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BACKGROUND: Screening programmes utilising blood-based multi-cancer early detection (MCED) tests, which can detect a shared
cancer signal from any site in the body with a single, low false-positive rate, could reduce cancer burden through early diagnosis.
METHODS: A natural history (‘interception’) model of cancer was previously used to characterise potential benefits of MCED
screening (based on published performance of an MCED test). We built upon this using a two-population survival model to account
for an increased risk of death from cfDNA-detectable cancers relative to cfDNA-non-detectable cancers. We developed another
model allowing some cancers to metastasise directly from stage I, bypassing intermediate tumour stages. We used incidence and
survival-by-stage data from the National Cancer Registration and Analysis Service in England to estimate longer-term benefits to a
cohort screened between ages 50–79 years.
RESULTS: Estimated late-stage and mortality reductions were robust to a range of assumptions. With the least favourable dwell
(sojourn) time and cfDNA status hazard ratio assumptions, we estimated, among 100,000 screened individuals, 67 (17%) fewer
cancer deaths per year corresponding to 2029 fewer deaths in those screened between ages 50–79 years.
CONCLUSION: Realising the potential benefits of MCED tests could substantially reduce late-stage cancer diagnoses and mortality.

British Journal of Cancer (2023) 129:72–80; https://doi.org/10.1038/s41416-023-02243-9

INTRODUCTION
Cancer caused 10 million deaths worldwide in 2020 [1]. It is the
leading cause of death in most high income countries [2]
including England, where it resulted in ~140,000 deaths in 2020
in a population of ~57 million [3, 4]. Early cancer detection is
strongly associated with more treatment options for patients,
leading to improved survival [5].
A key commitment of the National Health Service (NHS) in

England’s Long Term Plan is to ensure that by 2028, 75% of
cancers are diagnosed early, defined as at stage I or II [6]. Despite
this, early cancer diagnosis has remained low, at ~54% [7].
England currently has nationally organised and quality-assured
cancer screening programmes, all of which are free at the point of
care, for bowel, breast, and cervical cancer, and is currently in the
process of introducing a lung cancer screening programme.
However, most cancers remain unscreened; over 80% of cancer
deaths in the UK can be attributed to cancer types for which no
population screening is currently available [8]. This gap suggests
that innovations such as multi-cancer early detection (MCED) tests
are needed to meaningfully improve cancer outcomes.
A screening programme using anMCED test has greater scope for

benefits beyond single-cancer screening [9]. The low prevalence of
individual cancer types makes it hard to develop single-cancer
screening strategies in which the benefits outweigh the potential
harms and costs. MCED tests are designed to test for multiple types

of cancer with a fixed false-positive rate, in contrast to false-positive
rate accumulation across multiple different single-cancer screening
tests [10]. One blood-based MCED test (Galleri®) utilises circulating
cell-free DNA (cfDNA) methylation patterns to detect a shared
cancer signal from more than 50 cancer types and predict the
cancer signal of origin (CSO) [11]. MCED screening has the potential
to be a clinically- and cost-effective addition to the current
screening programmes in the UK [12]. The randomised controlled
NHS-Galleri trial (NCT05611632) aims to evaluate the clinical utility
of this MCED test in an asymptomatic population [13].
Previous modelling demonstrated that a single screen with

sensitivity as estimated in a case-control study [11] could result in
177–220 fewer late-stage diagnoses per 100,000 persons (there
are currently 409 without MCED screening), corresponding to
74–91 fewer cancer deaths per 100,000 persons within five years
(currently 393 without MCED screening), depending on modelling
assumptions [14]. Recent research suggests that DNA shedding
may be a marker of tumour aggressiveness [15]. Here, we built on
this work to develop a model which (1) considers the differential
survival of cfDNA-detectable (cfDNA+; i.e. shedding) cancers
versus cfDNA-non-detectable (cfDNA–) cancers, and (2) is well-
calibrated to current population cancer incidence and survival
data in England, permitting an exploration of potential late-stage
reduction and mortality benefits of MCED-based screening in
England. We considered both the immediate impact of screening
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in a mixed-age cohort and the long-term impact in a cohort 50
years of age who were ‘aged’ through annual screening until they
were 79 years old (national screening programme).

METHODS
Data
This study used data provided by patients and collected by the NHS as part
of their care and support. The data are collated, maintained and quality-
assured by the National Cancer Registration and Analysis Service, which is
part of NHS Digital [16, 17]. Crude incidence rates and net survival were
calculated for 24 main cancer types and an additional ‘other’ category (see
Table S1 for definitions) based on 50–79-year-olds diagnosed with cancer
between 2013 and 2018 for each stage and by five-year age band. The age
range is aligned with the 50–77-year age criterion for enrolment in the
NHS-Galleri trial (NCT05611632) [13], allowing an additional two years of
screening while enroled in the trial; this reflects the intended roll-out age
group of an annual screening programme. For the purposes of the model,
lymphoid leukaemia, myeloid neoplasm and plasma cell neoplasm were
considered to be unstageable and there is no modelled mortality
advantage from early detection. Incidence rates per 100,000 persons were
provided for all cancers, apart from sex-specific cancers (ovary, cervix,
uterus, prostate) for which person rates were created by multiplying the
rate by the proportion of the relevant sex in the five-year age band. Age-
specific net survival was estimated using a period approach with the Pohar
Perme estimator [18], capped at 99.9%. The analysis was censored on 5
January 2020, providing a minimum of one year of follow-up for all
patients. Aggregate incidence and survival data used in the analysis are
provided in Tables S2, S3.

Interception model
Hubbell and colleagues [14] first presented the interception model (Fig. 1).
We extended this model to (1) accommodate emerging evidence
regarding the prognostic significance of cfDNA+ versus cfDNA– cancers
[19] and (2) estimate the impact of an annual national screening
programme (30 years of screening in a cohort aged 50 years until 79
years of age) by incorporating attrition from the programme due to
mortality and cancer diagnosis. Additionally, we completed a sensitivity
analysis to model the impact of non-sequential stage progression (varying
proportions of tumours metastasising early, with direct progression from
stage I to IV, for a subset of aggressive cancers) by reducing stage II and III
dwell times to zero (Analysis S4).
The interception model starts by considering a population of incident

cancers under usual care. We calculated the number of these cancers
present (but undetected) at earlier stages in prior years using estimates of

dwell (sojourn) times with exponential distributions. Dwell time corre-
sponds to the amount of time a tumour spends in each stage before
progressing to the next stage. Mean dwell times (for each stage in each
cancer type) were estimated based on expert elicitation for the
interception model published by Hubbell and colleagues [14]. In typical
situations, cancers are treated shortly after diagnosis, therefore there is no
reliable data on the time it takes for cancer to progress between stages.
Dwell times cannot be inferred from cancer patients who are not treated,
as these patients cannot be considered representative; other comorbid
conditions and frailty complicate the clinical picture. Mean dwell times are
therefore intrinsically uncertain, so we have chosen to model a range of
scenarios. Lastly, we calculated the number of cancers intercepted at each
stage, based on cancer type- and stage-specific sensitivity of an MCED test
(Galleri®) which were estimated in a case-control study [11] and adjusted
using isotonic regression so that test sensitivity did not decrease by stage
(Table S5). Throughout the manuscript, we use the generic term MCED
screening to reflect that this model could be used with different cancer
type- and stage-specific sensitivity estimates, though the results estimated
in this paper are based on Galleri® test sensitivity estimates [11]. We used
dwell times specific to each cancer type and stage, as previously described
by Hubbell and colleagues [14], and the individual variation in cancers of
the same type was modelled using an exponential distribution (Table S6).
Interception occurs if an individual is screened when a cancer is present

and detectable, which in turn depends on the sensitivity of the test
(Method S7). The detection of detectable cancers depends on the time
interval between screening rounds relative to stage dwell times. The
proportion of cancers that are intercepted increases as the interval
between screening rounds is shortened, with a maximum proportion equal
to stage-specific test sensitivity. Additionally, in modelled scenarios with
longer (slower) dwell times, cancers are less likely to progress through
stages in the window of time between screening rounds, and more are
intercepted at earlier stages. For cancers that are unstageable, a single
sensitivity value is assumed, from which the proportion of detected
cancers is calculated. Therefore, these cancers do not contribute to the
estimation of late-stage cancer reduction or consequent mortality, but only
to the proportion of cancers detected via the MCED screening route. We
imputed cancers with missing stage information by proportionately
increasing the incidence in each stage. Given staging procedures are
often not undertaken as it is anticipated the patient will not benefit from
them, it is anticipated many missing stage cancers would be late-stage
cancers. As such, this imputation is conservative as it reduces the number
of late-stage cancers available to be intercepted. Results presented here
are for a cohort of individuals who participate in screening. Diagnostic
resolution was assumed to follow shortly after screen detection, and we
did not model the impact of returning ‘cancer signal origin’ results to the
diagnosing physician.

Screening: prevalent round Screening: incident round

Legend: Cancer
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shedding cancer

Detectable 

Undetectable
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Cancer presents in usual care

Cancer signal detected from 
MCED screening

Fig. 1 Interception model schematic. Before a single prevalent round of screening, cancer a was shedding cell-free DNA (cfDNA) at stage I
and progressed to stage III, when it was intercepted; b became cfDNA shedding at stage II and progressed to stage IV, when it was
intercepted; c became cfDNA shedding at stage II, when it was intercepted; d was not shedding cfDNA at stage I when it was screened in a
prevalent screening round, and progressed to stage III before it was intercepted in the incident screening round; e became cfDNA shedding at
stage I and did not progress before being intercepted at the incident screening round; f never became cfDNA-detectable, was not intercepted
by MCED screening, and presented in usual care at stage IV; and g became cfDNA-detectable at stage II and progressed to stage III between
screening rounds, when it was detected via usual care.
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Mortality modelling
After computing the stage shift based on the interception model, we
estimated mortality benefits by comparing the difference in stage-specific
survival between stage distributions with and without MCED screening in
addition to usual care. Specifically, for instance, a breast cancer that would
have been clinically diagnosed at stage IV, following interception at stage
II, would be assigned the survival of a stage II breast cancer. This within-
cancer-type modelling approach allows for prognostic heterogeneity
between cancer types for different stages. We used a two-population
model for survival, stratified by stage at diagnosis, to model differential
survival depending on cfDNA detectability status (cfDNA+ or cfDNA–).
Based on previous findings regarding the increased risk of death from
cfDNA+ cancers [19], we modelled cfDNA+ cancers as having double
(hazard ratio [HR]= 2) or triple (HR= 3) the stage-specific risk of cancer
death compared with cfDNA– cancers of the same cancer type. Net survival
was adjusted for both cfDNA+ and cfDNA– status to ensure that, given the
population fraction of each cancer type at each stage, average survival
would match that observed in the population, resulting in reduced
mortality for cfDNA– cases compared with population net survival-by-stage
estimates. This adjustment was applied to all cfDNA+ cancers, intercepted
or not; thus, in the resultant survival data for both cfDNA+ and cfDNA–, the
total mortality in the overall population was preserved. For comparison, we
also modelled a scenario similar to Hubbell and colleagues [14] in which
survival for cfDNA+ and cfDNA– cancers was identical (HR= 1).
For both survival populations, we modelled lead-time until date of

diagnosis via usual care, during which individuals cannot die from their
cancer (to avoid a situation in which early detection causes cancer death
before a symptomatic tumour) [20]. We then applied the HR to net
survival-by-stage to estimate cancer-specific mortality (so that expected
mortality was calculated for years following diagnosis under usual care,
regardless of interception occurrence). Expected cancer mortality within
five years of the date of diagnosis under usual care was calculated per
100,000 persons screened. The difference in cancer mortality with MCED
screening compared with usual care is the estimated mortality benefit with
MCED screening.

Modelled scenarios
Open cohort. This modelled scenario is comparable to the NHS-Galleri
trial, run in a population attending their first (prevalent) screen at ages
50–79 years, followed by subsequent (incident) annual screening tests. This
model assesses how the removal of previously intercepted cancers from
the screened population impacts late-stage cancer incidence and cancer
mortality rates.

National screening programme cohort. This modelled scenario enabled
comparisons between the presence and absence of an MCED-based
screening programme. For both incidence and survival data, participants
entered the cohort at 50 years of age, and were ‘aged’ through the
programme until they turned 80 years old, died, or emigrated, with
different age-specific incidence rates and net survival probabilities applied
in the interception model at each of the 30 annual screening rounds.
Figure S8 shows the cohort weights applied at each age, corresponding to
movement out of the cohort.
The cumulative benefits of this ‘national screening programme’ scenario

were calculated using a life table to adjust for attrition from all-cause
mortality [21] and a competing cancer diagnosis. The weighted average of
male and female mortality was used to generate a mortality rate for all
persons. Participants did not re-enter the screening cohort after a cancer
diagnosis, even though many will survive their cancer diagnosis. This is a
simplifying assumption; for some cancer types, cancer survivors are at
greater risk for the development of subsequent cancers [22]. However,
survival for some early-stage cancers (e.g. breast and prostate cancer) is
very high, and people who survive these cancers may go on to develop a
fatal cancer that is not captured in the model, because they have been
censored out. This assumption equates the risk of developing a cancer in
the population without a competing cancer diagnosis to that observed in
the whole England population. It is beyond the scope of the current paper
to consider these complexities of screening cancer survivors.

RESULTS
NCRAS data for England demonstrated an average annual cancer
incidence of 1213 per 100,000 persons in 50–79 year olds in the
period 2013–2018. Of these cancers, 1164 per 100,000 were

stageable and 973 per 100,000 were staged, with 450 per 100,000
diagnosed at a late stage (III or IV).

Open cohort model: overall late-stage incidence and mortality
reductions
Table 1 shows the number of cancers (per 100,000 persons
screened) found via usual care alone and when MCED screening
was added to usual care, and the subsequent reduction in late-
stage cancer incidence with the addition of MCED screening.
When MCED screening was first added to usual care (prevalent

round), cancers which would otherwise have been diagnosed in
future years are intercepted, increasing incidence for that year. Per
100,000 individuals screened, 502 of the 1023 originally late-stage
(III+ IV) cancers (fast), and 1443 of the 2168 originally late-stage
cancers (slow) were found instead at an early stage (Table 1). This
indicates a strong influence of dwell times on the impact of
screening in the prevalent round.
Incident screening rounds were less susceptible to changes in

dwell times, and correspondingly we observed a narrower range
in the number of cancers found via usual care with and without
MCED screening (Table 1). The annual reductions in late-stage
incidence with MCED screening added to usual care were
predicted to be between 180 and 222 per 100,000 persons
screened. These rates were considerably lower than in the
prevalent screen, reflecting the fact that cancers diagnosed via
screening are removed from the available population each year.
In Table 2 we present five-year mortality rates per 100,000

persons screened with and without MCED screening added to
usual care, and the resulting mortality rate differences with MCED
screening. The effect of different dwell times on mortality
reduction in the prevalent screening round was estimated to be
greater than the effect of different HRs for cfDNA+ versus cfDNA–

cancers. The estimated mortality rate reduction when MCED
screening was added to usual care was between 192 (fast dwell
time, HR= 3) and 622 (slow dwell time, HR= 1) deaths per
100,000 persons screened in the prevalent screening round
(Table 2), and between 67 (fast dwell time, HR= 3) and 97 (slow
dwell time, HR= 1) deaths per 100,000 persons in the incident
screening round (Table 2).

Open cohort model: late-stage incidence and mortality rate
reductions by cancer type
The potential late-stage incidence reduction benefit varied by
cancer type (Table 3). For colon/rectum, head and neck, liver/bile
duct, lung, lymphoma, ovary and pancreas cancers (Table 3), the
reduction in late-stage incidence with MCED screening was
estimated to be substantial (>10 per 100,000 persons screened),
reflecting high test sensitivity and current adverse stage profiles
for these cancers. Although breast cancer is predominantly
diagnosed at an early stage, the reduction of 7 per 100,000 in
late-stage incidence reflects the potential to diagnose this high-
incidence cancer at stage I or II, despite the relatively poor
sensitivity at earlier stages.
In contrast, MCED screening did not appear to contribute to

earlier diagnosis for melanoma, thyroid and urothelial tract
cancers, and for prostate cancers, the proportion of cancers
shifted from late to early stage was small. This reflects both lower
MCED test sensitivity at early stages for these cancers and that the
majority of them are already diagnosed at an early stage.
For breast, colon/rectum, head and neck, kidney, liver/bile duct,

lung, lymphoma, ovary and prostate, sarcoma and uterus cancers,
the reduction in late-stage incidence translates into >10%
reductions in the five-year cancer mortality rate (deaths from
cancer within five years of diagnosis, based on when the diagnosis
would have happened in the absence of MCED screening), which
reflects that early-stage survival is considerably better than late-
stage survival for these cancer types. The substantial modelled
mortality reduction for prostate cancer in the context of minimal
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late-stage incidence reduction highlights that the majority of
prostate cancer mortality is observed among those diagnosed at
stage IV, and therefore the impact of intercepting these cancers
prior to progression to stage IV is proportionally large. For several
relatively low-incidence cancer types including ovary, liver/bile
duct, pancreas and oesophagus, the absolute number of deaths
avoided with MCED is small; however, the proportional mortality
benefits for these cancer types are substantial, as is the aggregate
total mortality rate reduction of these low-incidence cancer types
combined.
For a subset of cancers stratified by stage, Fig. 2 shows

modelled five-year survival for each cfDNA detectability status
when HR= 3, along with observed survival based on NCRAS data.
By cancer type and stage, when test sensitivity is either very low or
high, the impact of having cfDNA+ status on survival is minimal.
This is because the majority of cancers are cfDNA+ or cfDNA–, such
that the modelled survival curves do not separate markedly from
observed survival. The impact of low test sensitivity is demon-
strated in early-stage breast and prostate cancers, for which all
three survival curves closely overlap. For cancer types in which the
majority of cancers are cfDNA+ even at early stages, such as liver/
bile duct cancers and lung cancer from stage II onwards, the
impact of cfDNA+ status is also minimal, as the modelled survival
for these cancers closely follows observed survival. Conversely, the
modelled survival for cfDNA– cancers at these sites is considerably
better, as almost all of the deaths over the period are among

those with cfDNA+ cancers. The impact of cfDNA detectability
status is more critical when the MCED test has a less extreme
sensitivity, therefore it adds more prognostic information at a
population level. This pattern is observed in stage II and III
gallbladder cancer and sarcoma. Figure S9 shows the impact
of cfDNA status by cancer type for all cancers included in this
study.

National screening programme: late-stage incidence and
mortality rate reductions
In the national screening programme modelled scenario (Table 4),
the incidence of cancer diagnosed through MCED screening was
estimated to be between 9766 and 13,084 per 100,000 persons
(for fast and slow dwell time assumptions, respectively), corre-
sponding to a proportion of between 31 and 41% of cancers
detected through MCED screening. Thus, the estimated reduction
in the incidence rate of late-stage cancer was between 5468 and
7032 per 100,000 persons in the screening programme (40–50%).
The reduction in five-year cancer mortality was between 2029 and
2581 per 100,000 persons in the screening programme (between
17 and 21%) in the fast dwell time scenario with HR= 3 and slow
dwell time scenario with HR= 1, respectively. Figure S10 demon-
strates how the incidence rate of MCED screen-detected cancers
changes with age for each of the dwell time scenarios.
Results of the non-sequential stage progression model (Supple-

mentary Analysis S6) demonstrate that the benefits of MCED

Table 1. Cancer and late-stage cancer incidence reduction in the open cohort scenario.

Dwell time scenario

No screening Slow Medium Fast

Prevalent screening round

All cancers (including future year cancers found now)

Found via usual care and MCED (%) NA 3378 (100) 2550 (100) 1928 (100)

Found via usual care (%) NA 890 (26) 939 (37) 1024 (53)

MCED detected (%) NA 2488 (74) 1611 (63) 904 (47)

Late-stage cancers (including future year cancers found now)

Late-stage diagnosis with usual care (%) NA 2168 (51) 1524 (48) 1023 (44)

Late-stage diagnosis with MCED (%) NA 725 (21) 627 (25) 521 (27)

Reduction in late-stage diagnosis with MCED (%) NA 1443 (67) 898 (59) 502 (49)

Incident screening round

All cancers (steady state)

Found via usual care and MCED (%) 1052 (100) 1052 (100) 1053 (100) 1052 (100)

Found via usual care (%) 1052 (100) 637 (61) 671 (64) 731 (69)

MCED detected (%) NA 415 (39) 382 (36) 321 (31)

Late-stage cancers (steady state)

Late-stage diagnosis with usual care (%) 455 (71) 455 (71) 455 (68) 455 (62)

Late-stage diagnosis with MCED (%) NA 233 (22) 249 (24) 275 (26)

Reduction in late-stage diagnosis with MCED (%) NA 222 (49) 206 (45) 180 (40)

For the ‘open cohort’ modelled scenario, the impact of multi-cancer early detection (MCED) screening on the incidence rate of cancers diagnosed at a late
stage (III and IV) is shown for each dwell time scenario and for prevalent and incident screening rounds. These results are directly comparable to estimates
produced for introducing a screening programme based on an MCED test, with sensitivity as estimated in a case-control study [11], to the US population [14].
All results are incidence rates per 100,000 persons screened. Prevalent rounds of screening were most susceptible to dwell time assumptions. This is reflected
in the mortality rates without MCED screening because there are different numbers of cancers available to be diagnosed through usual care, depending on
assumptions regarding the speed of dwell times. This is in contrast with the incident rounds of screening, in which the previous prevalent rounds ‘level-set’
the numbers of cancers available for diagnosis. As the model is focused on screening referral performance, we did not explicitly model the diagnostic
resolution process, which may be extended due to work-up at multiple potential cancer signal origins, or terminated after a single diagnostic work-up, with
the risk of missing a cancer. Instead, we made the simplifying assumption that diagnostic resolution occurs shortly after detection. Another simplifying
assumption was that ‘usual care’ refers to the standard practice in terms of screening, primary care referral, diagnostic work-up and treatment resulting in the
incidence-by-stage and survival-by-stage data observed in the period 2013–2018 in England. This assumption was to incorporate non-adherence to screening,
diagnostic and treatment guidance, and limited access to healthcare. The denominator for the percentage calculations corresponds to all staged and
unstageable cancers. Stageable cancers with missing stage information were excluded from the analysis. Data are to the nearest whole number; therefore,
breakdowns of total numbers may not always sum perfectly.
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screening may be reduced in scenarios where greater proportions
of cancers show non-sequential progression and have a shorter
dwell time in stage I.

DISCUSSION
In this study, we extended the interception model first described
by Hubbell et al. [14], to explore the benefits of MCED screening,
with sensitivity as estimated in a case-control study [11], under a
range of model assumptions. Overall, the reduction in late-stage
cancer incidence and mortality rates were substantial under a
range of assumptions regarding dwell times and differential
survival between cfDNA-detectable and non-detectable cancer.
Even with the fastest dwell times, the proportion of cancers
screen-detected with MCED was estimated to be 31%. Given that
in England, only ~6% of cancers are currently diagnosed via
screening [23], widespread adoption of MCED screening among
50–79 year olds would improve the cancer diagnostic landscape.
This has the potential to contribute to the NHS Long Term Plan
goal of achieving 75% of cancers diagnosed at an early stage [6];
our model estimates that 49–56% of cancers are diagnosed at
an early stage via usual care, which could be increased to
73–79% (74–78% in incident rounds of screening) among those
who are screened. MCED screening (based on parameters of one
commercially available test) has the greatest potential to reduce
late-stage diagnoses and consequent mortality among cancers
currently diagnosed predominately at late stages, and for which
the MCED test has high sensitivity. Thus, MCED screening may
contribute to the early detection, and, potentially, mortality
reduction of cancers for which there is substantial unmet need.
Even achieving the lower bound of mortality reduction via MCED
screening would mean that cancer was no longer the leading
cause of mortality among screened individuals in England [24].
The areas of uncertainty in the modelling will be resolved, in

part, by the results of the NHS-Galleri trial, which will directly
estimate the reduction in the incidence of late-stage cancers
resulting from annual MCED screening in 50–79 year olds across
three annual screening rounds [13]. Beyond late-stage incidence
reduction, the trial results will help to inform model structure and
parameter values in future iterations of the model presented here,
which could in turn be used to extrapolate from NHS-Galleri trial
results. Should the interception model be well-calibrated to the
trial outcomes, it could be used to examine scenarios not directly
tested in the trial, including different screening intervals and age
cut-offs for the screening programme.
Results from the NHS-Galleri trial, as well as other emerging

evidence, may also challenge structural aspects of the model. For
example, non-sequential stage progression may be more common
than previously thought [25]. If this is the case, then other credible
alternative model structures, such as the non-sequential stage
progression model detailed in the Supplementary Information
(Analysis S10), may provide a better fit to the trial data. This model
demonstrates that greater proportions of cancers showing non-
sequential progression and a short (6 month) dwell time in stage I
have the potential to reduce the benefits of MCED screening.
Chabon et al. [26] found that in lung cancer, cfDNA+ cancers are

enriched for subclinical micrometastases that are invisible to
current scanning techniques, suggesting that cfDNA+ cancers may
be more lethal than cfDNA– cancers, irrespective of their apparent
stage at diagnosis. Here we estimated that MCED screening is
beneficial even when cfDNA+ cancers had a three-fold greater
relative mortality risk. However, longer-term follow-up is required
to fully characterise the consequences of cfDNA detectability, both
in case-control and screening settings in which these cancers are
shifted to an earlier stage. There are no current data to suggest
that cfDNA+ cancers are incurable, and there is some evidence to
suggest that ~40% of circulating tumour DNA+ (ctDNA+) early-
stage (I–III) non-small-cell lung cancers diagnosed through usualTa
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care remain free from recurrence up to five years after the end of
treatment [27]. For breast, colorectal and lung cancer, cfDNA
concentration has been linked to both tumour volume and
surrogate biomarkers of clinically significant prognosis, including
depth of invasion (colorectal), mitotic (breast), and metabolic
activity [15], and adjuvant chemotherapy resistance (lung) [28].
This suggests inter-cancer heterogeneity in the mechanisms by
which cfDNA enters the tumour microenvironment and subse-
quently the bloodstream (for a review of the issue, see ref. [29]). A
greater understanding of these mechanisms is required to
understand the extent to which cfDNA+ cancers are likely to be
treatment-resistant, and how this corresponds to outcome
heterogeneity. Further clinical trials may also be required to
examine the efficacy of alternative or escalated systemic anti-
cancer therapy regimens for such cancers, and/or de-escalated
treatment regimens for cfDNA– cancers. In this case, the MCED test
may confer additional benefits as a risk stratification tool.
Preliminary evidence also supports the use of ctDNA as a marker
for molecular residual disease, to help identify when further
treatment may help avoid recurrence [25, 27].
The performance of the MCED test was previously estimated in

case-control settings to have a test sensitivity of 51.5% [11]. In a
population screening trial such as the NHS-Galleri trial, in which
participants are invited from the community, the performance of
the test may differ. If cancers tend to shed cfDNA only shortly
before becoming symptomatic, or if cfDNA-shedding cancers
progress very rapidly, then patients would need to be tested more

frequently to diagnose cancers earlier, limiting the test’s utility as a
population-level screening tool. However, there is currently no
evidence directly linking cfDNA shedding to disease progression
or symptom development. Indeed, for lung cancer, detectable
levels of cfDNA may be reached in some patients prior to tumour
sizes that would likely result in symptomatic presentation [30].
Unlike conventional screening techniques, especially those

based on imaging or direct visualisation, the MCED screening
signal is based on cancer biology; thus, overdiagnosis (of indolent
lesions) is less of a concern, particularly compared with multiple
separate conventional screening techniques for individual cancers,
in which the risks associated with each screening mode
accumulate [31]. Poor sensitivity to cancers with known over-
diagnosis issues, including early-stage breast, prostate, and
thyroid cancers [32], provides reassurance that MCED screening
will not contribute to overdiagnosis. As such, overdiagnosis was
not incorporated in the current model. However, this is the first
time that a candidate screening technology has existed for most
cancer types, and the understanding of cfDNA is nascent. The
possibility of overdiagnosis will be investigated in the NHS-Galleri
trial [13], which may inform the evidence base on the natural
history of cancer. Future iterations of the model will incorporate
these considerations.
We used five-year net survival from the date of usual-care

diagnosis in this study [33], but some cancer patients are still at
increased risk of death ten years after their initial diagnosis [34].
While a longer follow-up period may allow estimation of survival

Table 3. Late-stage incidence and five-year mortality rate reductions by cancer type.

Current
incidence rate

Late-stage
diagnosis
with
usual care

Late-stage
diagnosis
with MCED

Reduction in
late-stage
diagnosis
with
MCED (%)

Cancer
mortality
rate with
usual care

Cancer
mortality
rate
with MCED

Reduction in
mortality
with
MCED (%)

Colon/ rectum 116 64 22 42 (66) 41 18 22 (54)

Lung 143 104 45 59 (57) 115 98 17 (15)

Ovary 23 15 4 11 (73) 12 5 7 (58)

Head and neck 35 23 5 18 (78) 13 7 6 (46)

Breast 143 19 12 7 (37) 12 8 4 (33)

Liver/bile duct 20 14 3 10 (71) 17 13 4 (24)

Pancreas 29 23 10 13 (57) 27 25 3 (11)

Oesophagus 27 20 11 9 (45) 22 20 2 (9)

Lymphoma 44 30 15 15 (50) 12 10 2 (17)

Prostate 178 74 71 3 (4) 15 14 2 (13)

Bladder 28 7 6 1 (14) 11 10 1 (9)

Cervix 4 1 0 1 (100) 1 1 1 (100)

Kidney 32 14 12 2 (14) 9 8 1 (11)

Sarcoma 9 4 2 2 (50) 4 3 1 (25)

Stomach 17 12 8 4 (33) 13 12 1 (8)

Uterus 29 5 4 1 (20) 5 4 1 (20)

Anus 4 2 1 1 (50) 1 1 0 (0)

Gallbladder 6 4 3 1 (25) 5 5 0 (0)

Melanoma 44 5 5 0 (0) 4 4 0 (0)

Thyroid 7 3 3 0 (0) 1 1 0 (0)

Urothelial tract 6 4 4 0 (0) 3 3 0 (0)

For adults aged 50–79 years, for each cancer type, the table shows: crude incidence rates (per 100,000 persons); incidence rates for late-stage (III and IV) cancer
diagnoses with usual care, and with multi-cancer early detection (MCED) screening (with sensitivity as estimated in a case-control study [11]) added to usual
care; incidence rates of cancers shifted early by MCED screening; five-year mortality rate reductions (per 100,000 persons screened) for usual care, and with
MCED screening added to usual care. For mortality rates, we used a survival hazard ratio (HR) of three for cell-free DNA+ cancers versus cfDNA– cancers, to
provide the most conservative estimate of benefit from MCED screening. Data are to the nearest whole number; therefore, breakdowns of total numbers may
not always sum perfectly. The table has been sorted by absolute reduction in mortality with MCED screening.
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over ten or more years, survival with more historical cancer cases
would not capture current best treatment practices, and the
availability of historic staging data is limited.
Additionally, we only considered an idealised 100% screening

attendance scenario with rapid subsequent diagnostic resolution.
The harms associated with screening such as psychological
distress, diagnostic work-up of false-positive results, and health-
care resource utilisation should be considered in future studies on
real-world attendance, and the feasibility and implications of
national MCED screening.
Some other potential benefits of MCED screening are not

captured in the study. MCED screening may lead to within-stage
changes in cancer detection that are prognostically relevant and
confer mortality benefits, but do not lead to stage shift. There are
treatments for patients with oligometastatic lesions with the
potential for long-term survival that are not an option for patients
with widely disseminated metastases [35–40]. Within-stage

reduction in breast tumour size due to screening has been shown
to be associated with clinically relevant reductions in mortality
[41]. Diagnosis via a managed (rather than emergency) pathway is
also associated with improved survival [42]. A higher level of
granularity in the anticipated prognosis could be gained by
including additional tumour characteristics or substages in the
model. We accounted for this to some extent by allowing for
differential stage-specific hazards in cfDNA+ and cfDNA– cancers,
but the model could be modified with further empirical data.
Lastly, potential morbidity benefits to patients were not con-
sidered in this study. Cancers curable at a late stage may be
shifted to earlier stages with MCED screening, and patients
with these cancers are likely to experience quality of life
benefits from less toxic treatments, even if no mortality benefit
is observed [43].
In summary, we built upon the interception model to incorporate

recent evidence regarding the prognostic significance of cfDNA
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Fig. 2 Survival by cfDNA status and stage for selected cancer types. This figure shows observed five-year survival data for cancers
diagnosed between 2013 and 2018, as registered by the National Cancer Registration and Analysis Service (NCRAS), and modelled five-year
survival data based on cfDNA detectability status (hazard ratio [HR]= 3). For visualisation purposes, we plotted net survival for a 65-year-old in
the middle of the screening programme, and data has been smoothed. Where the lines representing cfDNA+/− survival are not visible, they
are (almost) identical to that of original survival. For a small number of cancers at specific stages, adjustment of survival data for both cfDNA-
detectable and cfDNA-non-detectable cases to reflect the observed survival in the population created implausible results, in which later-stage
survival for cfDNA-detectable cancers was favourable compared with that of earlier-stage cancers. This occurred when there was a large
difference in test sensitivity between one stage and the next, such that applying the HR to the different cfDNA populations moved the
survival curves further out from the observed mean. We did not correct for this anomaly, as it was only ever a difference of a few percentage
points, and it would have decreased the average observed survival-by-stage.
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detectability status and estimate the longer-term benefits of a
national screening programme in England, from where the NHS-
Galleri trial has enroled participants. Despite uncertainty regarding
this intervention, we demonstrated that the potential benefits are
robust to a range of model parameters, and that MCED screening
may contribute to reduction in the incidence of late-stage cancers
and consequent mortality, particularly for cancers with a current
adverse staging profile. The magnitude of the benefits estimated
here supports the launch of the NHS-Galleri trial.
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