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ABSTRACT
◥

Purpose: We recently reported the development of a cell-free
DNA (cfDNA) targeted methylation (TM)-based sequencing
approach for a multi-cancer early detection (MCED) test that
includes cancer signal origin prediction. Here, we evaluated the
prognostic significance of cancer detection by the MCED test using
longitudinal follow-up data.

Experimental Design: As part of a Circulating Cell-free Genome
Atlas (CCGA) substudy, plasma cfDNA samples were sequenced
using a TM approach, and machine learning classifiers predicted
cancer status and cancer signal origin.Overall survival (OS) of cancer
participants in the first 3 years of follow-up was evaluated in relation
to cancer detection by the MCED test and clinical characteristics.

Results:Cancers not detected by theMCED test had significantly
better OS (P < 0.0001) than cancers detected, even after accounting

for other covariates, including clinical stage and method of clinical
diagnosis (i.e., standard-of-care screening or clinical presentation
with signs/symptoms). Additionally, cancers not detected by the
MCED test had better OS than was expected when data were
adjusted for age, stage, and cancer type from the Surveillance,
Epidemiology, and End Results (SEER) program. In cancers with
current screening options, the MCED test also differentiated more
aggressive cancers from less aggressive cancers (P < 0.0001).

Conclusions:Cancer detection by theMCED test was prognostic
beyond clinical stage andmethod of diagnosis. Cancers not detected
by the MCED test had better prognosis than cancers detected and
SEER-based expected survival. Cancer detection and prognosis may
be linked by the underlying biological factor of tumor fraction in
cfDNA.

Introduction
Previous studies demonstrated the prognostic value of circulating

tumor DNA levels in the plasma of cancer patients (1–12). Cancer-
related mutations, copy-number variants, and abnormal methylation
patterns detected in baseline cfDNA have been associated with overall
survival (OS) and/or progression-free survival in various cancer
types (1–7, 13). In addition, decreasing cfDNA tumor content with
treatment is a potential biomarker for good response and
prognosis (8–10), while its rebound or persistence after treatment
heralds cancer recurrence (3, 11, 14). Furthermore, methylation
markers in cfDNA have been shown to detect cancer (15) and
differentiate cancers into high-risk and low-risk groups with distinct
survival outcomes (12). Thus, we hypothesize that cfDNA-based
cancer detection could potentially be a surrogate for cancer biology
associated with prognosis and survival.

Early detection and intervention can alter the course of cancer,
improve patient outcomes, and reduce cancer-relatedmortality (16, 17).
Screening as ameans to early detection, however, is recommendedby the

United States Preventive Services Task Force (USPSTF) for only a subset
of common cancers in the United States (breast, colorectal, cervix, lung,
and—on an individualized basis—prostate). Most malignancies lack
recommended screening programspartly because their prevalence in the
population is too low for the benefits of tumor-specific screening to
outweigh the risks (18). To extend the benefits of single-cancer screens to
a broader population, and to maximize the potential public health
benefit, an effective multi-cancer test should detect as many cancer
types as possible at very high specificity (>99%), and accurately predict
the cancer signal origin (i.e., tissue of origin).

To support the development of a MCED test, we conducted the
CCGA(NCT02889978) study (19). Previously,we reported that targeted
methylation analysis of plasma cfDNAsimultaneously detectedmultiple
cancer types at >99% specificity, and predicted the cancer signal origin
with >90% accuracy (19). Here, by following CCGA cancer participants
over time, we reported OS of cancer participants in the first 3 years of
follow-up, and explored how cfDNA signal was associated with cancer
prognosis across multiple cancer types.

Materials and Methods
Study design

CCGA (NCT02889978) is a prospective, multicenter, case–control,
observational study with longitudinal follow-up. Deidentified pre-
treatment plasma samples were collected from 15,254 participants
with (n ¼ 8,584, 56%) or without (n ¼ 6,670; 44%) cancer from 142
sites in North America (19). Annual follow-up is ongoing in partici-
pants with and without cancer for up to 5 years. For participants with
cancer, longitudinal data were collected, including vital status, treat-
ment, current cancer status, and new cancer diagnoses. Outcome
assessment was performed through electronic medical record and/or
phone contact with the participant. Reported here was a survival
analysis for cancer participants from the second prespecified substudy
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of CCGA (19) that had vital status collected through November 6,
2020.

All participants were required to provide written informed consent.
The study was approved by the Institutional Review Board or an
independent ethics committee at each participating trial site, and
conducted in accordance with the International Conference on
Harmonization for Good Clinical Practice guidelines and the Decla-
ration of Helsinki.

Sample processing and analysis
Processing was performed as described in Liu et al. (19). Briefly, up

to eight 10-mL tubes of peripheral blood were collected from all
participants included in this analysis using Streck Cell-free DNA BCT
at participating sites and shipped to Brooks Life Sciences.Whole blood
was isolated into plasma (up to 4.2 mL per tube) and buffy coat and
stored at �80�C at Brooks Life Sciences until processing. A tube was
considered evaluable if it met all the following criteria: the parent tube
was a Streck tube with volume� 3mL; time from sample collection to
plasma isolation was � 5 days; the Streck tube was free of any fatal
deviations; and the plasma tube had high-quality plasma grading by
visual grading or optical density model.

For each participant, only 2 parent tubes were randomly selected
and processed separately in an automated workflow (tubes 1 and 2).
The assay result from tube 1was reported if it was evaluable; if the assay
result from tube 1 was not evaluable, the result from tube 2 was
reported.

Pretreatment plasma cfDNA samples were subjected to bisulfite
sequencing targeting a panel of over 100,000 informative
methylation regions. Cancer status and cancer signal origin were
predicted using machine learning classifiers as previously reported
(19).

The primary analysis set of the second substudy of CCGA included
2,185 participants with cancer (>50 primary cancer types), separated
into a training set (n¼ 1,531) and an independent validation set (n¼
654; ref. 19). For survival analysis, we used both sets jointly, with cancer
detection determined using either the cross-validated classifier for the
training set or the locked classifier for the independent validation set.
2,129 of the 2,185 participants had vital status available and were
included in this analysis (Supplementary Table S1). The remaining 56
participants did not have vital status available due to no electronic

medical record and/or the participants were not responsive to at least
two contact efforts made by study coordinators.

A subset of the CCGA participants had high clinical suspicion
(HCS) of cancer at the time of enrollment, but no confirmed diagnosis.
HCS was defined as a high suspicion for a cancer diagnosis by clinical
and/or radiologic assessment, with planned biopsy or surgical resec-
tion to establish a definitive diagnosis. Cancer status (cancer or non-
cancer) was confirmed by pathologic evaluation subsequent to blood
draw. Participants in the HCS subgroup who had a confirmed diag-
nosis of cancer within the enrollment window and were diagnosed
following clinical presentation were referred to as HCS cancer parti-
cipants here.

Lung cancer histology categories were grouped using International
Classification of Diseases for Oncology, 3rd Edition (ICD-O-3) mor-
phology codes (20). One case with twomorphology codes (8041: small
cell carcinoma and 8140: adenocarcinoma)was groupedwith small cell
lung cancer (21).

Tumor fraction in cfDNA was estimated for samples with matched
tissue by determining the methylation variant allele fraction (MVAF),
or the methylation variants in paired tissue that were not found in
cfDNA of non-cancer individuals, for each cfDNA sample. MVAF for
a cfDNA sample was then inferred by counting the frequencies of these
methylation variants in cfDNA as previously described (22). MVAF
was modeled as follows:

Prob tf j datað Þ � Qn

i¼1
Pois xi;lið Þ � Prob tfð Þ ;

xi ¼ observed abnormal counts of site i in cfDNA
tf ¼ tumor fraction
li ¼ lambda for site i ¼ ½tf � vaf i þ ð1� tf Þ � noisei� � depthi
vaf i ¼ variant allele fraction for site i in the biopsy
noisei ¼ site-specific noise rate in cfDNA
depthi ¼ depth of site i in cfDNA

Calculation of expected survival
To provide a reference for survival rates accounting for the het-

erogeneous mix of ages, clinical stages, and cancer types in the CCGA
study, we obtained from the National Cancer Institute’s Surveillance,
Epidemiology, and End Results (SEER) Program and related SEER�-
Stat program (version 8.38) population-based data encompassing the
quarterly OS of patients diagnosed in 18 regions of the United States.
These statistics [which included patients with primary cancer diag-
nosed between 2006 and 2015 stratified by age (20þ to match that of
the CCGA participants enrolled; 5-year age group), stage at diagnosis
(AJCC 6th edition stage I, II, III, IV, or unknown), and cancer type
(SEER site recode)] were adjusted to the CCGA distributions of age,
clinical stage, and cancer type, to estimate the expectedOS over time in
the CCGA MCED detected and not detected populations, for com-
parisons with observed OS.

Restrictedmeansurvival time(RMST;refs.23,24),definedas thearea
under the survival curve, at 36 months for CCGAwas calculated using
the survRM2 package. RMST at 36months for SEER expected survival
was calculated using the AUC function of the DescTools package (25).

Statistical analysis
Each participant’s vital status during the outcome assessment was

recorded by clinical site staff per the CCGA data management
plan (19). “Alive” participants refer to the ones whose last confirmed
vital status was alive. Overall survival (OS) was defined as the time
from the date blood samples were collected to the date of death or the
last date the participant was confirmed alive (censored). Survival

Translational Relevance

Screening tests for early cancer detection may be subject to the
risk of overdiagnosis—identification of indolent cancers that may
not become symptomatic or cause harm during the patient’s
lifetime, and therefore may not require intervention. We recently
reported the development of a cell-free DNA targeted methylation
sequencing assaywithmachine learning classifiers formulti-cancer
detection and cancer signal origin (i.e., tissue of origin) prediction.
Longitudinal follow-up data were utilized here to evaluate prog-
nostic significance of cancer detection. Our data demonstrated that
this multi-cancer early detection (MCED) test detected clinically
significant cancers, and that detection was prognostic beyond
clinical stage and method of clinical diagnosis. Cancers not
detected by the MCED test tended to be less aggressive. Together,
these results suggest that addition of this MCED test to existing
screening paradigmsmay not add to overdiagnosis, while detecting
more clinically significant cancers.
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curves were estimated using the Kaplan–Meier method, and differ-
ences were compared using the log-rank test (26, 27). Cox proportional
hazards regression model was used for univariate and multivariate
analyses (28) to assess the association of potential prognostic factors to
OS. For multivariate analysis, we assessed OS association with cancer
detection by the MCED test (detected versus not detected), clinical
stage (III/IV versus I/II), cancer mortality hazard group (stage II SEER
5-year mortality high versus low), method of clinical diagnosis
(clinical presentation vs. screening-diagnosed), sex (male versus
female), age (≥ 50 versus < 50), and histologic grade (3 or 2 versus 1).
The 95% confidence interval (CI) was calculated using Wilson’s score
CI (29). AP value of<0.05was considered significant. All analyses were
carried out in R 3.6.0 (30).

Results
A total of 2,129 out of the 2,185 cancer participants from the second

substudy of CCGAhad vital status available andwere included in these
follow-up analyses (Table 1; Supplementary Tables S1 and S2). Of
those, 24% (516/2,129) were deceased at the time of analysis. Of the
alive participants, 97% had 1-year follow-up, 82% reached 2-year
follow-up, and 21% reached 3-year follow-up. Median follow-up
duration was 24 months.

Prognosis in cancers detected or not detected by theMCED test
To evaluate the potential prognostic significance of cancer detec-

tion using the MCED test, we analyzed OS for participants whose
cancers were detected or not detected by the MCED test previously
described in Liu et al. (19). In the participants with cancer who died
during follow-up, 89% (459/516) had cancer detected by the MCED
test. By comparison, in the alive participants, detection was 44%
(717/1,613; Supplementary Fig. S1). For most individual cancer
types, and across stages I–IV, detection sensitivity was higher in
participants who died than alive participants (Supplementary
Fig. S1; Supplementary Table S3). This suggested that cfDNA-
based cancer detection using the MCED test might be an indicator
of prognosis.

Kaplan–Meier survival analysis showed that cancers not detected by
the MCED test had significantly better OS than those detected by the
MCED test (P < 0.0001; Fig. 1A). Similar patterns were observed in
both training and validation sets separately (P < 0.0001; Supplemen-
tary Fig. S2A), among a subgroup of participants withHCS of cancer at
the time of enrollment and confirmed cancer status subsequent to
study blood draw (P < 0.0001; Supplementary Fig. S2B), and in high
and low cancermortality groups (P< 0.0001; Supplementary Fig. S2C).

To confirm that the prognostic benefit was not driven only by an
increased detection rate at late stages, we investigated whether cancer
detection in cfDNA predicted survival beyond clinical stage. As
expected, stage was strongly associated with cancer survival (P <
0.0001; Supplementary Fig. S3C). Importantly, cancer detection by
the MCED test was prognostic beyond clinical stage alone (P <
0.001; Fig. 1B).

To understand how these patterns compared with those expected in
a real-world setting, and to verify that the results were not simply
driven by cancer type distribution, we compared the OS of the CCGA
cohort analyzed here to the expected OS estimated from SEER
(Fig. 1C; Supplementary Fig. S4). Estimated RMST at 36 months for
MCED test detected and not detected cancers was compared with
SEER expected survival (Fig. 1C).

MCED test not detected cancers, especially stage III and IV cancers,
showed notably better survival than that expected from SEER. Con-

versely, cancers detected by the MCED test showed similar or slightly
better survival than that expected from SEER (Fig. 1C; Supplementary
Fig. S4).

To further identify clinical and biological factors associated with
survival, we performed univariate and multivariate analyses. In
univariate analyses, age, sex, clinical stage, and histologic grade
were also associated with prognosis (P < 0.0001; Supplementary
Fig. S3). In multivariate analyses accounting for other covariates,
cancer detection by the MCED remained to be significantly
associated with OS (P < 0.0001; Fig. 2). Additionally, detected
cancers had better survival if detected at an earlier stage
(Supplementary Fig. S5).

Table 1. Demographic andother baseline characteristics of cancer
participants according to vital status.

Alive Dead

Total 1,613 516
Age, mean 	 SD 61 	 12 66 	 11
Sex, n (%)

Female 857 (81) 204 (19)
Male 756 (71) 312 (29)

Race/ethnicity, n (%)
White, non-Hispanic 1,327 (75) 440 (25)
African American 115 (77) 35 (23)
Hispanic 98 (76) 31 (24)
Othera 73 (88) 10 (12)

Age group,b n (%)
<50 years 277 (88) 37 (12)
≥50 years 1,336 (74) 479 (26)

Smoking status, n (%)
Never smoker 781 (83) 164 (17)
Former smoker 613 (71) 253 (29)
Current smoker 184 (65) 98 (35)
Other/missing 35 (97) 1 (3)

Met the 2013 USPSTF eligibility for lung cancer screening, n (%)
True 158 (56) 124 (44)
False 1,455 (79) 392 (21)

Body mass index, n (%)
Underweight 14 (47) 16 (53)
Normal 384 (72) 153 (28)
Overweight 527 (74) 184 (26)
Obese 688 (81) 163 (19)

Clinical stage, n (%)
I 544 (94) 37 (6)
II 479 (88) 66 (12)
III 310 (71) 129 (29)
IV 222 (45) 276 (55)
Not expected to be staged 58 (88) 8 (12)

Method of clinical diagnosis, n (%)
Screening 484 (95) 24 (5)
Clinical presentation 1,129 (70) 492 (30)

Cancer types of > 100 cases or > 20 deaths, n (%)
Breast 329 (95) 17 (5)
Colon/rectum 131 (76) 41 (24)
Esophagus 38 (54) 32 (46)
Lung 181 (49) 186 (51)
Lymphoma 136 (87) 20 (13)
Pancreas 33 (27) 88 (73)
Prostate 252 (97) 7 (3)
Uterus 110 (92) 9 (8)

aIncludes Asian, Native American, or Pacific Islander; American Indian, or Alaska
Native; Other; Missing.
bAge was calculated from date at enrollment and truncated at 85 years.

Prognostic Significance of Multi-cancer Detection Test
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Detection and prognosis in cancer types with current screening
options

Next, we explored whether the MCED test provided additional
prognostic value within cancer types that have current screening
options (i.e., breast, cervical, colorectal, lung, and prostate cancers;
ref. 31), and whether prognostic information was imparted on
screen-diagnosed cancers. In these cancer types, cancers diagnosed
through screening had a more favorable prognosis than
cancers with clinical presentation of signs/symptoms (Fig. 3A;
Supplementary Fig. S6A). Among participants whose cancers were
diagnosed through screening, the MCED test detected more aggres-
sive cancers than less aggressive cancers (Fig. 3B). Statistical
significance of the prognostic value of the MCED test detection
varied by individual cancer types due to varying sample sizes
(Supplementary Fig. S6B and S6C).

Specifically, the MCED test preferentially detected the subtypes
among lung and breast malignancies that were known to be more
aggressive, such as small cell lung cancer and hormone-receptor–
negative breast cancer (Fig. 4A andB; refs. 32–34), especially in stage II
where sensitivity was moderate (Supplementary Fig. S7A and S7B).
Additionally, of the 89% (230/259) of prostate cancers in our analysis
population diagnosed through screening [229 by prostate-specific
antigen (PSA) and 1 by digital rectal examination], only 6%
(14/230) were detected by the MCED test. By contrast, the MCED
test detected 41% (12/29) of the prostate cancers diagnosed following
clinical presentation; detection was even higher (86%; 6/7) for the
participants with prostate cancer who died during follow-up (Supple-
mentary Table S1). In addition, PSA screening detected a large number

of prostate cancers with low Gleason scores (35), while the MCED test
preferentially detected prostate cancers with high Gleason scores
(Fig. 4C) of later stage (Supplementary Fig. S7C).

Tumor fraction as a biological factor for cancer signal detection
and prognosis

We previously demonstrated that tumor fraction in cfDNA was an
important determinant of cancer signal detection (22). In general,
higher tumor fraction was observed in later stages with higher tumor
burden and cancer detection increased with stage and tumor fraction
(Fig. 5A). Further, cancers with lower tumor fraction had better
survival than cancers with higher tumor fraction (Fig. 5B), suggesting
that tumor DNA shedding into the bloodstreamwas a biological factor
associatedwith cfDNA-based cancer signal detection, andwas strongly
related to prognosis.

Discussion
These analyses demonstrated that even after accounting for clinical

stage and method of diagnosis, an MCED test using machine learning
classifiers on a cfDNA-based targeted methylation assay preferentially
detected clinically significant cancers. In addition, survival for MCED
test–detected cancers was comparable to expected survival based on
SEER data, while survival for MCED test not detected cancers was
notably better than that expected based on SEER. Moreover, among
cancers diagnosed through standard screening, the MCED test
detected the subtypes associated with higher mortality. We also
observed cancer detection to be associated with tumor fraction across

+ ++ + ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++ + ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++ + +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

P < 0.0001

0.00

0.25

0.50

0.75

1.00

0 4 8 12 16 20 24 28 32 36 40
Time (months)

Su
rv

iv
al

 p
ro

ba
bi

lit
y

+
+

Not detected (n = 953)
Detected (n = 1,176)

All stages

953
1,176

945
1,066

931
955

884
819

787
689

773
645

577
401

222
135

214
124

128
53

0
0

Number at risk

A

C

B

IV

0 10 20 30 40

III

II

I

Restricted mean survival time (months)

C
lin

ic
al

 s
ta

ge

Not detected

Detected

Expected survival 

++ +++++++++++++++++++++++++++++++++++++++++++++++++ + ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ + + ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
++

++++++++++++++ + + + ++++++++++++++++++++++++++++++++++++++++++++++++++ + ++++++++ ++++ +

P < 0.0001

0.00

0.25

0.50

0.75

1.00

0 4 8 12 16 20 24 28 32 36 40

Su
rv

iv
al

 p
ro

ba
bi

lit
y

Not detected (n = 472)
Detected (n = 109)

Stage I
+ + ++++++++++++++++++++++++++++++++++++++ ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ + + ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+ +++++++++++++++++++++++++ ++ + ++ + ++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ +
+++++++++++++++++++++++++++++++++

P < 0.0001

0.00

0.25

0.50

0.75

1.00

0 4 8 12 16 20 24 28 32 36 40

Su
rv

iv
al

 p
ro

ba
bi

lit
y

Not detected (n = 308)
Detected (n = 237)

Stage II

++++++++++++ ++ +++++++++++++++++++++++++++++++++++++++++ + +

+++++++++

++
+ +++++++++++++++++++++++++++++++++++++++ ++ +

+++ +++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++++ + +++++++++++++++++++++++++

+++++

P = 0.00055

0.00

0.25

0.50

0.75

1.00

0 4 8 12 16 20 24 28 32 36 40

Su
rv

iv
al

 p
ro

ba
bi

lit
y

Not detected (n = 90)
Detected (n = 349)

Stage III

+++
+ + + ++++++++++++++++++ ++ +++++++ +

++++++++++++++++++ ++ +
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++ ++ + +++++++++++++++++++

P < 0.0001

0.00

0.25

0.50

0.75

1.00

0 4 8 12 16 20 24 28 32 36 40

Su
rv

iv
al

 p
ro

ba
bi

lit
y

Not detected (n = 48)
Detected (n = 450)

Stage IV

Time (months)

+
+

472
109

471
106

465
100

441
90

398
78

391
75

295
43

110
15

107
14

60
6

0
0

Number at risk

Time (months)

+
+

48
450

46
368

43
309

41
248

35
203

32
184

20
102

9
31

8
29

3
15

0
0

Number at risk

Time (months)

+
+

308
237

305
228

303
215

291
188

259
162

258
157

198
110

85
41

82
40

56
16

0
0

Number at risk

Time (months)

+
+

90
349

88
335

86
302

79
267

69
221

67
204

47
131

12
41

11
35

6
14

0
0

Number at risk

Figure 1.

Comparison of OS in cancers detected versus not detected by the MCED test.A, Kaplan–Meier curve depictingOS for cancer participants of all stages detected (red)
versus not detected (blue) by the MCED test. P value: log-rank test. B, Kaplan–Meier curve depicting OS for cancer participants of stages I–IV, detected (red) versus
not detected (blue) by theMCED test. P values: log-rank test.C, Estimated RMST at 36months for theMCED test detected and not detected cancers. Black diamonds
indicate SEER-based expected survival. Error bars, 95% CI. ��� , t test, P < 0.0001.
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Figure 2.

Multivariate Cox proportional hazards regressionmodel to identify factors associatedwith OS. Hazard ratios and 95%CIs are indicated by black boxes and gray lines,
respectively. P values are indicated. Cancer mortality group is based on SEER 5-year survival of stage II cancers. Cancer mortality hazard-high group includes
sarcoma, head and neck, cervix, plasma cell neoplasm, urothelial tract, bladder, myeloid neoplasm, stomach, lung, liver bile duct, esophagus, gallbladder, and
pancreas cancer types. Cancer mortality hazard-low group includes thyroid, prostate, breast, kidney, uterus, lymphoid leukemia, lymphoma, ovary, colon/rectum,
anus, melanoma, and other [includes brain, mesothelioma, orbit, penis, pleura, skin cancer (not basal cell carcinoma, squamous cell carcinoma, or melanoma), small
intestine, testis, thymus, vagina, vulva, and unspecified] cancer types.
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Figure 3.

Survival trends in cancers with screening modalities (breast, cervical, colorectal, lung, and prostate cancers). A, OS comparison of cancers diagnosed through
standard screening paradigms or clinical presentation. B, OS comparison of cancers detected or not detected by the MCED test in cancers diagnosed through
standard screening paradigms.
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all stages. Together, these data demonstrated that this MCED test
provided prognostic information, beyond clinical stage andmethod of
clinical diagnosis.

To implement MCED tests at population scale, it will be important
to minimize overdiagnosis of indolent cancers that may not
otherwise become symptomatic or cause harm during the patient’s

Figure 4.

MCED test detection in breast, lung, and prostate cancer subgroups. Sensitivity for MCED test detection and OS in different subgroups of breast (A), lung (B), and
prostate (C) cancers are shown. Number of samples, and the proportion of cancers diagnosed through standard screening are indicated.
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lifetime—including conditions that are not progressive, spontaneously
regress, or progress too slowly to cause symptoms and harm in a
lifetime (36, 37). Existing single-cancer screening tests for early cancer
detection improve survival (20, 38), but may still contribute to
overdiagnosis. Like many other diseases, cancers have a wide range
of severity, rate of progression, and outcomes (39), and overdiagnosis
of indolent cancers can lead to overtreatment, which can cause more
harm than benefit, in addition to unnecessary medical expense and
psychological stress (37, 40). It has been suggested that overdiagnosis
occurred in about 25% of breast cancer by mammography, 13%–25%
of lung cancer by low-dose computed tomography (LDCT), 50% of
lung cancer by chest radiography and/or sputum examination, and
50%–60% prostate cancer by PSA (37, 41). Here, we showed that
cancer detection based on cfDNA analysis may provide utility as a
surrogate biomarker for cancer aggressiveness across multiple cancer
types beyond clinical stage. By preferentially detecting clinically
significant cancers, even among the cancers diagnosed through stan-
dard screening tests, this MCED test may not significantly increase the
risk of overdiagnosis in a general population.

MCED tests should complement, not replace, existing single-cancer
screening tests. It has been reported that standard screen–detected
cancers generally have more favorable survival than cancers detected
when patients present with signs and symptoms, or than interval
cancers (42, 43). In both cases, an MCED test could function to
complement single-cancer screening tests by identifying cancers
missed by screening and cancer for which there are no screening
tests. Additionally, LDCT screening was shown to preferentially detect
the adenocarcinoma subtype (20) that had relatively better survival
than other histologic subtypes, whereas the MCED test referenced
herein preferentially detected more aggressive lung cancer subtypes,
such as small cell lung cancer. Together, this supports the hypothesis
that the MCED test could complement standard single-cancer screen-
ing tests, while maintaining a low risk of overdiagnosis.

The comparison of observed survival in CCGA with expected
survival based on SEER data (after adjustment to CCGA stage, age,

and cancer type composition) led to several observations. First, we
observed a difference in the SEER-based expected survival for MCED
test detected versus not detected cancers, which could be due to
differences among the MCED detected and not detected populations,
such as age and cancer type composition. Second, survival in CCGA
participants with cancer was generally better than the SEER-based
expected survival, suggesting a healthy volunteer effect, which has also
been reported in other volunteer screening trials (44–46). Further,
survival in participants with cancer detected by the MCED test was
comparable to expected survival, suggesting that detected cancers are
not more likely to cause death than one would expect given the
participants’ stage of cancer at diagnosis, age, and cancer type, and
are still likely treatable by current standard-of-care treatments (47–49).
Last, and most notably, participants with cancer not detected by the
MCED test had dramatically better survival than expected for their
stage of cancer at diagnosis, age, and cancer type–especially in
stages III and IV—which could indicate that false-negatives may
represent less aggressive cancers. Together, these observations
again support that this test may not contribute significantly to
overdiagnosis.

Several limitations of this analysis should be considered. First, this
subgroup of the CCGA study included 2,129 of the �8,000 cancer
participants enrolled in the overall study. The current analysis was also
limited by the short follow-up time (1–3 years). Annual follow-ups for
CCGAparticipants are ongoing for up to 5 years, and further outcomes
analyses will be performed when sufficient data are available. Analyses
were also affected by deaths weighted toward lung cancer, which
contributed to about one third of all deaths, and thus may limit the
generalizability of results. We expect more events from cancer with a
longer natural history, such as colorectal cancer, in longer follow-up
periods. We also acknowledge limitations regarding the variables that
affect survival and death analyses. For example, we drew survival data
comparisons from two independent cohorts, which calculated survival
differently: SEER survival was calculated from the date of cancer
diagnosis to death, whereas CCGA survival was calculated from the
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date of blood draw (which, in general, could be up to 90 days after or up
to 42 days prior to cancer diagnosis). Lead-time bias could be a factor
when comparing survival time between screening-diagnosed cancers
and cancers with clinical presentations. In addition, we did not have
detailed information regarding the cause of death in nearly half of the
cases and, therefore, could not assess cancer-specific deaths or survival
time.We suspect that most deaths that occurred were in fact related to
cancer, given that OS probability at 36 months for participants was
71%, which was lower than expected overall 36-month survival of 94%
in a general population of age 20þ, based on U.S. mortality data for
2013–2014 through 2017 (50). Furthermore, the fraction of tumor-
derived cfDNA in the bloodstream has a large dynamic range (51).
Various factors could affect tumor fraction in plasma cfDNA and
therefore cancer detection by the MCED test, such as tumor volume,
lymph-node involvement, vascularization, tumor cell growth and
death rates, and cell morphology (11). In this hypothesis-generating
study, we explored a number of potential factors that were collected in
the CCGA study and might be associated with cancer aggressiveness
and tumor DNA shedding. However, it was likely that we did not
account for all confounding factors and that factors selected were
biased by data availability and follow-up duration in the study. In
addition, different aspects of tumor biology could contribute differ-
ently across cancer types. Therefore, analysis of biological and phys-
iologic tumor features would be helpful to assess tumor shedding,
circulating tumorDNAdetection, and cancer survival on an individual
cancer basis. Lastly, CCGA is not an interventional study, and there-
fore cancer treatments that affected survival were not conditioned on a
participant’s cancer detection status by the MCED test.

Future work to assess the prognostic value of the MCED test in a
larger population will be conducted in prespecified analysis of an
independent validation set from the third substudy of CCGA, which
contains approximately 3,000 participants with cancer. Ongoing
research includes continued analyses of CCGA follow-up data and
clinical studies monitoring clinical implementation of thisMCED test.

In summary, these data suggest that this MCED test was prognostic
beyond clinical stage and method of clinical diagnosis, and that the
addition of this MCED test to existing screening paradigms may not
add to overdiagnosis.
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