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A B S T R A C T

Recent advancements in precision oncology have affirmed the need for comprehensive genomic profiling (CGP) 
liquid biopsy assays with increased sensitivity, especially for detecting alterations in tumors which shed circu
lating tumor DNA (ctDNA) at low abundance. Such tests could address the limitations of tissue biopsies while 
simultaneously enhancing the detection of clinically actionable variants. This study included analytical and 
clinical validation studies of Northstar Select, a plasma-based, tumor-naive CGP assay covering 84 genes. The 
assay detects SNV/Indels, CNVs (gain and loss), fusions, and microsatellite instability (MSI-H). A retrospective 
analysis of 674 analytical patient samples collected during routine care in the United States, covering various 
solid tumor types, was conducted to investigate performance across tumor types. In addition, clinical validation 
was conducted in a prospective head-to-head comparison study of 182 patients, assessing the performance of 
Northstar Select and on-market CGP liquid biopsy assays. Analytical validation demonstrated a 95 % Limit of 
Detection of 0.15 % variant allele frequency (VAF) for SNV/Indels, which was confirmed by digital droplet PCR. 
Northstar Select demonstrated sensitive detection of CNVs in liquid down to 2.11 copies for amplifications and 
1.80 copies for losses, and 0.30 % for gene fusions, addressing a key challenge in liquid biopsy testing. It out
performed on-market CGP assays, identifying 51 % more pathogenic SNV/indels and 109 % more CNVs. 
Additionally, this resulted in 45 % fewer null reports with no pathogenic or actionable results. The majority (91 
%) of additional clinically actionable SNV/indels found were detected below 0.5 % VAF. Northstar Select 
demonstrated analytical and clinical validity, with high sensitivity across all variant classes. The low LOD allows 
for reliable detection of variants at lower VAFs compared to existing commercial assays. Northstar Select can 
therefore enhance clinical decision-making by providing the opportunity to identify more actionable genomic 
alterations, which may be especially beneficial for patients with low-shedding tumors.

1Introduction

The landscape of oncology has evolved significantly with the inte
gration of genomic profiling into treatment decision-making [1]. While 
tissue-based comprehensive genomic profiling (CGP) remains the his
torical standard, it faces notable limitations. These include insufficient 
tissue quantity or quality—with up to 26 % of solid tumor samples 
failing to meet testing requirements—as well as procedural complexities 
and extended turnaround times that can delay treatment initiation [2,3]. 

In addition, some patients may not tolerate biopsy, such as patients with 
advanced NSCLC or COPD, brain tumors, or those at risk of bleeding 
complications. Furthermore, tumor heterogeneity, both within individ
ual tumors and across metastatic sites, can result in missed actionable 
variants and subsequent treatment failures [4].

These constraints have catalyzed the emergence of liquid biopsy as 
both a complementary and independent diagnostic tool [5,6]. The 
non-invasive nature of liquid biopsies, combined with their rapid turn
around times and ability to capture tumor heterogeneity, has led to their 

* Corresponding author. BillionToOne, Inc, 1035 O’Brien Drive, Menlo Park, CA, 94025, USA.
E-mail address: wzhou@billiontoone.com (W. Zhou). 

Contents lists available at ScienceDirect

The Journal of Liquid Biopsy

journal homepage: www.sciencedirect.com/journal/the-journal-of-liquid-biopsy

https://doi.org/10.1016/j.jlb.2025.100322
Received 30 June 2025; Received in revised form 30 July 2025; Accepted 6 August 2025  

JLB 9 (2025) 100322 

Available online 7 August 2025 
2950-1954/© 2025 The Authors. Published by Elsevier B.V. on behalf of The International Society of Liquid Biopsy. This is an open access article under the CC 
BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://orcid.org/0000-0003-0357-2744
https://orcid.org/0000-0003-0357-2744
mailto:wzhou@billiontoone.com
www.sciencedirect.com/science/journal/29501954
https://www.sciencedirect.com/journal/the-journal-of-liquid-biopsy
https://doi.org/10.1016/j.jlb.2025.100322
https://doi.org/10.1016/j.jlb.2025.100322
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jlb.2025.100322&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


incorporation into clinical guidelines [7]. The added utility of liquid 
biopsy is exemplified in a study of over 8,000 non-small cell lung cancer 
(NSCLC) cases where there was an observed 65 % increase in the 
detection rate of driver mutations using ctDNA testing, with therapy 
response rates comparable to tissue-based assays [8]. This clinical value 
has been recognized through FDA approval of five liquid biopsy com
panion diagnostic tests spanning multiple cancer types [9]. In addition, 
professional guidelines increasingly support the routine use of liquid 
biopsy as part of the standard of care in 4 cancer types to date (NSCLC, 
breast, mCRC and prostate) [10] For example, in advanced NSCLC, 
guidelines recommend liquid biopsy when either the patient is unfit for 
invasive tissue sampling, there is insufficient tissue available, or when 
timing of tissue acquisition is uncertain. Additionally, the FDA’s January 
2023 approval of elacestrant for ER+/HER2− metastatic breast cancer 
with an ESR1 mutation prompted an immediate ASCO guideline update 
recommending next-generation DNA sequencing for ESR1 mutations at 
all stages of ER+/HER2− metastatic breast cancer progression, with a 
preference for liquid biopsies due to their greater sensitivity [11]. These 
changes to national guidelines, recommending the routine use of liquid 
biopsies as part of standard care, can be attributed to their increasing 
clinical utility. These guidelines also stress the importance of improving 
sensitivity at low variant allele frequency (VAF) levels, as low VAF so
matic alterations can be just as clinically actionable as high VAF alter
ations and be similarly used to predict response to biomarker directed 
therapy [12,13].

Despite these advances, current liquid biopsy assays exhibit variable 
performance, particularly in sensitivity and positive predictive value at 
variant allele frequencies (VAF) below 0.5–1 % [8,14–16]. This limita
tion is significant given that many cancer types have variants at low 
VAF. For example, over 25 % of somatic mutations in NSCLC are 
detected below 0.2 % VAF, while most current commercial assays 
maintain a limit of detection (LOD) above 0.2 % [8,15]. The need for 
enhanced sensitivity is further emphasized by evidence that variants 
detected at low VAF respond similarly to targeted therapies as those 
with higher signals, making accurate VAF detection for personalized 
care delivery [12,15,17,18]. Copy number variant (CNV) detection 
presents additional challenges in liquid biopsy analysis. While high 
tumor fraction samples (20–35 %) show strong concordance with tissue 
assays, sensitivity decreases dramatically (28–35 %) in samples with 
lower tumor fraction [19–22]. Improving CNV detection requires not 
only enhanced sensitivity at lower concentrations but also better 
discrimination between focal events and chromosomal aneuploidies 
[23]. This distinction is crucial as focal alterations often drive onco
genesis, while broad aneuploidies may indicate therapy resistance [24].

To address these challenges, we developed BillionToOne’s Northstar 
Select®, a tissue-naive CGP assay that employs proprietary Quantitative 
Counting Template™ (QCT) technology [25], allowing for detailed 
performance analysis across multiple stages of sample processing. This 
leads to optimized cfDNA extraction and target enrichment, minimizing 
errors and enhancing variant detection. The assay also employs novel 
bioinformatic pipelines developed to further improve sensitivity and 
reduce noise, particularly in CNV analysis. These innovations and re
finements represent an advancement in liquid biopsy capabilities, 
addressing the critical need for improved detection of clinically relevant 
variants in precision oncology [11]. We present the clinical validation 
study of Northstar Select, evaluating its performance and diagnostic 
sensitivity against five tumor-naive liquid biopsy assays in 182 patients 
with diverse variants and cancer types. The analytical validation dem
onstrates that Northstar Select has an LOD for SNV/Indel variants of 
0.15 %, which was orthogonally confirmed via independent ddPCR as
says. Furthermore, we demonstrate that improved variant detection 
stems from enhanced sensitivity rather than artifact detection due to 
clonal hematopoiesis (CH).

2Results

2.1. Northstar Select assay and analytical validation

Northstar Select’s 84 gene panel coverage was designed to optimize 
the sensitivity of the assay (Table S1, Fig. S1). In addition, Northstar 
Select implements a custom sequencing protocol that is enhanced using 
proprietary QCT technology and bioinformatic innovations (Fig. S2). To 
validate the analytical performance of the assay, including sensitivity, 
specificity, and Limit of Blank (LOB), analytical samples, reference 
samples and confirmed negative clinical samples were assayed 
(Tables S2–S5, Fig. S2), as described in the Methods. To establish the 
limit of detection, we first conducted a range-finding experiment in 
which Northstar Select was evaluated on contrived materials covering a 
wide range of VAFs, (0.06 %–0.35 %). 95 % or more variants were 
detected for SNVs in a bin of 0.13–0.16 % VAF (Table S2, Methods). 
Similarly for CNVs and MSI, expected sensitivity limits were established 
through physically and computationally contrived samples (Methods). 
Next, we confirmed the limit of detection by focusing on the VAF ranges 
identified with additional samples. The 95 % Limit of Detection (LOD) 
was determined for each class of alteration using analytical samples. The 
results demonstrated high sensitivity and specificity for SNV/Indels, 
CNVs (both amplification and loss), as well as fusions and MSI (Table 1).

2.2. Head-to-head comparison to on-market assays

To further evaluate the performance of Northstar Select in a clinical 
setting, a prospective, head-to-head comparative study was conducted 
in which advanced stage patients who were planning to receive an on- 
market CGP liquid biopsy assay as part of standard of care were 
enrolled. Over 200 patients were recruited from 6 community oncology 
clinics and one large hospital from across the USA. At the time of sam
pling for the clinician’s choice of comparator assay, blood was drawn 
simultaneously from the same venipuncture for comparison to Northstar 
Select (Fig. 1A). Comparators were NGS-based ctDNA assays offered by 
four CLIA/CAP laboratories with extensive analytical and clinical vali
dation and/or FDA approvals. This head-to-head comparison aimed to 
directly evaluate the impact of the assay’s technological advancements 
on improving identification of therapeutic options for patients with solid 
tumors.

In total, 182 patients (Table S6) across >17 tumor types (Fig. 1B) 
were analyzed. Due to Northstar Select’s low LOD for multiple classes of 
alterations (SNV/Indel, CNV, etc), the proportion of patients with no 
pathogenic or clinically actionable alterations detected (negative report) 
was nearly half that of comparators (11 % with no pathogenic alter
ations by Northstar Select vs 20 % in comparators), despite comparators 
generally having larger panels than Northstar Select 
(Fig. 1C–Table S10). Twenty-one patients had pathogenic results 
detected only with Northstar Select and among those patients, 19 had 
clinically actionable pathogenic variants detected (Table S7).

Since it has been previously shown that ctDNA-based assays are 
largely concordant above 0.5 % VAF but can have significant discor
dance below 0.5 % VAF [15,16], the concordance of Northstar Select 
with comparator assays at different VAF levels was evaluated. Above 
0.5 % VAF, the positive predictive agreement (PPA) and negative 

Table 1 
LOD/LOB of Northstar Select.

Variant 
Type

Specificity (LOB) LOD95

SNV >99.9999 % (8,750,343/8,750,344 bp) 0.15 % VAF
Indel >99.9999 % (8,750,343/8,750,344 bp)
CNV >99.9 % 2.11 copies (amplification) 

1.8 copies (loss)
Fusion >99.9 % 0.30 % Tumor Fraction
MSI-H >99.9 % 0.07 % Tumor Fraction
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predictive agreement (NPA) were 93 % and >99 %, respectively. Below 
0.5 % VAF, Northstar Select detected more than twice as many variants 
(267 vs 101, Fig. 1D).

Increased sensitivity for SNV/Indels is not due to coverage 
differences:

Driven in large part by the additional detections below 0.5 % VAF, 
Northstar Select detected more variants for SNV/Indels than the com
parators, with 51 % more pathogenic and clinically actionable alter
ations combined over genes covered by both the comparator and 
Northstar Select (Fig. 2A and B, Table S9). Therefore, the coverage 
matched head-to-head analysis is focused on SNV/indel sensitivity of 
detection and is not biased against assays with differing coverage. 
Further analysis of the alterations uniquely identified by Northstar 
Select revealed that a significant proportion (68.6 %) were clinically 
actionable (Fig. 2B). When evaluating uniquely identified alterations on 
the patient level, 103 patients (103/182, 56.6 %) had alterations 
detected only by Northstar Select, of which 84 patients (84/103, 81.6 %) 
had clinically actionable variants.

The enhanced sensitivity observed with Northstar Select is inde
pendent of coverage differences and is particularly pronounced for the 
most clinically relevant variants. Northstar Select detected 17 % (62 vs. 
53) more SNV/Indels with FDA approved/guideline recommended 

treatments for the patient’s indication (Tier 1A, on-label). When 
expanding to FDA approved/guideline recommended treatments indi
cated in another tumor type (Tiers 1A and 2C.1, Table 2), the number of 
variants detected by Northstar Select was 56 % higher (179 vs. 115), 
accounting for matched coverage with comparators (Tables S8 and S10). 
Of note, some key variants where Northstar Select detected more than 
comparators included KRAS G12 (NS: 37, Comp: 32), BRAF V600 (NS: 5, 
Comp: 4), KRAS G13 (NS: 3, Comp: 2), PIK3CA E542 (NS: 4, Comp: 3), 
and PIK3CA H1047 (NS: 10, Comp: 9). In summary, Northstar Select 
delivers enhanced detection performance even when accounting for 
coverage differences, affirming its capability to reliably identify well- 
characterized variants across patient samples.

2.2.1. Comparative detection of copy number variants
Finally, when assessing the whole panel of comparators and North

star Select, Northstar Select detected 2.1x (109 %) more CNVs versus the 
comparator assays (Fig. 2C). Across matched coverage, Northstar Select 
detected 37.5 % more CNVs versus the comparator assays. The utility of 
Northstar Select’s ability to more sensitively detect copy number loss is 
exemplified in the 5 patients in whom Northstar Select detected a PTEN 
loss, which is potentially treatable with the PI3K/AKT1/PTEN pathway 
inhibitor capivasertib, which was granted FDA approval in late 2023. 

Fig. 1. Head-Head Comparison Study Design and summary data (A) CONSORT diagram of the prospective head-to-head observational study conducted to compare 
Northstar Select with on-market comparator assays. (B) Histogram of cancer types used in the head-to-head comparison analysis versus on-market comparator assays. 
(C) For all patients who had both Northstar Select and comparator assays available, diagnostic yield was measured as the proportion of patients for whom at least one 
clinically actionable and/or pathogenic variant was called by both Northstar Select and the comparators. Differing variant classification was considered such that 
concordant variants that were called as VUS for one of the assays were not counted towards that assay’s diagnostic yield. (D) Of the reports with pathogenic al
terations detected, the number of clinically actionable and pathogenic SNV/Indels by each assay are shown and categorized using a 0.5 % VAF threshold.
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However, 4 of the 5 patients with a PTEN loss detected by Northstar 
Select were run on comparator assays that did not cover PTEN loss 
(Table 2).

2.2.2. Comparative detection of fusions
A total of 20 samples with clinically significant gene fusions were 

detected by either comparator assays or Northstar Select in ALK, BRAF, 
FGFR2, FGFR3, NTRK1, NTRK2, RET, and ROS1. Three of these fusions 
were from samples in the prospective head-to-head study. All three fu
sions in the head to head were detected by both Northstar Select and the 
comparator assays. Due to the small sample size and low incidence of 
fusions in an open observational trial design, we supplemented the 
cohort with an additional 17 commercially submitted clinical samples 
where Northstar Select detected fusions or comparator results showed a 
fusion. These additional samples were compared to an orthogonally 
validated NGS assay performed by an independent CLIA/CAP labora
tory, or pathology reports procured from the medical record. In total 
Northstar Select detected 19 out of the 20 (95 %) fusions. Northstar 
Select detected one additional fusion (FGFR3-TACC3) that was not 
detected by the comparator assays.

2.2.3. Comparative detection of MSI-H
Additionally, 6 samples were detected as MSI-H by comparator as

says, and Northstar Select detected MSI-H in all 6 samples and 1 addi
tional sample, leading to 100 % sample-level PPA and 99.4 % sample- 
level NPA. The discrepant sample, which Northstar Select called MSI- 
H, also had a mutation detected within the Mismatch Repair (MMR) 
gene MSH2 at low VAF (0.13 %), adding confidence to the validity of 
Northstar Select over the comparator’s report which did not include this 
gene in its panel coverage.

Fig. 2. Northstar Select demonstrates higher sensitivity than comparator liquid 
biopsies in head-to-head comparison. (A) To compare sensitivity, the number of 
SNVs and Indels was taken across all samples. Only variants on coverage re
gions matching between the comparator and Northstar Select were included in 
the comparison. Northstar Select detected 50.8 % more pathogenic variants 
relative to the comparators. (B) The VAF distribution of pathogenic SNV/Indels 
detected by both assays, the comparator assay alone, or by Northstar Select 
alone. Dotted line shows 0.5 % VAF threshold. Among the pathogenic SNV/ 
Indels shown, the percent of clinically actionable alterations as defined by 
Northstar or the comparator clinical reports are shown below the x-axis. (C) The 
total number of CNVs detected is shown for each assay. Variants with differing 
variant classification between the assays are excluded. Northstar Select detec
ted 109 % more pathogenic CNVs, not accounting for coverage differences 
between assays.

Table 2 
Difference in variants with FDA-approved or guideline recommended on-label 
therapies for the patient’s indication, or in another indication, detected by 
Northstar Select vs. comparator, grouped by gene. Matched coverage.

Gene # detected 
Northstar Select

# detected 
Comparator

% Detected by Northstar 
Select Over Comparators

SNV/Indels
ATM 24 8 200.0
BRAF 5 4 25.0
BRCA1 4 5 − 20.0
BRCA2 11 6 83.3
BRIP1 2 1 100.0
CHEK2 8 3 166.7
EGFR 2 2 0.0
ERBB2 3 2 50.0
ESR1 6 4 50.0
EZH2 1 1 0.0
FGFR3 3 2 50.0
IDH1 3 1 200.0
IDH2 3 1 200.0
KIT 2 0 +

KRAS 44 38 15.8
MET 1 1 0.0
MLH1 3 2 50.0
NF1 5 1 400.0
NRAS 4 3 33.3
PALB2 4 2 100.0
PIK3CA 37 27 37.0
TSC1 2 0 +

VHL 2 1 100.0
SNV/Indel 

Sum
179 115 54.3

CNV
ERBB2 

Amp
4 4 0.0 %

PTEN Loss 1 0 +

CNV Sum 5 4 25.0 %
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2.3. Clinical utility of enhanced sensitivity: ctDNA shedding and detection 
of clinically actionable alterations in a retrospective study

To elucidate the clinical utility of the Northstar Select assay’s 
enhanced sensitivity in detecting clinically significant variants and 
facilitating the identification of biomarker-directed treatments and 
clinical trials, 674 unique samples were obtained from BillionToOne’s 
internal biobank, spanning a multitude of tumor types, and retrospec
tively analyzed (Fig. 3A). The distribution of pathogenic variants across 
the genome revealed by Northstar Select aligns with similar liquid bi
opsy assay studies [26–28]; as expected, canonically highly altered 
genes made up the majority of the top alterations by detection rate 
(Fig. S3). On average, there was a high variant detection rate for path
ogenic and/or clinically actionable alterations across all classes of var
iants (Fig. S4).

Next, the median VAF of the pathogenic and clinically actionable 
SNV/Indels, a surrogate for ctDNA shedding, was calculated for each 
patient and the distribution of this measure was examined in each cohort 
that had at least 30 patients (Fig. 1B). For each of these tumor types, 
there was a wide distribution of the median VAF, whereby even 
canonically high shedding tumor types, such as CRC [29], had patients 
below 0.5 % median VAF. In addition, for patients with canonically low 
shedding tumor types, such as CNS tumors [30], the majority of patients 
had a median VAF of the detected clinically actionable and/or patho
genic alterations below 0.5 %. Overall, the distribution of median VAF 
ranged from under 0.1 % to over 70 %, per cancer type (Fig. 3B). In total, 
162 out of the 674 patients (24 %) had a median VAF below 0.5 % for 
pathogenic and/or clinically actionable SNV/Indels. The rate of low 
shedders for cancer types with more than 30 patients is, in descending 
order: 40 % in Prostate, 26 % in Pancreas, 23 % in Brain & CNS, 22 % in 
Gastric and Esophageal, 21 % in Breast, 21 % in Lung, 19 % in Ovarian 
and Gynecologic, and 18 % in Colorectal. The low shedding cancer types 
are in general agreement with existing studies [19,29,31,32].

Subsetting the shedding analysis to only activating variants within 
oncogenes showed similar VAF distributions (Fig S5 A). The gene-level 
mutational landscape by diagnosis, for both SNV/Indel and CNV vari
ants, is concordant with published large-scale clinical genomic land
scape studies (Fig S5B, Fig S6) [27].

To further establish the clinical utility of Northstar Select, the clinical 
reports from all 674 patients were curated and the alterations were 
categorized into clinically actionable, pathogenic but not clinically 
actionable, or VUS. There was a high detection rate across the whole 
cohort where only 13 patients (1.9 %) had no alterations of any kind 
(actionable, pathogenic, or VUS) detected, of which 8 (62 %) were from 
patients with CNS tumors (Fig. 3C). Clinically actionable alterations 
were detected in all tumor types tested, with 68 % of patients having at 
least one clinically actionable alteration (Fig. 3C). Of note, this includes 
patients with CNS tumors, which, due to sensitivity limitations, are not 
included in analyses by current on market assays [33]. The current 
literature reports a 27–55 % detection rate of any alteration (including 
VUS) in CNS tumors [34–37], whereas Northstar Select detection rate 
was 87 % for all alterations, and a 30 % detection rate of clinically 
actionable alterations. When patients with CNS tumors are excluded 
from analysis to parallel current literature, 71.8 % of patients had at 
least one clinically actionable alteration. In summary, Northstar Select is 
able to detect clinically actionable alterations, including those in low 
shedding tumors, across cancer types.

2.4. Validation of enhanced sensitivity

2.4.1. Orthogonal ddPCR
To confirm the increased sensitivity of Northstar Select, ddPCR 

orthogonal testing was performed. ddPCR targets were selected ac
cording to clinical actionability, prevalence, and PCR probe design 
feasibility. Samples for ddPCR confirmation were selected according to 
existing orthogonal ctDNA assay results and availability of sufficient 

banked plasma from the retrospective study. Seventeen individual 
ddPCR assays were validated to maximize the number of clinical sam
ples that could be feasibly tested. Samples tested included 65 clinical 
samples with ddPCR determined VAFs ranging from 0.03 % to 10.58 % 
VAF. 64/65 were concordant between Northstar Select and ddPCR (98 
%). VAF was consistent between methods (Fig. 3D, pink dots). 
Orthogonal ddPCR testing was also performed on a subset of 12 patient 
samples obtained from the head-to-head study (Fig. 3D, black dots, 
Table S9) where the variant was not detected by the comparator assay 
and the detected allele fraction was below the LOD of the comparator 
assay. ddPCR assays on these variants resolved 11/12 variants in favor 
of Northstar Select. Taken together, the number and diversity of variants 
confirmed by ddPCR on all 77 samples demonstrate Northstar Select’s 
enhanced sensitivity and strongly suggest that extrapolation into 
remaining additional variants detected by Northstar Select would also 
be true positives.

2.4.2. Increased sensitivity is not due increased CH detection
Furthermore, to ensure that additional variant detections were not a 

result of clonal hematopoiesis (CH), Northstar Select assay was run on 
buffy coat gDNA with slight modification (sonic shearing of gDNA for 
input into the assay) using a subset of samples from the head to head 
study for which there was buffy coat remaining (n = 28). Variants 
detected in the buffy coat were compared against the plasma-based 
clinical reports of comparators and Northstar Select for matched 
coverage genes. When compared against the buffy coat, the detection 
rate of CH variants was similar for both the comparator assays and for 
Northstar Select. Northstar Select reported CH mutations in 19.0 % ±
7.6 % (19/100) of SNVs and Indels, versus 17.2 % ± 9.2 % (11/64) by 
comparator assays (Fisher’s Exact test odds ratio of 1.13, P-value =
0.838). To further establish that the high sensitivity of the assay was not 
due to the detection of more CH variants, we analyzed an additional 17 
paired cfDNA and buffy coat gDNA samples (total n = 45) from the 
larger 674-cohort of commercial samples, examining prevalence at 
different VAFs. In total, pathogenic variants with VAF below 10 % 
revealed a CH prevalence of 34 % (59/171). Among low VAF (<0.5 %) 
variants, 32 % (40/124) were attributed to CH. Samples were also tested 
that were expected to be CH negative. In order to parallel current 
literature which demonstrated that cfDNA KRAS G12D variant detection 
had low impact from CH, a similar analysis was conducted [38]. KRAS 
G12D is a common mutation commonly found in pancreatic, colorectal, 
and lung cancers with several targeted therapies currently in develop
ment. Across both cohorts, 32 cfDNA KRAS G12D positive patients were 
identified with a broad VAF range (0.05 %–56 %). The gDNA obtained 
from the buffy coats of these patients were assayed and all 32 variants 
were found to be absent, confirming that the variants detected in the 
patients’ plasma were tumor derived and not of CH origin.

3. Discussion

The transition toward liquid biopsies as the standard of care repre
sents a significant advancement in oncology, addressing limitations of 
tissue biopsies including invasiveness, availability, and potential sam
pling bias due to tumor heterogeneity. This study demonstrates that 
Northstar Select provides superior sensitivity compared to existing 
liquid biopsy assays, detecting approximately 50 % more clinically 
actionable and/or pathogenic SNV/Indels with similar fusion detection 
and MSI calling across matched coverage variants. The assay also has the 
added benefit of more sensitive CNV detection, with 37.5 % more CNVs 
detected on matched variants and 109 % more in unmatched variant 
coverage, in part due to a higher number of CN losses in the panel.

The overall enhanced sensitivity of the assay stems from two key 
technical achievements. First, Northstar Select demonstrates superior 
limits of detection for SNVs/Indels, particularly at low variant allele 
frequencies (<0.5 % VAF). The validity of these additional detected 
variants was independently confirmed through ddPCR validation in a 
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subset of samples, while analysis of matched buffy coat samples 
demonstrated that the increased sensitivity is not an artifact of increased 
CH detection compared to less sensitive assays. It should be noted that 
these developments require significant sequencing depth (average of 
~40,000x), which is higher than many other assays (typically 
8,000–20,000x), potentially impacting assay cost and throughput. Sec
ond, the assay employs an advanced CNV calling algorithm that can 
differentiate between focal events and chromosomal aneuploidies 
(Fig. S7). This attribute, coupled with a low LOD, enables detection of 
copy number changes in liquid as subtle as 2.11 copies for amplification 
or 1.8 copies for losses.

The assay’s enhanced CNV detection capabilities address a key 
challenge in liquid biopsy testing. For any given gene, driver copy 
number differences are typically focal and contribute to tumor biology 
through altered transcription levels, while "passenger" copy number 
differences may arise from large-scale aneuploidies present in approxi
mately 90 % of solid tumors [39]. While both can result in similar copy 
number measurements in liquid biopsy, distinguishing between focal 
versus distributed changes is crucial for clinical interpretation. North
star Select’s sensitive algorithm considers multiple genes when deter
mining if a copy number change represents aneuploidy or a true focal 
event, enabling more informed clinical decisions particularly in low 
shedding samples.

The clinical utility of this enhanced sensitivity is particularly evident 
in patients with low shedding tumors, defined as those with maximum 
pathogenic VAF below 0.5 %. In our 674-patient cohort, 24 % of patients 
(162/674) met this criterion, with prevalence ranging from 18 % to 40 
% depending on cancer type. For these patients, the improved detection 
capability of Northstar Select could mean the difference between iden
tifying or missing actionable variants. Of note, Northstar Select detected 
clinically actionable variants in 30 % of patients with CNS tumors, a 
notoriously low shedding tumor type where liquid biopsy is not 
routinely used due to sensitivity constraints. Furthermore, in the head- 
to-head cohort, approximately 10 % more pathogenic genomic anoma
lies were detectable compared to commercial comparators. Nearly two- 
thirds of the additionally detected alterations were clinically actionable, 
with a 17 % increase in detected variants, even when restricted to Tier 
1A variants with FDA-approved or guideline-recommended treatments. 
This increased to 53 % when expanding to all variants with FDA- 
approved drugs for on-label and off-label use (Tiers1A-2C.1), 
described in the Variant Interpretation section of the Methods.

This validation study has intrinsic constraints that should be 
acknowledged. First, the study was not designed to track clinical out
comes such as response or survival. Because our primary intent was to 
establish assay validity and performance against on-market assays, 
longitudinal follow-up would be outside the scope of the current study 
and will be more appropriately investigated in future clinical utility 
studies. Second, we did not design a matched tissue concordance anal
ysis. Tissue-liquid concordance studies have been previously established 

(caption on next column)

Fig. 3. Northstar Select detects informative variants in the majority of patients 
and returns over 70 % clinically actionable results in certain tumor types. (A) 
Histogram of patients in each cancer type cohort. (B) For the cohorts with over 
30 patients, the median variant allele fraction (VAF) of the pathogenic SNVs 
and Indels for each patient is plotted as a single point. The distribution of this 
measure, excluding patients with no pathogenic SNVs and Indels, across each 
cohort is shown. Dashed lines for 0.15 %, 0.2 %, and 0.5 % VAF are shown for 
reference. (C) Proportion of patients in each cancer type cohort for whom their 
clinical reports contained at least one clinically actionable alteration, a path
ogenic variant not clinically actionable, VUS only, or null report. Note that only 
tumor types with n > 30 are broken out in this figure, but ‘All’ contains all 
groups regardless of size. (D) A scatterplot of the ddPCR data of 65 retrospec
tive clinical patients (pink dots), and the 12 patients in the 182 patient head-to- 
head study (black dots) where Northstar Select detected a variant missed by the 
comparator. The dashed line is a Passing Bablok Regression, and Lin’s 
Concordance Coefficient is 0.965, indicating a high degree of correlation.
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and the cross-comparability, advantages and disadvantages thoroughly 
discussed [7,10,16,21]. As such, this assay platform is deliberately 
tissue-agnostic and is meant to be deployed when tumor material is 
scarce or unobtainable; accordingly, all comparator assays were them
selves plasma-only assays. Third, raw read-level data from the 
comparator laboratories were not accessible. While granular data can 
illuminate the mechanistic basis of concordance or discordance, clinical 
laboratories ultimately act on the final, curated variant calls reported to 
treating physicians. Assessing agreement at the report level therefore 
represents the most pragmatic and clinically relevant metric for clinical 
validation.

4. Conclusion

Northstar Select offers an improved liquid biopsy tool in the clinical 
oncology landscape. By enhancing sensitivity, particularly at low VAFs 
and for copy number variants, this assay addresses critical gaps in cur
rent CGP approaches. The ability to detect a broader range of clinically 
actionable SNV/Indels, and precisely detect and differentiate CNVs 
across an expanded panel of genes, offers oncologists powerful insights 
that allow them to tailor treatments more effectively. Taken together, 
these data suggest that the improvements put forward by Northstar 
Select will enable more patients to benefit from precision medicine 
therapies based on a deeper, more sensitive, and more holistic view of 
the tumor genomic profile.

5. Materials and methods

5.1. Assay design

5.1.1. Hybrid capture panel design
The Northstar Select panel is an 84-gene NGS panel which detects 

SNVs and indels across 150.7 kilobases on 82 genes (40 have whole 
coding sequence and splice sites coverage while the others have hotspot 
coverage). The panel is also designed to cover copy number amplifica
tion for 19 genes and copy number loss for 5, gene fusions of 9 genes, 
and MSI-H detection, bringing the total targeted coverage to ~255 
kilobases.

5.1.2. cfDNA extraction
The blood volume for each sample was verified to be > 3 mL, and 

plasma was isolated via double centrifugation. Plasma was stored at 
− 20 ◦C until proceeding. Isolated plasma specimens were thawed, vor
texed, and briefly centrifuged. Plasma volume was verified to be > 1.5 
mL. cfDNA extraction was performed centrally. Extraction QCTs were 
added to each plasma sample before beginning extraction. The mini
mum sample input after extraction was 5 ng and the sample inputs were 
capped at 50 ng maximum going into each subsequent library prepa
ration reaction.

5.1.3. gDNA extraction
After centrifugation, buffy coat was separated from the rest of the 

whole blood, and stored at − 20 ◦C until processing. Sample gDNA was 
extracted using the QIAamp DNA Blood Kit – Genomic DNA Extraction™ 
according to manufacturer specifications. Samples were verified to be 
greater than 12 ng/μL before proceeding. For CH samples, the extracted 
buffy coat gDNA was sonically sheared and up to 60 ng is input into 
library preparation.

5.1.4. Library preparation
Library preparation was a modified version of the xGen™ FFPE 

cfDNA Library Preparation Kit (IDT) manufacturer-provided protocol. 
Briefly, ligation times for adapters were increased from 15 to 45 min. 
Library preparation QCTs were added before the end repair step to 
assess library preparation quality, and target enrichment QCTs were 
added before indexing PCR. Potential gDNA contamination was 

removed using a double-sided selection.

5.1.5. Hybridization capture and target enrichment
Libraries were pooled together for a single target enrichment reac

tion at 500 ng input each. The hybridization and target enrichment were 
performed with xGen™ Hybridization and Wash Kit (IDT) and KAPA 
HiFi HotStart ReadyMix (Roche) according to manufacturer-provided 
protocol, using a custom probe panel. The final enriched pool was 
quantified using a Qubit 1X dsDNA HS Assay Kit on an Invitrogen Qubit 
4 Fluorometer, and the average fragment length determined using an 
Agilent 4150 TapeStation System.

5.1.6. Sequencing
Sequencing was performed on Illumina NextSeq 2000 with P3 flow 

cells and paired-end 150 sequencing (300 cycle) kits and/or the Illumina 
NovaseqX+ with 10B flowcell and paired end 150 sequencing (300 
cycle) kits. Up to 0.1–5 % PhiX was spiked into the libraries, targeting 
100 million paired end reads per sample. Sequencing read depth aver
ages 40,000x. Base calling was performed with Real-Time Analysis 
(RTA) 3 software. Raw base call files were demultiplexed and converted 
to fastqs using DRAGEN BCL Convert (v3.8.4 on NS2000 and v4.2.7 on 
NovaseqX+).

5.1.7. ddPCR for CH
60 ng of DNA was added to a reaction containing a PCR master mix 

and primers and Taqman probes targeting the potential CH locus. 
Following droplet generation, an endpoint thermal cycling was per
formed. A droplet reader measures the fluorescence of each analyte 
droplet-by-droplet, classifies each droplet as positive or negative for 
each template, and uses a statistical formula to arrive at the variant 
allele frequency (VAF) of the variant in the mixture of DNA. If a muta
tion identified in Northstar Select is also detected in the buffy coat via 
ddPCR, it can be confirmed as CH.

5.2. Bioinformatics

5.2.1. Bam file creation
First, demultiplexed fastq files for each sample undergo QCT 

sequence extraction with SeqKit (v2.1.0). The remaining non-QCT reads 
undergo adapter trimming with Trimmomatic (v0.38). After adapter 
trimming, BWA-MEM (v0.7.17) is used for sequence alignment against 
the reference genome Hs37d5. The resulting aligned BAM files of raw 
reads are utilized for CNV and Fusion variant analysis, as described 
further below. Furthermore, the raw read alignment files were analyzed 
with Picard (v2.26.11) to collect target enrichment QC metrics. For 
SNVs Indel variants, and MSI calling, Fgbio (v2.0.2) is used to generate a 
processed bam file.

5.2.2. QCT analysis
The QCT data is processed from raw FASTQ files using a custom 

pipeline. Key steps include merging reads to identify full QCT sequences, 
filtering sequences based on criteria such as merging metrics, and 
calculating unique QCT counts using barcodes. These counts are cor
rected for sequencing saturation and compared to QCT molecule counts 
and their distribution in control runs. Finally, base error rates for PCR 
and sequencing are determined from expected sequences in QCT 
components.

5.2.3. SNV and Indel calling
VarDict (v.1.8.3) was used for SNV and Indel calling against refer

ence genome Hs37d5, specifying custom exonic and splice regions. 
Custom adaptive filtering reduces false positives by considering poly
merase false positive modes such as different false positive rates of base 
substitutions, context specific false positive mutation frequencies, and 
filtering based on the number of mutant molecules and total molecules 
detected, using a binomial statistical model. Training of adaptive 
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thresholds for false positive expectations of different variant locations 
and base substitution was done with repeated healthy plasma samples.

5.2.4. CNV calling
CNVs are identified and quantified using a custom comparative 

genomic hybridization-like method. Three forms of normalization are 
applied to control for technical noise and batch effects: batch normali
zation across probes in each batch, focal sample normalization, and 
genome-wide single sample normalization across probes in individual 
samples. Normalization algorithms were established on individual 
negative samples. These normalizations correct for read depth differ
ences and GC bias. Per-sample normalization applies a peak-fitting al
gorithm and determines genome-wide aneuploidy calibration levels. 
Next, a within-chromosome focal normalization is used to separate 
CNVs that are focal as opposed to resulting from chromosome arm 
aneuploidy. Aneuploidy calls are determined for genes that do not meet 
the threshold for an amplification or loss call, but are above the 
thresholds for a negative call.

5.2.5. Fusion calling
For structural variants, primarily gene fusions, SViCT (v1.0.1) [40] is 

used to call potential fusion breakpoints based on the non-deduplicated 
mapped BAM file. To improve specificity, downstream filtering and 
fusion orientation correction custom scripts are implemented to 
computationally remove non-specific breakpoint calls. The orientation 
of the fusion calls represented in VCF 4.2 format is also corrected by 
examining the bam file reads on both sides of the breakpoints.

5.2.6. MSI
MSI-High detected/not detected calls are made with a custom algo

rithm that examines 96 informative microsatellite locations to calculate 
an MSI score. These 96 sites were curated from an internal database of 
approximately 300 sites compiled from publicly available lists of 
microsatellites [41–43]. The identified microsatellites overlap with 
several established microsatellite instability biomarkers such as BAT25 
and BAT26 from the NCI 1997 Bethesda Guidelines [44]. For calling, an 
MSI specific indel mutation list is generated using Vardict on the BAM 
file with the reference genome Hs37d5, with non MSI specific variants 
removed. An MSI score is calculated using the weighted sum of the count 
of mutations in each sample. Samples are reported as MSI-H if the MSI 
score is above an empirically derived static threshold based on hundreds 
of MSS patients.

5.2.7. CH calling
For CH studies, if a variant was detected in the buffy coat of the 

sample and in the cell free DNA, it was classified as CH. For the head to 
head comparison study, assessments were made compared against the 
comparator clinical report and the Northstar Select clinical report.

5.2.8. Variant interpretation
SNVs and Indels were reported across approximately 150 kb of 

genomic coverage. Clinical actionability of variants was defined by 
Qiagen’s QCI Interpret (Software Build: 9.2.1.20231012), based on FDA, 
professional guidelines, and primary literature. VCF files were uploaded 
and variants were annotated and filtered. QCI Interpret Tiers 1A, 1B, 2C 
and 2D were classified as ‘clinically actionable’, according to previously 
published guidelines for interpretation and reporting [45]. 2C.1 was 
used to describe 2C variants that had drugs approved with both on-label 
and off-label use.

5.3. Analytical validation

5.3.1. Analytical sensitivity and specificity
All thresholds for setting sensitivity and specificity were conducted 

on a separate set of samples prior to locking the assay and conducting 
the validation.

First, a sensitivity limit estimation was performed for small variants 
such as SNVs and indels using diluted Horizon Discovery reference 
standards. To assess where the 95 % sensitivity range would be, high 
VAF reference standards with many replicates were run and diluted to 
obtain a wide VAF spread below 1 %. The LOD study was performed for 
SNVs and indels using two reference materials. Horizon Discovery 
Multiplex cfDNA reference standards (HD780) containing 8 variants (6 
SNV and 2 Indel) confirmed by ddPCR were run at 0.15 % and 0.25 % 
VAF (1 and ~1.5x LOD) at three different inputs: 10 ng, 30 ng, and 50 
ng. Twist cfDNA pan-cancer reference v2 contains 111 variants (71 SNV 
and 40 Indels) over 42 genes, confirmed by NS550 sequencing and 
ddPCR. These were diluted in cfDNA to 0.15 % and 0.25 % VAF, and run 
at 10, 30, and 50 ng inputs.

Seventeen individual ddPCR assays were designed, validated, and 
performed by an independent CLIA/CAP accredited laboratory (Pacif
icDX). Variants tested were: KRAS G12D, KRAS G12S, KRAS G12C, 
KRAS G12A, KRAS G12V, PIK3CA E545K, PIK3CA E542K, PIK3CA 
Q546K, PIK3CA H1047L, BRAF V600E, JAK2 V617F, EGFR L858R, EGFR 
E746_L747delinsIP, TP53 R175H, TP53 Y220C, TP53 R273C, and TP53 
R273H. 65 samples were assessed, containing variants between 0.06 % 
and 9.43 % VAF.

A LOD study was performed for CN amplification and CN losses using 
well-characterized reference materials. Two cell-line reference materials 
from ATCC, SNU-16 and NCI-H2170, both containing CDKN2A losses 
and two further reference materials, Horizon HD836 Prostate Cancer 
Panel cfDNA Reference Standard and HD837, both containing PTEN 
losses confirmed by Horizon Discovery via ddPCR, were chosen for the 
CN loss study. For copy number amplifications, two ddPCR confirmed 
standards from Seracare, Seraseq CNV Breast Mix (containing EGFR) and 
Seraseq Lung and Brain CNV Mix (containing ERBB2 and MET), were 
assayed. Horizon Discovery HD836 also contains a ddPCR confirmed AR 
amplification and thus was run as part of the CN Amplification LOD 
study. This totaled 6 unique reference materials tested. The reference 
materials were diluted in NA12878, to target LOD of 2.11 CN and 2.15 
CN for amplification, and 1.8 and 1.5 CN loss. Each standard was tested 
at three different input masses of 10, 30, and 50 ng, with five replicates 
at each condition. This totaled eight expected CN variants in six genes 
(2x CDKN2A, 2x PTEN, 1x MET, 1x AR, 1x EGFR, 1x ERBB2).

To assess the LOD of fusion in Northstar Select, six fusion variants 
were designed and contrived to mimic ctDNA fusion breakpoints. An 
SNV was inserted 10bp from the fusion breakpoint to assess an accurate 
allele fraction upon sequencing. Each fusion was spiked into a fusion- 
free sonically sheared healthy gDNA sample at various allele fre
quencies, targeting 0.1–2.0 % VAF. 20 replicates were run through the 
assay at a 30 ng input. The SNV-INDEL LOD study reference material 
(Twist cfDNA Pan-cancer) also contains 10 fusion variants in 2 genes. 
Fusions tested were: TRP-ALK, EML4-ALK x 3 breakpoint variants, 
CCDC6-RET x 3 breakpoint variants, KIF5B-RET x 2 breakpoint variants, 
and NCOA4-RET. These were analyzed at the three inputs and two VAFs 
already described in the SNV LOD study.

Eight MSI-H solid tumor tissue samples were ordered from Accio 
Biobank and confirmed MSI-H via IHC or PCR, along with their paired 
buffy coats. The LOD was computationally estimated by bio
informatically combining reads from the buffy coat and the tumor in 
allele fractions of 0.03, 0.05, 0.07, 0.1, 0.15, 0.2, 0.25, 0.50, and 1.00 %. 
Twenty replicates of an MSI-H sample were run at 0.07 % tumor frac
tion. Tumor fraction was estimated as the maximum VAF of driver 
variants in the tumor.

To assess the Limit of Blank, 58 pre-screened plasma samples from 
healthy volunteers were run on the Northstar Select assay. These were 
analyzed on a base-wise, panel-wide basis for small variants. CNVs, MSI- 
H detection, and fusion presence were also analyzed.

5.3.2. Repeatability and reproducibility
For repeatability and reproducibility, 20 samples were tested. 10 

samples were assessed at 50 ng input and 0.15–0.25 % range, and 10 
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samples were assessed at 10 ng input and 0.4–1.5 % range, the ranges set 
for testing detection limits at both input levels. All 20 samples were 
repeated 3 times within a batch, and an additional 2 times on different 
days with different operators, for a total of 100 samples.

5.3.3. Robustness
To test the robustness of the assay to the carry through of blood 

components, the Twist reference material was subjected to Hematin 
contaminations of 0, 0.001, 0.01, 0.1, 1, and 10 μM, at two replicates 
each.

To demonstrate that QCT addition had no effect on Northstar Select, 
Twist reference material was run in duplicate with and without QCTs by 
two different operators on different days, sequenced on different ma
chines for a total of 8 samples. All 279 variants were called identically in 
all eight samples.

5.4. Clinical validation

5.4.1. Clinical study cohorts
A retrospective analysis of archived liquid biopsies (Northstar Select) 

ordered within the USA between May 23, 2023 and January 9, 2024 
collected during routine clinical care was conducted. If multiple tests 
were ordered for the same patient, only the first result was analyzed. In 
total, results for 674 patients were included. The purpose of this study 
was to analyze the differences of detection and shedding patterns be
tween diagnoses. Authors did not have access to information that could 
identify individual participants during or after data collection.

For the prospective, observational, head-to-head comparison study, 
182 patients with advanced stage solid tumors who were due to receive a 
currently on-market CGP assay (the comparator) as part of standard of 
care were enrolled across 6 community oncology clinics and one large 
hospital system across the USA from May 15, 2023 through Mar 31, 
2024. In total, 5 different comparator tests from 4 testing laboratories 
were used, with assay panel sizes ranging between 74 and 523 genes. 
The comparator assay selection was the choice of the ordering physician 
as a part of the patient’s standard of care, and included the three most 
commonly used liquid biopsy treatment selection assays in the United 
States [46–48]. The blood samples for Northstar Select and the respec
tive comparator assay were collected concurrently (from the same blood 
draw) for each patient, such that the results from the two assays reflect a 
similar input quantity and quality of ctDNA. Approval for this obser
vational study was obtained from the WCG Institutional Review Board 
(protocol 20230250), and each patient provided written informed con
sent. Owing to potential differences in variant classification of SNVs and 
CNVs, a variant was considered pathogenic and included in comparative 
analyses if one or both assays classified the variant as pathogenic. MSI 
and fusions were evaluated as a binary detected/not-detected. Variants 
on genes not covered by one assay were not counted against that assay 
(“matched coverage”). All numbers, unless otherwise stated, are 
“coverage matched”, meaning that assays were compared only consid
ering variants covered by both assays. An independent team, with no 
access to lab or bioinformatic operations and blinded to the Northstar 
Select results, manually entered the orthogonal data into a database. The 
operators who conducted the lab, bioinformatics and variant interpre
tation processes of Northstar Select were fully blinded from the 
orthogonal data and reports. Authors did not have access to information 
that could identify individual participants during or after data 
collection.

5.4.2. ddPCR confirmations
Twelve patients harboring variants detected only by Northstar Select 

from the Clinical Validation were assayed using the 17 validated ddPCR 
assays from the analytical validation. cfDNA extracted from the plasma 
were sent to PacificDx to run the ddPCR assays.

5.4.3. Comprehensive genomic profiling
The Northstar Select CGP assay was performed in a Clinical Labo

ratory Improvement Amendments CLIA)–certified, College of American 
Pathologists (CAP)–accredited laboratory (BillionToOne, Inc. Menlo 
Park, CA).

All studies were conducted in accordance with the Declaration of 
Helsinki.
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