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Abstract
Background Highly sensitive molecular assays have been developed to detect plasma-based circulating tumor DNA (ctDNA), 
and emerging evidence suggests their clinical utility for monitoring minimal residual disease and recurrent disease, providing 
prognostic information, and monitoring therapy responses in patients with solid tumors. The Invitae Personalized Cancer 
 Monitoring™ assay uses a patient-specific, tumor-informed variant signature identified through whole exome sequencing to 
detect ctDNA in peripheral blood of patients with solid tumors.
Methods The assay’s tumor whole exome sequencing and ctDNA detection components were analytically validated using 
250 unique human specimens and nine commercial reference samples that generated 1349 whole exome sequencing and 
cell-free DNA (cfDNA)-derived libraries. A comparison of tumor and germline whole exome sequencing was used to 
identify patient-specific tumor variant signatures and generate patient-specific panels, followed by targeted next-generation 
sequencing of plasma-derived cfDNA using the patient-specific panels with anchored multiplex polymerase chain reaction 
chemistry leveraging unique molecular identifiers.
Results Whole exome sequencing resulted in overall sensitivity of 99.8% and specificity of > 99.9%. Patient-specific panels 
were successfully designed for all 63 samples (100%) with ≥ 20% tumor content and 24 (80%) of 30 samples with ≥ 10% 
tumor content. Limit of blank studies using 30 histologically normal, formalin-fixed paraffin-embedded specimens resulted 
in 100% expected panel design failure. The ctDNA detection component demonstrated specificity of > 99.9% and sensitivity 
of 96.3% for a combination of 10 ng of cfDNA input, 0.008% allele frequency, 50 variants on the patient-specific panels, 
and a baseline threshold. Limit of detection ranged from 0.008% allele frequency when utilizing 60 ng of cfDNA input with 
18–50 variants in the patient-specific panels (> 99.9% sensitivity) with a baseline threshold, to 0.05% allele frequency when 
using 10 ng of cfDNA input with an 18-variant panel with a monitoring threshold (> 99.9% sensitivity).
Conclusions The Invitae Personalized Cancer Monitoring assay, featuring a flexible patient-specific panel design with 18–50 
variants, demonstrated high sensitivity and specificity for detecting ctDNA at variant allele frequencies as low as 0.008%. 
This assay may support patient prognostic stratification, provide real-time data on therapy responses, and enable early detec-
tion of residual/recurrent disease.
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1 Introduction

Early detection of residual or recurrent disease, reliable 
monitoring of treatment response, and accurate assessment 
of prognostic risk are essential to the clinical management 
of cancer. The ability to monitor clinical outcomes after 
surgical resection of tumors or therapy has been limited to 
imaging technology or to leveraging serum biomarkers [1, 
2]. Currently, imaging technology has limited sensitivity 
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Key Points 

The Invitae Personalized Cancer  Monitoring™ assay 
uses a patient-specific, tumor-informed variant signature 
to detect circulating tumor DNA leveraging unique 
molecular identifiers, anchored multiplex polymerase 
chain reaction  (AMP™) technology, stringent quality 
control, and flexible design of patient-specific panels 
with 18–50 variants.

Analytical validation of the assay demonstrated greater 
than 99% sensitivity and specificity for both tumor 
whole exome sequencing and tumor-informed circulating 
tumor DNA detection, including sensitive detection of 
circulating tumor DNA at variant allele frequencies as 
low as 0.008%.

A research-use version of this assay has supported both 
a phase III clinical trial assessing therapy responses in 
patients with resectable lung cancer and the TRACERx 
study, which recently demonstrated the feasibility of 
using circulating tumor DNA detection for predicting 
prognoses and monitoring residual or recurrent disease 
in patients with early-stage lung cancer.

and specificity, especially for detecting small tumors, and 
serum biomarkers are not sufficiently specific and accurate 
for diagnosing cancer as many factors can influence their 
levels [3–6]. For optimal clinical management, highly sen-
sitive molecular biomarkers are needed to detect minimal 
residual disease (MRD) [i.e., the small fraction or number 
of cancer cells remaining after a therapeutic intervention] 
and recurrent events as early as possible.

Cell-free DNA (cfDNA) is fragmented DNA shed by 
cells in the body into the bloodstream and other body fluids. 
The cfDNA released from tumors is specifically referred to 
as circulating tumor DNA (ctDNA) and comprises only a 
fraction of total cfDNA. Highly sensitive molecular assays 
have been developed to detect plasma-based ctDNA that, 
unlike repetitive serial surgical biopsies, require only one 
initial surgical biopsy followed by less-invasive serial 
ctDNA monitoring using peripheral blood. This approach 
overcomes several historical obstacles to monitoring, such 
as invasive biopsy procedures, insufficient surgical biopsy 
tissue available for repeat testing, sampling bias due to 
intra-tumor heterogeneity, and the inability to sample all 
metastatic tumors [7, 8]. However, ctDNA methods need 
to overcome limitations such as false-positive results due to 
low-level mosaic germline variants, clonal hematopoiesis of 
indeterminate potential (CHIP) variants (i.e., somatic muta-
tions that accumulate in normal hematopoietic cells with 

age) [9], and other technical challenges, such as the failure 
to detect the tumor signature when ctDNA allele frequencies 
(AFs) are very low.

Next-generation sequencing (NGS) technology has 
allowed for high-throughput parallel sequencing of cfDNA, 
enabling ultra-high coverage per sequencing target and detec-
tion of multiple molecular markers (i.e., somatic variants) 
by a single preparation with a single assay. Next-generation 
sequencing-based ctDNA assays, particularly those incorpo-
rating unique molecular indexes (UMIs), have higher accu-
racy and sensitivity and lower limits of detection (LODs) than 
other molecular assays [10, 11]. The use of UMIs in NGS 
library preparation, allowing correction of errors introduced 
during polymerase chain reaction (PCR) and sequencing, has 
been shown to increase the accuracy and sensitivity of NGS, 
especially for low allele frequency (AF) variant detection [12, 
13]. Next-generation sequencing that incorporates anchored 
multiplex PCR  (AMP™) chemistry enables strand-specific 
assessment of loci and accurate detection and quantification 
of high confidence variant calls [14]. Compared with tradi-
tional PCR techniques, AMP chemistry reduces PCR ampli-
fication bias and allows for more complete and even coverage 
for genes associated with pseudogenes [14].

Additional studies have shown that ctDNA detection is 
more sensitive and specific when tracking multiple variants 
than when tracking a single driver mutation [1] and that 
ctDNA assays that use a panel of patient-specific tumor-
informed biomarkers have lower LODs and higher assay 
specificity than those that use fixed somatic variant panels 
[15]. Variant signatures developed from truncal mutations 
of a primary tumor are more likely to be detected in plasma 
than subclonal mutations and less likely to be influenced by 
clonal evolutionary pressures, ensuring a higher likelihood 
that the variant will be present for the lifetime of the tumor. 
This allows ctDNA to be detected from both the primary 
tumor and any metastatic lesions without the need for addi-
tional tumor biopsies [16].

A pan-cancer, tumor-informed, long-term monitoring 
assay that incorporates NGS libraries featuring both UMIs 
and AMP chemistry, Invitae Personalized Cancer Monitor-
ing, has been developed to provide personalized ctDNA 
detection from the peripheral blood of patients with solid 
tumors. A research-use version of this assay has been uti-
lized to support the CheckMate 816 phase III clinical trial 
in assessing neoadjuvant nivolumab plus chemotherapy in 
resectable non-small cell lung cancer [17]. It has also sup-
ported the TRACERx [TRA cking Cancer Evolution through 
treatment (Rx)] study in predicting prognoses and monitor-
ing residual or recurrent disease, as well as in extracting 
clonality from ctDNA results, in patients with early-stage 
non-small cell lung cancer [18]. Although the TRACERx 
publication reported a partial analytical validation of the 
research-use assay with panels containing 50 patient-specific 
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somatic variants, here we describe the complete analytical 
validation of the Invitae Personalized Cancer Monitoring 
assay for detecting ctDNA in peripheral blood using panels 
containing 18–50 variants.

2  Subjects and Methods

2.1  Study Design

Invitae Personalized Cancer Monitoring assay (Fig. 1) has 
two components: whole exome sequencing (WES) and 
ctDNA detection. Matched tumor and germline specimens 
from a patient undergo WES to identify tumor-specific 
somatic variants, which are then used to design a patient-
specific panel (PSP) that captures the patient’s unique tumor 
variant signature. Because the PSP design uses both a tumor 
specimen and a germline specimen from the same individual, 
germline, CHIP, and other artifact variants present in the ger-
mline specimen are subtracted, allowing personalized moni-
toring of somatic variants present only in the patient’s tumor. 
Next-generation sequencing libraries featuring both UMIs 
and AMP chemistry are generated from cfDNA using the 
PSPs, and ctDNA is then analyzed by a proprietary ctDNA-
calling algorithm with built-in error correction and sequenc-
ing noise modeling. For continued observation of ctDNA lev-
els, sequencing data from patient plasma specimens, serially 
collected at monitoring intervals recommended by guidelines 
for a specific tumor type, can be analyzed.

This assay was validated in a laboratory with both College 
of American Pathologists and Clinical Laboratory Improve-
ment Amendments accreditation (Invitae MetroPark, Iselin, 
NJ, USA). To validate both WES and the ctDNA detection 
component of the assay, separate WES and cfDNA-derived 

libraries were created from combinations of formalin-fixed 
paraffin-embedded (FFPE) tumor specimens, germline spec-
imens (i.e., peripheral blood, buffy coat, and normal tumor-
adjacent FFPE specimens), commercially purchased refer-
ence samples, and cfDNA specimens. The WES libraries 
were then used to assess WES accuracy, limit of detection 
(LOD), limit of blank (LOB) for PSP design, and repro-
ducibility and precision. The cfDNA-derived libraries were 
used to measure the LOD, accuracy, and reproducibility and 
precision of ctDNA detection. End-to-end testing was also 
performed to validate the entire assay incorporating various 
DNA inputs, preparation times, operators, and sequencers. 
All studies complied with applicable federal, state, and local 
regulatory requirements.

2.2  Specimens and Commercial Samples

A total of 259 specimens and samples, 250 unique 
human specimens and 9 commercially purchased 
reference samples, were used to validate the Invitae 
Personalized Cancer Monitoring assay (Fig.  1 of the 
Electronic Supplementary Material [ESM]). The unique 
human specimens comprised 77 FFPE tumor specimens 
from various tumor diagnoses including breast cancer, 
colorectal cancer, lung cancer, and melanoma covering 
primary, relapsed, and metastatic neoplasms; 39 germline 
FFPE histologically normal tumor-adjacent specimens; 
16 germline peripheral blood specimens; 19 bone marrow 
specimens from patients with diagnosed hematological 
malignancies; 4 germline buffy coat specimens; and 95 
peripheral blood specimens for ctDNA detection. For 69 
of the specimens (50 FFPE tumor specimens and all 19 
bone marrow specimens), externally extracted DNA was 
obtained from an inter-laboratory exchange and had been 

Fig. 1  Workflow for the Invitae Personalized Cancer Monitoring 
assay. This tumor-informed assay utilizes whole exome sequencing 
of matched tumor and germline specimens to identify tumor-specific 
variants. A proprietary algorithm selects tumor-specific variants to 
design a patient-specific panel. The designed panel is then used to 
generate next-generation sequencing libraries, featuring anchored 

multiplex polymerase chain reaction chemistry, and unique molecular 
identifiers, from cell-free DNA (cfDNA) extracted from the patient’s 
plasma specimen. From the sequencing data, stringent data quality-
control measures and a proprietary circulating tumor DNA (ctDNA)-
calling algorithm are used to assess the ctDNA status in the patient’s 
specimen. FFPE formalin-fixed paraffin-embedded
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previously characterized: 40 had been characterized by 
two outside academic institutions using a targeted 147-
gene panel for solid tumors and a targeted 68-gene panel 
for hematologic malignancies; 29 had been characterized 
internally using a targeted 67-gene solid tumor panel 
(Archer VariantPlex Solid Tumor; Integrated DNA 
Technologies, Coralville, IA, USA). Human specimens 
were either purchased through commercial vendors 
or acquired through an inter-laboratory exchange. All 
human specimens and corresponding clinical data were 
de-identified per the Health Insurance Portability and 
Accountability Act privacy rule prior to acquisition.

Commercially purchased reference samples comprised 
six well-characterized samples from the Genome in a Bot-
tle project at the National Institute of Standards and Tech-
nology (i.e., NA24149, NA24631, NA24694, NA24695, 
NA24385, NA12878) and three synthetic tumor samples: 
SeraSeq Tumor Mutation DNA Mix AF10, Seraseq Tri-
Level Tumor Mutation DNA Mix, and SeraSeq Myeloid 
Mutation DNA Mix (SeraCare, Milford, MA, USA). 
Together these specimens and samples resulted in 1349 
libraries (603 WES libraries and 746 cfDNA-derived 
libraries) that were used across the validation studies.

2.3  Specimen Collection

FFPE tumor specimens and histologically normal FFPE 
specimens were processed in pathology laboratories, 
and peripheral blood specimens were drawn by a routine 
phlebotomy. Tumor specimens were required to have an 
estimated tumor percentage of ≥ 10% by a pathology 
review. Peripheral blood was collected in EDTA tubes, and 
buffy coats were isolated via centrifugation for extraction 
of genomic DNA for germline WES. Peripheral blood was 
also collected in Cell-Free DNA BCT Streck tubes (Streck, 
La Vista, NE, USA) for isolation of cfDNA for ctDNA 
detection. For ctDNA detection, ≥ 4 mL of peripheral 
blood, typically yielding ≥ 2 mL of plasma, was needed 
for each test.

2.4  DNA Extraction, Library Preparation, and NGS

The KingFisher Flex extraction system (Thermo Fisher 
Scientific, Waltham, MA, USA) was used to extract DNA 
from FFPE and peripheral blood specimens utilizing the 
Maxwell HT DNA FFPE Isolation System (Promega, 
Madison, WI, USA) and Maxwell HT 96 gDNA Blood 
Isolation System (Promega), respectively, according to 
the manufacturer’s protocol. Extracted tumor DNA was 

quantified using the Quant-iT PicoGreen dsDNA Assay Kit 
(Thermo Fisher Scientific, Waltham, MA, USA); DNA with 
a concentration > 1 ng/µL and a KAPA Quant 129/130 bp to 
PicoGreen Quant-iT ratio > 0.1 was considered acceptable. 
Extracted germline DNA was quantified using the KAPA 
Human Genomic DNA Quantification and QC Kit (Roche, 
Basel, Switzerland); DNA with a concentration > 3 ng/
µL was considered acceptable. The DNA input amount 
used for WES was 50–200 ng for both tumor and germline 
specimens.

Peripheral blood collected in Streck tubes (Streck, La 
Vista, NE, USA) for cfDNA isolation was processed within 
7 days of collection and stored at ambient temperature 
(15–25 °C) until plasma separation. Plasma was separated 
using a two-step centrifugation protocol with the following 
conditions: 300×g for 20 minutes at 25 °C followed by a sec-
ond centrifugation at 5000×g for 10 min at 25 °C. Cell-free 
DNA was then isolated from the plasma using the Maxwell 
RSC Circulating Cell-Free DNA Purification Kit (Promega) 
according to the manufacturer’s instructions. Cell-free DNA 
concentrations ≥ 0.10 ng/µL by a fluorescence-based meth-
odology were considered acceptable.

DNA underwent NGS library preparation featuring 
either hybridization capture for WES (Integrated DNA 
Technologies) or AMP chemistry with PSPs for ctDNA 
detection. Next-generation sequencing libraries were 
sequenced using Illumina NextSeq or NovaSeq sequencers 
with 2×150bp chemistry (Illumina, San Diego, CA, USA).

2.5  Generation of PSPs

Patient-specific panels were designed using the PCM, The 
Gentleman Pipeline (1.7.3-1+; Invitae, San Francisco, CA, 
USA). Tumor-specific somatic variant selection was per-
formed using WES variant calls from FFPE tumor specimens 
and matched germline specimens. Variants identified in the 
matched germline specimens, including heterozygous and 
homozygous germline variants as well as low AF variants 
representing CHIP or mosaic germline variants, were sub-
tracted from the variants identified in the tumor. Each PSP 
was generated using proprietary algorithms (Invitae) along 
with stringent quality-control (QC) measures to identify and 
rank tumor-specific variants that considered the somatic ori-
gin of the variants with a minimum AF of 5%, the predicted 
error rate for each variant, the quality and distance of primers 
to the variants, and whether the region surrounding the vari-
ants contained sequences that could cause a high error rate. 
Outlier AF variants that were likely artifacts were excluded. 
Primers for custom-designed PSPs were then designed to 
track up to 50 somatic variants for the detection of ctDNA.
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2.6  Bioinformatic Data Processing and ctDNA 
Calling

Matched tumor-germline WES data were processed 
using the Integrated Genomic Toolkit, Capture Pipeline 
(v2.17.3+; Invitae), Briefly, reads were aligned to the 
GRCh37/hg19 reference genome using BWA-MEM [19]. 
Variant calling for single nucleotide variants (SNVs) and 
small insertions and deletions (indels) was performed by 
a proprietary variant caller. Data QC of WES included 
sequencing read depth QC (mean coverage depth of 
≥ 150× for tumor WES and 90% exome coverage at 20× 
or greater for germline WES) and concordance between 
reported and determined sex.

The ctDNA sequencing data were processed using 
the PCM MRD Pipeline (v1.6.0-1 or later; Invitae). The 
ctDNA calling was performed by a previously described 
algorithm [18]. Data QC of ctDNA detection included 
identity QC (i.e., assessing single nucleotide polymorphism 
[SNP] signatures in FFPE tumor, germline, and plasma 
specimens to ensure that all three specimens were from the 
same individual), sequencing reads QC (i.e., counting deep 
reads post-error correction using UMIs with five or more 
regular sequencing reads; the number of deep reads cover-
ing somatic target variants had to meet ≥ 10,000 for the 
baseline threshold and ≥ 30,000 for the monitoring thresh-
old for 50 variant PSPs, and these cut-offs were adjusted 
accordingly for PSPs with < 50 variants), and variant QC 
(i.e., using noise modeling and outlier AF filtering). The 
total number of deep reads of observed variants that passed 
the filters were tested against expected deep reads of all 
targeted variants using a one-sided Poisson test; p value 
< 0.01 signified ctDNA detection for the baseline thresh-
old, and p value < 0.001 signified ctDNA detection for 
the monitoring threshold. Confidence intervals (CIs) were 
calculated using Epitools with the Jeffreys method (https:// 
epito ols. ausvet. com. au/).

3  Results

3.1  Validation of Tumor WES

Whole exome sequencing was analytically validated using 
603 libraries generated from 118 specimens and samples: 
113 unique human specimens (56 tumor FFPE specimens, 
38 germline FFPE histologically normal specimens, and 19 
bone marrow specimens), two Genome in a Bottle samples 
(NA24385 and NA12878), and three synthetic SeraSeq 
samples (Tumor Mutation DNA AF Mix, Tri-Level Tumor 
Mutation DNA Mix, and Myeloid Mutation DNA Mix). 

Sequencing results showed that 99.3% (95% CI 98.6–99.9) 
of the tumor samples in 588 tumor libraries achieved ≥ 150× 
mean coverage across target regions in the exome and that 
15/15 (100%) of germline specimens met data QC. Reported 
sex was consistent with the exome-determined sex in 100% 
of sequencing libraries. One specimen had undetermined 
sex by the algorithm, but male sex was verified with a low 
Y chromosome dosage.

3.1.1  Accuracy of WES

The 69 previously characterized tumor specimens (50 
FFPE tumor specimens and 19 bone marrow specimens) 
were sequenced to assess the sensitivity of WES. Four of 
the specimens had known negative results, and the remain-
ing 65 had been reported to include 7609 variants. Whole 
exome sequencing of these specimens showed sensitivity of 
99.8% (95% CI 99.7–99.9) with 7594 of the 7609 variants 
detected. The remaining 15 variants were not detected (i.e., 
were outside of the reportable range of WES) either because 
of a low-coverage region in the exome or because variants 
with low AF (< 20%) were not called by the bioinformatics 
pipeline (Table 1 of the ESM).

To further assess the sensitivity and specificity of WES, 
the well-characterized NA12878 sample was sequenced, 
and detected variants were compared to the benchmark 
high-confidence variant calls made by Genome in a Bottle. 
Results showed sensitivity of > 99.9% (95% CI 99.9–100) 
and specificity of > 99.9% (95% CI 98.9–100).

3.1.2  Limit of Detection of WES: Tumor Content for PSP 
Design

An LOD study to determine the lower limit of tumor con-
tent that could be used for successful PSP design was 
conducted using 14 FFPE specimens: seven FFPE tumor 
specimens with tumor content ≥ 20% and seven FFPE 
tumor-adjacent matched germline specimens. To simu-
late results from tumors with < 20% tumor content, two 
dilutions of tumor DNA were generated using matched 
germline genomic DNA from the same individual to cre-
ate 14 contrived samples with tumor content of ~15% and 
~7.5%. DNA from the seven original tumor specimens 
and the 14 contrived samples were processed in triplicate, 
and DNA from the seven original germline specimens was 
processed in duplicate, at input amounts of 50 ng, 100 
ng, and 200 ng to create 231 WES sequencing libraries 
(Table 1).

Of the 231 libraries, 230 (99.6%) passed all data QC. 
The single sample that did not meet QC had a mean cover-
age just below the cut-off and was conditionally passed 
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and included in the analysis; therefore, all 231 libraries 
were eligible for panel design. Sequencing revealed that 
two of the seven tumor specimens had a low somatic vari-
ant burden and failed to design a panel. Thus, PSP success 
rates were evaluated in the 135 libraries from the remain-
ing five tumor specimens and ten corresponding contrived 
DNA samples. Patient-specific panels were successfully 
designed from 100% of the libraries with tumor content 
≥ 20% (63/63), 80% of the libraries with tumor content 
between 10 and 20% (24/30), and 54% of the libraries with 
tumor content < 10% (23/42). DNA input amounts did not 
appear to impact the PSP design, as success rates were 
comparable whether 50 ng, 100 ng, or 200 ng were used 
(Fig. 2).

3.1.3  Limit of Detection of WES: Variant AF

A second LOD study was conducted to define the lower limit 
of AF for variant detection. Two groups of samples were 
sequenced: (1) two synthetic SeraSeq reference samples 
(Seraseq Tri-Level Tumor Mutation DNA Mix and SeraSeq 
Myeloid Mutation DNA Mix) with known variant AFs of 
4%, 7%, 5%, 10%, and 15% across 61 known SNVs and 
indels and (2) seven contrived samples of NA12878 and 
NA24385 mixed at ratios of 10/90, 20/80, 30/70, 50/50, 
70/30, 80/20, and 90/10 to create expected low AFs of 5%, 
10%, and 15%. The two synthetic SeraSeq samples were 
processed in triplicate and the contrived samples processed 
in singlicate.

Sequencing of the synthetic SeraSeq samples revealed 
sensitivity of > 99.9% (95% CI 97.6–100) for the detection 
of variants with an AF ≥ 10%, and reduced sensitivity of 
93.3% (95% CI 86.1–97.4) for the detection of variants with 
AF of 5–7% (Table 2 of the ESM). Sequencing results for 
the admixtures were similar.

The contrived admixtures were further used to test the 
efficiency of variant calling by the bioinformatics pipeline 
at or near the 5% AF calling threshold. The data exhibited 
a normal distribution; 50% of variants with an expected AF 
of 5% were shown by sequencing to have an AF ≥ 5%, and 
100% of variants at an expectant AF ≥ 10% were called 
by the pipeline, irrespective of variant types. Therefore, the 
results confirmed the ability of the pipeline to detect variants 
at a 5% AF in real-world sample datasets.

3.1.4  LOB of WES for Panel Design

An LOB study was conducted to determine if any false-
positive variants (i.e., variants incorrectly identified by 

Table 1  Design for the study on the limit of tumor content for panel 
design

Seven original tumor specimens with tumor content ≥20% were 
each diluted with matched germline genomic DNA to create seven 
contrived samples with ~15% tumor content and seven with ~7.5% 
tumor content. DNA from all 21 tumor specimens/samples were 
processed in triplicate and from seven matched normal tumor-
adjacent specimens were processed in duplicate at three genomic 
DNA input amounts: 50 ng, 100 ng, and 200 ng

Tumor content Genomic DNA input amount (no. of patients 
× no. of library replicates)

50 ng 100 ng 200 ng

≥20% 7 patients × 3 7 patients × 3 7 patients × 3
~15% (dilution 1) 7 patients × 3 7 patients × 3 7 patients × 3
~7.5% (dilution 2) 7 patients × 3 7 patients × 3 7 patients × 3
Tumor-adjacent tissue 

only
7 patients × 2 7 patients × 2 7 patients × 2

Subtotals 77 libraries 77 libraries 77 libraries

Fig. 2  Effect of tumor content 
on variants suitable for patient-
specific panel (PSP) design. 
Samples diluted to mimic low 
tumor cellular content that 
range from 5 to 35% were 
sequenced with whole exome 
sequencing at DNA input levels 
of (A) 50 ng, (B) 100 ng, and 
(C) 200 ng. The sequencing 
output was analyzed by the pro-
prietary panel design algorithm 
to determine the expected range 
of variants suitable for the PSP 
design at the different tumor 
contents and DNA input levels. 
Results showed that the number 
of variants suitable for the PSP 
design was correlated with 
tumor content but not with the 
DNA input level
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WES due to noise) would be chosen for inclusion on PSPs. 
Limit of blank was assessed using 30 FFPE histologically 
normal tumor-adjacent specimens. Two histologically 
normal replicates from each specimen were paired, with one 
replicate designated “tumor” and the other “germline.” Each 
tumor and germline pair was processed in four replicates and 
sequenced on two NovaSeq sequencers to measure errors 
introduced during library preparation and sequencing, 
generating a total of 240 libraries from 120 tumor-germline 
paired specimens. All libraries met QC, with the exception 
that one specimen exhibited undetermined sex. A manual 
review revealed the absence of chromosome Y reads and 
the absence of X-chromosome heterozygosity, which was 
concordant with the previously reported female sex of the 
patient (likely a patient with Turner syndrome).

When the panel design was attempted with the sequenc-
ing results of 120 tumor-germline paired libraries, the pipe-
line identified only three variants across all libraries for 
potential inclusion in the PSPs (3/6000 possible variants, 
given 50 variants per panel and 120 design attempts), for a 
false detection rate of 0.05% (95% CI 0.01–0.13). Patient-
specific panels failed for 100% (95% CI 97.9–100) of the 
120 pairs used for LOB studies (Table 3A, B of the ESM).

3.1.5  Reproducibility and Precision of WES

Reproducibility and precision were evaluated using 
three reference samples: Seraseq Tumor Mutation DNA 
Mix AF10, Seraseq Myeloid Mutation DNA mix, and 
NA12878. To evaluate reproducibility, NGS libraries of 
these samples were prepared in triplicate by two operators 
in three batches. To evaluate precision, NGS libraries were 

prepared in triplicate by a single operator and sequenced in 
a single sequencing run. All libraries passed QC.

Results showed reproducibility of 98.91% (181/183 
variants; 95% CI 96.5–99.8) and precision of 99.45% 
(182/183 variants; 95% CI 97.5–99.9). The three variants 
not identified in the reproducibility and precision studies 
were all present in the raw data at levels slightly below 
the bioinformatics calling threshold of 5% AF. Higher 
concordance levels were observed for higher AF variants. 
Although concordance levels gradually decreased with 
lower AF ranges, > 95% overall concordance was observed 
with variants within 5–10% AF. Among the variant types, 
SNVs showed the highest overall concordance (> 99%), 
followed by duplications (~99%), deletions (~96%), and 
insertions (~93%) (Fig. 3).

3.2  Validation of ctDNA Detection

The ctDNA detection component of the assay was 
validated using 95 plasma specimens (including eight 
from known healthy individuals) and five reference 
samples (NA24385, NA24149, NA24631, NA24694, and 
NA24695). For the accuracy and end-to-end studies, an 
additional 21 FFPE tumor specimens and 21 matched 
germline specimens (four buffy coats, one germline FFPE 
histologically normal specimen, and 16 peripheral blood 
specimens) were processed to generate PSPs to assess the 
plasma specimens and additional contrived samples. A 
total of 746 libraries were generated from all specimens 
and samples.

Fig. 3  Precision and reproducibility of variants in whole exome 
sequencing. Reproducibility and precision were evaluated using 
three reference samples: Seraseq Tumor Mutation DNA Mix AF10, 
Seraseq Myeloid Mutation DNA mix, and NA12878. To evaluate 
reproducibility, next-generation sequencing libraries of these samples 
were prepared in triplicate by two operators in three batches. Over-

all precision and reproducibility concordance by overall variant types 
and four different variant types (single nucleotide variation [SNV], 
deletions, insertions, and duplications) are shown in the left panels, 
breakdowns to variant allele frequency (AF) to 5–10% is shown in the 
middle panels and 10–15% is shown in the right panels
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3.2.1  Limit of Detection of ctDNA

An LOD study was conducted to define the limits of the 
assay to detect the ctDNA signal. Because of a limited 
volume of plasma available from real patients, LOD was 
evaluated by spiking sheared DNA from the NA24385 
sample into background samples (i.e., NA24149, NA24631, 
NA24694, and NA24695) by mass-by-mass titrations, 
resulting in 48 combinations with different variant AFs that 
ranged from 0.003 to 0.1% using eight DNA input amounts 
(i.e., 2 ng, 4 ng, 5 ng, 10 ng, 20 ng, 40 ng, 60 ng, and 80 
ng; Table 2). Each of the 48 contrived samples was assayed 
in duplicate for each of six predesigned 50-variant PSPs 
to create 576 NGS libraries, across different operators, 
preparation times, and sequencers. Two additional plasma 
specimens from healthy donors as well as pooled negative 
cfDNA samples served as negative controls.

Of the 576 NGS libraries, 562 (97.6%; 95% CI 96.1–98.6) 
passed all QC. The remaining 14 failed because of analyti-
cal metrics including low per-sample read counts and low-
depth coverage. Using the 562 libraries that passed QC, a 
probit analysis was conducted to determine the LOD for the 
variant AF detected in at least 95% of the replicates (i.e., 

LOD95). The assay achieved sensitivity of > 99.9% (95% 
CI 94.9–100) at a variant AF of 0.03% and 10 ng of cfDNA 
input and sensitivity of > 99.9% (95% CI 93.3–100) at a 
variant AF of 0.008% and 60 ng of cfDNA input, when using 
a 50-variant NGS panel with a baseline threshold (Table 3).

Limits of detections were also assessed on PSPs with <50 
variants under the same conditions used for the 50-variant 
panels (as fewer variants would potentially allow successful 
panel designs for samples with a lower tumor mutation bur-
den, even if 50 variants were not detected). For this assess-
ment, 398 NGS libraries from the original LOD design were 
computationally randomly downsized so that only 10, 14, 
15, 16, 17, 18, 20, 30, and 40 tumor-specific variants were 
selected for panel design. To assess LODs at these lower 
PSP sizes, 3582 new data points were generated. Addition-
ally, 46 known negative specimens were sequenced with 
the downsized panels to assess specificity when using fewer 
targeted variants. When thresholds for sequencing reads 
QC were adjusted proportionately to panel size, all libraries 
passed QC across panels targeting 16–50 variants for librar-
ies generated using 10–60 ng of cfDNA input.

With PSPs of 18–50 variants and cfDNA input of 60 ng, 
the assay showed an LOD of 0.008% AF with > 99.9% (95% 

Table 2  Design of the study on the limit of ctDNA detection

AFs allele frequencies, cfDNA cell-free DNA, ctDNA circulating tumor DNA
Forty-eight combinations of cfDNA input amounts and AFs were used to generate next-generation sequencing libraries in duplicate for each of 
six predesigned patient-specific panels, for a total of 576 libraries

cfDNA input amount

2 ng 4 ng 5 ng 10 ng 20 ng 40 ng 60 ng 80 ng

AF (%) 0.008 0.008 0.008 0.008 0.005 0.003 0.003 0.003
AF (%) 0.01 0.01 0.01 0.01 0.006 0.005 0.005 0.005
AF (%) 0.03 0.03 0.03 0.03 0.008 0.006 0.006 0.006
AF (%) 0.05 0.05 0.05 0.05 0.01 0.008 0.008 0.008
AF (%) 0.07 0.07 0.07 0.07 0.03 0.01 0.01 0.01
AF (%) 0.1 0.1 0.1 0.1 0.05 0.05 0.05 0.05

Table 3  Limit of detection at baseline and monitoring thresholds, by cell-free DNA input amount and the number of variants on the panel

Analytical threshold-input amount Number of variants

18 Variants (%) 50 Variants (%)

Variant allele frequency Baseline, 10 ng 0.05 0.03
Baseline, 20 ng 0.05 0.03
Baseline, 30 ng 0.05 0.008
Baseline, 60 ng 0.008 0.008
Monitoring, 10 ng 0.05 0.03
Monitoring, 20 ng 0.05 0.03
Monitoring, 30 ng 0.05 0.05
Monitoring, 60 ng 0.05 0.01
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CI 99.1–100) sensitivity using the baseline threshold. With 
the 18-variant panel and 10 ng of cfDNA input, the assay 
showed > 99.9% (95% CI 96.5–100) sensitivity at 0.05% 
AF (Table 3 and Fig. 4). When the monitoring threshold 
was used, panels with 18–50 variants and 60 ng of cfDNA 
input produced an LOD of 0.01% AF with > 99.9% (95% 
CI 99.1–100) sensitivity (Table 3 and Fig. 4). Specificity of 
> 99.9% (95% CI 94.7–100) was achieved for panels tar-
geting ≥ 18 variants based on results from the 46 known 
ctDNA-negative plasma specimens. Panels with sizes below 
18 variants resulted in an increased false-negative rate.

3.2.2  Accuracy of ctDNA Detection

A two-part accuracy study was conducted to assess the 
ability of the assay to detect somatic variant signatures 
in samples with low ctDNA fractions. The first part of 
the accuracy study included four clinical plasma speci-
mens with known variant AFs and eight plasma speci-
mens from health donors. Because of the limited volume 
of plasma in the clinical specimens, cfDNA from each of 
the specimens was spiked into pooled cfDNA from the 
eight healthy donors through mass-by-mass titration to 
generate 36 contrived cfDNA samples with various vari-
ant AFs (i.e., 0.005%, 0.008%, 0.01%, 0.05%, and 0.1%). 
Next-generation sequencing libraries were generated in 
triplicate from the 36 contrived samples using 50-variant 
PSPs and three DNA input levels (10, 25, and 60 ng), for a 
total of 108 libraries. Of these libraries, 107 (99.07%, 95% 
CI 95.8–99.9) passed QC. The singular QC failure was 
because of the library not achieving sufficient sequencing 
depth.

Observed and expected ctDNA results are shown in 
Table 4. Results were concordant for all eight plasma sam-
ples from healthy donors (i.e., negative controls). However, 
ctDNA was not detected in four libraries in which detection 
had been expected; this was due to low input amounts at 10 
ng and variant AFs of 0.008% and 0.01%, which were below 
the assay’s LOD of 10 ng and 0.03% AF, as defined in the 
LOD study. Results of this portion of the accuracy study 
showed specificity of > 99.9% (8/8, 95% CI 73.8–99.9) and 
overall sensitivity of 95.7% (88/92, 95% CI 90.0–98.5) for 
≥ 10 ng of cfDNA input and ≥ 0.008% AF (Table 4 and 
Table 4 of the ESM).

The second part of the accuracy study included 32 
real-world plasma specimens with known ctDNA results 
and eight healthy donor plasmas as known negatives. All 
40 specimens generated ctDNA results concordant with 
expected ctDNA calls (Table 5 of the ESM). Additionally, 
analysis of the clinical plasma specimens showed that the 
assay achieved 100% concordance both for variant AFs as 
low as 0.005% when utilizing 60 ng of cfDNA input and for 

variant AFs as low as 0.01% when libraries were generated 
with 10 ng of cfDNA input, which was below the assay’s 
predetermined LOD.

Pooled cfDNA from the eight healthy donors, used as 
a negative control, generated an expected negative result. 
Moreover, to test the assay’s ability to detect potential 
sample swaps and contamination, these eight specimens 
were purposely sequenced with PSPs designed for different 
people. Results showed that the system was 100% (8/8) 
successful in identifying mismatches between the specimens 
tested and the unique SNP signatures of the patients for 
whom the panels had been generated.

3.2.3  Reproducibility and Precision of ctDNA Detection

Reproducibility and precision were evaluated using 48 
contrived samples from the LOD study featuring variants 
near the LOD of the assay, with AFs that ranged from 0.003 
to 0.1%. To evaluate reproducibility, 108 NGS libraries were 
prepared in duplicate among different operators, preparation 
times, and sequencers. To evaluate precision, 36 NGS 
libraries were prepared in duplicate by a single operator and 
sequenced on a single run on the same sequencer.

All 144 libraries generated for reproducibility (n = 108) 
and precision (n = 36) met QC. The percent agreement for 
reproducibility and the percent agreement for precision of 
the assay were 98.2% (95% CI 94.2–99.6) and 97.2% (95% 
CI 87.7–99.7), respectively (Table 6 of the ESM).

3.3  End‑to‑End Testing

End-to-end testing was performed to validate the entire 
assay from WES to ctDNA detection using specimens 
from five patients with stage II or III non-small cell lung 
cancer (five FFPE tumor specimens, four buffy coats, one 
FFPE histologically normal tumor-adjacent specimen, and 
five plasma specimens). The four buffy coats and FFPE 
histologically normal tumor-adjacent specimen were each 
matched with one of the five FFPE tumor specimens to 
evaluate somatic variants in the tumor specimens. The 
intra-run precision and inter-run reproducibility of WES 
was evaluated using two input amounts of genomic DNA 
(200 ng and 500 ng), with WES performed by two opera-
tors with two preparation times. Resulting libraries were 
sequenced on two NovaSeq sequencers in four sequencing 
runs. A total of 30 tumor WES libraries and 30 matched 
germline WES libraries were generated (six libraries 
per specimen with two genomic DNA input amounts in 
duplicate and one repeat of one input amount in dupli-
cate; Table 5). Patient-specific panel design was then 
attempted for each of the 30 tumor-germline paired librar-
ies. Patient-specific panels were successfully designed 
from 24 of the 30 tumor libraries for four specimens; the 
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remaining six libraries, all from one specimen, did not 
have a sufficient number of somatic variants to generate 
PSPs.

Cell-free DNA-derived libraries were then generated 
using 24 PSPs on cfDNA from four patients using a maxi-
mum input of 60 ng and a minimum input of 10 ng. Of the 

10ng-Baseline Panel size

Variant AF(%) 16 18 20 30 40 50

0.008 0% 8% 8% 8% 17% 50%

0.01 50% 50% 50% 67% 67% 83%

0.03 64% 64% 73% 91% 100% 100%

0.05 100% 100% 100% 100% 100% 100%

0.07 100% 100% 100% 100% 100% 100%

0.1 100% 100% 100% 100% 100% 100%

20ng-Baseline Panel size

Variant AF(%) 16 18 20 30 40 50

0.005 42% 33% 33% 58% 75% 58%

0.006 83% 83% 83% 83% 92% 100%

0.008 42% 50% 50% 58% 67% 92%

0.01 50% 50% 50% 75% 92% 92%

0.03 100% 91% 100% 100% 100% 100%

0.05 100% 100% 100% 100% 100% 100%

30ng-Baseline Panel size

Variant AF(%) 16 18 20 30 40 50

0.005 27% 27% 27% 27% 55% 82%

0.006 25% 25% 42% 58% 67% 75%

0.008 67% 67% 58% 75% 100% 100%

0.01 50% 58% 58% 83% 92% 92%

0.05 100% 100% 100% 100% 100% 100%

60ng-Baseline Panel size

Variant AF(%) 16 18 20 30 40 50

0.005 55% 64% 82% 73% 82% 82%

0.006 33% 42% 58% 75% 83% 83%

0.008 100% 100% 100% 92% 100% 100%

0.01 64% 64% 73% 91% 100% 100%

0.05 100% 100% 100% 100% 100% 100%

10ng-Monitoring Panel size

Variant AF(%) 16 18 20 30 40 50

%24%71%8%8%8%0800.0

%85%85%05%33%33%5210.0

%001%19%28%55%55%5530.0

%001%001%001%001%001%2950.0

%001%001%001%001%001%00170.0

%001%001%001%001%001%0011.0

20ng-Monitoring Panel size

Variant AF(%) 16 18 20 30 40 50

%33%24%52%33%52%8500.0

%001%57%57%76%85%76600.0

%05%24%33%52%24%33800.0

%38%76%05%05%05%0510.0

%001%001%001%001%19%1930.0

%001%001%001%001%001%00150.0

30ng-Monitoring Panel size

Variant AF(%) 16 18 20 30 40 50

%55%63%72%81%72%72500.0

%85%05%33%71%71%71600.0

%29%76%76%24%05%24800.0

%29%38%76%24%24%2410.0

%001%001%001%001%001%00150.0

60ng-Monitoring Panel size

Variant AF(%) 16 18 20 30 40 50

%55%46%54%63%54%54500.0

%57%05%33%52%71%52600.0

%29%38%38%85%76%76800.0

%001%19%28%54%54%5510.0

%001%001%001%001%001%00150.0

A

B

Fig. 4  Assay sensitivity with different panel sizes. Patient-specific 
panels with 16–50 variants were assessed along with cell-free DNA 
input amounts (10–60 ng) and analytical thresholds (baseline and 
monitoring). A. The y-axis shows sensitivity (%) and the x-axis shows 

variant allele frequency (AF) [%]. Larger panel size, higher input 
amount, and baseline threshold correlated with detection at lower 
AFs. B. Heat plot of sensitivity data points
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24 PSPs, four could not be used to generate cfDNA libraries 
because of insufficient amounts of cfDNA; instead, these 
four PSPs were used on cfDNA from four healthy donor 
plasma specimens. All 20-resulting plasma NGS libraries 
passed QC. Analysis of ctDNA demonstrated 100% con-
cordance (20/20) between observed and expected results 
(Table 7 of the ESM). For the four healthy donor plasma 
specimens that were processed using non-matched PSPs, the 
ctDNA-calling algorithm correctly determined that the SNP 
signatures did not match, highlighting the robustness of the 
QC measures for catching any sample swaps.

4  Discussion

The Invitae Personalized Cancer Monitoring Assay demon-
strated robust analytical sensitivity and specificity for both 
tumor WES and tumor-informed ctDNA detection, includ-
ing the sensitive detection of ctDNA with cfDNA input as 
low as 10 ng. With > 99.9% confidence, the LODs ranged 
from 0.008% AF when using 60 ng of cfDNA input with 
18–50 variants and a baseline threshold, to 0.05% AF when 

using 10 ng of cfDNA input with an 18-variant panel and 
a monitoring threshold (Figs. 2, 3). Patient-specific panels 
were successfully generated from all tumor specimens with 
≥ 20% tumor content and were designed, though at a lower 
success rate (80%), from samples with ≥ 10% tumor content. 
Overall, the results were highly reproducible among opera-
tors, preparation times, and sequencers.

We specifically developed our assay to detect low AFs 
and to discriminate tumor-specific variants from germline 
variants (including low-level mosaic variants), CHIP 
variants, and background noise. This, along with the 
combination of AMP chemistry, UMIs, stringent data QC, 
and the proprietary ctDNA-calling algorithm likely led to 
the assay’s high sensitivity and specificity for detecting 
ctDNA at variant AFs as low as 0.008%.

4.1  Clinical Utility

Molecular-based MRD testing has become the standard of 
care for many patients with hematological malignancies 
as peripheral blood and bone marrow specimens can 
be repeated collected from patients [20–24]. However, 

Table 4  Observed versus expected ctDNA calls in the study on the accuracy of ctDNA detection

cfDNA cell-free DNA, ctDNA circulating tumor DNA, NA not applicable
Results for 108 libraries (both contrived ctDNA-positive samples and negative control samples) are shown by the cfDNA input amount and 
allele frequency with the baseline threshold

Variant allele frequency

0.005 0.008 0.01 0.05 0.1 0

cfDNA 10 ng NA 9/12 (75.0%) 11/12 (91.7%) 12/12 (100.0%) 12/12 (100.0%) NA
cfDNA 25 ng NA 12/12 (100.0%) 12/12 (100.0%) 12/12 (100.0%) NA 8/8 (100%)
cfDNA 60 ng 8/8 (100.0%) 8/8 (100.0%) NA NA NA NA

Table 5  Design of the end-to-end study

For each of five specimens from patients with non-small cell lung cancer, whole exome sequencing was performed using two input amounts 
of genomic DNA (200 ng and 500 ng) in duplicate, and two preparation timepoints for one input amount. Six tumor whole exome sequencing 
libraries and six matched germline whole exome sequencing libraries were generated per patient, and six patient-specific panel designs were 
attempted per patient

Patient 200 ng 500 ng Panel design No. of 
attempted 
panel designsNo. of 

replicates
No. of 
timepoints

No. of 
replicates

No. of 
timepoints

Whole exome sequencing
1 2 1 2 2 1 panel per replicate, at each timepoint and input mass 6
2 2 2 2 1 6
3 2 1 2 2 6
4 2 2 2 1 6
5 2 1 2 2 6
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clinical studies are beginning to show the clinical utility 
of ctDNA detection in patients with solid tumors as well, 
with peripheral blood being used as the source of ctDNA. 
Circulating tumor DNA detection is associated with tumor 
recurrence within 2 years without therapeutic interventions 
in many solid tumor types [25–34], and ctDNA levels have 
been shown to generally correlate with tumor content on 
imaging [35, 36]. The LOD for tumor detection via imaging 
is approximately 1.5 cm, or around 110 million cancer cells 
[37, 38]. Molecular ctDNA detection assays have shown 
much higher sensitivity and lower LODs than imaging, 
making earlier detection of MRD or tumor recurrence 
possible [1, 39]. Research has also shown that ctDNA can 
be detected before clinical or radiological relapse [1, 26, 33, 
40, 41]. Circulating tumor DNA detection has been shown 
to have lead times over imaging that range from up to 12 
months [36, 42] to more than 3 years [18]. Studies have 
also shown that changes in tumor content have a higher 
correlation with ctDNA levels than with other molecular 
markers [43].

The presence of ctDNA has potential clinical implica-
tions for risk stratification, treatment monitoring, and post-
treatment surveillance. In many cancers, the persistence 
of ctDNA following resection or treatment can indicate 
a higher risk of recurrence, and detection of ctDNA may 
indicate a more aggressive therapy to optimize survival 
outcomes [18, 26, 36, 44–56]. In addition, ctDNA provides 
real-time data for monitoring treatment efficacy and detect-
ing drug resistance early, which can be used to establish 
personalized treatment plans [57–66]. Recurrence may be 
less likely if ctDNA is not detected, allowing for consid-
eration of treatment de-escalation, which can help patients 
avoid unnecessary treatment if they are measurably disease 
free and unlikely to relapse [28, 67]. Moreover, ctDNA can 
be used for surveillance and longitudinal monitoring for 
patients in remission or receiving long-term therapy [68].

The CheckMate 816 phase III clinical trial for the assess-
ment of neoadjuvant nivolumab plus chemotherapy in 
resectable lung cancer utilized this assay to evaluate ctDNA 
clearance following treatment with nivolumab [17]. Results 
of the trial identified higher rates of ctDNA clearance in 
patients treated with nivolumab plus chemotherapy than in 
those treated with chemotherapy alone, which correlated 
with longer event-free survival and a pathological complete 
response [17]. The assay’s ability to help assess therapy effi-
cacy opens up endless possibilities for its use in monitoring 
clinical trial participants.

More recently, TRACERx utilized this assay to detect 
ctDNA in 197 patients with early-stage lung cancer, 
longitudinally followed up for up to 5 years. In this study, 
PSPs with a median of 200 variants (range 70–201) were 
used per patient, highlighting this assay’s flexibility in 
terms of how many variants can be included in the PSP 

design [18]. Moreover, because data from ctDNA enabled 
the determination of intratumor clonality, the study was 
able to show that patients with polyclonal dissemination 
had a shorter overall survival than those with monoclonal 
dissemination, opening a potential new path for the clinical 
use of ctDNA [18].

Several professional societies and organizations also 
recognize the clinical utility of ctDNA molecular testing, 
recommending its use under certain conditions. Recently 
released guidelines from the American Society of Clinical 
Oncology recommend the use of ctDNA assays in patients 
with breast cancer who are candidates for a regimen of 
phosphatidylinositol 3-kinase inhibitor and hormonal 
therapy, and guidelines from the European Society for 
Medical Oncology state that they may be used for selected 
patients with advanced cancer to direct targeted therapy [69, 
70].

4.2  Limitations of ctDNA Assays

Circulating tumor DNA assays are prone to biological 
limitations. Influencing factors include the complex 
modulation of ctDNA release and the rates at which 
cfDNA and ctDNA are shed and cleared, which can vary 
based on factors such as tumor vascularization, temporal 
variability, and field effects [71]. The amount of ctDNA 
in the blood depends on many factors, including tumor 
type, burden, and stage of disease, and may vary over the 
course of treatment [44, 71–73]. The blood–brain barrier 
can reduce the amount of ctDNA molecules released into 
the peripheral blood stream and thereby affect detection 
rates of ctDNA in blood-based specimens from patients 
with brain cancer [72]. As such, additional methodologies 
such as sonobiopsy to increase the ctDNA fraction within 
the blood or other specimen sources such as cerebrospinal 
fluid may be needed to detect ctDNA in patients with brain 
cancer [74–76]. Particular cancer types, such as colorectal 
cancer, and higher stage tumors have higher shed rates [72, 
73, 77–79], and early-stage tumors may have low shed rates 
that make ctDNA fractions at or below the LOD of a ctDNA 
assay [72, 80, 81]. Circulating tumor DNA levels generally 
reflect the overall disease burden of an individual [35, 39], 
and tumors characterized by lower rates of tumor mutational 
burden such as mesotheliomas and pilocytic astrocytoma 
[82, 83] will have fewer targetable somatic variants for a 
successful PSP design. Current commercial ctDNA assays 
mainly focus on sequence variants, although methylation 
patterns and fragmentation profiles have also shown utility in 
ctDNA assays [84, 85]; moreover, other types of alterations 
such as fusions and copy number variations warrant future 
developments. Circulating tumor DNA detection can also be 
affected by low fractions of ctDNA owing to other factors 
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such as a patient’s body mass index, which can result in 
ctDNA fractions below an assay’s LOD.

The main technical challenges of ctDNA assays are the 
handling of cfDNA specimens, low signal detection (i.e., 
typically a very low ctDNA fraction within the specimen, 
which requires a method with superior sensitivity to 
successfully detect the signal), and interference from 
non-somatic variants. The half-life of cfDNA has been 
estimated to be less than 2 h [86]. This short window of 
time has been a major challenge for molecular testing, but 
one that we have mitigated by collecting peripheral blood 
in cfDNA BCT Streck tubes, in which cfDNA can be 
stabilized for up to 14 days at 6–37 °C. Proper handling of 
specimens (i.e., using the right type of tube and following 
instructions) is critical, as improper handling can lead to a 
cfDNA yield being too low to generate a result. Even with 
our assay’s superior sensitivity and specificity (≥ 99%) at 
LODs as low as 0.008% AF, the ctDNA in some tumors 
will still be below the detection limit. Future developments 
and technologies may help lower the LODs and amount of 
cfDNA input required to maintain these same high levels 
of sensitivity and specificity. Finally, mosaic germline and 
CHIP variants in peripheral blood specimens have presented 
challenges for accurate ctDNA detection, as they are 
unrelated to tumors but difficult to distinguish from somatic 
variants. If incorporated into PSPs, they can generate false-
positive ctDNA results. To overcome this challenge, our 
assay leverages WES data from both tumor and germline 
specimens from the same patient for the PSP design, 
allowing germline, CHIP, and other artifact variants present 
in the germline specimen to be subtracted from the panels. 
In addition, our assay incorporates SNP signatures into QC 
to confirm that tumor, germline, and plasma specimens are 
all from the same patient, to detect potential sample swaps, 
and to ensure that no false-positives are reported.

4.3  Additional Considerations

As molecular testing options expand, tissue stewardship will 
be evermore critical. Small biopsies or surgical resections 
limit the number of molecular tests that can be performed 
on a single specimen, requiring thoughtful prioritization of 
molecular tests with the highest clinical utility. Molecular-
based, tumor-informed ctDNA testing allows for extensive 
multi-analyte reporting, including somatic WES for the 
detection of SNVs, indels, copy number alterations, 
microsatellite instability, and tumor mutation burden; 
hereditary cancer germline findings from the germline 
specimen; and ctDNA results from a serial, minimally 
invasive peripheral blood collection, all from a single test.

As the clinical utility of ctDNA testing matures, ctDNA 
analysis and clinical reporting will also evolve. Reporting of 
quantitative ctDNA values versus qualitative reporting may 

prove to have stronger clinical utility if the accuracy of these 
values can be ensured and if they are used within the context 
of community-wide guidelines for clinical decision making. 
For longitudinal reporting, clinical reports with prior histori-
cal ctDNA values will help oncologists discern the kinetics 
of ctDNA patterns and tracking of targeted variants over 
time to assess therapy response, predict prognostic risk, or 
monitor MRD and tumor recurrence. Additionally, reporting 
on specific targetable or drug-resistant driver events related 
to therapeutic modalities from ctDNA testing could enable 
oncologists to determine optimal treatment for the patient. As 
with any emerging field, it will be essential to develop clinical 
practice guidelines along with education and training of clini-
cal personnel for the application and interpretation of ctDNA 
testing. Harmonization of reported results between different 
laboratories offering this type of test and recommendations on 
essential reported values will also be critical.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s40291- 023- 00670-1.

Acknowledgements We thank Aaron Garnett, Paula Roberts, Nicole 
Williams, Dhruiti Legare, Angela Oliviero, and Laura Hyland for their 
contributions to the development of the technology.

Authors’ contributions JZ, JR, KS, MH, EM, ME, IC, and MB 
contributed to writing up the manuscript. RD, AC, and MM conceived 
and planned the experiments. EW and WO contributed to sample 
management. AC, MM, and YZ carried out the experiments. LJ, AO, 
MW, LH, ER, VJ, and NM contributed to the pipeline development and 
executions. All authors provided critical feedback and helped shape 
the manuscript.

Declarations 

Funding Funding for the preparation of this article was provided inter-
nally by Invitae.

Conflicts of Interest/Competing Interests All authors are stockholders 
of Invitae. Laura Johnson, Mike Washburn, Luke Hartje, Erik Reckase, 
and Verity Johnson were affiliated with Invitae at the time of the study; 
they are currently employees at Integrated DNA Technologies, Cor-
alville, IA, USA. Jianhua Zhao, Jacquelyn Reuther, Kaylee Scozzaro, 
Megan Hawley, Emily Metzger, Matthew Emery, Ingrid Chen, Mi-
chelle Barbosa, Alijah O’Connor, Yuhua Zhang, Emily Westheimer, 
William O’Callaghan, Nirav Malani, Adrian Chesh, Michael Moreau, 
and Robert Daber are currently employees at Invitae.

Ethics Approval Deidentified human specimens were either purchased 
through commercial vendors or acquired through an inter-laboratory 
exchange. Studies herein comply with applicable federal, state, and 
local regulatory requirements.

Consent to Participate Not applicable.

Consent for Publication Not applicable.

Availability of Data and Material The datasets generated and/or ana-
lyzed during the current study are not publicly available but are avail-
able from the corresponding author on reasonable request.

https://doi.org/10.1007/s40291-023-00670-1


766 J. Zhao et al.

Code Availability Not applicable.

Open Access  This article is licensed under a Creative Commons 
Attribution-NonCommercial 4.0 International License, which permits 
any non-commercial use, sharing, adaptation, distribution and 
reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included in the 
article's Creative Commons licence, unless indicated otherwise in a 
credit line to the material. If material is not included in the article's 
Creative Commons licence and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to 
obtain permission directly from the copyright holder. To view a copy 
of this licence, visit http:// creat iveco mmons. org/ licen ses/ by- nc/4. 0/.

References

 1. Chaudhuri AA, Chabon JJ, Lovejoy AF, et al. Early detection of 
molecular residual disease in localized lung cancer by circulating 
tumor DNA profiling. Cancer Discov. 2017;7:1394–403. https:// 
doi. org/ 10. 1158/ 2159- 8290. CD- 17- 0716.

 2. Newton KF, Newman W, Hill J. Review of biomarkers in colo-
rectal cancer. Colorectal Dis. 2012;14:3–17. https:// doi. org/ 10. 
1111/j. 1463- 1318. 2010. 02439.x.

 3. Di Gioia D, Stieber P, Schmidt GP, et al. Early detection of meta-
static disease in asymptomatic breast cancer patients with whole-
body imaging and defined tumour marker increase. Br J Cancer. 
2015;112:809–18. https:// doi. org/ 10. 1038/ bjc. 2015.8.

 4. van der Schouw YT, Verbeek AL, Wobbes T, et al. Comparison 
of four serum tumour markers in the diagnosis of colorectal car-
cinoma. Br J Cancer. 1992;66:148–54. https:// doi. org/ 10. 1038/ 
bjc. 1992. 233.

 5. Charkhchi P, Cybulski C, Gronwald J, et al. CA125 and ovarian 
cancer: a comprehensive review. Cancers. 2020;12:3730. https:// 
doi. org/ 10. 3390/ cance rs121 23730.

 6. Sørensen CG, Karlsson WK, Pommergaard H-C, et al. The 
diagnostic accuracy of carcinoembryonic antigen to detect 
colorectal cancer recurrence: a systematic review. Int J Surg. 
2016;25:134–44. https:// doi. org/ 10. 1016/j. ijsu. 2015. 11. 065.

 7. Amir E, Miller N, Geddie W, et al. Prospective study evalu-
ating the impact of tissue confirmation of metastatic disease 
in patients with breast cancer. J Clin Oncol. 2012;30:587–92. 
https:// doi. org/ 10. 1200/ JCO. 2010. 33. 5232.

 8. Kris MG, Johnson BE, Berry LD, et  al. Using multiplexed 
assays of oncogenic drivers in lung cancers to select targeted 
drugs. JAMA. 2014;311:1998–2006. https:// doi. org/ 10. 1001/ 
jama. 2014. 3741.

 9. Abbosh C, Swanton C, Birkbak NJ. Clonal haematopoiesis: 
a source of biological noise in cell-free DNA analyses. Ann 
Oncol. 2019;30:358–9. https:// doi. org/ 10. 1093/ annonc/ mdy552.

 10. Moding EJ, Nabet BY, Alizadeh AA, Diehn M. Detecting liq-
uid remnants of solid tumors: circulating tumor dna minimal 
residual disease. Cancer Discov. 2021;11:2968–86. https:// doi. 
org/ 10. 1158/ 2159- 8290. CD- 21- 0634.

 11. Kinde I, Wu J, Papadopoulos N, et al. Detection and quantifica-
tion of rare mutations with massively parallel sequencing. Proc 
Natl Acad Sci USA. 2011;108:9530–5. https:// doi. org/ 10. 1073/ 
pnas. 11054 22108.

 12. MacConaill LE, Burns RT, Nag A, et al. Unique, dual-indexed 
sequencing adapters with UMIs effectively eliminate index 
cross-talk and significantly improve sensitivity of massively 

parallel sequencing. BMC Genomics. 2018;19:30. https:// doi. 
org/ 10. 1186/ s12864- 017- 4428-5.

 13. Salk JJ, Schmitt MW, Loeb LA. Enhancing the accuracy of 
next-generation sequencing for detecting rare and subclonal 
mutations. Nat Rev Genet. 2018;19:269–85. https:// doi. org/ 10. 
1038/ nrg. 2017. 117.

 14. Zheng Z, Liebers M, Zhelyazkova B, et al. Anchored multi-
plex PCR for targeted next-generation sequencing. Nat Med. 
2014;20:1479–84. https:// doi. org/ 10. 1038/ nm. 3729.

 15. Larribère L, Martens UM. Advantages and challenges of using 
ctDNA NGS to assess the presence of minimal residual disease 
(MRD) in solid tumors. Cancers. 2021;13:5698. https:// doi. org/ 
10. 3390/ cance rs132 25698.

 16. Murtaza M, Dawson S-J, Pogrebniak K, et al. Multifocal clonal 
evolution characterized using circulating tumour DNA in a case 
of metastatic breast cancer. Nat Commun. 2015;6:8760. https:// 
doi. org/ 10. 1038/ ncomm s9760.

 17. Forde PM, Spicer J, Lu S, et  al. Neoadjuvant nivolumab 
plus chemotherapy in resectable lung cancer. N Engl J Med. 
2022;386:1973–85. https:// doi. org/ 10. 1056/ NEJMo a2202 170.

 18. Abbosh C, Frankell AM, Harrison T, Kisistok J, Garnett A, 
Johnson L, et al. Tracking early lung cancer metastatic dissemi-
nation in TRACERx using ctDNA. Nature. 2023. https:// doi. org/ 
10. 1038/ s41586- 023- 05776-4.

 19. Li H, Durbin R. Fast and accurate short read alignment with 
Burrows-Wheeler transform. Bioinformatics. 2009;25:1754–60. 
https:// doi. org/ 10. 1093/ bioin forma tics/ btp324.

 20. Pieters R, de Groot-Kruseman H, Van der Velden V, et al. Suc-
cessful therapy reduction and intensification for childhood acute 
lymphoblastic leukemia based on minimal residual disease 
monitoring: study ALL10 from the Dutch Childhood Oncol-
ogy Group. J Clin Oncol. 2016;34:2591–601. https:// doi. org/ 
10. 1200/ JCO. 2015. 64. 6364.

 21. Hourigan CS, Karp JE. Minimal residual disease in acute myeloid 
leukaemia. Nat Rev Clin Oncol. 2013;10:460–71. https:// doi. org/ 
10. 1038/ nrcli nonc. 2013. 100.

 22. Vora A, Goulden N, Wade R, et al. Treatment reduction for chil-
dren and young adults with low-risk acute lymphoblastic leukae-
mia defined by minimal residual disease (UKALL 2003): a ran-
domised controlled trial. Lancet Oncol. 2013;14:199–209. https:// 
doi. org/ 10. 1016/ S1470- 2045(12) 70600-9.

 23. Hourigan CS, Gale RP, Gormley NJ, et al. Measurable resid-
ual disease testing in acute myeloid leukaemia. Leukemia. 
2017;31:1482–90. https:// doi. org/ 10. 1038/ leu. 2017. 113.

 24. Wang J, Lu R, Wu Y, et al. Detection of measurable residual dis-
ease may better predict outcomes than mutations based on next-
generation sequencing in acute myeloid leukaemia with biallelic 
mutations of CEBPA. Br J Haematol. 2020;190:533–44. https:// 
doi. org/ 10. 1111/ bjh. 16535.

 25. Tie J, Cohen JD, Wang Y, et al. Circulating tumor DNA analyses 
as markers of recurrence risk and benefit of adjuvant therapy for 
stage iii colon cancer. JAMA Oncol. 2019;5:1710–7. https:// doi. 
org/ 10. 1001/ jamao ncol. 2019. 3616.

 26. Christensen E, Birkenkamp-Demtröder K, Sethi H, et al. Early 
detection of metastatic relapse and monitoring of therapeutic effi-
cacy by ultra-deep sequencing of plasma cell-free DNA in patients 
with urothelial bladder carcinoma. J Clin Oncol. 2019;37:1547–
57. https:// doi. org/ 10. 1200/ JCO. 18. 02052.

 27. McEvoy AC, Pereira MR, Reid A, et al. Monitoring melanoma 
recurrence with circulating tumor DNA: a proof of concept from 
three case studies. Oncotarget. 2019;10:113–22. https:// doi. org/ 
10. 18632/ oncot arget. 26451.

 28. Tie J, Wang Y, Cohen J, et al. Circulating tumor DNA dynamics 
and recurrence risk in patients undergoing curative intent resec-
tion of colorectal cancer liver metastases: a prospective cohort 

http://creativecommons.org/licenses/by-nc/4.0/
https://doi.org/10.1158/2159-8290.CD-17-0716
https://doi.org/10.1158/2159-8290.CD-17-0716
https://doi.org/10.1111/j.1463-1318.2010.02439.x
https://doi.org/10.1111/j.1463-1318.2010.02439.x
https://doi.org/10.1038/bjc.2015.8
https://doi.org/10.1038/bjc.1992.233
https://doi.org/10.1038/bjc.1992.233
https://doi.org/10.3390/cancers12123730
https://doi.org/10.3390/cancers12123730
https://doi.org/10.1016/j.ijsu.2015.11.065
https://doi.org/10.1200/JCO.2010.33.5232
https://doi.org/10.1001/jama.2014.3741
https://doi.org/10.1001/jama.2014.3741
https://doi.org/10.1093/annonc/mdy552
https://doi.org/10.1158/2159-8290.CD-21-0634
https://doi.org/10.1158/2159-8290.CD-21-0634
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.1073/pnas.1105422108
https://doi.org/10.1186/s12864-017-4428-5
https://doi.org/10.1186/s12864-017-4428-5
https://doi.org/10.1038/nrg.2017.117
https://doi.org/10.1038/nrg.2017.117
https://doi.org/10.1038/nm.3729
https://doi.org/10.3390/cancers13225698
https://doi.org/10.3390/cancers13225698
https://doi.org/10.1038/ncomms9760
https://doi.org/10.1038/ncomms9760
https://doi.org/10.1056/NEJMoa2202170
https://doi.org/10.1038/s41586-023-05776-4
https://doi.org/10.1038/s41586-023-05776-4
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1200/JCO.2015.64.6364
https://doi.org/10.1200/JCO.2015.64.6364
https://doi.org/10.1038/nrclinonc.2013.100
https://doi.org/10.1038/nrclinonc.2013.100
https://doi.org/10.1016/S1470-2045(12)70600-9
https://doi.org/10.1016/S1470-2045(12)70600-9
https://doi.org/10.1038/leu.2017.113
https://doi.org/10.1111/bjh.16535
https://doi.org/10.1111/bjh.16535
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1001/jamaoncol.2019.3616
https://doi.org/10.1200/JCO.18.02052
https://doi.org/10.18632/oncotarget.26451
https://doi.org/10.18632/oncotarget.26451


767Personalized Cancer Monitoring Assay for the Detection of ctDNA in Patients with Solid Tumors

study. PLoS Med. 2021;18: e1003620. https:// doi. org/ 10. 1371/ 
journ al. pmed. 10036 20.

 29. Chen G, Peng J, Xiao Q, et al. Postoperative circulating tumor 
DNA as markers of recurrence risk in stages II to III colorectal 
cancer. J Hematol Oncol. 2021;14:80. https:// doi. org/ 10. 1186/ 
s13045- 021- 01089-z.

 30. Henriksen TV, Tarazona N, Frydendahl A, et al. Circulating tumor 
DNA in stage III colorectal cancer, beyond minimal residual dis-
ease detection, toward assessment of adjuvant therapy efficacy and 
clinical behavior of recurrences. Clin Cancer Res. 2022;28:507–
17. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 21- 2404.

 31. Lee B, Lipton L, Cohen J, et al. Circulating tumor DNA as a 
potential marker of adjuvant chemotherapy benefit following sur-
gery for localized pancreatic cancer. Ann Oncol. 2019;30:1472–8. 
https:// doi. org/ 10. 1093/ annonc/ mdz200.

 32. Tan L, Sandhu S, Lee RJ, et al. Prediction and monitoring of 
relapse in stage III melanoma using circulating tumor DNA. Ann 
Oncol. 2019;30:804–14. https:// doi. org/ 10. 1093/ annonc/ mdz048.

 33. Tarazona N, Gimeno-Valiente F, Gambardella V, et al. Targeted 
next-generation sequencing of circulating-tumor DNA for tracking 
minimal residual disease in localized colon cancer. Ann Oncol. 
2019;30:1804–12. https:// doi. org/ 10. 1093/ annonc/ mdz390.

 34. Malla M, Loree JM, Kasi PM, Parikh AR. Using circulating tumor 
DNA in colorectal cancer: current and evolving practices. J Clin 
Oncol. 2022;40:2846–57. https:// doi. org/ 10. 1200/ JCO. 21. 02615.

 35. McEvoy AC, Warburton L, Al-Ogaili Z, et al. Correlation between 
circulating tumour DNA and metabolic tumour burden in meta-
static melanoma patients. BMC Cancer. 2018;18:726. https:// doi. 
org/ 10. 1186/ s12885- 018- 4637-6.

 36. Abbosh C, Birkbak NJ, Wilson GA, et al. Phylogenetic ctDNA 
analysis depicts early-stage lung cancer evolution. Nature. 
2017;545:446–51. https:// doi. org/ 10. 1038/ natur e22364.

 37. Countercurrents Series, Narod SA. Disappearing breast cancers. 
Curr Oncol. 2012;19:59–60. https:// doi. org/ 10. 3747/ co. 19. 1037.

 38. Erdi YE. Limits of tumor detectability in nuclear medicine and 
PET. Mol Imaging Radionucl Ther. 2012;21:23–8. https:// doi. org/ 
10. 4274/ Mirt. 138.

 39. Schøler LV, Reinert T, Ørntoft M-BW, et al. Clinical implications 
of monitoring circulating tumor DNA in patients with colorectal 
cancer. Clin Cancer Res. 2017;23:5437–45. https:// doi. org/ 10. 
1158/ 1078- 0432. CCR- 17- 0510.

 40. Coombes RC, Page K, Salari R, et al. Personalized detection of 
circulating tumor DNA antedates breast cancer metastatic recur-
rence. Clin Cancer Res. 2019;25:4255–63. https:// doi. org/ 10. 
1158/ 1078- 0432. CCR- 18- 3663.

 41. Garcia-Murillas I, Chopra N, Comino-Méndez I, et al. Assessment 
of molecular relapse detection in early-stage breast cancer. JAMA 
Oncol. 2019;5:1473–8. https:// doi. org/ 10. 1001/ jamao ncol. 2019. 
1838.

 42. Kasi PM, Fehringer G, Taniguchi H, et al. Impact of circulating 
tumor DNA-based detection of molecular residual disease on the 
conduct and design of clinical trials for solid tumors. JCO Precis 
Oncol. 2022;6: e2100181. https:// doi. org/ 10. 1200/ PO. 21. 00181.

 43. Strijker M, Soer EC, de Pastena M, et al. Circulating tumor DNA 
quantity is related to tumor volume and both predict survival 
in metastatic pancreatic ductal adenocarcinoma. Int J Cancer. 
2020;146:1445–56. https:// doi. org/ 10. 1002/ ijc. 32586.

 44. Chen K, Zhao H, Shi Y, et al. Perioperative dynamic changes in 
circulating tumor DNA in patients with lung cancer (DYNAMIC). 
Clin Cancer Res. 2019;25:7058–67. https:// doi. org/ 10. 1158/ 1078- 
0432. CCR- 19- 1213.

 45. Reinert T, Schøler LV, Thomsen R, et al. Analysis of circulat-
ing tumour DNA to monitor disease burden following colorectal 
cancer surgery. Gut. 2016;65:625–34. https:// doi. org/ 10. 1136/ 
gutjnl- 2014- 308859.

 46. Sausen M, Phallen J, Adleff V, et al. Clinical implications of 
genomic alterations in the tumour and circulation of pancreatic 
cancer patients. Nat Commun. 2015;6:7686. https:// doi. org/ 10. 
1038/ ncomm s8686.

 47. Garcia-Murillas I, Schiavon G, Weigelt B, et al. Mutation tracking 
in circulating tumor DNA predicts relapse in early breast cancer. 
Sci Transl Med. 2015;7: 302ra133. https:// doi. org/ 10. 1126/ scitr 
anslm ed. aab00 21.

 48. Pietrasz D, Pécuchet N, Garlan F, et al. Plasma circulating tumor 
DNA in pancreatic cancer patients is a prognostic marker. Clin 
Cancer Res. 2017;23:116–23. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 16- 0806.

 49. Chae YK, Oh MS. Detection of minimal residual disease using 
ctDNA in lung cancer: current evidence and future directions. 
J Thorac Oncol. 2019;14:16–24. https:// doi. org/ 10. 1016/j. jtho. 
2018. 09. 022.

 50. Wang Y, Li L, Cohen JD, et al. Prognostic potential of circulat-
ing tumor DNA measurement in postoperative surveillance of 
nonmetastatic colorectal cancer. JAMA Oncol. 2019;5:1118–23. 
https:// doi. org/ 10. 1001/ jamao ncol. 2019. 0512.

 51. Parikh AR, Van Seventer EE, Siravegna G, et  al. Minimal 
residual disease detection using a plasma-only circulating 
tumor dna assay in patients with colorectal cancer. Clin Can-
cer Res. 2021;27:5586–94. https:// doi. org/ 10. 1158/ 1078- 0432. 
CCR- 21- 0410.

 52. Mencel J, Slater S, Cartwright E, Starling N. The role of ctDNA 
in gastric cancer. Cancers. 2022;14:5105. https:// doi. org/ 10. 3390/ 
cance rs142 05105.

 53. Anagnostou V, Forde PM, White JR, et al. Dynamics of tumor 
and immune responses during immune checkpoint blockade in 
non-small cell lung cancer. Cancer Res. 2019;79:1214–25. https:// 
doi. org/ 10. 1158/ 0008- 5472. CAN- 18- 1127.

 54. McDonald BR, Contente-Cuomo T, Sammut S-J, et al. Personal-
ized circulating tumor DNA analysis to detect residual disease 
after neoadjuvant therapy in breast cancer. Sci Transl Med. 
2019;11: eaax7392. https:// doi. org/ 10. 1126/ scitr anslm ed. aax73 
92.

 55. Song Y, Hu C, Xie Z, et al. Circulating tumor DNA clearance 
predicts prognosis across treatment regimen in a large real-
world longitudinally monitored advanced non-small cell lung 
cancer cohort. Transl Lung Cancer Res. 2020;9:269–79. https:// 
doi. org/ 10. 21037/ tlcr. 2020. 03. 17.

 56. Wang D-S, Yang H, Liu X-Y, et al. Dynamic monitoring of cir-
culating tumor DNA to predict prognosis and efficacy of adju-
vant chemotherapy after resection of colorectal liver metastases. 
Theranostics. 2021;11:7018–28. https:// doi. org/ 10. 7150/ thno. 
59644.

 57. Riva F, Bidard F-C, Houy A, et al. Patient-specific circulating 
tumor DNA detection during neoadjuvant chemotherapy in triple-
negative breast cancer. Clin Chem. 2017;63:691–9. https:// doi. org/ 
10. 1373/ clinc hem. 2016. 262337.

 58. Chen Y-H, Hancock BA, Solzak JP, et  al. Next-generation 
sequencing of circulating tumor DNA to predict recurrence in 
triple-negative breast cancer patients with residual disease after 
neoadjuvant chemotherapy. NPJ Breast Cancer. 2017;3:24. https:// 
doi. org/ 10. 1038/ s41523- 017- 0028-4.

 59. Cabel L, Proudhon C, Romano E, et al. Clinical potential of cir-
culating tumour DNA in patients receiving anticancer immuno-
therapy. Nat Rev Clin Oncol. 2018;15:639–50. https:// doi. org/ 10. 
1038/ s41571- 018- 0074-3.

 60. Dudley JC, Schroers-Martin J, Lazzareschi DV, et al. Detection 
and surveillance of bladder cancer using urine tumor DNA. Can-
cer Discov. 2019;9:500–9. https:// doi. org/ 10. 1158/ 2159- 8290. 
CD- 18- 0825.

 61. Coakley M, Garcia-Murillas I, Turner NC. Molecular resid-
ual disease and adjuvant trial design in solid tumors. Clin 

https://doi.org/10.1371/journal.pmed.1003620
https://doi.org/10.1371/journal.pmed.1003620
https://doi.org/10.1186/s13045-021-01089-z
https://doi.org/10.1186/s13045-021-01089-z
https://doi.org/10.1158/1078-0432.CCR-21-2404
https://doi.org/10.1093/annonc/mdz200
https://doi.org/10.1093/annonc/mdz048
https://doi.org/10.1093/annonc/mdz390
https://doi.org/10.1200/JCO.21.02615
https://doi.org/10.1186/s12885-018-4637-6
https://doi.org/10.1186/s12885-018-4637-6
https://doi.org/10.1038/nature22364
https://doi.org/10.3747/co.19.1037
https://doi.org/10.4274/Mirt.138
https://doi.org/10.4274/Mirt.138
https://doi.org/10.1158/1078-0432.CCR-17-0510
https://doi.org/10.1158/1078-0432.CCR-17-0510
https://doi.org/10.1158/1078-0432.CCR-18-3663
https://doi.org/10.1158/1078-0432.CCR-18-3663
https://doi.org/10.1001/jamaoncol.2019.1838
https://doi.org/10.1001/jamaoncol.2019.1838
https://doi.org/10.1200/PO.21.00181
https://doi.org/10.1002/ijc.32586
https://doi.org/10.1158/1078-0432.CCR-19-1213
https://doi.org/10.1158/1078-0432.CCR-19-1213
https://doi.org/10.1136/gutjnl-2014-308859
https://doi.org/10.1136/gutjnl-2014-308859
https://doi.org/10.1038/ncomms8686
https://doi.org/10.1038/ncomms8686
https://doi.org/10.1126/scitranslmed.aab0021
https://doi.org/10.1126/scitranslmed.aab0021
https://doi.org/10.1158/1078-0432.CCR-16-0806
https://doi.org/10.1158/1078-0432.CCR-16-0806
https://doi.org/10.1016/j.jtho.2018.09.022
https://doi.org/10.1016/j.jtho.2018.09.022
https://doi.org/10.1001/jamaoncol.2019.0512
https://doi.org/10.1158/1078-0432.CCR-21-0410
https://doi.org/10.1158/1078-0432.CCR-21-0410
https://doi.org/10.3390/cancers14205105
https://doi.org/10.3390/cancers14205105
https://doi.org/10.1158/0008-5472.CAN-18-1127
https://doi.org/10.1158/0008-5472.CAN-18-1127
https://doi.org/10.1126/scitranslmed.aax7392
https://doi.org/10.1126/scitranslmed.aax7392
https://doi.org/10.21037/tlcr.2020.03.17
https://doi.org/10.21037/tlcr.2020.03.17
https://doi.org/10.7150/thno.59644
https://doi.org/10.7150/thno.59644
https://doi.org/10.1373/clinchem.2016.262337
https://doi.org/10.1373/clinchem.2016.262337
https://doi.org/10.1038/s41523-017-0028-4
https://doi.org/10.1038/s41523-017-0028-4
https://doi.org/10.1038/s41571-018-0074-3
https://doi.org/10.1038/s41571-018-0074-3
https://doi.org/10.1158/2159-8290.CD-18-0825
https://doi.org/10.1158/2159-8290.CD-18-0825


768 J. Zhao et al.

Cancer Res. 2019;25:6026–34. https:// doi. org/ 10. 1158/ 1078- 
0432. CCR- 19- 0152.

 62. Reece M, Saluja H, Hollington P, et al. The Use of circulating 
tumor DNA to monitor and predict response to treatment in colo-
rectal cancer. Front Genet. 2019;10:1118. https:// doi. org/ 10. 3389/ 
fgene. 2019. 01118.

 63. Hellmann MD, Nabet BY, Rizvi H, et al. Circulating tumor DNA 
analysis to assess risk of progression after long-term response to 
PD-(L)1 blockade in NSCLC. Clin Cancer Res. 2020;26:2849–58. 
https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 19- 3418.

 64. Dasari A, Morris VK, Allegra CJ, et al. ctDNA applications and 
integration in colorectal cancer: an NCI colon and rectal-anal task 
forces whitepaper. Nat Rev Clin Oncol. 2020;17:757–70. https:// 
doi. org/ 10. 1038/ s41571- 020- 0392-0.

 65. Ho GYF, Wang T, Kwok H-H, et al. Longitudinal multi-gene 
panel assessment of circulating tumor DNA revealed tumor bur-
den and molecular characteristics along treatment course of non-
small cell lung cancer. Transl Lung Cancer Res. 2020;9:1873–84. 
https:// doi. org/ 10. 21037/ tlcr- 20- 675.

 66. Magbanua MJM, Swigart LB, Wu H-T, et al. Circulating tumor 
DNA in neoadjuvant-treated breast cancer reflects response and 
survival. Ann Oncol. 2021;32:229–39. https:// doi. org/ 10. 1016/j. 
annonc. 2020. 11. 007.

 67. Zhang J-T, Liu S-Y, Gao W, et al. Longitudinal undetectable 
molecular residual disease defines potentially cured popula-
tion in localized non-small cell lung cancer. Cancer Dis-
cov. 2022;12:1690–701. https:// doi. org/ 10. 1158/ 2159- 8290. 
CD- 21- 1486.

 68. Olsson E, Winter C, George A, et al. Serial monitoring of circulat-
ing tumor DNA in patients with primary breast cancer for detec-
tion of occult metastatic disease. EMBO Mol Med. 2015;7:1034–
7. https:// doi. org/ 10. 15252/ emmm. 20140 4913.

 69. Pascual J, Attard G, Bidard F-C, et al. ESMO recommendations on 
the use of circulating tumour DNA assays for patients with cancer: 
a report from the ESMO Precision Medicine Working Group. Ann 
Oncol. 2022;33:750–68. https:// doi. org/ 10. 1016/j. annonc. 2022. 05. 
520.

 70. Henry NL, Somerfield MR, Dayao Z, et al. Biomarkers for systemic 
therapy in metastatic breast cancer: ASCO guideline update. J Clin 
Oncol. 2022;40:3205–21. https:// doi. org/ 10. 1200/ JCO. 22. 01063.

 71. Rostami A, Lambie M, Yu CW, et al. Senescence, necrosis, and 
apoptosis govern circulating cell-free DNA release kinetics. Cell 
Rep. 2020;31:107830. doi: https:// doi. org/ 10. 1016/j. celrep. 2020. 
107830.

 72. Bettegowda C, Sausen M, Leary RJ, et al. Detection of circulating 
tumor DNA in early- and late-stage human malignancies. Sci Transl 
Med. 2014;6:224ra24. https:// doi. org/ 10. 1126/ scitr anslm ed. 30070 
94.

 73. Zhang Y, Yao Y, Xu Y, et  al. Pan-cancer circulating tumor 
DNA detection in over 10,000 Chinese patients. Nat Commun. 
2021;12:11. https:// doi. org/ 10. 1038/ s41467- 020- 20162-8.

 74. Zhang DY, Gould A, Happ HC, et al. Ultrasound-mediated blood-
brain barrier opening increases cell-free DNA in a time-dependent 
manner. Neurooncol Adv. 2021;3: vdab165. https:// doi. org/ 10. 
1093/ noajnl/ vdab1 65.

 75. De Mattos-Arruda L, Mayor R, Ng CKY, et al. Cerebrospinal 
fluid-derived circulating tumour DNA better represents the 
genomic alterations of brain tumours than plasma. Nat Commun. 
2015;6:8839. https:// doi. org/ 10. 1038/ ncomm s9839.

 76. Seoane J, De Mattos-Arruda L, Le Rhun E, et al. Cerebrospi-
nal fluid cell-free tumour DNA as a liquid biopsy for primary 
brain tumours and central nervous system metastases. Ann Oncol. 
2019;30:211–8. https:// doi. org/ 10. 1093/ annonc/ mdy544.

 77. Husain H, Pavlick DC, Fendler BJ, et al. Tumor fraction correlates 
with detection of actionable variants across > 23,000 circulat-
ing tumor DNA samples. JCO Precis Oncol. 2022;6: e2200261. 
https:// doi. org/ 10. 1200/ PO. 22. 00261.

 78. Zill OA, Banks KC, Fairclough SR, et al. The landscape of action-
able genomic alterations in cell-free circulating tumor DNA from 
21,807 advanced cancer patients. Clin Cancer Res. 2018;24:3528–
38. https:// doi. org/ 10. 1158/ 1078- 0432. CCR- 17- 3837.

 79. Eastley N, Sommer A, Ottolini B, et al. The circulating nucleic acid 
characteristics of non-metastatic soft tissue sarcoma patients. Int J 
Mol Sci. 2020;21:4483. https:// doi. org/ 10. 3390/ ijms2 11244 83.

 80. Hennigan ST, Trostel SY, Terrigino NT, et al. Low abundance 
of circulating tumor DNA in localized prostate cancer. JCO Pre-
cis Oncol. 2019;3: PO.19.00176. https:// doi. org/ 10. 1200/ PO. 19. 
00176.

 81. Yang Y-C, Wang D, Jin L, et al. Circulating tumor DNA detect-
able in early- and late-stage colorectal cancer patients. Biosci 
Rep. 2018;38: BSR20180322. https:// doi. org/ 10. 1042/ BSR20 
180322.

 82. Hiltbrunner S, Fleischmann Z, Sokol ES, et  al. Genomic 
landscape of pleural and peritoneal mesothelioma tumours. 
Br J Cancer. 2022;27:1997–2005. https:// doi. org/ 10. 1038/ 
s41416- 022- 01979-0.

 83. Alexandrov LB, Nik-Zainal S, Wedge DC, et al. Signatures of 
mutational processes in human cancer. Nature. 2013;500:415–21. 
https:// doi. org/ 10. 1038/ natur e12477.

 84. Nguyen V-C, Nguyen TH, Phan TH, et al. Fragment length profiles 
of cancer mutations enhance detection of circulating tumor DNA 
in patients with early-stage hepatocellular carcinoma. BMC Can-
cer. 2023;23:233. https:// doi. org/ 10. 1186/ s12885- 023- 10681-0.

 85. Hai L, Li L, Liu Z, Tong Z, Sun Y. Whole-genome circulating 
tumor DNA methylation landscape reveals sensitive biomarkers 
of breast cancer. MedComm (2020). 2022;3: e134. https:// doi. org/ 
10. 1002/ mco2. 134.

 86. Muhanna N, Di Grappa MA, Chan HHL, et al. Cell-free DNA 
kinetics in a pre-clinical model of head and neck cancer. Sci Rep. 
2017;7:16723. https:// doi. org/ 10. 1038/ s41598- 017- 17079-6.

https://doi.org/10.1158/1078-0432.CCR-19-0152
https://doi.org/10.1158/1078-0432.CCR-19-0152
https://doi.org/10.3389/fgene.2019.01118
https://doi.org/10.3389/fgene.2019.01118
https://doi.org/10.1158/1078-0432.CCR-19-3418
https://doi.org/10.1038/s41571-020-0392-0
https://doi.org/10.1038/s41571-020-0392-0
https://doi.org/10.21037/tlcr-20-675
https://doi.org/10.1016/j.annonc.2020.11.007
https://doi.org/10.1016/j.annonc.2020.11.007
https://doi.org/10.1158/2159-8290.CD-21-1486
https://doi.org/10.1158/2159-8290.CD-21-1486
https://doi.org/10.15252/emmm.201404913
https://doi.org/10.1016/j.annonc.2022.05.520
https://doi.org/10.1016/j.annonc.2022.05.520
https://doi.org/10.1200/JCO.22.01063
https://doi.org/10.1016/j.celrep.2020.107830
https://doi.org/10.1016/j.celrep.2020.107830
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1126/scitranslmed.3007094
https://doi.org/10.1038/s41467-020-20162-8
https://doi.org/10.1093/noajnl/vdab165
https://doi.org/10.1093/noajnl/vdab165
https://doi.org/10.1038/ncomms9839
https://doi.org/10.1093/annonc/mdy544
https://doi.org/10.1200/PO.22.00261
https://doi.org/10.1158/1078-0432.CCR-17-3837
https://doi.org/10.3390/ijms21124483
https://doi.org/10.1200/PO.19.00176
https://doi.org/10.1200/PO.19.00176
https://doi.org/10.1042/BSR20180322
https://doi.org/10.1042/BSR20180322
https://doi.org/10.1038/s41416-022-01979-0
https://doi.org/10.1038/s41416-022-01979-0
https://doi.org/10.1038/nature12477
https://doi.org/10.1186/s12885-023-10681-0
https://doi.org/10.1002/mco2.134
https://doi.org/10.1002/mco2.134
https://doi.org/10.1038/s41598-017-17079-6

	Personalized Cancer Monitoring Assay for the Detection of ctDNA in Patients with Solid Tumors
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	1 Introduction
	2 Subjects and Methods
	2.1 Study Design
	2.2 Specimens and Commercial Samples
	2.3 Specimen Collection
	2.4 DNA Extraction, Library Preparation, and NGS
	2.5 Generation of PSPs
	2.6 Bioinformatic Data Processing and ctDNA Calling

	3 Results
	3.1 Validation of Tumor WES
	3.1.1 Accuracy of WES
	3.1.2 Limit of Detection of WES: Tumor Content for PSP Design
	3.1.3 Limit of Detection of WES: Variant AF
	3.1.4 LOB of WES for Panel Design
	3.1.5 Reproducibility and Precision of WES

	3.2 Validation of ctDNA Detection
	3.2.1 Limit of Detection of ctDNA
	3.2.2 Accuracy of ctDNA Detection
	3.2.3 Reproducibility and Precision of ctDNA Detection

	3.3 End-to-End Testing

	4 Discussion
	4.1 Clinical Utility
	4.2 Limitations of ctDNA Assays
	4.3 Additional Considerations

	Anchor 31
	Acknowledgements 
	References




