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Abstract
The detection of circulating tumor DNA via liquid biopsy has become an important diagnostic test for patients with cancer. 
While certain commercial liquid biopsy platforms designed to detect circulating tumor DNA have been approved to guide 
clinical decisions in advanced solid tumors, the clinical utility of these assays for detecting minimal residual disease after 
curative-intent treatment of nonmetastatic disease is currently limited. Predicting disease response and relapse has consider-
able potential for increasing the effective implementation of neoadjuvant and adjuvant therapies. As a result, many companies 
are rapidly investing in the development of liquid biopsy platforms to detect circulating tumor DNA in the minimal residual 
disease setting. In this review, we discuss the development and clinical implementation of commercial liquid biopsy platforms 
for circulating tumor DNA minimal residual disease detection of solid tumors. Here, we aim to highlight the technological 
features that enable highly sensitive detection of tumor-derived genomic alterations, the factors that differentiate these com-
mercial platforms, and the ongoing trials that seek to increase clinical implementation of liquid biopsies using circulating 
tumor DNA-based minimal residual disease detection.
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Key Points 

The landscape of commercial liquid biopsy technologies 
for circulating tumor DNA detection of minimal residual 
disease is rapidly evolving.

We broadly review the commercial assays available for 
clinical or research use, focusing on their technologi-
cal features, input requirements, performance measures, 
clinical trial data demonstrating proof of concept, and 
ongoing clinical trials that could lead to more personal-
ized circulating tumor DNA minimal residual disease-
based management in the future.

1  Introduction

Liquid biopsies have emerged as noninvasive diagnostic 
tools for the interrogation of tumor-derived genomic altera-
tions and dynamic tumor assessment, while also offering 
the potential to detect micrometastatic disease prior to 
radiographic evidence of recurrence [1, 2]. Technologi-
cal advances in the detection of circulating tumor DNA 
(ctDNA), the tumor-derived component of cell-free DNA 
(cfDNA), have led to a recent surge in the research and clini-
cal applications of ctDNA assays for a variety of solid tumor 
types. Research applications include early cancer detection, 
molecular profiling, minimal residual disease (MRD) detec-
tion, and surveillance of post-treatment tumor burden [3, 
4]. Currently, clinical applications are primarily limited to 
molecular profiling of patients with advanced-stage disease 
to identify mutations for targeted therapies [5].

The first liquid biopsies approved by the US Food and 
Drug Administration (FDA) were single-locus polymerase 
chain reaction (PCR) assays that queried plasma cfDNA for 
specific actionable mutations in patients with advanced-
stage cancer. The Roche cobas® Mutation Test v2, approved 
as a companion diagnostic in June 2016 [6], enabled cli-
nicians to screen patients with metastatic non-small cell 
lung cancer (NSCLC) for actionable or resistance EGFR 
mutations to guide treatment decisions regarding the use of 
EGFR tyrosine kinase inhibitors [7]. Similarly, the Qiagen 
therascreen® PIK3CA RGQ PCR kit was approved in May 
2019 as a companion diagnostic for patients with advanced-
stage, HR-positive/HER2-negative breast cancer to identify 
patients with PIK3CA mutations for treatment with the 
PIK3CA alpha-isoform inhibitor alpelisib in combination 
with fulvestrant [8, 9]. These PCR-based single-locus assays 
have a rapid turnaround time, allowing clinicians to make 

therapeutic decisions in a timely manner. PCR-based single-
locus assays, however, are restricted to the interrogation of a 
limited number of genomic alterations and typically have a 
limit of detection above 0.5% variant allele fraction (VAF), 
which significantly restricts the ability to detect ctDNA in 
the MRD setting [10]. As MRD is characterized by a small 
volume of tumor cells that remain after curative-intent treat-
ment without an obvious macroscopic correlate on radio-
graphic imaging, detecting ctDNA MRD requires a signifi-
cantly higher level of sensitivity to detect low VAFs [11, 12]. 
Moreover, ctDNA MRD assays commonly track multiple 
genomic alterations in parallel to minimize the probability 
of sampling error and increase the likelihood of detecting 
ctDNA in plasma [10, 13].

Targeted next-generation sequencing (NGS) has paved the 
way for highly sensitive MRD detection by using gene pan-
els to query multiple loci in parallel across a genomic scale 
[14–17]. Compared to early cancer detection, the sensitivity 
of MRD detection can be enhanced by prior knowledge of 
a tumor mutational profile (i.e., tumor-informed), thus ena-
bling the sequencing of patient-specific mutations expected 
to be present as opposed to variant-calling de novo with a 
preselected panel of hotspot or actionable mutations (i.e., 
tumor-naïve). The enhanced sensitivity of tumor-informed 
sequencing is the product of reduced background noise from 
non-tumor-derived mutations, thus allowing for a lower limit 
of detection via higher sequencing depths [10]. Conversely, 
tumor-informed approaches for MRD detection require avail-
able tumor tissue to genotype, a prolonged turnaround time 
due to assay personalization, restricted sequencing to known 
variants originating from the primary tumor sample, and more 
resources for personalized assay development than tumor-
naïve assays, which generally only require plasma [18].

Regardless of the approach, ctDNA enrichment strate-
gies using either PCR amplicons (e.g., tagged amplicon deep 
sequencing or TAM-Seq) or hybrid capture with molecu-
lar barcoding (e.g., Cancer Personalized Profiling by deep 
Sequencing or CAPP-Seq) allow both tumor-informed and 
tumor-naïve assays to maintain high specificity while que-
rying an array of genomic targets. PCR-based assays have 
limited capacity for multiplex sequencing in a single reac-
tion pool, typically restricting genomic breadth to 2000 base 
pairs per reaction [10, 12, 15]. Therefore, assays utilizing 
multiplexed PCR generally require multiple separate reac-
tion pools running in parallel to achieve adequate multi-
mutation assessment, which is challenging when cfDNA 
input is limited. In contrast, hybrid capture-based assays 
enable sequencing across thousands of base pairs in a sin-
gle reaction but may be associated with a higher rate of 
false-positive findings given the increased opportunity for 
technical noise across a larger genomic space and longer 
sequencing library preparation times compared with PCR-
based methods [10, 16]. Both of these sequencing methods 
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may be complemented by fragment size selection, which 
has been shown to enrich for ctDNA when selecting for 
fragment sizes between 90 and 150 base pairs owing to the 
shorter length of ctDNA relative to normal cfDNA [19, 20]. 
Using molecular barcodes and bioinformatic approaches, 
artifactual mutations derived from PCR and sequencing 
errors are reduced, allowing for high sequencing depth and 
low limits of detection for detecting molecular alterations, 
such as single nucleotide variants (SNVs) and insertions/
deletions (indels) [17, 21]. Moreover, sequencing of paired 
peripheral blood mononuclear cells to a similar depth as 
cfDNA enables the filtration of false-positive variants that 
arise from clonal hematopoiesis [22]. While hybrid capture-
based cfDNA technologies, such as Guardant360® CDx and 
FoundationOne® Liquid CDx, were approved in 2020 by the 
FDA as companion diagnostics for querying the mutational 
status of multiple genes with targetable drugs for patients 
with advanced-stage cancer [23, 24], there have been no 
liquid biopsy assays to date receiving full approval by the 
FDA for MRD detection of solid tumors [5].

A different approach to ctDNA MRD detection entails 
whole genome sequencing (WGS) or whole exome sequenc-
ing (WES) [13], which strongly prioritizes the genomic 
breadth of sequencing over depth and is better equipped to 
detect genome-wide copy number alterations (CNAs) com-
pared with targeted NGS [25, 26]. Targeted NGS and broad 
WGS can also be integrated via a combinatorial approach 
to interrogate a more heterogeneous spectrum of molecular 

alterations [27–30]. Genome-wide CNA-based approaches 
have demonstrated promise for early treatment response 
assessment in the advanced setting [31], and more recently 
were applied to distinguish malignancy from pre-malignancy 
in the setting of NF1 cancer predisposition syndrome [32].

With each strategy offering distinct advantages, many 
companies are now adopting these technologies to design 
cfDNA assays for ctDNA MRD detection. Several obser-
vational studies have correlated ctDNA MRD detection 
with worse prognosis in patients with different solid tumor 
malignancies, including cancers of the lung, breast, colon, 
pancreas, stomach, esophagus, head and neck, and bladder 
[33–40]. Furthermore, several prospective randomized tri-
als are utilizing ctDNA MRD detection to guide interven-
tion. In this review article, we provide a comprehensive 
overview of commercial platforms used to detect ctDNA 
MRD. We introduce the stages of development that are 
required for integrating a commercial assay into clinical 
practice. Then, we present several commercial platforms 
for ctDNA MRD detection that are available for either 
clinical use (Table 1) or research use (Table 2), focusing 
on technological differences and clinical trials that demon-
strate proof of concept data based on information search-
able through PubMed, Google Scholar, and conference 
proceedings. We conclude by discussing the importance 
of MRD detection from a clinical perspective and future 
directions in the field that will enhance the implementation 
of ctDNA liquid biopsies moving forward. 

Table 1   ctDNA MRD platforms available for clinical practice

A comparison of technological features and performance specifications between Signatera™ (Natera), Guardant Reveal™ (Guardant Health), 
and NavDx™ (Naveris), which are commercially available platforms with clinical application for ctDNA MRD detection.
CRC​ colorectal cancer, ctDNA circulating tumor DNA, HPV human papilloma virus, indel insertion or deletion, LOD limit of detection, MRD 
minimal residual disease, NGS next-generation sequencing, OPSCC oropharyngeal squamous cell carcinoma, PCR polymerase chain reaction, 
SNV single nucleotide variant, VAF variant allele fraction

Platform Technology Variants queried Samples 
required

Tissue depend-
ence

Reported LOD Turnaround 
time

Tumor types

Signatera™ 
(Natera)

 Multiplex PCR-
based NGS

SNVs, indels Baseline: tumor 
tissue; whole 
blood (6 mL)

MRD/monitor-
ing: plasma 
(from 20 mL 
blood)

Tumor-informed 0.01% VAF 3 weeks 
for tumor 
sequencing 
and personal-
ized PCR 
primer design

1–2 weeks after 
plasma sample 
is received

Multi-cancer

Guardant 
Reveal™ 
(Guardant 
Health)

Hybrid capture-
based NGS

SNVs, indels, 
methylation

MRD/monitor-
ing: plasma 
(from 20 mL 
blood)

Tumor-naïve 0.01% VAF 1 week from 
sample receipt

CRC​

NavDx™ (Nav-
eris)

Digital droplet 
PCR

Queries HPV16, 
18, 31, 33, 35

MRD/monitor-
ing: plasma 
(from 10 mL 
blood)

Tumor-naïve 10 viral copies/
mL

1 week from 
sample receipt

HPV+ OPSCC
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2 � From Research and Development 
to Clinical Practice

Validation is critical to assay development [5, 41, 42]. The 
Evaluation of Genomic Applications in Practice and Preven-
tion initiative establishes three evidence-based components 
required for validation: analytical validity, clinical validity, and 
clinical utility [43]. Analytical validity is an assay’s ability 
to accurately and reliably measure the analyte or genotype of 
interest (e.g., ctDNA), as determined by sensitivity, specificity, 
reproducibility, and robustness [44]. This is generally assessed 
by in vitro experiments that apply the assay to known varying 
concentrations of fragmented tumor genomic DNA diluted 
into mixtures of normal cfDNA (i.e., synthetic DNA spike-
in), which allow for the developers to determine the exact 
concentration at which an assay reaches its limit of detection 
[45]. Clinical validity reflects the strength of the correlation 
with clinically meaningful events (e.g., disease recurrence), 
as determined by sensitivity, specificity, positive predictive 
value, and negative predictive value [46]. Lastly, clinical util-
ity is demonstrated by an assay’s ability to inform treatment 
and impact long-term patient outcomes (e.g., adjuvant therapy 
guided by ctDNA MRD improves survival), as determined by 
prospective randomized trials [47]. For example, IMvigor011 

is a prospective randomized trial utilizing major commer-
cial technology that will compare outcomes between ctDNA 
MRD-positive patients randomly assigned to a control arm or 
treatment arm following radical cystectomy for high-risk blad-
der cancer [48]. This type of study design is representative of 
other trials that are aiming to demonstrate the clinical utility 
of ctDNA MRD detection using commercial assays (Fig. 1).

The subsequent stages of assay development involve the 
acquisition of regulatory clearance and implementation into 
routine clinical practice [5]. The success of these stages 
largely depends on how well analytical and clinical valid-
ity are demonstrated for a specific indication. An important 
topic of debate in the field, however, is the extent to which 
clinical utility needs to be demonstrated before regulatory 
approval. While an increase in overall survival (OS) is cer-
tainly the gold standard, these clinical trials can take con-
siderable time to complete and are difficult to control given 
that patients often undergo multiple lines of therapy, thus 
confounding the results [49, 50]. Therefore, clinical trials that 
demonstrate an assay’s ability to improve disease-free sur-
vival (DFS) or other surrogate endpoints may be considered 
a sufficient benchmark for clinical implementation and poten-
tial regulatory approval, although this area remains actively 
debated and may depend on the degree of therapeutic benefit 

Table 2   ctDNA MRD platforms currently for research use only

A comparison of technological features and performance specifications among ctDNA MRD platforms that are available for translational 
research and clinical trial use only: AVENIO (Roche), PCM™ (ArcherDX), RaDaR™ (Inivata), PredicineALERT™ (Predicine), MRDetect (C2i 
Genomics), and PhasED-Seq (Foresight Diagnostics).
CNA copy number alteration, ctDNA circulating tumor DNA, indel insertion or deletion, LOD limit of detection, MRD minimal residual disease, 
NGS next-generation sequencing, PCR polymerase chain reaction, PV phased variant, SNV single nucleotide variant, TF tumor fraction, VAF 
variant allele fraction, WGS whole genome sequencing

Platform Technology Variants queried Samples required Tissue dependence Reported LOD

AVENIO (Roche) Hybrid capture-based 
NGS

SNVs, indels, CNAs, 
fusions

MRD/monitoring: 
plasma (4 mL)

Tumor-naïve 0.1% VAF

PCM™ (ArcherDX) Multiplex PCR-based 
NGS

SNVs, indels, CNAs Baseline: tumor tissue
MRD/monitoring: 

plasma 

Tumor-informed 0.003% VAF

RaDaR™ (Inivata) Multiplex PCR-based 
NGS

SNVs, indels, CNAs Baseline: tumor tissue
MRD/monitoring: 

plasma (from 20 mL 
blood)

Tumor-informed 0.001% VAF

PredicineALERT™ 
(Predicine)

Hybrid capture-based 
NGS

SNVs, indels, CNAs, 
fusions

Baseline: tumor tissue or 
plasma (from 10 mL 
blood)

MRD/monitoring: 
plasma 

Tumor-informed 
or tumor-naïve

0.005% VAF

MRDetect (C2i Genom-
ics)

WGS SNVs, CNAs Baseline: tumor tissue
MRD/monitoring: 

plasma (1 mL)

Tumor-informed 0.001% TF

PhasED-Seq (Foresight 
Diagnostics)

Hybrid capture-based 
NGS

PVs, SNVs Baseline: tumor or 
plasma

MRD/monitoring: 
plasma 

Tumor-informed < 0.0001% TF
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observed in the adjuvant setting. For example, the ADAURA 
trial met its primary endpoint of improved DFS in a study of 
patients with stage IB–IIIA resected NSCLC harboring an 
EGFR mutation (exon 19 deletion and/or L858R) who were 
randomized to either osimertinib or placebo, which led to the 
unblinding of patients in the trial even though this compro-
mised the analysis of OS [51, 52].

As there is no universal standard for MRD detection, cli-
nicians must also carefully consider several other variables 
that could affect which platform is most appropriate to uti-
lize. One such variable is cost, which is based on the extent 
of insurance or government payer reimbursement [5]. Com-
mercial assays that are granted breakthrough device desig-
nations for intended use, and are subsequently approved by 
the FDA, may receive an accelerated path to reimbursement 
by a policy recently proposed by the Centers for Medicare 
and Medicaid Services [53]. Another consideration is assay 
turnaround time, as results should be returned within a rea-
sonable time frame to avoid potentially adverse delays in 
adjuvant treatment after MRD detection [18]. Given these 
nuances, it is important not only to review the data validat-
ing assay performance but also to consider these logistical 
factors that may impact implementation into clinical prac-
tice [5]. Nonetheless, the demonstration of clinical utility 
remains the most important factor that impacts the applica-
tion of these technologies to clinical practice.

3 � Commercial Platforms Available 
for Clinical Use

3.1 � Signatera™ (Natera, Inc., San Carlos, CA, USA)

Signatera™ is a tumor-informed ctDNA MRD assay that uti-
lizes patient-specific tumor mutations to perform multiplex 

PCR amplification and subsequent NGS of cfDNA from 
plasma [54]. The top 16 somatic variants (SNVs or indels) 
from WES of primary tumor tissue are first selected using 
paired whole blood sequencing to filter out germline variants 
and clonal hematopoiesis. Somatic variants are prioritized 
based on clonality, detectability, and frequency of muta-
tion. Primers are designed against each of the top 16 tumor 
variants, followed by 16-plex PCR of plasma cfDNA iso-
lated from subsequent blood samples collected after defini-
tive treatment in the MRD setting. This approach enables 
ultra-deep sequencing of each target to an average depth of 
100,000× and reduces background noise from non-tumor 
variants. Signatera™ has been shown to detect at least two 
tumor variants per sample among the 16 queried in the 
panel, with over 98% analytical sensitivity at ctDNA con-
centrations of 0.01%–0.02% [54, 55]. This limit of detec-
tion of 0.01% VAF translates to the detection of two mutant 
haploid genomes among a background of 20,000 normal 
haploid genomes.

Despite the increased specificity associated with targeted 
interrogation of patient-specific mutations, variant detection 
is limited to those that originate in the primary tumor sam-
ple. For this reason, tumor-informed assays can miss clonal 
variants that are unaccounted for in the primer pool and 
emerge in the MRD setting, which could include important 
mutations that confer treatment resistance [34, 38, 56]. As a 
potential solution, Natera is developing an expanded WES 
platform that queries approximately 20,000 genes in plasma 
cfDNA, which may enable better detection of de novo resist-
ance mutations [57]. Another limitation of Signatera™ is 
that the dependence on tumor sequencing could theoretically 
be a limitation if it prolongs the overall turnaround time and 
delays adjuvant treatment decision making [58].

While not yet approved by the FDA, Signatera™ 
has been granted a total of three breakthrough device 

Fig. 1   Prospective randomized trial design to demonstrate clinical utility of circulating tumor DNA (ctDNA) minimal residual disease (MRD) 
detection. The IMvigor011 trial utilizes Signatera™ to detect ctDNA, and then randomizes patients with positive MRD to either a placebo arm 
or interventional arm with adjuvant atezolizumab. This study design is representative of clinical trials that aim to demonstrate the clinical utility 
of ctDNA MRD detection.
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designations, one in May 2019 and two in March 2021, to 
accelerate phase III development and approval as a com-
panion diagnostic for three different clinical indications 
[59, 60]. In September 2020, Medicare finalized a plan 
to approve full coverage for the use of Signatera™ for 
patients with stage II and III colorectal cancer (CRC) to 
inform adjuvant treatment after surgery and monitor recur-
rence [61]. The turnaround time after receiving the tumor 
tissue specimen is around two weeks for tumor sequenc-
ing results, followed by an additional week for designing 
patient-specific PCR probes. Once the patient-specific 
assay is designed, subsequent Signatera™ results based 
on post-treatment blood samples are available one to two 
weeks after a physician orders the test.

Signatera™ has shown evidence of clinical validity in 
prospective multicenter cohort studies for multiple solid 
tumor types, including CRC, NSCLC, breast cancer, and 
bladder cancer. In a study of 130 patients with stage I–III 
CRC treated with surgery and adjuvant chemotherapy, a 
positive ctDNA test during longitudinal analysis (i.e., at 
least one ctDNA positive among plasma samples collected 
every three months for up to three years) with Signatera™ 
after definitive treatment predicted 14 of 16 clinical relapses 
(87.5%) and corresponded to more than a 40-fold increase 
in the likelihood of disease recurrence compared to a nega-
tive ctDNA test (hazard ratio [HR] = 43.5; 95% confidence 
interval [CI]: 9.8–193.5) [62]. Serial ctDNA analyses 
also detected disease recurrence at a median lead time of 
10.1 months (range: 0.8–16.5 months) before radiologic 
detection.

For patients with stage I–III NSCLC treated with surgery, 
the Signatera™ assay was applied to pre-surgical and post-
surgical plasma samples from 24 patients enrolled in the 
TRACERx study (NCT01888601), which is a multicenter 
prospective trial with longitudinal sampling that aims to 
study the evolutionary phylogenetic landscape and dynam-
ics of intratumor heterogeneity in > 800 patients at the time 
of diagnosis, therapeutic intervention, and disease relapse 
[63–65]. Among 14 patients who ultimately relapsed, 13 
of them had positive ctDNA detection before or at the time 
of clinical relapse (93% sensitivity). Furthermore, relapse 
was detected by ctDNA prior to radiographic evidence by a 
median lead time of 2.3 months (range: 0.3–11.4 months). 
Among ten patients without clinical evidence of relapse, 
ctDNA detection was positive in just one patient (90% 
specificity). Interestingly, this patient with a supposed false-
positive result received both adjuvant chemotherapy and 
radiation therapy, which likely ablated their ctDNA MRD. 
In support of this hypothesis, ctDNA findings were negative 
at each of three serial timepoints following adjuvant therapy 
completion. The results for using ctDNA to predict adju-
vant treatment response were also promising. One patient 
with high ctDNA levels after surgery and before adjuvant 

chemoradiotherapy was found to have undetectable ctDNA 
after the completion of adjuvant therapy and ultimately 
never recurred. Conversely, ctDNA also potentially reflects 
chemotherapy resistance, as three patients who had positive 
ctDNA detection after surgery and then showed increased 
ctDNA levels after adjuvant chemotherapy ultimately 
recurred within a year of surgery. Altogether, these results 
demonstrate the potential of using Signatera™ to monitor 
treatment response versus resistance in patients with local-
ized NSCLC.

Promising results were also observed using the Signat-
era™ assay in a study of 49 high-risk patients with stage 
I–III breast cancer recruited within three years after treat-
ment with surgery and adjuvant chemotherapy. Serial plasma 
analysis with Signatera™ predicted 16 of 18 relapses (89%) 
with no false positives and demonstrated a median lead 
time of 8.9 months (range: 0.5–24.0 months) compared to 
clinically detected relapse [66]. A separate study of ctDNA 
measured using Signatera™ in 84 high-risk patients with 
stage II–III breast cancer in the multicenter I-SPY 2 trial 
(NCT01042379) detected ctDNA pretreatment in 73% of 
patients. After completing neoadjuvant chemotherapy, 17 of 
the 60 ctDNA pretreatment-positive patients who achieved 
a pathologic complete response (pCR) were concordantly 
ctDNA MRD-negative [67]. Among the 43 patients who did 
not achieve a pCR after neoadjuvant chemotherapy, 14% 
were concordantly ctDNA MRD-positive and experienced 
significantly worse risk of metastatic recurrence (HR = 
10.4; 95% CI: 2.3–46.6). Interestingly, the remaining 86% 
of patients who did not achieve a pCR were found to be 
ctDNA MRD-negative after neoadjuvant chemotherapy and 
had excellent outcomes comparable to those who achieved 
a pCR (HR = 1.4; 95% CI: 0.2–13.5). These results suggest 
that the lack of ctDNA clearance from pre-treatment to post-
chemotherapy is associated with poor treatment response 
and ultimately a higher rate of metastatic recurrence, while 
ctDNA clearance, even among those who fail to achieve a 
pCR, may predict improved survival. The wide CI reinforces 
the importance of validating whether ctDNA MRD may be 
a better marker than pCR for predicting disease recurrence.

Signatera™ has also been applied successfully in patients 
with muscle-invasive bladder cancer (MIBC). Among 68 
patients with MIBC treated with neoadjuvant chemotherapy 
and surgery, post-operative surveillance with Signatera™ 
identified cases of metastatic relapse with 100% sensitiv-
ity, 98% specificity, and a median lead time of 3.2 months 
(range: 2.7–8.0  months) [56]. Plasma ctDNA detected 
during disease surveillance after cystectomy was highly 
prognostic, with ctDNA status being the strongest pre-
dictor of DFS after cystectomy in a multivariate analysis 
(HR = 129.6; p < 0.001) and associated with significantly 
worse OS (p < 0.001). Circulating tumor DNA detection 
after neoadjuvant chemotherapy, but before cystectomy and 
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at the time of diagnosis prior to neoadjuvant chemotherapy, 
was also significantly associated with worse DFS and infe-
rior OS (p < 0.001).

Neoadjuvant chemotherapy followed by cystectomy has 
been a standard curative-intent treatment for MIBC for dec-
ades. However, despite this aggressive multidisciplinary 
therapeutic approach, many MIBC patients develop disease 
recurrence. To assess whether adjuvant atezolizumab would 
reduce the risk of recurrence in patients undergoing cura-
tive-intent treatment, the phase III, open-label IMvigor010 
trial (NCT02450331) randomized 809 patients with high-
risk muscle-invasive urothelial carcinoma who had under-
gone either radical cystectomy or nephroureterectomy 1:1 
to receive either adjuvant atezolizumab or observation 
[68]. Plasma for ctDNA was prospectively collected on the 
IMvigor010 trial.

Among unselected patients, the addition of atezoli-
zumab did not confer a significant improvement in DFS 
(HR = 0.89; 95% CI: 0.74–1.08) or OS (HR = 0.85; 95% 
CI: 0.66–1.09). To assess whether adjuvant atezolizumab 
would benefit selected patients who were positive for ctDNA 
MRD at cycle 1 day 1 (C1D1), and to test if ctDNA MRD 
in plasma at C1D1 and cycle 3 day 1 (C3D1) was associ-
ated with inferior DFS, plasma samples from 581 patients 
enrolled onto IMvigor010 were analyzed using the Sig-
natera™ assay [39]. At C1D1 (median of 11 weeks after 
surgery), 37% (214/581) of patients had positive ctDNA 
MRD in blood plasma, which conferred an increased risk 
of disease recurrence compared to those who were ctDNA 
MRD-negative (HR = 6.3; 95% CI: 4.45–8.92; p < 0.0001 
for patients in the observation arm). However, patients with 
positive ctDNA MRD who received adjuvant atezolizumab 
had improved DFS (HR = 0.58; 95% CI: 0.43–0.79; p = 
0.0024; median DFS: 5.9 vs 4.4 months) and OS (HR = 
0.59; 95% CI: 0.41–0.86; median OS: 25.8 vs 15.8 months) 
compared with patients with positive ctDNA MRD in the 
observation arm. In contrast, there was no clinical benefit 
observed with atezolizumab therapy over observation in 
patients who had negative ctDNA MRD at C1D1. Also at 
C3D1, 38% (186/485) of patients were positive for ctDNA 
MRD and were at higher risk for disease recurrence than 
patients who were negative for ctDNA MRD (HR = 8.65; 
95% CI: 5.67–13.18; p < 0.0001 for patients in the observa-
tion arm). Circulating tumor DNA dynamics were addition-
ally assessed in this study. The authors observed that patients 
in the atezolizumab arm whose ctDNA was detectable at 
C1D1 but became undetectable at C3D1 (18 of 99; 18%) had 
superior DFS when compared with their counterparts whose 
ctDNA remained detectable at C3D1 (HR = 0.26; 95% CI: 
0.12–0.56; p = 0.0014; median DFS: not reached vs 5.7 
months). These findings suggest that postoperative ctDNA 
MRD detection and clearance can inform the administration 

of adjuvant immune checkpoint inhibitors in patients with 
MIBC after surgery.

A broader application of Signatera™ will likely be driven 
by an increase in large prospective studies demonstrating its 
clinical utility, which would encourage regulatory approval 
and expanded payer support. One such trial in progress is the 
IMvigor011 study (NCT04660344), a phase III, randomized, 
double-blind, placebo-controlled trial initiated in May 2021 
in which 495 patients with MIBC who are ctDNA positive 
within 20 weeks after undergoing radical cystectomy will 
be randomized to either adjuvant atezolizumab or placebo 
for one year. The primary outcome measure is DFS, with 
OS as a secondary outcome [48]. This prospective study 
was developed based on the findings from the IMvigor010 
study, which showed the potential of ctDNA MRD-based 
personalization of adjuvant therapy via a randomized open-
label trial. IMvigor011 aims to validate these findings, which 
could provide strong evidence for approving ctDNA MRD 
detection via Signatera™ to guide adjuvant treatment with 
atezolizumab for patients with high-risk bladder cancer after 
a radical cystectomy in the future [68].

The DARE study (NCT04567420) is a phase II, rand-
omized, multicenter trial that is enrolling about 100 patients 
with stage II–III, HR-positive/HER2-negative breast can-
cer who are currently receiving adjuvant endocrine therapy 
and test positive with the Signatera™ assay [69]. These 
ctDNA-positive patients will then be randomized to either 
continue standard of care endocrine therapy or start treat-
ment with the CDK4/6 inhibitor palbociclib in combination 
with fulvestrant for two years. Palbociclib, as well as other 
CDK4/6 inhibitors, are not yet approved in the adjuvant set-
ting. The PALLAS trial (NCT02513394) showed that the 
addition of adjuvant palbociclib to endocrine therapy did 
not improve DFS compared to endocrine therapy alone [70, 
71]. However, the MonarchE trial (NCT03155997), which 
randomized patients to either abemaciclib with endocrine 
therapy or endocrine therapy alone, has yielded early data 
showing significant differences in DFS between these two 
study arms [72, 73]. A hypothesis that warrants prospective 
validation is to assess whether adjuvant treatment with a 
CDK4/6 inhibitor may only benefit a subset of patients with 
HR-positive/HER2-negative breast cancer who are ctDNA 
MRD-positive [74]. For this reason, the DARE trial aims 
to determine if ctDNA-guided adjuvant treatment with a 
CDK4/6 inhibitor leads to significant improvement in DFS, 
using Signatera™ to identify those who are ctDNA MRD-
positive. Similarly, the LEADER study (NCT03285412) is 
a phase II randomized trial of ribociclib for the treatment of 
patients with ER-positive early-stage breast cancer who are 
ctDNA MRD-positive based on the Signatera™ assay [75].
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3.2 � Guardant Reveal™ (Guardant Health, Inc., 
Redwood City, CA, USA)

Guardant Reveal™ is a ctDNA MRD assay that does not 
require personalized tumor sequencing and could help cli-
nicians identify patients at high risk for recurrence after 
curative-intent resection of CRC, potentially informing the 
need for adjuvant chemotherapy [76, 77]. Using plasma 
from peripheral blood, Guardant Reveal™ applies a fixed 
500-kilobase gene panel to perform hybrid capture-based 
NGS. The assay utilizes proprietary bioinformatics software 
to simultaneously query methylation and genomic altera-
tions, while aiming to filter out biological noise from clonal 
hematopoiesis without requiring the sequencing of paired 
peripheral blood mononuclear cells [78, 79]. By integrat-
ing genomic and epigenomic signatures, Guardant Reveal™ 
was able to detect ctDNA in patients with early-stage CRC 
with 91% sensitivity down to a limit of detection of 0.01% 
VAF and a turnaround time of approximately seven days [76, 
80]. Circulating tumor DNA MRD testing with Guardant 
Reveal™ can be performed serially at multiple intervals, 
including both four to six weeks and nine to eleven weeks 
after surgery, to improve sensitivity and inform clinicians 
of high-risk patients with detectable MRD for adjuvant 
chemotherapy. Circulating tumor DNA monitoring can be 
performed again at 16–18 weeks after surgery to identify 
patients who may have persistent disease despite adjuvant 
treatment [81].

With more than 150,000 patients diagnosed each year 
with CRC in the USA [82], the majority of CRC is diag-
nosed early (stages I–III), in part because of the implemen-
tation of preventative strategies, such as screening colo-
noscopies and stool DNA testing. After surgical resection 
with curative intent plus adjuvant chemotherapy for stage 
IIB CRC and higher, standard of care surveillance includes 
examination, carcinoembryonic antigen protein blood test 
monitoring, interval computed tomography scans, and sur-
veillance colonoscopies. Despite these interventions, CRC 
recurrence rates remain high at 30–40%, with 80% of recur-
rences occurring early within the first two years after resec-
tion [83, 84]. Adjuvant chemotherapy provides a significant 
survival benefit in high-risk colon cancer [85], thus rein-
forcing the appeal of using ctDNA MRD detection to select 
patients who may benefit most from an escalation of care. 
The Guardant Reveal™ assay has not yet been cleared by 
the FDA but is commercially available for clinical use in 
CRC [86].

Guardant Reveal™ showed promising performance when 
used to detect ctDNA MRD in a prospective observational 
study in patients with stages I–IV CRC receiving curative-
intent therapy [77]. One hundred and three patients were 

enrolled in this study, and 70 patients met criteria for the 
final analysis, which required available plasma after com-
pletion of definitive therapy (one month after surgery or 
adjuvant therapy) with sufficient cfDNA quantity and qual-
ity. Seventeen patients had detectable ctDNA post-definitive 
therapy, 15 of whom relapsed, while 12 of 53 ctDNA MRD-
negative patients also developed recurrence (sensitivity = 
55.6%, specificity = 95.4%). Restricting analysis to patients 
with over a year of follow-up (n = 64), 15 patients had 
detectable ctDNA MRD with all recurring, while 12 of 49 
patients with undetectable ctDNA MRD also relapsed (sen-
sitivity = 55.6%, specificity = 100%). Finally, when incorpo-
rating all available surveillance blood draws in these patients 
with over a year of follow-up, assay sensitivity for recur-
rence increased further to 69% with 20 patients harboring 
detectable post-treatment ctDNA among 29 relapses, while 
maintaining 100% specificity. These findings demonstrate 
that post-treatment ctDNA analysis using Guardant’s tumor-
naïve technology can detect residual disease in patients with 
CRC.

The GEMCAD 1402 study (NCT02340949), a phase II, 
multicenter trial from 20 Spanish hospitals, randomized 180 
patients with high-risk locally advanced rectal cancer to a 
modified schedule of total neoadjuvant treatment (TNT) with 
5-fluorouracil, leucovorin, and oxaliplatin (mFOLFOX6) ± 
aflibercept, followed by chemoradiation and surgery [87, 
88]. Blood samples were collected to investigate ctDNA 
value to predict tumor response, recurrence, and survival in 
locally advanced rectal cancer treated with TNT. Utilizing 
the Guardant Reveal™ assay (formerly called LUNAR-1), 
baseline and pre-surgery samples were analyzed from 72 
patients [89]. At baseline, 83% of patients had detectable 
ctDNA vs 15% following TNT (pre-surgery). No associa-
tion was identified between ctDNA status (detectable vs 
undetectable) and pathological response. However, detect-
able ctDNA pre-surgery was significantly associated with 
systemic recurrence (HR = 4; 95% CI: 1.0–16.2) and inferior 
OS (HR = 23; 95% CI: 2.4–212). This study highlights the 
prognostic potential of ctDNA detected following TNT in 
patients with locally advanced rectal cancer.

The PEGASUS study (NCT04259944) is an ongoing 
phase II, multicenter, prospective trial that is assessing the 
feasibility of using ctDNA liquid biopsy to guide the post-
surgical management of 140 patients with microsatellite-
stable high-risk stage II (T4N0) and stage III CRC, utiliz-
ing the Guardant Reveal™ platform for ctDNA detection 
[90, 91]. In this study, patients are randomized by ctDNA 
MRD status two to four weeks post-surgery to guide adju-
vant treatment with either capecitabine or capecitabine/
oxaliplatin (CAPOX). After adjuvant treatment, MRD sta-
tus is reassessed among all patients to guide subsequent 
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treatment. Patients who are ctDNA MRD-positive upon the 
second round of testing receive an escalated treatment for six 
months (or until radiographic progression or toxicity) with 
either 5-fluorouracil plus leucovorin plus irinotecan (FOL-
FIRI) or CAPOX. Efficacy analyses from PEGASUS will 
be compared with the TOSCA trial (NCT00646607) for all 
known prognostic phenotypes [92], and the study comple-
ments AlfaOmega (NCT04120935), a master observational 
protocol that collects biospecimens including plasma from 
patients with CRC, and follows them clinically for at least 
five years or until death [93].

3.3 � NavDx™ (Naveris, Inc., Natick, MA, USA)

NavDxTM is a commercial assay for monitoring HPV+ oro-
pharyngeal squamous cell carcinoma. It was developed using 
digital droplet PCR to quantify circulating human papillo-
mavirus DNA (ctHPVDNA) in blood plasma [94]. Longitu-
dinal plasma samples can be monitored during radiotherapy 
and post-treatment surveillance to profile ctHPVDNA clear-
ance using PCR primers against amplicons within the E6 
and E7 genes of HPV 16 and E7 genes in HPV 18, 31, 33, 
and 35 [94, 95].

NavDxTM was validated in a longitudinal trial that 
enrolled 115 patients with nonmetastatic HPV+ oropharyn-
geal squamous cell carcinoma undergoing curative-intent 
chemoradiotherapy [92]. In this study, blood was collected 
at baseline, once a week during therapy, and at each post-
treatment follow-up visit. With a median follow-up time of 
23 months, 87 patients had undetectable ctHPVDNA at all 
post-treatment timepoints, with a negative predictive value 
of 100% for disease recurrence. Of the 28 patients who were 
ctHPVDNA positive at any post-treatment timepoint, 16 
patients had two consecutively positive ctHPVDNA tests, 
among whom 15 were diagnosed with biopsy-proven disease 
recurrence, suggesting potential utility in the post-treatment 
surveillance setting.

In another NavDxTM study, 46 patients undergoing trans-
oral surgery had samples collected after surgery but prior to 
initiating adjuvant treatment [96]. Circulating human papil-
lomavirus DNA was detectable in 64% (7/11) of patients 
that recurred compared to 29% (10/34) without recurrence, 
although this difference was not significant (p = 0.1). How-
ever, detectable ctHPVDNA was significantly associated 
with inferior 2-year progression-free survival (45 vs 84%; 
p = 0.04) and OS (80 vs 100%; p = 0.02). Thus, NavDxTM 
applied post-treatment has the potential to inform progno-
sis in patients with HPV+ oropharyngeal squamous cell 
carcinoma.

4 � Commercial Platforms for Research Use 
Only

4.1 � AVENIO (Roche Diagnostics, Indianapolis, IN, 
USA)

The AVENIO ctDNA analysis kits represent a portfolio 
of three hybrid capture-based NGS assays (Targeted Kit, 
Expanded Kit, and Surveillance Kit) for use in solid tumor 
research. The Surveillance Kit is designed to longitudinally 
monitor tumor burden in patients with either NSCLC or 
CRC after surgical resection. Using a tumor-naïve approach 
applied to cfDNA from four mL of plasma, the Surveillance 
Kit profiles 197 genes that represent recurrently mutated 
regions in NSCLC and CRC, achieving > 99% specificity 
and > 99% PPV for all classes of mutations (e.g., SNVs, 
indels, fusions, and CNAs) with a limit of detection of 
0.1% VAF. The platform is under active clinical investiga-
tion, including in a phase II trial (NCT04585477) assessing 
whether there is a change in ctDNA levels after two cycles 
of adjuvant durvalumab in patients with stage I–III NSCLC 
with positive ctDNA MRD following curative-intent treat-
ment [97]. The primary outcome is to detect a decrease in 
ctDNA MRD levels, specifically a ≥ 3-fold drop after two 
cycles of durvalumab treatment. The AVENIO ctDNA Sur-
veillance Kit will be used for ctDNA analysis to assess MRD 
in this study.

The AVENIO Surveillance Kit was also recently utilized 
to determine whether ctDNA in plasma or urine can detect 
MRD in patients with oligometastatic CRC [98]. Plasma 
and urine samples were prospectively collected from 24 
patients with oligometastatic CRC immediately prior to 
curative-intent surgery and generally following neoadjuvant 
chemotherapy. Using tumor-naïve plasma ctDNA analysis 
based on the AVENIO assay, MRD was detected with 95% 
sensitivity and 100% specificity. Among the 71% of patients 
who received neoadjuvant chemotherapy, sensitivity of 
MRD detection was 94%. The specificity of MRD detection 
remained high at 100% with a urine-based ctDNA analysis, 
but the sensitivity decreased to 64% because of ctDNA lev-
els in urine being ~ 11-fold lower than in plasma. A further 
ctDNA-informed oncogenomic analysis showed that 81% 
of ctDNA MRD-positive patients may have benefitted from 
adjuvant therapy comprising either targeted systemic therapy 
or immune checkpoint inhibitors. More study is warranted 
to validate these findings and determine whether they can 
guide oligometastatic CRC treatment decision making in the 
future.

Finally, the AVENIO assay will be used in a phase III 
clinical trial (NCT04585490) to personalize the escala-
tion of consolidation therapy for patients with unresect-
able stage III NSCLC with detectable ctDNA MRD after 
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curative-intent chemoradiation treatment. The main purpose 
of this study is to test whether detectable ctDNA levels in 
blood can be decreased by combining the standard treatment 
(durvalumab) with additional chemotherapy [99]. This pro-
spective study could help validate the compelling findings 
published by Moding et al. that ctDNA MRD for locally 
advanced NSCLC following chemoradiation is potentially 
predictive for guiding consolidation systemic therapy [100].

4.2 � PCM™ (ArcherDX, Inc., Boulder, CO, USA)

The Personalized Cancer Monitoring (PCM™) technol-
ogy, developed by ArcherDX, applies the company’s pro-
prietary and minimally invasive anchored-multiplex PCR 
technology to detect ctDNA MRD in patients with early-
stage cancer via a tumor-informed approach. The devel-
opment of ArcherDX’s PCM™ platform is supported by 
the TRACERx study [63], and the assay received break-
through device designation from the FDA in January 2020 
[101]. In a collaboration with AstraZeneca, ArcherDX is 
utilizing PCM™ to perform WES of resected tumor sam-
ples from NSCLC and generate patient-specific ctDNA 
assays, which then serve as companion diagnostics for 
AstraZeneca’s associated therapies in the MERMAID-1 
study (NCT04385368). This study is a phase III, rand-
omized, multicenter, double-blind, placebo-controlled 
study designed to investigate the efficacy of adjuvant 
immunotherapy with durvalumab compared to placebo 
following standard of care platinum-based chemotherapy 
in 332 patients with stage II–III NSCLC who are ctDNA 
MRD-positive after surgical management [102]. Similarly, 
the MERMAID-II study (NCT04642469) is a phase III, 
randomized, double-blind, placebo-controlled trial that 
aims to evaluate the efficacy and safety of adjuvant dur-
valumab compared to placebo in patients with stage II–III 
NSCLC following curative-intent therapy (i.e., complete 
surgical resection with or without chemotherapy) who 
have no evidence of radiographic disease recurrence but 
become ctDNA positive during a 96-week surveillance 
period [103]. These studies will hopefully provide clini-
cians with additional tools to identify MRD and selectively 
intensify treatment for ctDNA MRD-positive patients with 
locally advanced NSCLC [104]. They may also help guide 
clinicians to avoid prescribing additional treatments to 
patients who are ctDNA MRD-negative following surgery 
and adjuvant chemotherapy.

Within the TRACERx study described previously, 
Abbosh et al. have also assessed the role of using PCM™ 
to monitor tumor-informed personalized ctDNA as an 
adjuvant biomarker following surgical tumor resec-
tion to predict disease relapse by MRD detection [105]. 
In 78 patients with stage I–III NSCLC, patient-spe-
cific anchored-multiplex PCR enrichment panels were 

generated, and 608 plasma samples were analyzed. Cir-
culating tumor DNA enrichment panels targeted a median 
of 196 (range: 72–482) clonal and subclonal variants 
detected in the primary tumor tissue by multi-region 
exome sequencing. Background sequencing error was 
estimated and accounted for in instances of low VAFs to 
maximize ctDNA detection. The 50-variant anchored-
multiplex PCR-MRD assay demonstrated 89% sensitiv-
ity at 0.008% VAF (with 25 ng DNA input) with 100% 
experimental specificity and 99.9% specificity in silico 
(95% CI: 99.67–99.99). Circulating tumor DNA MRD was 
detected in 37 of 45 patients (82%) who developed disease 
relapse with a median time from ctDNA detection to clini-
cal relapse of 151 days (range: 0–984 days) and time to 
relapse from surgery of 413 days (range: 41–1242 days). 
These investigations are ongoing, and final study results 
are not yet available.

4.3 � RaDaR™ (Inivata, Research Triangle Park, NC, 
USA and Cambridge, UK; Liquid Biopsy Division 
of NeoGenomics, Inc.)

RaDaR™ (Residual Disease and Recurrence) is a tumor-
informed, multiplex PCR-based NGS assay built on Iniva-
ta’s InVision® platform technology. RaDaR™ is designed 
to track 48 patient-specific variants for detecting MRD 
in multiple tumor types, either following curative-intent 
treatment or for early detection of relapse. RaDaR™ 
received breakthrough device designation by the FDA in 
March 2021 [106]. Inivata reports that RaDaR™ is sensi-
tive to 10 parts per million with a VAF detection limit of 
0.001% and a turnaround time of approximately seven days 
from collection to reporting [107].

Inivata presented two studies at the 2021 American 
Association for Cancer Research Annual Meeting, includ-
ing data from breast cancer and head and neck squamous 
cell carcinoma [108, 109]. In a retrospective, multicenter, 
proof of principle study, 22 patients with nonmetastatic 
breast cancer were followed after curative-intent surgical 
resection [108]. Cell-free DNA was extracted from 147 
plasma samples after tumor resection and sequenced with 
RaDaRTM assays (with a median of 41 patient-specific 
variants per panel) to determine ctDNA and its asso-
ciation with relapse. RaDaRTM identified post-surgical 
ctDNA in all patients with relapsed disease (n = 17; VAF 
range: 0.0007%–1.3%). Additionally, five of the relapsed 
cases detected by the RaDaRTM assay were not detected 
by single-gene digital droplet PCR. The detection of 
ctDNA after surgery was associated with a significantly 
higher rate of relapse (HR = 6.9; 95% CI: 2.5–19.2) with a 
median lead time from ctDNA detection to clinical relapse 
of 8.8 months. The five patients who did not relapse had 
undetectable ctDNA. These findings suggest that detection 
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of post-surgical ctDNA by the RaDaRTM assay is associ-
ated with a high risk of relapse following nonmetastatic 
breast cancer treatment.

RaDaR™ is also being used in the  LIONESS 
study  (Liquid BIOpsy for MiNimal RESidual DiSease 
Detection). This study is a prospective, single-center, 
evidence-generating cohort study that investigated ctDNA 
detection in 11 patients with p16-negative head and neck 
squamous cell carcinoma after curative-intent surgical 
resection [109]. Baseline ctDNA levels in plasma sam-
ples taken prior to surgery ranged from 0.014% to 0.97% 
estimated VAF. In post-surgical samples, ctDNA could be 
detected at levels as low as 0.0006% VAF. Longitudinal 
monitoring of serial plasma samples showed that of the 
four patients who relapsed, ctDNA was detected ahead 
of clinical progression, with a lead time of 108 to 248 
days. While the results of this small study are preliminary, 
they suggest that ctDNA can be used as a biomarker for 
monitoring HPV-negative head and neck squamous cell 
carcinoma after surgery.

4.4 � PredicineALERT™ (Predicine, Inc., Hayward, CA, 
USA)

PredicineALERT™ is a platform for ctDNA MRD detection 
that uses available tissue or a biofluid sample (i.e., plasma) 
to establish a baseline molecular profile [110, 111]. Predi-
cineWES is a 20,000-gene panel assay that sequences cod-
ing regions to a depth of coverage of 2500× and has a limit 
of detection of 1% VAF. PredicineATLAS is a 600-gene 
hybrid capture-based NGS assay with a depth of coverage 
of 20,000× and a limit of detection of 0.25% VAF. With a 
seven to ten day turnaround time after baseline profiling with 
PredicineWES and PredicineATLAS, PredicineALERT™ 
enables personalized baseline-informed ctDNA monitoring 
to VAF levels as low as 0.005%.

The platform’s ability to detect genomic alterations is 
comparable to that of PredicineCARE, which is an assay 
developed to detect prognostic CNAs in the PTEN-PI3K-
AKT and AR pathways using plasma cfDNA from patients 
with metastatic castration-resistant prostate cancer [111, 
112]. The company has presented data to track ctDNA in the 
plasma of patients with metastatic castration-resistant pros-
tate cancer based on 32 mutations identified from baseline 
profiling [111]. The assay was then applied to detect sheared 
tumor DNA diluted in normal plasma cfDNA to concentra-
tions of 0.1% down to 0.005%. The assay reached its limit of 
detection at 0.005% VAF with an average of 3.75 mutations 
detected with 100% sensitivity, thus supporting its analyti-
cal validity. The company also reports that the assay can be 
used without a baseline sample (i.e., baseline-agnostic) and 
achieves a limit of detection of 0.025% VAF. As the assay 

is currently still in development, further trials exploring its 
clinical validity and utility are underway.

4.5 � MRDetect (C2i Genomics, New York, NY, USA)

MRDetect is a tumor-informed, WGS-based cfDNA assay 
for MRD detection developed by C2i Genomics. The com-
pany asserts that limited DNA input, particularly in the 
MRD setting, still remains a major barrier to deep tar-
geted sequencing [113]. They demonstrate that even with a 
sequencing depth of ~ 40,000× and bioinformatic error sup-
pression, mutational detection was mostly limited to 0.1% 
VAF. This limit of detection appeared to be dependent on 
the number of cfDNA molecules available, which generally 
decreases with cancer stage [114], and a positive correlation 
was observed between the number of mutations detected and 
the number of unique cfDNA molecules sequenced. There-
fore, C2i Genomics claims that overcoming this fundamental 
constraint imposed by limited cfDNA input in the setting 
of low disease burden requires a strategy that prioritizes 
increased sequencing breadth as opposed to depth. To imple-
ment this strategy, MRDetect applies WGS to tumor tissue 
and germline DNA from matched peripheral blood mononu-
clear cells to inform each personalized ctDNA assay. Then, 
each identified tumor somatic SNV is queried in cfDNA 
to calculate a cumulative genome-wide tumor signal from 
a sample of plasma. Similarly, CNAs are informed from 
tumor sequencing and queried in plasma cfDNA, which is 
combined with the SNV data to generate a single statistical 
detection score. In doing so, MRDetect capitalizes on signals 
from thousands of somatic mutations to enable a limit of 
detection less than one per total haploid genome equiva-
lents. This is conceptually similar to mathematical modeling 
results using the binomial probability distribution shown by 
the developers of CAPP-Seq to demonstrate the ability of 
multi-mutational tracking to achieve ultra-low ctDNA limits 
of detection [16, 17].

By integrating signal from genome-wide mutations and 
subsequently using a machine-learning based filtering strat-
egy to reduce noise, MRDetect was shown to achieve highly 
sensitive ctDNA detection with tumor fractions as low as 
0.001%, with a genome-wide sequencing depth of 35× and 
requiring only two to three mL of whole blood (~ 1 mL 
of plasma) [113]. This was validated using a simulation 
of ctDNA detection with 700 in silico admixtures of vary-
ing tumor fractions, with a range from 0.001% to 20%, by 
combining tumor and matched germline WGS data from 
eight patients with different types of cancers (e.g., lung 
cancer, breast cancer, melanoma, and osteosarcoma). The 
combination of SNV-based and CNA-based detection using 
MRDetect was also applied to post-operative plasma col-
lected from separate cohorts of 19 patients with CRC and 22 
patients with lung adenocarcinoma. In patients with CRC, 
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positive ctDNA MRD detection (n = 7) was associated with 
a significantly shorter DFS (p = 0.03) compared with nega-
tive ctDNA MRD detection (n = 12). Similarly, in patients 
with lung adenocarcinoma, positive ctDNA MRD detection  
(n = 10) was associated with a significantly shorter DFS  
(p = 0.009) compared to negative ctDNA MRD detection  
(n = 12). However, hazard ratios were not reported for these 
survival analyses, which makes the exact effect sizes unclear.

A limitation inherent to low sequencing depth is a 
reduced level of confidence in the sensitivity of interrogating 
any individual locus, such as an actionable gene mutation 
[113]. However, genome-wide coverage of tumor sequencing 
strengthens the assay’s ability to detect clonal variants that 
may have been missed via a targeted panel because of sub-
sampling. Furthermore, integrating SNVs and CNAs across 
a genome-wide scale may increase the sensitivity of detect-
ing ctDNA MRD in tumor types regardless of whether they 
are driven primarily by either a high mutational load or by 
aneuploidy [115, 116]. MRDetect offers a unique approach 
to ctDNA MRD detection, and further studies utilizing this 
technology in large prospective cohorts are anticipated.

4.6 � PhasED‑Seq (Foresight Diagnostics Inc., Aurora, 
CO, USA)

PhasED-Seq (Phased Variant Enrichment and Detection 
Sequencing) is a tumor-informed, hybrid capture-based 
sequencing approach that utilizes the detection of phased 
variants (PVs), which are defined as two or more mutations 
that occur within 150 base pair regions on the same DNA 
strand, to achieve highly sensitive ctDNA detection. This 
PV-based technique is an alternative to SNV-based duplex 
sequencing via CAPP-Seq, which relies on the detection of 
complementary somatic variants on both parent DNA strands 
to reduce background noise. However, duplex sequencing is 
limited by the rate of recovery of DNA duplexes, which is 
often a small fraction of total ctDNA input and thus makes it 
suboptimal in the MRD setting. By focusing on the detection 
of mutations on the same DNA molecule (in cis) rather than 
on duplex strands (in trans), PhasED-Seq enables a higher 
efficiency of genome recovery, which is a key factor that 
impacts the sensitivity of detecting lower burdens of disease.

The viability of PhasED-Seq as an assay for detecting 
PVs was first demonstrated in a study that utilized WGS 
data from 2538 tumors across 24 cancer types to identify 
genomic regions that recurrently harbored PVs [117]. These 
were found to be more enriched in B-cell lymphomas (e.g., 
diffuse large B-cell lymphoma or DLBCL; follicular lym-
phoma) compared with other cancer types, and associated 
with known mutational signatures (e.g., AID hypermutation 
in B-cell lymphomas; APOBEC3B in multiple solid cancer 

types). Interestingly, PVs detected in lymphoid neoplasms 
occurred in stereotyped regions corresponding to known 
hypermutated regions, such as BCL2 in FL and MYC in 
Burkitt lymphoma, while PVs were present throughout the 
genome in other solid tumors.

To validate this approach for ctDNA detection, the 
authors applied PhasED-Seq to both lymphomas and solid 
tumors. A targeted sequencing panel was designed for lym-
phoma based on recurrent PVs identified within aggregated 
WGS data from patients with DLBCL. This PhasED-Seq 
panel was applied to 16 pretreatment tumor or plasma 
cfDNA samples from patients with DLBCL. Compared to 
a previously established panel designed to detect SNVs in 
B-cell lymphoma using duplex sequencing, the PhasED-
Seq panel detected a significantly greater number of SNVs 
(median: 304.5 vs 114) and PVs (median: 2461 vs 423) per 
patient [118]. The analytical sensitivity of PhasED-Seq was 
determined by a technical experiment using ctDNA from 
patients with lymphoma diluted into healthy control cfDNA 
to simulate expected tumor fractions with a range from 0.1% 
to 0.00005%. PhasED-Seq significantly outperformed SNV-
based duplex sequencing, with a limit of detection below one 
part per million. Moreover, PhasED-Seq applied to 12 unre-
lated control cfDNA samples revealed a significantly lower 
rate of background signal compared with duplex sequencing, 
thus further improving the limit of ctDNA detection.

When PhasED-Seq was applied to the detection of ctDNA 
in 88 patients with DLBCL after two cycles of standard 
immunochemotherapy, it detected ctDNA in an additional 
25% of samples that were determined to be negative by 
SNV-based sequencing (i.e., potential false negatives), with 
ctDNA negativity defined as a 2.5-log reduction in ctDNA 
(i.e., major molecular response or MMR) and shown to be 
prognostic after two cycles [119]. At the end of therapy, 
PhasED-Seq was again compared to SNV-based sequenc-
ing in 19 patients with DLBCL. Among five patients who 
ultimately recurred after therapy, only two had detectable 
ctDNA by SNV-based sequencing, while all five had detecta-
ble ctDNA by PhasED-Seq. Therefore, PhasED-Seq demon-
strates a strong proof of concept for sensitive ctDNA MRD 
detection in DLBCL.

In extending the application of PhasED-Seq to solid 
tumors, which in general do not harbor PVs concentrated in 
stereotyped genomic regions, targeted sequencing requires 
a tumor-informed approach using WGS to identify a per-
sonalized set of PVs. The authors assessed the utility of this 
approach by designing personalized PV panels via WGS for 
six patients with solid tumors (five with lung cancer and one 
with breast cancer). PhasED-Seq detected ctDNA in 15 out 
of 24 total plasma samples collected from these six patients, 
compared with nine detected by SNV-based sequencing. 
These six additional samples detected by PhasED-Seq har-
bored tumor fractions as low as 0.000094% (i.e., less than 
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one part per million). Serial samples from a patient with 
stage III lung adenocarcinoma treated with chemoradia-
tion and consolidation immunotherapy were also analyzed. 
Single nucleotide variant-based sequencing failed to detect 
ctDNA MRD in three samples collected during treatment 
before ctDNA re-emerged at the time of disease recurrence, 
but PhasED-Seq captured ctDNA MRD in all three of these 
samples with a tumor fraction as low as 0.00016%. These 
results suggest that PhasED-Seq can be applied to solid 
tumors via a personalized approach for sensitive detection 
of low disease burden in the MRD setting.

5 � Future Directions

In general, the benefit of adjuvant systemic therapy in unse-
lected solid tumor patient populations is modest; therefore, 
many patients may receive toxic treatments with little ther-
apeutic benefit. However, current limitations in detecting 
micrometastatic disease on conventional imaging can result 
in delayed receipt of effective adjuvant treatment, potentially 
leading to ultimately incurable metastatic disease. There-
fore, the rapid development of commercial liquid biopsy 
platforms for ctDNA MRD detection offers the potential 
for enhancing the precision of oncologic treatments in the 
adjuvant setting. Furthermore, it may increase the cost effec-
tiveness of adjuvant therapy by allowing clinicians to avoid 
overtreatment and reserve additional therapy for those with 
the highest risk of recurrence [18].

Moving forward, there are efforts by commercial and 
academic partners to optimize the standardization of pre-
analytical variables (e.g., sample collection, storage, and 
processing) to maintain a high level of consistency among 
assay results. Basic standardization among commercial 
assays has included the requirement of plasma as opposed 
to serum, as the process of separating cellular material from 
whole blood to isolate plasma reduces the amount of cellular 
DNA contamination that interferes with cfDNA analysis. 
In addition, Streck tubes are becoming standard for collect-
ing plasma, as these have been shown to increase cfDNA 
stability compared with EDTA tubes for longer storage and 
shipping periods [120, 121]. Patient-related factors are also 
associated with non-malignant conditions that could impact 
assay performance and must be further explored in prospec-
tive studies to enhance the interpretation of ctDNA MRD 
results [5]. Initiatives to define pre-analytical standards 
(e.g., NCI Biospecimen Evidence-Based Practices or BEBP; 
Blood Profiling Atlas in Cancer or BloodPAC), NGS stand-
ards (e.g., the number of genome equivalents to analyze), 
and post-analytical ctDNA interpretation (e.g., Friends of 
Cancer Research ctMoniTR project) are important steps for 
understanding how to best optimize these assays for clinical 
use [122–124].

The trials reviewed here aim to advance ctDNA-guided 
adjuvant therapy selection in the MRD setting. Moving for-
ward, robust evidence of improved long-term clinical out-
comes with this approach is still needed. The IMvigor010 
trial is an example of a study that has successfully demon-
strated improved DFS and OS among ctDNA MRD-positive 
patients who were treated with adjuvant atezolizumab, while 
no difference in these outcomes was observed between treat-
ment arms among ctDNA MRD-negative patients. Predic-
tively improving OS is the most compelling evidence for 
demonstrating clinical utility of a ctDNA MRD assay. How-
ever, assessing OS in a powered manner may be impracti-
cal for several tumor types from a study size and follow-up 
time standpoint. Therefore, the incorporation of ctDNA 
MRD detection into clinical practice may depend on trials 
that demonstrate reliable surrogate outcomes, such as DFS 
and pCR to neoadjuvant therapy. Other measures, such as 
treatment toxicity and patient quality of life, will also be 
important to assess in these trials.

Commercial ctDNA MRD assays are on the cutting edge 
of precision oncology, and the incorporation of ctDNA MRD 
detection into treatment paradigms continues to evolve rapidly 
across the solid tumor spectrum. The liquid biopsy technolo-
gies discussed in this review highlight the current landscape of 
advancements and progress being made in the field of oncol-
ogy, with the potential for dramatically improved treatment 
personalization and patient survival in the future via ctDNA 
MRD detection.
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