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Abstract: Precision medicine in oncology poses unique challenges to the generation of clinical and
economic evidence used for cost-effectiveness analyses that can inform health technology assessment.
The conduct of randomized controlled trials for biomarker-specific therapies targeted towards small
populations has limitations in regard to feasibility, timeliness, and cost. These limitations result
in associated challenges for groups involved in the generation of economic evidence to inform
treatment-related decision making, including the Committee of Economic Analysis (CEA) at the
Canadian Cancer Trials Group (CCTG). We provide a high-level description and vision about the
new paradigm of clinical trial design, generation of economic evidence, and novel approaches to
economic evaluations necessary in the space of precision medicine in oncology in Canada. The
CEA’s previous approach to precision medicine, including master protocol designs and single-arm
studies, is reviewed. Methods and approaches currently under consideration by the CEA and
national collaborators, such as the role of real-world and clinical trial evidence in enabling life-
cycle assessment of therapies, are explored. Finally, future initiatives being planned in the space
of precision medicine at CCTG, such as the incorporation of correlative studies to identify and test
high-performing biomarkers in trials, are discussed.
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1. Introduction

Cost-effectiveness analysis is an important component of health technology assess-
ment (HTA). It is a tool used to inform decision making about what medicine or treatment
should be considered for public reimbursement by aiming to determine the “value for
money” of an intervention [1]. In other words, it provides economic evaluation evidence
of how well medicine or treatment works in relation to how much it costs [2]. Multiple
countries and jurisdictions, including Canada, use cost-effectiveness analysis to inform
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public reimbursement decisions about health technologies, including anti-cancer therapies
and companion diagnostics.

Recent advances in cancer therapeutics have changed the treatment landscape rapidly.
One such area of advancement is in precision medicine. Precision medicine aims to
allow healthcare interventions to be tailored to groups of patients based on their disease
susceptibility, diagnostic or prognostic information, or treatment response. While the
concept of precision medicine in oncology is promising, it poses unique challenges to
generating comparative clinical and economic evidence to prove clinical benefits to patients
and efficient use of limited healthcare resources to society. Specifically, the low frequencies
of certain biomarkers that are potentially actionable with corresponding matched anti-
cancer drugs create new rare disease populations out of what would otherwise be regarded
as common cancers. This leads to issues related to the feasibility, timeliness, and cost of
conducting traditional randomized controlled trials (RCTs) with adequate power to test
whether these precision medicines truly provide clinically meaningful benefits such as
improvements in overall survival (OS) and quality of life (QoL) [3].

Advancements in genomics have changed the paradigm of clinical trial design for
precision oncology interventions. Master protocols in which multiple parallel drug studies
are conducted under a single overarching protocol are increasingly used to test multiple
hypotheses. A 2019 systematic review identified 83 master protocols, most in the field
of oncology (N = 76/83) and ongoing (N = 68/83) at the time of the review [4]. Master
protocols are often classified as basket trials (N = 49/83), umbrella trials (N = 18/83), and
platform trials (N = 16/83) [4].

In oncology, basket trials test therapies for a specific genetic marker regardless of the
anatomical location of a tumour and umbrella trials test multiple targeted therapies for a
tumour site stratified into subgroups by molecular alteration [4]. Platform trials, which test
several interventions against a common control group, allow interventions to enter and
exit a trial under a Bayesian decision rule framework based on demonstration of efficacy
or futility [4]. These trial designs have their own advantages and limitations. Methods to
understand clinical evidence, patient values and need, as well as ethics and implementation,
are increasingly being considered as part of health technology assessment and management
processes, which are used in parallel with economic evaluations of therapies.

In the absence of high-quality evidence from RCTs, uncertainty and ambiguity in
clinical evidence can result from master protocol designs or other single-arm studies. This
complicates the generation of economic evidence, both in its design and the resultant
magnitude of uncertainty in the cost-effectiveness of precision medicine. The difficulty in
generating high-quality and rigorous economic evidence in precision medicine in oncology
is a common challenge faced by many groups that are involved in the generation of
economic evidence to inform decision making, including our group, the Committee of
Economic Analysis (CEA) at the Canadian Cancer Trials Group (CCTG).

The purpose of this discussion paper, commissioned by the CCTG and supported
by the Canadian Agency of Drugs and Technologies in Health (CADTH), is to provide a
high-level description and vision about the past, present, and future of the generation of
economic evidence in the space of precision medicine in oncology in Canada. First, we
introduce CEA at CCTG, focusing on its mandate and its previous approach to precision
medicine. Then, we discuss methods and approaches that we are presently considering,
with our national collaborations. Finally, we describe future initiatives that are planned
in the space of precision medicine at CCTG, with some discussion about important unan-
swered questions for future explorations.

2. Canadian Cancer Trials Group and Committee on Economic Analysis

Created in 1980, the mission of the CCTG cooperative oncology group is to develop
and conduct clinical trials aimed at improving the treatment and prevention of cancer, with
the ultimate goal of reducing morbidity and mortality from the disease [5]. In 1996, the CEA
was established in recognition of the increasing importance of economic factors in decision
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making for the adoption of new therapies [6]. The main role of the CEA is to support the
inclusion of an economic evaluation component in a CCTG trial by applying pre-specified
criteria that ensure such sub-studies will be impactful for the Canadian context. Criteria
that are considered include whether an investigational therapy is potentially costly, if there
is modest therapeutic benefit anticipated relative to a large patient population, if there
is a high degree of economic impact uncertainty, if the economic evaluation could yield
important information in determining routine practice, or, finally, if the economic data will
assist future economic evaluations [7].

Economic evaluation has traditionally been embedded within a CCTG RCT by prospec-
tively collecting resource utilization and health utilities for eventual estimations of incre-
mental cost and incremental effectiveness. When necessary, discounting methodologies
and adjusting for censoring of data are applied with a final computation of the incremen-
tal cost-effectiveness ratio (ICER), including the characterization of uncertainty around
incremental cost and effectiveness outcomes.

With advancements in genomics and potential application for oncology therapeutics,
the paradigm of clinical trial design in oncology has changed. The CCTG recognizes
that these advancements provide opportunities for a personalized approach to treatment.
To that end, the CCTG is committed to clinical and economic evaluation of potentially
promising new therapies using approaches that are scientifically credible and can inform
clinical adoption. Preparation for future rigorous and valid evaluation approaches has
become a strategic plan priority for the CCTG, through building upon the expertise and
successful evaluations of the past and those presently underway.

Previous economic evaluations conducted within clinical trials in oncology have been
published by the CCTG and outline the methods for evaluation of therapies according
to tumour type. A historical example of a clinical trial embedded with a pre-planned
economic analysis is CO.17, a trial evaluating cetuximab for the treatment of metastatic
colorectal cancer in the chemorefractory setting [8]. CO.17 demonstrated that the survival
benefit was larger in patients with KRAS wild-type tumours treated with cetuximab, as
compared to best supportive care. An economic analysis was pre-planned to determine the
cost-effectiveness and cost–utility (i.e., evaluation of incremental cost per quality-adjusted
life-year gained) of cetuximab [8]. As such, this was the first large-scale analysis from an
oncology cooperative group that collected direct medical resource utilization and health
utility values prospectively in an international phase III clinical trial. The analysis was also
unique in that data were examined for the overall study cohort and the KRAS wild-type
cohort separately, though it is important to note there was no randomization based on
biomarker status. The separate correlative economic evaluation revealed differences in the
incremental cost-effectiveness and cost-utility ratios in favour of the KRAS wild-type cohort.
The economic evaluation of CO.17 demonstrated the potential value of a biomarker-driven
approach to oncology treatment by identifying a biomarker-positive subgroup of patients
who derive the most clinical benefit while sparing patients in the biomarker-negative
subgroup from developing toxicities. This resulted in a better therapeutic index for patients
and value for money for the healthcare system [7].

A second CCTG example is the cost-effectiveness analysis carried out within the BR.21
trial, a randomized controlled clinical trial comparing erlotinib, a tyrosine kinase inhibitor,
to placebo for the second-line treatment of advanced non-small-cell lung cancer (NSCLC).
For this analysis, healthcare utilization costs were prospectively collected to determine
mean costs per treatment arm [9]. The analysis demonstrated that the main driver of the
cost was erlotinib itself, as the costs of other interventions involved in supportive care
such as hospitalizations and clinic visits were similar between treatment arms. In selected
clinical and molecular subgroups where erlotinib was found to be more effective, including
never smokers and those with an epidermal growth factor receptor (EGFR) mutation,
erlotinib was estimated to be a cost-effective treatment [9].

These examples of economic evaluations conducted in the context of RCTs have
served to demonstrate the cost-effectiveness of new treatments compared to standard of
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care and when comparator arms are included in trial designs. In subsequent sections, we
will discuss how these types of analyses require novel approaches for the evaluation of
precision medicines.

3. Challenges of Conducting Economic Evaluation in Era of Precision Medicine

Joint parameter uncertainty in incremental cost and effectiveness drives statistical
imprecision, even for trials with large sample sizes. This increases decision uncertainty
around comparative value for money of interventions. In the era of precision medicine
where sample sizes are smaller due to the focus on a treatment targeted at a specific
biomarker within a specific cancer type, there is justified concern that there will be a greater
lack of precision in economic evaluations [3]. Phase II studies, sometimes of single-arm
design, are used to evaluate safety and efficacy in precision oncology and are often sufficient
for regulatory review by Health Canada through the Notice of Compliance with Conditions
process [10]. However, in the context of cost-effectiveness analysis reviews by CADTH,
phase II data may not meet evidentiary standards [11] due to short time duration for study,
use of surrogate endpoints where evidence on OS or QoL is lacking, and finally, a lack of
a randomized control group of patients with the same biomarker receiving a treatment
comparator (i.e., standard of care), particularly a Canadian-relevant one.

The challenges that are faced in economic evaluation likely require both better methods
and more information; however, even with the best possible methods, there is a limit as to
how much precision can be achieved. Recognizing this, a tension exists between the pursuit
of more precise or perfect information and the opportunity cost of delaying decision making
for stakeholders including clinicians, patients, regulators, HTA committees, and payers.

4. The Potential of Real-World Evidence (RWE)
4.1. Initiatives Exploring the Role of RWE

Real-world evidence utilizes healthcare-system-generated data captured under real-
life conditions. Multiple jurisdictions are exploring the role of RWE to examine the external
validity of clinical trial evidence and enable life-cycle assessment of pharmaceuticals
(i.e., assessment at different points of marker approval) [12]. In Canada, the Canadian
Real-world Evidence for Value of Cancer Drugs (CanREValue) Collaboration is one such
initiative developing a general framework for the generation and use of RWE to enable life-
cycle reassessment to inform ongoing oncology drug funding decisions [13]. In precision
medicine, RWE methods to concentrate clinical trial data with systems-generated RWE
are being examined by the Canadian Network for Learning Healthcare Systems and Cost-
Effective ‘Omics Innovation (CLEO). A goal of CLEO is to use clinical trial and RWE for
life-cycle assessment, including for building evidence to support reimbursement decisions,
monitoring for appropriate technology implementation, and disinvestment away from
low-value technologies [14]. The CEA is exploring the feasibility, acceptability, and benefit
of a national harmonized approach to data, in which administrative and clinical trials
can be shared and linked [15]. Comparison of highly correspondent patient data from
administrative and CO.17 databases found that administrative data had longer follow-up
and more complete data for certain cost drivers (e.g., hospitalizations) than clinical trial
data, supporting the use of the proposed hybrid approach [16].

4.2. Methods to Corroborate the Validity of RWE

While decision makers and research enterprises express enthusiasm regarding the
potential of RWE to inform cost-effectiveness, they raise appropriate concerns around its
use in HTA deliberative processes [17]. Important among these concerns are improving
healthcare systems infrastructure to aid in generating decision-grade data and examining
the validity of the analytic methods that underpin RWE.

Decision-grade data are data elements that are generated to be appropriate for use
in reimbursement decision making and HTA. Key questions in the use of these data
include understanding what specific data are required and how these data can be obtained.
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Guidelines exist for the reporting of cost-effectiveness studies [18,19], but there is little
specificity [20] regarding what data elements are necessary for producing reliable evidence
in precision medicine. This limits the impact of both real-world and clinical trial evidence
and speaks to the need of defining a core set of data elements. It is particularly important
that clinical trialists partner with RWE scientists to develop the core data set. Additionally,
given that healthcare systems are heterogeneous in what data are generated, data systems
will require improvements on data architecture, data curation that brings together siloed
data sources, and resources to enable data scientists to employ natural language processing
or artificial intelligence to abstract core elements that are not useable in the current form.

The validity of RWE and its associated analytic methods is particularly salient in
precision medicine, where oncology trialists have turned to single-arm studies based on
master protocol frameworks. The absence of a randomized control arm introduces selection
bias because the effect of an intervention will be confounded by patient characteristics. Real-
world evidence scientists respond to selection bias by applying matching methods that aim
to minimize or eliminate bias resulting from confounding [21]. Matching methods utilize
observational real-world data to generate a synthetic control cohort that can be compared
against a single-arm interventional trial cohort. While several methods exist, propensity
score matching (PSM) is among the most common [22], with the key assumption that there
are no differences between cohorts, conditional on the propensity score [23], a term called
‘ignorability’. To better meet ignorability, RWE scientists in precision medicine have begun
examining methods to automate the process of maximizing balance through a supervised
machine learning method called ‘genetic matching’ [21,24]. In a recently published study
comparing PSM and genetic matching, it was found that genetic matching may outperform
PSM for achieving balance, particularly in the context of stratified cohorts [21]. Assuming
ignorability is met, applied estimates of an intervention’s comparative effect can be pursued
using either nonparametric or parametric analyses, with specific considerations needed for
statistical inference (e.g., using bootstrapping techniques) in light of the data preprocessing
that occurred through matching analyses [22,25–27].

5. The Future of Clinical Trials in an Era of Precision Medicine

Though predicting the future is beyond the purview of this group, we can effectively
scan the horizon, anticipate, and provide suggestions as to the winds and obstacles ahead,
and plan accordingly as we set the sails for the years to come. Indeed, CADTH has recently
provided additional guidance recommendations on the economic evaluations of tumour
agnostic products [28].

Over the next decade, scientific understanding of tumour biology will continue to
expand. New therapeutics that target existing and novel antigens will emerge. New
biomarkers will be proposed. Clinical trials will remain and likely become more complex
to conduct, as diseases are disaggregated into smaller subgroups, and the interaction be-
tween bio-specimen results and clinical outcomes becomes increasingly important. People
affected by cancer will wish to have the opportunity to benefit from treatments that may
help them. The challenge of paying for the broadening array of diagnostic and therapeutic
interventions will persist and, in all likelihood, become more acute. Knowing that precision
medicine is here to stay for the indefinite future we, along with many others, are identifying
specific ways to embrace these opportunities. Indeed, the experience and proposed ap-
proaches of other international settings for the economic evaluation of precision medicine
are similar to that of Canada’s [29,30]. Below, we describe themes and select examples that
form part of our planned approach to economic evaluations in clinical trials in the era of
precision medicine.

5.1. Improved Biomarker Incorporation into Clinical Trials

Evaluation of a potential biomarker requires assessment of its analytic validity, clinical
validity, and clinical utility. Limitations which currently exist in disease-specific evaluation
and implementation are more pronounced in the tumour agnostic setting. A robust,



Curr. Oncol. 2021, 28 3654

coordinated process is required to identify and test high-performing biomarkers and
develop companion diagnostics intended to be adopted as the standard of care. Extensive
correlative studies are built into many CCTG clinical trials open to accrual over the next
few years; one example is LY.17 [31], a randomized phase II trial of novel combination
therapies in relapsed non-Hodgkin lymphoma which incorporates immunohistochemistry,
fluorescent in situ hybridization, gene expression profiling, and next-generation whole-
exome sequencing. In collaboration with scientist experts in these laboratory aspects, CCTG
is developing enhanced parameters to inform the design of clinical trials that incorporate
biomarkers. Prospective economic evaluations accompanying these trials will factor in the
cost of laboratory testing and the sensitivity and specificity of a given test. A more holistic
assessment encompassing impact on both diagnostic testing and drug budgets will provide
policymakers with broader information to guide decision making.

5.2. Considering New Methodologies

Impressive advances in personalized medicine to date have improved outcomes for
patients across multiple cancer types [32–34]. Hypotheses to be tested over future years
include those exploring how one can maintain the benefit of these breakthroughs at a
more affordable price point. Cell-based immunotherapy has enormous potential benefits.
Chimeric antigen receptor T (CAR T) cell therapy, now approved by Health Canada and the
United States (US) Food and Drug Administration in leukemia, lymphoma, and myeloma,
has been transformational with some individuals achieving sustained complete remission
where all other treatment modalities had failed [35–37]. Mass production is not possible
for the current autologous T-cell therapies which are manufactured at highly centralized
facilities on a per-patient basis. As a result, CAR T cell therapies are extremely expensive,
and current prices for commercial products are USD 373,000–475,000 per dosage [38].
Potential means to reduce cost and expand access to timely cell therapy for patients include
a decentralized cell manufacturing model and the development of allogeneic products
which may lead to ‘off-the-shelf’ products. These approaches will be tested in clinical trials.
Economic considerations of these disruptive approaches require merging of typical health
economic methodology with that of the manufacturing industry, incorporating supply
chain analysis and value stream mapping.

5.3. Data Science Strategy

The future holds a staggering amount of data of different types, from a wide array of
sources. Careful consideration is ongoing as to how best to merge clinical trial outcome data
safely and effectively with that derived from real-world sources, genomic studies, electronic
health records, and ‘wearables’ to yield meaningful information. These data provide more
information on health resource utilization and the corresponding costs beyond traditional
clinical trial data. Linkage to these data sources potentially allows for more comprehensive
costing and longer-term follow-up of patients in a more efficient manner than attempting
prospective collection of clinical trials. Those experienced in artificial intelligence, computer
science, information technology, privacy regulation, and the patient experience all have key
roles to play in the development of harmonized data strategies to support future research.

5.4. Collaboration

As alluded to in previous sections, the conduct of clinical trials in the era of precision
medicine requires deep and wide collaborations, particularly because it may allow for
larger sample sizes, and studies in precision medicine commonly have small sample sizes.
This would enable more power and confidence in clinical trial results and correspond-
ing economic evaluations. Indeed, clinical trialists and research groups are planning for
greater collaboration. An ambitious example at an advanced stage of development is
the North American myeloMATCH (Molecular Analysis for Therapy Choice) [39], the
precision medicine initiative of the National Clinical Trials Network. Cooperative groups,
supported by the US National Cancer Institute, are designing an array of linked clinical
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trials to comprehensively study myeloid malignancies. The Tier 1 master screening pro-
tocol will provide access to integral laboratory assays with rapid turnaround times for
patients across the US and Canada. Results will directly inform assignment to subsequent
induction and consolidation treatment protocols. Such an approach enables timely accrual
to, and completion of, trials designed for low-frequency sub-populations harboring specific
biomarkers.

6. Discussion

The work of the CEA within CCTG continues to evolve in the era of modern clini-
cal trial design for precision oncology approaches. Early examples of biomarker-driven
economic evaluations demonstrated that enrichment for populations of patients likely to
benefit from targeted therapy would result in more favourable cost-effectiveness profiles.
Such economic evaluations could still be conducted within the structure of conventional
CCTG RCTs, in which prospective resource utilization data and preference elicitation are
collected in parallel with clinical outcomes.

In the current era of precision oncology, however, the rapid advances in molecular
and genetic diagnostics paired with tailored interventions have resulted in a new paradigm
of trial design. In such studies, in which targeted therapies are deployed within biomarker-
enriched populations, smaller sample sizes raise the concern of lower precision in ICER
estimates [40]. If the ultimate objective in the pursuit of economic evaluation is to support
the appraisal, reappraisal, and adoption of treatments, then the combined use of real-
world and clinical trial evidence collectively could facilitate life-cycle assessment and
comprehensive treatment evaluation in precision oncology.

A new definition of HTA, which emphasizes its use in determining the value of
health technology at different points in its lifecycle, has been developed and internationally
accepted by the International Network of Agencies for Health Technology Assessment
(INAHTA) and Health Technologic Assessment International (HTAi) in 2020 [12]. The life-
cycle health technology assessment (LC-HTA) framework is proposed as a mechanism to
support the initial clinical trial design warranted to generate a suitable minimal dataset and
to determine the subsequent datasets and linkages needed to complete data requirements
to support decision making [12,14]. Opportunities and challenges to this approach remain.
Firstly, researchers and stakeholders need to ensure the collection of timely decision-grade
level evidence. Although the initial clinical trial can provide an early and fulsome dataset
inclusive of clinical outcomes, preference-based measures, and health resource utilization
data, a time lag is anticipated for the generation of real-world outcome data. At present,
new data structures and support to enable curation of patient-level data in real-time are
warranted. Furthermore, in Canada, administrative data systems are frequently siloed
within jurisdictions. Research groups are reticent to share investigator-led data with
those that could use it to confirm clinical- and cost-effectiveness. Across Canada and
within jurisdictions, distinct data governance laws and research ethics programs restrict
the ability to rapidly share data. In a future state, support for federated data analytics in
which data can be shared and analyzed without leaving its jurisdiction of origin could
address these barriers. Finally, the interaction between clinical trial co-operative groups,
such as CCTG, and groups that generate RWE remains limited at present. A movement
towards cooperation and collaboration between these entities is needed to achieve the
vision possible with the LC-HTA framework, in which clinical trial design is conducted in
parallel with the intended incorporation of RWE.

Clinicians and patients are driving for new interventions based on precision oncology,
and new frameworks for addressing their evidence are required. The challenges in our
current healthcare systems cannot be ignored, and a realistic approach for moving forward
is required. However, opportunities to build infrastructure, architecture, and data curation
to promote the novel methods and engage in conversation about frameworks that will be
acceptable to trialists, health economists, and decision makers are available.



Curr. Oncol. 2021, 28 3656

Author Contributions: Conceptualization, K.K.W.C. and M.C.C.; methodology, K.K.W.C. and M.C.C.;
software, N/A; validation, N/A; formal analysis, N/A; investigation, all authors; resources, N/A;
data curation, N/A; writing—original draft preparation, K.K.W.C. and M.C.C.; writing—review and
editing, K.K.W.C., M.C.C., D.A.R., A.H., A.V.L., W.Y.C., J.-E.T., S.U. and N.M.; visualization, K.K.W.C.,
M.C.C. and S.U.; supervision, K.K.W.C. and M.C.C.; project administration, K.K.W.C. and M.C.C.;
funding acquisition, K.K.W.C. and M.C.C. All authors have read and agreed to the published version
of the manuscript.

Funding: Canadian Cancer Trials Group (supported by the Canadian Cancer Society) and Canadian
Agency for Drugs and Technologies in Health.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Acknowledgments: The Canadian Centre for Applied Research in Cancer Control is supported
by the Canadian Cancer Society. The Canadian Real-world Evidence for Value of Cancer Drugs
Collaboration is funded by the Partnerships for Health System Improvement grant of the Canadian
Institutes of Health Research. The Canadian Network for Learning Healthcare and Cost-effective
Omics Innovation is funded by Genome British Columbia and Genome Canada (G05CHS).

Conflicts of Interest: D.A.R. has received honoraria from Roche and AstraZeneca. The remaining
authors declare no conflict of interest.

References
1. Rocchi, A.; Chabot, I.; Glennie, J. Evolution of Health Technology Assessment: Best Practices of the Pan-Canadian Oncology

Drug Review. Clin. Outcomes Res. 2015, 7, 287–298. [CrossRef]
2. NICE Technology Appraisal Guidance|NICE Guidance|Our Programmes|What We Do|About|NICE. Available online: https:

//www.nice.org.uk/about/what-we-do/our-programmes/nice-guidance/nice-technology-appraisal-guidance (accessed on 15
July 2021).

3. Kimmelman, J.; Tannock, I.F. The Paradox of Precision Medicine. Nat. Rev. Clin. Oncol. 2018, 15, 341–342. [CrossRef] [PubMed]
4. Park, J.J.H.; Siden, E.; Zoratti, M.J.; Dron, L.; Harari, O.; Singer, J.; Lester, R.T.; Thorlund, K.; Mills, E.J. Systematic review of basket

trials, umbrella trials, and platform trials: A landscape analysis of master protocols. Trials 2019, 20, 1–10. [CrossRef] [PubMed]
5. Who We Are|Canadian Cancer Trials Group. Available online: https://www.ctg.queensu.ca/public/who-we-are (accessed on

19 July 2021).
6. Committee on Economic Analysis|Canadian Cancer Trials Group. Available online: https://www.ctg.queensu.ca/cea/

committee-economic-analysis (accessed on 19 July 2021).
7. Evans, W.K.; Coyle, D.; Gafni, A.; Walker, H.; National Cancer Institute of Canada Clinical Trials Group–Working Group on

Economic Analysis. Which Cancer Clinical Trials Should Be Considered for Economic Evaluation? Selection Criteria from the
National Cancer Institute of Canada’s Working Group on Economic Analysis. Chronic Dis. Can. 2003, 24, 102–107. [PubMed]

8. Mittmann, N.; Au, H.J.; Tu, D.; O’Callaghan, C.J.; Isogai, P.K.; Karapetis, C.S.; Zalcberg, J.R.; Evans, W.K.; Moore, M.J.; Siddiqui,
J.; et al. Prospective Cost-Effectiveness Analysis of Cetuximab in Metastatic Colorectal Cancer: Evaluation of National Cancer
Institute of Canada Clinical Trials Group CO.17 Trial. J. Natl. Cancer Inst. 2009, 101, 1182–1192. [CrossRef]

9. Bradbury, P.A.; Tu, D.; Seymour, L.; Isogai, P.K.; Zhu, L.; Ng, R.; Mittmann, N.; Tsao, M.S.; Evans, W.K.; Shepherd, F.A.; et al.
Economic Analysis: Randomized Placebo-Controlled Clinical Trial of Erlotinib in Advanced Non-Small Cell Lung Cancer. J. Natl.
Cancer Inst. 2010, 102, 298–306. [CrossRef] [PubMed]

10. Health Canada. Notice of Compliance with Conditions (NOC/C). 2016. Available online: https://www.canada.ca/en/health-
canada/services/drugs-health-products/drug-products/applications-submissions/guidance-documents/notice-compliance-
conditions.html (accessed on 17 July 2021).

11. Li, Y.Y.R.; Mai, H.; Trudeau, M.E.; Mittmann, N.; Chiasson, K.; Chan, K.K.W.; Cheung, M.C. Reimbursement Recommendations
for Cancer Drugs Supported by Phase II Evidence in Canada. Curr. Oncol. 2020, 27, e495–e500. [CrossRef]

12. O’Rourke, B.; Oortwijn, W.; Schuller, T. Announcing the New Definition of Health Technology Assessment. Value Heal. 2020, 23,
824–825. [CrossRef] [PubMed]

13. Chan, K.; Nam, S.; Evans, B.; Deoliveira, C.; Chambers, A.; Gavura, S.; Hoch, J.; Mercer, R.E.; Dai, W.F.; Beca, J.; et al. Developing
a Framework to Incorporate Real-World Evidence in Cancer Drug Funding Decisions: The Canadian Real-World Evidence for
Value of Cancer Drugs (CanREValue) Collaboration. BMJ Open 2020, 10. [CrossRef] [PubMed]

14. Institute, B.C.R. Canadian Network for Learning Healthcare Systems and Cost-Effective ’Omics Innovation (CLEO)|Cancer
Control Research. Available online: https://www.bccrc.ca/dept/ccr/projects/canadian-network-learning-healthcare-systems-
and-cost-effective-omics-innovation-cleo (accessed on 15 July 2021).

http://doi.org/10.2147/CEOR.S82549
https://www.nice.org.uk/about/what-we-do/our-programmes/nice-guidance/nice-technology-appraisal-guidance
https://www.nice.org.uk/about/what-we-do/our-programmes/nice-guidance/nice-technology-appraisal-guidance
http://doi.org/10.1038/s41571-018-0016-0
http://www.ncbi.nlm.nih.gov/pubmed/29674669
http://doi.org/10.1186/s13063-019-3664-1
http://www.ncbi.nlm.nih.gov/pubmed/31533793
https://www.ctg.queensu.ca/public/who-we-are
https://www.ctg.queensu.ca/cea/committee-economic-analysis
https://www.ctg.queensu.ca/cea/committee-economic-analysis
http://www.ncbi.nlm.nih.gov/pubmed/14733759
http://doi.org/10.1093/jnci/djp232
http://doi.org/10.1093/jnci/djp518
http://www.ncbi.nlm.nih.gov/pubmed/20160168
https://www.canada.ca/en/health-canada/services/drugs-health-products/drug-products/applications-submissions/guidance-documents/notice-compliance-conditions.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/drug-products/applications-submissions/guidance-documents/notice-compliance-conditions.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/drug-products/applications-submissions/guidance-documents/notice-compliance-conditions.html
http://doi.org/10.3747/co.27.6489
http://doi.org/10.1016/j.jval.2020.05.001
http://www.ncbi.nlm.nih.gov/pubmed/32540240
http://doi.org/10.1136/bmjopen-2019-032884
http://www.ncbi.nlm.nih.gov/pubmed/31915169
https://www.bccrc.ca/dept/ccr/projects/canadian-network-learning-healthcare-systems-and-cost-effective-omics-innovation-cleo
https://www.bccrc.ca/dept/ccr/projects/canadian-network-learning-healthcare-systems-and-cost-effective-omics-innovation-cleo


Curr. Oncol. 2021, 28 3657

15. Hay, A.E.; Mittmann, N.; Crump, M.; Cheung, M.C.; Sleeth, J.; Needham, J.; Broekhoven, M.; Djurfeldt, M.; Shepherd, L.E.; Meyer,
R.M.; et al. A Canadian Prospective Study of Linkage of Randomized Clinical Trial to Cancer and Mortality Registry Data. Curr.
Oncol. 2021, 28, 1153–1160. [CrossRef] [PubMed]

16. Hanna, T.P.; Nguyen, P.; Pater, J.; O’Callaghan, C.J.; Mittmann, N.; Earle, C.C.; Tu, D.; Jonker, D.; Hay, A.E. Can Administrative
Data Improve the Performance of Cancer Clinical Trial Economic Analyses? J. Oncol. Pract. 2019, 15, E807–E824. [CrossRef]
[PubMed]

17. Clausen, M.; Mighton, C.; Kiflen, R.; Sebastian, A.; Dai, W.F.; Mercer, R.E.; Beca, J.M.; Isaranuwatchai, W.; Chan, K.K.W.; Bombard,
Y. Use of Real-World Evidence in Cancer Drug Funding Decisions in Canada: A Qualitative Study of Stakeholders’ Perspectives.
CMAJ Open 2020, 8, E772–E778. [CrossRef]

18. Husereau, D.; Drummond, M.; Petrou, S.; Carswell, C.; Moher, D.; Greenberg, D.; Augustovski, F.; Briggs, A.H.; Mauskopf, J.;
Loder, E. Consolidated Health Economic Evaluation Reporting Standards (Cheers) Statement. Int. J. Technol. Assess. Health Care
2013, 29, 117–122. [CrossRef] [PubMed]

19. Ramsey, S.; Willke, R.; Briggs, A.; Brown, R.; Buxton, M.; Chawla, A.; Cook, J.; Glick, H.; Liljas, B.; Petitti, D.; et al. Good Research
Practices for Cost-Effectiveness Analysis alongside Clinical Trials: The ISPOR RCT-CEA Task Force Report. Value Heal. 2005, 8,
521–533. [CrossRef]

20. Canrevalue Collaboration Data Working Group. The-CanREValue-Data-WG-Interim-Report-Revision_Final_v2. 2020. Available
online: https://cc-arcc.ca/wp-content/uploads/2020/10/The-CanREValue-Data-WG-Interim-Report-Revision_Final_v2.pdf
(accessed on 17 July 2021).

21. Weymann, D.; Laskin, J.; Jones, S.J.M.; Lim, H.; Renouf, D.J.; Roscoe, R.; Schrader, K.A.; Sun, S.; Yip, S.; Marra, M.A.; et al.
Matching Methods in Precision Oncology: An Introduction and Illustrative Example. Mol. Genet. Genomic Med. 2021, 9, 1–13.
[CrossRef] [PubMed]

22. Stuart, E.A. Matching Methods for Causal Inference: A Review and a Look Forward. Stat. Sci. 2010, 25, 1–21. [CrossRef]
23. Rubin, D.B.; Thomas, N. Matching Using Estimated Propensity Scores: Relating Theory to Practice. Biometrics 1996, 52, 249–264.

[CrossRef]
24. Tsai, K.; Peace, K.E.; College, J.H. Genetic Matching: An Efficient Algorithm to Adjust Covariate Imbalance for Data Analysis and

Modeling. Available online: https://www.researchgate.net/publication/267786620_Genetic_Matching_An_Efficient_Algorithm_
to_Adjust_Covariate_Imbalance_for_Data_Analysis_and_Modeling (accessed on 17 July 2021).

25. Abadie, A.; Imbens, G.W. On the Failure of the Bootstrap for Matching Estimators. Econometrica 2008, 76, 1537–1557. [CrossRef]
26. Austin, P.C. The Relative Ability of Different Propensity Score Methods to Balance Measured Covariates between Treated and

Untreated Subjects in Observational Studies. Med. Decis. Mak. 2009, 29, 661–677. [CrossRef]
27. Stuart, E.A. Developing Practical Recommendations for the Use of Propensity Scores: Discussion of “A Critical Appraisal of

Propensity Score Matching in the Medical Literature between 1996 and 2003” by Peter Austin, Statistics in Medicine. Stat. Med.
2008, 27, 2062–2065. [CrossRef]

28. Haines, A.; LaPlante, S.; Lee, K. Guidance for Economic Evaluations of Tumour-Agnostic Products 2021. Available online: https:
//www.cadth.ca/sites/default/files/pdf/mh0016-cadth-economic-guidance-for-tumor-agnostic-products-rev-june22.pdf (ac-
cessed on 17 July 2021).

29. Faulkner, E.; Holtorf, A.P.; Walton, S.; Liu, C.Y.; Lin, H.; Biltaj, E.; Brixner, D.; Barr, C.; Oberg, J.; Shandhu, G.; et al. Being
Precise About Precision Medicine: What Should Value Frameworks Incorporate to Address Precision Medicine? A Report of the
Personalized Precision Medicine Special Interest Group. Value Heal. 2020, 23, 529–539. [CrossRef] [PubMed]

30. Terkola, R.; Antoñanzas, F.; Postma, M. Economic Evaluation of Personalized Medicine: A Call for Real-World Data. Eur. J. Heal.
Econ. 2017, 18, 1065–1067. [CrossRef] [PubMed]

31. Kuruvilla, J.; Crump, M.; Villa, D.; Aslam, M.; Prica, A.; Scott, D.W.; Abdel-Samad, N.; Couban, S.; Doucet, S.; Dudebout, J.; et al.
Canadian Cancer Trials Group (CCTG) Ly.17: A Randomized Phase II Study Evaluating Novel Salvage Therapy Pre-Autologous
Stem Cell Transplant (ASCT) in Relapsed/Refractory Diffuse Large B Cell Lymphoma (RR-DLBCL)—Outcome of Ibrutinib +
R-GDP. Hematol. Oncol. 2017, 35, 88. [CrossRef]

32. Hochhaus, A.; Larson, R.A.; Guilhot, F.; Radich, J.P.; Branford, S.; Hughes, T.P.; Baccarani, M.; Deininger, M.W.; Cervantes, F.;
Fujihara, S.; et al. Long-Term Outcomes of Imatinib Treatment for Chronic Myeloid Leukemia. N. Engl. J. Med. 2017, 376, 917–927.
[CrossRef]

33. Swain, S.M.; Miles, D.; Kim, S.B.; Im, Y.H.; Im, S.A.; Semiglazov, V.; Ciruelos, E.; Schneeweiss, A.; Loi, S.; Monturus, E.; et al.
Pertuzumab, Trastuzumab, and Docetaxel for HER2-Positive Metastatic Breast Cancer (CLEOPATRA): End-of-Study Results
from a Double-Blind, Randomised, Placebo-Controlled, Phase 3 Study. Lancet Oncol. 2020, 21, 519–530. [CrossRef]

34. Chapman, P.B.; Robert, C.; Larkin, J.; Haanen, J.B.; Ribas, A.; Hogg, D.; Hamid, O.; Ascierto, P.A.; Testori, A.; Lorigan, P.C.;
et al. Vemurafenib in Patients with BRAFV600 Mutation-Positive Metastatic Melanoma: Final Overall Survival Results of the
Randomized BRIM-3 Study. Ann. Oncol. 2017, 28, 2581–2587. [CrossRef]

35. Neelapu, S.S.; Locke, F.L.; Bartlett, N.L.; Lekakis, L.J.; Miklos, D.B.; Jacobson, C.A.; Braunschweig, I.; Oluwole, O.O.; Siddiqi, T.;
Lin, Y.; et al. Axicabtagene Ciloleucel CAR T-Cell Therapy in Refractory Large B-Cell Lymphoma. N. Engl. J. Med. 2017, 377,
2531–2544. [CrossRef] [PubMed]

http://doi.org/10.3390/curroncol28020111
http://www.ncbi.nlm.nih.gov/pubmed/33800281
http://doi.org/10.1200/JOP.18.00691
http://www.ncbi.nlm.nih.gov/pubmed/31306036
http://doi.org/10.9778/cmajo.20200118
http://doi.org/10.1017/S0266462313000160
http://www.ncbi.nlm.nih.gov/pubmed/23587340
http://doi.org/10.1111/j.1524-4733.2005.00045.x
https://cc-arcc.ca/wp-content/uploads/2020/10/The-CanREValue-Data-WG-Interim-Report-Revision_Final_v2.pdf
http://doi.org/10.1002/mgg3.1554
http://www.ncbi.nlm.nih.gov/pubmed/33237632
http://doi.org/10.1214/09-STS313
http://doi.org/10.2307/2533160
https://www.researchgate.net/publication/267786620_Genetic_Matching_An_Efficient_Algorithm_to_Adjust_Covariate_Imbalance_for_Data_Analysis_and_Modeling
https://www.researchgate.net/publication/267786620_Genetic_Matching_An_Efficient_Algorithm_to_Adjust_Covariate_Imbalance_for_Data_Analysis_and_Modeling
http://doi.org/10.3982/ecta6474
http://doi.org/10.1177/0272989X09341755
http://doi.org/10.1002/sim.3207
https://www.cadth.ca/sites/default/files/pdf/mh0016-cadth-economic-guidance-for-tumor-agnostic-products-rev-june22.pdf
https://www.cadth.ca/sites/default/files/pdf/mh0016-cadth-economic-guidance-for-tumor-agnostic-products-rev-june22.pdf
http://doi.org/10.1016/j.jval.2019.11.010
http://www.ncbi.nlm.nih.gov/pubmed/32389217
http://doi.org/10.1007/s10198-017-0890-x
http://www.ncbi.nlm.nih.gov/pubmed/28382502
http://doi.org/10.1002/hon.2437_76
http://doi.org/10.1056/NEJMoa1609324
http://doi.org/10.1016/S1470-2045(19)30863-0
http://doi.org/10.1093/annonc/mdx339
http://doi.org/10.1056/NEJMoa1707447
http://www.ncbi.nlm.nih.gov/pubmed/29226797


Curr. Oncol. 2021, 28 3658

36. Schuster, S.J.; Bishop, M.R.; Tam, C.S.; Waller, E.K.; Borchmann, P.; McGuirk, J.P.; Jäger, U.; Jaglowski, S.; Andreadis, C.; Westin,
J.R.; et al. Tisagenlecleucel in Adult Relapsed or Refractory Diffuse Large B-Cell Lymphoma. N. Engl. J. Med. 2019, 380, 45–56.
[CrossRef] [PubMed]

37. Munshi, N.C.; Anderson, L.D.; Shah, N.; Madduri, D.; Berdeja, J.; Lonial, S.; Raje, N.; Lin, Y.; Siegel, D.; Oriol, A.; et al.
Idecabtagene Vicleucel in Relapsed and Refractory Multiple Myeloma. N. Engl. J. Med. 2021, 384, 705–716. [CrossRef]

38. Hay, A.E.; Cheung, M.C. CAR T-Cells: Costs, Comparisons, and Commentary. J. Med. Econ. 2019, 22, 613–615. [CrossRef]
39. Luger, S.M. Consolidation Therapy for Acute Myeloid Leukemia: Defining a Benchmark. J. Clin. Oncol. 2021, 39, 870–875.

[CrossRef] [PubMed]
40. O’Brien, B.J.; Drummond, M.F.; Labelle, R.J.; Willan, A. In Search of Power and Significance: Issues in the Design and Analysis of

Stochastic Cost- Effectiveness Studies in Health Care. Med. Care 1994, 32, 150–163. [CrossRef] [PubMed]

http://doi.org/10.1056/NEJMoa1804980
http://www.ncbi.nlm.nih.gov/pubmed/30501490
http://doi.org/10.1056/NEJMoa2024850
http://doi.org/10.1080/13696998.2019.1582059
http://doi.org/10.1200/JCO.20.03142
http://www.ncbi.nlm.nih.gov/pubmed/33411591
http://doi.org/10.1097/00005650-199402000-00006
http://www.ncbi.nlm.nih.gov/pubmed/8302107

	Introduction 
	Canadian Cancer Trials Group and Committee on Economic Analysis 
	Challenges of Conducting Economic Evaluation in Era of Precision Medicine 
	The Potential of Real-World Evidence (RWE) 
	Initiatives Exploring the Role of RWE 
	Methods to Corroborate the Validity of RWE 

	The Future of Clinical Trials in an Era of Precision Medicine 
	Improved Biomarker Incorporation into Clinical Trials 
	Considering New Methodologies 
	Data Science Strategy 
	Collaboration 

	Discussion 
	References

