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BACKGROUND: Multi-cancer early detection (MCED) next-generation-sequencing blood tests represent a potential paradigm shift
in screening.
METHODS: We estimated the impact of screening in the US and UK. We used country-specific parameters for uptake, and test-
specific sensitivity and false-positive rates for current screening: breast, colorectal, cervical and lung (US only) cancers. For the MCED
test, we used cancer-specific sensitivities by stage. Outcomes included the true-positive:false-positive (TP:FP) ratio; and the cost of
diagnostic investigations among screen positives, per cancer detected (Diagcost). Outcomes were estimated for recommended
screening only, and then when giving the MCED test to anyone without cancer detected by current screening plus similarly aged
adults ineligible for recommended screening.
RESULTS: In the US, current screening detects an estimated 189,498 breast, cervical, colorectal and lung cancers. An MCED test with
25–100% uptake detects an additional 105,526–422,105 cancers (multiple types). The estimated TP:FP (Diagcost) was 1.43 ($89,042)
with current screening but only 1:1.8 ($7060) using an MCED test. For the UK the corresponding estimates were 1:18 (£10,452) for
current screening, and 1:1.6 (£2175) using an MCED test.
CONCLUSIONS: Adding an MCED blood test to recommended screening can potentially be an efficient strategy. Ongoing
randomised studies are required for full efficacy and cost-effectiveness evaluations.

British Journal of Cancer; https://doi.org/10.1038/s41416-021-01498-4

BACKGROUND
There are an estimated 18.1 million newly diagnosed cases of
cancer worldwide and 9.6 million cancer deaths (2018) [1]. New
cancer cases in the US are expected to exceed 1.8 million in 2020
[2] with 46% detected at regional or distant stage disease [3]. In
the UK, 367,000 cancer diagnoses were made annually from 2015
to 2017; 45% at regional or distant stage at diagnosis [4]. The
clinical costs of cancer care are significant with $201 billion (2019
dollars) estimated to be spent in the US during 2020 [5] and £21
billion in the UK in 2018 [6].
Screening aims to detect cancer at an earlier stage for which

there are effective, potentially curative treatments (colorectal and
cervical screenings aim both to detect and treat pre-invasive
lesions) [7, 8]. There are currently only four recommended
population-level screening programmes: breast, lung, colorectal,
and cervical cancers, because of a favourable benefit-harm
balance [9] Together, these four cancers represent only 29% of
total cancer incidence and 24% of cancer-related deaths in the US
among individuals aged 50–79 (Supplemental Fig. 1). Also,
adherence is below national targets in the US and England
[10, 11]. In the US, prostate screening is only recommended on an

individualised basis. There is, as yet, no effective screening test for
all other cancer types, and many are unlikely to ever be associated
with cost-effective single-cancer screening programmes because
they each have relatively low incidence and mortality.
Cancer screening is currently based on the principle of one test

for one cancer type. Recent high-profile publications of genomic
technologies (using next-generation sequencing) describe blood
tests that can detect signals from multiple cancers, some with
impressive preliminary screening performance: examples are
Galleri, CancerSEEK and PanSeer [12–14]. A multi-cancer early
detection (MCED) test using a single blood draw has obvious
appeal [15]. Additionally, diagnostic tests (scans and biopsies) are
expensive [16, 17], and an MCED test with a very low false-positive
rate (FPR) could be a highly cost-effective approach.
Our study aimed to produce national estimates of screening

performance measures and financial costs of diagnostic investiga-
tions for current screening alone (their combined impact), and
then when an MCED blood test is employed in the US and UK,
which have fundamentally different healthcare systems. This
provides public health policy makers and healthcare professionals
involved in screening with the first ever examination of how future
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MCED blood tests might substantially improve screening effi-
ciency. This information can also incentivise research groups to
further develop and refine their own tests.

METHODS
The potential impact of 1 year of screening within an ongoing screening
programme including an MCED blood test when used alongside current
screening was modelled in the US and UK, focusing on clinically detected
incident cancers. The target populations were (for 2020) 107,000,000 adults
aged 50–79 (US), and 21,834,470 adults aged 45–74 (UK). The UK age range
was different because published incidence figures are given in groups of
45–54, 55–64 and 65-74. Country-specific incidence for each cancer type
were used [3, 18]. An outline of the modelling is given below with fuller
details in Supplemental Text 1.

Current guideline-recommended screening
USPSTF guidelines recommend screening for breast (mammography),
cervical (cytology and high-risk human papillomavirus) and colorectal
(multiple tests in use including faecal DNA test and colonoscopy) cancer
based on age alone, and lung cancer screening using low-dose computed
tomography for adults aged 55–80 who have ≥ 30 pack-year smoking
history and currently smoke or have quit within the past 15 years [9, 19–22].
In the US, multiple screening tests are available for colorectal screening, and
we use the combination faecal immunochemical test (FIT)-DNA test (FIT-
DNA) as the base case, having intermediate sensitivity and specificity
compared to other tests. The UK breast and cervix cancer screening
recommendations are the same as in the US [23], and FIT testing is often
used for colorectal screening. Published national estimates of screening
uptake (proportion of eligible individuals in the population who are
screened) in both countries were used [11, 24], and also screening
performance (sensitivity and FPR) for each test [19–24] [sensitivity:
proportion of people with cancer who have a positive test; FPR: proportion
of people without cancer who have a positive test, but for cervical
screening a false positive is when a woman has colposcopy but no
underlying CIN 2 or 3 or invasive cancer]. In general, test performance was
assumed to be equal in both the US and UK, but the reported false-positive
rate for mammography for the UK was taken from the UK Breast Screening
Programme (2.8%) [25]. The estimates of uptake of breast and lung cancer
screening we used for the US tended to be higher than reported in some
studies, and we assumed all women had annual mammography (as
indicated by the American Cancer Society for some age groups, while
USPSTF recommend biennial screening). This was done to increase the
number of cancers found by current screening, which reduces the number
available to be detected by MCED testing (thus making outcomes and costs
less favourable for MCED testing). The number of cancers detected by
current guideline-recommended screening was computed by multiplying
the number of cancers covered by each screening type, the adherence to

that screening guideline, and the sensitivity of the screening modality. This
approach assumes any interval cancers among cancers with a current
guideline-recommended screen are only due to gaps in adherence or the
sensitivity of the screening modality.

MCED test
Screening performance of an MCED blood test was based on an earlier
version of the Galleri test, which utilises targeted methylation analysis of
circulating cell-free DNA (cfDNA) to detect multiple cancer types [14].
Published sensitivities for each cancer type and stage were used in the
modelling (Supplemental Table 2; for interest, the overall sensitivity is
55%), and FPR 0.7% [14]. Incremental cancers detected by the MCED test
for each cancer type are computed by multiplying the cancers that are not
detected by current guideline-recommended screening, sensitivity of the
MCED test for that cancer type, and adherence to MCED testing. Cancers
not detected by current screening guidelines include all cancers without a
screening test, and only interval cancers for those with a recommended
screening test.

Outcomes
Outcomes per year were (1) total number of individuals with a positive test;
(2) total number of individuals diagnosed with cancer following a positive
test; (3) true-positive:false-positive (TP:FP) ratio; (4) diagnostic yield, the
number of cancers detected as a proportion of the total number screened;
(5) cancer detection rate (CDR), the number of cancers detected divided by
the total number of cancers expected in the population; (6) total cost of
diagnosing detected cancers based on the clinical investigations following
a positive test and (7) costs of diagnosing one cancer case detected by
screening. The TP:FP ratio is estimated at the point of the screening test
result, which would be lower (less favourable) than when calculated based
on referral for biopsy. All cancers detected by a screening test were
counted. In the case of single-cancer screening only the individual cancers
screened for are counted, while for an MCED test the full range of cancers
detectable are counted.

Scenarios
Outcomes were estimated for two scenarios outlined in Fig. 1 for the US.
The first scenario assumes that individuals are screened using recom-
mended tests only (standard of care), within their eligibility criteria. The
second scenario applies an MCED blood test to anyone not diagnosed with
breast, bowel, cervical or lung cancer following a positive screen from the
currently recommended tests, and also to all adults in the target age group
who would be ineligible for recommended screening. We label this the
“incremental MCED test.” For the second scenario we initially assumed
100% uptake of the MCED test to reflect the extremes of maximum gains
and maximum diagnostic costs. The analyses produced the number of
additional cancers (all cancer types) that could be detected by an MCED
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Fig. 1 Overview of screening outcomes. Detection pathway and outcomes for cancers found by current recommended standard of care
(SOC) screening and the MCED test in our modelling, illustrated for the US among people aged 50–79 years.
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test during a 1-year period, separate to those found through recom-
mended screening.

Diagnostic costs following a positive screening test result
After any positive screening test, diagnostic investigations (imaging and
biopsies) are required to differentiate true cancer cases from false
positives. Diagnostic methods for each cancer type and their unit costs
for the US were obtained from the National Comprehensive Cancer
Network guidelines and Medicare converted to commercial costs using a
2.3 multiplier [26–28]. For the UK, NICE guidelines [29] and NHS reference
tariffs for 2020 [30] were used. Unit costs are in Supplemental Table 3.
Costs considered in this study are only those up to the point of diagnosis
of a specific cancer type and do not include costs after that point, such as
staging costs or treatment costs. Costs for true positives and false positives
for the same suspected cancer type are assumed to be equal up to the
point of a definitive diagnosis. In addition, we focused on the costs directly
associated with the diagnostic workups and have not included costs that
would be associated with a screening programme more broadly. For
cervical cancer screening (the main purpose is to prevent invasive cancer),
so our cost per cancer detected is actually the cost per colposcopy after
diagnosis with CIN 2–3 or invasive cancer. Also, diagnostic workups for
cervical (colposcopy) and colorectal cancer (removal of polyps during
colonoscopy) can prevent future cancer development. Because we only
provide outcomes for a single year of screening, no discounting of costs
was included. There is also the possibility of having a positive MCED test
but diagnostic imaging and other investigations cannot find a tumour. This
may be a genuine false positive or a cancer is detected after longer follow-
up. There would, therefore, be additional costs of surveillance of these
patients, which we have not included.

Sensitivity analyses
Several sensitivity analyses were conducted. The true-positive calculation
assumes that the incidence of cancer among individuals who agree to
be screened is the same as in the general population, but it can sometimes
be lower (healthier individuals). Therefore, in one sensitivity analysis the
incidence of cancers undergoing current screening was decreased by 20%.
In a second set of sensitivity analyses we (i) assumed bowel cancer
screening in the US is done using colonoscopy, (ii) used the revised
(expanded) USPSTF eligibility criteria for lung cancer screening in the US
and (iii) added prostate cancer to the current screening paradigm because
although there is insufficient evidence in favour of population PSA testing
it can be offered to individuals. The third sensitivity analysis assumed 25
and 50% uptake of the MCED blood test instead of 100%. Finally, a subset
of the eligible population declines recommended screening (around 20%
or 30% for US and UK, respectively); thus, the fourth sensitivity analysis
assumed that these individuals would have an MCED blood test.

Role of the funding source
All authors had full access to all the data in the study and accept
responsibility to submit for publication. Three authors are employed by the
funding source though this was a collaborative academic study.

RESULTS
United States
In the US, an estimated 189,498 breast, lung, colorectal and
cervical cancers are found through current recommended screen-
ing, with 8,057,657 false positives (Figs. 1 and 2a, Table 1). The TP:
FP ratio is therefore 1:43 (to detect one person with any of these
four cancers, 43 people without these cancers may have
diagnostic investigations following a screen-positive result). The
estimate of 189,498 represents 15% of all cancers (CDR). Using an
MCED blood test in addition to current recommendations could
detect an extra 422,105 cancers (Fig. 2a, Table 1), including 95,262
breast, cervical, colorectal and lung cancers, and 326,843 other
cancers, such as head and neck, liver, bladder, stomach, ovary,
oesophagus and lymphoma and lung cancer in low-risk indivi-
duals (Fig. 2a). This is associated with an additional 1,162,433 test
positives of which 740,329 are false positives. Although this
represents many additional individuals who may be referred for
cancer investigations, the screening efficiency is very high (TP:FP,

1:1.8): to detect one person with cancer only 1.8 people without
cancer may undergo diagnostic investigations, among those with
a positive MCED test. Furthermore, the CDR is 34%, with an
associated 48% increase in diagnostic yield (3.95 vs. 2.66 cancers
detected per 1000 screened using MCED testing vs. current
screening alone).
The total estimated diagnostic investigation cost associated

with current screening was $16.9 billion ($0.4 billion for true
positives plus $16.5 billion for false positives), and $3.09 billion for
the incremental MCED test assuming the extreme of 100% uptake
(Fig. 1), and that in both cases all screen positives undergo further
investigations. Although this represents an extra cost, more than
double the number of cancers could be detected (422,105 vs.
189,498). The diagnostic cost per cancer detected using the four
single-cancer tests is $89,042, but only $7060 with the incremental
MCED test.

United Kingdom
In the UK, an estimated 24,888 breast, colorectal and cervical
cancers could be detected with current screening, with 456,988
false positives, representing a TP:FP of 1:18 and a CDR of 12%
(Fig. 2b, Table 2). The incremental effect of adding an MCED blood
test to the current recommendations could detect an additional
92,817 cancers, with a very low TP:FP of 1:1.6, and the CDR is 43%
(Fig. 2b, Table 2).
Using current screening guidelines, diagnostic investigation

costs are an estimated £260 million (£13 million for true positives
plus £247 million for false positives), and £202 million with the
incremental MCED test. But 3.7 times more cancers are detected
compared to recommended screening alone. The diagnostic costs
per cancer detected using the three single-cancer tests is £10,452,
but only £2175 with the incremental MCED test.

Combined screening performance and costs
Table 3 shows the outcomes based on current screening and the
MCED blood test when considered together (to represent the total
impact of screening in the population using both strategies), and
Fig. 3 illustrates the screening efficiency. Even though the total
number of screen positives is high (9,409,588 US; 726,029 UK), the
total number of cancers diagnosed among them is 611,603 (US)
and 117,705 UK, producing a low TP:FP of 1:14 US and 1:5 UK. The
diagnostic costs per cancer ($32,461; £3,925) are still lower than
those for current screening ($89,042; £10,452).

Sensitivity analyses
Sensitivity analyses are summarised in Tables 1–3. Assuming a
20% lower incidence of cancers, the TP:FP of both current
screening and the incremental MCED blood test becomes less
favourable, but remains better for an MCED test. When prostate
cancer is included in the current screening paradigm, 14,312
additional true positives are identified in the US (2866 in the UK)
but with no improvement to less favourable TP:FP (1:43 vs. 1:43,
US; 1:22 vs. 1:18, UK). Assuming all US colorectal screening is
performed with colonoscopy (where the false-positive rate is close
to 0%, because it is the reference for distinguishing true positives
from false positives for other screening tests), the TP:FP ratio of
current screening is improved to 1:27, but this is still less
favourable than the MCED test (1:1.8). Increasing the eligible
population for LDCT in accordance with recent USPSTF guidance
has a modest impact, mainly because the low uptake limits the
number of additional screens received and cancers found.
Assuming 25% uptake of the MCED blood test (Tables 1, 2) still
leads to many extra cancers detected compared to current
screening (105,526 US; 23,204, UK), while screening efficiency (TP:
FP) and the diagnostic cost per cancer found remain the same as
with 100% uptake because the reduction in the number of cancers
detected and decrease in costs (using 25% instead of 100%
uptake) are proportional. With 25% uptake, the combined effect of
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current screening and the MCED test (Table 3) yields 295,024 total
detected cancers in the US (56% more than current screening
alone); and 48,092 in the UK (93% more than current screening).
Among people who decline current cancer screening, an MCED
blood test alone could find 101,186 true cancers (148,066 false
positives) in the US and 30,945 cancers (45,401 false positives) in
the UK (Tables 1 and 2). Therefore, while high adherence to
current standard screening is important to maximise cancer
detection (for the four cancer types), an MCED blood test might be
able to cover some of the gaps in recommended screening.

DISCUSSION
The concept of an MCED test (one test for multiple cancers) might
be relatively new in public health oncology, but has been
established for several decades in other disorders. Prenatal
screening using the same biomarkers in maternal serum, and
more recently fetal cfDNA, can detect several distinct chromoso-
mal disorders with a single blood draw (trisomies 13, 18 and 21,
albeit using a different risk estimate for each trisomy).
In recent years, there has been an increase in research on MCED

tests, such that the US Food and Drug Administration held a
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Fig. 2 Estimated numbers of cancer detected (in 2020) under current screening paradigms and the additional numbers of cancers
detected with an MCED test when used alongside current screening: United States (upper) and United Kingdom (lower). There are seven
cancer subtypes grouped under head and neck, two under lymphoma, two under liver and 22 under ‘other’. In total in the US, 189,498 cancers
are expected to be detected by USPSTF recommended screening tests and 422,105 additional cancers could be detected by an MCED test. In
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workshop in March 2020 to discuss MCED genomic tests and how
they could be evaluated and implemented [31]. Most published
studies on MCED blood tests have focused on their biological
characteristics, and few report screening performance [12–14]. We
provide estimates of the impact in a population of the effect of
current screening programmes considered together (not sepa-
rately), and the first assessment of the potential impact of an
MCED blood test used as part of a public health strategy alongside
current screening. Randomised controlled trials (RCTs) are planned
or expected, and until these report (which would take several
years) our study aims to provide a preliminary examination using a
simple model that is relatively easy to understand, rather than a
comprehensive modelling evaluation.
Current recommended screening programmes each have

established efficacy and are cost effective, with favourable TP:FP
ratios. The tests are characterised by having high sensitivities
(typically 70–90%), with FPRs of 5–15%. The impact of these high
sensitivities is lessened by insufficient uptake of screening, and
that only four cancer types are covered. Consequently, the
absolute number of cancers found (2.66 per 1000 screened and
CDR of 15% in the US) is modest, with a high number of diagnostic
investigations among false positives for every cancer diagnosed
(TP:FP, 1:43). Reported sensitivities for MCED tests tend to be

lower (55% using an earlier version of the Galleri test for all
cancers combined), but multiple (>50) cancers are covered and
the FPR is small (0.7%), so the impact is expected to be greater.
Screening efficiency is striking, with a TP:FP of only 1:1.8 using the
MCED test and CDR of 34% in the US (assuming 100% uptake of
the test, but 25–50% uptake is also favourable). While relative
effects such as sensitivities (percentages) and relative risks for
cancer mortality are important measures for single-cancer tests,
equal focus should be given to absolute effects such as number of
cancers found and number of cancer deaths avoided in a
population when using an MCED test, because they reflect the
combination of high incidence (all cancer types) and moderate
test sensitivity. Individuals may also not be very compliant with all
recommended screening tests, so a single test may help to
address this. Our modelling used a published FPR of 0.7% [14],
consistent with that seen with other tests, such as CancerSEEK
(1.1%) [12]. When such tests are used in a population screening
programme, quality assurance factors might increase the FPR.
We focused on the additional number of false positives and

cancers found when adding an MCED test to current screening.
Even when looking at the total impact in a population of current
and MCED screening together (Fig. 3), the TP:FP was more
favourable than current screening alone (1:14 and 1:5 for the US

Screening efficiency for 4

Screening efficiency for 3

combined

combined

Efficiency using both strategies

Efficiency using both strategies

Screening efficiency of

Screening efficiency of

incremental MCED testing in the

incremental MCED testing in the

US

UK

cancers in the US

cancers in the UK

1 true positive: 43 false positives

1 true positive: 2 false positives

1 true positive: 18 false positives

1 true positive: 2 false positives

1 true positive: 14 false positives

1 true positive: 5 false positives

Fig. 3 Efficiency of cancer screening under current screening paradigms and with addition of an MCED test in the United States (upper)
and United Kingdom (lower). A TP:FP (true positive: false positive) of, for example, 1:43 means that for every cancer diagnosed, 43 people
without cancer might undergo cancer investigations due to having a positive screening test). Both the US and UK recommend screening for
breast, bowel and cervical cancers, and lung cancer screening is also recommended in the US.

A. Hackshaw et al.

8

British Journal of Cancer



and UK, respectively, compared to 1:43 US and 1:18 UK) because
many more cancers are found using an MCED test. These
estimates are based on the relatively low uptake to lung cancer
screening programmes in the US, and programmes may start in
the UK in the near future. If uptake increases, this would improve
the outcomes associated with current recommended screening
(Tables 1–2), but outcomes using an MCED test should only be
modestly reduced because lung cancer represents less than 10%
of all cancers detectable by the MCED test we used in our
analyses. Also, the revised eligibility criteria from the USPSTF only
covers 40% of all lung cancers.
In the UK, several thousand lives are saved each year through

current cancer screening (e.g. 1700 breast and 2400 bowel cancers)
[24]. About 18% of all cancers are diagnosed at stage IV but they
represent 45% of all cancer deaths [32]. Shifting stage at diagnosis
from IV to I–III is estimated to reduce the cancer death rate by
15–24% [32]. If such stage shifts can be achieved in practice, an
MCED test that can detect 211,052 (US) or 46,409 (UK) additional
cancers with 50% uptake, could save several thousand extra lives
annually but this needs to be demonstrated in prospective studies.
Diagnostic investigations for cancer are expensive, with

psychological morbidity for patients and families [33]. There is a
substantial difference in the cost of diagnostic investigations per
cancer detected between current screening ($89,042 or £10,452)
and application of an MCED test ($7060 or £2175) even with the
extreme assumption of 100% uptake, and that all false positives
have further investigations. A major requirement of an effective
MCED test is that it can identify the tumour of origin to specific
tissues and anatomic sites. Otherwise, diagnostic investigations
could be unfocussed leading to unnecessary or inappropriate
imaging (with more total-body radiation exposure), higher costs
and a longer time to definitive diagnosis to locate the primary
tumour. This creates anxiety for the patient and frustration for the
clinician.
Large RCTs with long follow-up were used to evaluate previous

cancer screening tests, but innovative and complementary
approaches to evidence generation are needed for rapidly
evolving MCED genomic tests that detect large numbers of
cancers and can demonstrate stage shift and cancer-specific
mortality benefits in a shorter timeframe. This is expected to be a
combination of RCTs and real-world evidence prospective long-
itudinal studies. Box 1 displays key features of a successful
MCED test.
An effective MCED test, using a single blood draw, should be

appealing and convenient to people, including those of lower
socioeconomic status and other hard to reach groups with lower
uptake of current screening. Population cancer screening is
expensive in high-income countries, and this will become even
more pertinent in middle income countries where ageing
populations lead to higher cancer rates, with issues over
affordability of expensive drugs to treat cancer when diagnosed

late, as well as access to current screening. One important
consideration is whether having an MCED test deters people from
participating in current screening programmes whose tests may
have higher sensitivities. However, in the CancerSEEK study MCED
results were reported and acted upon, but participants continued
to have high adherence to standard screening [12].
Overdiagnosis is a known harm of screening, where imaging,

direct tissue visualisation and protein biomarkers have limited or
no ability to discriminate indolent (precancer or cancer that never
progresses or cause symptoms) from invasive cancers [34].
However, genomic testing utilised in an MCED blood test is
focused on circulating tumour DNA and leverages the biological
mechanism of cancer, potentially minimising overdiagnosis [35].
Ongoing prospective studies of various MCED tests will provide
more information on overdiagnosis.
We focused on how an MCED blood test could complement

current screening, in which people who are not diagnosed with
any of the four cancer types (via standard of care screening) or
those ineligible for the recommended tests receive the MCED test
independently. Other approaches could be based on current
screening and an MCED blood test performed at the same time to
give a single result among those eligible for recommended
screening, and/or the MCED test is only offered to people who are
ineligible for recommended screening. The effect on screening
performance when combining tests requires knowing the extent
to which current and MCED tests are independent (i.e. whether
they largely identify the same people with cancer or they detect
different people). Ongoing large-scale studies will determine this
[36, 37]. In the CancerSEEK study, people diagnosed with cancer
who were MCED test positive did not overlap with screen positives
using standard screening, indicating potentially independent
effects [12]. Screening performance could be more efficient
(higher sensitivity and/or lower FPRs) if combining an MCED test
with standard screening to produce a single test result; also
avoiding potential issues over having two screening test results
given separately. Future analyses could examine the value and
cost effectiveness of MCED screening in people younger than that
recommended for current screening (e.g. <45 years), particularly if
they have high-risk characteristics.
Our study had limitations. First, we did not estimate reductions in

cancer mortality or advanced cancers diagnosed (stage shift) because
this information is not yet available for any MCED test; and
reductions in cancer deaths would be influenced by the sensitivity
of the MCED test among early stage cancers. However, the outcomes
we included (number of screen positives and cancers detected, and
diagnostic costs) are clinically relevant and would be part of a fuller
assessment of MCED tests. Second, our analyses did not consider
precancerous lesions for cervical cancer and precancerous polyps for
colorectal cancer so there may be additional benefits to current
screening that are not quantified here (the TP:FP ratio would be
more favourable if precancerous features were considered true
positives). Third, although we used published sources, different
estimates of sensitivity, FPR, uptake and cancer incidence could yield
different outcomes, as well as allowance for interval cancers and
uptake of diagnostic testing following a screen-positive result. We
used SEER cancer incidence, which tends to have more racial
diversity and greater economic disadvantage than is found in areas
without SEER registries [38]. Incidence will depend on which
individuals have the MCED test (e.g. they could have healthier
lifestyles), and also overdiagnosis (100% uptake of the test probably
yields a higher overall incidence than the general population due to
the detection of indolent cancers not found in the absence of
screening). Furthermore, our estimates of sensitivity and FPR for the
MCED test come from a study of symptomatic people undergoing
cancer investigations (the same with nearly all other MCED studies),
which represents the best evidence to date. Although we used stage-
specific sensitivities for each cancer type, the sensitivity of MCED
tests for lower stage cancers (the main target of screening) may or

Box 1. Proposed criterion for a successful multi-cancer early detection
test

✓ Sufficiently high sensitivity with a high cancer detection rate (absolute number
of cancers detected), and reduction in cancer deaths.

✓ Minimise patient harm through a fixed, very low false-positive rate (<1%),
resulting in a high positive predictive value

✓ Able to identify most types of cancer, and the majority of deadly cancers
✓ Potential to minimise/avoid overdiagnosis by being more sensitive to and

preferentially detecting more lethal cancers
✓ Able to accurately localise cancer to specific organs in order to efficiently direct

diagnostic workup
✓ Simple test to use, convenient for people to access, and no specialist

equipment of staff required to administer the test: aim is to maximise uptake
and maintain adherence over several years (screens)

✓ Supported by robust analytical and clinical validation at population scale
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may not be substantially different in asymptomatic people. It also
needs to be determined whether MCED test performance among
people who are screen negative for current recommended screening
is the same as in those who have had no screening at all (which we
assumed), and MCED test performance also needs to be ascertained
in people who decline current screening. Fourth, we used diagnostic
costs based on commercial payers that may not be generalisable
within certain US and UK populations. However, our analyses used
the same diagnostic cost estimates for recommended and MCED
screening. Fifth, for simplicity we only provided the effect of
screening in a single year (essentially a snapshot), acknowledging
that MCED tests would be evaluated over several years, in which
individuals have multiple screens. Once data are available on the
ideal frequency of screening per person and also uptake at
successive screens, future modelling can incorporate these, with
consideration of annualised costs and discounting. Finally, MCED
tests need to be able to identify the location of the primary tumour
to guide further workup, and we did not allow for the cost of
incorrect localisation. For the MCED test we considered, the
localisation appears to be correct 93% of the time when a cancer
signal is detected [14], and thus increases in diagnostic workup costs
following incorrect localisation would be a small increment to the
overall costs. Ongoing studies can further estimate the level of
accuracy and according to cancer stage.
No MCED test is licensed for use so none have a price yet (and as

with many therapeutic drugs would be determined after definitive
RCTs have completed and negotiation with payers). The cost of an
MCED test will depend on where blood samples are taken. Current
cancer screening (except for bowel using FIT) is undertaken at
specialist screening units. However, screening for cardiovascular
disease involving a blood draw for lipid levels is already performed
in primary care. Taking blood samples for an MCED test in the
primary care or community settings, or perhaps local pharmacies,
might therefore be possible without substantial extra costs,
especially because no special on-site processing is required. Future
cost-effectiveness analyses (including cost per life year gained) will
incorporate the cost of the tests, diagnostic investigations and
cancer treatments, as well as the costs of setting up and
maintaining the screening programme. The potential shift in the
stage at diagnosis by using an MCED test will also matter because
treatment costs for earlier stage cancer (many requiring surgery
only) are usually lower than that of cancers detected at later stages
(requiring systemic, often expensive, therapies) [39].
Current screening programmes are each highly effective, while

the application of MCED tests has the potential to significantly
improve upon this because they can detect many more cancer
types and number of cancer cases with a low FPR. Our analyses do
not examine outcomes and costs of MCED testing as a
replacement for current screening, but rather what the possible
effect might be of using MCED testing alongside current screen-
ing. MCED blood tests could allow public health policy to move
away from screening for individual cancer types only to include
screening individuals for multiple cancers. As evidenced by the
increased CDR from our analysis, adding an MCED test to
guideline-recommended screening could efficiently identify
deadly cancer types that would not be found with any current
screening programme while minimising additional false-positive
results. MCED tests should not be used in routine practice without
clear evidence on efficacy, harms and other performance
measures. Our findings should stimulate further research on the
effectiveness and health economic assessment of MCED tests,
using additional measures of screening impacts as we present.

DATA AVAILABILITY
All the parameters used in the modelling are available from the publications cited.
Further details of the modelling and parameters can be obtained by request from the
authors.

REFERENCES
1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. 2018;68:394–424.

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin.
2020;70:7–30. Jan

3. Surveillance Epidemiology and End Results (SEER) Program. SEER*Stat Database:
Incidence—SEER 18 Regs Research Data+ Hurricane Katrina Impacted Louisiana
Cases, 2018 Sub (1975–2016 varying)—Linked To County Attributes—Total U.S.,
1969–2017 Counties. National Cancer Institute D; 2019.

4. Cancer Research UK. Cancer incidence for all cancers combined [Internet]. 2017.
https://www.cancerresearchuk.org/health-professional/cancer-statistics/
incidence/all-cancers-combined#heading-Two.

5. Mariotto AB, Enewold L, Zhao J, Zeruto CA, Robin, Yabroff K. Medical care costs
associated with cancer survivorship in the United States. Cancer Epidemiol Bio-
mark Prev. 2020;29:1304–12.

6. Hofmarcher T, Lindgren P, Wilking N, Jönsson B. The cost of cancer in Europe
2018. European. J Cancer. 2020;129:41–9.

7. Wender RC, Brawley OW, Fedewa SA, Gansler T, Smith RA. A blueprint for cancer
screening and early detection: advancing screening’s contribution to cancer
control. CA Cancer J Clin. 2019;69:50–79.

8. Harrison CJ, Spencer RG, Shackley DC. Transforming cancer outcomes in England:
earlier and faster diagnoses, pathways to success, and empowering alliances. J
Healthc Leadersh. 2019;11:1–11.

9. United States Preventive Services Task Force. USPSTF A and B Recommendations
[Internet]. 2019. https://www.uspreventiveservicestaskforce.org/Page/Name/
uspstf-a-and-b-recommendations/.

10. HealthyPeople.gov. DATA2020 [Internet]. 2020. https://www.healthypeople.gov/
2020/data-search/.

11. Centers for Disease Control and Prevention. Prevalence & Trends Data. Centers
for Disease Control and Prevention, National Center for Chronic Disease Pre-
vention and Health Promotion, Division of Population Health [Internet]. 2015.
https://www.cdc.gov/brfss/brfssprevalence/.

12. Lennon AM, Buchanan AH, Kinde I, Warren A, Honushefsky A, Cohain AT, et al.
Feasibility of blood testing combined with PET-CT to screen for cancer and guide
intervention. Science. 2020;369:eabb9601.

13. Chen X, Gole J, Gore A, He Q, Lu M, Min J, et al. Non-invasive early detection of
cancer four years before conventional diagnosis using a blood test. Nat Commun.
2020;11:3475.

14. Liu MC, Oxnard GR, Klein EA, Swanton C, Seiden MV, Cummings SR, et al. Sen-
sitive and specific multi-cancer detection and localization using methylation
signatures in cell-free DNA. Ann Oncol. 2020;31:745–59.

15. Ahlquist DA. Universal cancer screening: revolutionary, rational, and realizable.
npj Precis Oncol. 2018;2:23.

16. Dinan MA, Curtis LH, Hammill BG, Patz EF, Abernathy AP, Shea AM, et al. Changes
in the use and costs of diagnostic imaging among medicare beneficiaries with
cancer, 1999-2006. JAMA. 2010;303:1625.

17. Vlahiotis A, Griffin B, Stavros MD, FACR AT, Margolis J. Analysis of utilization
patterns and associated costs of the breast imaging and diagnostic procedures
after screening mammography. Clinicoecon Outcomes Res. 2018;10:157–67.

18. Office for National Statistics. Cancer survival in England—adults diagnosed—
[Internet]. 2019. https://www.ons.gov.uk/peoplepopulationandcommunity/
healthandsocialcare/conditionsanddiseases/datasets/
cancersurvivalratescancersurvivalinenglandadultsdiagnosed.

19. Imperiale TF, Ransohoff DF, Itzkowitz SH, Levin TR, Lavin P, Lidgard GP, et al.
Multitarget stool DNA testing for colorectal-cancer screening. N Engl J Med.
2014;370:1287–97.

20. Kim JJ, Burger EA, Regan C, Sy S. Screening for cervical cancer in primary care: a
decision analysis for the US preventive services Task Force. JAMA 2018;
320:706.

21. Lehman CD, Arao RF, Sprague BL, Lee JM, Buist DSM, Kerlikowske K, et al. National
performance benchmarks for modern screening digital mammography: update
from the Breast Cancer Surveillance Consortium. Radiology. 2017;283:49–58.

22. Pinsky PF, Gierada DS, Black W, Munden R, Nath H, Aberle D, et al. Performance of
lung-RADS in the National Lung Screening Trial: A Retrospective Assessment. Ann
Intern Med. 2015;162:485–91.

23. UK National Health Service (NHS). NHS Screening [Internet]. 2020. https://www.
nhs.uk/conditions/nhs-screening/.

24. Richards M. Report of the independent review of adult screening programmes in
England. 2019. Report No.: 01089. https://www.england.nhs.uk/wp-content/
uploads/2019/02/report-of-the-independent-review-of-adult-screening-
programme-in-england.pdf.

25. National Health Service Digital. Breast Screening Programme, England 2019-20.
2021. https://digital.nhs.uk/data-and-information/publications/statistical/breast-
screening-programme/england---2019-20. Accessed 30 April 2021.

A. Hackshaw et al.

10

British Journal of Cancer

https://www.cancerresearchuk.org/health-professional/cancer-statistics/incidence/all-cancers-combined#heading-Two
https://www.cancerresearchuk.org/health-professional/cancer-statistics/incidence/all-cancers-combined#heading-Two
https://www.uspreventiveservicestaskforce.org/Page/Name/uspstf-a-and-b-recommendations/
https://www.uspreventiveservicestaskforce.org/Page/Name/uspstf-a-and-b-recommendations/
https://www.healthypeople.gov/2020/data-search/
https://www.healthypeople.gov/2020/data-search/
https://www.cdc.gov/brfss/brfssprevalence/
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/cancersurvivalratescancersurvivalinenglandadultsdiagnosed
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/cancersurvivalratescancersurvivalinenglandadultsdiagnosed
https://www.ons.gov.uk/peoplepopulationandcommunity/healthandsocialcare/conditionsanddiseases/datasets/cancersurvivalratescancersurvivalinenglandadultsdiagnosed
https://www.nhs.uk/conditions/nhs-screening/
https://www.nhs.uk/conditions/nhs-screening/
https://www.england.nhs.uk/wp-content/uploads/2019/02/report-of-the-independent-review-of-adult-screening-programme-in-england.pdf
https://www.england.nhs.uk/wp-content/uploads/2019/02/report-of-the-independent-review-of-adult-screening-programme-in-england.pdf
https://www.england.nhs.uk/wp-content/uploads/2019/02/report-of-the-independent-review-of-adult-screening-programme-in-england.pdf
https://digital.nhs.uk/data-and-information/publications/statistical/breast-screening-programme/england--2019-20
https://digital.nhs.uk/data-and-information/publications/statistical/breast-screening-programme/england--2019-20


26. National Comprehensive Cancer Network. NCCN Clinical Practice Guidelines in
Oncology [Internet]. 2020. https://www.nccn.org/professionals/physician_gls/
default.aspx#detection.

27. National Cancer Institute, Division of Cancer Control & Population Sciences. SEER-
Medicare: Brief Description of the SEER-Medicare Database [Internet]. 2019.
https://healthcaredelivery.cancer.gov/seermedicare/overview/.

28. Crosson FJ. Report to the Congress: Medicare Payment Policy [Internet]. Medicare
Payment Advisory Commission; 2020. http://medpac.gov/docs/default-source/
reports/mar20_entirereport_sec.pdf.

29. National Institute for Health and Care Excellence. Browse guidance by topic
[Internet]. 2020. https://www.nice.org.uk/guidance/conditions-and-diseases/cancer.

30. National Health Service (NHS). National tariff payment system [Internet]. National
Health Service. https://improvement.nhs.uk/resources/national-tariff/#h2-tariff-
documents. Accessed 2020.

31. US Food and Drug Administration. Public workshop—detecting circulating tumor
DNA for cancer screening. Department of Health and Human Services. Bethesda
Maryland [Internet]. 2020. https://www.fda.gov/media/137482/download.

32. Clarke CA, Hubbell E, Kurian AW, Colditz GA, Hartman AR, Gomez SL.
Projected reductions in absolute cancer-related deaths from diagnosing
cancers before metastasis, 2006-2015. Cancer Epidemiol Biomark Prev.
2020;29:895–902.

33. Nelson HD, Pappas M, Cantor A, Griffin J, Daeges M, Humphrey L. Harms of breast
cancer screening: systematic review to update the 2009 U.S. Preventive Services
Task Force Recommendation. Ann Intern Med. 2016;164:256–67.

34. Davies L, Petitti DB, Martin L, Woo M, Lin JS. Defining, estimating, and commu-
nicating overdiagnosis in cancer screening. Ann Intern Med. 2018;169:36.

35. Stewart CM, Kothari PD, Mouliere F, Mair R, Somnay S, Benayed R, et al. The value
of cell-free DNA for molecular pathology. J Pathol. 2018;244:616–27.

36. PATHFINDER Study: Assessment of the implementation of an investigational
multi-cancer early detection test into clinical practice. ClinicalTrials.gov Identifier:
NCT04241796. Accessed 2021.

37. SUMMIT Study: A Cancer Screening Study (SUMMIT). ClinicalTrials.gov Identifier:
NCT03934866. Accessed 2021.

38. Kuo T-M, Mobley LR. How generalizable are the SEER registries to the cancer
populations of the USA? Cancer Causes Control. 2016;27:1117–26.

39. Banegas MP, Yabroff KR, O’Keeffe-Rosetti MC, Ritzwoller DP, Fishman PA, Salloum
RG, et al. Medical care costs associated with cancer in integrated delivery sys-
tems. J Natl Compr Cancer Netw. 2018;16:402–10.

ACKNOWLEDGEMENTS
Not applicable.

AUTHOR CONTRIBUTIONS
JJO, ARK and AH developed the initial concept. The modelling work was performed
by ARK, SSC and HR. All authors were involved in writing the manuscript. JJO, ARK
and AH verify the underlying data.

FUNDING INFORMATION
GRAIL Inc. funded the modelling work. The input by AH was funded through the core
trials centre grant from Cancer Research UK (C444/A15953), with support from the
University College London and University College London Hospital Biomedical
Research Centre.

COMPETING INTERESTS
AH is co-investigator for an academic study (SUMMIT) sponsored by UCL, which is
funded by GRAIL, and has received one honorarium for an advisory board meeting
for GRAIL and a consulting fee from Evidera Inc (for a GRAIL-initiated project); and
previously owned shares in Illumina. He received no payment for participating in the
project in this paper. ARK, KCC and JJO are employees of GRAIL. The remaining
authors declare no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
This study only used publicly available summary data therefore ethics approval and
patient consent are not applicable.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41416-021-01498-4.

Correspondence and requests for materials should be addressed to A.H.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

A. Hackshaw et al.

11

British Journal of Cancer

https://www.nccn.org/professionals/physician_gls/default.aspx#detection
https://www.nccn.org/professionals/physician_gls/default.aspx#detection
https://healthcaredelivery.cancer.gov/seermedicare/overview/
http://medpac.gov/docs/default-source/reports/mar20_entirereport_sec.pdf
http://medpac.gov/docs/default-source/reports/mar20_entirereport_sec.pdf
https://www.nice.org.uk/guidance/conditions-and-diseases/cancer
https://improvement.nhs.uk/resources/national-tariff/#h2-tariff-documents
https://improvement.nhs.uk/resources/national-tariff/#h2-tariff-documents
https://www.fda.gov/media/137482/download
https://doi.org/10.1038/s41416-021-01498-4
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Estimating the population health impact of a multi-cancer early detection genomic blood test to complement existing screening in the US and UK
	Background
	Methods
	Current guideline-recommended screening
	MCED test
	Outcomes
	Scenarios
	Diagnostic costs following a positive screening test result
	Sensitivity analyses
	Role of the funding source

	Results
	United States
	United Kingdom
	Combined screening performance and costs
	Sensitivity analyses

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding information
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




