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Colorectal cancer (CRC) is the second leading cause of cancer-related deaths, often presenting at 
an advanced stage with significant molecular heterogeneity. This is the first study to evaluate the 
performance of a novel next-generation sequencing (NGS)-based Bridge Capture technology for 
mutation profiling and minimal residual disease detection in circulating tumor (ct)DNA from metastatic 
colorectal cancer (mCRC) patients. Its performance was compared to those of droplet digital PCR 
(ddPCR), Ion AmpliSeq Cancer Hotspot Panel v2, and Idylla ctKRAS Mutation Assay. Eighty serial 
plasma samples from ten mCRC patients were analyzed by Bridge Capture and ddPCR, demonstrating 
a very strong correlation in variant allele frequency (VAF) values (rs = 0.86). The concordance of Bridge 
Capture with ddPCR (kappa = 0.70) and Idylla (kappa = 0.79) showed substantial agreement. A subset 
of samples (n = 10) was analyzed using the Ion AmpliSeq NGS-panel and both methods identified 
15 driver mutations with strong correlation of VAF values (rs = 0.74). Additionally, Bridge Capture 
identified several oncogenic mutations beyond those detected by Ion AmpliSeq, highlighting its 
comprehensive profiling capability. The scalability of Bridge Capture was validated using an expanded 
panel and synthetic DNA targets, showing a strong linear correlation between observed and expected 
VAF values. This study demonstrates the scalability and accuracy of the Bridge Capture platform, and 
its potential to enhance mutation detection and clinical decision-making using ctDNA samples from 
patients with mCRC.
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Abbreviations
cfDNA	� Cell-free DNA
CHPv2	� Cancer Hotspot Panel version 2
CI	� Confidence interval
CRC	� Colorectal cancer
ctDNA	� Circulating tumor DNA
ddPCR	� Droplet digital PCR
IQR	� Interquartile range
mCRC	� Metastatic colorectal cancer
MRD	� Minimal residual disease
NGS	� Next-generation sequencing
r	� Pearson correlation coefficient
rs	� Spearman correlation coefficient
R2	� Coefficient of determination
UMI	� Unique molecular identifier
VAF	� Variant allele frequency

Colorectal cancer (CRC) is the third most common cancer and the second leading cause of cancer deaths1. 
CRC presents as a metastatic disease in 15–30% of the cases. Moreover, 20–50% of those initially diagnosed 
with localized disease develop metastases during the follow up2. At the molecular level, CRC is a heterogeneous 
disease, with various subtypes exhibiting distinct genetic characteristics that guide treatment strategies3,4. For 
example, mutations in the KRAS gene are predictive indicators of resistance to therapies targeting the epidermal 
growth factor receptor (EGFR) in cases of metastatic colorectal cancer (mCRC)4,5.

Liquid biopsy is a minimally invasive alternative to traditional tissue biopsy and imaging modalities for 
cancer diagnostics. The most common type of liquid biopsy is plasma-derived cell-free (cf.)DNA, which 
contains a small fraction of circulating tumor (ct)DNA. Analyzing mutations in ctDNA can facilitate monitoring 
of treatment responses, detection of minimal residual disease (MRD), and identification of resistance-associated 
mutations6,7.

Mutations in liquid biopsies can be detected using several methods. Droplet digital PCR (ddPCR) is a highly 
sensitive and specific technique that enables the quantification of target mutations, making it particularly useful 
for detecting low-frequency mutations8,9. However, the main limitations of ddPCR include the need for prior 
knowledge of the tumor mutation profile and the restricted number of mutations that can be analyzed in a 
single reaction. Another recently introduced targeted platform, Idylla, offers a fully automated, real-time PCR-
based technology with a fast turnaround time. It enables the analysis of ctDNA mutations directly from plasma 
samples without requiring a separate cfDNA extraction10,11. While Idylla is particularly suited for timely clinical 
decision-making, it does not provide variant allele frequency (VAF) or the exact identity of the mutation.

Next-generation sequencing (NGS) is one of the most promising methods for comprehensive ctDNA 
analysis. It allows for the simultaneous analysis of a large panel of DNA variants, providing broader and more 
detailed insights into the mutation profile. This is particularly valuable in cases of tumor relapse, enabling 
the identification of resistance mutations, which could potentially lead to better treatment outcomes12,13. 
Additionally, the extensive coverage of NGS panels enables ctDNA analysis, such as MRD detection, without 
requiring prior knowledge of mutations present in the tumor tissue. However, NGS-based technologies have 
certain limitations, including lower sensitivity compared to ddPCR, the need for specialized expertise in data 
analysis, and higher costs.

Bridge Capture is a novel NGS-based technology utilizing a proprietary probe design consisting of two 
target-specific probes connected by a bridge oligonucleotide, ensuring simultaneous hybridization to adjacent 
sequences on the target molecule14. This probe configuration enhances specificity, minimizes off-target binding, 
and improves the accuracy of target enrichment, making Bridge Capture an attractive platform for detecting 
low-frequency variants. It also incorporates unique molecular identifiers (UMIs) into predefined regions of the 
probes, enabling accurate target quantification via effective error correction. Bridge Capture technology is also 
highly scalable, allowing for the expansion of panel content.

In this study, we demonstrate, for the first time, the performance of the novel NGS-based Bridge Capture 
technology in clinical ctDNA samples. We compared it to ddPCR, the NGS-based Ion AmpliSeq Cancer Hotspot 
Panel v2 (CHPv2), and the Idylla ctKRAS Mutation Assay for mutation profiling and MRD screening in ctDNA 
samples. The analysis was conducted on eighty serial plasma samples from ten mCRC patients. Additionally, the 
scalability of Bridge Capture was evaluated using an expanded panel and synthetic DNA.

Results
Comparison of Bridge Capture and ddPCR in detecting KRAS mutations in ctDNA samples
Design of the study involving eighty serial plasma samples from ten mCRC patients is shown in Fig. 1a. Each 
patient had an oncogenic KRAS mutation identified in their primary tumor tissue specimen, enabling a tumor-
informed approach to ctDNA analysis. The Bridge Capture 282-probe panel and ddPCR detected KRAS 
mutations in 35 of the 80 ctDNA samples (44%), while 33 samples (41%) were negative with both methods 
(Table 1). Eight ctDNA samples (10%) were positive with the Bridge Capture method but negative with ddPCR, 
while four samples (5%) were positive with ddPCR but negative with Bridge Capture. The concordance between 
these two technologies was 0.70 (95% confidence interval [CI]: 0.55–0.86) using kappa statistics, indicating a 
substantial level of agreement between the two methods. Notably, the disagreements between the methods were 
observed mainly at relatively low VAF values (Bridge Capture median 0.03%; range 0–7.74%; Table 2). Further, 
the samples that were positive by ddPCR but negative by Bridge Capture had a median cfDNA input of 4 ng 
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Patient number
Sampling time 
(months) KRAS variant Amino acid change

Bridge Capture 
VAF (%) ddPCR VAF (%)

Ion AmpliSeq CHPv2 
VAF (%)

Idylla 
assay

2
9 c.37G>C p.G13R 0.03 Negative 0.00 Not 

included*

19 c.37G>C p.G13R 3.49 Negative 0.00 Not 
included*

4
2 c.35G>T p.G12V 0.03 Negative 0.00 Negative

5 c.35G>T p.G12V 0.03 Negative 0.00 Positive

5 12 c.34G>T p.G12C 2.42 Negative 0.00 Positive

6 19 c.35G>A p.G12D 0.02 Negative 0.00 Not 
available**

8
1 c.35G>A p.G12D 0.03 Negative 0.00 Negative

18 c.35G>A p.G12D 7.74 Negative 1.53 Positive

1 10 c.35G>A p.G12D 0.00 1.80 2.15 Positive

5 0 c.34G>T p.G12C 0.00 0.20 0.00 Positive

6
0 c.35G>A p.G12D 0.00 5.20 0.55 Positive

1 c.35G>A p.G12D 0.00 0.30 0.00 Invalid***

Table 2.  Bridge Capture and ddPCR discrepant samples analyzed using Ion AmpliSeq CHPv2 and Idylla 
ctKRAS mutation assay. *KRAS p.G13R is not included in the Idylla cartridge. **The sample was not available 
for Idylla analysis. ***Idylla analysis was invalid.

 

Bridge Capture

Positive Negative (VAF 0%)

ddPCR
Positive 35 4

Negative 8 33

Table 1.  Concordance between Bridge Capture and ddPCR in detecting KRAS mutations in ctDNA samples 
(n = 80). Cohen’s Kappa-value was 0.70.

 

Fig. 1.  Design of the study. Evaluation of Bridge Capture technology using (a) circulating tumor (ct)DNA 
extracted from plasma samples of metastatic colorectal cancer (mCRC) patients and (b) synthetic DNA 
targets. Fifteen plasma samples were not analyzable with Idylla due to lack of KRAS G13R mutation in the 
assay cassette (12 samples) or lack of enough plasma sample (three samples). Initially, the last sample of each 
patient was analyzed in comparison with Ion AmpliSeq, and subsequently all discrepant samples as analyzed 
using Bridge Capture versus ddPCR (n = 12) were also analyzed by Ion AmpliSeq. ddPCR: droplet digital PCR; 
CHPv2: Cancer Hotspot Panel version 2; VAF: variant allele frequency.
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(range 3–5 ng) and those positive by Bridge Capture but negative by ddPCR 14 ng (range 9–54 ng), whereas 
those that were positive by both methods had a median cfDNA input of 40 ng (range 5–795 ng; Supplementary 
Table S1).

A very strong correlation in VAF values was observed between Bridge Capture and ddPCR across all samples 
(n = 80), with a Spearman correlation coefficient (rs) of 0.86 (95% CI: 0.78–0.91; P < 0.0001) (Fig. 2a). In the 
subset of samples with low VAF values (≤ 10%), excluding discrepant cases and those that tested negative by both 
methods, the rs was 0.50 (95% CI: 0.02–0.79; P = 0.04; n = 18), indicating a moderate correlation (Supplementary 
Fig. S1). KRAS VAF values for all plasma samples of eight mCRC patients are shown in Fig. 3, as analyzed by 
Bridge Capture and ddPCR. For the other two patients, all ctDNA samples were negative with both methods. 
These patients had only peritoneal metastases as detected by radiology. As we and others have previously shown, 
CRC patients with peritoneal metastases have very low levels of ctDNA15,16.

Comparison of Bridge Capture and Idylla ctKRAS mutation assay in detecting KRAS 
mutations in ctDNA samples
Of the 80 plasma samples, 65 were analyzed using the Idylla ctKRAS Mutation Assay (Supplementary Table 
S1). Fifteen samples were left out due to the lack of KRAS G13R mutation in the assay cassette (12 samples) or 
lack of enough plasma sample (three samples). Out of 65 samples, 58 were analyzed successfully, whereas five 
samples gave an error (cassette error), and two samples gave invalid results. Among the successful cases, 31 
samples (54%) were concordantly positive, and 21 samples (36%) concordantly negative (Table 3). Two samples 
(3%) were positive by Bridge Capture and negative by Idylla, while four samples (7%) were negative by Bridge 
Capture and positive by Idylla. The concordance between these two technologies was 0.79 (95% CI: 0.63–0.95), 
using kappa statistics, indicating a substantial level of agreement between the two methods.

Comparison of Bridge Capture and Ion AmpliSeq in detecting CRC driver mutations in ctDNA 
samples
The last serial plasma sample of each mCRC patient (n = 10) was analyzed using the Ion AmpliSeq CHPv2 NGS 
panel. Both Bridge Capture and Ion AmpliSeq detected KRAS mutations in seven samples, while three samples 
remained negative (Supplementary Table S2). In addition to KRAS, the Bridge Capture 282-probe panel and 
the Ion AmpliSeq CHPv2 panel shared 33 other target genes. Among these, eight mutations were concordantly 
detected by both methods, including mutations in TP53, APC, and PIK3CA genes (Supplementary Table S2). 
The correlation between Bridge Capture and Ion AmpliSeq VAF values for all oncogenic mutations was strong, 
with a rs of 0.74 (95% CI: 0.35–0.91; P < 0.0024) (Fig. 2b).

Cross-validation of the discrepant results between Bridge Capture and ddPCR
Of the 80 plasma samples analyzed by Bridge Capture and ddPCR, 12 showed discrepant results necessitating 
cross-validation with other methods. For that we utilized the Idylla ctKRAS Mutation Assay results and performed 
an additional analysis with Ion AmpliSeq CHPv2. Of the eight samples that were positive by Bridge Capture but 
negative by ddPCR, three were also reported positive by Idylla (among the five successfully analyzed), and one 

Fig. 2.  Correlation of VAF values between Bridge Capture and the reference platform in ctDNA derived from 
plasma samples of mCRC patients. (a) Bridge Capture compared to ddPCR in detecting KRAS mutations (blue 
circles) in 80 ctDNA samples. The Spearman correlation coefficient (rs) was 0.86. (b) Bridge Capture compared 
to Ion AmpliSeq CHPv2 in detecting oncogenic mutations, i.e. KRAS (red circles), TP53 (green triangles), APC 
(blue squares), and PI3KCA (black circle) mutations in ten mCRC ctDNA samples. rs was 0.74.
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of these was additionally positive with the Ion AmpliSeq panel (Table 2). At least one sample was thus suggested 
to be a true positive result. In the subset of four samples that were negative by Bridge Capture but positive by 
ddPCR, three were reported positive by Idylla (one being invalid), and two of them were additionally positive 
with the Ion AmpliSeq. These results thus seem to be false negatives in the Bridge Capture analysis.

Fig. 3.  KRAS VAF values detected in ctDNA derived from serial plasma samples of mCRC patients and 
analyzed using Bridge Capture (red circles) and ddPCR (blue squares). The patients in (g) and (h) lacked 
the baseline sample. Patient #6 (d) was the only long-term survivor, while all other patients deceased within 
approximately six months after the last plasma sample.
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Bridge Capture identified several oncogenic mutations in the ctDNA samples
Bridge Capture detected several DNA variants in addition to those found in the KRAS gene. Among the somatic 
mutations classified by COSMIC, variants recurring in at least two plasma samples per patient were further 
analyzed using the OncoKB database (Supplementary Table S3). In patients #1, #4, #7 and #10, VAF values of 
one or more oncogenic TP53, APC, or PIK3CA mutations closely mirrored those of the KRAS mutations in the 
serial plasma samples (Fig. 4). Additionally, multiple oncogenic mutations were identified in both oncogenes and 
tumor suppressor genes, all exhibiting VAF values below 6% (Supplementary Table S3). Using OncoKB database, 
these variants were classified based on their oncogenicity into the following categories: oncogenic, gain-of-
function (e.g. KRAS, PIK3CA); likely oncogenic, loss-of-function (e.g. CREBBP, TP53); likely oncogenic, likely 
loss-of-function (e.g. APC, BRCA2, CBL, FBXW7, PTEN, RB1, SMAD4, TP53, VHL); and likely oncogenic, likely 
gain-of-function (e.g. RAF1). Mutations in genes previously shown to be associated with clonal hematopoiesis 
(e.g. ASXL1, DNMT3A, KMT2D, SF3B1, and certain TP53 variants) were detected in the cfDNA of several 
patients17,18.

Validation of an expanded Bridge Capture 851-panel using synthetic DNA targets
Design of the study involving the analytical performance and scalability of Bridge Capture using synthetic 
DNA targets and an expanded 851-probe panel is shown in Fig. 1b. A dilution series of synthetic target pools 
mimicking VAF values between 0.0078% and 1% for all 851 probe targets was used. As shown in Fig. 5a, the 
dilutions from 0.0313 to 1% displayed a very strong linear correlation between the observed and expected total 
specific VAF signals for all probes (Pearson r and R2 were 0.99 and 0.97, respectively). The two lowest VAF 
values (0.0078% and 0.0156%) were detected by Bridge Capture, but they did not fit to the linear regression 
model. This may imply that the system is at its lowest detection limit, influenced by stochastic effect and leading 
to variability in the detection. Another possibility is a contamination. The distribution of the r and R2 values of 

Fig. 4.  Bridge Capture detected several oncogenic mutations in KRAS (red circles), TP53 (green triangles, 
purple triangles), APC (blue squares), and PI3KCA (black hexagons) genes as analyzed in ctDNA derived from 
serial plasma samples of mCRC patients.

 

Bridge Capture

Positive Negative (VAF 0%)

Idylla
Positive 31 4

Negative 2 21

Table 3.  Concordance between Bridge Capture and Idylla ctKRAS mutation assay in detecting KRAS 
mutations in ctDNA samples (n = 58). Cohen’s Kappa-value was 0.79.
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individual probes between VAF values 0.0313% and 1% is displayed in Fig. 5b. The median value of r was 0.94 
(IQR 0.89–0.97) and that of R2 was 0.89 (IQR 0.79–0.94).

To evaluate panel uniformity, the obtained sequencing reads were subsampled to varying sequencing depths, 
and the percentages of probes achieving 10x, 50x, 100x, 300x, 500x, 800x, and 1000x read depth coverage were 
calculated for each depth. At sequencing depths 15.8 M, 5 M, 2.5 M, and 1 M paired-end reads, the percentage 
of probes reaching 1000x total read depth coverage were 95%, 90%, 82%, and 51%, respectively (Fig. 5c). The 
values for unique reads were 78%, 63%, 45%, and 12% (Fig. 5d). Across all tested sequencing depths, over 90% of 
the targets reached 100x coverage ranging from 98 to 94% for total reads and from 96 to 91% for unique reads.

To further assess probe reproducibility, ten replicates of pool 1 consisting of wild-type targets were analyzed. 
Between the replicates, relative variation to the mean probe signal fell within 2-fold, 1-fold, and half-fold range 
for 99%, 90%, and 61% of the probes in the panel, respectively (Supplementary Fig. S2). Only eight (1%) of the 
851 probes showed larger than 2-fold variation.

Discussion
This study demonstrates the utility of the novel NGS-based Bridge Capture technology for mutation profiling in 
liquid biopsies from mCRC patients, comparing its performance to those of ddPCR, Ion AmpliSeq, and Idylla. 
Bridge Capture showed a strong correlation with other technologies in VAF values and a substantial agreement 
in concordance. Discrepancies between the methods were primarily observed at low VAF values and/or low 
cfDNA input.

In clinical practice, ddPCR is widely used due to its high sensitivity and specificity for detecting low-frequency 
mutations, with the detection limit being as low as VAF value 0.01% for ctDNA9. However, ddPCR has a limited 
use for tumor-agnostic disease monitoring, as it can detect only a few predefined targets per assay19. The Bridge 
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Fig. 5.  Validation of an expanded Bridge Capture 851-probe panel using synthetic DNA targets. (a) 
Correlation between the observed specific VAF values and the expected VAF values. Blue circles represent 
the total specific VAF values for all probes shown as means ± SD of five replicates, and black line represents 
their linear regression. Linear regressions of individual probes are shown with thin blue lines. (b) Box plots 
representing the distribution of r and R2 values of individual probes. (c) Panel uniformity for read depth 
coverage across sequencing depths 15.8 M (red), 5 M (green), 2.5 M (orange), and 1 M (blue) paired-end reads. 
(d) Panel uniformity for unique read depth coverage at the same sequencing depths.
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Capture platform showed substantial agreement and very strong correlation with ddPCR in detecting KRAS 
mutations. The discrepancy between Bridge Capture and ddPCR in detecting certain low VAF KRAS mutations 
may be attributed to the input quantity of cfDNA. Notably, samples that were discrepant between Bridge Capture 
and ddPCR had a lower cfDNA input than those that were positive with both methods. Supporting this, other 
studies have shown that reducing cfDNA input from 25 ng to 10 ng significantly decreases sensitivity and 
reproducibility in NGS-based ctDNA assays20. One of the key advantages of Bridge Capture technology is its 
ability to utilize a relatively large sample volume and cfDNA input, contributing to increased sensitivity. This 
may partly explain the eight samples that tested positive with Bridge Capture but were negative by ddPCR, 
among which Idylla identified three as positive, and Ion AmpliSeq confirmed one. On the other hand, two 
samples that were negative by Bridge Capture but positive by ddPCR were confirmed as potential false negatives 
in the Bridge Capture analysis.

A subset of the Bridge Capture and ddPCR concordant ctDNA samples were also analyzed by Ion AmpliSeq 
CHPv2. Across 33 shared target genes, both methods detected 15 mutations in KRAS, TP53, APC, and PIK3CA 
genes. Bridge Capture also identified several additional mutations, showcasing its broad mutation profiling 
capability. In addition to the known KRAS mutations, Bridge Capture identified several other CRC driver 
mutations mirroring the VAF values of KRAS in the serial plasma samples. This demonstrates the potential of 
Bridge Capture to be used in a tumor-agnostic manner, i.e. without knowledge of the mutation profile of the 
tumor, in disease monitoring.

Further, Bridge Capture detected several other oncogenic mutations, especially at low VAF values. Part of 
these mutations may derive from clonal hematopoiesis, especially in older patients17,18. However, some of the 
identified mutations have been reported to be driver mutations of CRC, including CREBBP, SMAD4, RB1, and 
RAF121. These findings confirm that Bridge Capture provides reliable mutation detection and could be used for 
MRD monitoring, with the advantage of higher multiplexing capabilities.

To validate the analytical performance and scalability of the technology, we used synthetic DNA targets 
providing a range of VAF values for each probe. The observed and expected VAF values showed a very strong 
linear correlation down to 0.03%. The probes within the 851-probe panel displayed minimal signal variation 
providing reproducible detection between the replicates. We demonstrated that panel evenness remained high 
across different depths of coverage for both total and unique reads. At as low as 1 M sequencing depth, 100 
probes reached 1000x unique coverage. At sequencing depths of 2.5 M and 5 M, 380 and 540 probes were able 
to reach 1000x unique coverage, respectively. These results highlight that even at moderate sequencing depths, 
a large proportion of the panel achieves high coverage. Lower sequencing depth enables the analysis of larger 
number of samples within one sequencing run, leading to decreased cost per sample22. The results obtained 
with synthetic targets are indicative, since natural DNA is more complex and heterogeneous. Nevertheless, 
the synthetic templates provide valuable information about the performance and detection capabilities of each 
probe in the panel, which is not possible with native DNA.

The main shortcoming of the study is a relatively limited sample material that consisted of exclusively mCRC 
patients. The ctDNA detection rate in CRC is among the highest in patients with advanced cancers23. Therefore, 
this study does not show whether Bridge Capture performs equally well in ctDNA analysis of other malignant 
diseases. Another limitation is the strong focus on KRAS mutations. Future studies of Bridge Capture technology 
should include validation in larger and more diverse clinical cohorts and other cancer types to prove its universal 
applicability in monitoring treatment response and disease progression.

In conclusion, this study demonstrates for the first time the potential of Bridge Capture as a promising 
technology for mutation profiling in plasma samples from mCRC patients. Bridge Capture shows substantial 
concordance with other technologies in clinical sample validation, with VAF values strongly correlating with 
those from ddPCR and the NGS-based Ion AmpliSeq analyses, underscoring its reliability. Additionally, the 
probe panel demonstrates high scalability, as shown by experiments with synthetic DNA. Furthermore, this study 
highlights the capability of Bridge Capture to reliably detect treatment-guiding mutations through a multiplexed 
approach. Validating these findings in larger, more diverse cohorts will be crucial for their translation into 
clinical practice.

Methods
Patient cohort, collection of plasma samples, and extraction of cfDNA
All mCRC patient samples were derived from a cohort of 77 participants enrolled in the AXOAXI phase II trial 
conducted at the Helsinki University Hospital between April 2015 and March 2017 (NCT01531595; EudraCT 
2011-003137-33)24. Ten patients who were identified to have a KRAS codon 12 or 13 mutation (G12D, G12V, 
G12C, G13D, or G13R) in their primary tumor resection specimen were included in this study. Blood samples 
were collected at multiple time points, i.e. prior to treatment initiation (baseline for 6/10 patients), after the first 
treatment cycle (three weeks), at each treatment response evaluation (every nine weeks), during first-line therapy, 
and at disease progression during subsequent treatment lines. Between 5 and 12 samples were retrieved from 
each patient, resulting in a total of 80 blood samples. The samples were collected in EDTA tubes and centrifuged 
within 30 min to separate plasma. Plasma was immediately stored at − 20 °C and transferred to − 80 °C within 
two weeks. cfDNA was extracted from 2 mL of plasma with automated QIAsymphony SP instrument using 
the QIAsymphony DSP Circulating DNA Kit (Qiagen, Hilden, Germany) and elution volume of 60 µl. After 
extraction, the cfDNA samples were stored at -80 °C. The same cfDNA eluate was used for analysis with Bridge 
Capture, ddPCR, and Ion AmpliSeq, which were performed at different time points. cfDNA concentration 
was measured using the Qubit™ dsDNA HS Assay Kit and Qubit™ 4.0 Fluorometer (Thermo Fisher Scientific, 
Waltham, MA, USA). Across all measurable serial plasma samples, median cfDNA concentration was 0.45 ng/µl 
(range 0.05–22.7 ng/µl; Supplementary Table S1). Written informed consent was obtained from all patients, and 
the study was performed in accordance with the relevant guidelines and regulations, including the Declaration 

Scientific Reports |        (2025) 15:21618 8| https://doi.org/10.1038/s41598-025-04827-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


of Helsinki. The study protocol was approved by the Ethical Review Board of Helsinki University Hospital. 
Patient characteristics have been described earlier in Holm et al.15.

Synthetic DNA targets
Two pools of synthetic targets, each containing 887 templates14were produced by Twist Bioscience (South 
San Francisco, CA, USA). Pool 1 consisted of the wild-type target sequences for Bridge Capture™ probe panel 
(Supplementary Table S4). Pool 2 contained templates identical to those in Pool 1, except for three centermost 
nucleotides, which were complemented. The pools were dissolved in nuclease free water to achieve a concentration 
of 105 copies/µL for each individual template. The wild-type and altered pools were then mixed in varying ratios 
to mimic allelic fractions of 1%, 0.5%, 0.25%, 0.125%, 0.0625%, 0.0313%, 0.0156%, and 0.0078%. Each serial 
dilution was tested in five replicates. The blank sample (pool 1) was tested in ten replicates.

Bridge Capture™
The cfDNA samples (n = 80) and synthetic DNA targets were analyzed using the Bridge Capture platform, 
which is based on a proprietary Bridge Capture technology from Genomill Health Inc, Turku, Finland14. For the 
analysis of patient samples, 35 µL of cfDNA was used, and the samples underwent an overnight target capture 
with a 282-probe panel covering 84 genes (Supplementary Table S5). For the synthetic DNA templates, 10 µL 
of mixed synthetic sample was used as an input, and the samples were incubated overnight with an 851-probe 
panel covering 121 genes (Supplementary Table S4). The indexed libraries were purified with Agencourt Ampure 
XP beads (Beckman Coulter, Brea, CA, USA) and quantified using a Qubit™ 4.0 Fluorometer. Sequencing was 
performed on a NovaSeq 6000 system using NovaSeq 6000 SP Reagent Kit v1.5 (300 cycles) and paired-end 
reads (Illumina, San Diego, CA, USA).

Bridge Capture data analysis
With Bridge Capture, the mean raw sequencing depth for ctDNA samples was 2.76 million reads per sample, 
with a median of 70% on-target reads (raw reads aligning to correct loci). Minimum depth of coverage for the 
probe targeting KRAS codons 12 and 13 was 1485 reads after UMI-based error correction. For synthetic DNA 
targets, the mean raw sequencing depth was 16.5 million reads per sample, with a median of 94% on-target 
reads. For the data analysis, the paired-end reads were merged using VSEARCH18 (v2.15.2_linux_x86_64) with 
the following parameters: --fastq_minovlen 10 --fastq_maxdiffs 15 --fastq_maxee 1 --fastq_allowmergestagger. 
A proprietary pipeline utilizing UMI-based error-correction was used to process the merged reads, and VAF 
values were calculated using read counts. Specific VAF values for the synthetic DNA targets were obtained by 
subtracting the mean signal of blank samples (wild-type targets only). Two replicates, one from the 0.0313% 
sample and one from the 0.0625% sample, were excluded from the linear regression analysis because their VAF 
values exceeded the upper bound of the interquartile range (Q3 + 1.5 × IQR). Supplementary Table S6 shows 
the expected and observed total VAF values (%) for all replicates, with outlier status indicated. For figures of 
synthetic DNA target validation, Python (v3.11.5) was utilized with the matplotlib (v3.7.2) library. All other 
figures were made using Prism 10 (v10.1.2; GraphPad Software, San Diego, CA, USA).

Droplet digital PCR
The cfDNA samples (n = 80) were analyzed using ddPCR with validated mutation detection assays for KRAS, 
including mutations G12D (Assay ID: dHsaCP2000001), G12V (dHsaCP2000005), G12C (dHsaCP2000007), 
G13D (dHsaCP25005989), and G13R (dHsaCP2506874) (all from Bio-Rad, Hercules, CA, USA). For the assay, 
2 µL of cfDNA was added into a 20 µL PCR reaction (final volume), which was partitioned into 20,000 droplets 
using the Bio-Rad QX200 Droplet Generator. The samples were analyzed in duplicates. Following amplification, 
positive and negative droplets were detected with Bio-Rad QX200 Droplet Reader. The results were analyzed with 
QuantaSoft Analysis Pro Software (v.1.0, Bio-Rad), and a sample was considered positive if at least one positive 
droplet (Mut/Mut) was detected in both duplicate reactions. The final mutation frequency was calculated as the 
total number of mutant-positive droplets (Mut/Mut and Mut/Wt) divided by the total number of all droplets.

Ion AmpliSeq™ Cancer Hotspot Panel v2
Two µl of cfDNA derived from the last serial plasma sample of each patient (n = 10) was analyzed using the 
Ion AmpliSeq Cancer Hotspot Panel v2 (Thermo Fisher Scientific) according to manufacturer’s instructions. 
This panel covers the hotspot regions in 50 oncogenes and tumor suppressor genes (Supplementary Table S7). 
Obtained libraries were pooled, loaded onto the Ion PI™ Chip using the Ion Chef™ instrument, and sequenced 
with the Ion Proton™ System (Thermo Fisher Scientific). The detection limit used was 2% VAF at a sequencing 
coverage depth from 1000x to 2500x or 0.5% VAF at coverage depth over 2500x. Additionally, the 12 discrepant 
samples between ddPCR and Bridge Capture were validated with Ion AmpliSeq.

Idylla™ ctKRAS mutation assay
Of the cfDNA sample set (n = 80), 65 plasma samples were analyzable using the fully automated real-time PCR-
based Idylla ctKRAS Mutation Assay (Biocartis, Mechelen, Belgium). The analysis was performed according to 
the manufacturer’s instructions, with 1 mL of plasma loaded into the cartridge along with 50 µL of proteinase K 
enzyme. This assay detects 21 different KRAS mutations in exons 2, 3, and 4 (Supplementary Table S8).

Categorization of the identified mutations
All additional mutations identified by Bridge Capture were analyzed using the Catalogue of Somatic Mutations 
in Cancer (COSMIC; v101; https://cancer.sanger.ac.uk/cosmic)25 and classified into Tier 1 (strong evidence 
of oncogenicity; pathogenic), Tier 2 (moderate evidence; likely pathogenic), and Tier 3 (limited or uncertain 
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evidence). Germline variants were interpreted using ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)26. Among 
the somatic mutations classified by COSMIC, variants recurring in at least two plasma samples per patient 
were further analyzed using the OncoKB (https://www.oncokb.org/)27,28. Based on OncoKB, the variants 
were annotated into the following categories: oncogenic, gain-of-function; oncogenic, loss-of-function; likely 
oncogenic, loss-of-function; likely oncogenic, likely loss-of-function; likely oncogenic, likely gain-of-function; 
likely oncogenic, switch-of-function; and inconclusive.

Statistical analysis
The degree of agreement between Bridge Capture and ddPCR or Idylla was quantified using the kappa statistic 
(GraphPad Quick-Calcs; https://www.graphpad.com/quickcalcs/kappa1/). All other statistical analyses of ctDNA 
samples, including calculations of rs, were performed using Prism 10 (v10.1.2). The Spearman rs was used due 
to the non-normal distribution of KRAS VAF values, as assessed by the Kolmogorov-Smirnov and Shapiro-Wilk 
tests. Statistical analyses of synthetic DNA target validation were performed with Python (v3.11.5). The R2 scores 
were calculated using sklearn library (v1.2.2), while linear regressions were performed using the scipy library 
(v1.11.1). P-values below 0.05 were considered statistically significant.

Data availability
The original contributions presented are included in the article or Supplementary Material. The raw sequencing 
data of patient cfDNA samples cannot be publicly available due to privacy protection regulations. However, 
they are available from the corresponding authors upon request. All sequence data generated in the validation 
assay using synthetic DNA targets, have been deposited in the Sequence Read Archive (SRA) at NCBI and made 
publicly available at http://www.ncbi.nlm.nih.gov/bioproject/1267295, with accession number PRJNA1267295.
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