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Clinical impact of single-gene vs. panel
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Hormone receptor-positive (HR+ )/HER2−negative (HER2− ) breast cancer is the most common
subtype, with biomarker-driven therapies improving outcomes. Circulating tumor DNA (ctDNA)
analysis enables minimally invasive assessment of somatic alterations to guide therapy. However,
assay choice impacts clinical utility, and access remains inconsistent. This study compares single-
gene and panel-based sequencing for assessing PIK3CA mutations and broader genomic profiling.
We conducted a prospective, multicenter study analyzing 161 plasma samples from 146 patients
before initiating a new line of palliative therapy using the SiMSen-Seq (SSS) assay for PIK3CA hotspot
mutations, the AVENIO ctDNA Expanded assay (77 genes) and mFAST-SeqS for tumor fraction
estimation. High concordance (92.6%) was observed between SSS and AVENIO for PIK3CA
mutations. AVENIO identified additional actionable alterations, including ESR1 (17.5%) and PI3K
pathway alterations (40.6%), and together with tumor fraction estimation, improved interpretation of
negative liquid biopsy findings. These findings support broader ctDNA profiling in clinical practice
while highlighting accessibility challenges.

Hormone receptor-positive (HR+ )/HER2−negative (HER2−) breast
cancer is the most common subtype, accounting for approximately 70% of
all breast cancer cases1. Endocrine therapy remains the backbone of treat-
ment concepts for this subtype, and the addition of cyclin-dependent kinase
4/6 inhibitors (CDK4/6i) has significantly improved patient outcomes2–5.
Although treatment resistance inevitably arises, recent advances in next-
generation biomarker-driven therapies offer new opportunities to address
this clinical challenge. Key developments include drugs targeting PI3K-
altered pathways, such as alpelisib6, inavolisib7, and capivasertib8, which
target PIK3CA, AKT or PTEN alterations. Additionally, oral selective
estrogen receptor degraders (SERDs), exemplified by elacestrant9, have
improved efficacy in patients with ESR1mutations. These emerging agents
aim to overcome drug resistance, prolong disease control, and refine pre-
cision medicine strategies for HR+ /HER2− breast cancer.

Liquid biopsy has transformed therapeutic guidance for metastatic
breast cancer by facilitating minimally invasive, dynamic, and repeatable
analysis of circulating tumor DNA (ctDNA)10–13. In the metastatic setting,
ctDNA provides distinct advantages over tissue biopsies, as it more effec-
tively captures spatial and temporal heterogeneity, detects emerging resis-
tance mechanisms, and simultaneously reduces the burden of invasive
tumor biopsies for patients. Itmay also be the only source of tumormaterial
when tissue is inaccessible. In precision oncology, ctDNA testing guides
treatment selection by identifying resistance mechanisms and informing
therapeutic decisions14–17.

The choice of ctDNA assay remains critical, as assay characteristics
such as sensitivity, specificity, and breadth can affect clinical utility. Our
previous research demonstrated that targeted approaches, exemplified by
SiMSen-Seq, effectively detected predefined mutations, including PIK3CA,

1Division of Oncology, Department of Internal Medicine, Medical University of Graz, Graz, Austria. 2Institute of Human Genetics, Diagnostic, and Research Center
for Molecular Biomedicine, Medical University of Graz, Graz, Austria. 3Department of Gynecology, Breast Cancer Center Tirol, Medical University of Innsbruck,
Innsbruck, Austria. 4Division of Oncology, Department of Medicine I, Medical University of Vienna, Vienna, Austria. 5Christian Doppler Laboratory for Liquid
Biopsies for Early Detection of Cancer, Graz, Austria. 6Research Unit Epigenetic and Genetic Cancer Biomarkers, Medical University of Graz,
Graz, Austria. 7Division of Oncology, Hillmans Cancer Center, University of Pittsburgh, Pittsburgh, PA, USA. 8These authors contributed
equally: Nadia Dandachi, Marija Balic. e-mail: nadia.dandachi@medunigraz.at; balicm@upmc.edu

npj Breast Cancer |           (2025) 11:86 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41523-025-00805-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41523-025-00805-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41523-025-00805-z&domain=pdf
mailto:nadia.dandachi@medunigraz.at
mailto:balicm@upmc.edu
www.nature.com/npjbcancer


with high sensitivity and specificity18. Although various commercial plat-
forms are available, particularly within the United States, global access
remains inconsistent, and there is no international consensus on the optimal
selection of platforms. A position paper by the American Society of Clinical
Oncology highlighted the importance of assay standardization, technical
harmonization, and comparative studies to ensure robust and reliable
ctDNA testing in clinical trials and routine practice19. Themagnitude of the
complexity of predictive genomic alterations is anticipated to grow as new
treatments are developed and require ongoing evaluation and cross-
comparison of testing methodologies, considering both analytical perfor-
mance and practical implementation across diverse healthcare settings.

In this study, we conducted a cross-comparison of the highly sensitive
SIMSen-Seq assay with the broader AVENIO ctDNA Expanded panel for
detecting hotspot PIK3CA mutations in advanced HR+ /HER2− breast
cancer. We evaluated assay concordance and sensitivity using 161 pro-
spectively collected ctDNA samples obtained before initiating first-line or
subsequent palliative treatment. Furthermore, we investigated the added
value of broader panel sequencing, particularly its ability to identify addi-
tional clinically relevant mutations and improve the interpretation of
samples with low tumor fractions.

Results
Patient characteristics and plasma samples
Onehundred forty-six patientswithHR+ /HER2− advancedbreast cancer
were included in this analysis. Figure 1 illustrates the sample selection

process, andTable 1 summarizes the clinical andpathological characteristics
of the total study cohort. For patients with multiple blood draws, data from
the first blood draw were used for the description.

The median age of patients at the time of blood sample collection was
64.9 years (25th–75th percentile: 55.3–74.8 years), and most patients were
female (97.3%). The predominant histological subtype was breast cancer of
no special type (NST, 75.3%), followed by invasive lobular carcinoma (ILC,
15.8%) andmixed types (5.5%).At the timeofdiagnosis of advanceddisease,
41.1% of the patients presented with de novo metastatic disease, 57.5% had
recurrent metastatic disease, and 1.4% had locally advanced disease. The
most common metastatic sites at enrollment were non-liver visceral loca-
tions (56.2%), followed by liver metastases (24.7%) and bone-only disease
(19.2%). Most patients (90.4%) had one to three metastatic sites.

Aneuploidy-based estimation of tumor fraction usingmFAST-SeqS in
161 samples from 146 patients revealed a median z-score of 2.47 (25–75th

percentile: 1.27–5.53), indicating low overall tumor levels in our cohort, as
z-scores below three fall outside the quantitative range and are not con-
sidered informative. Using our previously established cut-off of ≥ 3, 64/
161 samples (39.8%) had elevated z-scores, indicating the presence of
ctDNA20. Using a linearmixed-effectsmodel, which accounted for repeated
measurements, we observed significantly higher z-scores in 2 L samples
compared to 1 L samples (adjusted mean increase of 10.1, 95%CI:
1.66–18.43, p = 0.019). Given the non-normal distribution of z-scores, we
performed a sensitivity analysis using log10-transformed z-scores. The
results remained significant, with z-scores in 2 L samples being 1.57 times

Fig. 1 | Consort diagram showing the selection of samples for head-to-head
analysis and analysis workflow. A total of 161 plasma samples from 146 patients
were analyzed using three distinct ctDNA assays. Thirteen samples were excluded

from the comparison analysis: Ten due to failure of the SSS assay, and three due to
insufficient cfDNA availability for AVENIO testing.
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higher than in 1 L samples (95%CI: 1.09–2.26; p = 0.015), corresponding to
a 57% increase (Supplementary Fig. 1).

Concordance between AVENIO and SSS for PIK3CAmutation
detection in liquid biopsy samples
161 blood samples were analyzed using both the SSS and AVENIO assays.
Of these, 13 samples (8.1%) were excluded because of insufficient coverage
in the SSS assay (n = 10) or insufficient amount of cfDNA for the AVENIO
assay (n = 3). Consequently, 148 sampleswere included in the head-to-head
comparison. Since our SSS assay was designed to target only 11 PIK3CA
mutations from the SOLAR-1 trial, only the PIK3CAmutations covered by
both assays were included in the concordance analysis. Using a mixed-
effects logistic regression model to account for repeatedmeasurements, the
estimated probability of detecting PIK3CA variants was 38.4% (95% CI:
29.81–46.95%)with the SSS assay and 36.85% (05%CI: 26.88–46.81%)with
the AVENIO assay. Overall, the SSS assay identified 64 PIK3CA variants,
whereas the AVENIO assay identified 62 variants. Both assays found most
alterations in three known hotspots, including H1047, E545, and E542.

The AVENIO assay demonstrated high concordance with SSS (Sup-
plementary Table 1) in detecting PIK3CA mutations. The estimated
adjusted overall agreement, calculated using a mixed-effects model to
account for repeated measurements, was 92.6% (137/148; 95% CI,
88.3%–96.8%). The estimated adjusted positive percent agreement (PPA)
was 88.7% (52/58; 95% CI, 79.4%–98.1%), while the adjusted negative
percent agreement (NPA) was 94.3% (85/90; 95% CI, 89.4%–99.1%). The
details of the discordant results are summarized in Table 2. PIK3CA
mutations were exclusively identified using SSS in seven samples (4.7%),
whereas AVENIO uniquely detected mutations in five samples (3.4%).
Notably, in four of the five samples in which SSS did not detect a PIK3CA
mutation, the VAF was below the limit of detection for SSS. These samples
also had low tumor fractions, as indicated by a z-score <3 and an hVAF
value < 1%. Conversely, of the seven samples in which AVENIO did not
detect a PIK3CA mutation, five had high tumor fractions (z-scores ≥3 or
hVAF ≥1%). Finally, Bland-Altman analysis demonstrated that the AVE-
NIO assay is highly accurate in estimating PIK3CA VAFs with a mean
difference of 0.62% (Fig. 2A). Linear mixed-effects modeling further con-
firmed a strong linear relationship between VAFs measured by the two
assays (coefficient 0.94, 95% CI: 0.89–0.99; p < 0.001), highlighting a con-
sistent agreement between the two assays in quantifyingPIK3CAmutations
(Fig. 2B).

Table 1 | Patient and tumor characteristics of the study cohort
at the time of enrollment

Total N 146 (%)

Age at blood sample collectiona 64.9 (55.3–74.8)

Female gender 142 (97.3)

Histological type

IDC 110 (75.3)

ILC 23 (15.8)

Mixed 8 (5.5)

Not reported 5 (3.4)

Disease setting at diagnosis of advanced
disease

De novo metastatic 60 (41.1)

Metastatic recurrent 84 (57.5)

Locally advanced 2 (1.4)

Metastases localization at enrollmenta

Bone only 28 (19.2)

Livera 36 (24.7)

Visceral, not liver 82 (56.2)

Number of metastatic sitesa

0 1 (0.7)

1-3 132 (90.4)

≥ 4 13 (8.9)

Time from initial diagnosis to firstmetastases

≤ 24 months 14 (15.4)

> 24 months 77 (84.6)

Number of previous palliative linesa

0 96 (65.8)

1 38 (26.0)

2 11 (7.5)

3 1 (0.7)
aData from the first blood draw were considered for patients with two blood draws. Number of
metastatic sites refers to number of organs involved. Data are medians [25th–75th percentile] for
continuous data and counts and percentages for categorical variables.

Table 2 | Discordant results between SSS and AVENIO assays for PIK3CA mutation detection

Sample ID z-score Variant count (hVAF) Variant VAF AVENIO (%) VAF SSS (%)

B195_4 3.36 2 (5.1) H1047R not detected 2.97

B201_1 3.65 0 E542K not detected 0.46

B207_1 6.74 4 (6.3) H1047R not detected 0.97

B211_6a 3.21 11 (14.2) H1047R not detected 0.33

B303_1 0.88 1 (0.3) H1047R not detected 0.42

B350_1 1.31 2 (3.5) H1047R not detected 0.47

B538_1 1.48 0 E545K not detected 2.94

B341_1 2.78 1 (0.6) E545K 0.59 below LOD (0.37; 4 reads)

B475_1 1.59 2 (0.4) N345K 0.39 below LOD (0.31;2 reads)

B485_1 0.61 1 (0.4) H1047R 0.37 below LOD (0.24;6 reads)

B620_1 1.51 1 (0.2) H1047R 0.17 below LOD (0.18;8 reads)

B518_1 7.36 1 (10.4) E545A 10.38 not detected*
aA secondvariantwasdetected in this sample in both assays; *AVENIO resultwas confirmedby repeating the assay twice. Variant count refers to the total number of pathogenic or likely pathogenic variants
identified in the sample, with the corresponding highest variant allele frequency (hVAF) shown in parentheses.
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Validation of negative liquid biopsy results
Interpreting negative liquid biopsy results is a common challenge in clinical
practice, especially when differentiating true negative results from samples
lacking sufficient tumor-derived material for accurate analysis. To address
this, we first used our previously established z-score ≥ 3, corresponding to a
tumor fraction of approximately 5–10%, as a criterion to classify samples as
informative due to elevated tumor content20,21. Among the 90 samples
classified as PIK3CA wild-type by SSS, 34 (37.8%) had a z-score ≥ 3, indi-
cating sufficient tumor content for reliable mutation detection.

However, mFAST-SeqS z-scores are only informative above 3 (corre-
sponding to a 5% tumor fraction). Moreover, tumor fraction estimates may
underestimate ctDNA levels in samples with minimal genomic imbalances
or low tumoraneuploidy, potentially excluding caseswithdetectable but low
tumor fractions. To address this limitation and fully leverage the genomic
data fromAVENIO,weutilized the hVAFof all selected somatic pathogenic
or likely pathogenic variants as a more sensitive proxy for tumor fraction,
enhancing detection sensitivity. A sample was classified as ctDNA infor-
mative if it harbored at least one variant with an hVAF of ≥1%. Among the
148 samples analyzed, 89 had a z-score below 3, and of these, 40 samples
(44.9%) were classified as ctDNA informative based on the hVAF criterion.
This finding highlights the added value of more comprehensive mutation
analysis for detecting and quantifying ctDNA based on additional
mutations.

Building on these findings, we explored a combined approach that
integrates both metrics to refine the classification of non-informative
samples.Using a combined classification strategy of either a z-score≥3 or an
hVAF ≥1%, 49 of the 91 PIK3CAwild-type samples (52.7%) were classified
as true negative results. Figure 2C illustrates the proportion ofPIK3CAwild-
type samples classified as informative under each criterion, highlighting the
utility of combining the tumor fraction and hVAF metrics to refine the
classification of true negative liquid biopsy results.

Collectively, our results demonstrate that combining tumor fraction
estimates with hVAF of panel sequencing improves the reliability of nega-
tive liquid biopsy findings and provides critical support for guiding ther-
apeutic decision-making.

SomaticandactionablegenomicalterationsusingAVENIOassay
In this analysis, we included all somatic pathogenic and likely pathogenic
mutations detected using the AVENIO assay in 143 patients. For the 15
patients with two blood draws, only the first time point of blood draw was
considered for this analysis. Figure 3A shows an overview of all the somatic
mutations in an oncoprint. Overall, pathogenic and/or likely pathogenic
mutations were detected in 38/77 genes in 95/143 (66.4%) patients, with a
median of 2 variants (range 1–11) per sample and a median VAF of 1.6%
(range 0.1–74.4). The most frequently mutated genes in this cohort were
PIK3CA (37.1%), TP53 (23.1%), ESR1 (17.4%), SMAD4 (5.6%), ERBB2
(4.2%), and RB1 (4.2%).

Among the 53 samples harboring PIK3CA mutations, a total of 70
variantsweredetectedusing theAVENIOassay,with amedianVAFof4.3%
(range 0.2-46.4). Of these, 62 (88.6%) variants are included among the
mutations eligible in the INAVO120 trial7. Among the 95 patients in 1 L
treatment, 35 had PIK3CA variants eligible for treatment with inavolisib.
Notably, 13 variants (18.6%) were not covered by the SSS assay (Supple-
mentary Fig. 2), but sixwere included in the INAVO-120 trial. Furthermore,
out of the 53 patients with PIK3CAmutations eligible for the INAVO-120
trial, five (9.4%) would not have been identified using the SSS assay alone,
highlighting the added clinical value of the AVENIO assay in capturing
actionable mutations. Only 6/70 (8.6%) variants were subclonal (VAF less
than 20% compared to the hVAF), aligning with previous reports that
identified PIK3CA mutations as predominantly truncal events. When
analyzing potential patients for inavolisib treatment based on the
INAVO120 trial criteria, ctDNA profiling in our cohort revealed PIK3CA

Fig. 2 | Comparison of PIK3CAVAFs between SSS
andAVENIOassays. ABland-Altmanplot showing
the agreement between PIK3CA VAFs. B Linear
regression analysis with a mixed-effects model
demonstrates a strong correlation between the two
methods (coefficient: 0.94, 95% CI: 0.89–0.99;
p < 0.001). C Classification of PIK3CAwt liquid
biopsy samples detected by SSS and AVENIO. Bar
plots show the proportion of PIK3CAwt samples
classified as true negative (green) and non-
informative (grey) using different criteria. hVAF#
includes only pathogenic or likely pathogenic var-
iants, and hVAF* additionally includes VUS. 0 10 20 30 40 50
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Fig. 3 | AOncoprint depicting somatic pathogenic/likely pathogenic alterations detected
in 95/143 HR+ /HER2− advanced breast cancer patients. The upper bar graph illus-
trates thenumberof alterationsper sample,while the right bar graph shows the frequency
of alterations for each gene.BComparison ofmutation frequencies between 1 L (N = 62)
and 2 L (N= 25) liquid biopsy samples. Bar plots display the percentage of cases with

mutations inkey genes, stratifiedbymutation type:missensemutations (green),multi-hit
mutations (yellow), nonsense mutations (blue), and splice-site mutations (red). ESR1,
AKT1, and RB1mutations were numerically more frequent in 2 L samples, while the
frequencies of PIK3CA, TP53, and SMAD4mutations were similar across both groups.
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mutations in 8/95 (8.4%) 1 L patientswhohad either completedfive years of
adjuvant endocrine therapy or experienced disease progression within one
year of treatment completion. Notably, 20.8% (11/53) of PIK3CAmutated
samples were polyclonal, harboringmultiple concomitant variants. In these
samples, canonical SOLAR-1 PIK3CAmutations, including E541K, E545K,
and H1047R, consistently demonstrated higher VAFs compared to other
PIK3CA mutations, suggesting a convergent evolution of multiple clones
(Supplementary Table 2). Among the 25 ESR1-mutated samples, a total of
37variantswere identified,with amedianVAFof1.1%(range0.1-29.2).The
most common variants were D538G (32.4%, 12/37) and Y537S (29.7%, 11/
37). Notably, 32.0% (8/25) of ESR1-mutated samples exhibited poly-
clonality, harboring multiple concomitant ESR1 variants. Additionally,
32.4% (12/37) of ESR1 variants were subclonal, consistent with previous
reports suggesting that ESR1 mutations emerge mainly as subdominant
events during tumor evolution under treatment with aromatase inhibitors,
contributing to endocrine resistance. Finally, we examined the frequency of
mutations within the PI3K pathway, defined as the presence of one ormore
mutations in PIK3CA,AKT1, or PTEN genes, whichwere detected in 40.6%
(58/143) of samples. As demonstrated in the previous section, using a
combined approach of z-scores and hVAF, including variants of unknown
significance (VUS), increased the number of informative results for both
PIK3CA and ESR1 wild-type samples (Supplementary Fig. 3), highlighting
the value of panel NGS ctDNA profiling.

Co-mutation analysis of all 143 samples revealed significant co-
occurrence patterns, including PIK3CA and ESR1 in 14 samples (9.8%,
unadjusted p-value = 0.040, Fisher’s exact test), PIK3CA and RB1 in
6 samples (4.2%, unadjusted p-value = 0.002, Fisher’s exact test), PIK3CA
and ERBB2 in 4 samples (2.8%, unadjusted p-value = 0.026, Fisher’s exact
test), andESR1 and SMAD4 in 4 samples (2.8%, unadjusted p-value = 0.032,
Fisher’s exact test).

When comparing 1 L (N = 95) and 2 L samples (N = 37) (Fig. 3B),
mutations in ESR1 were statistically more frequent in 2 L samples (Sup-
plementary Fig. 4A, Fisher’s exact test, p-value = 0.002). Notably, among
patients with ESR1, TP53, and PIK3CA mutations (PIK3CA in Supple-
mentary Fig. 4B), multiple concomitant mutations were observed more

frequently in2 L samples.Mutations inAKT1 andRB1werenumerically but
not statistically more frequent in 2 L samples (Fisher’s exact test for both,
p = 0.134). Furthermore,TP53, PIK3CA, and SMAD4mutation frequencies
were similar between the two groups (Fisher’s exact test, TP53 p = 0.999,
PIK3CA p = 0.999, SMAD p = 0.673). Finally, the frequencies of PI3K
pathway mutations were similar between 1 L (40.0%) and 2 L (43.2%)
samples (Supplementary Fig. 1C, Fisher’s exact test, p = 0.844).

To investigate longitudinal changes in ctDNA profiles, we analyzed
matched plasma samples from 14 out of 15 patients, with 1 L samples
collected at baseline and 2 L samples collected at the end of treatment (EOT)
before starting 2 L therapy. These paired samples enabled the assessment of
changes in somaticmutations and ctDNAdynamics throughout 1 LCDK4/
6i treatment. Supplementary Fig. 5 illustrates the changes in VAFs and/or
z-scores for 14 patients, revealing key patterns such as the emergence of new
resistant mutations, the persistence of dominant clones, and clonal het-
erogeneity ofmolecular response.A representative clinical vignette is shown
in Fig. 4, highlighting longitudinal molecular dynamics in the context of
clinical

Discussion
Liquid biopsies have reshaped clinical practice for advanced breast cancer,
enabling the detection of PIK3CAmutations that guide treatment targeting
PI3K-AKT pathway6–8,22 and ESR1 mutations that inform SERD
treatment9,23,24 with specific approval for the oral SERDelacestrant for liquid
biopsy-based ESR1 mutation detection. This minimally invasive testing
approach has advanced precision oncology in routine clinical practice by
enabling real-time monitoring of tumor evolution, revealing resistance
mechanisms, and facilitating biomarker-driven targeted treatment
decisions12,25. Despite the growing utility of liquid biopsy, access to validated
testing platforms remains a persistent global challenge. In theUnited States,
FDA-approved assays are widely available and covered by insurance,
facilitating their integration into clinical workflows. However, in many
regions, includingEurope, access is inconsistent due to limited cost coverage
and availability of commercial platforms, necessitating centralized testing at
academic centers.

Fig. 4 | Clinical vignette of a 52-year-old woman
with HR+ /HER2− metastatic breast cancer
involving bone and gastric metastases. The patient
started first-line therapy with fulvestrant and abe-
maciclib. Baseline plasma analysis (prior to treat-
ment start) showed a z-score <3, with detectable
mutations in IDH2 (3.5% VAF) and TERT (0.3%
VAF). After approximately 44 months of therapy, a
second follow-up sample revealed amarked increase
in IDH2VAF (from 3.5% to 24.5%), clearance of the
TERT mutation, and emergence of a new mutation
in AKT1 (8.0% VAF). The z-score at follow-up
remained below 3. Concurrent CT imaging
demonstrated disease progression, with stable bone
metastases and newly identified liver metastases.
Created in Biorender.com.
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To translate technical advances in liquid biopsy testing into benefits for
patients, cross-comparing different testing strategies in real-world clinical
settings is crucial. Previously, we demonstrated that SSS is a highly sensitive
and specific method for detecting hotspot PIK3CA mutations18. With the
advancements in next-generation sequencing (NGS) panelmethods, testing
capabilities have expanded to include broader genomic profiling, capturing
additional actionable targets that influence decisions for approved treat-
ments, such as ESR1, PTEN, and AKT1 as well as other clinically relevant
mutations such as somatic BRCA1/2 or ERBB2, which may inform further
targeted therapeutic strategies26. Recognizing the limitations of single-gene
approaches like SSS in addressing these broader clinical needs, we sought to
evaluate whether a panel-based assay, such as the AVENIO ctDNA
ExpandedKit, couldmatch the sensitivity of SSS forPIK3CAdetectionwhile
providing additional insights into the evolving molecular landscape of
HR+ /HER2− breast cancer.

Our findings demonstrate a high concordance (92.6%) between SSS
and the AVENIO assay for detecting PIK3CA mutations with strongly
correlated VAFs. The broader genomic coverage of AVENIO assay
uncovered additional PIK3CAmutations in 19% of samples. Moreover, the
INAVO120 trial, a phase III randomized study evaluating inavolisib, a PI3K
inhibitor, in combination with palbociclib and fulvestrant for a broader
spectrum of PIK3CA mutations in higher risk 1 L populations, demon-
strated improved PFS and OS in patients with HR+ /HER2− advanced
breast cancerwhohadprogressedonendocrine therapy7. Inour cohort, 37%
of first-line patients harbored PIK3CA variants eligible for inavolisib
treatment, highlighting the importance of expanded genomic profiling to
identify actionable mutations and improve therapeutic opportunities for
patients. Overall, only 8% of our first-line patients met the criteria for
initiating inavolisib in the first-line setting. Although the sample size is
small, it reflects a representative clinical population, with over 35% of
patients having de novo metastatic disease.

Beyond PIK3CA, the AVENIO assay identified additional clinically
actionable alterations, including ESR1 mutations in 17% of patients. Our
findings are consistent with a prior large-scale study, which reported that
38–55% of patients harbored PI3K/AKT pathway alterations at the start of
first-line therapy and observed an increase of ESR1 mutations over suc-
cessive treatment lines27. Furthermore, we found that polyclonal mutations
in both ESR1 and PIK3CA were more frequent in 2 L compared to 1 L
samples, consistent with therapy-driven clonal selection and evolution15,28.
Other resistance-associated alterations were observed, including SMAD4
(6%), RB1 mutations (4%), and ERBB2 (4%), albeit at lower frequencies.
These alterations have been previously described as contributors to therapy
resistance in HR+ /HER2− breast cancer29–32. Together, our data empha-
size the value of broader sequencing approaches such asAVENIOassay, not
only for detecting actionable mutations but also for identifying resistance
mechanisms and capturing tumor heterogeneity.

Our study highlights the pressing need for expanded multitarget
testing. Our evaluation of the AVENIO platform focused on its clinical
utility in first- and second-line settings for approved therapies in HR+ /
HER2−metastatic breast cancer. However, with the rapid advancement of
clinical trials and the increasing number of approved targeted therapies, the
platform may already face challenges in maintaining its relevance and
clinical applicability. Recent trials, such as the EvoPAR-BR01 study (clin-
icaltrials.gov/study/NCT06380751), are now incorporating additional hot-
spot mutations and expanding their scope to include genes like BRCA1/2
and PALB2 to identify homologous recombination repair deficiency, eval-
uated for first-line treatment.

Negative liquid biopsy results present a persistent challenge, reflecting
either the true absence of alterations or insufficient ctDNA for reliable
analysis. Our previous work18 used aneuploidy-based tumor fraction esti-
mates combined with SSS to improve confidence in interpreting negative
results. Building on this, we demonstrate here that comprehensive genomic
profilingwith theAVENIO assay further enhances the reliability of negative
liquid biopsy classifications. Our approach aligns with recent findings33,
where samples with a ctDNA tumor fraction ≥1% were shown to have

significantly improved concordance between liquid and tissue-based pro-
filing, reducing the likelihood of false negatives. Together, these results
emphasize the importance of integrating tumor fraction metrics with
broader sequencing approaches to distinguish true negatives from cases
requiring follow-up testing, ultimately improving clinical decision-making.

Our study has several limitations that should be considered when
interpreting the findings. First, the AVENIO assay includes only 77 genes
and excludes several key genes or gene regions that are potential therapeutic
targets or implicated in therapy resistance. For example, the AVENIO assay
focuses on detecting activatingmutations in oncogenes and does not enable
Indel calling in key tumor-suppressor genes BRCA1/2. Additionally,
amplification of key genes associated with resistance to targeted therapies,
such as CCND1, NF1, or FGFR114,34, are not captured, potentially under-
estimating the complexity of resistance mechanisms in HR+ /HER2−
breast cancer25,31. Second, the AVENIO assay only calls for copy number
alterations (CNAs) in EGFR, ERBB2, and MET but lacks calling for other
important genes that are increasingly recognized as important drivers of
resistance and progression in breast cancer35. Third, our analysis did not
consider clonal hematopoiesis of indeterminate potential (CHIP) muta-
tions, which could introduce a bias, as CHIP mutations can mimic tumor-
derived alterations in cfDNA36. Finally, the majority of 1 L and 2 L samples
in our studywere notmatched from the samepatients, limiting our ability to
comprehensively evaluate longitudinal changes in ctDNA profiles and
therapy-induced clonal evolution32. Addressing these challenges is crucial to
ensure timely testing of metastatic HR+ /HER2− breast cancer patients
early in the evolution of their metastatic disease.

In conclusion, our study demonstrates high concordance between SSS
and AVENIO for PIK3CAmutation detection while highlighting the added
value of broader genomic coverage in identifying actionable and resistance-
associated mutations. By integrating tumor fraction metrics with panel
sequencing,we improved the interpretationofnegative liquidbiopsy results,
contributing to more reliable clinical decision-making. These findings
emphasize the importance of comprehensive ctDNA profiling for guiding
therapy and monitoring tumor evolution in advanced HR+ /HER2−
breast cancer. Future research should prioritize expanded genomic targets,
address assay limitations, and improve accessibility to translate these
advances into benefits for patients globally.

Methods
Study design
This prospective, observational, multicenter study enrolled patients with
HR+ /HER2− advanced breast cancer before initiating first-line or sub-
sequent palliative treatment. Hormone receptor-positive status was defined
as estrogen-receptor expression with or without progesterone-receptor
expression.HER2−negative statuswasdefinedas either 0 or 1+ intensity on
immunohistochemical (IHC) testing and 2+ intensity on IHC testing with
no amplification confirmed by in situ hybridization. All hormone receptor
and HER2 assessments were performed at the local pathologies, and the
most recently collected tissue from primary or recurrent cancer was used.
Pathological and clinical information for this cohort was collected and
managedusing the secureREDCap electronic data capture tool hostedat the
Medical University of Graz37,38.

Blood collection and cfDNA extraction
Blood samples were collected from patients before starting first- to fourth-
line of palliative treatment, including 96 samples before first-line therapy
(1 L), 52 samples before second-line therapy (2 L), 12 samples before third-
line therapy (3 L), and 1 sample before fourth-line therapy (4 L). Thus, 161
plasma samples were collected from 146 patients (Fig. 1).

Plasma DNA was isolated, as described previously18,39. Briefly, 20mL
(range: 10-30mL) of whole blood was collected into PAXgene Blood
ccfDNA Tubes (Qiagen, Hilden, Germany) to preserve cell-free DNA
(cfDNA). Plasma was separated by centrifugation of the blood samples at
1900 × g for 10min. The resulting supernatantwas carefully transferredand
centrifuged at 1900 × g for 10min to remove any residual cellular debris.
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Plasma was aliquoted into 2mL tubes and stored at −80 °C until further
processing. cfDNAwas extracted from 1 to 4mLplasma using theQIAamp
Circulating Nucleic Acid Kit (Qiagen, Hilden, Germany) or the QIA-
Symphony PAXgene Blood ccfDNA Kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. Plasma DNA was quantified using
the Qubit dsDNA HS Assay Kit (Life Technologies, Vienna, Austria).

mFAST-SeqS
As previously described, the mFAST-SeqS (modified Fast Aneuploidy
Screening Test-Sequencing System) assay was used to estimate the tumor
fraction in plasma cfDNA. The mFAST-SeqS (modified Fast Aneuploidy
Screening Test-Sequencing System) assay detects chromosomal aneuploidy
in cfDNA by using a z-score statistical approach to quantify LINE-1 count
deviations from a normal chromosomal representation of control samples.
A genome-wide z-score (z-score), calculated by summing the squared
z-scores of individual chromosomearms,was usedas a surrogatemarker for
tumor fraction. Genome-wide z-scores exceeding ±3 were considered
indicative of chromosomal gains or losses21.

SiMSen-Seq assay forPIK3CA mutation detection
The SiMSen-Seq (SSS) assay was performed as previously described by our
group18. Briefly, this technology utilizes molecular barcoding of individual
DNA template strands, allowing all sequencing reads to be traced back to
their original DNA template and correcting for PCR errors introduced
during library preparation. For plasma samples, an average of 38.2 ng (range
8.8-103.8 ng) of cfDNA per sample was used for library preparation.
Sequencing was performed on an Illumina NextSeq platform using 150 bp
single-end reads, aiming for 10 million reads per sample. Across all inter-
rogated positions, the average unique coverage was 2660× (range:
42–17,227×). Variant allele frequencies (VAFs) are reported as the per-
centage of alternate reads relative to the total reads at a given position. The
detection limit was previously established as a VAF of 0.25%, with at least
five consensus reads supporting the mutation18.

Molecular profiling of plasma samples
Molecular profiling was performed using the AVENIO ctDNA Expanded
Kit (Roche, Basel, Switzerland), which targets 77 cancer-associated genes.
We validated the assay in-house and confirmed the manufacturer’s
specifications40. Library preparation was performed using an average of
40 ng of cfDNA (range: 10–50 ng) following the manufacturer’s protocol.
Libraries were quantified using the Qubit dsDNAHS Assay Kit and pooled
equimolarly. The pooled libraries were further quantified via qPCR and
sequenced inbatches of four to 16 libraries using 150 bppaired-end reads on
an Illumina NextSeq (Mid or High Output kit) or NovaSeq6000 platform
(SP flowcell, XP workflow). Sequencing generated an average of 35 million
read pairs per sample (range: 12–81 million). After generating consensus
reads, the data achieved an average read depth of 3845× (range:
107–28302×), with a median fragment length of 173 bp (range:
159–317 bp). Data analysis was performed using the AVENIO Oncology
Analysis Software (version 2.0, Roche) with customized filtration settings
for somatic variants. Variants with aminor allele frequency (MAF) ≥ 1% in
GnomAD v2.1 or listed as common in dbSNP155 were excluded. Addi-
tionally, variants with less than 10 mutated reads, variants with VAF below
0.1%, likely germline variants (VAF∼ 50% and z-score <3), copy number
variants, and sequencing artifacts weremanually excluded. Filtered variants
were annotated using VarSeq (Golden Helix) and classified according to
their pathogenicity using OncoKB and/or Franklin (GennoX)41. ctDNA
levels were assessed as VAF (percentage of sequence reads observed
matching a specific DNA variant divided by the overall coverage at that
locus). For each sample, we identified the mutation with the highest
VAF (hVAF).

Statistical analysis
All statistical analyses were performed using R version 4.4.2, Stata (version
18.5), or GraphPad Prism version 10.4.1. Descriptive analyses were

conducted to describe patient baseline characteristics. Continuous variables
were summarized as medians and interquartile ranges, and categorical
variables were reported as counts and percentages. Descriptive statistics
were used to summarize the detection rates and performancemetrics of the
SSS and AVENIO assays for PIK3CAmutations. Logistic and linearmixed-
effects models with random intercepts at the patient level were applied to
account for repeatedmeasurements in some patients. Logisticmixed-effects
models with patient ID as a random effect were used to evaluate assay
concordance, including overall agreement, positive percent agreement
(PPA), and negative percent agreement (NPA).Marginal probabilities were
estimated, and 95% confidence intervals (CI) were calculated. For con-
tinuous outcomes, a linear mixed-effects model was applied. Model para-
meters were estimated using restricted maximum likelihood (REML), and
the significance of fixed effects was assessed usingWald chi-square tests. All
statistical tests were two-sided, and p-values below 0.05 were considered
statistically significant.
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