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2 ABSTRACT e
5 Objective a
6 el
7 To estimate the effect of different multi-cancer early detection (MCED) screening intervals on %
(%]
g cancer stage at diagnosis and mortality endpoints. 2
o
10 Design - 2
1 . . . . . S 5
12 The current model is based on a previously published state-transition model that estimated the o
=
® W
13 outcomes of a screening program using an MCED test when added to usual care for persons > 2
14 < 3
:2 aged 50-79. Herein, we expand this analysis to model the time of cancer diagnosis and patient § )
< 8
17 mortality with MCED screening undertaken using different screening schedules. Screening e N
18 =
—. )
19 intervals between 6 months and 3 years, with emphasis on annual and biennial screening, were 3 9
20 S 3
21 investigated for two sets of tumor growth rate scenarios. 5 3
«Q
22 . -~ O
23 Setting 2 %
n M
;2’ Inputs for the model include 1) published MCED performance measures from a large case- 2L
= DN
05 Q
;? control study by cancer type and stage at diagnosis and 2) Surveillance, Epidemiology and End %% o
o030
28 Results (SEER) data describing stage-specific incidence and cancer-specific survival for persons 532
29 DW=
30 aged 50-79 in the USA for all cancer incidence. 5% §
31 >S5 =0
32 Outcome measures ;g 2
o
33 . I . . 8>3
34 Diagnostic yield, stage shift, and mortality. ;ﬁz
35 228
36 Results a- §
> 3
2373 Annual screening under the fast tumor growth scenario was associated with more favorable = S
2 0
39 diagnostic yield (370 more cancer signals detected/year/100,000 people screened), stage shift = %
40 e 2
41 (49% fewer late-stage diagnoses), and mortality (21% fewer deaths within five years) than usual "a’ 8
42 3
43 care. Biennial screening had a similar, but less substantial, impact. Annual screening prevented % °
44 5 w
45 more deaths than biennial screening, but biennial screening had a higher positive predictive % %
S o
46 value and was more efficient (ie, prevented more deaths per 100,000 tests). S o
47 s g
48 Conclusion S 9
49 ° 3
50 Adding MCED test screening to usual care at any interval could improve patient outcomes. g
51 =
52 Annual MCED test screening provided more overall benefit than biennial screening. Modeling ul
53 =
54 the sensitivity of outcomes to different MCED screening intervals can inform timescales for E
55 . o o
56 investigation in trials. S
57 ?D
58
59 &
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STRENGTHS AND LIMITATIONS OF THIS STUDY
e |nthe absence of real-world evidence regarding MCED screening intervals, modeling is

required to investigate potential screening intervals of new MCED screening tests.

e This study uses reliable datasets, including performance estimates from a published case-
control study and outcomes from the Surveillance, Epidemiology, and End Results (SEER)
database, a widely used database for modeling studies.

e Varied estimates of dwell time duration were used to model the heterogeneity of cancer
and explore the potential effect of screening interval on cancer detection and subsequent
mortality, enabling the assessment of different types of cancer.

e Estimates of changes in cancer mortality are made under several ideal assumptions and so
represent the upper bounds of potential benefits of MCED cancer screening.

e Model output is limited by the population cancer data used, in this case the SEER18

database, which contains only US data.
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43; BACKGROUND o
5 Cancer is one of the leading causes of death around the world (1). At present, wide-spread a
6 el
7 single-cancer screening is only recommended for a few cancer types, such as breast, bowel, and §
8 <
9 cervical cancer (2, 3). These screenings have been effective in lowering cancer-specific mortality @
10 . L . . . o v B
1 (4, 5), but can be also associated with high false-positive rates, overdiagnosis, and disparities in s g
o)) h
12 - . . =
adherence (6-9). The remaining cancers are detected by a variety of means in usual care, 2 0o
14 . . . g o
15 typically symptomatic detection. E %
16 2 3
18 Multi-cancer early detection (MCED) tests are innovative new technologies that utilize cancer - R
19 3 o
20 biology to screen for a broad set of cancer types with a single blood sample (10, 11). Tumors % §
21 s 2
22 can shed cell-free DNA (cfDNA), which often carries cancer-specific signals, into the e g
o
- (o]
;i bloodstream (12, 13). By analyzing circulating cfDNA, in combination with machine learning, an § m=
n n<
;Z MCED test (Galleri®; GRAIL, LLC, Menlo Park, CA) has been developed to detect this shared 2N
2%
;é cancer signal with high specificity (10). This test can complement existing single-cancer 8% o
°c2s
29 screenings, as well as expand the category of screenable cancers (11). The high specificity of §$_0 2
30 “o o
31 this test decreases the likelihood of false positives and the subsequent extraneous triage and %%g
32 . . . ag
33 diagnostic testing. 853
34 ER-ES
35 228
Q- =
36 Most guideline-based single-cancer screenings are conducted every one to five years, = 3
37 § =
38 depending on various factors, including the cancer growth rate (2, 14-18). Selecting an optimal g E
39 > 2
40 screening interval must balance the possibility of improved and prolonged life due to earlier @ 3
41 g 8
42 cancer detection against false positive test results and overdiagnosis, which could lead to o 3
43 _ _ _ _ 2 3
44 unnecessary testing and treatment (19). By detecting precancerous lesions, some single-cancer 5 ;
— ]
22 screenings have the potential to reduce cancer prevalence, but also increase the likelihood of § o
=N
47 detecting lesions that would never develop into fatal cancer (20). By comparison, some tests s S
48 Qe O
=N
49 detect invasive cancer signals and typically need to be conducted relatively frequently to most & >
50 Q
51 effectively detect cancer in early stages. %
52 g
53 =
54 g
55 g
56
58
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The relative newness of MCED tests means that there is little longitudinal clinical data on
optimal testing frequency. Filling this evidence gap is challenging because MCED screens do not
individually test for single cancer types, but rather many cancers simultaneously. Thus,
screening intervals must be developed to maximize the benefits for the greatest number of
people, rather than optimizing for a single cancer type. This poses a unique challenge to the
implementation of an MCED screening program for the general population. Insights into the
potential influence of different screening intervals on the harms and benefits of real-world
implementation of MCED testing may inform the design and interpretation of appropriate

clinical trials.

To provide insight into how the screening interval might impact patient outcomes with MCED
testing, we performed an analysis using a previously published screening interval model
utilizing MCED test characteristics from a recently published report (10) and population cancer
data from the US Surveillance, Epidemiology and End Results (SEER) program. In the absence of
real-world evidence regarding MCED screening intervals, state-transition modeling analyses are
critical to inform the selection of appropriate investigational timescales for effective screening

trials.

METHODS

Model Input

The current model is based on a previously published state-transition model (Figure 1) that
estimated the outcomes of a screening program using an MCED test when added to usual care
for persons aged 50-79 (21). Herein, we expand this analysis to model the time of cancer
diagnosis and patient mortality with MCED screening undertaken using different screening
schedules. As cancers progress from Stage | to IV, they are more likely to be detectable by
MCED and to be found by current clinical diagnostic mechanisms, though MCEDs have the
potential to intercept more types of cancer at earlier stages than usual care (current clinical
practice with no MCED test) (21). Inputs for the model include 1) published MCED performance

measures from a large case-control study by cancer type and stage at diagnosis (10) (Figure S1)
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; 6 &
2 8
2 and 2) Surveillance, Epidemiology and End Results (SEER) data describing stage-specific 3
5 incidence and cancer-specific survival for persons aged 50-79 in the USA for all cancer incidence a
6 el
7 (Figures $2-S3) (22). From the SEER program (SEER Datasets and Software, RRID:SCR_003293), §
8 (%]
9 we obtained crude incidence and cancer-specific survival rates for all persons aged 50-79 when 5
10 o B
1 diagnosed with invasive primary cancer in one of 18 regions from 2006 to 2015 and followed 3 o
12 § S
13 for vital status through December 31, 2018 (Figures S2-S3). This time period was chosen to 0] Q
U —
1‘5‘ provide adequate sample size and follow-up for cancer survival across a range of cancers, and < 13'7
o o
©
16 because uniform AJCC 6th edition staging was available across the entire time period S 2
17 a N
18 (categorized as |, 11, llI, IV, and unknown). The 50-79 year age range was selected to overlap ? §
19 3 o
20 with existing cancer screening efforts and recommendations as well as to minimize competing % §
21 s 2
22 risks of non-cancer—related deaths among persons aged >80 years of age. ICD-O-3-defined site e g
o
- (o]
;i and histologic groupings for cancer types are detailed in Hubbell et al (21). SEER*Stat software § ms
n n<
25 (version 8.3.8) was used for all SEER calculations. zon
26 2SR
27 2835
28 CEE
29 Model Assumptions g S_i’%
30 “o o
31 This is a numerical integration model with assumptions that include cancers at later stages have %%g
32 ot =
33 shorter dwell times (Table S1, Table $2, and Hubbell et al. supplementary data (21)). In this g.,);g
3%z
g;’ analysis, we model cancer detection as it reflects the requirement that a cancer case is She
S
Q- =
g? shedding detectable ctDNA, and that the measured sensitivity reflects the fraction of cases > g
- ©
38 shedding this biological signal. We assume that if a cancer is not shedding detectable ctDNA, it g E
39 = =
40 will not do so until it progresses to the next stage of cancer; and that once a cancer sheds @ 3
41 g 8
42 detectable ctDNA, it will continue to do so until it is treated or the patient dies. This model is o 3
43 3 S
44 used to project for stable, long-term performance of the test. As is standard practice in models 5 ;
— ]
22 of disease screening programs, we consider a perfectly compliant population, in which there is § o
=N
j; 100% screening uptake followed by 100% adherence with recommended diagnostic work-up S §
«Q
=N
49 and treatment, with no loss to follow-up (9, 23-26). This model also assumes 100% accuracy of & >
50 Q
51 and adherence to confirmatory testing initiated by a positive test result using either MCED or %
52 o
53 recommended screening as a part of usual care. This assumption, although not real-world, is g
54 =
55 intended to separate the performance of confirmation testing, which is not part of this work, %
56 E;
57 ]
58 o
59 ®
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from initial screening effectiveness, which is the focus of the current work. The goal of this
analysis is to model the maximal benefits to those people who participate in the screening

program as recommended.

Analyses

In previous modeling work (21), we performed a sensitivity analysis for an annual screening
interval interacting with three hypothetical tumor growth rate scenarios. These scenarios varied
in the length of the preclinical sojourn time, divided into dwell time within each clinical stage
before progressing to the next. In the present analysis, we examine the effects of screening at
different intervals within the two most rapid tumor growth rate scenarios from our previous
study: the “fast” and “fast aggressive” scenarios (Tables S1 and S2). In the "fast" scenario, the
range of mean dwell times across cancer types is 2-4 years in Stage |. In the "fast aggressive"
scenario the range of mean dwell times across cancer types is 1-2 years in Stage |. In each

scenario, successive stages are assumed to have shorter mean dwell times.

Annual and biennial screening intervals were modeled for most analyses, though 6-month
intervals from 0 to 3 years were examined and are shown for some figures. Screening intensity,
defined as percentage of patients screened per year, is 100% with annual screening, 50% with
biennial screening, and 0% without an MCED test (Figure 2). With biennial screening, the 50%
of patients not screened in a given year would be subject to an increased probability of interval
cancers. Interval cancers are cancers that are diagnosed between a negative cancer screen and
the next scheduled screening test (27, 28). The probability that a cancer progresses without
being intercepted by an MCED test is dependent on the screening interval relative to the tumor
growth rate. In the schematic shown in Figure 2, the solid top line represents a single
hypothetical patient who has a cancer that would be clinically diagnosed at Stage IV with usual
care (no MCED testing). The top dashed line represents a hypothetical patient who has a
screen-detectable Stage | cancer with a dwell time of 12 months; the cancer will therefore be
detected at Stage | with annual screening. With biennial screening, there is a 50% chance of the

cancer being detected at Stage | and 50% chance of it being detected at Stage Ill.
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We report descriptive statistics for potential diagnostic yield, stage shift, and effect on cancer-

specific mortality in this model after adding MCED screening at various intervals to usual care.

oNOYTULT D WN =

9 Differences in 5-year cancer-specific survival (measured from when the cancer would have
1 been diagnosed in the absence of MCED screening), which are strong predictors of differences

in cancer-specific mortality in a cancer type, are a standard metric for benefit (29).

16 The data that supports the findings of this study are available in the Supplementary

18 Information and Figures $1-S3, as well as the supplementary material of Hubbell et al (21).

2 RESULTS

In this model, adding annual MCED test screening under the fast growth scenario could
intercept 370 cancers/year/100,000 people aged 50-79 and lead to a 49% reduction in late-

27 stage (Stage Ill and IV) cancer diagnoses. This could result in 84 deaths averted, which is 21% of
29 all the deaths that would occur within 5 years of diagnosis with usual care only (Table 1 and

31 Figure 3).

34 Table 1. Reductions in Estimated Late-Stage Cancer Diagnoses and Deaths by Adding Annual
35 or Biennial MCED to Standard Care?®
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39 Hypothetical Tumor Growth Rate Scenario
41 Fast Aggressive Fast

MCED Screening Interval None Biennial Annual Biennial Annual
45 (Usual
46 Care)

Cancer cfDNA Detected, N 0 219 310 292 370
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51 PPV, % - 47 38 54 43
53 MCED tests/year - 50000 100000 | 50000 100000

55 FP due to MCED, %" - 0.25 0.5 0.25 0.5
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9
Diagnoses at Late-Stage (llI/IV), N 409 284 236 248 210
Reduction vs Usual Care, %° - 31 42 39 49
Deaths Within 5 years?, N 392 338 318 324 308
Deaths Averted vs Usual - 54 (14) 74 (19) 68 (17) 84 (21)
Care, N (%)

Abbreviations: cfDNA, cell-free DNA; FP, false positive; MCED, multi-cancer early detection test;
PPV, positive predictive value.

aPerformance is based on cancer incidence when screening 100K individuals. With annual
screening, 100% of patients are tested per year; with biennial screening, 50% of the population
would be tested in any given year.

bAnnual false positive rate due to MCED testing intensity.

% of patients diagnosed at an earlier stage with each screening interval and tumor growth rate
scenario versus current care with no MCED.

dAll cancers diagnosed in one year and followed for deaths within 5 years of original diagnosis

(ie, in the absence of MCED screening) to account for lead time.

Biennial MCED test screening was able to shift stage at diagnosis and avert deaths, but not as
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effectively as annual screening (Table 1, Figures 3 and 4). The least favorable scenario shown,
biennial screening with fast aggressive tumor growth, results in 54 deaths averted annually
(14% reduction) compared with usual care (Table 1 and Figure 3). Compared with annual
screening, biennial screening has a higher positive predictive value and is more efficient, as it
prevents more deaths per 100,000 tests administered (Table 1). This is due to false positives
only arising in those individuals tested each year, and therefore biennial screening results in a

lower false positive rate per year of testing.
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Looking at a broad spectrum of screening intervals, from every six months to every three years,
the model shows incremental increases in the percentage of cancers diagnosed at early stage

(Stage | and Il) with more frequent MCED testing (Figure 4). All screening intervals had more
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©
1 10 &
2 o
©
2 favorable early-stage diagnosis rates than usual care alone. There was a larger impact on stage 3
5 shift with the fast tumor growth rate versus tumors with fast aggressive growth. )
° 2
7 =2
8 <
9 Shifting cancers to early stages at diagnosis has a resulting impact on deaths within five years of @
10 . . o N . v B
1 diagnosis. Two common screening intervals, annual and biennial, result in fewer deaths than s g
o)) h
12 . - . . o R
13 usual care alone (Figure 3). As anticipated, more cancers present as interval cancers (ie, are 0] Q
T o
1‘5‘ diagnosed between screens) under faster growth rates and with longer screening intervals. In s 32
o o
©
16 both tumor growth rate scenarios, annual screening leads to fewer deaths (Figure 3) versus no S 2
17 a N
18 MCED screening and biennial MCED screening. % §
19 3 8
20 S 3
21 5 &
22 DISCUSSION Q o
o S
- (o]
;i Based on the performance characteristics from a case-control study, both annual and biennial s mZ
@D >
n n<
;Z screening with an MCED test have the potential to intercept a large fraction of all cancers 22
235
27 before they reach late stage, when survival is worse. Annual screening was associated with 8% o
28 =g
29 more favorable diagnostic yield, stage shift, and mortality when compared with biennial §$_0§
30 “o o
31 screening. Biennial screening, which requires fewer clinic visits, had a higher PPV and was more %%g
32 ot =
33 efficient per test. Screening interval is a component of guidelines already in practice within the g.,);g
3@
g;’ US, such as annual lung cancer screening for current or former smokers aged 50 to 80 with at She
S
Q- =
36 least a 20-pack-year smoking history, developed using both real-world evidence and modeling = 3
37 § =
38 (2, 9). In the absence of sufficient real-world evidence regarding MCED screening intervals, g E
39 > 2
>
40 modeling is required to select screening intervals that would then be investigated in clinical e 3
41 5 8
42 trials and real-world evidence. o 3
43 3 S
44 5 £
— ]
22 To put our MCED test modeling results in context, we compared them to the number of deaths § o
=N
j; within five years of diagnosis from various cancers diagnosed over 100,000 person-years in the S §
«Q
=N
49 SEER database using the age range and timeframe of the model. Of people currently diagnosed & >
50 Q
51 with aggressive cancer each year, 54 fewer of them would die within five years (of when their 3
52 o
53 cancer would have been diagnosed with usual care) with biennial screening. This is comparable g
54 o ) S
55 to eliminating all deaths from breast (17 deaths) and colorectal (33 deaths) cancer combined %
56 E;
57 ]
58 &
59 ®
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(22). The 84 fewer deaths under the most favorable MCED scenario is more than the total
deaths within five years of diagnosis in SEER from breast, colorectal, and pancreatic (30 deaths)
cancer combined (22). The 20 fewer deaths with annual versus biennial screening is comparable
to all upper gastrointestinal tract (22 deaths) or head and neck (14 deaths) cancers being

eliminated as a cause of death (22).

Our estimates of changes in cancer mortality are made under several ideal assumptions and so
represent the upper bounds of potential benefits of MCED cancer screening. We modeled
individuals who are 100% compliant with MCED screening (at a specified frequency) to estimate
the benefit in those who follow the recommended screening schedule, which is standard
practice for this type of modeling (22, 28, 29). Likewise, we assume 100% accuracy of
confirmatory tests initiated by a positive cancer screening result. Real-world rates of adherence
to recommended screening schedules and diagnostic follow-up will vary and result in a lower
population benefit. We assume that stage-specific cancer survival does not differ between
MCED-positive and MCED-negative tumors; however, survival prediction is complex (30). We
further assume that a reduction of late-stage cancer incidence would have an impact on
mortality due to detection at an earlier stage, which is contested in the literature (31). Due to
these necessary modeling assumptions, the benefits of MCED screening on mortality in clinical

practice may vary from those this model estimated.

Commonly cited possible harms of cancer screening with MCED tests include false positive
results and potential for overdiagnosis. In the case-control study utilized in our model, the
specificity of the MCED test was 99.5% (10). With annual population screening and a lifetime of
screening, this would translate to approximately 15% of those screened having a referral for
suspected cancer with no cancer found. Even doubling this false positive rate to 99%, similar to
the specificity observed in a prospective clinical study (99.1%) (32), only results in a lifetime risk
of 30% (Figures S4-S5). This compares favorably with both standard-of-care screening and
symptomatic referrals (33, 34). While overdiagnosis with disease screening is often related to

the upper age of screening, there is no consistent trend of overdiagnosis with differing
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2 screening intervals (35-38). Additionally, this MCED test detects fewer early-stage breast and 3
5 prostate cancers detected by standard-of-care screening, which may reflect a significant a
6 el
7 number of low-aggressive or overdiagnosed cancer cases that are unlikely to shed ctDNA (39, §
8 S
9 40). Cancer detection using cfDNA analysis may preferentially detect more lethal cancers (30). @
10 o B
1 More rapidly growing and aggressive tumors tend to shed more cfDNA, and therefore are more s g
o)) h
(=Y
g likely to be detected by cfDNA-based MCED screening tests (30, 41, 42). Thus, cfDNA-based é Q
O- —
1‘5‘ MCED testing may be less prone to overdiagnosis of slow growing cancers. As a consequence of < 13'7
o o
©
16 this likely bias towards fast growing cancers, we used rapid rates of tumor progression, recently S 2
17 a N
18 shown to resemble those seen in analysis of biobank samples (43, 44), between stages in this f §
19 3 o
20 model to account for the potential short duration of tumors before clinical detection. % §
21 R
22 = S
- (o]
;i MCED screens are intended to complement existing screening programs; therefore, if an MCED g m<
@D >
n n<
;Z test fails to detect a tumor, it may be identified during routine single-cancer screening or 22
2%
27 symptomatically. There is a potential risk if MCED tests are inappropriately used instead of, 235
28 CEE
29 rather than in addition to, standard screening. When used appropriately alongside routine §$_0§
30 “o o
31 screening, individuals with a negative MCED test are not worse off. Physicians may also take %%g
32 ot =
33 this interaction as an opportunity to emphasize the value of existing screening and reinforce g.,);g
34 : . . . . EREEs
35 appropriate care. A potential benefit is the pre-symptomatic detection of many cancer types for ERYE
S
Q- =
g? which no recommended screening exists. > 3
- ©
38 ) E
39 E
40 This analysis was done in the absence of randomized clinical evidence and focused on potential e 3
41 g 8
42 deaths averted, but healthcare systems may want to incorporate cost calculations into their o 3
43 3 S
44 decision-making process. While health economic considerations are outside the scope of this 5 ;
— ]
22 analysis, MCED screening interval could be an important consideration in the calculation of § o
=N
j; willingness-to-pay thresholds across countries and healthcare systems looking to develop an S §
«Q
=N
49 MCED screening program (45). In some populations, effective cancer screening as a part of & >
50 Q
51 usual care has been hampered by socioeconomic barriers (46-48). This analysis shows that an %
52 o
53 MCED test that can detect a shared cancer signal across more than 50 cancer types with one g
54 ) 5
55 blood sample (10) may detect cancer earlier than current usual care. MCED tests, therefore, %
56 E;
57 ]
58 &
59 ®
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have the potential to greatly impact care for social groups with relatively poor uptake of current
screening programs who often present with cancer at late stage. A screening program that
specifically targets those at greatest risk and concentrates on removing barriers and creating

enablers for cancer screening could help reduce inequalities in cancer mortality (49).

Our model had to use performance estimates from a published case-control study (10), as
sufficiently large prospective or interventional studies are still underway and have not yielded
updated performance metrics. Performance may vary in the intended-use, average-risk
population as compared to what was used for this model’s inputs. The purpose of this model
was to evaluate the sensitivity of MCED screening to differing schedules of screening following
usual practice by modeling the sensitivity under the assumption of ideal practice, including
screening adherence and diagnostic follow-up. Limitations of the population cancer data used
in our model, in this case the SEER18 database, such as containing only US data, can affect the
model output. Geographic areas included in these SEER data have higher poverty,
unemployment rate, and percentage urban dwellers and lower educational attainment versus
non-SEER areas (50); however, it is a widely-used US database for these types of studies. Small
proportions of missing or unknown data regarding cancer site, histology, or stage at diagnosis
also represent a limitation. These analyses are limited to the 50-79 year-old population used in
previous models (21, 51), which overlap with most screening guidelines (2, 3). Future analyses
looking at optimal screening intensity by more detailed age groupings (eg, 40-50, 50-60, 60-70)
could be informative. Screening individuals aged 75-79 (or those with otherwise reduced life-
expectancy) may be considered less cost-effective or not to have a favorable benefit:harms

ratio (52).

Not all cancers will progress sequentially through Stages | to IV and some may skip stages. For
example, some fraction of cancer cases may become metastatic early, and transition from Stage
| to Stage IV. Complex distributions of dwell times are also possible. These extensions are out of
scope for this paper. Additionally, dwell time estimates for cfDNA-shedding cancer cases are

not known; however, the scale of overall time is similar to that in existing models (eg, lung
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2 cancer) (23). While clinical trials and prospective studies will generate evidence to calibrate the 3
5 screening interval model, here we show the impact of a range of assumptions based on the a
6 el
7 known natural history of tumors. These data indicate that a 6-month screening interval would §
8 <
9 be too short, and a 3-year interval too long. This modeling result aligns with preliminary @
10 ) . . v B
1 evidence from a prospective cohort study of the MCED test using blood samples collected from s g
o)) h
12 - . . _ . o R
participants diagnosed with cancer within 3 years of blood draw. A cancer signal was detected SR
o O
14 up to 3 years before diagnosis, with test positive rate increasing progressively with shorter < 3
15 g 3
16 preclinical timescales (43). Retroactive assessment of plasma samples in two large prospective S 2
17 a N
18 biobank studies suggests that preclinical detectability of cancer signals resembles the tumor % §
19 3 o
20 growth rates examined here (44). Though tumor growth rates for cfDNA-shedding cancers are % §
21 s 2
22 poorly understood, the present analysis suggests that annual and biennial intervals are e g
o
- (o]
;i expected to have noticeable differences in expected mortality, which should be considered in s mZ
@D >
n n<
;2 the design of MCED screening programs. §3'§
2320
27 2835
28 532
29 This current study uses varied estimates of dwell time duration to model the heterogeneity of §$_0 2
30 “o o
31 cancer and explore the potential effect of screening interval on cancer detection and %%g
32 ot =
33 subsequent mortality. As real-world evidence becomes available, we can interrogate MCED g.,);g
3@
g;’ tests screening recommendations more thoroughly. For example, our dwell time duration g@%
Q- =
g? estimates can be assessed against this evidence to infer which best approximates real-world > g
-~ O
38 cancer biology, calibrating the model. In previous screening settings, calibrated models were g E
39 > 2
>
40 strong surrogates for cancer biology, and allowed strategic exploration of harm/benefit e 3
41 5 8
42 associated with different screening intervals and likely harm/benefit before choosing one to o 3
43 . 3 9
44 test in the real world (53-56). 5 ;
45 T o
46 5 «
N
j; In conclusion, given the extremely low false positive rate of an MCED test, annual screening has S §
«Q
=N
49 an acceptable lifetime risk, and there is a noticeable reduction in potential performance from & >
50 Q
51 staggering annual to biennial screening. However, even at a suboptimal interval, addition of an 3
52 o
53 MCED test complements current guideline-based cancer screenings. g
54 8
57 2
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FIGURES LEGENDS

Figure 1. Interception model schematic. Cancer progression is shown in this figure as

oNOYTULT D WN =

advancement from No Cancer (NC) to Stage | through IV cancer from left to right. Shapes
represent cancer states (o undetectable by MCED at that stage, ¢ detectable by MCED at that
stage, ¢ diagnosed at that stage). Dashed lines indicate unobserved transitions between stages,

13 solid lines indicate path to diagnosis at each stage.

Figure 2. Effect of screening intensity on stage of diagnosis. Top line (solid) represents usual
care (without MCED testing) for a single hypothetical patient who would receive a clinical

19 cancer diagnosis at Stage IV and the size of the boxes reflects the hypothetical dwell time at

21 each stage. In this hypothetical scenario, annual population testing would result in detection of
23 this cancer at Stage | and biennial population testing would result in 50% of such individuals

25 detected at Stage | and 50% at Stage Ill. This illustrates one particular case; the model from

Figure 1 computes the effect over all cases.

29 Figure 3. Effect of likely screening intervals on averted deaths by growth rate scenario. In the
31 top panel, the number of deaths by stage in the Fast Aggressive tumor growth rate scenario
with annual, biennial, or no MCED screening are shown. The number of deaths averted versus

no MCED testing are shown at the top of each bar. In the bottom panel, the same information
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36 with a Fast tumor growth rate scenario is shown.

Figure 4. Stage at diagnosis with 6-month to 3-year screening intervals. Panel A shows the stage
41 of cancer at diagnosis in the Fast Aggressive tumor growth rate scenario. Panel B shows the

same for the Fast tumor growth rate scenario.
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Table S1. Classification of Cancer Sites by Growth Pattern

dwell_group cancer

A Anus, Colon/Rectum, Esophagus, Lung

Cervix, Uterus, Head and Neck, Lymphoid Leukemia, Lymphoma, Plasma
Cell Neoplasm, Ovary

B

C Kidney, Liver/Bile-duct, Pancreas, Gallbladder, Prostate, Stomach,
Sarcoma, Thyroid

D Bladder, Urothelial Tract, Breast, Melanoma, Myeloid Neoplasm, Other
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Italics indicate hematologic malignancies that are "Not Staged" in the SEER database. While the
code has them assigned to the dwell groups indicated, they are not used in the modeling for

this analysis.

oNOYTULT D WN =

15 Table S2. Dwell Times Per Cancer Stage and Growth Scenario (Years)

20 dwell_group scenario Stage

A Fast 2 1 0.5 0.5

34 A AggFast 1.5 0.75 0.5 0.25
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39 B Fast 4 2 1 1

B AggFast 1.5 0.75 0.5 0.25

48 C Fast 2 1 1 0.5
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Figure S1: Estimated test sensitivity for cancer type by stage based on Klein et al (1).
Sensitivity is expected to be non-decreasing by stage: weighted isotonic regression is used to
estimate sensitivity consistent with this constraint. Note that sensitivity in this model
represents the fraction of cancers shedding detectable amounts of tumor DNA, not an
independent chance of detection for each blood draw. Cancers shedding at stage | (detectable
at stage |) are expected to remain detectable at later stages. Note that as any cancer case can
only be expected to be found once, cases found at stage | cannot then be found again at a later

stage. This accounting identity is used in the state-transition model to avoid overestimating

performance.
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Figure S2: Cancer incidence in the Surveillance, Epidemiology, and End Results (SEER)
database, ages 50-79. This is one of the inputs for the interception model and determines
yearly cancer incidence expected in a typical year of individuals in this age range.

Missing/unknown stage for stageable cancers is imputed into a stage using the ratios of

observed cancer stages for each cancer. This covers all cancer incidence in the SEER database.

Incidence in SEER 50-79 (missing imputed)
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Figure S3: 5-year survival estimates from SEER. Another input metric for the model, the 5-year
survival for cancer types modeled, broken out by stage. This is used as a simple metric for

improvements in survival by stage.
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10 Cancer Specific Survival in SEER 50-79
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Figure S4: Cumulative odds of at least one false positive by years of annual screening at
differing rates. For a given false positive rate (0.5, 1, 10%), the cumulative odds are computed
by estimating the rate at which no false positives occur and subtracting from 1. MCED
specificity is high; therefore, false positive rates are expected to be <1%. 10% is plotted here as

a comparator for typical screening tests with a 90% specificity.

Cumulative odds of at least one false positive
in annual screening by years of screening

False positive percent per year — 0.5 1 10

0.751

False Positive Rate

0.001

Years of Screening
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Figure S5: Cadence of screening affects absolute false positive rate expected in 30 years of
screening. For each cadence of screening (6 months to 3 years), the expected rate of individuals

receiving at least one false positive are shown, contrasting MCED-type false positive rates (0.5,

oNOYTULT D WN =

1%) with false positive rates from a typical screening assay (10%). Note that even 6-month

- O
o

screening intervals for MCED tests produce fewer false positives than 3-year screening intervals
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SUPPLEMENTAL INFORMATION

Brief description of the interception model

The interception model is designed to quickly estimate the steady-state behavior of a screening
program. It takes into account the cancer incidence per year and the stage at clinical diagnosis,
the detectability of cancer at each stage (probability of shedding detectable material), and an

input of estimated dwell time spent in each stage.

Essentially, at a steady state, cancers detected at a given stage must a) be shedding cell-free
DNA (cfDNA), b) have been missed by any prior screening, and c) not been found by usual care.
The interception model estimates the odds of each of these cases given the inputs and then
outputs the distribution of stage at diagnosis after an MCED test has been added to usual care.
This revised stage distribution is then used to estimate the differential effect on 5-year survival

as a quick estimate of mortality benefit.

There are several relevant consequences of this model to drive intuition. First, even daily
screening will not find all cancer cases (not all cases shed detectable DNA). Second, dwell times
are only relevant for cases that shed DNA - the duration of time spent not shedding DNA does
not affect any output of the model. This subset of cancers may grow at a different rate than the
set of all tumors, including non-shedding cases found by imaging. Third, the odds of being
missed by a screening event depend on dwell times and the cadence of screening - faster dwell
times and lower screening cadence both increase the odds of missing a detectable cancer case.
Finally, we are not tracking year-by-year a fixed population aged 50-79 years; we are estimating
an average year of steady-state screening in this mixed population. For instance, we are
sampling the year 2025 in a screening program, rather than tracking an individual from the year

2023 to 2053. Extensive details can be found in the Hubbell et al publication (2).

The limited potential for overdiagnosis

Etzioni et al note that there are multiple models of analysis of overdiagnosis and distinguish

two types of overdiagnosis discussed in the literature. The first involves competing risks of
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2 ABSTRACT e

5 Objective a

6 el

7 Multi-cancer early detection (MCED) tests are novel technologies that detect cancer signals %

(%]

g from a broad set of cancer types using a single blood sample. The objective of this study is to 2

o

10 estimate the effect of screening with an MCED test at different intervals on cancer stage at - 8

1; diagnosis and mortality endpoints. % 'E

13 Design 0] g

o O

1: The current model is based on a previously published state-transition model that estimated the 5 %

o

e} ©

:? outcomes of a screening program using an MCED test when added to usual care for persons = %

«Q N

= o

18 aged 50-79. Herein, we expand this analysis to model the time of cancer diagnosis and patient - R

19 3 5

20 mortality with MCED screening undertaken using different screening schedules. Screening s §

21 = 2

22 intervals between 6 months and 3 years, with emphasis on annual and biennial screening, were ‘; S

23 . ) . . . o 2

24 investigated for two sets of tumor growth rate scenarios: “fast” (dwell time = 2-4 years in Stage § m=

=]

n n<

;2 1) and “fast aggressive” (dwell time = 1-2 years in Stage |), with decreasing dwell times for §§-§

57 . 230

successive stages. 239

28 CEE

29 Setting 8wz

30 2328

31 Inputs for the model include 1) published MCED performance measures from a large case- 228

32 ot =

. . . . . Q

33 control study by cancer type and stage at diagnosis and 2) Surveillance, Epidemiology and End ggg

34 - e o . 3m=Z

35 Results (SEER) data describing stage-specific incidence and cancer-specific survival for persons 2_@6’
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g? aged 50-79 in the USA for all cancer incidence. > §
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= ©

gg Outcome measures 5 3
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40 Diagnostic yield, stage shift, and mortality. e 3
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42 Results > 3

43 : . . . 3 3

44 Annual screening under the fast tumor growth scenario was associated with more favorable 5 ¢

45 . L . . 3 @

46 diagnostic yield (370 more cancer signals detected/year/100,000 people screened), stage shift § g

= N

47 (49% fewer late-stage diagnoses), and mortality (21% fewer deaths within five years) than usual s S

48 Q o

o 8

:g care. Biennial screening had a similar, but less substantial, impact (292 more cancer signals N

«Q

@

51 detected/year/100,000 people screened; 39% fewer late-stage diagnoses, and 17% fewer 5
52

e . I o)

53 deaths within five years than usual care). Annual screening prevented more deaths within 5 =

54 =

55 years than biennial screening for the fast tumor growth scenario, but biennial screening had a %

56 =

57 f%
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59 &
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higher positive predictive value (54% vs 43%) and was more efficient per 100,000 tests in
preventing deaths within 5 years [132 vs 84] but prevented fewer deaths per year.
Conclusion

Adding MCED test screening to usual care at any interval could improve patient outcomes.
Annual MCED test screening provided more overall benefit than biennial screening. Modeling
the sensitivity of outcomes to different MCED screening intervals can inform timescales for

investigation in trials.
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STRENGTHS AND LIMITATIONS OF THIS STUDY
e Inthe absence of real-world evidence regarding MCED screening intervals, modeling is

required to investigate potential screening intervals of new MCED screening tests.

oNOYTULT D WN =

e This study uses performance estimates from a published case-control study and outcomes
from the Surveillance, Epidemiology, and End Results (SEER) database, a widely used

13 database for modeling studies.

o Varied estimates of dwell time duration were used to model the heterogeneity of cancer
and explore the potential effect of screening interval on cancer detection and subsequent

19 mortality, enabling the assessment of different types of cancer.

e Estimates of changes in cancer mortality are made under several ideal assumptions and so

represent the upper bounds of potential benefits of MCED cancer screening.

26 e Model output is limited by the population cancer data used, in this case the SEER18

database, which contains data from only 14 US states.
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BACKGROUND

Cancer is one of the leading causes of death around the world.! At present, wide-spread single-
cancer screening is only recommended for a few cancer types, such as breast, bowel, and
cervical cancer.?? These screenings have been effective in lowering cancer-specific mortality,*>
but can be also associated with high false-positive rates, overdiagnosis, and disparities in
adherence.®® The remaining cancers are detected by a variety of means in usual care, typically

symptomatic detection.

Multi-cancer early detection (MCED) tests are innovative new technologies that utilize cancer
biology to screen for a broad set of cancer types with a single blood sample.1®1 There are
several MCED tests currently under development that utilize a variety of different analytes to
detect a cancer signal.'? Cell-free DNA (cfDNA) is one such analyte that can be shed by tumors
into the bloodstream and can carry cancer-specific signals.'314 By analyzing circulating cfDNA, in
combination with machine learning, an MCED test (Galleri®; GRAIL, Inc., Menlo Park, CA) has
been developed to detect this shared cancer signal with high specificity.!® This test can
complement, though not replace, existing single-cancer screenings, as well as expand
categories of screenable cancers.!! The high specificity of this test decreases the likelihood of
false positives and the subsequent extraneous triage and diagnostic testing. However, practical
strategies for cancer screening using cfDNA, including the interval of screening tests, remain to

be determined.

Most guideline-based single-cancer screenings are conducted every one to five years,
depending on various factors, including the cancer growth rate.?%>-1° By detecting precancerous
lesions, some single-cancer screenings have the potential to reduce cancer incidence and can
be performed at longer intervals based on the precancerous lesion growth rate.?%21 By
comparison, some tests, such as low-dose computerized tomography screening for lung cancer,
detect invasive cancer signals and typically need to be conducted relatively frequently to most
effectively detect cancer in early stages to reduce mortality.?? Tests for asymptomatic indolent

cancers may lead to overdiagnosis, such as in the case of screening for prostate cancer.?3
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©
2 Selecting an optimal screening interval must balance the possibility of improved and prolonged 3
5 life due to earlier cancer detection against false positive test results and overdiagnosis, which a
6 el
7 could lead to unnecessary testing and treatment.?* §
8 <
9 g
10 ) - I . o B
1 The relative newness of MCED tests means that there is little longitudinal clinical data on S =
o)) h
(=Y
g optimal testing frequency. Filling this evidence gap is challenging because MCED screens do not é Q
O- —
1‘5‘ individually test for single cancer types, but rather many cancers simultaneously. Thus, < 13'7
o o
©
16 screening intervals must be developed to maximize the benefits across individuals who may S 2
17 Q@ 0
18 develop a range of cancer types with different clinical features and growth rates, rather than f §
19 3 o
20 optimizing for a single cancer type. This poses a unique challenge to the implementation of an % §
21 s 2
22 MCED screening program for the general population. Insights into the potential influence of ‘; g
- (o]
;i different screening intervals on the harms and benefits of real-world implementation of MCED c m<
@D >
n n<
;Z testing may inform the design and interpretation of appropriate clinical trials. 22
Iy N
2 280
28 CEE
29 To provide insight into how the screening interval might impact patient outcomes with MCED §$_0§
30 “o o
31 testing, we performed an analysis using a previously published screening interval model %%g
32 ot =
33 utilizing MCED test characteristics from a recently published report'® and population cancer g.,);g
3@
g;’ data from the US Surveillance, Epidemiology and End Results (SEER) program for cancer types She
S
Q- =
g? detectable by the MCED test. In the absence of real-world evidence regarding MCED screening > g
- ©
38 intervals, state-transition modeling analyses are critical to inform the selection of appropriate g E
39 > 2
40 investigational timescales for effective screening trials. @ 3
41 g 8
42 o 3
43 3 S
44 METHODS 5 o
45 Model Input g @
46 pu 5
N
j; The current model is based on a previously published state-transition model (Figure 1) that S §
«Q
=N
49 estimated the outcomes of a screening program using an MCED test when added to usual care & >
50 Q
51 for persons aged 50-79.2> Herein, we expand this analysis to model the time of cancer diagnosis %
52 o
53 and patient mortality with MCED screening undertaken using different screening schedules. As g
54 o
55 cancers progress from Stage | to IV, they are more likely to be detectable by MCED and to be %
56 E;
57 ]
58 o
59 ®
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7

found by current clinical diagnostic mechanisms, though MCEDs have the potential to intercept
more types of cancer at earlier stages than usual care (current clinical practice with no MCED
test).?® Inputs for the model include 1) published performance measures from a large case-
control study by stage at diagnosis for the cancer types reported by a cfDNA-based MCED test'©
(Figure S1) and 2) Surveillance, Epidemiology and End Results (SEER) data describing stage-
specific incidence and cancer-specific survival for persons aged 50-79 in the USA for all cancer
incidence (Figures S2-53).26 From the SEER program (SEER Datasets and Software,
RRID:SCR_003293), we obtained crude incidence and cancer-specific survival rates for all
persons aged 50—79 when diagnosed with invasive primary cancer in one of 18 regions from 14
US states covering 28% of the US population from 2006 to 2015 and followed for vital status
through December 31, 2018 (Figures $2-S3). This time period was chosen to provide adequate
sample size and follow-up for cancer survival across a range of cancers, and because uniform
AJCC 6th edition staging was available across the entire time period (categorized as |, 11, llI, 1V,
and unknown). The 50-79 year age range was selected to overlap with existing cancer screening
efforts and recommendations as well as to minimize competing risks of non-cancer-related
deaths among persons aged 280 years of age. We modelled cancer types that may be affected
by the MCED test in organ-specific groups matching the sensitivity data in Klein et al, including
anus, bladder, breast, cervix, colon/rectum, esophagus, gallbladder, head and neck, kidney,
liver/bile-duct, lung, lymphoid leukemia, lymphoma, melanoma, myeloid neoplasm, plasma cell
neoplasm, ovary, pancreas, prostate, sarcoma, stomach, thyroid, urothelial tract, and uterus, as
well as a residual group of cancers referred to as “Other”. Definitions of ICD-O-3 site and
histologic groupings for cancer types used to specify SEER data for this analysis are detailed in
Table S1 and Hubbell et al.?> SEER*Stat software (version 8.3.8) was used for all SEER

calculations.

Model Assumptions
This is a numerical integration model with assumptions, such as that cancers at later stages
have shorter dwell times (Table S2, Table S3, and Hubbell et al. supplementary data).?® In this

analysis, we model cancer detection as it reflects the requirement that a cancer case is
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2 o
©
2 shedding detectable ctDNA, and that the measured sensitivity reflects the fraction of cases 3
5 shedding this biological signal. We assume that if a cancer is not shedding detectable ctDNA, it )
° 2
7 will not do so until it progresses to the next stage of cancer; and that once a cancer sheds =2
8 S
9 detectable ctDNA, it will continue to do so until it is treated or the patient dies. The impact of @
10 . . I v B
1 early cancer detection by MCED on mortality was modeled by substituting the hazard of death s g
o)) h
12 . . - . . . R
13 appropriate for the stage at which clinical diagnosis would have occurred in the absence of é Q
O- —
1‘5‘ screening with the hazard of death appropriate for the earlier stage at screen-detection < 13'7
o o
©
16 (accounting for lead time). Shifts in hazards were calculated for each cancer type and stage S 2
17 a N
18 separately and then combined to estimate the overall impact of MCED screening on mortality. % §
19 3 o
20 False positives occur at a rate depending on the number of tests performed, and do not depend % §
21 s 2
22 on the number of cancer types modeled or tested for. This model is used to project for stable, e g
o
- (o]
;i long-term performance of the test. § ms
25 LN
26 53 R
27 As is standard practice in models of disease screening, we consider a perfectly compliant 8% 'g
28 =g
29 population in which there is 100% screening uptake followed by 100% adherence with §$_0§
30 “o o
31 recommended diagnostic work-up and treatment, with no loss to follow-up.220-27-2% This model %%g
32 ot =
33 also assumes 100% accuracy of and adherence to confirmatory testing initiated by a positive g.,);g
3%z
g;’ test result using either MCED or recommended screening as a part of usual care. This She
S
Q- =
g? assumption, although not real-world, is intended to separate the performance of confirmation > g
-~ O
38 testing, which is not part of this work, from initial screening effectiveness, which is the focus of g E
39 > 2
40 the current work. The goal of this analysis is to model the maximal benefits to those people @ 3
41 g 8
42 who participate in the screening program as recommended. > 3
43 3 S
44 2 g
45 T o
a6 Analyses % ©
N
47 In previous modeling work,?> we performed a sensitivity analysis for an annual screening s S
48 Qe O
=N
49 interval interacting with three hypothetical tumor growth rate scenarios. These scenarios varied & >
50 Q
51 in the length of the preclinical sojourn time, divided into dwell time within each clinical stage %
52 o
53 before progressing to the next. In the present analysis, we examine the effects of screening at g
54 . . _ . . . S
55 different intervals within the two most rapid tumor growth rate scenarios from our previous %
56 E;
57 _(ED
58
59 &
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study: the “fast” and “fast aggressive” scenarios (Tables S1 and S2). In the "fast" scenario, the
range of mean dwell times across cancer types is 2-4 years in Stage |. In the "fast aggressive"
scenario the range of mean dwell times across cancer types is 1-2 years in Stage I. In each

scenario, successive stages are assumed to have shorter mean dwell times.

Annual and biennial screening intervals were modeled for most analyses, though 6-month
intervals from 0 to 3 years were examined and are shown for some figures. Screening intensity,
defined as percentage of patients screened per year, is 100% with annual screening, 50% with
biennial screening, and 0% without an MCED test (Figure 2). With biennial screening, the 50%
of patients not screened in a given year would be subject to an increased probability of interval
cancers. Interval cancers are cancers that are diagnosed between a negative cancer screen and
the next scheduled screening test.3%31 The probability that a cancer progresses without being
intercepted by an MCED test is dependent on the screening interval relative to the tumor
growth rate. In the schematic shown in Figure 2, the solid top line represents a single
hypothetical patient who has a cancer that would be clinically diagnosed at Stage IV with usual
care (no MCED testing). The top dashed line represents a hypothetical patient who has a
screen-detectable Stage | cancer with a dwell time of 12 months; the cancer will therefore be
detected at Stage | with annual screening. With biennial screening, there is a 50% chance of the

cancer being detected at Stage | and 50% chance of it being detected at Stage lIl.

We report descriptive statistics for potential diagnostic yield, stage shift, and effect on cancer-
specific mortality in this model after adding MCED screening at various intervals to usual care.
Differences in 5-year cancer-specific survival (measured from when the cancer would have

been diagnosed in the absence of MCED screening), which are strong predictors of differences

in cancer-specific mortality in a cancer type, are a standard metric for benefit.3?

The data that supports the findings of this study are available in the Supplementary

Information and Figures $1-S3, as well as the supplementary material of Hubbell et al.?®

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 10 of 42

'salIfojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn Joj Buipnjoul ‘1ybliAdod Aq paloalold

* (s3gv) Jnauadns juswaublasug
| @p anbiydeibollgig sousby re Gzoz ‘g aunr uo /wod fwag uadolway/:dny wols pspeojumod "sz0oz AN 8 UO 879980-7202-uadolwa/9eTT 0T se paysiignd 1si1y :uado CING


https://www.zotero.org/google-docs/?Gbb8RB
https://www.zotero.org/google-docs/?MexZbr
https://www.zotero.org/google-docs/?7NpfZq
http://bmjopen.bmj.com/

Page 11 of 42 BMJ Open

10

Patient and Public Involvement
Patients and/or the public were not involved in the design, analyses, or reporting of this study.

Patient advocacy partners at the American Cancer Society and Friends of Cancer Research will

oNOYTULT D WN =

9 be invited to advise on the best messaging and format that will be of greatest use to

1 communicate this research to patients.

14 RESULTS

16 In this model, adding annual MCED test screening under the fast growth scenario could

18 intercept 370 cancers/year/100,000 people aged 50-79 and lead to a 49% reduction in late-

20 stage (Stage Il and IV) cancer diagnoses. This could result in 84 deaths averted, which is 21% of
22 all the deaths that would occur within 5 years of diagnosis with usual care only (Table 1 and

Figure 3).

Table 1. Reductions in Estimated Late-Stage Cancer Diagnoses and Deaths by Adding Annual
28 or Biennial MCED to Standard Care?®

Hypothetical Tumor Growth Rate Scenario

34 Fast Aggressive Fast
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36 MCED Screening Interval None Biennial Annual Biennial  Annual
(Usual
39 Care)

41 Cancer cfDNA Detected, N 0 219 310 292 370
PPV, % - 47 38 54 43
46 MCED tests/year - 50000 100000 50000 100000

48 FP/year due to MCED, %" - 0.25 0.5 0.25 0.5

N
O
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30 Diagnoses at Late-Stage (lll/IV), N 409 284 236 248 210
53 Reduction vs Usual Care, %°¢ - 31 42 39 49

55 Deaths Within 5 years?, N 392 338 318 324 308
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Deaths Averted vs Usual - 54 (14) 74 (19) 68 (17) 84 (21)
Care, N (%)

Abbreviations: cfDNA, cell-free DNA; FP, false positive; MCED, multi-cancer early detection test;
PPV, positive predictive value.

aPerformance is based on cancer incidence when screening 100K individuals. With annual
screening, 100% of patients are tested per year; with biennial screening, 50% of the population
would be tested in any given year.

bAnnual false positive rate due to MCED testing intensity.

% of patients diagnosed at an earlier stage with each screening interval and tumor growth rate
scenario versus current care with no MCED.

dAll cancers diagnosed in one year and followed for deaths within 5 years of original diagnosis

(ie, in the absence of MCED screening) to account for lead time.

Biennial MCED test screening was able to shift stage at diagnosis and avert deaths, but not as
effectively as annual screening (Table 1, Figures 3 and 4). The least favorable scenario shown,
biennial screening with fast aggressive tumor growth, results in 54 deaths averted annually
(14% reduction) compared with usual care (Table 1 and Figure 3). Compared with annual

screening, biennial screening has a higher positive predictive value and is more efficient, as it
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prevents more deaths per 100,000 tests administered (Table 1). This is due to false positives
only arising in those individuals tested each year, and therefore biennial screening results in a

lower false positive rate per year of testing.

Looking at a broad spectrum of screening intervals, from every six months to every three years,
the model shows incremental increases in the percentage of cancers diagnosed at early stage

(Stage | and Il) with more frequent MCED testing (Figure 4). All screening intervals had more
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favorable early-stage diagnosis rates than usual care alone. There was a larger impact on stage
shift with the fast tumor growth rate versus tumors with fast aggressive growth.
As anticipated, more cancers present as interval cancers (ie, are diagnosed between screens)

under faster growth rates and with longer screening intervals. In both tumor growth rate
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2 scenarios, annual screening leads to fewer deaths (Figure 3) versus no MCED screening and 3
5 biennial MCED screening. )
6 el
c
7 =2
8 2
9 These results were compared to the number of deaths within five years of diagnosis - i.e. died @
10 v B
1 before reaching cancer survivor status - from various cancers diagnosed over 100,000 person- S g
(] .
(=Y
g years in the SEER database using the age range and timeframe of the model. Given that 392 é Q
O_ —
1‘5‘ individuals would be diagnosed each year with an aggressive cancer that would kill them within s 13'7
o o
©
16 5 years, earlier diagnosis through biennial MCED screening could have averted 54 of these 2 2
17 a N
18 deaths (Table 1). This is comparable to a hypothetical perfect screening technology eliminating % §
19 3 o
20 all deaths from breast (17 deaths) and colorectal (33 deaths) cancer combined.?® Annual MCED % §
21 s 2
22 screening would have resulted in 84 fewer deaths under the most favorable MCED scenario < g
o
- (o]
;i (Table 1). This is equivalent to more than the total deaths within five years of diagnosis in SEER s mZ
@D >
n n<
;Z from breast, colorectal, and pancreatic (30 deaths) cancer combined.?® 328
235
27 2835
28 532
©
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31 DISCUSSION aza
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33 Based on the performance characteristics from a case-control study, both annual and biennial g.,);g
3%z
g;’ screening with an MCED test have the potential to intercept 31-49% of cancers at stage I-Il that She
S
Q-
g? would otherwise present at stage llI-IV. Of these, approximately equal numbers would be > g
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38 detected at stage | and at stage Il (14% stage |, 16% stage Il to 23% stage |, 26% stage Il). Annual ) E
39 E
40 screening was associated with more favorable diagnostic yield, stage shift, and mortality when e 3
41 g 8
42 compared with biennial screening. Biennial screening, which requires fewer clinic visits, had a > 3
43 . . - . o , 3 S
44 higher positive predictive value (PPV) and was more efficient per test. Screening interval is a 5 o
45 - . . - . g a
46 component of guidelines already in practice within the US, such as annual lung cancer screening % ®
N
47 for current or former smokers aged 50 to 80 with at least a 20-pack-year smoking history, s S
48 Qe O
=N
49 developed using both real-world evidence and modeling.?? In the absence of sufficient real- & >
50 £~
51 world evidence regarding MCED screening intervals, modeling is required to select screening %
52 o
53 intervals that would then be investigated in clinical trials. g
54 8
57 f%
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Our estimates of changes in cancer mortality are made under several ideal assumptions and so
represent the upper bounds of potential benefits of MCED cancer screening. We modeled
individuals who are 100% compliant with MCED screening (at a specified frequency) to estimate
the benefit in those who follow the recommended screening schedule, which is standard
practice for this type of modeling.263132 Likewise, we assume 100% accuracy of confirmatory
tests initiated by a positive cancer screening result. Real-world rates of adherence to
recommended screening schedules and diagnostic follow-up will vary and result in a lower
population benefit. We assume that stage-specific cancer survival does not differ between
MCED-positive and MCED-negative tumors; however, survival prediction is complex.33 We
further assume that a reduction of late-stage cancer incidence would have an impact on
mortality due to detection at an earlier stage, which is contested in the literature.3*3> Due to
these necessary modeling assumptions, real-world benefits are likely to be less than those

estimated in the model.

Commonly cited possible harms of cancer screening with MCED tests include false positive
results and potential for overdiagnosis. In the case-control study utilized in our model, the

specificity of the MCED test was 99.5%.'° With annual population screening and a lifetime of
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screening, this would translate to approximately 15% of those screened having a referral for
suspected cancer with no cancer found. Even doubling this false positive rate to 99%, similar to
the specificity observed in a prospective clinical study (99.1%),%6 only results in a lifetime risk of
30% (Figures S4-S5). This compares favorably with both standard-of-care screening and
symptomatic referrals.373 While overdiagnosis with disease screening is often related to the
upper age of screening, there is no consistent trend of overdiagnosis with differing screening

intervals.3%-42 Additionally, this MCED test detects fewer early-stage breast and prostate cancers
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detected by standard-of-care screening, which may reflect a significant number of low-
aggressive or overdiagnosed cancer cases that are unlikely to shed ctDNA.#344 Cancer detection
using cfDNA analysis may preferentially detect more lethal cancers.3® More rapidly growing and

aggressive tumors tend to shed more cfDNA, and therefore are more likely to be detected by
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2 cfDNA-based MCED screening tests.334546 Thus, cfDNA-based MCED testing may be less prone 3
5 to overdiagnosis of slow growing cancers. As a consequence of this likely bias towards fast a
6 el
7 growing cancers, we used rapid rates of tumor progression, recently shown to resemble those §
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j; screening adherence and diagnostic follow-up. Limitations of the population cancer data used S §
«Q
=N
49 in our model, in this case the SEER18 database, such as containing only US data, can affect the & >
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51 model output. Geographic areas included in these SEER data have higher poverty, 3
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Small proportions of missing or unknown data regarding cancer site, histology, or stage at
diagnosis also represent a limitation. These analyses are limited to the 50-79 year-old
population used in previous models,?>>° which overlap with most screening guidelines.?3 Future
analyses looking at optimal screening intensity by more detailed age groupings (eg, 40-50, 50-
60, 60-70) could be informative. Screening individuals aged 75-79 (or those with otherwise
reduced life-expectancy) may be considered less cost-effective or not to have a favorable

benefit:harms ratio.>!

While we have modeled cancer natural history with a standard stage-transition model, cancers
may have complex properties not explicitly modeled here. Not all cancers will progress
sequentially through stages | to IV and some may skip stages. For example, some fraction of
cancer cases may become metastatic early, and transition from stage | to stage IV. In particular,
certain histological subtypes may be more or less aggressive than average and thus impact
estimations of cancer stage shifting or mortality effects due to MCED screening. Complex
distributions of dwell times are also possible. These extensions are out of scope for this paper.
Additionally, dwell time estimates for cfDNA-shedding cancer cases are not known; however,
the scale of overall time is similar to that in existing models (eg, lung cancer).?” While clinical
trials and prospective studies will generate evidence to calibrate the screening interval model,
here we show the impact of a range of assumptions based on the known natural history of
tumors. These data suggest that a 6-month screening interval would be too short, and a 3-year
interval too long. This modeling result aligns with preliminary evidence from a prospective
cohort study of the MCED test using blood samples collected from participants diagnosed with
cancer within 3 years of blood draw. A cancer signal was detected up to 3 years before
diagnosis, with test positive rate increasing progressively with shorter preclinical timescales.*’
Retroactive assessment of plasma samples in two large prospective biobank studies suggests
that preclinical detectability of cancer signals resembles the tumor growth rates examined
here.*® Though tumor growth rates for cfDNA-shedding cancers are poorly understood, the

present analysis suggests that annual and biennial intervals are expected to have noticeable
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2 differences in expected mortality, which should be considered in the design of MCED screening 3
5 programs. 3
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FIGURES LEGENDS

Figure 1. Interception model schematic. Cancer progression is shown in this figure as

oNOYTULT D WN =

advancement from No Cancer (NC) to Stage | through IV cancer from left to right. Shapes
9 represent cancer states (0 undetectable by MCED at that stage, ¢ detectable by MCED at that
n stage, ¢ diagnosed at that stage). Dashed lines indicate unobserved transitions between stages,

13 solid lines indicate path to diagnosis at each stage.

Figure 2. Effect of screening intensity on stage of diagnosis. Top line (solid) represents usual

17 care (without MCED testing) for a single hypothetical patient who would receive a clinical

19 cancer diagnosis at Stage IV and the size of the boxes reflects the hypothetical dwell time at

21 each stage. In this hypothetical scenario, annual population testing would result in detection of
23 this cancer at Stage | and biennial population testing would result in 50% of such individuals
detected at Stage | and 50% at Stage Ill. This illustrates one particular case; the model from

Figure 1 computes the effect over all cases.

29 Figure 3. Effect of likely screening intervals on averted deaths by growth rate scenario. A) the
number of deaths by stage in the Fast Aggressive tumor growth rate scenario with annual,
biennial, or no MCED screening are shown. The number of deaths averted versus no MCED

34 testing are shown at the top of each bar. B) the same information with a Fast tumor growth
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36 rate scenario is shown.

Figure 4. Stage at diagnosis with 6-month to 3-year screening intervals. A) shows the stage of
40 cancer at diagnosis in the Fast Aggressive tumor growth rate scenario. B) shows the same for

42 the Fast tumor growth rate scenario.
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SUPPLEMENTAL DATA

The code and data that supports the findings of this study are available here

[https://github.com/grailbio-publications/Sasieni_Screening_Interval]

Table S1. Definitions of Cancer Types Identified in SEER

Cancer Type ICD-0-3 Site and Histology Code Definition

Anus All C210-C218 excluding histology 8140, 8710-8931, 9040-9055, 9120-9342,
9580-9992; and C180-C199, C209, C260 with histology 8070-8071

Bladder All C670-C679 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Breast All C500-C506, C508, C509 excluding histology 8710-8931, 9040-9055, 9120-
9342, 9580-9992

Cervix All C530, C531, C538, C539 excluding histology 8710-8931, 9040-9055,

9120-9342, 9580-9992

Colon/Rectum

All C180-C199, C209, C260 excluding histology 8710-8931, 9040-9055, 9120-
9342, 9580-9992; and C210-218 with histology 8140

Esophagus

All C150-C159 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992
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Gallbladder

All C239, C240-249 excluding histology 8710-8931, 9040-9055, 9120-9342,
9580-9992

Head and Neck

All CO00-C148, C300-C329 excluding histology 8710-8931, 9040-9055, 9120-
9342, 9580-9992

Kidney

C649 excluding histology 8120, 8122, 8130, 8710-8931, 9040-9055, 9120-
9342, 9580-9992

Liver/Bile-duct

All C220-C221 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Lung All C340-C349 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Lymphoid All histology 9712, 9728, 9729, 9811-9820, 9823, 9827, 9831-9837, 9940,

Leukemia 9948

Lymphoma All histology 9590-9597, 9650-9667, 9670-9671, 9673, 9675, 9678-9680,
9684, 9687-9691, 9695, 9698-9702, 9705, 9708-9709, 9714-9719, 9724-
9727, 9735, 9737-9738, 9760-9761, 9764, 9826, 9838, 9970-9971

Melanoma All histology 8720-8790

Myeloid All histology 9740-9742, 9751, 9801-9809, 9840, 9860-9876, 9891-9898,

Neoplasm 9910-9911, 9920, 9930-9939, 9941-9946, 9963-9964, 9966, 9975

Plasma Cell All histology 9731-9734, 9762

Neoplasm

Ovary All C569, C570, C481, C482, C488 excluding histology 8710-8931, 9040-
9055, 9120-9342, 9580-9992

Pancreas All C250-C259 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Prostate All C619 excluding 8710-8931, 9040-9055, 9120-9342, 9580-9992

Sarcoma All histology including 8710, 8711, 8800-8931, 9040-9044, 9120-9342, 9580,

9581
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Stomach All C160-C169 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Thyroid All C739 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-9992

Urothelial All C659, C669, C680 excluding histology 8710-8931, 9040-9055, 9120-9342,

Tract 9580-9992; and all C649 with histology 8120, 8122, 8130

Uterus C540-C543, C548-C549, C559 excluding histology 8710-8931, 9040-9055,

9120-9342, 9580-9992

Cancer types are according to the International Classification of Diseases-Oncology, 3rd edition

(ICD-0-3.1). Classifications were mapped to performance of MCED test and generally involve

broad histologic categorizations (e.g., sarcoma, lymphoma, melanoma) excluded from

categorizations of solid organ sites.
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Table S2. Classification of Cancer Sites by Growth Pattern

dwell_group cancer

oNOYTULT D WN =

A Anus, Colon/Rectum, Esophagus, Lung

Cervix, Uterus, Head and Neck, Lymphoid Leukemia, Lymphoma, Plasma
17 Cell Neoplasm, Ovary

22 C Kidney, Liver/Bile-duct, Pancreas, Gallbladder, Prostate, Stomach,

24 Sarcoma, Thyroid

29 D Bladder, Urothelial Tract, Breast, Melanoma, Myeloid Neoplasm, Other

32 Italics indicate hematologic malignancies that are "Not Staged" in the SEER database. While the

34 code has them assigned to the dwell groups indicated, they are not used in the modeling for
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Table S3. Dwell Times Per Cancer Stage and Growth Scenario (Years)

BMJ Open

dwell_group scenario Stage

| Il 1} v
A Fast 2 1 0.5 0.5
A AggFast 1.5 0.75 0.5 0.25
B Fast 4 2 1 1
B AggFast 1.5 0.75 0.5 0.25
C Fast 2 1 1 0.5
C AggFast 1 0.5 0.25 0.25
D Fast 4 2 1 1
D AggFast 2 1 0.5 0.5

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Page 32 of 42

'salIfojouyoal Jejiwis pue ‘Buiuresy |v ‘Buluiw elep pue 1xa1 01 pale|al sasn Joj Buipnjoul ‘1ybliAdod Aq paloalold

* (s3gv) Jnauadns juswaublasug
| @p anbiydeibollgig sousby re Gzoz ‘g aunr uo /wod fwag uadolway/:dny wols pspeojumod "sz0oz AN 8 UO 879980-7202-uadolwa/9eTT 0T se paysiignd 1si1y :uado CING


http://bmjopen.bmj.com/

Page 33 of 42 BMJ Open

Figure S1: Estimated test sensitivity for cancer type by stage based on Klein et al (1).
Sensitivity is expected to be non-decreasing by stage: weighted isotonic regression is used to

estimate sensitivity consistent with this constraint. Note that sensitivity in this model

oNOYTULT D WN =

9 represents the fraction of cancers shedding detectable amounts of tumor DNA, not an

1 independent chance of detection for each blood draw. Cancers shedding at stage | (detectable
at stage |) are expected to remain detectable at later stages. Note that as any cancer case can
only be expected to be found once, cases found at stage | cannot then be found again at a later
16 stage. This accounting identity is used in the state-transition model to avoid overestimating

18 performance.
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Figure S2: Cancer incidence in the Surveillance, Epidemiology, and End Results (SEER) 3
database, ages 50-79. This is one of the inputs for the interception model and determines 9
yearly cancer incidence expected in a typical year of individuals in this age range. 2
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Figure S3: 5-year survival estimates from SEER. Another input metric for the model, the 5-year
survival for cancer types modeled, broken out by stage. This is used as a simple metric for

improvements in survival by stage.
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Figure S4: Cumulative odds of at least one false positive by years of annual screening at
differing rates. For a given false positive rate (0.5, 1, 10%), the cumulative odds are computed

by estimating the rate at which no false positives occur and subtracting from 1. MCED

oNOYTULT D WN =

9 specificity is high; therefore, false positive rates are expected to be <1%. 10% is plotted here as

1 a comparator for typical screening tests with 90% specificity.

Cumulative odds of at least one false positive
in annual screening by years of screening
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Figure S5: Cadence of screening affects absolute false positive rate expected in 30 years of
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screening. For each cadence of screening (6 months to 3 years), the expected rate of individuals

receiving at least one false positive are shown, contrasting MCED-type false positive rates (0.5,

1%) with false positive rates from a typical screening assay (10%). Note that even 6-month

screening intervals for MCED tests produce fewer false positives than 3-year screening intervals

for a typical screening assay.
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i Figure S6: Effect of Screening on Stage at Diagnosis For the “Fast” tumor growth scenario and g
5 screening interval 1 year, the effect of MCED screening on stage at diagnosis is shown. Here we 9
6 °
7 show the original expected clinical stage at diagnosis, as well as the stage at which such cases %
8 <
9 are detected by MCED in long-term screening. Because early detection by MCED depletes @
10 . v B
1 cancers that would also be detectable at late stage before that stage is reached, even though S é
12 e . . . 8 r
13 sensitivity is highest in an unscreened population for late-stage cancers. This leads to fewer 0] Q
. . . T o

1;‘ cancers being found at late stage by MCED than would occur in an unscreened population. s 32
o o

©

16 Cancers remaining to be found through usual care do not have any stage shift and represent 2 2
17 Q@ 0
18 interval cancers. Because of the depletion of late-stage cancer cases, interval cancers are % §
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SUPPLEMENTAL INFORMATION

Brief description of the interception model

The interception model is designed to quickly estimate the steady-state behavior of a screening
program. It takes into account the cancer incidence per year and the stage at clinical diagnosis,
the detectability of cancer at each stage (probability of shedding detectable material), and an

input of estimated dwell time spent in each stage.

Essentially, at a steady state, cancers detected at a given stage must a) be shedding cell-free
DNA (cfDNA), b) have been missed by any prior screening, and c) not been found by usual care.
The interception model estimates the odds of each of these cases given the inputs and then
outputs the distribution of stage at diagnosis after an MCED test has been added to usual care.
This revised stage distribution is then used to estimate the differential effect on 5-year survival

as a quick estimate of mortality benefit.

There are several relevant consequences of this model to drive intuition. First, even daily
screening will not find all cancer cases (not all cases shed detectable DNA). Second, dwell times
are only relevant for cases that shed DNA - the duration of time spent not shedding DNA does
not affect any output of the model. This subset of cancers may grow at a different rate than the
set of all tumors, including non-shedding cases found by imaging. Third, the odds of being
missed by a screening event depend on dwell times and the cadence of screening - faster dwell
times and lower screening cadence both increase the odds of missing a detectable cancer case.
Finally, we are not tracking year-by-year a fixed population aged 50-79 years; we are estimating
an average year of steady-state screening in this mixed population. For instance, we are
sampling the year 2025 in a screening program, rather than tracking an individual from the year

2023 to 2053. Extensive details can be found in the Hubbell et al publication (2).

Estimation of Dwell Times

Dwell times were estimated from a group of experts as noted in Hubbell et al (2). Due to

uncertainty in these opinions, sensitivity analysis was done by examining multiple scenarios.
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2 Recent data suggests results from the fast aggressive scenario closely resembles detection rates 3
5 in one biobank analysis (3). Briefly, preclinical sojourn time, defined as the total time before )
6 el
7 diagnosis of an invasive cancer in the course of usual care, was divided into dwell time per §
8 <
9 cancer type and stage. Two tumor growth scenarios were used: fast and aggressively fast. Dwell @
10 o B
1 time for each cancer type and stage was approximated with an exponential distribution based s g
o)) h
(=Y
g on multiple previously published models (4-6). The stage at which usual care would diagnose a é Q
U —
1‘5‘ cancer is subject to a competing risk (discovery by usual care) and assigned a shorter dwell time < 13'7
o o
©
16 distribution. Because cancer is a progressive disease, both tumor growth scenarios assumed S 2
17 g g
18 that later stages spanned less time than earlier stages. - R
19 3
20 - . ) ) S 3
21 The limited potential for overdiagnosis H &
22 = S
23 o . . . . T c 2
24 Etzioni et al note that there are multiple models of analysis of overdiagnosis and distinguish a ms
n n<
;2 two types of overdiagnosis discussed in the literature. The first involves competing risks of §8-§
230
o -
;; immediate death during the lead time for cancers that would surface clinically if the individual %?D o
°c2s
29 had had the usual survival (7). For screening eligible populations (usually taken to have ~10 §g_p§
o 258
31 years of remaining life), this risk of overdiagnosis is limited for aggressive cancers with small 2-2
32 ot =
33 amounts of lead time. 85
34 ER-ES
35 2¢8
36 Data from the recently published TRACERx study showed an association between a lack of @ =
> 3
2573 preoperative circulating tumor DNA (ctDNA) detection and good clinical outcomes with ;:, 3
@
E
4313 indolent lung adenocarcinoma (8). This and other evidence suggests that cancers not shedding 2 g
41 ctDNA have better prognosis than expected (8, 9). Further, there are strong biophysical ga’ %
42 o =
43 arguments that ctDNA shedding requires growth, such as seen in the recently published study 3 S
44 5 ©
45 by Bredno, et al, which provides evidence that more aggressive tumors (metabolic activity) = %
46 . S o
47 shed more cfDNA than slow-growing tumors (10). 3N
48 8 &
@D —
gg The second type of overdiagnosis defined by Etzioni et al is detecting indolent cases with low @ Z
@
g; odds of causing death within a typical lifespan (7). By definition, these cases have a long lead §
©
53 time and minimal growth rates; on biophysical grounds, they are unlikely to shed, and so will be =2
54 o
55 heavily depleted within a few screens with any choice of screening interval, leaving only newly E
56
58
59 &
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initiated cases. Overdiagnosis of this type will not be strongly affected by screening interval in

the steady state, as only the rate of newly arising cases within a screening interval matter.
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©
1 1 &
2 o
3 ©
2 ABSTRACT 3
5 Objective a
° 2
7 Multi-cancer early detection (MCED) tests are novel technologies that detect cancer signals =2
8 <
9 from a broad set of cancer types using a single blood sample. The objective of this study is to @
10 . . . . . o B
1 estimate the effect of screening with an MCED test at different intervals on cancer stage at S =
12 di i< and i dooi g kB
13 iagnosis and mortality endpoints. 2 g
14 . o o
Design S 32
15 S S
16 The current model is based on a previously published state-transition model that estimated the S 2
17 Q@ 0
18 outcomes of a screening program using an MCED test when added to usual care for persons % §
19 3 o
20 aged 50-79. Herein, we expand this analysis to model the time of cancer diagnosis and patient % §
21 s 2
22 mortality with MCED screening undertaken using different screening schedules. Screening e g
o
- (o]
;i intervals between 6 months and 3 years, with emphasis on annual and biennial screening, were s mZ
@D >
n n<
;2 investigated for two sets of tumor growth rate scenarios: “fast” (dwell time = 2-4 years in Stage 22
235
27 [) and “fast aggressive” (dwell time = 1-2 years in Stage |), with decreasing dwell times for 8% o
28 =g
29 successive stages. Sw3
30 ) $§ 8
31 Setting 3-8
32 . . oS
33 Inputs for the model include 1) published MCED performance measures from a large case- §$§
3@
gg control study by cancer type and stage at diagnosis and 2) Surveillance, Epidemiology and End She
S
Q- F
36 Results (SEER) data describing stage-specific incidence and cancer-specific survival for persons = 3
37 § =
38 aged 50-79 in the USA for all cancer incidence. 5 3
39 s 2
40 Outcome measures @ 3
41 g 8
42 Diagnostic yield, stage shift, and mortality. o 3
43 3 S
44 Results 5 o
— ]
22 Annual screening under the fast tumor growth scenario was associated with more favorable § o
=N
Z; diagnostic yield. There were (370 more cancer signals detected/year/100,000 people screened), S §
«Q
=N
49 stage shift (49% fewer late-stage diagnoses), and mortality (21% fewer deaths within five years) & >
50 Q
51 than usual care. Biennial screening had a similar, but less substantial, impact (292 more cancer %
52 o
53 signals detected/year/100,000 people screened; 39% fewer late-stage diagnoses, and 17% g
54 =
55 fewer deaths within five years than usual care). Annual screening prevented more deaths %
56 E;
57 ]
58 &
59 ®
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within 5 years than biennial screening for the fast tumor growth scenario. However, biennial
screening had a higher positive predictive value (54% vs 43%); it was also more efficient per
100,000 tests in preventing deaths within 5 years [132 vs 84], but prevented fewer deaths per
year.

Conclusion

Adding MCED test screening to usual care at any interval could improve patient outcomes.
Annual MCED test screening provided more overall benefit than biennial screening. Modeling
the sensitivity of outcomes to different MCED screening intervals can inform timescales for

investigation in trials.
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STRENGTHS AND LIMITATIONS OF THIS STUDY

e In the absence of real-world evidence regarding multi-cancer early detection (MCED)

screening intervals, modeling is required to investigate potential screening intervals of new

oNOYTULT D WN =

9 MCED screening tests.

This study uses performance estimates from a published case-control study and outcomes
13 from the Surveillance, Epidemiology, and End Results (SEER) database, a widely used

15 database for modeling studies.

e Varied estimates of dwell time duration were used to model the heterogeneity of cancer
19 and explore the potential effect of screening interval on cancer detection and subsequent

21 mortality, enabling the assessment of different types of cancer.

e Estimates of changes in cancer mortality are made under several ideal assumptions and so

25 represent the upper bounds of potential benefits of MCED cancer screening.

e Model output is limited by the population cancer data used, in this case the SEER18

database, which contains data from only 14 US states.
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INTRODUCTION

Cancer is one of the leading causes of death around the world.! At present, wide-spread single-
cancer screening is only recommended for a few cancer types, such as breast, bowel, and
cervical cancer.?? These screenings have been effective in lowering cancer-specific mortality,*>
but can be also associated with high false-positive rates, overdiagnosis, and disparities in
adherence.®® The remaining cancers are detected by a variety of means in usual care, typically

symptomatic detection.

Multi-cancer early detection (MCED) tests are innovative new technologies that screen for a
broad set of cancer types with a single blood sample.%1! There are several MCED tests
currently under development that utilize a variety of different analytes to detect a cancer
signal.’? Cell-free DNA (cfDNA) is one such analyte that can be shed by tumors into the
bloodstream and can carry cancer-specific signals.'3'4 By analyzing circulating cfDNA, in
combination with machine learning, an MCED test (Galleri®; GRAIL, Inc., Menlo Park, CA) has
been developed to detect this shared cancer signal with high specificity.!® MCED tests can
complement, though not replace, existing single-cancer screenings, as well as expand
categories of screenable cancers.!! Owing to their high specificity, MCED tests are unlikely to
significantly increase the overall rate of false positives already seen with accepted single-cancer
screening modalities. However, practical strategies for cancer screening using cfDNA, including

the interval of screening tests, remain to be determined.

Most guideline-based single-cancer screenings are conducted every one to five years,
depending on various factors, including the cancer growth rate.?%>-1° By detecting precancerous
lesions, some single-cancer screenings have the potential to reduce cancer incidence and can
be performed at longer intervals based on the precancerous lesion growth rate.?%21 By
comparison, some tests, such as low-dose computerized tomography screening for lung cancer,
detect invasive cancer signals and typically need to be conducted relatively frequently to most
effectively detect cancer in early stages to reduce mortality.?2 The degree by which a

population-level cancer screening program contributes to overdiagnosis depends on the
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©
1 5 &
2 8
2 sensitivity of the test to indolent cancers, the incidence of slow-growing cancers in the 3
5 population, and the upper age of screening. Selecting an optimal screening interval must a
6 el
7 balance the possibility of improved and prolonged life due to earlier cancer detection against §
8 <
9 false positive test results and overdiagnosis, which could lead to unnecessary testing and @
10 o B
11 treatment.?3 S B
12 3 =
13 & 3
o
1‘5‘ The relative newness of MCED tests means that there is little longitudinal clinical data on < 13'7
o o
©
16 optimal testing frequency. Filling this evidence gap is challenging because MCED screens do not S 2
17 Q@ 0
18 individually test for single cancer types, but rather many cancers simultaneously. Thus, % §
19 3 o
20 screening intervals must be developed to maximize the benefits across individuals who may % §
21 s 2
22 develop a range of cancer types with different clinical features and growth rates, rather than e g
o
- (o]
;i optimizing for a single cancer type. This poses a unique challenge to the implementation of an § m=
n n<
;Z MCED screening program for the general population. Insights into the potential influence of %‘%%
S0
27 different screening intervals on the harms and benefits of real-world implementation of MCED 8% o
28 =g
29 testing may inform the design and interpretation of appropriate clinical trials. Sw2
3 252
31 az28
32 e - ' &N . . oS
33 To provide insight into how the screening interval might impact patient outcomes with MCED g.,);g
3@
g;’ testing, we performed an analysis using a previously published screening interval model She
S
Q- =
g? utilizing MCED test characteristics from a recently published report!® and population cancer > é
38 data from the US Surveillance, Epidemiology and End Results (SEER) program for cancer types g E
39 = =
40 detectable by the MCED test. In the absence of real-world evidence regarding MCED screening @ 3
41 g 8
42 intervals, state-transition modeling analyses are critical to inform the selection of appropriate o 3
43 . . . . . . 3 S
44 investigational timescales for effective screening trials. 5 o
= C
45 T o
46 g @
3 N
47 METHODS 5 S
48 e =
49 Model input & 3
50 @
51 The current model is based on a previously published state-transition model (Figure 1) that 3
52 o
53 estimated the outcomes of a screening program using an MCED test when added to usual care g
54 =
55 for persons aged 50-79.%% Herein, we expand this analysis to model the time of cancer diagnosis %
56 E;
57 _(ED
58
59 &
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and patient mortality with MCED screening undertaken using different screening schedules. As
cancers progress from Stage | to IV, they are more likely to be detectable by MCED and to be
found by current clinical diagnostic mechanisms, though MCEDs have the potential to intercept
more types of cancer at earlier stages than usual care (current clinical practice with no MCED
test).24 Inputs for the model include 1) published performance measures from a large case-
control study by stage at diagnosis for the cancer types reported by a cfDNA-based MCED test'©
(Figure S1) and 2) Surveillance, Epidemiology and End Results (SEER) data describing stage-
specific incidence and cancer-specific survival for persons aged 50-79 in the USA for all cancer
incidence (Figures $2-53).2° From the SEER program (SEER Datasets and Software,
RRID:SCR_003293), we obtained crude incidence and cancer-specific survival rates for all
persons aged 50-79 when diagnosed with invasive primary cancer in one of 18 regions from 14
US states covering 28% of the US population from 2006 to 2015 and followed for vital status
through December 31, 2018 (Figures S2-S3). This time period was chosen to provide adequate
sample size and follow-up for cancer survival across a range of cancers, and because uniform
AJCC 6th edition staging was available across the entire time period (categorized as |, 11, llI, 1V,
and unknown). The 50-79 year age range was selected to overlap with existing cancer screening
efforts and recommendations as well as to minimize competing risks of non-cancer-related
deaths among persons aged 280 years of age. We modelled cancer types that may be affected
by the MCED test in organ-specific groups matching the sensitivity data in Klein et al, including
anus, bladder, breast, cervix, colon/rectum, esophagus, gallbladder, head and neck, kidney,
liver/bile-duct, lung, lymphoid leukemia, lymphoma, melanoma, myeloid neoplasm, plasma cell
neoplasm, ovary, pancreas, prostate, sarcoma, stomach, thyroid, urothelial tract, and uterus, as
well as a residual group of cancers referred to as “Other”. Definitions of ICD-O-3 site and
histologic groupings for cancer types used to specify SEER data for this analysis are detailed in
Table S1 and Hubbell et al.2* SEER*Stat software (version 8.3.8) was used for all SEER

calculations.

Model assumptions
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©
1 7 &
2 8
2 This is a numerical integration model with assumptions, such as that cancers at later stages 3
5 have shorter dwell times (Table S2, Table S3, and Hubbell et al. supplementary data).? In this a
6 el
7 analysis, we model cancer detection as it reflects the requirement that a cancer case is §
8 <
9 shedding detectable ctDNA, and that the measured sensitivity reflects the fraction of cases @
10 o B
1 shedding this biological signal. We assume that if a cancer is not shedding detectable ctDNA, it 3 o
12 g 2
13 will not do so until it progresses to the next stage of cancer; and that once a cancer sheds 0] Q
O- —
1‘5‘ detectable ctDNA, it will continue to do so until it is treated or the patient dies. The impact of < 13'7
o o
©
16 early cancer detection by MCED on mortality was modeled by substituting the hazard of death S 2
17 Q@ 0
18 appropriate for the stage at which clinical diagnosis would have occurred in the absence of % §
19 3 o
20 screening with the hazard of death appropriate for the earlier stage at screen-detection % §
21 s 2
22 (accounting for lead time). Shift in hazards were calculated for each cancer type and stage e g
o
- (o]
;i separately and then combined to estimate the overall impact of MCED screening on mortality. s mZ
@D >
n n<
25 False positives occur at a rate depending on the number of tests performed, and do not depend zon
26 2SN
S0
27 on the number of cancer types modeled or tested for. This model is used to project for stable, 8% o
28 =g
29 long-term performance of the test. Sw2
30 =59
31 202
32 a2
33 As is standard practice in models of disease screening, we consider a perfectly compliant g.,);g
3@
g;’ population in which there is 100% screening uptake followed by 100% adherence with She
S
Q- =
g? recommended diagnostic work-up and treatment, with no loss to follow-up.%2026-28 This model > g
- ©
38 also assumes 100% accuracy of and adherence to confirmatory testing initiated by a positive g E
39 > 2
40 test result using either MCED or recommended screening as a part of usual care. This @ 3
41 g 8
42 assumption, although not real-world, is intended to separate the performance of confirmation o 3
43 3 9
44 testing, which is not part of this work, from initial screening effectiveness, which is the focus of 5 ;
— ]
4> the current work. The goal of this analysis is to model the maximal benefits to those people g °
46 = ¢
N
j; who participate in the screening program as recommended. S §
«Q
49 o o
2>
50 @
51 Analyses 3
52 o
53 In previous modeling work,?* we performed a sensitivity analysis for an annual screening g
54 o
55 interval interacting with three hypothetical tumor growth rate scenarios. These scenarios varied <
56 3
57 f%
58
59 &
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in the length of the preclinical sojourn time, divided into dwell time within each clinical stage
before progressing to the next. In the present analysis, we examine the effects of screening at
different intervals within the two most rapid tumor growth rate scenarios from our previous
study: the “fast” and “fast aggressive” scenarios (Tables S1 and S2). In the "fast" scenario, the
range of mean dwell times across cancer types is 2-4 years in Stage |. In the "fast aggressive"
scenario the range of mean dwell times across cancer types is 1-2 years in Stage |. In each

scenario, successive stages are assumed to have shorter mean dwell times.

Annual and biennial screening intervals were modeled for most analyses, though 6-month
intervals from 0 to 3 years were examined and are shown for some figures. Screening intensity,
defined as percentage of patients screened per year, is 100% with annual screening, 50% with
biennial screening, and 0% without an MCED test (Figure 2). With biennial screening, the 50%
of patients not screened in a given year would be subject to an increased probability of interval
cancers. Interval cancers are cancers that are diagnosed between a negative cancer screen and
the next scheduled screening test.?®3° The probability that a cancer progresses without being
intercepted by an MCED test is dependent on the screening interval relative to the tumor
growth rate. In the schematic shown in Figure 2, the solid top line represents a single
hypothetical patient who has a cancer that would be clinically diagnosed at Stage IV with usual
care (no MCED testing). The top dashed line represents a hypothetical patient who has a
screen-detectable Stage | cancer with a dwell time of 12 months; the cancer will therefore be
detected at Stage | with annual screening. With biennial screening, there is a 50% chance of the

cancer being detected at Stage | and 50% chance of it being detected at Stage lIl.

We report descriptive statistics for potential diagnostic yield, stage shift, and effect on cancer-
specific mortality in this model after adding MCED screening at various intervals to usual care.
Differences in 5-year cancer-specific survival (measured from when the cancer would have

been diagnosed in the absence of MCED screening), which are strong predictors of differences

in cancer-specific mortality in a cancer type, are a standard metric for benefit.3!
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The data that supports the findings of this study are available in the Supplementary

Information and Figures S1-S3, as well as the supplementary material of Hubbell et al.?*

oNOYTULT D WN =

9 Patient and public involvement

1 Patients and/or the public were not involved in the design, analyses, or reporting of this study.
Patient advocacy partners at the American Cancer Society and Friends of Cancer Research will
be invited to advise on the best messaging and format that will be of greatest use to

16 communicate this research to patients.

20 RESULTS

22 In this model, adding annual MCED test screening under the fast growth scenario could
intercept 370 cancers/year/100,000 people aged 50-79 and lead to a 49% reduction in late-
stage (Stage Ill and IV) cancer diagnoses. This could result in 84 deaths averted, which is 21% of
27 all the deaths that would occur within 5 years of diagnosis with usual care only (Table 1 and

29 Figure 3).

32 Table 1. Reductions in estimated late-stage cancer diagnoses and deaths by adding annual or
33 biennial MCED to standard care?
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37 Hypothetical tumor growth rate scenario
39 Fast aggressive Fast

MCED screening interval None Biennial Annual Biennial Annual
43 (usual
care)

47 Cancer cfDNA detected, N 0 219 310 292 370
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49 PPV, % - 47 38 54 43
51 MCED tests/year - 50000 100000 50000 100000

FP/year due to MCED, %" - 0.25 0.5 0.25 0.5
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Diagnoses at late-stage (llI/1V), N 409 284 236 248 210
Reduction vs usual care, %° - 31 42 39 49
Deaths within 5 years?, N 392 338 318 324 308
Deaths averted vs usual - 54 (14) 74 (19) 68 (17) 84 (21)
care, N (%)

Abbreviations: cfDNA, cell-free DNA; FP, false positive; MCED, multi-cancer early detection test; PPV, positive
predictive value.

a3Performance is based on cancer incidence when screening 100K individuals. With annual screening, 100% of
patients are tested per year; with biennial screening, 50% of the population would be tested in any given year.
bAnnual false positive rate due to MCED testing intensity.

% of patients diagnosed at an earlier stage with each screening interval and tumor growth rate scenario versus
current care with no MCED.

dAll cancers diagnosed in one year and followed for deaths within 5 years of original diagnosis (ie, in the absence of

MCED screening) to account for lead time.

Biennial MCED test screening was able to shift stage at diagnosis and avert deaths, but not as
effectively as annual screening (Table 1, Figures 3 and 4). The least favorable scenario shown,
biennial screening with fast aggressive tumor growth, results in 54 deaths averted annually
(14% reduction) compared with usual care (Table 1 and Figure 3). Compared with annual
screening, biennial screening has a higher positive predictive value and is more efficient, as it
prevents more deaths per 100,000 tests administered (Table 1). This is due to false positives
only arising in those individuals tested each year, and therefore biennial screening results in a

lower false positive rate per year of testing.

Looking at a broad spectrum of screening intervals, from every six months to every three years,
the model shows incremental increases in the percentage of cancers diagnosed at early stage
(Stage | and Il) with more frequent MCED testing (Figure 4). All screening intervals had more
favorable early-stage diagnosis rates than usual care alone. There was a larger impact on stage

shift with the fast tumor growth rate versus tumors with fast aggressive growth.
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5 under faster growth rates and with longer screening intervals. In both tumor growth rate )
6 el
7 scenarios, annual screening leads to fewer deaths (Figure 3) versus no MCED screening and §
8 (%]
9 biennial MCED screening. §
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g These results were compared to the number of deaths within five years of diagnosis - i.e. died é Q
U —
1‘5‘ before reaching cancer survivor status - from various cancers diagnosed over 100,000 person- < §
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©
16 years in the SEER database using the age range and timeframe of the model. Given that 392 S 2
17 a N
18 individuals would be diagnosed each year with an aggressive cancer that would kill them within f §
19 3 o
20 5 years, earlier diagnosis through biennial MCED screening could have averted 54 (14%) of % §
21 s 2
2 these deaths (Table 1). Annual MCED screening would have resulted in 84 (21%) fewer deaths <Q g
o
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;i under the most favorable MCED scenario (Table 1). S mZ
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7
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28 532
29 DISCUSSION g0
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31 Based on the performance characteristics from a case-control study, both annual and biennial %%g
32 ot =
33 screening with an MCED test have the potential to intercept 31-49% of cancers at stage I-Il that §$§
3%z
g;’ would otherwise present at stage llI-IV. Of these, approximately equal numbers would be She
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Q- =
g? detected at stage | and at stage Il (14% stage |, 16% stage Il to 23% stage |, 26% stage Il). Annual > é
38 screening was associated with more favorable diagnostic yield, stage shift, and mortality when g E
39 > 2
40 compared with biennial screening. Biennial screening, which requires fewer clinic visits, had a @ 3
41 g 8
42 higher positive predictive value (PPV) and was more efficient per test. Screening interval is a o 3
43 o . o : 3 S
44 component of guidelines already in practice within the US, such as annual lung cancer screening 5 o
— ]
22 for current or former smokers aged 50 to 80 with at least a 20-pack-year smoking history, § g
= N
j; developed using both real-world evidence and modeling.2® In the absence of sufficient real- S §
«Q
=N
49 world evidence regarding MCED screening intervals, modeling is required to select screening & >
50 Q
51 intervals that would then be investigated in clinical trials. %
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53 =
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Our estimates of changes in cancer mortality are made under several ideal assumptions and so
represent the upper bounds of potential benefits of MCED cancer screening. We modeled
individuals who are 100% compliant with MCED screening (at a specified frequency) to estimate
the benefit in those who follow the recommended screening schedule, which is standard
practice for this type of modeling.?>303! Likewise, we assume 100% accuracy of confirmatory
tests initiated by a positive cancer screening result. Real-world rates of adherence to
recommended screening schedules and diagnostic follow-up will vary and result in a lower
population benefit. Individuals may also elect against recommendations and warnings
otherwise to substitute MCED screening for recommended single-cancer screening, thereby
constraining potential mortality benefits. We assume that stage-specific cancer survival does
not differ between MCED-positive and MCED-negative tumors; however, survival prediction is
complex.3? We further assume that a reduction of late-stage cancer incidence would have an
impact on mortality due to detection at an earlier stage, which is contested in the literature.3334
Due to these necessary modeling assumptions, real-world benefits are likely to be less than

those estimated in the model.

Commonly cited possible harms of cancer screening with MCED tests include false positive
results and potential for overdiagnosis. In the case-control study utilized in our model, the
specificity of the MCED test was 99.5%.7° With annual population screening and a lifetime of
screening, this would translate to approximately 15% of those screened having a referral for
suspected cancer with no cancer found. Even doubling this false positive rate to 99%, similar to
the specificity observed in a prospective clinical study (99.1%),%% only results in a lifetime risk of
30% (Figures S4-S5). This compares favorably with both standard-of-care screening and
symptomatic referrals.36:37 While overdiagnosis with disease screening is often related to the
upper age of screening, there is no consistent trend of overdiagnosis with differing screening
intervals.38-41 Additionally, this MCED test detects fewer early-stage breast and prostate cancers
detected by standard-of-care screening, which may reflect a significant number of low-
aggressive or overdiagnosed cancer cases that are unlikely to shed ctDNA.#243 Cancer detection

using cfDNA analysis may preferentially detect more lethal cancers.3? More rapidly growing and
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3 aggressive tumors tend to shed more cfDNA, and therefore are more likely to be detected by g
4 g
5 cfDNA-based MCED screening tests.324445 Thus, cfDNA-based MCED testing may be less prone a
6 el
7 to overdiagnosis of slow growing cancers. As a consequence of this likely bias towards fast §
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27 provide an opportunity to reduce late-stage cancer incidence (Figure S6). Because standard-of- 8% o
28 =g
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31 incidence of malignant cancers that progressed from more indolent lesions may increase %%g
32 ot =
33 among individuals who replace single-cancer screening with MCED screening alone. To g.,);g
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55 screening practice, including screening adherence and diagnostic follow-up, in order to isolate %
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the impact of screening schedules from other factors that would otherwise influence screening
effectiveness. Limitations of the population cancer data used in our model, in this case the
SEER18 database, such as containing only US data, can affect the model output. Geographic
areas included in these SEER data have higher poverty, unemployment rate, and percentage of
urban dwellers and lower educational attainment versus non-SEER areas;*® however, it is a
widely-used US database for these types of studies. Small proportions of missing or unknown
data regarding cancer site, histology, or stage at diagnosis also represent a limitation. These
analyses are limited to the 50-79 year-old population used in previous models,?**? which
overlap with most screening guidelines.?? Future analyses looking at optimal screening intensity

by more detailed age groupings (eg, 40-50, 50-60, 60-70) could be informative.

While we have modeled cancer natural history with a standard stage-transition model, cancers
may have complex properties not explicitly modeled here. Not all cancers will progress
sequentially through stages | to IV and some may skip stages. For example, some fraction of
cancer cases may become metastatic early, and transition from stage | to stage IV. In particular,
certain histological subtypes may be more or less aggressive than average and thus impact
estimations of cancer stage shifting or mortality effects due to MCED screening. Complex
distributions of dwell times are also possible. These extensions are out of scope for this paper.
Additionally, dwell time estimates for cfDNA-shedding cancer cases are not known; however,
the scale of overall time is similar to that in existing models (eg, lung cancer).26 While clinical
trials and prospective studies will generate evidence to calibrate the screening interval model,
here we show the impact of a range of assumptions based on the known natural history of
tumors. Though tumor growth rates for cfDNA-shedding cancers are incompletely understood,
our analysis and recent studies suggest that a 3-year screening interval may be too long and
allow excessive interval cancers. In a prospective cohort study of the MCED test using blood
samples collected from participants diagnosed with cancer within 3 years of blood draw, a
cancer signal was detected up to 3 years before diagnosis, with test positive rate increasing
progressively with shorter preclinical timescales.*® Retroactive assessment of plasma samples in

two large prospective biobank studies suggests that preclinical detectability of cancer signals
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FIGURES LEGENDS

Figure 1. Interception model schematic. Cancer progression is shown in this figure as

oNOYTULT D WN =

advancement from No Cancer (NC) to Stage | through IV cancer from left to right. Shapes
9 represent cancer states (0 undetectable by MCED at that stage, ¢ detectable by MCED at that
n stage, ¢ diagnosed at that stage). Dashed lines indicate unobserved transitions between stages,

13 solid lines indicate path to diagnosis at each stage.

Figure 2. Effect of screening intensity on stage of diagnosis. Top line (solid) represents usual

17 care (without MCED testing) for a single hypothetical patient who would receive a clinical

19 cancer diagnosis at Stage IV and the size of the boxes reflects the hypothetical dwell time at

21 each stage. In this hypothetical scenario, annual population testing would result in detection of
23 this cancer at Stage | and biennial population testing would result in 50% of such individuals
detected at Stage | and 50% at Stage Ill. This illustrates one particular case; the model from

Figure 1 computes the effect over all cases.

29 Figure 3. Effect of likely screening intervals on averted deaths by growth rate scenario. A) the
number of deaths by stage in the Fast Aggressive tumor growth rate scenario with annual,
biennial, or no MCED screening are shown. The number of deaths averted versus no MCED

34 testing are shown at the top of each bar. B) the same information with a Fast tumor growth
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36 rate scenario is shown.

Figure 4. Stage at diagnosis with 6-month to 3-year screening intervals. A) shows the stage of
40 cancer at diagnosis in the Fast Aggressive tumor growth rate scenario. B) shows the same for

42 the Fast tumor growth rate scenario.
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The code and data that supports the findings of this study are available here

[https://github.com/grailbio-publications/Sasieni_Screening_Interval]

Table S1. Definitions of Cancer Types Identified in SEER

Cancer Type ICD-0-3 Site and Histology Code Definition

Anus All C210-C218 excluding histology 8140, 8710-8931, 9040-9055, 9120-9342,
9580-9992; and C180-C199, C209, C260 with histology 8070-8071

Bladder All C670-C679 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Breast All C500-C506, C508, C509 excluding histology 8710-8931, 9040-9055, 9120-
9342, 9580-9992

Cervix All C530, C531, C538, C539 excluding histology 8710-8931, 9040-9055,

9120-9342, 9580-9992

Colon/Rectum

All C180-C199, C209, C260 excluding histology 8710-8931, 9040-9055, 9120-
9342, 9580-9992; and C210-218 with histology 8140

Esophagus

All C150-C159 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992
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Gallbladder

All C239, C240-249 excluding histology 8710-8931, 9040-9055, 9120-9342,
9580-9992

Head and Neck

All CO00-C148, C300-C329 excluding histology 8710-8931, 9040-9055, 9120-
9342, 9580-9992

Kidney

C649 excluding histology 8120, 8122, 8130, 8710-8931, 9040-9055, 9120-
9342, 9580-9992

Liver/Bile-duct

All C220-C221 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Lung All C340-C349 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Lymphoid All histology 9712, 9728, 9729, 9811-9820, 9823, 9827, 9831-9837, 9940,

Leukemia 9948

Lymphoma All histology 9590-9597, 9650-9667, 9670-9671, 9673, 9675, 9678-9680,
9684, 9687-9691, 9695, 9698-9702, 9705, 9708-9709, 9714-9719, 9724-
9727, 9735, 9737-9738, 9760-9761, 9764, 9826, 9838, 9970-9971

Melanoma All histology 8720-8790

Myeloid All histology 9740-9742, 9751, 9801-9809, 9840, 9860-9876, 9891-9898,

Neoplasm 9910-9911, 9920, 9930-9939, 9941-9946, 9963-9964, 9966, 9975

Plasma Cell All histology 9731-9734, 9762

Neoplasm

Ovary All C569, C570, C481, C482, C488 excluding histology 8710-8931, 9040-
9055, 9120-9342, 9580-9992

Pancreas All C250-C259 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Prostate All C619 excluding 8710-8931, 9040-9055, 9120-9342, 9580-9992

Sarcoma All histology including 8710, 8711, 8800-8931, 9040-9044, 9120-9342, 9580,

9581
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Stomach All C160-C169 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-
9992

Thyroid All C739 excluding histology 8710-8931, 9040-9055, 9120-9342, 9580-9992

Urothelial All C659, C669, C680 excluding histology 8710-8931, 9040-9055, 9120-9342,

Tract 9580-9992; and all C649 with histology 8120, 8122, 8130

Uterus C540-C543, C548-C549, C559 excluding histology 8710-8931, 9040-9055,

9120-9342, 9580-9992

Cancer types are according to the International Classification of Diseases-Oncology, 3rd edition

(ICD-0-3.1). Classifications were mapped to performance of MCED test and generally involve

broad histologic categorizations (e.g., sarcoma, lymphoma, melanoma) excluded from

categorizations of solid organ sites.
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Table S2. Classification of Cancer Sites by Growth Pattern

dwell_group cancer

oNOYTULT D WN =

A Anus, Colon/Rectum, Esophagus, Lung

Cervix, Uterus, Head and Neck, Lymphoid Leukemia, Lymphoma, Plasma
17 Cell Neoplasm, Ovary

22 C Kidney, Liver/Bile-duct, Pancreas, Gallbladder, Prostate, Stomach,

24 Sarcoma, Thyroid

29 D Bladder, Urothelial Tract, Breast, Melanoma, Myeloid Neoplasm, Other

32 Italics indicate hematologic malignancies that are "Not Staged" in the SEER database. While the

34 code has them assigned to the dwell groups indicated, they are not used in the modeling for
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Table S3. Dwell Times Per Cancer Stage and Growth Scenario (Years)

BMJ Open

dwell_group scenario Stage

| Il 1} v
A Fast 2 1 0.5 0.5
A AggFast 1.5 0.75 0.5 0.25
B Fast 4 2 1 1
B AggFast 1.5 0.75 0.5 0.25
C Fast 2 1 1 0.5
C AggFast 1 0.5 0.25 0.25
D Fast 4 2 1 1
D AggFast 2 1 0.5 0.5
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Figure S1: Estimated test sensitivity for cancer type by stage based on Klein et al (1).
Sensitivity is expected to be non-decreasing by stage: weighted isotonic regression is used to

estimate sensitivity consistent with this constraint. Note that sensitivity in this model

oNOYTULT D WN =

9 represents the fraction of cancers shedding detectable amounts of tumor DNA, not an

1 independent chance of detection for each blood draw. Cancers shedding at stage | (detectable
at stage |) are expected to remain detectable at later stages. Note that as any cancer case can
only be expected to be found once, cases found at stage | cannot then be found again at a later
16 stage. This accounting identity is used in the state-transition model to avoid overestimating

18 performance.
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Figure S2: Cancer incidence in the Surveillance, Epidemiology, and End Results (SEER) 3
database, ages 50-79. This is one of the inputs for the interception model and determines 9
yearly cancer incidence expected in a typical year of individuals in this age range. 2
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Figure S3: 5-year survival estimates from SEER. Another input metric for the model, the 5-year
survival for cancer types modeled, broken out by stage. This is used as a simple metric for

improvements in survival by stage.
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Figure S4: Cumulative odds of at least one false positive by years of annual screening at
differing rates. For a given false positive rate (0.5, 1, 10%), the cumulative odds are computed

by estimating the rate at which no false positives occur and subtracting from 1. MCED

oNOYTULT D WN =

9 specificity is high; therefore, false positive rates are expected to be <1%. 10% is plotted here as

1 a comparator for typical screening tests with 90% specificity.

Cumulative odds of at least one false positive
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Figure S5: Cadence of screening affects absolute false positive rate expected in 30 years of
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screening. For each cadence of screening (6 months to 3 years), the expected rate of individuals

receiving at least one false positive are shown, contrasting MCED-type false positive rates (0.5,

1%) with false positive rates from a typical screening assay (10%). Note that even 6-month

screening intervals for MCED tests produce fewer false positives than 3-year screening intervals

for a typical screening assay.

Cumulative odds of at least one false positive
in screening at various cadences for 30 years

False positive percent per year [ 05 [ 1 [ 10

1,00 vt

0.75-

False Positive Rate
(o]
4]
(]

0.254-

0.007~

'
[
r
[
[
I
[
I
'
i
'
[
i
[
[
[
[
[
I
I
L
I
l
[
[
[
[
P
[
'
I
I
[
'
'
'
[
i
[
i
'
i
[
[
I
I
I
[
'
[
[
[
'
i
b
[
'
i
i
[
'
'
i
[
[

‘salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buiuiw elep pue 1xal 01 pale[al sasn Joj Buipnjoul ‘ybluAdoo Aq paloslold

1 1.5

cadence of screening

2
(vears)

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

* (s3gv) Jnauadns juswaublasug
| 8p anbiyde.bollgig sousby 1e Gzoz ‘g aunr uo /wod fwg uadofwq/:dny woiy pspeojumoq ‘5202 AN 8 UO 819980-720Z-uadolwa/oeTT 0T Se paysiignd 1siyy :usdo rINg


http://bmjopen.bmj.com/

Page 39 of 42 BMJ Open

o

1 12 &
2 o
©

i Figure S6: Effect of Screening on Stage at Diagnosis For the “Fast” tumor growth scenario and g
5 screening interval 1 year, the effect of MCED screening on stage at diagnosis is shown. Here we 9
6 °
7 show the original expected clinical stage at diagnosis, as well as the stage at which such cases %
8 <
9 are detected by MCED in long-term screening. Because early detection by MCED depletes @
10 . v B
1 cancers that would also be detectable at late stage before that stage is reached, even though S é
12 e . . . 8 r
13 sensitivity is highest in an unscreened population for late-stage cancers. This leads to fewer 0] Q
. . . T o

1;‘ cancers being found at late stage by MCED than would occur in an unscreened population. s 32
o o

©

16 Cancers remaining to be found through usual care do not have any stage shift and represent 2 2
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SUPPLEMENTAL INFORMATION

Brief description of the interception model

The interception model is designed to quickly estimate the steady-state behavior of a screening
program. It takes into account the cancer incidence per year and the stage at clinical diagnosis,
the detectability of cancer at each stage (probability of shedding detectable material), and an

input of estimated dwell time spent in each stage.

Essentially, at a steady state, cancers detected at a given stage must a) be shedding cell-free
DNA (cfDNA), b) have been missed by any prior screening, and c) not been found by usual care.
The interception model estimates the odds of each of these cases given the inputs and then
outputs the distribution of stage at diagnosis after an MCED test has been added to usual care.
This revised stage distribution is then used to estimate the differential effect on 5-year survival

as a quick estimate of mortality benefit.

There are several relevant consequences of this model to drive intuition. First, even daily
screening will not find all cancer cases (not all cases shed detectable DNA). Second, dwell times
are only relevant for cases that shed DNA - the duration of time spent not shedding DNA does
not affect any output of the model. This subset of cancers may grow at a different rate than the
set of all tumors, including non-shedding cases found by imaging. Third, the odds of being
missed by a screening event depend on dwell times and the cadence of screening - faster dwell
times and lower screening cadence both increase the odds of missing a detectable cancer case.
Finally, we are not tracking year-by-year a fixed population aged 50-79 years; we are estimating
an average year of steady-state screening in this mixed population. For instance, we are
sampling the year 2025 in a screening program, rather than tracking an individual from the year

2023 to 2053. Extensive details can be found in the Hubbell et al publication (2).

Estimation of Dwell Times

Dwell times were estimated from a group of experts as noted in Hubbell et al (2). Due to

uncertainty in these opinions, sensitivity analysis was done by examining multiple scenarios.
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2 Recent data suggests results from the fast aggressive scenario closely resembles detection rates 3
5 in one biobank analysis (3). Briefly, preclinical sojourn time, defined as the total time before )
6 el
7 diagnosis of an invasive cancer in the course of usual care, was divided into dwell time per §
8 <
9 cancer type and stage. Two tumor growth scenarios were used: fast and aggressively fast. Dwell @
10 o B
1 time for each cancer type and stage was approximated with an exponential distribution based s g
o)) h
(=Y
g on multiple previously published models (4-6). The stage at which usual care would diagnose a é Q
U —
1‘5‘ cancer is subject to a competing risk (discovery by usual care) and assigned a shorter dwell time < 13'7
o o
©
16 distribution. Because cancer is a progressive disease, both tumor growth scenarios assumed S 2
17 g g
18 that later stages spanned less time than earlier stages. - R
19 3
20 - . ) ) S 3
21 The limited potential for overdiagnosis H &
22 = S
23 o . . . . T c 2
24 Etzioni et al note that there are multiple models of analysis of overdiagnosis and distinguish a ms
n n<
;2 two types of overdiagnosis discussed in the literature. The first involves competing risks of §8-§
230
o -
;; immediate death during the lead time for cancers that would surface clinically if the individual %?D o
°c2s
29 had had the usual survival (7). For screening eligible populations (usually taken to have ~10 §g_p§
o 258
31 years of remaining life), this risk of overdiagnosis is limited for aggressive cancers with small 2-2
32 ot =
33 amounts of lead time. 85
34 ER-ES
35 2¢8
36 Data from the recently published TRACERx study showed an association between a lack of @ =
> 3
2573 preoperative circulating tumor DNA (ctDNA) detection and good clinical outcomes with ;:, 3
@
E
4313 indolent lung adenocarcinoma (8). This and other evidence suggests that cancers not shedding 2 g
41 ctDNA have better prognosis than expected (8, 9). Further, there are strong biophysical ga’ %
42 o =
43 arguments that ctDNA shedding requires growth, such as seen in the recently published study 3 S
44 5 ©
45 by Bredno, et al, which provides evidence that more aggressive tumors (metabolic activity) = %
46 . S o
47 shed more cfDNA than slow-growing tumors (10). 3N
48 8 &
@D —
gg The second type of overdiagnosis defined by Etzioni et al is detecting indolent cases with low @ Z
@
g; odds of causing death within a typical lifespan (7). By definition, these cases have a long lead §
©
53 time and minimal growth rates; on biophysical grounds, they are unlikely to shed, and so will be =2
54 o
55 heavily depleted within a few screens with any choice of screening interval, leaving only newly E
56
58
59 &
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initiated cases. Overdiagnosis of this type will not be strongly affected by screening interval in

the steady state, as only the rate of newly arising cases within a screening interval matter.
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