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Background: This study shows how dynamic simulation modeling can be applied in the context of the nationwide
implementation of Whole Genome Sequencing (WGS) for non-small cell lung cancer (NSCLC) to inform organizational
decisions regarding the use of complex and disruptive health technologies and how these decisions affect their

Methods: Using the case of the nationwide implementation of WGS into clinical practice in lung cancer in the Dutch
healthcare system, we developed a simulation model to show that including service delivery features across the
diagnostic pathway can provide essential insight into the affordability and accessibility of care at the systems level.
The model was implemented as a hybrid Agent-Based Model and Discrete-Event Simulation model in AnylLogic and
included 78 hospital agents, 7 molecular tumor board agents, 1 WGS facility agent, and 5313 patient agents each year

Results: The model included patient and provider heterogeneity, including referral patterns, capacity constraints,
and diagnostic workflows. Patient preference and adoption by healthcare professionals were also modeled. The
model was used to analyze a scenario in which only academic hospitals have implemented WGS. To prevent delays
in the diagnostic pathway, the capacity to sequence at least 1600 biopsies yearly should be present. There is a two-
fold increase in mean diagnostic pathway duration between no patients referred or all patients referred for further

Conclusions: The systems model can complement conventional health economic evaluations to investigate how
the organization of the workflow can influence the actual use and impact of WGS. Insufficient capacity to provide
WGS and referral patterns can substantially impact the duration of the diagnostic pathway and thus should be consid-
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Introduction

Whole Genome Sequencing (WGS) is a genomic test
that sequences the whole genome with one single test
compared to targeted gene panels (TGP) that sequence
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a subset of genes. While WGS has the benefit of more
comprehensive diagnostic information, it is currently
more expensive at 2925 euro per patient, whereas the
cost of current SoC tests ranges from 70 to 400 euro [1].
Furthermore, even though it has steadily declined over
time, the turnaround time of 10 working days for WGS
[2], not including clinical interpretation, remains longer
than the turnaround time of TGPs. The implementation
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of WGS into routine clinical practice in oncology is
ongoing in several countries worldwide [3, 4]. However,
the health economic evidence on the optimal use of WGS
as a cancer diagnostic is sparse, as only five initiatives are
performing a health technology assessment of WGS with
a focus on oncology [2].

In addition to demonstrating the clinical and economic
value of WGS [5], the actual utilization as part of the
diagnostic and treatment episode can impact its afforda-
bility and accessibility. For instance, WGS can potentially
substitute all DNA-based biomarkers and the optimal
position of WGS in the biomarker test strategy needs to
be determined. Moreover, the impact on the selection,
availability, and start of treatments needs to be addressed.
This requires consideration of the required capacity to
conduct WGS, curate, and interpret the WGS data. These
challenges are not unique to WGS but can also apply to
other complex and disruptive health technologies, such
as proton therapy [6]. Additionally, short-term inefficien-
cies may arise during implementation. These inefficien-
cies can be caused by the overcapacity of the existing
technology during the transition phase or due to the
gradual implementation of the innovative technology [7].

Cost-effectiveness, cost—benefit, or budget impact anal-
yses typically ignore these additional challenges. These
analyses focus on the long-term consequences of spe-
cific healthcare interventions and do not typically con-
sider organizational constraints. They implicitly assume
that demonstrating the benefits of a new technology will
ensure an optimal implementation in clinical practice,
perhaps led by the fact that HTA agencies do not gener-
ally require evidence on how organizational constraints
can affect outcomes. However, this may be an unrealis-
tic assumption when considering complex and disruptive
health technologies.

Healthcare delivery systems can be characterized as
complex adaptive systems [8]. They contain feedback
loops and interaction between different system elements,
such as patient-provider interactions. Complex adap-
tive systems can adapt to changes over time and display
nonlinear and delayed behavior. For example, WGS reim-
bursement increases its budget impact initially through
increased use. However, economies of scale could
decrease the cost per patient and thus reduce its budget
impact in the long term. Additionally, reducing the turn-
around time of WGS can lead to an increased adoption
rate of physicians and, possibly, to improved benefits for
patients. By applying the "big picture” (holistic) princi-
ple of systems science [9], we can learn more about the
health care delivery system as a whole, compared to eval-
uating its components in isolation.

Traditional health economic evaluation methods such
as decision trees and Markov models are usually not
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flexible enough to reflect the nonlinear and interdepend-
ent properties of the healthcare system. Hence, other
methods are required when organizational aspects, as
well as care process and technology aspects, need to be
reflected. Suitable alternative methods should be able to
measure the short and long-term consequences to the
system and be flexible enough to reflect complex care
pathways [10], often seen in precision medicine.

Dynamic simulation modeling (DSM) has been pro-
posed as a potential approach to reflect the complex-
ity observed in the healthcare system [11]. It consists
of three modeling paradigms: System Dynamics (SD),
Discrete-Event Simulation (DES), and Agent-Based Mod-
eling (ABM) [10]. SD models relationships between the
system elements at an aggregate level using stocks and
flows and often contain feedback loops. DES is a process-
oriented individual-level modeling approach where enti-
ties flow through a process that typically contains delays,
resource constraints, and queues. ABM is also an individ-
ual-level modeling approach, but its agents are active and
may display behavior, unlike in DES. While ABM, DES,
and SD are not new, the literature on their application
in the context of systems science within health technol-
ogy assessment is sparse [12]. One article in the health-
care setting combines SD and ABM to assess the value
of mobile stroke units [13] while considering the disease
and population dynamics, the organization of care and its
economics.

This paper aims to demonstrate how DSM can be
applied to the nationwide implementation of WGS for
non-small cell lung cancer (NSCLC) by conceptualizing
and constructing a dynamic simulation model. Technical
model details are described in Additional file 1. Moreo-
ver, we will illustrate how adjustments in the organization
of the diagnostic workflow can provide essential insights
into the affordability and accessibility of WGS in the care
for cancer patients.

Case study: Whole Genome Sequencing as a clinical
diagnostic in lung cancer
Background
For many tumor types, choosing the optimal treatment
for patients with advanced or metastatic disease depends
on the outcomes of biomarker testing. Biomarker testing
helps select the optimal treatment and avoid overtreat-
ment with ineffective treatments. The role of biomark-
ers for treatment selection is especially substantial in
lung cancer [14]. Therefore, lung cancer is one of the
first tumor types for which WGS will potentially be
implemented.

However, it is not clear whether the potential value of
WGS outweighs the incremental costs that WGS incurs.
Its clinical utility is currently limited to those genes for
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which a targeted treatment is available. Critics assume
that current standard of care (SoC) testing that entails the
use of TGP and other tests that test one or a few genes,
provide enough information for a clinical diagnosis in
most cases. However, proponents hypothesize that WGS
adds value in cases where SoC would not have identified
a biomarker. Recently, a study concluded that the action-
able genome shows limited evolution while under thera-
peutic pressure, meaning that conducting WGS once is
sufficient for most patients [15].

The clinical utility of WGS must be weighed against the
incremental costs. WGS requires a significant upfront
investment due to the required lab facilities and infra-
structure for data storage amongst others. Additionally,
WGS has a higher cost per patient. Changes in the organ-
ization of care, such as adapting diagnostic workflows to
accommodate WGS and putting the required infrastruc-
ture in place, will help to realize the potential value of
WGS. The need to transform health services underlines
the importance of assessing the full, system-wide require-
ments posed by WGS to support its implementation in
routine clinical practice.

Problem conceptualization

Current workflows for biomarker testing in the Netherlands
Figure 1 depicts a schematic representation of the health-
care system considered to implement WGS. The system
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elements that are shown in Fig. 1 interact with other sys-
tem elements. For example, patients visit hospitals to be
diagnosed and treated, while hospitals use WGS services
and molecular tumor boards (MTB) to provide that care.
Currently, WGS for cancer patients is primarily used in
the clinical research setting as the clinical and/or eco-
nomic value of WGS has not been demonstrated. One
central facility in the Netherlands conducts WGS for can-
cer patients in hospitals participating in the Centre for
Personalized Cancer Treatment study [16]. However, this
centralized organization may shift to a regional organiza-
tion in the near future if hospitals invest in building up
their own WGS capacity. Interpretation of the complex
genetic information that WGS provides is preferably
performed by a group of multidisciplinary experts in an
MTB [17]. Currently, the development of MTBs is still in
an early phase. Nonetheless, Dutch academic hospitals
each organize an MTB who meet regularly.

Biomarker testing for treatment selection is used by all
hospitals (n=78) that treat lung cancer patients. Patients
can receive treatment with chemotherapy and targeted
therapy in most hospitals [18]. Conversely, immuno-
therapy prescription is concentrated in a subset of hos-
pitals that meet specific quality requirements [19]. Most
hospitals that meet these requirements are academic or
teaching hospitals or general hospitals with a high patient
volume. Enrollment into clinical trials is also initiated

System

]
AL v
Patients Hospitals WGS facilities Molecular tumor
boards

Diagnostic pathways

Patient characteristics (Tests, costs, delays)

Tumor profile Adoption of WGS

Patient preference Patient volume

Sequencing capacity Interpretation capacity

Turnaround time Meeting schedules

Case selection and/or

Sequencing failure rate prioritization

Fig.1 A schematic representation of the healthcare system in which WGS is potentially implemented, comprising the following system elements:
patients, hospitals, WGS facilities, and Molecular Tumor Boards. The boxes with dotted lines below each stakeholder represent stakeholder
characteristics that may influence the system’s behavior and system outcomes
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via these hospitals. In most cases, patients are referred
to one of these hospitals for treatment, or the patient’s
tumor material is sent to a hospital with a more elaborate
testing capability.

The potential value of WGS from a systems perspective

Diagnostic workflows A major challenge related to the
diagnostic workflows is adapting the current workflows
to accommodate WGS. Currently WGS is only used in
the clinical research setting in oncology. Therefore, an
important step is to determine the patient subgroups
that will receive WGS, as the current price level of WGS
[1] makes it prohibitive to provide WGS to all patients
with lung cancer. This is linked to determining which
tests will be substituted by WGS and how tests will be
planned. Careful planning is essential, as there is a risk
that the time-to-treatment will increase beyond the rec-
ommended maxima [18].

Additionally, it has been widely recognized that MTBs
should interpret the genetic information that WGS
provides [20]. For an adequate interpretation, an MTB
should at least consist of clinicians, pathologists, clini-
cal biologists, geneticists, and bioinformaticians [17].
However, there is still a large variety in the composition
of MTBs in the Netherlands [21], and MTBs need to be
able to cope with a potential increase in the number of
patients who receive WGS. This can be achieved, for
instance, by automating workflows and setting up clinical
decision support systems [22].

The process of conducting WGS differs substantially
from the current SoC biomarker tests. When conduct-
ing WGS, the patient’s tumor material is sent to a WGS
facility. Once sequencing is completed, a report contain-
ing the results is sent to the MTB. The MTB discusses the
results from WGS and reports an evidence-based treat-
ment recommendation back to the hospital. Ultimately,
the treating physicians can, together with the patient,
use this recommendation to make a treatment decision.
Hence, using WGS involves more and different steps
than SoC, which is usually conducted in-house and typi-
cally does not use the services of an MTB.

Impact of policy decisions At present, WGS is offered
from one location in the Netherlands. While the evi-
dence is still lacking on the effects of centralization [23],
focusing all sequencing in one facility can potentially
lead to improved efficiency and economies of scale as the
throughput increases [24, 25]. However, it is possible or
perhaps even desirable that, over time, a regional organi-
zation emerges, such that several hospitals can conduct
WGS independently. The required capacity to conduct
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WGS should be carefully predicted, as a decentralized
organization potentially leads to overcapacity, similar to
what happened with proton therapy in the Netherlands
[26]. Overcapacity may be utilized to conduct WGS
for new patient indications, for whom a clinical benefit
is perhaps not demonstrated yet. This may lead to an
increase in the overall budget impact of WGS.

Additionally, the reimbursement status of WGS plays
a role in how affordable and accessible WGS is. Pres-
ently, WGS is not reimbursed through health insurance
in the Netherlands. Especially at the current price level
of WGS, the lack of reimbursement presents a substan-
tial barrier to wide-scale use [27]. If the reimbursement
status of WGS does not change, only a few hospitals
will likely implement WGS into their clinical practice,
and then only for narrowly defined patient subgroups.
Hence, the reimbursement decision will influence the
required sequencing capacity and the likelihood of
decentralization.

Technical  considerations Technical considerations
that separate WGS from other biomarker tests are pri-
marily related to the tissue used for WGS. While WGS
is increasingly able to handle formalin-fixed, paraffin-
embedded tissue [28], WGS using fresh frozen tissue
remains more accurate. Fresh frozen biopsies are not
routinely taken, which means that an additional biopsy
needs to be taken for WGS. Moreover, biopsies for WGS
need to comprise at least 20% of tumor cells for suc-
cessful sequencing, meaning that approximately 28%
of biopsies are not suitable for WGS [29]. These biopsy
requirements pose substantial hurdles for successfully
conducting WGS, as tumor material is often limited and
difficult to access.

Model implementation

The conceptual model has been implemented as a hybrid
dynamic simulation model using both DES and ABM.
The SIMULATE checklist [30] was used to describe the
systems model and can be found in supplementary file
2. We have opted for a hybrid model as it allows us to
benefit from the comparative advantage of each mod-
eling paradigm. Furthermore, both DES and ABM are
individual-level modeling paradigms. Individual-level
models can make optimal use of available patient-level
data to make future events or trajectories dependent on
each individual’s history and characteristics, which is
very informative in the context of precision medicine.
For instance, when modeling care pathways, a treatment
decision can be based on the outcome of a diagnostic test
and patient characteristics.
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The model has been developed in AnyLogic 8.3.3 (The
AnyLogic Company). AnyLogic is one of several software
packages in which multiple DSM model types can be
combined in a single, hybrid model, thus providing high
flexibility to model developers.

Model structure

Figure 2 provides a high-level representation of the
model structure. Defining a model boundary is a neces-
sary but subjective decision. The focus of this study is on
the required changes in the organization of care. There-
fore, system elements that have the largest potential
influence on how care is organized or system elements
most affected by changes in the organization of care are
included in the model.

A hypothetical stage IV NSCLC patient who requires
biomarker testing for the initial diagnosis is generated.
Upon entering the nearest hospital’s workflow, it is deter-
mined whether that specific hospital has implemented
WGS and whether the patient matches the indication.
If the patient receives SoC, all care processes are con-
ducted within that hospital. If the patient should receive
WGS, it is assessed whether the pathologist has adopted
WGS and whether the patient prefers WGS over SoC.
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Subsequently, the patient’s biopsy is sent to the WGS
facility (n=1), and once sequencing is completed, a
report is sent to the MTB (n=7). Finally, once either SoC
or WGS has been concluded, a guideline-based treat-
ment recommendation is given. Thus, the model’s start-
ing point is the diagnosis of stage IV NSCLC, and the
endpoint is either death during the diagnostic pathway or
the conclusion of the diagnostic pathway.

All hospitals that provide biomarker testing for lung
cancer patients are reflected in the model. Hospitals are
stratified according to type: general (n=43), teaching
(n=21), and academic hospitals (#=38). They differ in the
testing strategy they employ. General hospitals have a rel-
atively simple testing strategy; they test ALK rearrange-
ment status using IHC and test the EGFR and KRAS
oncogenes’ mutation status with Sanger Sequencing.
Teaching and academic hospitals test PD-L1 expression
and ALK with immunohistochemistry (IHC) and use the
same TGP to test for EGFR, ROS1, BRAF, and KRAS. It is
assumed that these tests are conducted in parallel.

If SoC testing in a general hospital did not identify a
biomarker, that patient is referred to a teaching hospital.
If the biomarker testing strategy in a teaching hospital
also did not identify a biomarker, that patient is referred

A patient is generated and
positioned in a random position
within one of the provinces based
on the relative number of patients
per province.

The patient enters the diagnostic
workflow.

If this hospital has not implemented

WGS, the patient will receive SoC

testing.

The patient determines the

nearest hospital in terms of
Euclidean distance.

The patient moves to the nearest
hospital.

If SoC testing did not identify a
biomarker, the patient or biopsy is
referred:
« If the patient received testing
in a general hospital, the
biopsy is sent to the nearest
teaching hospital for more
elaborate SoC testing.
« If the patient received testing
in a teaching hospital, the If SoC testing fails, it is repeated
patient is referred to the once.
nearest academic hospital for
WGS.

SoC testing consists of:

* General: ALK with IHC and
EGFR and KRAS with Sanger
Sequencing

« Teaching and academic: TGP
that tests for EGFR, ROS1,
BRAF, and KRAS

The biopsy enters the WGS workflow.

Shallow sequencing to definitively determine

If this hospital has implemented

WGS, it is determined whether:

* This patient matches the
patient indication;

* The healthcare professional
has adopted WGS;

« This patient prefers WGS over
other diagnostics.

If one of the above conditions is
not satisfied, the patient receives
SoC testing.

Up to four fresh-frozen biopsies
are taken and their TC % are
assessed. If TC % is insufficient
in all biopsies, the patient
receives SoC testing.

The patient’s biopsy is sent to the
WGS facility and the patient waits
for the return of a WGS report.

A guideline-based treatment recommendation is given.

If no biomarker has been identified, the patient or biopsy is referred to
another hospital for more elaborate biomarker testing.

TC % in biopsy. If insufficient, the patient
receives SoC testing in the hospital.

WGS is conducted.

Using the technical failure rate of WGS,
success of WGS is determined. If WGS
failed, the patient receives SoC testing in the
hospital.

A report is sent to the MTB with the lowest
utilization rate of the two MTB’s that are
nearest to the hospital.

Molecular tumor board (MTB)
(n=7)

The report enters the MTB workflow. I

!

It is determined whether this report requires
discussion in the MTB.

A first-in-first-out queue of reports form and
are discussed during a weekly meeting.

v

The report is sent to the hospital and
matched with the patient.

|
|
|
|
|
|
l |
|
|
|
|
|
|

Fig. 2 The model structure representing the general flow of patients through the simulation. The model has a multileveled structure: patients,
hospitals, the WGS facility, and MTBs are located within the national perspective, which represents the Netherlands. TC %: tumor cell percentage
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to an academic hospital. Academic hospitals have imple-
mented WGS for referred patients and patients for whom
SoC testing in that academic hospital did not identify a
biomarker. If biomarker testing in the academic hospi-
tal also did not identify a biomarker, that patient is not
referred further. Hence, WGS is implemented as a last-
resort diagnostic test. A technical model description,
describing the different agent types and parametrization
is available in Additional file 1.

Model transparency and validation

We aimed to create model transparency by providing a
clear description of the model and its software imple-
mentation. Furthermore, the model has been uploaded
to AnyLogic Cloud [31]. Systems models are typically
relatively complex and, therefore, difficult to extensively
validate. In this case, validating the outcomes of a sce-
nario in which WGS is not used against real-world data
was not possible as those data were not available. Achiev-
ing face validity is often seen as an important first step
[32]. Face validity was achieved through several discus-
sions with stakeholders during and after model devel-
opment to discuss modeling choices, assumptions, and
outcomes. During model development, interactive dis-
cussions were held with the Technology Assessment of
Next Generation Sequencing in Personalized Oncology
(TANGO) consortium [33], which investigates the added
value of WGS for clinical diagnostics in the Netherlands.
This group consisted of experts on oncology, pathology,
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genetics, bioinformatics, ethics, and health economics.
Once model development was concluded, an interac-
tive discussion with patient representatives, stakehold-
ers from the current genomic services provider, and the
TANGO consortium was organized to evaluate whether
the model’s face validity was sufficient.

Model-based analysis

Sensitivity analyses were conducted for model verifica-
tion and to illustrate several relationships within the
model. The following parameters were varied: the cost of
WGS, the percentage of patients who need to be referred
to another hospital that are referred, and the capacity to
conduct WGS. For each parameter setting, the model
was run 500 times to quantify the stochastic uncertainty
in the outcomes [34]. To achieve stable outcomes, each
simulation ran for 2000 days. With an annual expected
patient population of 5313 [18], each run approximately
simulated 29,000 patients.

Results

The cost of WGS

Figure 3 shows the impact of changes in the cost of
WGS on the mean cost per patient. Figure 3 includes all
patients; patients who received only SoC and patients
who received both SoC and WGS. The changes in the
cost of WGS have no impact on the mean cost of patients
who did not receive WGS and only received SoC. Addi-
tionally, not every patient received WGS, and therefore,
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Fig. 3 The impact of the cost of WGS on the mean cost per patient across all patients. The length of each violin symbolizes the uncertainty in the
estimate of the mean cost per patient. The boxplots show the median and interquartile ranges. The horizontal axis represents the current cost level
of WGS (2925 euro) [1] and hypothetical cost levels with 500 euro increments
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the mean cost per patient does not increase on a one-to-
one basis with the cost level of WGS.

Referral patterns for biomarker testing

All hospitals are placed in networks with other hospitals
to facilitate referrals of patients among hospitals. To ben-
efit from more extensive biomarker testing, general hos-
pitals refer patients to the nearest teaching hospital, and
teaching hospitals refer patients to the nearest academic
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hospital. Patients who received WGS will not be referred,
as there is no additional biomarker test available. Fig-
ure 4 shows these hospital networks, as well as the size
of the referral flows and patient volume per hospital. For
example, general hospital 5 (GH[5]) has a patient vol-
ume of below 1500 patients and referred between 367
and 671 patients to teaching hospital 2 (TH[2]). TH[2]
has a patient volume of between 1501 and 3000 patients.
While TH[2] also received referred patients from general
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hospitals 4 and 7 but refers only to academic hospital 0
(AH[O0]), with a referral volume exceeding 642 patients.
AH[0] has a patient volume of between 4501 and 6000
patients. AH[0] does not refer patients, but did receive
referred patients from teaching hospitals 0, 1, 2, and 4.
Note that Fig. 4 is a visualization based on data from one
simulation run. In each simulation run, the distribution
of hospitals across networks can vary, but how patients
are referred is constant across runs. From Fig. 4, we can
observe that hospitals vary in patient volume, patient
referrals (both sending and receiving), and the degree of
the relative importance of hospitals in the network.

Patients are referred to other hospitals if no actionable
target has been found and more elaborate biomarker test-
ing is available elsewhere. Figure 5 shows that a higher
percentage of referrals lead to, on average, a longer diag-
nostic pathway. The diagnostic pathway’s mean duration
increases when more patients are referred due to a model
mechanism that extends the diagnostic pathway for sev-
eral days when a patient is referred, reflecting that refer-
rals cause a delay [18]. Moreover, the uncertainty in the
mean diagnostic pathway duration increases once more
patients are referred.

Capatcity constraints for WGS

Figure 6 illustrates how constraining the capacity to con-
duct WGS and the MTB capacity to give a clinical inter-
pretation of the WGS report impacts the percentage of
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patients who died before receiving a treatment recom-
mendation. Figure 6 is stratified by MTB meeting fre-
quency; weekly or every two weeks. Once the sequencing
capacity is below 1600 biopsies annually, which is enough
capacity to prevent long queues in this scenario, the diag-
nostic pathway’s mean duration increases. At a capacity
of 1450 biopsies annually, the effects are noticeable but
not as extreme compared with a capacity of 1300 biopsies
annually. This extreme undercapacity leads to a signifi-
cantly increased mean duration of the diagnostic path-
way and increased uncertainty surrounding that mean
estimate. The MTB meeting frequency is also a form of
capacity constraint, as it affects the waiting time for the
clinical interpretation of WGS results. If MTBs meet
once every 14 days, the duration of the diagnostic path-
way increases slightly, approximately equal to seven days.

Discussion

In this study, we have demonstrated how DSM can be
utilized to develop a systems model that can be used to
evaluate the impact of the nationwide implementation of
WGS for NSCLC. The study first described the intended
use of WGS in oncology and the challenges related to the
organization it faces. Subsequently, this real-world prob-
lem has been translated into a proof-of-concept dynamic
simulation model reflecting the heterogeneity in patients
and providers, behavioral aspects, and geographic
variation. Visualization of hospital networks and the
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Fig. 5 The impact of the percentage of patients who should be referred to a different hospital on the diagnostic pathway duration is expressed in
days. The assumption underlying referrals is that all patients for whom no biomarker was identified in their current hospital are patients who should
be referred if there is more elaborate biomarker testing available elsewhere. The length of each violin symbolizes the uncertainty in the estimate of
the mean diagnostic pathway duration. The boxplots show the median and interquartile ranges
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sensitivity analyses have illustrated that aspects related
to the organization of care, such as capacity constraints
and referral patterns, can substantially impact outcomes
of interest such as the duration of the diagnostic pathway
and the cost per patient.

The main benefit of a DSM with a system-level per-
spective is the ability to reflect care processes, geographic
variation, and behavioral aspects, such as patient prefer-
ences and the adoption by individual physicians, which
are typically neglected in traditional (Markov type) simu-
lation models [35].

Moreover, dynamic simulation models can reflect
the organization of care across multiple heterogeneous
providers. Therefore, a dynamic simulation model can
investigate multiple different domains that may influence
a health technology’s actual use and outcomes in a par-
ticular context. Oncology and genomics are fast-moving
fields. To make the model more futureproof, the model
is set up in a way that potential future developments can
be reflected in the model relatively straightforwardly and
would not impose changes to the model structure.

For instance, in the systems model, it is not necessary
to assume that the implementation of WGS is immedi-
ate and perfect. It is more plausible that the implemen-
tation of WGS will be gradual and that the organization
of WGS will affect the benefits of WGS and vice versa,
which can be appropriately reflected in a systems model.
Figures 3, 5, and 6 show that a traditional model assum-
ing perfect and complete implementation of WGS and

assuming unlimited capacity would produce different
outcomes regarding the diagnostic pathway’s duration
and mean cost per patient.

The systems model in this paper combines mechanisms
from ABM and DES. A hybrid model benefits from the
comparative advantage of each modeling paradigm,
allowing the efficient simulation of processes, events, and
resources, as well as behavior and interactions. This com-
bination would be much harder to achieve and requires
more assumptions when using either DES or ABM by
itself. A practical benefit of creating a hybrid model is
that it offers flexibility to the model developer, which
is valuable if unforeseen model components need to be
included. Note that no transformation of inputs and out-
puts is necessary as both ABM and DES are individual-
level modeling paradigms, making it straightforward to
combine them.

Given the increasing complexity of the healthcare sys-
tem, systems models that focus on the organization of
care may become more desirable in the future. Though,
a systems model requires different and additional data
to reflect the system’s interdependencies, such as refer-
ral patterns, and provider heterogeneity, such as the
SoC testing strategy in hospitals. Moreover, conceptual-
izing the problem and defining model boundaries with
stakeholders requires a larger time investment than tra-
ditional health economic models. Therefore, it would be
worthwhile to determine beforehand whether a systems
model would provide additional insights compared to a
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traditional cost-effectiveness model or budget impact
analysis. Whether there are benefits depends on the
characteristics of the health technology in question, the
anticipated required changes to the organization of care
for optimal implementation, the diversity of involved
stakeholders, and the disruptive nature of the health
intervention.

A fundamental challenge for all modelers is defining
the model structure required to represent the real-world
problem adequately. As our model aims to inform organi-
zational decisions regarding the use of WGS, we naturally
focused on the flow of patients and information between
the involved actors. To achieve face validity, we have used
multiple interactive discussions with stakeholders, before
and during model development, to ensure our model was
fit for purpose and credible. To minimize model com-
plexity [36], we added model components incrementally
when warranted by the stakeholder discussions. None-
theless, it is possible that involving different stakeholders
might have led to slightly different modeling decisions.

Another challenge is the degree of detail that is
reflected in the model. That decision was partly driven by
data availability. Assumptions were made if the data were
lacking for model components that were deemed critical.
For instance, we assumed that SoC testing was identical
in hospitals of the same type. Therefore, it may not be
a perfect representation of the actual test strategy in all
hospitals. However, we have aimed to match the degree
of detail reflected in the model with the type of research
question this model will answer. The model we developed
will be used for tactical and strategic purposes. Therefore,
details that probably do not impact the outcomes sig-
nificantly can be omitted. Omitting unnecessary details
leads to a less complex model, which reduces the model’s
computational burden and makes it easier to validate the
model with stakeholders.

Many aspects of a systems model will, by design, be
country-specific. Hence, generalizability may be limited,
depending on the extent to which the organization of
care differs across countries. Nevertheless, the basic con-
cepts of developing and implementing a systems model
are independent of a country-specific context and can be
applied generally.

There are many exciting avenues for future research.
Given that the healthcare system comprises intelligent
agents that can adapt to new circumstances [30], it would
be challenging and exciting to explore the healthcare sys-
tem’s adaptive and dynamic behavior and incorporate it
into the systems model using different implementation
scenarios to WGS. Additionally, developing creative ways
to validate the model structure, such as by comparing the
consequences of natural experiments in the healthcare
system with model outcomes, would be valuable.

Page 10 of 12

Conclusions

In this study, we have demonstrated how DSM can be
applied to the nationwide implementation of WGS for
NSCLC. Sensitivity analyses have illustrated that aspects
related to the organization, such as capacity constraints
and referral patterns, can substantially impact out-
comes. The systems model can complement conventional
health economic evaluations to investigate how aspects
in organizational and behavioral domains influence the
actual use and impact of WGS.
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