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Bringing evolutionary cancer therapy to
the clinic: a systems approach

Check for updates

Arina Soboleva1 , Irene Grossmann1, Anne-Marie C. Dingemans2, Jafar Rezaei3 & Kateřina Staňková1

Evolutionary cancer therapy (ECT) delays or forestalls the progression of metastatic cancer by
adjusting treatment basedon individual patient anddiseasecharacteristics.Clinical implementationof
ECT can improve patient outcomes but faces technical and cultural challenges. To address those, we
propose a systems approach incorporating systems modeling, problem structuring, and stakeholder
engagement. This approach identifies and addresses barriers to implementation, ensuring the
feasibility of ECT in clinical practice and enabling better metastatic cancer care.

Evolutionary cancer therapy (ECT) (also known as adaptive therapy)
addresses one of the biggest challenges in cancer treatment, i.e., the rapid
development of treatment-induced resistance. ECT typically applies prin-
ciples of evolutionary game theory (EGT) to forestall this resistance1–5. ECT
often requires lower treatment doses, decreasing its side effects and
improving patients’ quality of life2,4,6,7. The approach is patient-specific
(treatment protocol depends on the individual disease progression) and
adaptive (treatment decisions are based on the disease response)1,4,5,7,8. To
predict the tumor progression and suggest relevant treatment decisions,
ECT uses mathematical models based on known cancer biology from
in vitro and in vivo data3–5,7–9.

The results of the first clinical study on evolutionary therapy for cancer
in 2017 demonstrated a significant increase in time to progression for
metastatic castrate-resistant prostate cancer (mCRPC) patients6. Since then,
a growingnumber of theoretical studies have focused on the development of
cancer dynamics models, validating the models with clinical and experi-
mental data, and designing new ECT protocols (i.e.,10–13). Several clinical
trials have been initiated in recent years that assess the effectiveness of ECT
for different types of cancer and treatments. However, as a model-based
treatment innovation, ECT may face difficulties in its implementation in
general clinical practice5,8,14.

Although the implementation of innovations in healthcare is, in gen-
eral, challenging15–17, the clinical translationof themodel-based intervention
is also complicated by the limited trust in mathematical models and the
difficulties in communication between modelers and healthcare
professionals18–22. ECT, as a treatment approach that originates from
mathematical modeling, is also likely to encounter these barriers. Previous
experience shows that when an innovation has an origin outside of the
medical world, it is faced with resistance from medical professionals19,23,24.
Moreover, ECT protocols necessitate careful monitoring of progression,
which may demand more resources, making it impractical for routine
clinical practice.

Here, we discuss the challenges that the clinical translation of evolu-
tionary cancer therapy faces. We then suggest a systems approach, which
uses systems modeling, problem structuring, and iterative stakeholder
involvement to address some of the key challenges and facilitate the
adoption of ECT in clinical practice.

Evolutionary cancer therapy
The idea of evolutionary cancer therapy originated around 30 years ago
when the principles of evolutionary game theory (EGT)were first applied to
the mechanisms of cancer and its treatment25,26. EGT for cancer considers
games between the different cancer cell populations (for example,
treatment-sensitive and treatment-resistant ones), where they compete for
resources and space, according to principles of natural selection1,11,27, or
between cancer and a physician attempting at its control or cure2–4,28. In the
latter case, the interaction between a physician and the cancer population is
viewed as a Stackelberg (or leader-follower) game4,29,30. A rational physician
(“leader”) makes decisions about the timing and dosing of treatment, while
the cancer population (“follower”) can only adapt by developing resistance
mechanisms4,30,31. The analysis of the game suggests a strategy for the
rational physician, which allows the elimination of cancer, postpones its
progression, or keeps it under control forever4,30.

ECT utilizes mathematical models that describe the dynamics of the
cancer population and develops a treatment approach based on the pre-
dictions of these models. The most commonly used models are ordinary
differential equations (ODEs), partial differential equations (PDEs), and
agent-based models (ABMs). The differential equation models typically
describe cancer dynamics in response to treatment, measured through a
biomarker. PDEs and ABMs elicit the spatial dimension of tumor devel-
opment, explicit cell interactions in space, and their effects on the devel-
opment of resistance and effectiveness of the treatment (e.g.,32,33).

Beforemodel predictions are applied to the design of an ECT protocol,
its adequacy is carefully evaluated. First, the models are calibrated with
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real-world in vitro and in vivo data and validated in their ability to fit the
cancer time-series data in response to treatment (e.g.,34–36). The model
accuracy depends on the quality of data it is calibrated with. This highlights
the importance of uncertainty quantification, which statistically describes
measurement error, explores the predictive power of the models against
various goodness of fit measures, and evaluates parameter uncertainty37.
Further, the model predictions and the effectiveness and safety of ECT
protocols are evaluated inpreclinical in vitro cell culture experiments (e.g.,10)
and in vivo mice models (e.g.,1,13). After careful evaluation, the models are
implemented in the design of ECT clinical trial protocols. Moreover, the
model used to design a clinical trial can be later recalibratedwith the patient
data from the same trial, to further improve the model predictions and
treatment protocols7.

The usual ECT strategies involving one drug are dose skipping
(treatment is paused and resumed based on cancer response to the treat-
ment) and dose modulation (the administered treatment dose is adjusted
based on the response)1,5,8,9,13,38. Multi-drug evolutionary therapies include
extinction therapy, which subsequently uses two or more types of drugs to
eliminate the cancerpopulation completely, anddouble bind therapy,which
uses two therapies in such a way that the development of the resistance
towards one increases susceptibility to another39–44.

The current state of adoption
The first evolutionary therapy clinical trial started in 2015 atMoffitt Cancer
Center in Tampa, Florida. The adaptive approach was applied to the
treatment ofmetastatic castrate-resistant prostate cancer (mCRPC)6,7. In the
study, the patients were treatedwith a constant dose until the tumor burden
(measured as prostate-specific antigen (PSA) level) decreased by 50%. The
treatment was then paused to let the tumor regrow to its initial size, after
which the treatment was resumed. As a result of the pilot trial, the median
time to progression increased to 27months compared to 16.5months at the
standard of care, while the cumulative drug dose was lowered to 47% of
standard dosing6. Four years later, the new results of the clinical trial showed
the median time to progression of 33.5 months in the adaptive therapy
cohort compared to 14.3 months in the standard of care cohort7.

The promising results of the initial trial initiated the growth of interest
in evolutionary cancer therapy. A number of studies were published on the
analysis of the models12,45,46, in vitro experiments11,47–49, validating models
with clinical data and designing new clinical trial protocols50. In clinical
translation,Moffitt Cancer Center continues to be a pioneer of evolutionary
cancer therapy. The fact that Moffitt is a functioning hospital, as well as a
research center with the Integrated Mathematical Oncology section, pro-
motes the joint work of modelers and physicians and allows for fast clinical
translationof ECT studies. Theongoing trials there apply adaptive protocols
for castration-sensitive prostate cancer (NCT03511196;multi-drug therapy
NCT05189457), BRAFmutantmelanoma (NCT03543969), advanced basal
cell carcinoma (NCT05651828), and rhabdomyosarcoma (NCT04388839;
both dose adjusting and multi-drug). There is also an evolutionary tumor
board feasibility studywhere amultidisciplinary team suggests evolutionary
treatment strategies for incurable patients (NCT04343365)14.

Outside theUS, there are far fewer evolutionary cancer therapy clinical
trials. There is one ongoing trial on adaptive chemotherapy protocol for
ovarian cancer in the UK (NCT05080556) and one trial for metastatic
castrate-resistant prostate cancer in the Netherlands and Australia
(ANZadapt; NCT05393791). Both trials started in 2023 and the results are
expected in upcoming years.

Challenges of clinical translation
Evolutionary cancer therapy requires a multidisciplinary collaboration
between medical professionals and researchers in mathematics, evolu-
tionary biology, data science, and statistics. Typically, theoretical researchers
need to build collaborations with medical professionals. A few barriers may
hinder these collaborations. First, the high workload of medical profes-
sionals and the prioritization of tasks of immediate importance over tasks
for future development may decrease their ability to be involved in time-

demanding research projects21,51,52. Another difficulty is the communication
barrier between medical professionals and modelers, attributed to their
different backgrounds, unfamiliarity with technical language, limited doc-
tors’ experience with mathematical models, and irregular meetings due to
doctors’ high workload18,19,21,22,53. Moreover, the cultural aspects of the
medical field play an important role in the adoption of innovations, and
considering these aspects is essential when collaborating with medical
professionals20,21,52,54–56. For example, the unique power structure of the
medical system can have a negative influence on the innovations
adoption21,54–58. However, it can also be used as leverage for the clinical
translation of ECT. If the idea is supported by those high in the medical
hierarchy, the chances of it being adopted by others are higher56,58. Further,
the medical field is typically skeptical about outsider ideas18,20,56. It can be a
significant barrier to ECT, as it suggests the treatment strategy and thus
“interferes” directly with doctors’ domain, which may lead to their distrust
and resistance.

In general, lack of trust inmodels and their predictions is an important
consideration in the implementation of model-based innovations in
healthcare18,21,59–61. The additional difficulty of ECT is that pioneering
medical professionals should support the idea before clinical trials can be
conducted. In themedical belief system, the trust in innovations is, to a large
extent, based on the results of randomized controlled clinical studies24,59–61.
In the case of ECT, the basis for clinical trials is predictions of the models
calibrated with wet lab evidence and results from clinical practice and
clinical trials for different types of cancer, which might be perceived as not
sufficiently convincing.

The technical barriers to ECT implementation are related to its
increased requirements for dynamic follow-up of the disease evolution in
response to treatment. The success of ECT is highly dependent on the
quality of data, as the tumor dynamics should be carefully followed to
determine the next treatment decision5,8.While some types of cancer have a
reliable biomarker of tumor progression, such as prostate-specific antigen
(PSA) in prostate cancer62,63, for other types of cancer, more elaborate test
methods are needed. For example, CT scans can be used to assess tumor
volume. In clinical practice, the first scan is usually performed before the
start of the therapy, and the subsequent one is only 6–12 weeks after, and
afterwards, scans are repeated once every 3 months8. However, for the
calibration of ECTmodels, the tumormeasurements around the start of the
treatment are critical, as well as more frequent measurements of tumor
progression8,36. Also, the resolution of the imaging would be important.
Commonly used criteria for assessment of tumor response and disease
progression, usually RECIST64, may not be suitable to determine ECT
protocols. In RECIST, only one dimension of the tumor is measured,
making the volume estimate imprecise. Also, it is not compatible with ECT
protocols that allow tumor burden to regrow, asRECISTdirects a stopof the
treatment when the tumor increases by more than 20% of its minimum
size64. The novel, not yet widely applied methods to assess tumor burden,
such as the level of circulating tumor DNA (ctDNA) in blood65–68, can offer
an easier progression follow-up, aiding the ECT approach. Some tumor
characteristics (i.e., immuno-suppression, heterogeneity, and adaptability
rates) that can inform more accurate ECT models and better treatment
decisions are not directly measurable with the current technology5. The
development of more detailed, personalized, and potentially more effective
ECT protocols requires the advancement of cancer testing technologies,
which entails significant time and resource investments 5.

Looking forward, the effects and consequences of ECT clinical
implementation are still to be determined. For instance, more frequent
testing can be challenging in some healthcare systems, where the waiting
time for testing is already long. Also, some ECT treatment decisions, such as
using lower dosages, stopping treatment when it is still effective, and
maintaining a high tumor burden to delay the progression, can appear
counterintuitive for patients. ECT often involves a trade-off between
allowing tumor growth to delay resistance and the associated risks, such as
increased mutation rates, the emergence of new metastases, and severe
symptoms8. These risks raise ethical considerations that need to be carefully
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evaluated and openly communicated to the patients. Patient acceptance of
ECT has not yet been addressed in studies, but we can expect a variety of
opinions and different attitudes towards ECT depending on their personal
values and treatment goals. For patients to make an informed decision, the
approach—alongwith its risks andbenefits—must be thoroughly explained.
This would require detailed informed consent and likely longer
consultations.

ECT requirements for more frequent tests and longer consultations
may raise capacity concerns and increase treatment costs. However, ECT
uses less medication5–7 and as oncologic drugs are often very expensive, the
ECT can lower the medication costs significantly. A small study on the
budget impact of ECT for castrate-resistant prostate cancer showed that the
mean annual cost of treatment per patient decreased from $146, 782 to $79,
093, with the largest cut attributed to the reduced drug usage69. Thefinancial
feasibility of ECTdepends on thefinancing structure of a healthcare system.
If the financial burden of the treatment falls on patients, the savings from
reduced drug usage should offset the increased costs of additional tests, as
financial toxicity is a significant risk factor for medical noncompliance70. In
healthcare systems with mandatory health insurance, including ECT in the
insurance plan is crucial for ensuring patient access to it. Overall, a detailed
health economics assessment of the approach is required. Also, depending
on the country, the role of regulatory bodies can be significant. For example,
in theUS, clinical trials aremonitoredby theFoodandDrugAdministration
(FDA). Thus, communicationwith themand addressing their requirements
for therapy approval is a valuable consideration. Another example is the
National Health Care Institute (ZiN) in the Netherlands, which determines
the content of the basic insurance package. As we mentioned earlier,
insurance coverage of ECT is crucial for its implementation, and the deci-
sion of ZiN would have a direct impact on its adoption. To avoid potential
stumbling blocks for ECT implementation,we need to ensure the alignment
of the key stakeholders’ interests with ECT.

Systems approach for ECT clinical translation
It is not rare that innovations in healthcare end up not being implemented
despite proven technical efficiency15,16. It can then require more effort and
time on top of what was already invested to demonstrate the benefits of the
innovation to the stakeholders, gain support, and ensure the feasibility of its
wide use. Although ECT is still being evaluated in clinical trials, we believe
that upfront consideration of future implementation is beneficial in the
long run.

We propose the systems approach to the clinical translation of ECT.
With this approach, we aim to tackle future implementation barriers by
considering them in the development of ECT. The goals, which are pre-
sented below, directly address the key challenges discussed in the previous
section.
1. Foresee the effect of ECT on the healthcare system and ensure its

feasibility in clinical practice;
2. Consider different interests of healthcare stakeholders and their

influence on the ECT implementation;
3. Establish partnerships with healthcare professionals and build trust.

The approach incorporates systems thinking. In a complex system,
interactions of the system’s elements produce an effect that differs from the
sum of the individual elements71,72. Modern healthcare is a complex system
formed by the interplay between various stakeholders with different,
potentially conflicting interests73–77. The systems approach acknowledges
that outcomes of any interventions in healthcare would depend on this
interplay and considers it in the development of the intervention73,77.

The workflow of the systems approach is presented in Fig. 1. To begin
with, problem structuring methods (PSM), which are used in situations
where not only the solution but the problem itself is unknown78–80, can
uncover the challenges of implementation early on to anticipate them. In the
case of ECT, PSM can reveal the attitude of stakeholders, the actual capacity
constraints, and other concerns of the practitioners that have not yet been
considered. For example, it can explore the requirements to include ECT in

insurance plans, physicians’ trust in ECT, and willingness to offer it to their
patients, and what frequency of tests is realistic given a hospital’s resource
capacity. Additionally, PSM can help identify issues in themedical field that
can be addressed by ECT. Carter et al.56 suggest that innovation should
address a critical issue in healthcare to be successfully implemented. In the
case of evolutionary therapy, the critical issue can be the overtreating of
patients or the rapid development of resistance to initially effective drugs. If
medical professionals recognize these problems, they might be more
motivated to engage with ECT as a potential solution.

PSMworkdirectlywith the stakeholders through individual interviews
or group workshops78–81, allowing to learn about the system structure and
culture firsthand. When applied in a workshop, PSM also benefits the sta-
keholders, as they get an opportunity to learn from each other, enrich their
own understanding of the system, and improve the collaboration between
the organizations in healthcare78,79,82. A diverse group of stakeholders,
including the end-users, is beneficial as it brings richer insights83–86. ForECT,
the list of stakeholders can include (but not be limited to) physicians, nurses,
health insurers, regulatory bodies, and representatives of patient advocacy
groups. PSM results in a structured representation of the problem78,79,81. It
can reveal the requirements for ECT implementation (e.g., what type of
evidence is sufficient, what are the concerns and objectives of patients, and
how can the required testing capacity be ensured). After performing the
PSM step, these issues can be addressed more effectively with the con-
sideration of stakeholders’ knowledge and interests78,80,87.

The next step of the systems approach to ECT clinical translation is to
use the systemsmodeling tools. Suchmodels are focused on the processes at
the level of a hospital or healthcare system and often incorporate non-
linearity, multiplicity of objectives and delays88. First, they can further
enhance the learning about the complexity of the healthcare system, pro-
viding a formal representation of interconnections, conflicting interests,
power relationships, and implicit and explicit stakeholders’ beliefs82,88–90.
Further, via modeling, the effect of the implementation of ECT on the
healthcare system can be estimated. For example, we can hypothesize the
frequency of tests needed to inform adaptive protocols and then approx-
imate the burden on the system if the protocol is widely available for the
patients. This way, we can assess the feasibility of ECT by testing “what-if”
scenarios without resource-intensive investments89,91, and provide recom-
mendations on how to adapt it to clinical practice. This is especially valuable
considering the scale of the potential effect of evolutionary therapy on the
healthcare system and the scarcity of resources in healthcare20,21. Finally,
modelinghelps to establish a “common language”between the stakeholders,
elucidate hidden assumptions, add rigor to the group discussion, and can
serve as a base for debate19,92,93. Such models can aid the negotiations with
health insurers, hospitals, and regulatory bodies.

Another important consideration for the future implementation of
ECT is the iterative collaboration with the stakeholders, as it is known to
benefit the adoption and embedding of innovations24,56,83,94. Stakeholder
engagement often improves the relevance and quality of research84,86,95–97.
Medical professionals can bring their experience with real-life cases, which
can raise important questions for ECT and challenge its hypothesis. Their
involvement can steer evolutionary therapy research into clinically more
interesting directions. Besides benefits for the research outcomes, stake-
holder engagement also promotes their ownership and commitment to the
innovation84,86,95–97. Regular meetings allow researchers and healthcare
professionals to learn about each other’s worldviews and build trust,
therefore improving mutual understanding and narrowing the commu-
nication gap54,58,98. An illustration of the importance of stakeholder colla-
boration in the implementation ofmodel-based innovations is the adoption
of model-informed precision dosing (MIPD) based on pharmacokinetics
and pharmacodynamics99,100. It is now implemented in clinical trials to
determine effective doses for various oncologic drugs, with some results
already implemented in clinic100. The gradual acceptance required colla-
boration between pharmacologists, medical professionals, and regulatory
bodies100,101. Another example is the joint work of modelers and physicians
in Moffitt, facilitated by the shared working environment, which
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contributed significantly to Moffitt’s pioneering position in the ECT
implementation in the clinic. By being exposed to themathematical models
of disease evolution longer, medical professionals can get a better under-
standing of them and test their explanatory and predictive abilities. Better
familiarity leads to increased trust in themodels, addressing a key challenge
in the adoption of model-informed innovations52,59,102. Furthermore, it
might encourage them to incorporate disease progressionmodeling in their
work and use it more in the future83.

The systemsapproach to the clinical translationofECTaims toprepare
it to be implementedbefore the actual implementation stage. It considers the
larger system and how different stakeholders might influence the imple-
mentation, allowing for the anticipation of potential counteractions. It
engages the practitioners early on, ensuring the ECT protocol is well-
informed and adjusted to the healthcare system. By the implementation
stage, stakeholders are familiar with ECT, thus likely have more trust in it,
have established partnershipswith the researchers, and aremore committed
to implementing ECT in clinical practice. This way, the approach addresses
some of the key challenges regarding the communication barriers between
modelers and medical professionals, trust in the model, and expectations
management.

Certainly, the systems approach entails efforts to engage stakeholders,
learn about the complex healthcare system, and model the effects of the
treatment protocol. The realization of this approach comes with its chal-
lenges. The researchers are required to have specific skills in identifying the
relevant stakeholders, playing the role of a facilitator, and having a high level
of communication skills tomanage conflicts19,84,94. Themodelers should also
be able to effectively communicate the mathematical models and their
predictions to a non-specialized audience. Naturally, familiarizing medical
professionals with modeling tools is not a trivial task. However, given the
large potential of mathematical modeling for medical decision support, an
approach to educate interested medical professionals should be discussed.

When developing a systems model, the challenging part is mitigating
bias and ensuring the model’s validity. As systems models aim to describe
real-world phenomena in the healthcare system, quantitative data on the
system processes is not sufficient, as it often does not reflect the underlying
processes. To ensure that the model is realistic, next to such data, a diverse
set of stakeholders should be involved in informing and validating it52,56,61.
Including perspectives of different stakeholders (not just those at the
management levels, but also practitioners) often leads to revealing the sys-
tem dynamics that were not initially apparent even for the system’s
actors19,83–86. Therefore, we emphasize the importance of combining the
system modeling step with PSM and iterative stakeholder engagement and
ensuring a diversity of perspectives to avoid bias. A related concern is the
difficulty of motivating the stakeholders to dedicate time to the innovations
for which clinical implementation is not yet known102. One potential

approach is to understand the problems of stakeholders and demonstrate
how ECT can help address them. However, suitable incentives for stake-
holders and researchers to work together should be further investigated and
formulated103. Further, the systemsapproach can lead todelays in theproject
and higher costs103–105. As a payoff, the upfront systems approach can save
time and resources at the implementation stage.

Conclusion
Translation of evolutionary cancer therapy into clinical practice can be
challenging and time-consuming. A significant barrier is the lack of trust in
the treatment strategy guided by mathematical models. Furthermore, the
large scale of the required changes in disease testing and the following
challenges, the feasibility of the approach in general clinical practice,
necessitates the considerationof the interests of awide rangeof stakeholders.
We suggest a systems approach to the clinical translation of ECT that
addresses the implementationbarriers before the implementation stage.The
approach investigates and considers stakeholders’ interests, analyzes “what-
if” scenarios of ECT adoption, and fosters collaboration between modelers
and physicians. The implementation opportunities are investigated at the
same time as ECT effectiveness is tested in clinical trials, and not after. Such
an approach allows the inclusion of necessary changes in ECT protocols to
increase their applicability in clinical practice. Investing more time and
effort in stakeholder engagement, identifying potential barriers and solu-
tions, and forecasting outcomes can facilitate the future clinical adoption of
ECT, offering improved care opportunities for metastatic cancer patients.

Data availability
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