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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Liquid biopsy, characterized by minimal invasiveness and user friendliness, can identify multiple cancers at the early stage and localize the

tissue of origin

- The state-of-the-art technology facilitates the application of circulating cell-free DNA (cfDNA) assays in the early detection of cancers

- cfDNA assays are expected to be integrated into the clinical workflow after technological refinement and clinical trial validation

- The development and application strategies of cfDNA assays in various cancers and clinical scenarios can vary, and the harm-and-benefit
should be balanced carefully
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Effective screening modalities are currently available for only a small subset
of cancers, and they generally have suboptimal performance with compli-
cated procedures. Therefore, there is an urgent need to develop simple, accu-
rate, and non-invasive methods for early detection of cancers. Genetic and
epigenetic alterations in plasma circulating cell-free DNA (cfDNA) have
shown the potential to revolutionize methods of early detection of cancers
and facilitate subsequent diagnosis to improve survival of patients. The
medical interest in cfDNA assays has been inspired by emerging single-
andmulti-early detection of cancers studies. This review summarizes current
technological and clinical advances, in the hopes of providing insights into
the development and applications of cfDNA assays in various cancers and
clinical scenarios. The key phases of clinical development of biomarkers
are highlighted, and the future developments of cfDNA-based liquid biopsies
in early detection of cancers are outlined. It is hoped that this study can boost
the potential integration of cfDNA-based early detection of cancers into the
current clinical workflow.

Keywords: cancer early detection; liquid biopsy; circulating cell-free DNA;
multi-cancer early detection; methylation
INTRODUCTION
Cancer morbidity and mortality are growing rapidly worldwide, with 19.29

million new cases of cancer and 9.96 million cancer deaths annually, ac-
cording to the global cancer statistics in 2021.1 The stage at which cancer
is diagnosed is one of the most important predictors of survival. The 5-year
survival rate decreases more sharply in patients with cancer at the
advanced stage than those with localized disease.2 As for lung cancer,
the most prevalent cancer worldwide, the 5-year survival rate was 59%,
32%, and 6% for localized, regional, and distant stages, respectively.2

Thus, the identification of patients at earlier stages when cures are more
accessible is critical to the overall cancer survival.

Currently, low-dosecomputed tomography (LDCT),3 colonoscopy,4mammog-
raphy,5 and cervical cytology combined with human papillomavirus testing6 are
recommended for lung, colorectal, breast, and cervical cancer screening, respec-
tively, by the National Comprehensive Cancer Network guidelines. However, the
clinical applicability of these screening tools is limited by the suboptimal sensi-
tivity and specificity, high invasiveness,7 and poor compliance.8 Moreover, for
many deadly cancers, such as ovarian and pancreatic cancer, no screening
methods are recommended, and the majority of patients with those cancers
are diagnosed at advanced stageswith a poor prognosis.9 Thus, it is of great sig-
nificance to develop simple, accurate, and non-invasivemethods for early detec-
tion of cancers.

Liquid biopsy,well known for its non-invasiveness orminimal invasiveness, has
shown good potential in detecting cancers at the early stage or pre-cancerous le-
sions, which is also capable of detecting cancers through detecting circulating
tumor cells, exosomes, cfDNA, mRNA, microRNAs (miRNAs), proteins, or metab-
olites etc.10,11 Among them, cfDNA, which is extracellular nucleic acid fragments
shed by cancer cells during apoptosis, necrosis, or secretion,12 is themost prom-
ising for detecting early stage cancers (Figure 1). cfDNA exhibits the genetic and
ll
epigenetic alterations of cancers, including mutations, copy number alterations,
chromosomal rearrangements, hypermethylation, and hypomethylation.11

Although cfDNA can be detected in different body fluids, we focus on studies
of cfDNA in the blood in particular.
cfDNA testing shows several advantages over traditional cancer screening

tools, making it an ideal approach to the early detection of cancers. First, the-
oretically, the presence of abnormal cfDNA in the blood can be identified at an
ultra-early stage of cancer, before the threshold of conventional clinicalmeasure-
ments, expanding the time window for early intervention. Second, cfDNA-based
testsmake possible simultaneous detection ofmultiple cancers by providing in-
formation on the tissue of origin (TOO), while the traditional method usually
screens a specific cancer at one time. Third, cfDNA testing requires nothing
more than a blood draw, which is safer, easier, and less invasive than traditional
screeningmethods, thus increasing compliance. Finally, cfDNA has the potential
to depict the entire molecular and (epi)genetic landscape, irrespective of intratu-
mor heterogeneity, aiding in precision treatment and monitoring relapse after
early detection.
We have herein comprehensively reviewed the recent advances in plasma

cfDNA testing and its applications in early detection of cancers. We begin with
the biology of cfDNA and an overview of cfDNA biomarkers and current cfDNA
sequencing techniques. We then outline the recent breakthroughs in cfDNA-
based liquid biopsy for the early detection of single- and multi-cancer tests. We
also discuss the key clinical phases of biomarker development for the early detec-
tion of cancers and end with open questions and prospects of development in
this rapidly evolving field.
cfDNA BIOLOGY
cfDNA is believed to be mainly released from cells via apoptosis and necrosis,

and also possibly from active secretion.13–15 The half-life of cfDNA ranges from
16min to 2.5 h.16–18 In vivo, cfDNA is either cleared by nuclease action19,20 before
being excreted into urine by the kidney21,22 or absorbed by the liver and spleen
followed by macrophage degradation.23,24 In vitro, isolated cfDNA needs to be
stored at less than �20 �C and go through no more than one freeze-thaw cycle
to prevent cfDNA degradation.25 The stability of cfDNA fragments may be
increased by their binding with the cell membrane, extracellular vesicles, or pro-
teins.26 The concentration of cfDNA is usually low (within 100 ng/mL) under
normal conditions, but significantly increases under certain physiological and
pathological conditions, including exercise, inflammation, diabetes,27,28 and can-
cer.29 Lymphocytes contribute to cfDNA contents primarily in healthy individ-
uals,30while in patientswithcancer, the cfDNA fromcancer tissues is significantly
increased.28,31

The peak at 166 bp is prominent when cfDNA is measured by sequencing-
based approaches, while tumor-derived cfDNA (approximately 144 bp) is shorter
than the non-mutated cfDNA.32,33 This difference in lengthsuggests the existence
of a nucleosome footprint34 and the fragments of cfDNAare cleaved by apoptotic
caspase-dependent endonuclease and released into blood.35 There are 146 bp of
DNA twisted around the histone octamer. An additional 20 bp are needed to fix
histone H1 outside the nucleosomes at the exit of DNA. Then, an additional
20‒50 bp linker DNA connects neighboring nucleosomes. The caspase-induced
DNases periodically cleave DNA within the internucleosomal linker region, while
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Figure 1. Comparisons between liquid biopsy and traditional screening approaches Plasma-based biomarkers generally exhibit aberration early during tumorigenesis and provide
abundant signals for analysis, e.g., circulating tumor cells (CTCs), exosomes, cfDNA, mRNA, miRNAs, and proteins. Several molecular alterations also carry tissue-specific patterns,
whichmay help to locate the tissue origin of cancers and facilitate the follow-up diagnostic workup. Plasma-based techniques for early detectionmay provide solutions for the cancers
with or without any recommended screening tools for now (marked by purple).
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the DNA wrapped around the histone octamer protects DNA from enzymatic
cleavage.35 There is growing evidence that DNA is more fragmented in patients
with cancer than in healthy individuals, with a significant proportion of fragments
shorter than 145 bp.36–38 Given the difference in length between cfDNA derived
from normal and cancerous tissues, some DNA extraction procedures and frag-
ment enrichment technologies can be used to enrich cancerous cfDNA. Along
with the development of sequencing techniques, single-stranded DNA library
preparation can recover DNA fragmentswith damaged ends and greatly facilitate
the identification of fragments shorter than 100 bp.39
CURRENT SEQUENCING APPROACHES TO cfDNA IN THE EARLY
DETECTION OF CANCERS

Strategies for early detection of cancers are generally based on the detection of
cancer-related alterations in the cfDNA released from cancer cells, known as
circulating tumorDNA (ctDNA). The concentration of ctDNA in plasma is relatively
low and accounts for less than 0.01% of the total cfDNA concentration,10,40 espe-
cially in early-stage cancers,41 posing a big challenge to early detection of can-
cers. Currently, mutation, methylation, and fragment patterns are the main
sequenced biomarkers of cfDNA for the early detection of cancers. Thus, we
focus on current sequencing approaches to cfDNA mutation, methylation, and
fragment patterns in the early detection of cancers.
2 The Innovation 3(4): 100259, July 12, 2022
Mutation-based sequencing approach and strategy
An ideal application ofmutation-based sequencing approach in the early-stage

cancer detection requires a low limit of detection (LOD) to differentiate scarce
cfDNA mutation signals from background noise that (e.g., false positivity) may
be introduced during DNA extraction, library preparation, target enrichment, the
hybridization process, and sequencing itself,42–44 making the detection of true
rare mutations harder. Some of the background noise can be mitigated, such
as sequence alterations caused by oxidative stress damage during the extraction,
fragmentation, and hybridization processes.42 To increase the analytical sensi-
tivity of targeted sequencing, unique molecular identifiers (UMIs), that is, unique
molecular barcodes ligated directly at both ends of library DNA fragments,
have been applied to facilitate the bioinformatic alignment of sequences from
the same DNA fragment. This UMI strategy can help to minimize artificial errors
in subsequent analyses.45–47 When combined with duplex-UMI, the cancer
personalized profiling by deep sequencing (CAPP-Seq) method can achieve a
LOD of 0.02% in cfDNA.47

Since prior knowledge of mutations carried by a particular patient with cancer
is not available in the early detection, panels including the most frequently
mutated genes are usually used in mutation-based sequencing approaches. Us-
ing the CAPP-Seq method, the assessment of mutations in 139 genes that are
frequently mutated in non-small cell lung cancer (NSCLC) achieved a sensitivity
of 85.0% in differentiating early-stage NSCLC from healthy controls.47 The
www.cell.com/the-innovation
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CAPP-Seq method combined with a computational error correction approach
and UMI strategy can further reduce selector-wide error rates by 15-fold and
improve detection performance. This approach detected EGFR kinase domain
mutationswith a 92% sensitivity and a 96% specificity and the detection of cfDNA
was down to 4 in 105 cfDNA molecules.47 Targeted-error correction sequencing
(TEC-seq)48 is another UMI-based technique that measures 58 genes frequently
mutated in colorectal, lung, ovarian, and breast cancers. It can detect 50.0%–
70.0% of stage I or II cancers across those different cancer types.

However, there are several limitations to cfDNAmutation-based analyses. Tar-
geted sequencing panels aredesignedmainly based on the existing knowledgeof
the genetic alterations in cancers. False-negative results are not only inevitable
when cancerous mutations are out of the scope of the customized panel, but
also made possible by the insufficiency of the plasma ctDNA concentration.29

The concentration of ctDNA is higher in patients with late-stage and metastatic
cancers than in patients with early-stage cancers and varies with cancer
types.49,50 It is also higher in liver, biliary, esophagus, andovarian cancers, but rela-
tively lower in prostate, breast, and colon cancers.49 Furthermore, several factors
may contribute to the variation of cfDNA concentrations, such as age,50 body
mass index,51 and physiological parameters.52 Mutation-based analysis is also
limited by the number of mutations initially present in the tumor mass, which
varies according to cancers. Melanoma and lung cancer have an average of
more than 8.9 mutations/Mbp, while low-grade gliomas, breast, pancreatic,
and prostate cancers have an average of less than 2.2 mutations/Mbp.49 More-
over, the tumor mutational burden is lower in patients with early-stage cancer
than patients with late-stage cancers,49,50 making it more difficult to detect
early-stage cancers with mutation-based technologies. In contrast, false-positive
results may occur in a substantial proportion of individuals without cancer,53,54

owing to clonal hematopoiesis (chromatin immunoprecipitation [CHIP])-related
mutations. Of the variants detected in cfDNA from NSCLC and healthy controls,
58.0% and 90.0% were also detected in the matched white blood cells (WBCs),55

highlighting the importance of equivalent sequencing depth applied to the
matched WBC DNA to exclude the interference of CHIP.
Methylation-based sequencing approach
Epigenetic alteration-based cfDNA sequencingmethods have been considered

promising alternatives for the early detection of cancers.Methylation of CpG sites
is an important epigenetic regulatory mechanism of gene expression, tissue dif-
ferentiation, organ development, aging, and tumorigenesis.56–58 The changes of
cancer-specific DNA methylation occur early in tumorigenesis, sometimes even
before the occurrence of gene mutations.58 A previous study has shown that
the changes of methylation were detected in plasma four years before a clinical
cancer diagnosis.59 Furthermore, in contrast with typical cancer mutations that
only occur in a handful of genomic locations, nearly 30 million methylation sites
are scattered across the human genome,60making them ubiquitous and rich sig-
nals for cancer detection. Notably, methylation patterns are usually tissue spe-
cific, which makes TOO analysis possible.58

Whole genomic bisulfite sequencing (WGBS) is the gold standard to capture
the genome-wide DNA methylation profile.61 However, the prohibitively high
cost, low recovery of input DNA, and limited depth of sequencing make it infea-
sible for clinical application.61 In contrast, owing to the lower cost and higher
sequencing depth, next-generation sequencing (NGS)-based methylation
sequencing methods have attracted increasing attention. NGS-based methods
include bisulfite pretreatment (reduced representation bisulfite sequencing
[RRBS]62,63), enzyme digestion (methylation-sensitive restriction enzyme
sequencing,64 etc.), and affinity enrichment (methylated DNA immunoprecipita-
tion and high-throughput sequencing [MeDIP-Seq], etc.65). The low recovery
rate of DNA after bisulfite conversion is also a concern for NGS-based methods.
Therefore, new methods have been developed to enrich methylated DNA frag-
ments or decrease the amount of DNA input.66 The cell-free MeDIP-Seq (cfMe-
DIP-Seq) is an immunoprecipitation-based protocol adapted from traditional
MeDIP-Seq, allowing a genome-wide methylome profiling with low input of
DNA in a bisulfite-free procedure.67 In contrast with MeDIP-Seq, RRBS, and
WGBS, which require 100‒2,000 ng DNA input, cfMeDIP-Seq generates a nearly
perfect linear association between observed and expected numbers of differen-
tial methylation regions (r2 = 0.99, p < 0.0001) with only 1‒10 ng DNA input.68

Recent technical advances, such as methylBEAMing,69 single-cell RRBS,70,71

and enhanced linear-splinter amplification sequencing (ELSA-Seq),72 can help
ll
to facilitate the application of cfDNA methylation sequencing by decreasing the
required amount of DNA input and increasing the analytical sensitivity. For
example, ELSA-Seq constructs a single-stranded library and demonstrates a
deep methylome coverage, little amplification bias, and ultra-high reproducibility
with the inputs down to 500 pg.72 In addition, adjacent CpGsites usually represent
co-methylation status, and integratingmultiple CpG sites with close genomic dis-
tance and high correlation intomethylation haplotype blocks can further improve
the detection accuracy.70

There are also limitations to the cfDNA-methylation analysis. The epige-
netic alterations present in cancer may also exist in other non-cancer tissues,
which may lead to false positivity.73 For example, several similar methylation
alterations are shared by esophagus cancer and Barrett’s esophagus.74 In
addition, methylation alterations accumulate with age, and approximately
5% of the CpG sites exhibit significant changes shared by aging and tumor-
igenesis.59,75 Meanwhile, false-negative results may occur when the detec-
tion signaling is lower than the LOD. Similarly, the detection rate intactly cor-
relates with the cfDNA concentration, which is also influenced by the
pathological types of cancers.49 Plus, these methylation-based sequencing
approaches potentially fail to detect cancers that are mainly driven by
gene mutations, somatic copy number aberrations, or fusion events,58

such as several subtypes of lung cancer mainly driven by EGFRL858R muta-
tion, EML4-ALK fusion, or ERBB2 amplification.76

cfDNA fragmentation-based sequencing approach
Genome-wide fragmentation of cfDNA has recently opened a new area of early

detection and TOO of cancer.38,77,78 Whole-genome sequencing (WGS) has re-
vealed that the lengths of cancer-derived cfDNA fragments are more variable
than those of non-cancer origin. Differences in cfDNA fragment patterns reflect
changes in chromatin structures, as well as other genomic and epigenomic ab-
normalities in cancer.79,80 Recently, a machine learning model incorporating
genome-wide fragmentation can distinguish multiple patients with cancer from
healthy controls with sensitivities ranging from 57% to more than 99% at 98%
specificity and identify the TOO of cancers in 75% of the cases.77 In addition to
the fragment length, the break sites of cfDNA fragments in the genome also
reveal a genome-wide map of nucleosome occupancy, providing abundant
signaling.34 Despite the ability of WGS to analyze tens to hundreds of tumor-spe-
cific abnormalities simultaneously from a minute amount of cfDNA, its applica-
tion is compromised by low coverage depth and high cost.81 In addition, the
cfDNA fragmentation-based approach shares limitationswith cfDNA-methylation
analysis, such as false positivity caused by physiological and other pathological
conditions and false negativity induced by technical limitations. Comparisons be-
tween cfDNAmutation,methylation, and fragmentation patterns are summarized
in Table 1.

ADVANCE IN EARLY DETECTION OF CANCERS BY cfDNA PROFILING
The development of cfDNA sequencing technology steers the clinical use of

cfDNA profiling for early detection of cancers. Currently, clinical trials of cfDNA-
centered early detection of single and multi-cancers are both being carried out,
with tens to thousands of participants enrolled. Their detailed performances
are illustrated in Table 2 and Figure 2.

Lung cancer
Lung cancer is the most lethal malignancy worldwide, with an estimated 2.2

million new cases and 1.8 million deaths globally in 2020.95 The 5-year survival
rate is less than 20%, largely owing to advanced stages at diagnosis, when treat-
ments are less effective than at early stages. LDCT is recommended for
screening lung cancer in high-risk populations.96 However, its implementation
is hindered by the high false-positive rate,97 low compliance,98 and potential radi-
ation exposure. Thus, efforts have been made to explore cfDNA-based liquid bi-
opsy as a potential complement for LDCT.
Clinically, the adoption of a screening test with relatively high sensitivity and

acceptable specificity before LDCT can do much to prevent unnecessary radia-
tion exposure and increase compliance with LDCT. A genome-wide cfDNA frag-
mentation profiling approach (DNA evaluation of fragments for early interception
[DELFI]) detected 91% of stage I‒II and 94% of stage III‒IV lung cancers at 80%
specificity.99 Therefore, for individuals at high risk for lung cancer, an annual blood
test with DELFI may be recommended and, for those with a positive result, LDCT
The Innovation 3(4): 100259, July 12, 2022 3



Table 1. The advantages and limitations relying on cfDNA-based sequencing methods

Detected
objects Technique Approach

Advantages Disadvantages

Common Specific Common Specific

Somatic
mutations

PCR-based ddPCR
BEAMing

High signal
intensity Low
background noise

Ultra-low input Limited markers
Non-tissue-specific
markers Susceptible to
clonal hematopoiesis

Low through-put
Limited sites

Next generation
sequencing
(NGS)-based

Target enriched
by amplification

Safe-seqS/Safer-seqS44

Tagged amplicon deep
sequencing (TAm-seq)43

Low input Limited sites

Target enriched
by hybrid capture

CAPP-seq46,47 Targeted
error correction
sequencing (TEC-seq)48

More sites detected
High through-put

High input
High cost

Methylation
patterns

Restriction
enzymes-based

Methylation-sensitive
restriction enzymes-PCR
(MRE-PCR)64

Abundant markers
Tissue specific
High signal intensity

Low cost Biological variation
(eg, age, cell type
composition)

Limited sites

Affinity
enrichment-based

cfMeDIP-seq67 Low cost
Genome-wide
CpG enriched

Antibody depended
Low resolution

Bisulfite
conversion-based

MethylBEAMing69

Single-cell RRBS71

ELSA-seq72

High resolution
More sites detected

High input Bisulfite
conversion noise

Fragmentation
patterns

Paired-end,
low-coverage WGS61

Abundant markers
Tissue-specific

High cost
Low signal intensity
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should be taken subsequently. Similarly, a cfDNA assay containing three methyl-
ation markers yielded a sensitivity of 93.0%, but a specificity of 62.0%,100 which
may be a pre-screen alternative before LDCT. However, these extremely high sen-
sitivities were only achieved in case-control studies, whose performance in pro-
spective screening studies remains to be explored.

It is not unusual that individuals at high risk for lung cancer refuse LDCT for
various reasons, such as limited accessibility and concerns about false positiv-
ity. In such scenarios, screening tests with a high specificity and acceptable
sensitivity might be conducted as complements. The lung cancer likelihood
in plasma integrating genomic profiles, including single nucleotide variants
(SNVs) and genome-wide CNVs of cfDNA using machine learning, could
discriminate early-stage lung cancer from risk-matched controls with sensitiv-
ities of 41.0% in stage I, 54.0% in stage II, and 67.0% in stage III, at 98.0% spec-
ificity.55 Analysis of methylation markers in cfDNA could also help detect lung
cancer with high specificity, showing a potential to complement LDCT
screening. Promoter methylation status of six genes (SOX17, TAC1, HOXA7,
CDO1, HOXA9, and ZFP42) had sensitivities ranging from 65.0% to 76.0% and
specificities ranging from 74.0% to 84.0%, respectively.100 Additionally, a cfDNA
methylation-based early-detection model in a prospective case-control study
yielded sensitivities of 23.0% in stage I and 47.0% in stage II at a specificity
of 99.0% in lung cancer.93 Another cfDNA methylation early-detection model es-
tablished in lung cancer showed sensitivities of 37% in stage I and 75.0% in
stage II at a specificity of 99.0%.94 These tests are less sensitive than LDCT
in some subtypes of lung cancer, especially in lung adenocarcinoma,41 which
poses a great challenge to its clinical usefulness. However, by complementing
LDCT, cfDNA tests may potentially increase the total number of individuals
screened so that more early-stage lung cancer can be detected to save
more lives.

The cfDNA tests are also applied to accurate differentiation of malignant pul-
monary nodules from benign ones, which are expected to alleviate the subse-
quent diagnostic burden.101 A 100-feature cfDNA methylation model named
PulmoSeek identified the malignant pulmonary nodules from benign ones with
a sensitivity of 100.0% at 30.0% specificity, suggesting that the blood test after
LDCT screening can decrease unnecessary over-diagnosis.89

Currently, there are no cfDNA-based screening methods that can replace
LDCT. One obstacle to cfDNA-based screening in lung cancer is the lack of
cfDNA released into the circulation, especially in early-stage lung adenocar-
cinoma.41 It causes a natural ceiling effect in cfDNA-based screening
methods, even though strenuous efforts have been made to increase the
analytical sensitivity in early-stage lung cancer. A possible solution is to
identify new lung cancer screening biomarkers independent of the quantity
of ctDNA in circulation.
4 The Innovation 3(4): 100259, July 12, 2022
Colorectal cancer
Colorectal cancer (CRC) ranks the third in terms of incidence but the second in

terms of mortality worldwide, with an estimated 1.9 million new cases and 0.94
million deaths in 2020.81 Most patients with CRC diagnosed with metastatic dis-
easeshavea5-yearsurvival rateof14%,but this rate is ashighas90% for patients
with localized disease.2 The detection of pre-cancerous lesions and early-stage
CRC is critical to curative treatment and optimal prognosis.102 Currently, fecal
occult blood testing (FOBT),103,104 fecal immunochemical testing (FIT),105–107

and colonoscopy108 are used for CRC screening. With a specificity more than
95%, the sensitivities of FOBT and FIT are 12.9% and 73.8%, respectively.88,109

These relatively low sensitivities would cause high false-negative results.
Although colonoscopy is an effective method for CRC screening, its application
is limited by the uncomfortable, invasive, and time-consuming process.7 Thus,
newnon-invasivemethodswith sensitivities high enough to prevent unnecessary
colonoscopy promise an ideal clinical development roadmap to CRC screening.
A stool-based multi-target test consisting of sequencing the methylation of

NDRG4, BMP3, and seven mutation sites of KRAS, together with an immunohis-
tochemical assay for hemoglobin, has been evaluated in a large prospective
study of 9,989 participants at average risk for CRC. The sensitivity is higher
than FIT (92.3% vs. 73.8%) at the cost of lower specificity (89.8% vs. 96.4%).88

Based on these results, a FDA-approved stool multi-target panel has been
commercialized for CRC screening,110 known as Cologuard. However, the
compliance of stool-based tests is also affected by the inconvenient proced-
ure.111 Thus, alternatives to stool-based CRC screening are under active explora-
tion, and plasma-based tests are on the radar of further investigation.
Plasma cfDNAmethylation in specific genes has been extensively explored for

CRC screening. SEPT9, encoding GTP-binding protein Septin 9, is one of themost
thoroughly evaluated biomarkers for CRC screening, with sensitivities ranging
from 48.0% to 90.0% and specificities ranging from 73.0% to 97.0%.112–114 A
large prospective trial has assessed the efficiency of circulating methylated
SEPT9 test for detecting CRC in 7,941 participants, yielding a sensitivity of
48.2% and a specificity of 91.5%, respectively.115 However, the sensitivity of
SEPT9 methylation was only 7.9%–38.7% for advanced adenomas (AAs), a
pre-cancerous lesion that requires surgical intervention to prevent cancerigene-
sis.115 Another two well-studied methylation biomarkers under clinical develop-
ment are VIM, encoding the intermediate filament protein vimentin,69 and
SFRP2, encoding secreted frizzled-related protein 2.116 Plasma VIM methylation
yields a sensitivity of 59.0% and a specificity of 93.0%, while plasma SFRP2
methylation has a sensitivity of 89.2% and a specificity of 73.0%.
Tests combining several methylation markers have also been developed to

improve the accuracy in CRC screening. A diagnostic score integrating 9 methyl-
ation markers has been constructed by machine learning, which discriminated
www.cell.com/the-innovation
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Table 2. Quantitative performance of cfDNA-based liquid biopsy in the detection and TOO of cancer

Classifier No. of participants Cancer Sequencing approach Sensitivity Specificity AUC TOO

Cd-score82 HCC (n = 1,098),
healthy controls (n = 835)

HCC Targeted bisulfite
sequencing

Training, 85.7%;
validation, 83.3%

Training, 94.3%;
validation, 90.5%

Training, 0.966;
validation, 0.944

NA

Wd-score83 HCC (n = 1,204), CHB
or liver cirrhosis (n = 392),
benign liver lesions (n = 388),
healthy controls (n = 570)

HCC Genome-wide
5-hmC profiles

Training, 89.6%;
vlidation-1, 82.7%

Training, 78.9%;
validation-1, 76.4%

Training, 0.923;
validation-1, 0.884;
validation-2, 0.887

NA

HCC
screen score84

HCC (n = 65), CHB
(n = 70); AFP/US-negative
CHB (n = 331)

HCC PCR Training, 85.0%;
validation, 100.0%

Training, 93.5%;
validation 94.0%

Training, 0.928
validation, NA

NA

HIFI score
(5-hmC/motIf/
Fragmentation/
nucleosome
footprInt)85

HCC (n = 508), liver
cirrhosis (n = 2,250),
healthy controls (n = 476)

HCC Low-pass WGS Training, NA;
test, 95.4%;
validation, 95.8%

Training, NA;
test 97.8%;
validation 95.0%

Training, NA;
test, 0.996;
validation, 0.995

NA

cfDNA
fragmentation86

HCC (n = 159), ICC (n = 26),
cHCC-ICC (n = 7); CHB or
liver cirrhosis (n = 53),
healthy controls (n = 117)

HCC, ICC,
cHCC-ICC

WGS Training, NA;
test, 96.8%

Training, NA;
test, 98.8%

Training, NA;
test, 0.995

NA

Cd-score (9
methylation
markers)87

CRC (n = 801); healthy
controls (n = 1,021)

CRC Targeted
methylation
sequencing

Training, 87.5%;
validation, 87.9%

Training, 89.9%;
validation, 89.6%

Training, 0.960;
validation, 0.960

NA

Multi-target
stool DNA test
composite score88

Asymptomatic persons
who were at average
risk for CRC, aged 50–
84 years (n = 9,989)

CRC PCR Total, 92.3%: stage I,
88.0%; stage II,
100%; stage III, 90.0%;
stage IV, 78.0%

86.6% 0.940 NA

PulmoSeek
(Blood-based DNA
methylation model)89

Patients with pulmonary
nodules (n = 529)

Lung cancer Targeted
methylation
sequencing

Training, NA;
Test, 93.3%;
validation, 99.0%

Training, NA;
test, 60.0%;
validation, 32.5%

Training, NA;
test, 0.829;
validation, 0.843

NA

Lung-CLiP score55 Early-stage NSCLC
(n = 46), risk-matched
healthy controls (n = 48)

Lung cancer CAPP-seq Training: stage I/II/III
sensitivity: 41.0%,
54.0%, 67.0%;
validation: stage
I/II/III sensitivity:
63.0%, 69.0%, 75.0%

Training, 98.0%;
validation, 80.0%

NA

Methylation score90 Plasma samples: RCC
(n = 69), UBC (n = 21),
healthy controls (n = 13);
Urine samples: RCC
(n = 30), healthy
controls (n = 15)

RCC, UBC cfMeDIP-seq NA NA Plasma, 0.990
(RCC vs healthy);
plasma, 0.979
(RCC vs UBC);
urine, 0.858
(RCC vs healthy)

NA

LR score59 Cancers (n = 414): post-
diagnosis (n = 223),
pre-diagnosis (n = 191)
Healthy controls (n = 414)

Stomach,
esophageal,
colorectal, lung,
and liver cancers

Targeted
methylation
sequencing

Training: post-diagnosis,
88.2%; pre-diagnosis,
91.4%; test: post-
diagnosis, 87.6%;
pre-diagnosis, 94.9%

Training, 94.7%;
test, 96.1%

Training: NA;
test: post-
diagnosis, 0.970;
pre-diagnosis 0.990

NA

Screen positive
or negative91

Chinese men aged
40–62 years (n = 20,174)

NPC PCR 97.1% 98.6% NA

(Continued on next page)
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 patients with CRC from normal controls with an area under the curve (AUC) of

0.96.87 Another two models including multi-methylation locus had similar perfor-
mances with sensitivities of 84%–86% in CRCs and 42% in AAs at a specificity of
92%.117,118

So far, no head-to-head comparisons have been made to evaluate the effec-
tiveness of various screening modalities. In general, plasma-based CRC
screening tests have higher specificities but lower sensitivities than stool-based
CRC screening tests. In addition, the low sensitivity in AAs also limits the clinical
applications of current plasma-based CRC screening tests.
Hepatocellular carcinoma
Hepatocellular carcinoma (HCC) ranks the sixth in incidenceand the third lead-

ing cause of cancer-related deaths globally.2 Patients with HCC are generally
diagnosed at late stages in the absence of symptoms.119 HCC mostly develop
progressively from chronic liver diseases, including hepatitis B virus (HBV)/hep-
atitis C virus (HCV) infection, obesity-driven non-alcoholic fatty liver disease, and
liver cirrhosis.120 Surveillance by ultrasound examination plus alpha-fetoprotein
(AFP) every 6 months is recommended as HCC screening for individuals with
cirrhosis fromany causeor carriers ofHBV.121,122However, ultrasoundexamina-
tion has a low sensitivity of 63.0% (23.0%–91.0%) for early-stage HCC,123 partic-
ularly for those within the Milan criteria. AFP alone lacks adequate performance
with sensitivities of 60%–80% and specificities of 70%–90%.119 Detection of
early-stage HCC in asymptomatic individuals would allow more patients to un-
dergo potentially curative treatments, including hepatic resection and liver
transplantation.
The liver is known to be a major contributor of cfDNA owing to its generous

blood supply.124 Unsurprisingly, the concentration of cfDNA shedding into blood
is the highest in HCC compared with other cancers, as demonstrated in a pan-
cancer early detection study,49 making plasma cfDNA an ideal alternative for
the early detection of HCC. Currently, cfDNA-based biomarkers for HCC early
detection are mainly evaluated by case-control studies. Given that patients with
liver diseases, especially liver cirrhosis and HBV/HCV infection, are the target
screening population under current guidelines,125 it is essential that a cfDNA-
based test be reliable enough to distinguish states of these chronic diseases
from HCC. Results from studies only focusing on HCC and healthy controls
may not be sufficient in the real-world screening population.
Recently, the feasibility of methylation markers for differentiating HCC from

non-HCC has been reported. Hypermethylation in the promoters of RASSF1A,
CDKN2A, and CDKN2B was detected in 44 serum samples from HCC, which
were collected 1‒9 years before a clinical HCCdiagnosis, suggesting that the hy-
permethylation of these genes is an early event in the development of HCC.126 A
six-markerMDMpanel hadasensitivity of95.0%ata specificityof92.0% todiffer-
entiate HCC from both cirrhosis and healthy controls in a validation cohort of 95
patientswithHCCand149non-HCCcontrols.127Thepanel detected91.3%ofpa-
tients (42 of 46) with Barcelona Clinic Liver Cancer (BCLC) stages of 0/A.127 A
similar performance was also obtained in another study, where the methylation
model had a sensitivity of 83.6% at a specificity of 96.0% in the validation cohort
including 67 patients with HCC and 353 patients with liver cirrhosis and healthy
controls.128

Genome-wide5-hydroxymethylcytosines (5-hmC)markers, generated from the
oxidation of 5-methylcytosine by the translocation enzymes,129 have also been
evaluated in HCC early detection.83 The 5-hmC marker model was constructed
in early-stage HCC and non-HCC, and accurately distinguished early HCC (BCLC
stage 0/A) fromnon-HCC (chronic hepatitis B, liver cirrhosis, and healthy controls)
with a sensitivity of 82.7% and a specificity of 76.4%.83 The sensitivity and speci-
ficity of differentiating HCC from liver cirrhosis were improved to 95.4 and 97.8%,
respectively, by combining 5-hmC with nucleosome footprint, 50 end motif, and
fragmentation profiles (HIFI score).85 In this study, the HIFI score outperformed
any of these techniques alone and the performance of 5-hmC.83 Notably, the
cfDNA fragmentation profile sequenced by WGS was also leveraged to detect
early-stage HCC.86 This model showed excellent sensitivities of 95.9% and
97.9% indistinguishingstage I andstage II livercancer fromnon-cancers including
chronic hepatitis B, liver cirrhosis, and healthy controls at a 98.8% specificity,86

showing the potential of cfDNA fragmentation in the early detection of HCC.
Multi-omics hinting the existence of HCC have also been evaluated. Mutations

in TP53, CTNNB1, AXIN1, and the promoter region of TERT, HBV sequence and
protein markers including AFP and des-g-carboxy-prothrombin (DCP), as well
www.cell.com/the-innovation
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Figure 2. The advances of cfDNA-based biomarkers for early detection and tissue-of-origin of cancer AFP, alpha fetoprotein; AXIN1, axis inhibition protein 1; bCa, bladder cancer;
BMP3, bone morphogenetic protein 3; CIN2, cervical intraepithelial neoplasia grade 2; CDO1, cysteine dioxygenase type I; CNV, copy number variation; CTNNB1, catenin beta 1; DCP,
des-gamma-carboxy prothrombin; EBV, Epstein-Barr virus; HOXA7, homeobox A7; HOXA9, homeobox A9; Hgb, hemoglobin; IDH, isocitrate dehydrogenase; KRAS, Kirsten rat sarcoma
virus; LRG1, leucine-rich alpha-2-glycoprotein 1; NDRG4, N-Myc downstream-regulated gene 4; RASSF1A, Ras association domain family member 1; VIM, vimentin; SNV, single nucle-
otide variant; SFRP2, Secreted Frizzled Related Protein 2; SOX17, SRY-Box Transcription Factor 17; SEPT9, Septin 9; TIMP1, tissue inhibitor matrix metalloproteinase 1; TAC1, tachy-
kinin precursor 1; TERT, telomerase reverse transcriptase; VHL, Von Hippel-Lindau syndrome; ZFP42, zinc finger protein 42.

Review
as clinical covariates (age and sex)84 were integrated and first trained in a case-
control setting and then validated in a prospective cohort of HBV surface antigen
positive asymptomatic individuals. The integratedmulti-analytics hada sensitivity
of 85% and a specificity of 93% in the training cohort. In the prospective cohort, 4
of the 24 test-positive individuals were diagnosed with HCC by subsequent CT
scan or magnetic resonance imaging (MRI), or by pathological review 6‒
8 months after baseline test, all of which was less than 3 cm in diameter. How-
ever, the final specificity and sensitivity need to be evaluated considering the
limited time window of follow-up. Despite the recent progress, prospective
studies in asymptomatic individuals at high risk of HCC with large sample size
are still lacking. Whether those new cfDNA markers could accurately identify pa-
ll
tients with early-stage HCC who may benefit from liver resection or transplanta-
tion needs tobe further evaluated. False positivity of those cfDNA tests in patients
with cirrhosis or HBV/HCV infection is another concern, since those liver diseases
share similar genetic or epigenetic alterations with HCC.130,131

Renal cancer
Renal cell carcinoma (RCC) is the most prevalent subtype of renal cancer, ac-

counting for approximately 90% of renal cancer.132 So far, no standard screening
tests have ever been recommended for RCC, and approximately 30.0% of pa-
tients with RCC are diagnosed at late stages.133 Imaging examination exposes
patients to unnecessary radiation and does not always distinguish benign renal
The Innovation 3(4): 100259, July 12, 2022 7



Review

w
w
w
.t
he

-in
no

va
tio

n.
or
g
 tumors from RCC.134 PCR sequencing the methylation of VHL and RASSF1A in

plasma had relatively low sensitivities of 0%–50.3% and 45.9%–62.9% at specific-
ities of 90.7%–100.0% and 93.0%–93.3%, respectively, for RCC early detec-
tion.135,136 A diagnostic classifier based on the cfMeDIP-seq sequenced cfDNA
methylation data of 120 patients with RCC and 28 healthy controls separated pa-
tientswith RCC fromhealthy controlswith anAUCof 0.99.90However, RCC sheds
the least amount of cfDNA into the bloodstream among all the extracranial can-
cers.137 Even in advanced RCC, ctDNA genomic alterations were only detected in
less than 80% of the patients.29 The application of cfDNA in RCC early detection
might have limited practicability. Instead, urinary cfDNA is a promising alternative
for RCC early detection, although the reported discriminating accuracy of urinary
cfDNA is lower than that of plasma cfDNA (AUC, 0.858 vs. 0.99).90 Future studies
are warranted to evaluate cfDNA-based tests in RCC early detection.
Intracranial cancers
The current cfDNA-based early detection studies focused on extracranial

cancers, and the early detection of intracranial tumors such as glioma re-
mains challenging,29 due to the blood-brain barrier to cfDNA transmission
into peripheral plasma.49,138 As demonstrated in pan-cancer studies, gli-
oma shed the least cfDNA into circulation compared with other cancers,
even in patients with advanced disease. Only 20%–50% of the patients
with glioma harbored detectable ctDNA.29,137 Despite the low ctDNA abun-
dance, plasma cfDNA is attracting attention in the area of intracranial can-
cer screening given its convenience.

Plasma cfDNAmethylation profiles were reported to differentiate glioma from
both other extracranial cancers and healthy controls with AUC of 0.99 based on
447 samples.139 Excellent performance was also observed in IDH mutated gli-
oma (AUC = 0.99) and IDH wild-type glioma (AUC = 0.99), as well as in both
lower-grade (AUC = 0.99) and higher-grade (AUC = 0.98) glioma, highlighting
the potential of cfDNA methylation as an efficient biomarker of glioma.

To accurately identify lesions on imaging is another major challenge to the
diagnosis of intracranial cancers owing to the broad differential diagnosis
ranging from indolent low-grade tumors to aggressive cancers. To obtain a def-
inite diagnosis, invasive neurosurgery is necessary, but it may introduce neuro-
logical morbidities and, probably, anxiety to the patients.140 The cfDNA methyl-
ation profiles in plasma showed a potential to discriminate tumors with similar
cell-of-origin, including solitary extra-axial tumors (meningioma [AUC = 0.89], he-
mangiopericytoma [AUC = 0.95]), intra-axial tumors (low-grade glial-neuronal tu-
mor [AUC = 0.93], IDHmutant glioma [AUC = 0.82], IDH wild-type glioma [AUC =
0.71]) and brain metastases from systemic cancers.139 This diagnostic test of
cfDNA methylation could dispense with invasive procedures to establish diag-
nosis, especially when cytoreduction is not necessary or the risks of invasive sur-
gery outweigh benefits.139

Compared with plasma, the sequencing of ctDNA in cerebrospinal fluid (CSF)
may more comprehensively characterize genomic and epigenetic alterations of
brain tumors.138 Although cfDNA in CSF has a potential to supplement current
diagnosis approaches, the use of CSF is limited owing to the invasive andmorbid
procedure.141 Novel biological, technological, and computational approaches are
needed to increase the detection sensitivity for intracranial cancers, and there is
still a long way to go.
Other cancers
The cfDNA-based liquid biopsy has also shown the potential to identify those

cancers without any recommended screening tests, such as pancreatic, ovarian,
nasopharyngeal, and esophageal cancer. A landmark research reported that Ep-
stein-Barr virus (EBV) DNA in plasma identified early nasopharyngeal carcinoma
in asymptomatic individuals with a sensitivity of 97.1% at a specificity of 98.6%,91

opening a new era of early non-invasive screening for this malignancy. A combi-
nation of KRAS mutation and protein biomarkers (CA19-9, TIMP1, and LRG1)
could identify early pancreatic cancer from healthy controls with a sensitivity of
64.0%at a specificity of 94.0%.142 An interrogated 5-hmCmarkers of cfDNAcould
differentiate pancreatic ductal adenocarcinoma from healthy controls with an
AUC of 0.74‒0.97 in two external validation cohorts.143 Themethylation patterns
in cfDNA discriminated patients with high-grade serous ovarian carcinoma from
both healthy controls and those with a benign pelvic mass with a sensitivity of
41.4% at a specificity of 90.7%.144 For esophageal cancer, an early detection
model including five methylated cfDNA markers distinguished cancer from
8 The Innovation 3(4): 100259, July 12, 2022
healthy controls with sensitivities of 43.0%, 64.0%, 77.0%, and 92.0% for stages
I‒IV at the specificity of 91.0%, respectively.145

Tobenoted, the lackof recommendedscreening tools for theabove-mentioned
cancers is probably owing to the low incidence, absence of specific high-risk fac-
tors, lack of simple diagnostic procedures, or rapid progression. It ismore difficult
to develop cfDNA-based screening methods with cost-effectiveness for these
cancerswithout recommended screening tools. Basedonearly detection of these
cancers, the improvement of the performance of cfDNA is expected.
Multi-cancer early detection and localization
In contrast with traditional screening methods aiming at a single cancer

type,146–149 detecting multiple cancers simultaneously with accurate TOO local-
ization may steer clinicians onto a different path for early detection of cancers.
The early detection of multi-cancers by plasma has several advantages. First,
multiple cancers have a higher prevalence than single cancers in a general
screening population. Hence, the early detection of multi-cancers may detect
more patients with cancer than for single cancers, especially for those cancers
with low prevalence or without specific high-risk factors. Second, the use of
combined tests for early detection of single cancers generally cumulates the
false-positive rate, potentially increasing unnecessary diagnostic workup. On
the contrary, the early detection of multi-cancers with accurate TOO has the
potential to prevent a diagnostic odyssey. Third, detecting multiple cancers
simultaneously is simpler and time saving for the early detection of cancers in
most cases.
One major obstacle to early detection of multi-cancers is the accurate TOO.

The genomic and epigenomic alteration pattern of a specific cancer may be
unique. In this study, t-stochastic neighbor embedding (t-SNE) was used to clus-
ter cancers basedonmolecular similarities ofmethylation, CNVs and SNVs using
the data of 11,117 tumor samples from 33 types of cancers in The Cancer
Genome Atlas (TCGA) (Figure 3). Those cancers were clearly separated and clus-
tered by the specific methylation features of the tissue origins. Additionally, the
heatmap showed that either hyper- or hypo-methylation feature could accurately
define each cancer type. However, tissue-specific clusters could not be defined
based on CNVs or mutations. As plasma contains the DNA released from multi-
ple tissues, it is possible to unveil the perturbed proportional contributions of
different tissues into plasma by de-convoluting the sequencing data on the pro-
files of different tissues, providing information on TOO. Take lung cancer as an
example; the cfDNA released from lung tissues is increased in the plasma owing
to lung injury caused by tumor compression and invasion. This increase can be
detected by mapping the sequencing data to the profiles of different tissues, and
then lung cancer is suspected. A subsequent LDCT is subjected for further diag-
nosis (Figure 3). Among genomic and epigenomic alterations, the methylation of
CpG sites provides not only tissue-specific information, but also cancer-specific
information,58 making it a promising approach to the TOO of early detection of
multi-cancers. Consistent results have demonstrated in a previous study that
methylation patterns outperformed mutations and chromosomal alterations in
multi-cancer detection and TOO.150

A recent blood test for early detection ofmulti-cancers based on cfDNAmethyl-
ation detectedmore than 50 types of cancers across all stages, whose sensitivity
of stages I–III was 43.9% and TOO accuracy was 93.0%.93 These results were
further confirmed in another independent cohort with 5,309 participants (patients
with cancer and healthy controls).151 Subsequently, a prospective interventional
study, PATHFINDER (Assessment of the Implementation of an Investigational
Multi-Early detection of cancers Test Into Clinical Practice; NCT04241796) was
launched to assess the extent and types of diagnostic testing required to achieve
diagnostic resolution after receiving a predicted positive result. The interim results
showed that cancer signals were detected in 1.4% of all analyzable participants,
and nearly half with diagnostic resolution had confirmed cancer, with an esti-
mated 45% positive predictive value (PPV).152 Another multi-cancer detection
based on cfDNAmethylation yielded a sensitivity of 80.6% in six types of cancers
at specificity of 98.3% in the validation group, and the TOO accuracy was 87.0%
for top-two organ localization.94

In addition to cfDNA methylation, other attempts at multi-parametric analysis
for cancer detection and TOO have been focusing on cfDNA mutations and pro-
tein biomarkers. CancerSEEK, a blood test assessing mutations in defined re-
gions of 16 genes and 8 protein biomarkers, distinguished patients with cancers,
including ovary, liver, stomach, pancreatic, esophagus, colorectal, lung, andbreast
www.cell.com/the-innovation
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Figure 3. Comparison of the tissue-of-origin efficacy of methylation, mutation, and CNV features (A) Take lung cancer as an example. The cfDNA released from lung tissue is
increased in the plasma owing to the lung injury caused by tumor compression and invasion, and this increase could be detected by mapping the sequencing data to the profiles of
different tissues. Then lung cancer is suspected, and a subsequent LDCT is subjected to the patient for further diagnosis. (B–D)We performed t-SNE to decrease the dimensionality of
methylation,mutation, and copy number data of the 33 cancer types in TCGA database. Particularly, a heatmap ofmethylation data shows the cancer subtype-specific hypomethylated
and hypermethylated regions. ACC, adrenocortical carcinoma; BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CESC, cervical squamous cell carcinoma and

(legend continued on next page)
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 cancers, from healthy controls. The sensitivities ranged from 33.0% to 98.0% at a

specificity of 99.0%, and the median of TOO accuracy was 63.0%.28 Based on
CancerSEEK, an exploratory prospective interventional study was conducted,
named Detecting cancers Earlier through Elective mutation-based blood Collec-
tion and Testing (DETECT-A).92 The positive results of the CancerSEEK test at
baseline were confirmed by a second test; e.g., imaging or positron emission to-
mography (PET)-CT scanning was used for further validation and localization.
The screening procedure achieved a sensitivity of 15.6% at a specificity of 99%
when combined with the baseline and second confirmation tests.92

The cfDNA fragmentation patterns have also been investigated in early detec-
tion of multi-cancers. A previous study reported that DELFI incorporated
genome-wide fragmentation patterns in cfDNA sequenced by low-coverage
WGS.77 The diagnostic sensitivities ranged from 57.0% to 99.0% in the seven
cancer types at a specificity of 95.0%. In addition, DELFI combined with cfDNA
mutations detected 91.0% of patients with cancer, with a TOO accuracy
of 75.0%.77

Although multi-cancer detection has been promising in clinical applica-
tions, there are some problems that should be addressed. The unbalanced
sensitivity among cancer types needs to be noted. In general, the sensitivity
for breast, kidney, lung, esophagus, prostate, and uterine cancers at early
stages was poor, probably owing to the low amount of ctDNA released
into blood from these cancers, while the sensitivity for liver, colorectal,
head and neck, and pancreatic cancers and lymphoma was relatively
high. In addition, there are odds that cancer is detected with a misleading
TOO. In this case, PET-CT as an indefinite diagnostic method needs to be
carefully explored and discussed. Another concern is the relationship be-
tween the new early detection tests of multi-cancers and the current stan-
dard of care (SOC) screening tests. Presently, the sensitivity of cfDNA as-
says for lung and breast cancers with SOC screening tests is relatively
lower than for other cancers. Thus, current early detection tests of multi-
cancers cannot fully replace SOC screening tests; instead, they can be a
complement. In PATHFINDER and DETECT-A studies,92,152 participants
are all encouraged to stick to SOC screening tests, even with a negative
test result to rule out the possibility of false-negative results.

CLINICAL PHASES OF BIOMARKER DEVELOPMENT FOR EARLY
DETECTION OF CANCERS

To provide a general perspective for the development of early detection of can-
cers, we describe the necessary phases of clinical trials of new diagnostic bio-
markers before being approved by regulations. A guideline is proposed to
describe the phases, which serves as an important principle, although not all
the biomarkers need to consecutively go through each of the phases of develop-
ment.153 Despite the unavailability of standardized criteria for clinical validity,
benefit-risk, and clinical use relative tomulti-cancer screening,154 three key clinical
phases should be taken into account regarding cfDNA-based liquid biopsy tests:
(1) the development and validation of assays, including analytical validation and
clinical validation in case-control cohorts; (2) a prospective feasibility study in in-
tended-use population with a small sample size to evaluate the feasibility of the
test, involving sensitivity, specificity, PPV, andnegative predictive value (NPV); and
(3) a prospective pivotal study in intended-use populationwith a large sample size
to evaluate the efficacy, safety, and eventual cost effectiveness.

In the first phase, analytical validation is needed to ensure that the assay is reli-
able and reproducible. The standardization and quality control of all analytical and
preanalytical steps is crucial to implementation into patient care. Particularly
external quality assessment schemes are important to ensure the laboratory-
to-laboratory comparability. Additionally, how well the early detection model dis-
tinguishes cases from controls should be answered. Diagnostic accuracy,
including sensitivity and specificity, needs to be evaluated as the primary
outcome. Samples should be collected and processed under uniform standard
operating procedures to minimize bias. It is also important to select appropriate
endocervical adenocarcinoma; CHOL, cholangiocarcinoma; CNV, copy number variation; C
ESCA, esophageal carcinoma; GBM, glioblastoma multiforme; HNSC, head and neck squam
KIRP, kidney renal papillary cell carcinoma; LAML, acute myeloid leukemia; LGG, brain lowe
lung squamous cell carcinoma; MESO, mesothelioma; OV, ovarian serous cystadenocarcino
PRAD, prostate adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, sk
neighbor embedding.; TGCT, testicular germ cell tumors; THCA, thyroid carcinoma; THYM,
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risk-matched controls to mitigate false discovery rates and the overfitting of
biomarker performance. Ideally, populations of cases and control should repre-
sent the targeted screening population, and selection bias is to be avoided. The
cfDNA-based liquid biopsy model generated in this phase is going to be tested
in the next prospective screening trials.
In the second phase, a prospective feasibility study needs to be conducted in

the intended-use population, with a small sample size to further evaluate the
sensitivity, specificity, PPV, and NPV. Sensitivity and specificity need to be
balanced when the optimal cutoff value for the cfDNA-based liquid biopsy model
is chosen in the intended-use population before the second phase (Figure 4). For
example, high specificity is of great importance to multi-cancer screening in
average-risk asymptomatic individuals. Otherwise, a considerable number of
healthy individuals will be diagnosed as false positive, which may cause unnec-
essary invasive diagnostic procedures and anxieties. Assuming that the preva-
lence for multiple cancers in the general population is 1.0% at 90.0% specificity
and a 90.0% sensitivity, the PPV is 8.3%, which means that one real patient
with cancer has been detected with 11 cases of false positivity. If the specificity
is increased from 90.0% to 99.0%, the PPV is dramatically increased to 47.6%.
Comparatively, if the sensitivity increases from 90.0% to 99.0%, the PPV is mildly
increased to 9.1%. Altogether, these indicate that specificity is more crucial when
PPV is taken into consideration in multi-cancer screening assay.
However, specificity is not always a priority. Under several scenarios, such as

early detection in cancers that have specific high-risk factors or simple diagnostic
procedures, cfDNA test with high sensitivity and mild specificity is more accept-
able. Here, we propose a simplified formula tominimize the extra socio-economic
burden (Figure 4). We define the extra cost for tumor omission caused by false
negatives as A = Population3 Prevalence3 (1� Sensitivity)3 Cost of delayed
diagnosis, and the additional cost for unnecessary diagnosis owing to false pos-
itives isB =Population3 (1�Prevalence)3 (1� Specificity)3Cost of over-diag-
nosis. Assuming that total extra cost is the sum of A and B, when

prevalence3
�
1 + Cost of delayed diagnosis

Cost of over � diagnosis

�
> 1; the total extra cost is increased

with decreasing sensitivity, wherein a cfDNA assay with higher sensitivity is

preferred; conversely, when prevalence3 1
�
+ Cost of delayed diagnosis

Cost of over � diagnosis

�
<1; ) the to-

tal extra cost is increased with decreasing specificity, wherein a cfDNA test
with higher specificity is preferred. It is important to note that this simplified cri-
terion is only considered from the perspective of cost, regardless of effectiveness.
How to balance specificity and sensitivity needs to be answered by cost-effective-
ness studies.
In the third phase, a prospective pivotal study should be conducted in the in-

tended-use population with a large sample size to evaluate the efficacy, safety,
and eventual cost effectiveness. The evaluation of efficacy involves (1) the deter-
mination of detection rate and false referral rate based on positive results, (2) the
practical efficacy of implementing the screening scheme, (3) the compliance of
screen-positive populations with workup and treatment recommendations, and
(4) the preliminary assessments of the effects of screening on costs andmortal-
ity associated with cancer. The assessment of safety includes (1) whether the
screening will result in serious adverse events, (2) whether the screening will
discourage participants from SOC screening, or (3) whether the screening will
induce overwhelming anxiety and futility, as well as unnecessary invasive
follow-up, especially in false positivity. The ultimate aim of screening is to
decrease cancer mortality. Ideally, participants are randomized into two arms:
one receiving the SOC screening and the other receiving the new cfDNA-based
screening methods. Differences in cancer mortality and cost-effectiveness be-
tween the two arms will be studied.
Currently, many early detection models of cfDNA-based liquid biopsy have

been built and validated in case-control studies, and several prospective cancer
screening trials are ongoing. We review the ongoing clinical trials of cfDNA-based
early detection posted on clinicltrials.gov (searches are up to January 2022),
which are summarized in Table S1.
OAD, colon adenocarcinoma; DLBC, lymphoid neoplasm diffuse large B-cell lymphoma;
ous cell carcinoma; KICH, kidney chromophobe; KIRC, kidney renal clear cell carcinoma;
r grade glioma; LIHC, liver hepatocellular carcinoma; LUAD, lung adenocarcinoma; LUSC,
ma; PAAD, pancreatic adenocarcinoma; PCPG, pheochromocytoma and paraganglioma;
in cutaneousmelanoma; STAD, stomach adenocarcinoma; t-SNE, t-distributed stochastic
thymoma; UCEC, uterine corpus endometrial carcinoma; UCS, uterine carcinosarcoma.
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Figure 4. Balancing sensitivity and specificity in the cfDNA-based liquid biopsymodel The optimal cutoff value for the cfDNA-based liquid biopsymodel should be determined based
on different clinical sensorias ahead of its application in the intended-use population. For example, specificity is more important when PPV is taking into consideration in screening
assay with cancer of a low prevalence. Assuming that the prevalence for a certain cancer in the general population is 1%, at 90% specificity and 90% sensitivity, the PPV is 8.3%,
indicating that a true patient with cancer has been detected, with 11 false positives. If the specificity is increased from 90% to 99%, the PPV is dramatically increased to 47.6%.
Comparatively, if the sensitivity increases from 90% to 99%, the PPV ismildly increased to 9.1%. However, under several scenarios, such as early detection in cancers that have specific
high-risk factors or convenient diagnostic procedures, cfDNA test with high sensitivity and mild specificity is more acceptable. We propose a simplified formula for consideration to
minimize the extra socioeconomic burden. Sen, sensitivity; Spe, specificity.

Review
FURTHER DIRECTIONS FOR EARLY DETECTION OF CANCERS BASED ON
LIQUID BIOPSY
Improvement in technology and model development

The cfDNA-based liquid biopsy for early detection is mainly limited by the low
signals shed from early-stage cancer, which directly affect the sensitivity of
sequencing methods. Ultra-deep sequencing methods have been developed
across different cancer types155–157 to increase sensitivity, by which LOD is es-
ll
tablished as low as 0.001%. In addition, the size selection of cfDNA fragments
and the single-strand DNA library for NGS are also effective solutions.158 False-
positive results are also a concern when multiple alterations are sequenced by
NGS.46 Error-suppression strategies, such as the application of molecular barco-
des and bioinformatic analysis pipelines of the data, minimize the risk of intro-
ducing errors during library preparation and subsequent sequencing steps.46

When ultrasensitive cfDNA mutation sequencing is used, equivalent depth
The Innovation 3(4): 100259, July 12, 2022 11



Figure 5. Future direction for early detection of cancers based on cfDNA tests.
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sequencing of WBC DNA is essential to elimination of the influence of clonal
hematopoiesis.55 Apart from analytical methods, some critical preanalytical pro-
cesses, including the collection, conservation, centrifugation, and extraction pro-
tocols for cfDNA, are expected to be optimized to ensure the quality of cfDNA.

With the development of machine learning, more signals and integration of
multiple parameters are exploited to boost the discovery and detection of can-
cer-specific signatures.159 The methods of machine learning range from univari-
able approaches such as logistic regression, to complex artificial neural networks
containing multi-dimensional data,160 and help to build a diagnostic classifier
based on the selected features.161 These methods have already been leveraged
to improve the performance of different liquid biopsy assays and will facilitate
their future integration into the clinical workflow.

Biomarkers beyond genomic or epigenomic alterations in cfDNA
The early detection of genomic or epigenetic alterations in blood relies heavily

on the release of cfDNA by cancer cells and sensitivity is poor for those cancers
that are cfDNA barren.49 Thus, new biomarkers that do not rely on cfDNA release
are essential supplements. A different approach that tracks the body’s antitumor
immune responsewas proposed based on detecting cancer-associated T cell re-
ceptors, which discriminated cancers from non-cancers with an AUC of more
than 0.95.162 The microbiome is also involved in oncogenesis.163–166 Based on
thewhole-genome andwhole-transcriptome sequencing data in TCGA, a system-
atic characterization of cancer microbiome in 33 types of cancers was able to
distinguished cancer samples from healthy controls.167 Extracellular vesicle sur-
face proteins carry the molecular signatures of their parental cancer cells.168,169

In a small-sized sample, this method exhibited robust discrimination for early-
stage cancer (stage I, n = 19) with a sensitivity of 95.0% at a specificity of
100.0%, while the accuracy of TOO in six cancer types was as low as 68.0%.168

In addition to cfDNA and proteins, miRNAs also have shown potentials for detect-
ing awide range of cancers including lung,170,171 liver,172 triple-negative breast,173

cervical,174 and gastric cancers.174 These novel biomarkers may collectively in-
crease sensitivity for early detection of cancers, but large prospective clinical trials
are still warranted.
12 The Innovation 3(4): 100259, July 12, 2022
Risk-stratified strategy for early detection of cancers
The Cancer Control Joint Action European Guide on Quality Improvement in

Comprehensive Cancer Control has recommended that the benefit-harm trade-
offs and cost effectiveness of screening programs should be estimated to guide
decisions on implementation.175 A screeningmethod suitable for a high-risk pop-
ulation or an average-risk population in application scenarios is a significant refer-
ence for government policymakers, insurance companies, and other payers.175

Identifying individuals at high risk for cancer is an ideal way to improve the
cost effectiveness of newcfDNA tests. According to a recent study, breast cancer
screening triennially in women ages 50 to 69 had better cost effectiveness, a
higher benefit-to-harm ratio, and a lower incidence of over-diagnosis than in those
with lower risk for breast cancer.176 Smoking status was involved as risk stratifi-
cation to evaluate the cost-effectiveness of non-cardia gastric adenocarcinoma
(NCGA) screening by serum pepsinogen, and the result showed that targeting
high-risk smokerswas a cost-effective strategy to decrease themortality of intes-
tinal-type NCGA.177 Although economic impacts have been evaluated for several
traditional screeningmodalities,176,178–181 thus far, few liquid biopsy-based early-
detection studies have explored the cost effectiveness under risk stratification.
One recent research used a serummiRNA biomarker panel to detect gastric can-
cer and demonstrated that the 12-miRNA panel was a cost-effectivemethod rela-
tive to World Health Organization practice in symptomatic participants who were
scheduled to undergo gastroscopy.182 This study provided a paradigm for eval-
uating the economic efficacy of cfDNA tests based on risk stratification.
There are two approaches to evaluation of the cost effectiveness of screening

programs based on risk stratification,183 including clinical trial-based and
model-based approaches. With clinical trial-based approaches, the efficacy of a
new screening assay is evaluated by awell-designed retrospective or prospective
case-control study, even by randomized controlled trials. In a model-based
approach, natural history models184 and decision analysis models185 are used
to study the long-term benefits and harm as well as the cost effectiveness of
various screening strategies. Admittedly, trail-based data can provide robust ev-
idence of efficacy for screening assays.186 However, it requires a large sample
size, a long follow-up period, and even a prohibitively large research budget.
www.cell.com/the-innovation
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Review
Therefore, evidence derived from the model-based studies serves as an alterna-
tive to evaluate the effectiveness of risk-stratified screening. To date, much evi-
dence on the effectiveness of risk-stratified screening is from model-based
studies.176,178,181,187 However, the accuracy of the results of modelingmainly de-
pends on model construction and input parameters, which is a challenge, espe-
cially in the early detection of multi-cancers as the definition of risk factors tends
to be complicated (eg, carriers of high-risk mutations, carcinogenic exposures,
intra-epithelial or pre-neoplastic traits, behavioral factors, characteristics of the in-
dividual including body habitus, polygenic risk scores, demographic, residence,
and other non-biological factors). Moreover, it remains challenging to estimate
over-diagnosis caused by the absence of data on disease progression rates for
different risk groups.

Despite all odds, a risk-stratified strategy for early detection of cancers may
have the potential to improve overall cost effectiveness and benefit-harm ratios
in a population-based screening program.
Integration into the current clinical workflow
The cfDNA test is expected to be integrated into the clinicalworkflowafter tech-

nological refinement and clinical trial validation. For single cancers with SOC
screening methods, the new cfDNA-based test can be used before, with, or after
SOC screening methods. In contrast, for single cancers without SOC screening
methods, it is significant to balance the sensitivity and specificity of new cfDNA
tests for cost effectiveness. In terms of multi-cancer screening, which is most
likely used in general asymptomatic individuals, extremely high specificity and
accurate TOO are top priorities. Participants with negative results should not
be discouraged from SOC screening. Likewise, for those with positive screening
results, the subsequent diagnosis is imperative. In many cases, a positive result
triggers subsequent imaging or even an invasive diagnostic workup. A medical
review committee including a number of disciplines (pathology department, sur-
gical department, imaging department, etc.) and subjects (urology department,
alimentary canal, gynecology, etc.) is needed to confirm the path of diagnosis ac-
cording to baseline physical examination and family history (Figure 5). With the
development of liquid biopsy in early detection of cancers, the establishment of
a medical review committee shows the potential to revolutionize the healthcare
prevention system in the future.
CONCLUSIONS AND PERSPECTIVES
cfDNA-based early detection has shown potentials in the early detection of

both single- andmulti-cancers. However, before it can be applied in clinic, several
questions need to be answered. First, canmulti-omics biomarkers increase sensi-
tivity without sacrificing specificity? cfDNA-based detection technology needs to
be further improved to increase the sensitivity for minute amounts of cfDNA,
especially for early-stage cancer. Second, how do we integrate new early detec-
tion technologies into the current SOC screening to achieve a better screening
performance? Even though it has been extensively studied and discussed in
many published studies, validated clinical trials are in urgent need to demonstrate
the extent of the feasibility and effectiveness of the new technologies combined
with SOC screening modalities. Third, will the new cfDNA-based early detection
test bring a survival benefit? Finally, how do we increase the public awareness
of early detection of cancers? Governments, academic institutions, and nonprofit
institutions are encouraged to organize health-promoting activities and facilitate
social cancer screening cohesion.

With the great efforts in the past decade, liquid biopsy has revolutionized and is
revolutionizing early detection of cancers not only by enabling minimally invasive
molecular tests but also by boosting enormous enthusiasm for public health
care. Although the development of liquid biopsy in cancer detection is facing tech-
nical difficulties, a lack of validatedclinical trials, and other obstacles as discussed
above, there is increasing evidence for the efficacy, safety, and cost effectiveness
of liquid biopsy in early detection of cancers, which will increase the chance that
liquid biopsy can be used as a routine of preventive medicine.
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