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Abstract

While testing for easily accessible biomarkers in the circulation (“liquid biopsy”) has found its way to clinical
cancer care, a further expected development is its use as a “universal” early detection test in population screening
for cancer. A promising marker for such screening is circulating cell-free fragments of tumor DNA, shed into the
circulation during tumor cell turnover. Several blood-based “multicancer early detection (MCED) tests” have
recently been developed - but still need validation in large-scale studies involving non-patient populations. In this
paper, we proactively explore the ethical aspects of this development. We refer to an often quoted synthesis of the
internationally accepted framework of principles for responsible screening as first drawn up for the World Health
Organisation (WHO) by Wilson and Junger 50 years ago and further developed and fine-tuned ever since. As our
analysis suggests, some specific ethical issues and concerns about potential MCED screening connect to the fact
that cancer is not just one disease. As a consequence, not all findings will have the same clinical utility. We discuss
this against the background of earlier debates pertaining to broad scope forms of screening in other contexts,
specifically newborn and reproductive genetic screening. We highlight the guidance provided by some of the
criteria from the screening framework that seems most relevant in this connection: the need for screening
objectives to be defined at the outset, the need for mechanisms to minimize potential risks, and the requirement
that, for those participating in the screening, the overall benefits outweigh the harm.
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INTRODUCTION

As one of the leading causes of death in developed countries, cancer is a global public health problem. The
high mortality burden is a consequence of most cancers being detected at a stage where treatment options
have limited effectiveness. Population screening aimed at finding cancer at a pre-symptomatic stage may
help change this unfortunate course of events by enabling timely treatment. However, there are many
different kinds of cancer and only for some of them have so far made it possible to develop screening
strategies for non-patient populations. In the Netherlands, for instance, national screening programs
currently only exist for breast, cervical and colorectal cancer, targeting higher-risk age groups (of the
relevant sex) in the general population’. A pilot for lung cancer screening offered to those with a history of
heavy smoking (as also recommended in some other countries) has just started”. For each individual type
of cancer, the challenge is to develop a test that is not only easily applicable in pre-symptomatic stages, but
also sufficiently accurate and affordable for a population screening program to have a positive benefit to
harm and cost-utility ratios. Moreover, with each additional screening for a further type of cancer, logistical
burdens and costs will increase and motivation to participate may suffer from screening fatigue, especially
in lower-risk populations.

Against this background, the concept of “universal” (or multi-organ) cancer screening based on easily
accessible tumor markers in the circulation may well be revolutionary. This approach would allow
simultaneous screening for, in principle, all types of cancer at pre-symptomatic stages using a minimally
invasive blood test®”. A promising marker for such screening is circulating cell-free fragments of tumor
DNA. Also, in healthy individuals, all types of cells release genetic material (cell-free DNA; c¢fDNA) into the
bloodstream during the course of normal cell turnover. This finding has already led to the successful
development and implementation in many countries of prenatal screening for fetal chromosomal
abnormalities based on the presence of cell-free fetal DNA (cffDNA; actually stemming from the placenta)
in the maternal circulation'. Cell-free tumor DNA (ctDNA) specifically derives from tumor cell turnover.
For detection and analysis, state-of-the-art technologies are being used that allow distinguishing the
genomic features of the relevant DNA fragments from background signals in the circulation. The idea of
using ctDNA, in combination with other biomarkers, as a test for population screening builds on the recent
development and clinical use of “liquid biopsy” as a tool in cancer diagnosis, prognosis and treatment, for
instance, allowing personalized treatment based on pharmacogenetic profiling, or as a powerful marker in
tumor monitoring and follow-up after cancer treatment'”. However, using this approach for population
screening is more challenging as it requires finding cancer at an early stage in a lower-risk population with
sufficient accuracy'.

Several blood-based “multicancer early detection (MCED) tests” have recently been developed - but still
need validation in large-scale studies involving non-patient populations®. The limited evaluations so far
suggest a relatively low sensitivity, especially for early-stage cancer"*'". As a consequence, MCED screening
should not be seen as an alternative but as an add-on to current cancer screening programs. Modeling has
suggested that this add-on approach might potentially be an efficient cancer screening strategy based on
finding additional breast, colorectal, cervical, lung and prostate cancers either missed in current screening
programs for those conditions, or in people outside the target population criteria used in those programs or
also in those who decline current cancer screening but would agree to MCED testing"*"”. To further evaluate
this idea, the GALLERI test is currently piloted for the British NHS. The pilot (2021-2023) comprises a
randomized controlled trial for which 140.000 non-patient participants aged 50 to 79 will be recruited"?.
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The aim is “to establish if screening with the Galleri test reduces the incidence of late-stage cancer when

»[14]

used in an asymptomatic population in combination with existing NHS cancer screening programs

While the research is still in the test-validation phase, it is also important to pro-actively consider the ethical
aspects of this development. In this exploratory paper, we refer to the internationally accepted principles for
responsible population screening as a background for further agenda setting. As we will argue, the concept
of MCED screening comes with specific ethical challenges that need to be considered. These connect to
different ways in which such screening may not only have a potential for benefit but also for harm.

FRAMEWORK FOR RESPONSIBLE SCREENING

From an ethical perspective, a crucial distinction is between medical testing that is clinically available to
patients and those are offered to non-patients in a screening context"”. Whereas clinical testing is
performed in response to a complaint or other kind of individual indication on the part of the patient,
screening is systematically offered on the initiative of health care professionals or screening authorities to
people without a relevant complaint or indication. Leaving aside the special situation of screening in
contexts where societal interests justifiably take precedence (for instance, where screening would be
necessary as a means to control the spread of a pandemic), the non-indicated nature of screening and the
locus of the initiative require a high level of evidence that, on balance, testing is indeed beneficial for at least
a significant proportion of those to whom it is offered"*"”.

This would always be the case, which is far from obvious. As famously stated by the former director of the
UK National Screening Committee, sir Muir Gray, “[a]ll screening programs do harm; some do good as
well, and, of these, some do more good than harm at reasonable cost”"®. Harms of screening may range
from psychosocial effects such as induced anxiety or false reassurance to iatrogenic damage as a
consequence of overdiagnosis and -treatment. The benefits of screening, mostly understood in terms of
health gains, should clearly outweigh these harms. This requires not just that screening outcomes are
sufficiently accurate, but that they meaningfully enable altering the clinical outcome in those with positive
findings through effective early interventions"”. Moreover, where screening is paid for from public or
collective funds, opportunity costs require budgetary justification*'”.

The acknowledgment of the precariousness of the balance between these different elements is behind the
internationally accepted framework of principles for responsible screening, as first drawn up for the World
Health Organisation (WHO) by Wilson and Junger in 1968 and further developed and fine-tuned also for
specific types of screening (e.g. reproductive and/or genetic screening) by several expert groups and national
screening authorities"”"”.. An often quoted synthesis of these “emerging screening criteria” was drawn up by
Andermann (WHO) and colleagues at the 40th anniversary of the Wilson & Jungner principles in 2008
(see Table 1). Highlighting the ethical nature of this internationally endorsed framework, the final and
summarizing requirement on their list is that “[t]he overall benefits of screening should outweigh the
harm”.

RELEVANT ETHICAL ASPECTS OF MCED SCREENING

In a recent review on behalf of the International Society of Liquid Biopsy, Serrano and colleagues explicitly
refer to this framework and remark that cancer screening programs based on MCED testing could well
fulfill these criteria®’. We agree that there is no apriori reason why this would not be the case, given the
large potential health benefits that this approach may yield. However, whether specific screening protocols
do indeed meet the criteria for responsible screening and may then (depending on the health system) be
either recommended by professional societies and/or incorporated into national screening programs, will
have to be determined on the basis of further evidence about relevant factors.
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Table 1. Screening criteria (Andermann WHO 2008)

Synthesis of emerging screening criteria proposed over the past 40 years

* The screening programme should respond to a recognized need.

« The objectives of screening should be defined at the outset

» There should be a defined target population

* There should be scientific evidence of screening programme effectiveness

« The programme should integrate education, testing, clinical services and programme management
« There should be quality assurance, with mechanisms to minimize potential risks of screening

» The programme should ensure informed choice, confidentiality and respect for autonomy

* The programme should promote equity and access to screening for the entire target population

* Programme evaluation should be planned from the outset

« The overall benefits of screening should outweigh the harm

-Reproduced with permission from: Andermann A, Blancquaert |, Beauchamp S, Déry V. Revisiting Wilson and Jungner in the genomic age: a
review of screening criteria over the past 40 years. Bull World Health Organ. 2008 Apr;86:317-9

-Criteria rendered in bold are specifically discussed in the present text

As with all screening programs, test accuracy is an essential quality parameter. A relatively low sensitivity
not only affects screening performance; it may also lead to false reassurance. Given that, precisely in the
light of lower expected sensitivity, MCED screening would serve as an add-on to, rather than as a
replacement for, current single-organ cancer screening programs, there is a potential risk that false
reassurance induced by negative blood tests may lead to a lower uptake of current screening. Clearly, this
would be an adverse effect of simply adding MCED screening to the current landscape. While such effects
can only be determined in actual practice, the remaining importance of current single-organ cancer
screening may need to be proactively addressed in the screening information for the relevant target groups.
This also suggests that the best way of fitting MCED testing into a wider approach to cancer screening will
require more precise attention.

Another ethically relevant issue with test accuracy is the false-positive rate. Even at less than 1% (the rate
that some reviewers seem to regard as a benchmark!), a screening offer to potentially the whole population
in a wide age range will lead to many people ending up with a positive MCED test but without radiological
or clinical confirmation of cancer. These people will have to be offered further monitoring, for which
“pathways should be developed””. However, this is more than a logistical issue, as it may induce high levels
of anxiety as well as procedure-related harms, especially if the precise focus of the necessary monitoring
may not be obvious.

This connects to an important further issue: the screening should not just be able to accurately detect the
presence of ctDNA in the circulation, but also to localize the tumor of origin in the correct organ system,
ideally using the same blood sample. If not, this might lead to diagnostic delay as well as to unnecessary
diagnostic procedures and biopsies, causing psychological distress and possibly also physical harm"”. In
order to be able to identify the tumor of origin, MCED tests rely on additional biomarkers beyond ctDNA,
such as proteins, or methylation profiles. A recent review of different tests gives rates of accurate tumor of
origin identification that at 82%-93% are far from perfect”. Moreover, this may differ per cancer type. In a
study with the CancerSEEK test, predictions were significantly less accurate for lung and liver cancer
compared to colorectum and ovary cancer.
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Moreover, MCED screening may lead to overdiagnosis. This would be the case if screening reveals that part
of the cancers are “indolent” rather than a potentially lethal type. Overdiagnosis is problematic as it comes
with unnecessary anxiety and may lead to iatrogenic harm due to unnecessary follow-up procedures. The
reason why public health authorities in many countries have been reluctant to recommend prostate cancer
screening is precisely that the often less aggressive nature of these cancers and the potential for harm make
it questionable if such screening would on balance be beneficial. How the proposed MCED tests would
relate to the concern about overdiagnosis is as yet unclear. It has been argued that precisely because more
aggressive cancers shed more ctDNA into the circulation, findings (including for prostate cancer) will more
likely be of a clinically relevant type®. Even if that mitigates the concern, overdiagnosis may remain a
drawback of MCED screening. Clearly, the rejoinder (in a report from the “Information Technology &
Innovation Foundation”, a US science and technology policy think tank®/) that “the underdiagnosis of
cancers” is a much greater problem than overdiagnosis is not a very helpful response to this concern.

Finally, MCED screening may find cancers for which there are as yet no effective treatment options, such as
pancreatic cancer. Early detection of a disease that has no potential of changing the clinical outcome for the
patient should be considered a problematic outcome of screening, as in such cases, there are no clear health
benefits compensating for the inevitable harms of screening. Especially in a screening context, where tests
are proposed on the initiative of health care professionals or screening authorities to people without a
relevant complaint or indication, there is every reason to hold on to a more traditional understanding of
“clinical utility” as “(referring) to the likelihood that the test will lead to an improved health outcome”*?.

This is ignored in rejoinders saying that any health information “no matter how dire the diagnosis” is
always useful, or that the patient is bound to find out anyway and that “it matters little whether that that
knowledge is delivered earlier” as a consequence of MCED screening, or that the screening might contribute
to developing those very therapies for future patients™".

DISCUSSION

As Putcha et al. have commented, “[c]ancer sounds like one disease, but is actually many: there are more
than 100 different cancers, each with multiple subtypes reflecting different underlying molecular
pathophysiologies”?. This means that what is presented as “universal” cancer screening is not so much
“screening for cancer, period”, but rather screening for a broad range of disorders with different clinical
profiles using one simple test, based on the fact that all cancers happen to shed c¢tDNA in the circulation.
Clearly, this renders the evaluation of MCED screening programs more complex than where concerning
screening for one specific form of cancer, as it need not be the case that for each and every type of cancer
that the test might detect, the benefits clearly outweigh any possible harms. While the overall benefit-to-
harm ratio of MCED screening may well be positive (depending on further evidence from validation studies
and pilots), some possible outcomes may represent a moral cost that one would rather avoid.

This is not to say that, in terms of debates about screening ethics, we are entering uncharted territory.
Whereas the MCED approach is hailed as a “revolution” in cancer screening, the concept of multi-disorder
screening as such is not entirely new, nor is the debate about its ethical implications. For instance, in
newborn screening (NBS) for metabolic disorders, the use of tandem mass spectrometry (MS/MS) was
introduced in the 1990s, enabling the simultaneous accurate and cost-effective measurement of large
numbers of metabolites in dried blood spots on “heelprick” screening cards. As commented in a review, this
“has deeply changed the older NBS approach of “one test for one disorder” to “one test for many disorders”,
i.e., a multiplex test”. Current newborn screening programs worldwide use this technology, typically
screening for several tens of inherited metabolic diseases'””. More recently, we have seen the development of
broad scope genomic tests that have significantly changed the field of prenatal screening (based on cfDNA
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in maternal blood)"”; they are piloted for preconception carrier screening programs”' and are expected to
further impact the practice of NBS in the years to come"”.

In each of these contexts, the perspective in the debate about the scope of screening has changed from:
“what to test for?” to: “what conditions, if any, to actively exclude from the results of broad scope
testing”**'? For instance, in newborn screening, many commentators would want to hold on to the idea
that neonates should not be screened for diseases for which there is no meaningful treatment or prevention,
or for diseases that would only manifest later in life and the course of which cannot be altered by
preventative measures taken at a young age"*. This would require using “filters” so as to avoid any
unsolicited findings coming available as a result of a comprehensive genetic screening test. However, others
have questioned this approach, stressing, e.g., that parents have a right to health information about their
children, or that families may benefit from information relevant for future reproductive choices, or also that
finding diseases for which there are presently no therapeutic options, would still be useful as it would
contribute to research that might lead to developing treatments, in the interest of future children with the
same disorder, as well as of society at large”**”. Similarly, while professional societies do not recommend
analyzing cfDNA-findings from prenatal screening also for sex chromosome aneuploidies (SCA), pointing
to low predictive value, generally mild phenotypes, and uncertain clinical utility”, commercial screening
offers often do include testing for these abnormalities, with advocates reasoning that it is for the woman to
decide if such findings would be relevant for reproductive decision-making. A recent Australian study
reports on how this has led to a steep increase in prenatal diagnosis for SCA since the introduction of
cfDNA-based prenatal screening"”.

In our view, it is difficult not to recognize the undercurrent of technology-driven justifications for ever
wider screening in these debates, with the fact that we can test for something being taken as a sufficient
reason as to why we should” . As the framing of “universal” cancer screening may well fit in with this
“find everything we can” perspective, it is crucial to timely address the arguments relevant to what the scope
of the envisaged screening should be. Referring to the above framework, we think the following three
criteria from the Andermann list are especially important™”.

Firstly, “[t]he objectives of screening should be defined at the outset”. What is it that we may want to
achieve with MCED screening? Is it accurately detecting cancer signals in the circulation, is it enabling the
diagnosis of early-stage cancers that are now often missed, or is it early diagnosis leading to meaningfully
changing the clinical outcome in people with different forms of cancer? It seems quite clear that in the
context of a public health service, only the latter answer will do. But then, some of the potential outcomes
listed in the previous section (such as problems finding the tumor of origin, overdiagnosis, or finding cancer
for which no meaningful treatment options are available) should be regarded as at odds with the screening
objective and, in so far, problematic. It is important for the screening objective to be “defined at the outset”,
in order to enable proper evaluation of ongoing screening programs.

Secondly, “[t]here should be (...) mechanisms to minimize potential risks of screening”. This is especially
important in view of the fact that broad scope screening may inevitably yield outcomes at odds with the
screening objective. One mechanism of minimizing any resulting harm for MCED screening participants
might be the use of filters to avoid such “unsolicited findings”. This may take the form of using specific cut-
offs in ctDNA-analysis to limit overdiagnosis, but perhaps also of using tumor of origin information with an
eye to avoid finding forms of cancer without meaningful treatment options. The need for specific measures
of this type would, of course, need justification in the light of the screening objective. Where such measures
are not feasible, the potential for harmful “unsolicited findings” should be included in the weighing of the
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overall benefit-to-harm ratio of the screening program. Where screening programs with a risk of such
outcomes are offered, proper information and counseling are needed, also in order to protect participants
from ending up in a trap that they would rather have avoided.

That brings us, thirdly, to the summarizing ethical requirement that “[t]he overall benefits of screening
should outweigh the harm”. In the light of our above discussion (and apart from pandemic-type emergency
situations), it would seem necessary to specify this as referring to the benefits and harms “for those
participating in the screening”"”. This is not to say that screening might not also be beneficial for family
members, future patients, or society at large. Indeed, most screening programs are meant to achieve health
gains at a population level". However, it is to say that third party benefits should not be presented as
outweighing the harms of specific forms of screening that would not clearly also benefit the participants
themselves. This is especially relevant in view of the potentially high research value of the data generated
through powerful new broad-scope screening technologies, including MCED"*. Without the specification
of who is on balance to benefit, there is a risk in these developments of blurring the boundary between
screening and research, turning screening participants into research subjects without proper safeguards®'’.

CONCLUSION

The prospect of ctDNA-based early detection of cancer may well change the field of cancer screening as we
know it, with potentially large public health and individual benefits. While validation studies of MCED tests
are only starting, it is important to pro-actively also consider the ethically relevant aspects of this
development. In this connection, it is important to be aware that cancer is not just one disease and that not
all findings will therefore have the same clinical utility. As forms of multi-disorder screening have been
introduced in other contexts, the ethical analysis may connect to relevant earlier debates about how to deal
with specific challenges of optimizing the benefit-to-risk ratio of such forms of screening. As we have
argued, the traditional framework for responsible screening still seems to provide useful guidance in this
respect.

DECLARATIONS

Authors’ contributions

Drafted the paper and wrote the final version: Dondorp W
Commenting and contributing to the text: de Wert G

Availability of data and materials
Not applicable.

Financial support and sponsorship
Not applicable.

Conflicts of interest
Not applicable.

Ethical approval and consent to participate
Not applicable.

Consent for publication
Permission obtained from the World Health Organization (WHO) for reproducing copy-righted material
(nr 389267, 1 June 2022).



Page 242 Dondorp et al. Extracell Vesicles Circ Nucleic Acids 2022;3:235-43 | https://dx.doi.org/10.20517/evcna.2022.23

Copyright
© The Author(s) 2022.

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

RIVM: National Institute for Public Health and the Environment. Population screening. Available from:
https://www.bevolkingsonderzoeknederland.nl/en/ [Last accessed on 16 August 2022].

Health Council of the Netherlands. Population Screening Act (WBO): pilot population screening for lung cancer. The Hague:
Gezondheidsraad; 2021. Available from: https://www.healthcouncil.nl/documents/advisory-reports/2021/06/09/population-screening-
act-wbo-pilot-population-screening-for-lung-cancer [Last accessed on 16 August 2022].

Ahlquist DA. Universal cancer screening: revolutionary, rational, and realizable. NP.J Precis Oncol 2018;2:23. DOI PubMed PMC
Perrier A, Hainaut P, Guenoun A, et al. Moving towards a personalized oncology: the contribution of genomic techniques and artificial
intelligence in the use of circulating tumor biomarkers. Bull Cancer 2022;109:170-84. DOI PubMed

Cowling T, Loshak H. An overview of liquid biopsy for screening and early detection of cancer. In: CADTH Issues in Emerging
Health Technologies. Ottawa (ON): Canadian Agency for Drugs and Technologies in Health; 2016. 179. PubMed

Gadsbell K, Petersen OB, Gatinois V, et al; NIPT-map Study Group. Current use of noninvasive prenatal testing in Europe, Australia
and the USA: a graphical presentation. Acta Obstet Gynecol Scand 2020;99:722-30. DOI PubMed

Wan JCM, Massie C, Garcia-Corbacho J, et al. Liquid biopsies come of age: towards implementation of circulating tumour DNA. Nat
Rev Cancer 2017;17:223-38. DOI PubMed

Chen M, Zhao H. Next-generation sequencing in liquid biopsy: cancer screening and early detection. Hum Genomics 2019;13:34. DOI
PubMed PMC

Hackshaw A, Clarke CA, Hartman AR. New genomic technologies for multi-cancer early detection: rethinking the scope of cancer
screening. Cancer Cell 2022;40:109-13. DOI PubMed

Liu MC, Oxnard GR, Klein EA, Swanton C, Seiden MV; CCGA Consortium. Sensitive and specific multi-cancer detection and
localization using methylation signatures in cell-free DNA. Ann Oncol 2020;31:745-59. DOI PubMed PMC

Lennon AM, Buchanan AH, Kinde I, et al. Feasibility of blood testing combined with PET-CT to screen for cancer and guide
intervention. Science 2020;369:eabb9601. DOI PubMed PMC

Hackshaw A, Cohen SS, Reichert H, Kansal AR, Chung KC, Ofman JJ. Estimating the population health impact of a multi-cancer
early detection genomic blood test to complement existing screening in the US and UK. Br J Cancer 2021;125:1432-42. DOI
PubMed PMC

National Health Service. NHS to pilot potentially revolutionary blood test that detects more than 50 cancers. 27 November 2020.
Available from: https://www.england.nhs.uk/2020/11/nhs-to-pilot-potentially-revolutionary-blood-test/ [Last accessed on 16 August
2022].

NHS Galleri trial. Clinical resources for GPs. 05 August 2021. Available from: https://www.nhs-galleri.org/about-the-trial/clinical-
resources [Last accessed on 16 August 2022].

Cochrane AL, Holland WW. Validations of screening procedures. Br Med Bull 1971;27:3-8.

Juth N, Munthe C. The Ethics of Screening in Health Care and Medicine: Serving Society or Serving the Patient? Dordrecht,
Heidelberg, London, New York: Springer; 2012. Available from: https://link.springer.com/book/10.1007/978-94-007-2045-9 [Last
accessed on 16 Aug 2022].

Health Council of the Netherlands. Screening. Between hope and hype. The Hague: Gezondheidsraad; 2008. Available from:
https://www.healthcouncil.nl/documents/advisory-reports/2008/04/01/screening-between-hope-and-hype [Last accessed on 16 August
2022].

Gray JA, Patnick J, Blanks RG. Maximising benefit and minimising harm of screening. BMJ 2008;336:480-3. DOI PubMed PMC
Haddow J, Palomaki G. ACCE: a model process for evaluating data on emerging genetic tests. In: Khoury M, Little J, Burke W,
editors. Human Genome Epidemiology: a scientific foundation for using genetic information to improve health and prevent disease.
New York, Oxford: OUP; 2004. p. 217-33. DOI

Andermann A, Blancquaert I, Beauchamp S, Déry V. Revisiting Wilson and Jungner in the genomic age: a review of screening criteria
over the past 40 years. Bull World Health Organ 2008;86:317-9. DOI PubMed PMC

Serrano MJ, Garrido-Navas MC, Diaz Mochon JJ, et al; International Society of Liquid Biopsy. Precision prevention and cancer
interception: the new challenges of liquid biopsy. Cancer Discov 2020;10:1635-44. DOI PubMed

Putcha G, Gutierrez A, Skates S. Multicancer screening: one size does not fit all. JCO Precis Oncol 2021;5:574-6. DOI

Cohen JD, Li L, Wang Y, et al. Detection and localization of surgically resectable cancers with a multi-analyte blood test. Science
2018;359:926-30. DOI PubMed PMC

Ezell S. Seizing the transformative opportunity of multi-cancer early detection: information technology & innovation foundation
(ITIF); 2021. Available from: https://itif.org/publications/2021/04/19/seizing-transformative-opportunity-multi-cancer-early-detection
[Last accessed on 16 August 2022].

Burke W, Atkins D, Gwinn M, et al. Genetic test evaluation: information needs of clinicians, policy makers, and the public. Am J
Epidemiol 2002;156:311-8. DOI PubMed

Ozben T. Expanded newborn screening and confirmatory follow-up testing for inborn errors of metabolism detected by tandem mass


https://www.bevolkingsonderzoeknederland.nl/en/
https://www.healthcouncil.nl/documents/advisory-reports/2021/06/09/population-screening-act-wbo-pilot-population-screening-for-lung-cancer
https://www.healthcouncil.nl/documents/advisory-reports/2021/06/09/population-screening-act-wbo-pilot-population-screening-for-lung-cancer
https://dx.doi.org/10.1038/s41698-018-0066-x
http://www.ncbi.nlm.nih.gov/pubmed/30393772
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6206005
https://dx.doi.org/10.1016/j.bulcan.2021.12.005
http://www.ncbi.nlm.nih.gov/pubmed/35034786
http://www.ncbi.nlm.nih.gov/pubmed/32239883
https://dx.doi.org/10.1111/aogs.13841
http://www.ncbi.nlm.nih.gov/pubmed/32176318
https://dx.doi.org/10.1038/nrc.2017.7
http://www.ncbi.nlm.nih.gov/pubmed/28233803
https://dx.doi.org/10.1186/s40246-019-0220-8
http://www.ncbi.nlm.nih.gov/pubmed/31370908
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6669976
https://dx.doi.org/10.1016/j.ccell.2022.01.012
http://www.ncbi.nlm.nih.gov/pubmed/35120599
https://dx.doi.org/10.1016/j.annonc.2020.02.011
http://www.ncbi.nlm.nih.gov/pubmed/33506766
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8274402
https://dx.doi.org/10.1126/science.abb9601
http://www.ncbi.nlm.nih.gov/pubmed/32345712
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7509949
https://dx.doi.org/10.1038/s41416-021-01498-4
http://www.ncbi.nlm.nih.gov/pubmed/34426664
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8575970
https://www.england.nhs.uk/2020/11/nhs-to-pilot-potentially-revolutionary-blood-test/
https://www.nhs-galleri.org/about-the-trial/clinical-resources
https://www.nhs-galleri.org/about-the-trial/clinical-resources
https://link.springer.com/book/10.1007/978-94-007-2045-9
https://www.healthcouncil.nl/documents/advisory-reports/2008/04/01/screening-between-hope-and-hype
https://dx.doi.org/10.1136/bmj.39470.643218.94
http://www.ncbi.nlm.nih.gov/pubmed/18310003
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2258553
https://dx.doi.org/10.1093/ije/dyh279
https://dx.doi.org/10.2471/blt.07.050112
http://www.ncbi.nlm.nih.gov/pubmed/18438522
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2647421
https://dx.doi.org/10.1158/2159-8290.CD-20-0466
http://www.ncbi.nlm.nih.gov/pubmed/33037026
https://dx.doi.org/10.1200/po.20.00488
https://dx.doi.org/10.1126/science.aar3247
http://www.ncbi.nlm.nih.gov/pubmed/29348365
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6080308
https://itif.org/publications/2021/04/19/seizing-transformative-opportunity-multi-cancer-early-detection
https://dx.doi.org/10.1093/aje/kwf055
http://www.ncbi.nlm.nih.gov/pubmed/12181100

Dondorp et al. Extracell Vesicles Circ Nucleic Acids 2022;3:235-43 | https://dx.doi.org/10.20517/evcna.2022.23 Page 243

spectrometry. Clin Chem Lab Med 2013;51:157-76. DOI PubMed

27. Jansen ME, Metternick-Jones SC, Lister KJ. International differences in the evaluation of conditions for newborn bloodspot screening:
areview of scientific literature and policy documents. Eur J Hum Genet 2016;25:10-6. DOI PubMed PMC

28.  der Meij KRM, Sistermans EA, Macville MVE, et al; Dutch NIPT Consortium. TRIDENT-2: national implementation of genome-wide
non-invasive prenatal testing as a first-tier screening test in the Netherlands. Am J Hum Genet 2019;105:1091-101. DOI

29. Kirk EP, Ong R, Boggs K, et al. Gene selection for the Australian Reproductive Genetic Carrier Screening Project (“Mackenzie’s
Mission”). Eur J Hum Genet 2021;29:79-87. DOI PubMed PMC

30. Remec ZI, Trebusak Podkrajsek K, Repic Lampret B, et al. Next-generation sequencing in newborn screening: a review of current
state. Front Genet 2021;12:662254. DOI PubMed PMC

31. Dondorp WJ, de Wert GM. The “thousand-dollar genome”: an ethical exploration. Eur J Hum Genet 2013;21 Suppl 1:S6-26. DOI
PubMed PMC

32. Howard HC, Knoppers BM, Cornel MC, Wright Clayton E, Sénécal K, Borry P; European Society of Human Genetics. , P3G
International Paediatric Platform., Human Genome Organisation; and the PHG Foundation. Whole-genome sequencing in newborn
screening? Eur J Hum Genet 2015;23:1593-600. DOI PubMed PMC

33. Johnston J, Lantos JD, Goldenberg A, Chen F, Parens E, Koenig BA; members of the NSIGHT ethics and policy advisory board.
Sequencing newborns: a call for nuanced use of genomic technologies. Hastings Cent Rep 2018;48 Suppl 2:S2-6. DOI PubMed PMC

34. Bailey DB Jr, Beskow LM, Davis AM, Skinner D. Changing perspectives on the benefits of newborn screening. Ment Retard Dev
Disabil Res Rev 2006;12:270-9. DOI PubMed

35.  Alexander D, van Dyck PC. A vision of the future of newborn screening. Pediatrics 2006;117:S350-4. DOI PubMed

36. Dondorp W, de Wert G, Bombard Y, et al; European Society of Human Genetics. , American Society of Human Genetics. Non-
invasive prenatal testing for aneuploidy and beyond: challenges of responsible innovation in prenatal screening. Eur J Hum Genet
2015;23:1438-50. DOI PubMed PMC

37.  Loughry L, Pynaker C, White M, Halliday J, Hui L. State-wide increase in prenatal diagnosis of klinefelter syndrome on amniocentesis
and chorionic villus sampling: impact of non-invasive prenatal testing for sex chromosome conditions. Prenat Diagn 2022;0nline
ahead of print. DOI PubMed

38. Donley G, Hull SC, Berkman BE. Prenatal whole genome sequencing: just because we can, should we? Hastings Cent Rep
2012;42:28-40. DOI PubMed PMC

39. Dondorp WJ, Page-Christiaens GC, de Wert GM. Genomic futures of prenatal screening: ethical reflection. Clin Genet 2016;89:531-8.
DOI PubMed


https://dx.doi.org/10.1515/cclm-2012-0472
http://www.ncbi.nlm.nih.gov/pubmed/23183752
https://dx.doi.org/10.1038/ejhg.2016.126
http://www.ncbi.nlm.nih.gov/pubmed/27848945
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5159762
https://dx.doi.org/10.1016/j.ajhg.2019.10.005
https://dx.doi.org/10.1038/s41431-020-0685-x
http://www.ncbi.nlm.nih.gov/pubmed/32678339
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7852568
https://dx.doi.org/10.3389/fgene.2021.662254
http://www.ncbi.nlm.nih.gov/pubmed/34122514
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC8188483
https://dx.doi.org/10.1038/ejhg.2013.73
http://www.ncbi.nlm.nih.gov/pubmed/23677179
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3660958
https://dx.doi.org/10.1038/ejhg.2014.289
http://www.ncbi.nlm.nih.gov/pubmed/25626707
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4795188
https://dx.doi.org/10.1002/hast.874
http://www.ncbi.nlm.nih.gov/pubmed/30133723
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6901349
https://dx.doi.org/10.1002/mrdd.20119
http://www.ncbi.nlm.nih.gov/pubmed/17183569
https://dx.doi.org/10.1542/peds.2005-2633O
http://www.ncbi.nlm.nih.gov/pubmed/16735262
https://dx.doi.org/10.1038/ejhg.2015.57
http://www.ncbi.nlm.nih.gov/pubmed/25782669
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4613463
https://dx.doi.org/10.1002/pd.6103
http://www.ncbi.nlm.nih.gov/pubmed/35048400
https://dx.doi.org/10.1002/hast.50
http://www.ncbi.nlm.nih.gov/pubmed/22777977
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4113095
https://dx.doi.org/10.1111/cge.12640
http://www.ncbi.nlm.nih.gov/pubmed/26178686

