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Abstract

Emerging technologies focused on the detection and quantification of circulating tumor DNA

(ctDNA) in blood show extensive potential for managing patient treatment decisions, inform-

ing risk of recurrence, and predicting response to therapy. Currently available tissue-

informed approaches are often limited by the need for additional sequencing of normal tis-

sue or peripheral mononuclear cells to identify non-tumor-derived alterations while tissue-

naïve approaches are often limited in sensitivity. Here we present the analytical validation

for a novel ctDNA monitoring assay, FoundationOne®Tracker. The assay utilizes somatic

alterations from comprehensive genomic profiling (CGP) of tumor tissue. A novel algorithm

identifies monitorable alterations with a high probability of being somatic and computation-

ally filters non-tumor-derived alterations such as germline or clonal hematopoiesis variants

without the need for sequencing of additional samples. Monitorable alterations identified

from tissue CGP are then quantified in blood using a multiplex polymerase chain reaction

assay based on the validated SignateraTM assay. The analytical specificity of the plasma

workflow is shown to be 99.6% at the sample level. Analytical sensitivity is shown to be

>97.3% at�5 mean tumor molecules per mL of plasma (MTM/mL) when tested with the

most conservative configuration using only two monitorable alterations. The assay also

demonstrates high analytical accuracy when compared to liquid biopsy-based CGP as well

as high qualitative (measured 100% PPA) and quantitative precision (<11.2% coefficient of

variation).
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Introduction

Circulating tumor DNA (ctDNA) in blood is an emerging prognostic and predictive biomarker

for managing patient treatment decisions, informing risk of recurrence and response to therapy

in early and late-stage disease [1–4]. Risk-assessment strategies in the adjuvant and perioperative

setting are limited, leading to uncertainty around treatment planning. Failure to specifically iden-

tify those at high risk of recurrence can result in both over or under-treatment and ultimately

impacts patient survival outcomes and quality of life [5,6]. CtDNA-based disease monitoring can

serve as a sensitive method for molecular residual disease (MRD) and can accurately assess risk to

support or defer perioperative treatment [7,8]. In the setting of advanced disease, standard radio-

logic criteria for response have limitations in accuracy, sensitivity, and timeliness among others

[9–12]. Recent evidence suggests that changes in ctDNA levels are associated with treatment

response, long term clinical outcomes, and can predict progression earlier than radiographic

imaging [13,14]. Multiple diagnostic ctDNA monitoring assay approaches have been developed

and include both sequencing of tissue for informing the selection of somatic variants for personal-

ized multiplex NGS assays [15–17] and tissue-naive approaches [14,18,19]. The design of each of

these approaches results in different performance characteristics that enable monitoring in meet-

ing different clinical needs. Personalized whole exome sequencing (WES)-based assays enable the

identification of a high number of tumor-specific variants, thus increasing the assay’s theoretical

performance [20,21]. Tissue-informed approaches often utilize sequencing of matched normal

tissues or peripheral blood mononuclear cells (PBMC) for removal of mutations in the germline

and those associated with clonal hematopoiesis (CH), likely increasing cost and potentially turn-

around time. Tumor-naive assays such as panel-based hybrid-capture assays of cell-free DNA

(cfDNA) alone have limited sensitivity when measuring ctDNA and can also be impacted by CH

variants without sequencing of matched PBMCs [20,22–24] thus limiting clinical utility in

patients with low shed tumors or early-stage cancers. However, the benefit of tumor-naive assays

is they make monitoring available to patients without a viable tissue sample.

We sought to develop a tumor tissue-informed, personalized monitoring assay that is

derived from the validated and widely adopted comprehensive genomic profiling (CGP) assay

FoundationOne1CDx [25,26] to identify monitorable alterations. Using genomic informa-

tion derived from the FoundationOne1CDx assay to identify monitorable alterations allows

patients who may only have historical tissue CGP to be eligible for monitoring, regardless of

whether the treating physician was intending to utilize monitoring at the initiation of treat-

ment. Furthermore, we developed an algorithm that can select monitorable alterations derived

from tissue-only CGP, thus keeping the overall assay’s performance comparable to other tis-

sue-informed monitoring assays without the need for sequencing of normal tissue or PBMCs.

Here we present the development and analytical validation of the FoundationOne1-

Tracker assay and the variant selection algorithm that identifies monitorable alterations from

tissue CGP. We demonstrate that the assay is applicable to a majority of patients with a viable

tissue sample by analyzing existing tissue data for the number of monitorable alterations per

patient. We demonstrate this applicability across cancer types and multiple patient demo-

graphics. The analytical performance of the assay is assessed demonstrating that it has robust

specificity, sensitivity, accuracy, and precision.

Materials and methods

Assay overview

Tissue and plasma samples from each patient are both analyzed by next-generation sequencing

(NGS) assays following the workflow outlined in Fig 1. Tumor-specific variants are derived
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from tissue CGP using a proprietary variant selection algorithm. Alterations selected to have a

high somatic probability are submitted to a plasma workflow based on the SignateraTM assay

[15,27]. cfDNA is extracted from patient plasma and personalized multiplexed PCR (mPCR)

assays are used to quantify ctDNA at each timepoint. Quantification of ctDNA is reported as

mean tumor molecules per mL (MTM/mL) [28]. The turnaround time for the FoundationO-

ne1Tracker workflow is 7–10 days from sample receipt and variant design to providing the

clinical report to the patient.

Tissue CGP and variant selection algorithm

CGP of tumor DNA was performed retrospectively following methods described previously

[25,26]. Briefly, DNA was extracted from formalin-fixed, paraffin-embedded (FFPE) tumor

patient samples. CGP was performed as follows: DNA fragments were end-repaired, A-tailed,

and adapters were ligated, followed by hybrid capture using a 324-gene panel, followed by

NGS on the Illumina1HiSeq 4000. CGP was performed on patient samples in a Clinical Lab-

oratory Improvement Amendments (CLIA)–certified, College of American Pathologists

(CAP)–accredited, New York State–approved laboratory (Foundation Medicine Inc., Cam-

bridge, MA). Approval for this study, including a waiver of informed consent and a HIPAA

waiver of authorization, was obtained from the Western Institutional Review Board (Protocol

No. 20152817). Data were accessed 1st January, 2021.

The variant selection algorithm (Foundation Medicine, Inc.) is used to select short variants,

including substitutions and short indels, from both exonic and intronic genomic regions in

the data derived from CGP results for primer design while excluding non-tumor derived vari-

ants (germline, CH-derived, sequencing artifacts). This algorithm is based on a novel logistic

regression model to predict probability of a variant being tumor-derived (somatic probability

score) based on the difference between the observed variant allele frequency (VAF) and the

expected germline VAF based on the copy number profile of the sample. Receiver operating

characteristic (ROC) curve of the logistic regression model in classifying somatic variants iden-

tified in 116 matched tumor/normal pairs are shown in S1A Fig. An optimal somatic probabil-

ity score threshold was chosen based on the ROC curve favoring minimization of false-

positive rate (FPR). The algorithm then assesses variants based on the somatic probability

score, allele frequency, and proprietary annotations. These annotations indicate whether a var-

iant is a known driver, significant to tumor biology, or has unknown significance (VUS), and

whether the alteration is listed in databases of known SNPs and CH variants (S1B Fig).

Fig 1. Assay overview. 1) The variant selection algorithm is used to identify monitorable alterations derived from

tissue CGP. Tissue CGP and variant selection are performed by Foundation Medicine, Inc. (FMI). 2) Patient-specific

primers are designed for up to 16 monitorable alterations per patient. Primer design is performed by Natera. 3) mPCR

is performed on blood samples using the patient specific primer design in Natera’s CLIA/CAP approved laboratory. 4)

mPCR data is analyzed to determine the MTM/mL for each sample. A report is generated by Natera and delivered by

FMI.

https://doi.org/10.1371/journal.pone.0302129.g001
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CGP landscape analysis

Archival tissue CGP results from 53,371 patients were analyzed with the variant selection algo-

rithm and the number of monitorable alterations was determined for each sample. These

patients were not subject to primer design or the plasma workflow. Tumor mutational burden

(TMB) was calculated as previously described [29]. Information for site of tumor origin, age,

local or metastatic status, and cancer stage were provided by ordering physicians. The tumor

type annotation for each case is derived from the test requisition form. In addition, a multi-

stage pathology review was performed prior to and after sequencing. Prior to sequencing,

board-certified pathologists on staff at Foundation Medicine, Inc. reviewed the submitted

pathologic diagnosis of each case and examined hematoxylin and eosin (H&E)–stained slides.

The H&E slide used for pathology review is the same as the FFPE tissue section dissected for

sequencing. Tumor type assignment for each case was performed based on the submitting

diagnosis and rereview of the H&E. Disease groupings were generated based on in-house dis-

ease tree mapping Disease ontology tumor types to Disease Groupings (S1 Table). Disease

groups that contained fewer than fifty samples were mapped to an”other” category to improve

data readability and interpretation. Ancestry was predicted using a SNP-based assignment

[30]. All patient data was consented for research use.

Plasma mPCR workflow

Samples with�2 monitorable alterations identified by the variant selection algorithm were

submitted for primer design in the mPCR assay as previously described [15,31]. In brief,

patient-specific variants were further filtered and ranked based on tumor VAF and expected

plasma background error rates. Up to 16 variants were selected per patient to identify ctDNA

in plasma samples. Patients with fewer than 2 alterations with successful primer design were

not further assessed by the plasma workflow. cfDNA libraries were constructed followed by

amplicon-based sequencing at an average NGS depth per amplicon of>100,000X on an Illu-

mina platform. VAF was calculated for each of the targeted variants. MTM/mL was calculated

using mean VAF, extracted cfDNA mass, and collected plasma volume as described previously

[28]. Samples with�2 monitorable alterations detected were defined as ctDNA positive.

mPCR and sequencing was performed on patient samples in a CLIA–certified, CAP–accred-

ited, New York State–approved laboratory (Natera Inc, San Carlos, CA). Protocol approval

was obtained from independent review boards or ethics committees at each site. Informed

written consent was obtained from all patients. The patients/participants provided their writ-

ten informed consent to participate in this study. No authors had access to information that

could identify individual participants during or after data collection.

Variant selection PPV

To determine the positive predictive value (PPV) of the variant selection algorithm selecting

somatic alterations, matched FFPE tumor tissue and PBMCs were collected from 477 patients

and analyzed with the tissue CGP assay defined above. Matched tissues were from 477 patients

with advanced breast cancer, colon cancer, non-small cell lung cancer (NSCLC) (Indivumed

Services), or muscle-invasive urothelial cancer (MIBC) [32]. Results from FFPE tumor tissue

were processed with the variant selection algorithm and subject to the mPCR primer design as

described above. Only targets with successful primer design were used for further analysis.

Somatic alterations were defined as variants detected in tumor tissue and not detectable in the

matched PBMC samples. Germline variants were defined as variants detected in FFPE tumors

and in the matched PBMC samples with a VAF in the PBMC >30%. CH variants were defined

as detected in FFPE tumors and in the matched PBMC samples with a VAF in the PBMC
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�30%. The limit of detection of the PBMC sequencing assay is expected to be similar to that

described for the CGP tissue assay (1.8–11.8%) [25]. The 30% threshold for classifying CH vs

germline was selected based on density distributions of allele frequencies of germline and CH

variants constructed from a large amount of historical data from the CGP tissue assay; a 30%

threshold minimizes the probability of mis-classification of germline as CH and vice versa.

This threshold was used to estimate rates; however both CH and germline variants were sub-

tracted for the analyses.

Protocol approval was obtained from independent review boards or ethics committees at

each site. Informed written consent was obtained from all patients. The patients/participants

provided their written informed consent to participate in this study. No authors had access to

information that could identify individual participants during or after data collection. Data

from MIBC samples was accessed on 14th July, 2022. Data from advanced breast cancer, colon

cancer, non-small cell lung cancer (NSCLC) were accessed on 11th August, 2020.

Analytical validation sample preparation

The assay was analytically validated with both cancer patient samples (NSCLC, breast and colorec-

tal cancer, all were consented for use) and with contrived genomic DNA (gDNA) and cfDNA

samples that were prepared using DNA from cancer cell lines. The majority of the samples used

to statistically power the sensitivity, accuracy, and precision studies were contrived samples due to

the limited availability of matched patient tissue and plasma samples with sufficient cfDNA mass

and diversity of variants to support the planned analytical studies. Contrived gDNA and cfDNA

sample pairs were prepared to serve as surrogates for solid tumor tissue gDNA and patient-

matched plasma biopsy-derived cfDNA, respectively. A total of 4 unique contrived tumor samples

were generated from different blends of 16 source cell line DNA samples (S2 Table). DNA from

sets of 4 source cell lines were combined in equal mass ratio to obtain variants present at target

VAF of 25% in each unique contrived tumor sample. Contrived tumor gDNA samples were pro-

cessed with the variant selection algorithm to identify monitorable alterations.

From the 4 unique contrived gDNA samples, 4 undiluted contrived cfDNA samples were

prepared by means of enzymatic fragmentation to a range of 100-250bp, from which 10-level

contrived cfDNA dilution series (25%, 12.5%, 6.3%, 3.1%, 1.6%, 0.8%, 0.4%, 0.2%, 0.1%,

0.05%) were produced with two-fold serial dilutions with wild-type DNA (NA12878; Coriell

Institute) as a diluent. Contrived gDNA and cfDNA paired samples were created from cancer

cell lines that harbor a large number of variants. This allowed for multiple biological samples

to be simulated from each contrived sample by designing multiple primer pools (of up to 16

primer sets in a pool). In addition to the contrived samples, patient samples were included for

variant-level sensitivity, accuracy, and precision studies (Table 1). Patient samples were diluted

with cfDNA from patients without a cancer diagnosis (termed unaffected) to match the VAF

range of contrived samples. Studies were performed across the range of the cfDNA mass input

specification of the assay (10ng to 66ng). Liquid CGP using a research use only version of

FoundationOne1Liquid CDx [24] was performed for all undiluted samples. The analysis

algorithm was modified to enable calling of variants from exonic and intronic regions as well

as synonymous alterations. No authors had access to information that could identify individ-

ual participants during or after data collection. Data from patient samples were accessed

between 30 August, 2021 and 13 October, 2022.

Plasma workflow specificity

Plasma from 133 unaffected donors were analyzed by randomly selecting primers derived

from 4,000 patient FFPE tumor samples previously evaluated with CGP from a variety of
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tumor types. Each plasma sample was used to test 4 different sets of 16 variants, the maximum

number of variants per assay. A total of 520 unique plasma/primer sets (samples) that passed

quality control metrics were used in the analysis. This approach was limited to testing the like-

lihood of false positives (FP) arising from technical sources (e.g. PCR error) in the plasma

workflow as unaffected patients would not have matched FFPE tumor tissue. A study to deter-

mine the PPV of the variant selection algorithm is described above.

Combined specificity estimate

The combined specificity of the variant selection algorithm and plasma workflow at the sam-

ple-level was calculated using the following equation:

Combined Specificity = 1—Pr(False Positives)

= 1—Pr{�2 technical FP variants} * Pr{number of FP germline or CH variants = 0}

• Pr{�1 technical FP variants} * Pr{number of FP germline or CH variants = 1}

• Pr{number of FP germline or CH variants = 2}

Lower (LB) or upper bounds (UB) of 90% Clopper-Pearson confidence intervals (CI) were

used to estimate the lower bound of an estimate of combined specificity, representing the most

conservative specificity of the assay. A point estimate (PE) of combined specificity was gener-

ated using the individual point estimates instead of bounds.

Combined Specificity

= 1 - (1- LB of the technical specificity estimate) * (UB of rate of 0 FP germline or CH)

• (UB of rate of�1 technical FPs) * (UB of the rate of 1 FP germline or CH)

• UB of the rate of 2 FP germline or CH variants

Sensitivity

The sensitivity of the assay was evaluated at the variant and sample-level with contrived sam-

ples and patient samples across a range of intended VAFs (0.1, 0.2, 0.4, 0.8, 1.6, 3.1, 6.25%).

Table 1. Analytical validation studies.

Analytical Study Assessment

Level

Sample Type Sample Size Varied conditions

Specificity Variant Healthy donor plasma 1108 variants

Sample 520 samples

Sensitivity Variant Contrived 1108 variants VAF and mass input

Sample Contrived 566 samples Mean VAF and mass input

Patient 16 samples

Accuracy & Linearity Variant Contrived 5768 variants VAF and mass input

Sample Contrived 2864 samples Mean VAF and mass input

Precision Qualitative

Repeatability

Variant Contrived 186 sets of variants in triplicate VAF range

Patient 26 sets of variants in triplicate

Qualitative

Reproducibility

Variant Contrived 522 sets of variants in triplicate VAF and

operating conditions

Quantitative

Reproducibility

Variant Contrived 179 sets of variants in triplicate VAF and

operating conditions

Sample 66 sets of samples in triplicate MTM/mL and operating conditions

https://doi.org/10.1371/journal.pone.0302129.t001
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Intended VAF levels were chosen to represent VAF levels targeted for homozygous variants.

Upon VAF-targeted dilution, a range of VAF values was expected due to clonality, copy num-

ber variation, and zygosity. Expected VAF was calculated using dilution factors applied to the

VAFs determined from liquid CGP of undiluted contrived cfDNA samples. Variant-level sen-

sitivity was calculated for variants with expected VAF�0.3% and<0.5%. Sample-level sensi-

tivity (ctDNA positive or negative status at a given MTM/mL range) was evaluated using data

from the diluted contrived cfDNA samples described above using simulated samples in the

range of 5–10 MTM/mL. Each simulated sample was created by randomly selecting 2 variants

from a contrived cfDNA sample to evaluate the most challenging condition for sample-level

detection (i.e. there is a lower probability of detecting 2 variants out of 2 than 2 out of 16

variants).

Accuracy and linearity

In order to assess analytical accuracy (i.e. orthogonal concordance) and linearity, liquid CGP

was also performed on all samples in this study. Accuracy was assessed using the slope and

intercept results from a Passing-Bablok regression of FoundationOne1Tracker vs liquid CGP

measured VAF for contrived sample variants falling within the liquid CGP 0.5–20% VAF

range.

The variant-level linearity analysis examined the proportional relationship between Foun-

dationOne1Tracker reported VAF and the respective intended VAF. Samples were generated

from 3 contrived cfDNA mixtures (Mix A, B, and C, S2 Table) and were tested at 7 different

intended VAF levels (0.4, 0.8, 1.6, 1.3, 6.25, 12.5, 25%), at 3 intended cfDNA input levels (10,

33, 66ng), and with 8 primer pools. Linear regression analysis was performed separately for

each input level. In each case, weighted regressions were performed in order to correct for het-

eroskedasticity, or non-constant variance, over the range of analyzed VAF values. For each

regression analysis, a power function model of the relationship between measured variance

and intended VAF value was individually determined by obtaining coefficient estimates using

least squares regression on log-transformed VAF variance estimates vs log-transformed

intended VAF values. These estimates of the variance function were then used to obtain

regression weights, determined as the inverse variance of VAF at the relevant intended VAF

values in the weighted regression fits.

Variant and sample-level linearity at each DNA input level was examined by fitting three

different linear models, regressing the VAF measurements on the first-order, second-order,

and third-order nested polynomial functions of the intended VAF. The coefficient estimates

were examined for each different model fit and individual t-tests were performed at the 5% sig-

nificance level to test the null-hypothesis that each coefficient estimate is equal to zero.

Precision

Conditions for testing the repeatability of qualitative variant detection were assessed with sets

of 3 sample replicates (triplicates) processed by the same operator, using the same reagent lots,

sequencing instruments, and on the same day. DNA input masses were 33 ng and 20 ng for

contrived and patient samples, respectively. Only variants where the median VAF of the tripli-

cate set was�0.5% (the lower limit of detection tested above) were included in the analysis as

reliability of detection decreases below the limit of detection. The reproducibility of qualitative

variant detection was assessed with sample replicates processed under 3 unique combinations

of the operator, reagent lots, sequencing instrument, and day. Reproducibility of contrived

samples was tested at the minimum (10 ng) and maximum (66 ng) input masses for the assay.

Patient samples were tested at 20 ng input mass.
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To assess quantitative precision, coefficient of variation (CV) was calculated from three sep-

arate runs with unique combination of the operator, reagent lots, sequencing instrument, and

day. Each run had 6 replicates in each intended VAF bins instead of 3 to facilitate statistical

analysis. Since there is no analytical formula to obtain uncertainty and CIs for the overall

mean CV across the intended VAF range using the hierarchical procedure of averaging, a

bootstrap-based approach was implemented.

Results

Variant selection algorithm

Results from analyzing historical tissue CGP data with the variant selection algorithm showed

a median of 2 pathogenic alterations were identified per patient. When including all non-syn-

onymous mutations within the coding region (pathogenic and VUS), there was a median of 3

alterations per patient. Adding synonymous and intronic alterations maximized the median

number of monitorable alterations per patient to 6 (Fig 2A). Of all patients assessed, 90.0%

had�2 monitorable alterations. The number of monitorable alterations per patient by disease

type in our dataset are shown in Fig 2B. The inclusion of both coding and non-coding vari-

ants–regardless of known or likely pathogenicity–drastically increases the median number of

alterations from tissue CGP per patient, as well as fraction of patients with at least two moni-

torable alterations, across all tumor types (S2A Fig). Thus, by including non-coding and non-

pathogenic alterations the assay will be able to assess a large portion of patients previously

diagnosed with cancer who have already been tested with tissue CGP.

The number of monitorable alterations per patient was consistent across key characteristics

of tumor biology, such as local/met status and cancer stage (S3A–S3D Fig). Our ability to

detect monitorable alterations did not differ among patients when stratified across predicted

genetic ancestry (S3B Fig). The number of identified monitorable alterations per patient did

increase with age and TMB status (S3C–S3E Fig).

Patient matched tissue and PBMCs were sequenced by tissue CGP and used to verify tumor

origin of the monitorable alterations identified by the variant selection algorithm. A median of

11 monitorable alterations were selected per patient. Out of the 4588 variants selected 4535

were confirmed to be tumor-derived somatic alterations, resulting in a variant-level PPV of

98.8% [90% CI: 98.6%, 99.1%] (Fig 2C). There was no significant difference in PPV between

pathogenic, VUS, or non-coding/synonymous alterations (S2B Fig). Variants detected in

FFPE tissue that were not selected by the variant selection algorithm were not analyzed in this

study. We predict those variants that were not selected are a mix of tumor-derived, CH, and

germline (S1A Fig). For the other 53 variants, 17 were germline alterations and 36 were CH

alterations. The inclusion of these non-tumor derived alterations could give rise to a false posi-

tive call in a ctDNA-negative patient. From the 477 patients that were tested, 5 patients had�2

non-tumor derived alterations selected for primer design resulting in a sample-level PPV of

99.0% [90% CI: 97.8%,99.6%] (Fig 2C). Thus, the variant selection algorithm has a high PPV

for selecting tumor-derived somatic variants for monitoring, which is expected to translate

into high specificity for ctDNA detection.

Analytical validation

Plasma workflow specificity. To determine the false positive rate arising from technical

sources (i.e., non-biological) in the plasma workflow, cfDNA from 133 unaffected donors were

analyzed using primers designed from a separate set of cancer patient FFPE tumor samples. To

generate the most conservative estimate of specificity, 16 monitorable alterations per sample

were used. Pools of 16 alterations have the highest likelihood of having multiple false positives
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variants per pool. Variant-level specificity was determined by calculating the proportion of

variants correctly called negative out of the 8201 tumor-associated variants assessed. 8175 vari-

ants were correctly called negative, giving a variant-level specificity of 99.7% [90% CI: 99.6%,

99.8%] (Fig 3A). Two out of the 520 unaffected donor samples each had 2 tumor-derived vari-

ants detected, leading to sample-level false positive calls (Fig 3B) and a sample-level specificity

of 99.6% [90% CI: 98.8%, 99.9%] (Fig 3A).

Combined specificity estimate. The probability of a sample-level false positive occurring

when one germline/CH variant is selected by the algorithm and a second false positive variant

Fig 2. Variant selection algorithm. A) Percentage of patients by number of monitorable alterations and by variant status. B) Number of monitorable

alterations designed per patient from historical tissue CGP across tumor types based on Foundation Medicine disease classification (See S1 Table for disease

mapping). C) PPV of variant selection algorithm at the variant and sample-level. D) Frequency of samples with false positive (FP) variants. Error bars = 90% CI.

Abbreviations: crc = colorectal cancer, nsclc = non-small cell lung cancer, cup = cancer of unknown primary (physician specified), gi- gastrointestinal,

pns = paranasal sinus, cns = central nervous system, gist = gastrointestinal stromal tumor, FP = false positive, PPV = positive predictive value.

https://doi.org/10.1371/journal.pone.0302129.g002
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arises from technical sources was not captured in the specificity estimates above. When assess-

ing the PPV of the variant selection algorithm, 41 patients (8.6%) had a single non-tumor-

derived alteration designed (Fig 2D). The number of samples with�1 false positive variant

from technical sources was calculated to be 4.6% [90% CI: 3.3%, 6.4%] (Fig 3B). Using these

values and the sample-level specificity estimates above, we estimated the combined specificity

of the variant selection and plasma workflow to be>96.0% (See Methods for calculation, point

estimate = 98.2%). For validation purposes, this estimate used the most conservative bounds of

each estimate to model specificity.

Analytical sensitivity. Analytical sensitivity of the assay was determined from contrived

and patient samples that were diluted across a predefined VAF range that was representative

of the majority of liquid biopsy samples with detected SNV or indel [33]. Variant-level sensi-

tivity was calculated as the proportion of positive results (PPR) for variants with expected VAF

�0.3% and<0.5%. The variant-level PPR for the 10, 33, and 66 ng DNA input levels were

98.5% [90% CI: 97.3%, 99.6%], 99.1% [90% CI: 97.7%,99.6%], and 98.44% [90% CI:

96.68%,99.24%] respectively (Fig 4A). To supplement the data from contrived samples, 16

patient samples were diluted into pooled unaffected donor cfDNA to target an expected

Fig 3. Specificity of plasma workflow. A) Specificity of plasma workflow at the variant and sample-level. B) Frequency of samples

with false positive (FP) variants detected. Error bars = 90% CI.

https://doi.org/10.1371/journal.pone.0302129.g003

Fig 4. Sensitivity. A) PPR of plasma workflow at the variant-level for contrived (green) and patient (orange) samples. VAF range tested:�0.3% and< 0.5%. B)

PPR of plasma workflow at the sample-level for contrived (green) and patient (orange) samples. MTM/mL range tested:�5 and<10 MTM/mL Error

bars = 90% CI.

https://doi.org/10.1371/journal.pone.0302129.g004
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diluted sample MTM/mL�5. From those samples, 50 variants were estimated to fall in the

�0.3% and<0.5% range. All 50 variants were detected giving a PPR of 100% [90% CI: 94.9%,

100%] (Fig 4A) demonstrating the results for contrived samples are representative of the per-

formance in patient samples.

Using in silico samples with 2 variants each, the sample-level PPR was computed separately

for each DNA input level and all PPR were�97.3%. PPR for the 10, 33, and 66 ng DNA input

levels were 98.9% [90% CI: 96.9%, 99.7%], 98.4% [90% CI: 96.1%, 99.4%], and 97.3% [90% CI:

94.6%,98.7%], respectively (Fig 4B). Thus, the assay has>94.6% (LB with 66ng input) sensitiv-

ity at the sample-level at the lower limit of detection, 5 MTM/mL. Of the 16 diluted patient

samples tested, all were ctDNA positive, giving a sensitivity estimate of 100% [90% CI: 85.5%,

100%] (Fig 4B) demonstrating the results for contrived samples are representative of the per-

formance in patient samples.

Accuracy and linearity. Liquid CGP was used as an orthogonal assay to assess agreement

and possible systematic bias with FoundationOne1Tracker when measuring plasma VAF and

mean VAF. Even though FoundationOne1Tracker clinically reports MTM/mL rather than

individual VAFs or mean VAF, VAF was used for accuracy and linearity assessments because

this measurement is available in an orthogonal validated assay and it is a key component of the

derivation of MTM/mL for FoundationOne1Tracker. In the variant-level accuracy analysis

for contrived samples, slope estimates for Passing-Bablok regression models fitted at each of

the input levels falls within 0.046 of 1 (range: 1.038 to 1.046) and the respective intercept coeffi-

cient estimates all fall within -0.000874 of the predicted intercept of 0 (range: -0.000874 to

-0.000451). Furthermore, R-squared values were�0.957, demonstrating the accuracy of the

two methods at the variant-level (Table 2). Variant level linearity at each DNA input level was

examined by fitting three different linear models. The coefficient estimates were examined for

each different model fit and had a significant p-value (<0.05) for all 1st order coefficients.

Coefficients for 8/9 second and third order coefficients were>0.05, indicating a linear fit (S3

Table). 31 variants from patient samples (Fig 5A) showed similar agreement (R-squared =

0.975, slope = 1.063 and y-intercept = -0.0000373, Table 2) with the results for contrived

samples.

Table 2. Slope and intercept regression coefficients from linearity study.

Assessment DNA Input (ng) # Observations R-squared Regression Coefficient Point

Estimate

Variant-level Accuracy with contrived samples 10ng 1924 0.965 Slope 1.046

Intercept -0.000874

33ng 1922 0.960 Slope 1.038

Intercept -0.000533

66ng 1922 0.957 Slope 1.038

Intercept -0.000451

Sample-level Accuracy with contrived samples 10ng 960 0.980 Slope 1.044

Intercept -0.000481

33ng 951 0.976 Slope 1.032

Intercept -0.000219

66ng 953 0.975 Slope 1.034

Intercept -0.000197

Variant-level Accuracy with patient samples varies 31 0.975 Slope 1.063

Intercept -0.0000373

Sample-level Accuracy with patient samples varies 5 0.982 Slope 1.054

Intercept 0.0007802

https://doi.org/10.1371/journal.pone.0302129.t002
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Sample-level accuracy was assessed with 2-variant in silico samples simulated from the con-

trived sample accuracy data set to represent mean VAF range of 0.5–20%. In the sample-level

accuracy analysis for contrived samples, slope estimates for Passing-Bablok regression models

fitted at each of the input levels falls within 0.044 of 1 (range: 1.032 to 1.044) and the respective

slope coefficient estimates all fall within -0.000874 of the predicted intercept of 0 (range:

-000481 to -0.000197). Furthermore, R-squared values were�0.975, demonstrating accuracy

at the sample-level (Table 2). The coefficient estimates were examined for each different model

fit and had a significant p-value (<0.05) for all 1st order coefficients. Coefficients for all second

and third order coefficients were>0.05, indicating a linear fit (S3 Table). Results from 5

patient samples (Fig 5B) showed similar agreement (R-squared = 0.982, slope = 1.054 and y-

intercept = 0.00078, Table 2) with the results for contrived samples.

Precision. Repeatability of qualitative variant detection was assessed with sample tripli-

cates processed under the same conditions. The concordance proportion for contrived

(n = 186) and patient samples (n = 26) was 100% [90% CI: 98.6%, 100%] (Fig 6A). Reproduc-

ibility of qualitative variant detection was assessed with sample triplicates processed under

three sets of unique conditions. The concordance proportions for contrived samples at 10 ng

input (n = 272) and 66 ng input (n = 280) were 100% [90% CI: 99.0%, 100%] and 100% [90%

CI: 99.0%, 100%], respectively (Fig 6A). The mean CV was calculated as 10.23% [90% CI:

9.9%, 10.6%] at the variant-level and 10.5% [90% CI: 9.9%, 11.1%] at the sample-level (MTM/

mL) (Fig 6B and 6C). Thus, the qualitative and quantitative results are highly reproducible and

repeatable.

Discussion

Detection and quantification of ctDNA in plasma is an emerging tool for detecting residual

disease and informing treatment decisions. FoundationOne1Tracker is a tissue-informed

ctDNA monitoring assay that combines the actionability of CGP with plasma-based mPCR for

ctDNA detection and quantification. This assay provides a unique approach to monitoring by

utilizing in silico germline and CH filtering. Based on our analysis of a wide range of tumor

types, this approach is shown to be broadly applicable, including in a large portion of patients

Fig 5. Accuracy using orthogonal method. A) Scatter plots of variant-level FoundationOne1Tracker (Y axis) vs liquid CGP (X axis) measured plasma VAF

values for patient samples along with the fitted Passing-Bablok regression line (red) and a line indicating perfect fit (x = y, blue). B) Scatter plots of sample-level

FoundationOne Tracker (Y axis) vs Liquid CGP (X axis) measured mean plasma VAF values for patient samples along with the fitted Passing-Bablok

regression line (red) and a line indicating perfect fit (x = y, blue).

https://doi.org/10.1371/journal.pone.0302129.g005
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impacted by the most prevalent cancer types (Fig 2B). The plasma workflow of the assay has a

specificity (i.e. FPs coming from non-biological sources) of>99.6% at the sample-level (Fig

3A) with a sensitivity of>97.3% at�5 MTM/mL in the conservative case where samples are

tested with the minimum number of two monitorable alterations (Fig 4B). The assay also dem-

onstrates high analytical accuracy when compared to liquid CGP (Fig 5) as well as high qualita-

tive and quantitative precision (Fig 6). This assay clinically reports ctDNA levels as Mean

tumor molecules per mL of plasma, which is a measurement that has been shown to have a

high dynamic range, the ability to normalize for high background of cfDNA due to biological

factors, and may be more predictive of patient outcomes [34]. However, other panel-based

hybrid-capture assays measure ctDNA levels using VAF of tumor-derived variants or tumor

fraction, which are both measurements of the ratio of ctDNA to background cfDNA. While a

direct comparison between MTM/mL and Tumor fraction was not performed in this study,

VAFs measured in FoundationOne1Tracker are highly correlated to Liquid CGP (Fig 5).

Also MTM/mL as a measurement has been shown to be correlated to VAF previously [34].

One theoretical limitation of the assay is the efficiency of removing non-tumor-derived

alterations computationally without utilizing sequencing of matched PBMC or normal tissue,

thus potentially limiting specificity. Here we demonstrate the specificity of the variant selection

algorithm to be 98.8% at the variant-level (Fig 2C). We calculated the combined variant selec-

tion and plasma workflow specificity to be>96.0% at the sample-level (calculation in methods

Fig 6. Precision. A) Variant-level repeatability and reproducibility for contrived (green) and patient (orange) samples separated by input mass. Error

bars = 90% CI. C) Variant-level CV at multiple intended VAF and 90% bootstrap CI of overall mean CV. D) Sample-level CV at multiple intended MTM/mL

and 90% bootstrap CI of overall mean CV.

https://doi.org/10.1371/journal.pone.0302129.g006
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section, PE = 98.2%). Both estimates of variant selection and plasma workflow specificity were

done using the most conservative estimates for validation purposes. The specificity of the vari-

ant selection algorithm was calculated using a sample population with a median of 11 monitor-

able alterations per patient. Technical specificity was measured with 16 alterations per patient.

Both are significantly higher than the median of 6 monitorable alterations per patient observed

in the intended use population (Fig 2A). This illustrates that the assay has a high specificity

while utilizing in silico germline filtering. However, to achieve this performance it is required

to set the sample-level detection threshold at 2 alterations detected. We show that 8.6% of

patients had 1 non-tumor-derived variant designed (Fig 2D) and 4.2% of samples had 1 false

positive arise from technical sources (Fig 3B). Thus, the 2 alterations threshold optimizes spec-

ificity but could potentially lower sensitivity when compared to allowing the detection of a sin-

gle alteration.

Selecting monitorable alterations from a 324-gene CGP panel could potentially identify a

limited number of somatic alterations per sample as compared to WES or whole genome tissue

sequencing. This limitation raises two concerns: 1) having fewer alterations could limit sensi-

tivity of the assay and 2) that a limited number of patients would meet the requirement of hav-

ing�2 monitorable alterations designed. Fewer monitorable alterations could limit sensitivity

as the probability of detecting 2 would decrease. By designing the sensitivity study samples

with 2 monitorable alterations, we sought to estimate lowest possible sensitivity of the assay

and show it to be>97.3% in low ctDNA samples (5–10 MTM/mL). Sensitivity and precision

of the assay will be less reliable at lower levels of ctDNA, however recent data suggests the

assay is capable of detecting ctDNA down to the 0.4 MTM/mL level in metastatic colorectal

cancer [2], and the performance of assay is sufficient to identify response to immunotherapy

in patients with metastatic cancer [13,35] To address the possible limitation of evaluable

patients, we show that 90.0% of patients with tissue CGP would have�2 monitorable alter-

ations (Fig 2B). This was consistent among many of the most prevalent tumor types in our

database, including NSCLC, CRC, and breast cancer. This is also consistent across metastatic

status, ethnicity, stage, and TMB (S3 Fig). However, patients under 9 years of age had a median

of<2 monitorable alterations (S3C Fig). Thus, the assay is likely applicable to a majority of

non-pediatric cancers.

At the time of this writing no guidelines or protocols have been published for the analytical

validation of tumor-informed personalized ctDNA monitoring and MRD assays, nor has any

such assay been approved by a health authority with published safety and effectiveness data.

Therefore, this validation was designed based on requirements from College of American

Pathologists and New York State Department of Health for Lab developed tests and taking

into account applicable recommendations for validation of cfDNA assays [36,37]. The studies

described here are consistent with published recommendations for sample size, types of stud-

ies, and statistical methods, Future studies may be warranted if such MRD-specific guidelines

become available.

The data described here support the analytical validity of CGP-informed ctDNA detection

assays for late stage cancer patients. The results of these studies demonstrate the ability of the

assay to quantify ctDNA accurately and with precision while demonstrating high sensitivity

and specificity, thus providing a tool for clinicians to monitor patients.

Supporting information

S1 Fig. Variant selection algorithm. A) ROC curve demonstrating the True Positive Rate and

False Positive Rates at differing somatic probability thresholds. Black dashed line indicates

x = y. The vertical orange dashed line corresponds to a FPR of 0.01. B) Flowchart for the
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inclusion of short variant alterations in patient specific design.

(TIF)

S2 Fig. Monitorable patients by tumor type. A) Fraction of patients with sufficient monitor-

able alterations from historical tissue CGP across tumor types. B) PPV from variant-level

design (Fig 2C) separated by variant status. Abbreviations: crc = colorectal cancer,

nsclc = non-small cell lung cancer, cup = cancer of unknown primary (physician specified), gi-

gastrointestinal, pns = paranasal sinus, cns = central nervous system, gist = gastrointestinal

stromal tumor, PPV = positive predictive value.

(TIF)

S3 Fig. Number of monitorable alterations identified from historical tissue CGP across

cancer and patient characteristics. A) Number of monitorable alterations across local versus

metastatic sites. B) Number of monitorable alterations detected across patients from different

predicted genetic ancestries. C) Number of monitorable alterations measured across age bins.

D) Number of monitorable alterations detected from cancers stratified by physician-reported

stage at the time of ordering the tissue CGP. E) Numbers of monitorable alterations in TMB

high and TMB low patients, stratified by tumor type. Outlier points were removed from all

boxplots for data interpretation. Dashed lines indicate 2 monitorable alterations on each plot.

(TIF)

S1 Table. Mapping of disease ontology tumor types to disease groupings.

(XLSX)

S2 Table. Cell lines used to generate contrived samples.

(XLSX)

S3 Table. Linearity estimates from regression of accuracy study comparing FoundationO-

ne1Tracker and liquid CGP.

(XLSX)

S4 Table. Supplementary datasets.

(XLSX)
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