. In addition, these patients were evaluated every three
months by the model to assert where they remained alive and at the same pseudo-stage,
had died or moved to another pseudo-stage, earlier than expected, according to probabil-
ities shown in Supplementary Tables S5-511. This process continued, even if the patient
moved to another stage, until the patient died or the model time ended, whichever oc-
curred first.

As regards “untreated patients”, transitions from stage to stage remained as above
and presented in Supplementary Tables S5-S11, depicting a faster cancer progression or
death, as these cohort members received no treatment and care. In the hypothetical sce-
nario, where all cohort members underwent LDCT screening upon entering the model,
health states were distributed according to Supplementary Table S12. Cancer was diag-
nosed at the same time cancer occurred, and patients received optimal treatment and care
(Supplementary Tables S5-5S11, treated patients).

The programming routines, which implement the numerical model, were developed
in MatLab (MathWorks Inc, Apple Hill Drive, MA, USA) computational platform. A total
of 150 iterations of simulation scenarios were conducted for 100,000 persons each. Any
treatments that commence the following screening continue until death or model time
stop, whichever occurs first.

3. Results

The modeling study revealed that increasing SLTC to a hypothetical 100% of eligible
high-risk people in Greece leads to a statistically significant reduction in deaths and in
total years lost due to lung cancer, when compared with the current SLTC paradigm. Over
5 years, the model predicted a difference of 339 deaths and 944 lost years between the
hypothetical and current scenario (Tables 1 and 2). More specifically, the hypothetical sce-
nario led to fewer deaths (—24.56%) and fewer life years lost (-31.01%) (Table 3). It also led
to a shift to lower-stage cancers at the time of diagnosis, allowing for more frequent eligi-
bility for curative treatment.
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Table 1. Current scenario modeling results.
Parameter Mean Value Standard Deviation
Cancer cases (per model life cycle) 1929.07 39.57
Cancer-related deaths (per model life cycle) 1371.21 34.68
Lost years (per model life cycle) 3042.84 90.98
Table 2. Hypothetical scenario modeling results.
Parameter Mean Value Standard Deviation
Cancer cases (per model life cycle) 1925.55 41.00
Cancer-related deaths (per model life cycle) 1031.89 31.54
Lost years (per model life cycle) 2098.85 77.37
Table 3. Comparison between scenarios.
Parameter Difference (%) p-Value
Cancer-related deaths (per model life cycle) —24.61% <0.001
Lost years (per model life cycle) -30.90% <0.001

4. Discussion

This modeling study estimated the clinical impact in terms of deaths averted and life
years gained from applying a hypothetical 100% screening and linkage to care scenario
on a cohort of LC high-risk persons, as defined by the US Preventive Services Task Force,
in Greece. It analyzed two screening and disease management scenarios: a current sce-
nario, where a high-risk person may undergo a random cancer-unrelated screening or
experience symptoms after being assigned the probability to be a lung cancer patient, and
a completely hypothetical scenario, in which all high-risk persons are screened for lung
cancer upon entry in the model. In both scenarios, post-screening, patients are linked to
treatment until death or model time end, whichever occurs first. The new scenario led to
improved outcomes, in terms of fewer deaths (-24.61%) and fewer life years lost (-30.90%)
over 5 years. The model also indicated that applying the hypothetical scenario leads to a
substantial shift to lower-stage cancers at the time of diagnosis, therefore, more patients
would be eligible for curative treatment (mainly surgical).

Despite the study using a stochastic model based on clinical expert opinion, findings
are in line with the recently published outcomes of the NELSON clinical trial [6], which
showed a reduction in lung cancer-related deaths amongst men aged 50-74 of -24% (95%
CL -39% to -6%) and amongst women aged 50-74 of -33% (-62% to +14%), when these
patients were screened at time TO, year 1, year 3 and year 5.5.

As promising as these data may appear in reducing mortality, there are still open
questions about introducing universal screening for high-risk people, mainly regarding
cost-effectiveness and overdiagnosis. Furthermore, experience from around the globe re-
vealed a range of barriers, including primarily low rates of acceptance and uptake of
screening from referring primary physicians, and the general population as well as many
difficulties in standardizing techniques and processes among centers and radiologists [19-
23]. These indicate that there may be a need to introduce formal, national screening pro-
grams, if to achieve higher uptake.

Although many guidelines have been issued in Europe and guidance has been pub-
lished to promote and assist with the implementation of LCS programs, only Croatia [24],
Poland [25], and the Czech Republic [26] have, to date, initiated such national programs,
while others have set up pilot schemes in areas with high smoking prevalence [24]. The
UK Lung Screening Trial (UKLS) [27] used population primary care records to identify
those aged 50-75 years and asked them to respond to a questionnaire. Only 11.5% of re-
spondents were at a high enough risk to be considered eligible for the trial, thus underlin-
ing the reluctance of high-risk groups to participate in such initiatives [28]. In Manchester
[29], a pilot of a community-based lung cancer low-dose CT screening concluded that the
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program made a cost-effective use of limited National Health System (NHS) resources.
Still, the authors highlighted that more research is required on the exploration of the con-
ditions such a program could enhance patient health while remaining cost-effective.

In addition, LDCT screening of eligible people should incorporate sufficiently de-
scribed and appropriately integrated linkage to care services for evaluation of screening out-
comes, i.e., suspect pulmonary nodules and linkage to care as required, after assessment by
a multidisciplinary team. Such Pulmonary Nodule Clinics (PNCs) [30,31] have been estab-
lished in the US [30] and the UK [31] and are being shown as highly effective in optimizing
lung cancer screening public health potential. A single healthcare system retrospective re-
view by Melton et al. [32], which compared the staging of cancers detected through a PNC
and the rest of the general lung cancer population in a community healthcare system in
Central Pennsylvania revealed significantly earlier stages of lung cancer at diagnosis in the
PNC, coupled with higher five-year survival rates for patients so diagnosed.

Nonetheless, such clinics are still underdeveloped or only informally functioning,
mostly unconnected to national health systems, in several countries, including Greece.
Any national LCS initiative must be coupled with adequately defined, appropriately
aligned, and standardized assessment and linkage to care services, as may be provided
by PNCs, in physical or virtual form, to ensure there is optimal follow-through of any
identified cases as well as sufficient consultation support in cases where a follow-up mon-
itoring schedule should be established. This will be highly dependent on the specificities
of each health system and should be taken into consideration early in the design of any
LCS program. Further, LDCT screening offers new opportunities for radiologists collabo-
rating with any such PNCs for the early detection of other diseases [33], such as cardio-
vascular disease and chronic obstructive pulmonary disease, which are even more fre-
quent causes of death than lung cancer [33].

Limitations

This study is a modeling study based on a stochastic model that was informed by
clinical expert opinion. Lung cancer incidence and smoking prevalence were based on
published literature and official sources. The model does not include background mortal-
ity, so as not to skew model results—the model produces results only for lung cancer-
related deaths. The clinical expert opinion provided data on clinical management ques-
tions irrespective of sex/age. Therefore, all cohort members are treated as the same, not
allowing for inter-sex or age variations. Additionally, we assumed no progression for can-
cer type NSCLC/Stage 0 over the model time frame, as per clinical expert opinion. This
may impact model results. Finally, screening after symptoms and random cancer-unre-
lated screenings were assumed to be performed in annual loops and this may underesti-
mate model calculated benefits.

Future work could manage the aforementioned limitations by collecting real-world
evidence on the distribution of lung cancer cases in terms of sex and age, and the current
screening behaviors and practices.

5. Conclusions

Lung cancer causes a substantial epidemiological burden in Greece. Yet, no formal
national lung cancer screening program has been introduced to date. Our study suggests
that applying a 100% lung cancer screening strategy with LDCT amongst high-risk adults
aged 50-80, would result in additional averted deaths and LCLYs gained over 5 years in
Greece. Such screening should, however, be coupled with the introduction of integrated
assessment and linkage to care services, to ensure optimal achievement of expected public
health outcomes.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/cancers14225484/s1, Table S1: Health state distribution;
Tabll S2: Probability of random cancer-unrelated screening; Table S3: Probability of developing
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symptoms by cancer type and stage; Table S4: Mean progression time per cancer type and stage;
Table S5: Transition probabilities for NSCLC stage I; Table S6: Transition probabilities for NSCLC
stage II; Table S7: Transition probabilities for NSCLC stage IIIA; Table S8: Transition probabilities
for NSCLC stage IIIB; Table S9: Transition probabilities for NSCLC stage IV; Table S10: Transition
probabilities for SCLC limited stage; Table S11: Transition probabilities for SCLC extensive stage;
Table S12: Health state distribution in the hypothetical scenario (100% screening)
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