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Technological innovations including risk-stratification algorithms and large databases of longitudinal population health data

and genetic data are allowing us to develop a deeper understanding how individual behaviors, characteristics, and

genetics are related to health risk. The clinical implementation of risk-stratified screening programmes that utilise risk

scores to allocate patients into tiers of health risk is foreseeable in the future.
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1. Introduction

“All Screening Programmes Do Harm; Some Do Good as Well, and of These, Some Do More Good than Harm at

Reasonable Cost” .

By 2025, 130 million genomes are expected to be sequenced, of which 83 million will be cancer genomes . Whole

genome sequencing (WGS) results, when combined with other real-world clinical and socio-demographic data, will allow

for ongoing risk stratification and re-classification with prognostic value not only for prevention but also for resource

allocation via targeted screening within given populations. This shift to a more dynamic, algorithmic approach will improve,

if not radically alter, population screening programmes from both scientific and social perspectives.

In 1968, the WHO in its Principles and Practice of Screening for Disease set the criteria for modern screening programs in

populations . Around the world, the general criteria for establishing a screening programme still include the classical

components of the importance of the condition, an acceptable and suitable test (clinical utility), the availability and

acceptability of treatment, a policy on whom to treat, the availability of screening facilities, and continuity . The WHO

criteria have since been refined to also include the importance of an acceptable balance between benefit and harm,

integrated monitoring and evaluation (cost-effectiveness), equity, and informed choices . With the exception of newborn

screening programmes that seek to find asymptomatic, at-risk newborns and that are generally considered to be in the

best interests of all children, participation in population screening remains voluntary.

Screening finds apparently well persons in a given population who may have a disease and who are then individually

tested. Screening can also identify persons with an increased susceptibility to a genetic disease, but screening is not a

diagnostic test. Screening is applied across populations for diseases for which early detection and treatment can prevent

or at least, ameliorate the consequences. Screening can also be applied to sub-populations, such as women over 50

years of age who are routinely offered breast cancer screening. Pap smear and mammography screening initiatives date

back to the 1950–1960s.

The intention of any cancer screening programme is not merely to detect cancers but also to treat them so as to reduce

deaths. Not all individuals involved in screening benefit, and in fact, some can be harmed. The trade-offs include missing

cancer diagnosis or subjecting an individual to unnecessary investigation, overdiagnosis, and overtreatment. To date,

several studies in breast and prostate cancer have reported that tailoring screening to an individual’s risk level could

improve the efficiency of the screening program and reduce its adverse consequences .

At present, the mammographic breast screening programmes for the general population have age as the only entry

criterion. The starting and stopping ages (varying from 40 to 74 years) and the frequency of screens (yearly to triennially)

differ between countries .

The risk of developing breast cancer varies among women. There are different subtypes of breast cancer, and the growth

rate of breast cancers, even of the same subtype, varies widely, from being almost static to fast-growing . The age-

based or the “one-size-fits-all” approach, however, does not take into account the heterogeneity of the breast cancer

subtypes, biological behaviour, and the risk in the population.
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Fast growing cancers quickly lead to symptoms and death. Uniform screening would miss detecting fast growing tumours.

Some tumours grow at a slow enough pace that the individual would die from other causes before the cancer manifests

symptoms. As mentioned, detecting these tumours and treating them does not necessarily benefit the person but can

harm them. Nonetheless, it is not possible yet to determine if a cancer is over-diagnosed. Identifying subgroups of

individuals likely to have progressive tumours and targeting screening to them or tailoring the screening frequency and

age according to their risk score could reduce the adverse consequences of screening.

The implementation of this approach must be carefully examined, including its socio-ethical and legal implications. Indeed,

some would argue that the notion that risk scores will offer equivalent utility population-wide by providing informative risk

stratification across multiple diseases is misleading, “raising unrealistic expectations and implementing programmes

without careful evaluation risks compromising the application of risk scores for specific niches, and indeed, of genomic

medicine as a whole” .

Another challenge inherent in implementing population health screening programmes is establishing the subsequent

benefit–harm balance thereof . Evidence of an appropriate benefit–harm balance can be difficult to adduce for

screening programmes, as the earlier detection of disease can increase post-detection survival without decreasing

cancer-specific mortality . Randomised controlled trials are considered to be the gold standard for demonstrating

the effectiveness of screening programmes. However, performing randomised controlled trials (RCTs) of population

screening programmes is an onerous undertaking, as such trials are costly to implement and must necessarily be

performed relative to a stable cohort across many years . Evidence of the benefit–harm balance of a screening

programme could potentially be adduced in reliance on data derived from the long-term evaluation of its functioning upon

implementation, to alleviate the difficulties in performing RCTs .

Furthermore, the practical implementation of population screening creates further potential obstacles to establishing that

the benefits thereof outweigh the harms, as the improper implementation thereof can negate the anticipated benefits .

Economic factors can also be relevant to the implementation of a population screening programme. The use of health-

sector resources to implement and maintain a population screening programme must be justified relative to other potential

uses of available resources (e.g., administrative resources, funding, labor, use of technological infrastructure) .

Assessing the benefit–harm balance of a population screening programme also requires reaching consensus on a

number of social policy issues. Such policy issues include determining the most desirable balance between sensitivity and

specificity (i.e., the balance of false positives to false negatives) and establishing appropriate metrics for assessing cost-

effectiveness (e.g., increased screening could prevent more deaths but also could increase false findings, overdiagnosis,

and use of resources). For example, a screening test can lead to improved prognosis or could lead to an improved quality

of life or a less invasive course of treatment because of the earlier detection of the concerned health condition.

Conversely, a false positive screening test could lead to unnecessary clinical interventions and to stress and anguish for

affected persons . It is also critical to address issues of equitable access and equitable outcomes in programme

implementation.

Further, the active surveillance of identified low-risk cancers is increasingly used as an alternative to surgical intervention

in certain cancer treatment contexts, suggesting that accurate risk stratification is of growing relevance to clinical decision-

making (e.g., for prostate cancers or thyroid cancers) . Both Canada and England have successfully

implemented risk-stratified approaches to the follow-up care of cancer survivors (i.e., determining the magnitude of follow-

up care and whether oncologists or primary care physicians perform such follow-up) . In sum, there is evidence that

risk stratification could improve both the cost–benefit and risk–benefit profiles of cancer interventions that today present

ambiguous cost–benefit and risk–benefit propositions, including cancer screening . Presently, individual

characteristics, such as age and family histories are used to determine whether screening or preventive mastectomy are

liable to produce better or worse outcomes for patients .

2. PART I: Risk Stratification: Socio-Ethical Implications

Risk stratification is a proposed method to improve the benefit–harm balance of screening programmes and other health

interventions (e.g., preventive surgeries, lifestyle modification) . The rationale is to identify high-risk individuals within

a chosen population for targeted health interventions rather than to perform such interventions across the entire

population. This can improve the balance of risks and benefits and the cost-effectiveness of the concerned interventions

(e.g., by reducing the number of false positives and overdiagnosis of screening programmes) . In ensuring that health

interventions are provided to individuals that stand to benefit from them the most (i.e., through stratification), the potential

negative externalities of such interventions can be minimised and the potential benefits maximised. The targeted provision
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of screening and other health interventions could also help to ensure that greater benefit is obtained from such initiatives

relative to their costs. It must be acknowledged that certain elements of cost–benefit analysis remain inherently subjective.

Competing values are engaged, including accessibility, equity, and benefit-maximization for both individuals and

subpopulations .

Cancer care is susceptible to benefit from risk-stratified screening and other risk-stratified health interventions. Certain

cancers exhibit much worse prognosis for high-risk individuals than for low-risk individuals, which implies that accurate

risk stratification for the purposes of targeted intervention may be more apt to lead to improved clinical outcomes than it is

to increase cancer detection . Screening methodologies that are effective in cancer care are often associated with high

costs or limited availability (e.g., genetic testing for BRCA 1 and BRCA 2) . Preventive surgeries often impose

significant burdens on patients (e.g., inherent risks or associated adverse effects) . Information such as age, gender,

family history of cancer, select biomarkers, and membership in select populations that exhibit heightened risk (e.g.,

persons of Ashkenazi Jewish ancestry)  are already relied on to personalise cancer care to anticipated risk in such

subpopulations, partly in recognition of these imperatives .

In developing policies and assessment methodologies for the provision of risk-stratified healthcare, it is necessary to

define the concerned population and to categorise population members according to their individuated health risk in

accordance with a defined risk-stratification methodology. Methodologies for assessing individual health risk include

algorithmic methodologies that entail the calculation of a risk score based on input data and human-initiated

methodologies that are reliant on clinical judgment to assess health risk . In practice, the most common are hybrid

approaches, which involve the application of human interpretation to algorithm-derived scores . Consequently, the

ethical, legal, and policy issues considered relate both to the development of algorithmic risk stratification methodologies

and to the application thereof by clinicians (i.e., clinical implementation).

Other related issues include obtaining access to the rich health data that are required to perform risk-

stratification, ensuring that risk-stratification achieves comparable performance across sub-populations and across human

genetic diversity, ensuring that individuals in different healthcare contexts obtain equitable access to risk-stratified care,

and ensuring that individuals and healthcare practitioners understand their respective responsibilities in obtaining

appropriate follow-up care after their risk level has been assessed.

3. PART II: Polygenic Risk Scores: Regulatory Implications

Genome-wide association studies (GWAS) have uncovered the relevance of inherited variants to common complex

diseases, furthering the integration of genetic data within risk score algorithms . Most non-communicable disorders

have a genetic component that comprises hundreds or thousands of genetic variants, each of which has a small effect on

the disease risk . While genetic testing is widely used to diagnose monogenic diseases determined by mutations in a

single gene, polygenic disorders are caused by many genetic variants located throughout the whole genome, as well as

by environmental and lifestyle factors . Each of these variables is valuable in the pathway of the disorder, but it is not

informative for assessing the overall disease risk . A polygenic risk score (PRS) is a weighted sum of several of the

risk variants for a particular disease . It provides an estimate of an individual’s genetic vulnerability to a trait or

disease . In other words, PRSs are the tool by which the knowledge of these common variants can be used to improve

healthcare by providing a point of reference that could place an individual to e.g. a lower-than-average, average, or

above-average risk category and therefore potentially improve screening, advance preventive medicine, and achieve a

more personalized treatment . The estimate provided by PRSs is calculated based on the individual’s genotype

profile in comparison with the relevant GWAS data . The ever-growing use and availability of large quantity of genomic

and health-related data from which the foregoing can be discovered and furthered, the identified advantages of preventive

medicine, and the increasing personalization of medicine have emphasized the use and potential usefulness of PRS

alone or combined with other risk factors in risk stratification and screening practices and programmes .

Considering the role that PRSs play and continue to play in programmes and practices of screening and stratification

involving genomic data, any of the implementation, adoption, and development issues related to PRSs are therefore of

paramount importance while discussing those of programmes and practices of screening and stratification involving

genomic data. The regulatory framework applicable to PRS as a non-device clinical decision support tool or as a medical

device is one of the most crucial systemic implementation issues. Regulatory frameworks differ in this context.

It is important to create and promote clear and harmonised regulatory frameworks that enable both the scientific

advancement and safety of risk assessment and stratification tools, such as the PRS and risk prediction models that

facilitate those stratification and screening programmes.

[33]

[34]

[35]

[36][37]

[38]

[39][40]

[41]

[42]

[43][44]

[44]

[45]

[43][44]

[44][45]

[43]

[12][44]

[43]

[46]



References

1. Gray, J.A.M.; Patnick, J.; Blanks, R.G. Maximising benefit and minimising harm of screening. BMJ 2008, 336, 480–483.

2. Birney, E.; Vamathevan, J.; Goodhand, P. Genomics in healthcare: GA4GH looks to 2022. BioRxiv 2017.

3. Wilson, J.M.G.; Jungner, G. (Eds.) Principles and Practice of Screening for Disease; World Health Organization:
Geneva, Switzerland, 1968.

4. Knoppers, B.M.; Laberge, C.M. Genetic screening: From newborns to DNA typing. In Proceedings of the Workshop on
Genetic Screening, La Sapiniere, QC, Canada, 13–14 October 1989.

5. Andermann, A.; Blancquaert, I.; Beauchamp, S.; Déry, V. Revisting wilson and Jungner in the genomic age: A review of
screening criteria over the past 40 years. Bull. World Health Organ. 2008, 86, 317–319.

6. Van den Broek, J.J.; Schechter, C.B.; Van Ravesteyn, N.T.; Janssens, A.C.J.W.; Wolfson, M.C.; Trentham-Dietz, A.;
Simard, J.; Easton, D.F.; Mandelblatt, J.S.; Kraft, P.; et al. Personalizing Breast Cancer Screening Based on Polygenic
Risk and Family History. J. Natl. Cancer Inst. 2020, 113, 434–442.

7. Pashayan, N.; Morris, S.; Gilbert, F.J.; Pharoah, P.D.P. Cost-effectiveness and Benefit-to-Harm Ratio of Risk-Stratified
Screening for Breast Cancer: A Life-Table Model. JAMA Oncol. 2018, 4, 1504–1510.

8. Callender, T.; Emberton, M.; Morris, S.; Eeles, R.; Kote-Jarai, Z.; Pharoah, P.D.P.; Pashayan, N. Polygenic risk-tailored
screening for prostate cancer: A benefit–harm and cost-effectiveness modelling study. PLoS Med. 2019, 16, e1002998.

9. Brooks, J.; Nabi, H.; Andrulis, I.; Antoniou, A.; Chiquette, J.; Després, P.; Devilee, P.; Dorval, M.; Droit, A.; Easton, D.; et
al. Personalized Risk Assessment for Prevention and Early Detection of Breast Cancer: Integration and Implementation
(PERSPECTIVE I&I). J. Pers. Med. 2021, 11, 511.

10. Pashayan, N.; Pharoah, P.D.P. The challenge of early detection in cancer. Science 2020, 368, 589–590.

11. Sud, A.; Turnbull, C.; Houlston, R. Will polygenic risk scores for cancer ever be clinically useful? NPJ Precis. Oncol.
2021, 5, 1–5.

12. Moorthie, S.; Hall, A.; Janus, J.; Brigden, T.; Villiers, d.C.B.; Blackburn, L.; Johnson, E.; Kroese, M. Polygenic Scores
and Clinical Utility; PHG Foundation, University of Cambridge: Cambridge, UK, 2020.

13. Ratushnyak, S.; Hoogendoorn, M.; Van Baal, P.H. Cost-Effectiveness of Cancer Screening: Health and Costs in Life
Years Gained. Am. J. Prev. Med. 2019, 57, 792–799.

14. Lonnberg, S.; Sekerija, M.; Malila, N.; Sarkeala, T.; Leja, M.; Májek, O.; Zappa, M.; Heijnsdijk, E.; Heinävaara, S.;
Koning, H.; et al. Cancer Screening: Policy Recommendations on Governance, Organization and Evaluation of Cancer
Screening. In European Guide on Quality Improvement in Comprehensive Cancer Control; Albreht, T., Kiasuwa, R.,
Van den Bulcke, M., Eds.; Slovenia National Institute of Public Health and Belbium Scientific Institute of Public Health:
Brussels, Belgium, 2017; pp. 39–76.

15. Iragorri, N.; Spackman, E. Assessing the value of screening tools: Reviewing the challenges and opportunities of cost-
effectiveness analysis. Public Health Rev. 2018, 39, 17.

16. Grosse, S.D. Showing Value in Newborn Screening: Challenges in Quantifying the Effectiveness and Cost-
Effectiveness of Early Detection of Phenylketonuria and Cystic Fibrosis. Healthcare 2015, 3, 1133–1157.

17. Marmot, M.G.; Altman, D.G.; Cameron, D.A.; Dewar, J.A.; Thompson, S.G.; Wilcox, M.; Independent UK Panel Breast
Cancer Screening. The benefits and harms of breast cancer screening: An independent review. Lancet 2012, 380,
1778–1786.

18. Seedat, F.; Cooper, J.; Cameron, L.; Stranges, S.; Kandala, N.B.; Burton, H.; Taylor Phillips, S. International
Comparisons of Screening Policy-Making: A Systematic Review; University of Warwick and PHG Foundation: Coventry,
UK, 2014; p. 23.

19. World Health Organization, Regional Office for Europe. Screening Programmes: A Short Guide; World Health
Organization, Regional Office for Europe: København, Denmark, 2020.

20. Tuttle, R.M.; Alzahrani, A.S. Risk Stratification in Differentiated Thyroid Cancer: From Detection to Final Follow-Up. J.
Clin. Endocrinol. Metab. 2019, 104, 4087–4100.

21. Dall’Era, M.A.; Klotz, L. Active surveillance for intermediate-risk prostate cancer. Prostate Cancer Prostatic Dis. 2016,
20, 1–6.

22. Preston, M.A.; Feldman, A.S.; Coen, J.J.; McDougal, W.S.; Smith, M.R.; Paly, J.J.; Carrasquillo, R.; Wu, C.-L.; Dahl,
D.M.; Barrisford, G.W.; et al. Active surveillance for low-risk prostate cancer: Need for intervention and survival at 10



years. Urol. Oncol. Semin. Orig. Investig. 2015, 33, 383.e9–383.e16.

23. Rodrigues, G.; Lukka, H.; Warde, P.; Brundage, M.; Souhami, L.; Crook, J.; Cury, F.; Catton, C.; Mok, G.; Martin, A.-G.;
et al. The prostate cancer risk stratification (ProCaRS) project: Recursive partitioning risk stratification analysis.
Radiother. Oncol. 2013, 109, 204–210.

24. Klotz, L. Low-risk prostate cancer can and should often be managed with active surveillance and selective delayed
intervention. Nat. Clin. Pract. Urol. 2007, 5, 2–3.

25. Mayer, D.K.; Alfano, C.M. Personalized Risk-Stratified Cancer Follow-Up Care: Its Potential for Healthier Survivors,
Happier Clinicians, and Lower Costs. JNCI J. Natl. Cancer Inst. 2019, 111, 442–448.

26. Widschwendter, M.; Jones, A.; Evans, I.; Reisel, D.; Dillner, J.; Sundström, K.; Steyerberg, E.W.; Vergouwe, Y.;
Wegharth, O.; Rebitschek, F.G.; et al. Epigenome-based cancer risk prediction: Rationale, opportunities and
challenges. Nat. Rev. Clin. Urol. 2018, 15, 292–306.

27. Pashayan, N.; Pharoah, P.D.; Schleutker, J.; Talala, K.; Tammela, T.L.; Määttänen, L.; Harrington, P.; Tyrer, J.; Eeles,
R.; Duffy, S.W.; et al. Reducing overdiagnosis by polygenic risk-stratified screening: Findings from the Finnish section
of the ERSPC. Br. J. Cancer 2015, 113, 1086–1093.

28. Pashayan, N.; Duffy, S.W.; Neal, D.E.; Hamdy, F.C.; Donovan, J.L.; Martin, R.M.; Harrington, P.; Benlloch, S.; Al Olama,
A.A.; Shah, M.; et al. Implications of polygenic risk-stratified screening for prostate cancer on overdiagnosis. Genet.
Med. 2015, 17, 789–795.

29. Schünemann, H.J.; Lerda, D.; Quinn, C.; Follmann, M.; Alonso-Coello, P.; Rossi, P.G.; Lebeau, A.; Nyström, L.;
Broeders, M.; Ioannidou-Mouzaka, L.; et al. Breast Cancer Screening and Diagnosis: A Synopsis of the European
Breast Guidelines. Ann. Intern. Med. 2019, 172, 46.

30. Steenkamer, B.M.; Drewes, H.W.; Heijink, R.; Baan, C.A.; Struijs, J.N. Defining Population Health Management: A
Scoping Review of the Literature. Popul. Health Manag. 2017, 20, 74–85.

31. Moorthie, S.; Gaynor, L.; Burton, H.; Hall, A.; Kroese, M.; Raza, S. Personalising Prevention for Breast Cancer; PHG
Foundation, University of Cambridge: Cambridge, UK, 2018.

32. Antoniou, A.; Anton-Culver, H.; Borowsky, A.; Broeders, M.; Brooks, J.; Chiarelli, A.; Chiquette, J.; Cuzick, J.; Delaloge,
S.; Devilee, P.; et al. A response to “Personalised medicine and population health: Breast and ovarian cancer”. Qual.
Life Res. 2019, 138, 287–289.

33. Pashayan, N.; Antoniou, A.C.; Ivanus, U.; Esserman, L.J.; Easton, D.F.; French, D.; Sroczynski, G.; Hall, P.; Cuzick, J.;
Evans, D.G.; et al. Personalized early detection and prevention of breast cancer: ENVISION consensus statement. Nat.
Rev. Clin. Oncol. 2020, 17, 687–705.

34. Roobol, M.J.; Carlsson, S.V. Risk stratification in prostate cancer screening. Nat. Rev. Urol. 2013, 10, 38–48.

35. Lippi, G.; Mattiuzzi, C.; Montagnana, M. BRCA population screening for predicting breast cancer: For or against? Ann.
Transl. Med. 2017, 5, 275.

36. Giannakeas, V.; Narod, S.A. The expected benefit of preventive mastectomy on breast cancer incidence and mortality
in BRCA mutation carriers, by age at mastectomy. Breast Cancer Res. Treat. 2017, 167, 263–267.

37. McGee, J.; Giannakeas, V.; Karlan, B.; Lubinski, J.; Gronwald, J.; Rosen, B.; McLaughlin, J.; Risch, H.; Sun, P.;
Foulkes, W.D.; et al. Risk of breast cancer after a diagnosis of ovarian cancer in BRCA mutation carriers: Is preventive
mastectomy warranted? Gynecol. Oncol. 2017, 145, 346–351.

38. Evans, O.; Manchanda, R. Population-based Genetic Testing for Precision Prevention. Cancer Prev. Res. 2020, 13,
644–648.

39. Oktay, K.; Santaliz-Casiano, A.; Patel, M.; Marino, N.; Storniolo, A.M.V.; Torun, H.; Acar, B.; Erdogan, Z.M. A
Computational Statistics Approach to Evaluate Blood Biomarkers for Breast Cancer Risk Stratification. Horm. Cancer
2019, 11, 17–33.

40. Moorthie, S.; Burton, H.; Villiers, C.B. Personalising Breast Cancer Prevention: Bridging the Gap Between Research
and Policy; PHG Foundation, Cambridge University: Cambridge, UK, 2020; pp. 17–18.

41. Wagner, J.; Hall, J.D.; Ross, R.L.; Cameron, D.; Sachdeva, B.; Kansagara, D.; Cohen, D.J.; Dorr, D.A. Implementing
Risk Stratification in Primary Care: Challenges and Strategies. J. Am. Board Fam. Med. 2019, 32, 585–595.

42. Ross, R.L.; Sachdeva, B.; Wagner, J.; Ramsey, K.; Dorr, D.A. Perceptions of Risk Stratification Workflows in Primary
Care. Healthcare 2017, 5, 78.

43. Choi, S.W.; Mak, T.S.H.; O’Reilly, P.F. Tutorial: A guide to performing polygenic risk score analyses. Nat. Protoc. 2020,
15, 2759–2772.

44. Lewis, C.M.; Vassos, E. Polygenic risk scores: From research tools to clinical instruments. Genome Med. 2020, 12, 44.



45. Nature Research Media & Illumina. Polygenic Risk: What’s the Score? Nature 2019, 4. Available online:
https://www.nature.com/articles/d42473-019-00270-w (accessed on 2 May 2021).

46. Hall, A.; Finnegan, T.; Chowdhury, S.; Dent, T.; Kroese, M.; Burton, H. Risk Stratification, Genomic Data and the Law. J.
Community Genet. 2018, 9, 195–199.

Retrieved from https://encyclopedia.pub/entry/history/show/30824


