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Tumor cell fraction (TCF) estimation is an essential step in homologous recombination deficiency
(HRD) testing of tubo-ovarian high-grade serous carcinoma (HGSC). However, it is prone to variability
and observer dependence. Here, we assess the reliability of the QuANTUMcomputational pipeline for
TCF estimation (cTCF) in HGSC samples. 70 HGSC cases were retrospectively collected and the
AmoyDx HRD Focus Panel was employed for DNA extraction and sequencing. TCF estimates were
obtained from multiple pathologists, along with the TCF calculated by the proprietary AmoyDx
algorithm. The QuANTUM pipeline-derived cTCF and a manually calculated ground truth (GT) were
obtainedon the same slides, and concordance analyseswere performed.Weighted kappa (Wk) values
for the agreement among the various pathologists ranged from 0.28 to 0.63, reflecting low to
substantial concordance. TheQuANTUMalgorithmshowedsubstantial andbetter agreementwith the
GT and the AmoyDx tool (Wk = 0.73 and 0.63, respectively) as compared to the pathologists’
estimates. No significant differenceswere observed betweenQuANTUM, theGTand theAmoyDx tool
in identifying caseswith tumor cellularity above or below themethod-defined 30%cutoff. Considering
its high reliability, the QuANTUM algorithm may serve as a robust tool for ensuring adequate TCF
evaluation in HGSC.

High-grade serous carcinoma (HGSC) is the most common tubo-ovarian
malignancy, accounting for approximately 320,000 new cases and 200,000
deaths per year worldwide1. Cytoreductive surgery and platinum- and
taxane-based chemotherapy (with or without bevacizumab) represent the
mainstays of treatment for advanced-stage HGSC, achieving a 5-year sur-
vival rate of only 30–40%2.

Over the past decade, the therapeutic landscape of this cancer has been
revolutionized by the introduction of poly-(ADP ribose) polymerase inhi-
bitors (PARPis), which exploit the synthetic lethality resulting from the
dysfunction of the homologous recombination repair (HRR) complex in
cancer cells3. In this context, the identification of homologous recombina-
tion deficient (HRD) tumors has become a cornerstone of clinical man-
agement. While PARPi efficacy has been observed across broader
populations, including those with homologous recombination proficient

(HRP) status in certain settings, the magnitude of benefit is significantly
greater inHRD-positive cases. Consequently, for several clinical indications,
HRD testing is not only a predictive tool but a regulatory requirement to
determine patient eligibility and enable access to therapy4.

HRD can result from several mechanisms, including loss-of-function
mutations in the BRCA1 or BRCA2 tumor-suppressor genes, BRCA1/2
promoter hypermethylation, andaberrations inotherHRRgenes (e.g., RAD
methylation) or genes whose protein products interact with BRCA1/2 (e.g.,
EMSY)5,6. Of note, germline and somatic BRCA1/2 mutations appear to
have comparable effects in terms of sensitivity to PARPi-based therapy7.

Themost widely employedmolecular assays to determine tumorHRD
status typically combine BRCA1/2 mutation testing with the detection of
genomic effects secondary to HRD (so-called “genomic scars”)8–12. To
correctly assess tumorHRDstatus, these tests require the tumor cell fraction
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(TCF) to exceed a certain threshold, therefore TCF determination has
become a key part of the histopathological evaluation of HGSC samples13.
This task, often performed by a single experienced pathologist, typically
results in a repetitive, laborious, and observer-dependent operation14.

Therefore, a growing body of research is investigating the opportunity
of employingcomputationalmethods to streamline the assessmentof tumor
sample adequacy for molecular analyses15. Our group has developed and
tested a computational algorithm known as the QuPath Analysis of Nuclei
from Tumor to Uniform Molecular test (QuANTUM) pipeline, which
demonstrated excellent reliability compared to the ground truth (GT) in the
assessment of TCF from lung cancer cases16. However, the broader appli-
cation of this pipeline to other cancer types, including tubo-ovarian HGSC,
still needs to be investigated.

Here, we assess the reliability of the QuANTUMpipeline on 70HGSC
samples, with a specific focus on specimens with TCFs near the molecular
panel adequacy threshold for tumor cellularity. Our aim is to investigate
whether this computational pathology tool could be implemented in the
routine pathology workflow to optimize the evaluation of tubo-ovarian
HGSC cases undergoing molecular analyses.

Results
Histopathologic and molecular features of the study cohort
A total of 70 tubo-ovarian HGSC cases were included in the study. The
specific characteristics of the cohort are reported in Supplementary Table
S1.Most specimens were obtained from uterine adnexa (46 cases), followed
by omentum/mesentery/peritoneum (11 cases), uterus (9 cases), lymph
nodes and abdominal wall (2 cases each). Surgical samples were the most
common type of specimen (n = 48, 68.57%), followed by frozen sections
(n = 13, 18.57%) and biopsies (n = 9, 12.86%). The distribution of TCF
values according to the GT is reported in Supplementary Fig. S1. The mean
TCF of biopsy samples was significantly lower than that of frozen sections
(p = 0.002) and surgical specimens (p = 0.012).

15 cases (21.43%) were found to carry BRCA1/2 mutations, while 55
(78.57%) were BRCA-wild-type (WT). Regarding HRD status, 39 cases
(55.71%) were HRD-positive (GSS ≥ 50), while 31 (44.29%) were HRD-
negative (GSS < 50). All BRCA1/2-mutated samples were HRD-positive,
except for one case carrying a BRCA1 class 3 (VUS, variant of uncertain
significance) mutation and showing a GSS of 29.

No statistically significant differences were noted between the two
institutions that provided the samples analyzed in the study.

Pathologists’ agreement on pTCF
Varying levels of agreement were found between the six human observers
regarding pTCF estimation: Wk values ranged from 0.28 to 0.63, while ρ
values ranged from 0.47 to 0.88, reflecting fluctuating inter-rater reliability
and emphasizing inconsistencies between raters (Table 1, Fig. 1). As for the
concordancewith theGT, theWk values highlighted partial inconsistencies,
showing limited agreementwhen considering a single observer. Specifically,
the mean absolute error (MAE) values relative to the GT were as follows:
original rater (14.74 ± 1.44%), pathologist #1 (5.29 ± 3.51%), pathologist #2
(6.79 ± 5.64%), pathologist #3 (6.79 ± 5.64%), pathologist #4
(16.79 ± 5.64%), and pathology resident (6.79 ± 1.44%). The agreement
progressively improved when averaging multiple raters. While the com-
parison between the mean rating of a single observer and the GT yielded a
Wk range of 0.40–0.59 (confidence interval [CI]: 0.23–0.70), this agreement
index increased to 0.49-0.67 (CI: 0.33–0.78), 0.54-0.69 (CI: 0.41–0.79),
0.59–0.69 (CI: 0.45–0.79), and 0.60–0.68 (CI: 0.47–0.78) when considering
themean of 2, 3, 4, or 5 raters, respectively. Notably, the level and thefield of
expertise did not impact the agreement, suggesting that consistency arises
primarily from averaging multiple evaluations rather than individual
proficiency.

cTCF assessment through the QuANTUM pipeline
The computational pipeline showed substantial agreement with the GT
(Wk = 0.73, ρ = 0.91) and satisfactory concordance with the mean

pathologists’ and AmoyDx TCFs (Wk = 0.70, ρ = 0.87 and Wk = 0.63,
ρ = 0.84, respectively). In turn, theAmoyDx estimations showed substantial
agreement with the GT (Wk = 0.63, ρ = 0.85) and themean pTCF of the six
raters (Wk= 0.58, ρ = 0.79). No statistically significant differences were
noted between these four methods (i.e., QuANTUM pipeline, pTCF esti-
mation, AmoyDx tool, and GT) in terms of TCF determination, further
confirming their similar performances (Table 2, Fig. 2).

The validation of the cTCF method was conducted on 10 randomly
selected WSIs, independently assessed by three different raters (i.e., vali-
dators #1 [DS] and #2 [GC] and the pathology resident who annotated the
entire WSI set for cTCF estimation). Substantial interobserver agreement
was noted, withWk values ranging from 0.60 to 0.64. Additionally, the lack
of statistically significant differences between raters indicated that operator
variability does not significantly impact the reproducibility of cTCF
estimation.

TCF estimation and HRD status determination in cases with
borderline tumor cellularity
Considering the recommended threshold for molecular analyses through
theAmoyDxplatform, namely aTCF ≥ 30%17, we assessed the performance
of the QuANTUM pipeline in discriminating between samples with ade-
quate (i.e., ≥ 30%) vs. low (i.e., < 30%) tumor cellularity. The QuANTUM
algorithm showed a substantial concordance with the GT (k = 0.75) and an
excellent agreement with the mean pTCF (k = 0.83) and the AmoyDx tool
(k = 0.88) (Table 3). Specifically, our computational pipeline had the
second-to-lowest absolute disagreement rate (ADR) with the GT (ADR=
5.71%), being outperformed only by the AmoyDx test (ADR= 2.88%).
Among human observers, theADRvalueswith theGTwere equal or higher
than those of the QuANTUM algorithm (7.14%, 14.29%, 8.57%, 8.57%,
10%, and 5.71% for original rater, pathologists #1, #2, #3 and #4 and
pathology resident, respectively).

There were four discordant cases between the QuANTUM algorithm
and the GT regarding the 30% TCF threshold, as well as two discordant
cases between QuANTUM and the AmoyDx tool. In all these cases, the
computational estimation yielded a tumor cellularity < 30%, while the GT
and AmoyDx TCFs were ≥ 30%. The TCF values showed an average dif-
ference of 8.5%, ranging from 4% to 12%. There were four discordant cases
also betweenQuANTUMand themean pTCF, with two cases shifting from
< 30% to ≥ 30% and the other two in the opposite direction. The average
TCF difference in these cases was slightly higher (mean: 10.8%,
range: 3–20%).

Considerable differences were found in the proportion of HRD-
positive caseswithin adequately cellular samples compared tocaseswith low
TCF values. Specifically, 38 out of 62 cases (61.3%)with adequate cellularity
(i.e., a GT TCF ≥ 30%) were HRD-positive, compared to only 1 out of 8
samples (12.5%) with suboptimal cellularity. Of note, all these 8 cases had a
TCF< 30% also, according to the QuANTUM algorithm and the AmoyDx
tool. A similar trend was observed with BRCA-mutated cases, whereby all
the 15 BRCAmutations identified in the analyses occurred in samples with
adequate cellularity (Fig. 3).

Performance of the QuANTUM algorithm in challenging cases
To investigate the potential of our computational tool to assist pathologists
with TCF estimations in challenging cases, we focused on samples with the
lowest agreement among the six human observers. Specifically, we con-
sidered all cases where at least one rater pair showed a difference between
their TCF estimates ≥ 30% (i.e., the 90th percentile of the absolute TCF
differences among all rater pairs). Within the 39 samples meeting these
criteria, the proportion of surgical specimens, frozen sections, and biopsies
was 66.67%, 15.38%and17.95%, respectively, whichwas comparable to that
of the original cohort (p = 0.297). Themean pTCF of this subgroup showed
a substantial agreement with the GT (Wk= 0.74, ⍴ = 0.73), confirming that
averaging multiple observers enables to limit the impact of inter-rater dis-
crepancies. However, the concordance between QuANTUM and the GT
was excellent (Wk = 0.91, ⍴ = 0.87), reflecting the superior performance of
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our algorithm in challenging scenarios. Finally, a review of these cases
revealed that most of the observed discrepancies were attributable to the
scoring of tumor cellularity in the proximity of necrotic areas and/or regions
with prominent immune cell infiltration. Substantial disagreement was also
noted in the assessment of atypical cells at the interface between tumor nests
and the surrounding stroma, particularly in cases with a predominant solid
pattern (Fig. 4).

Discussion
Targeted therapies have revolutionized the field of oncology, yielding
remarkable survival benefits in numerous cancer types18. Consequently,
predictive biomarker testing has become an integral part of the diagnostic
workflow of several malignancies, including tubo-ovarian HGSC, where
HRD testing is recommended in all patients with advanced-stage (i.e.,
Fédération Internationale de Gynécologie et d’Obstétrique [FIGO] stage ≥
III) disease to predict the magnitude of benefit from PARPis19,20. The
pathologist plays a key role in this process, being responsible for proper
tissue handling, selection of tumor tissue area, and estimation of theTCF for
subsequent molecular assays21. Ensuring accurate and reproducible TCF
estimation is of paramount importance for the success of HRD tests, since
gene variant calling and “genomic scar” detection through molecular
techniques require a tumor cellularity above a prespecified threshold to
ensure test reliability11,17,22. Inaccurate TCF determination may thus lead to
inconclusive or even misleading results, with a negative impact on patient
management and healthcare costs23.

Considering the well-known intra- and interobserver variability
associated with visual estimates of histopathological parameters24,25, several
computer-aided diagnostic (CAD) tools have been developed to support
pathologists in routine tasks requiring cell counting and/or tissue area
estimation, such as Ki-67 scoring26, Gleason grading27, and more recently,
TCF determination28. Our group has developed a semi-automated algo-
rithm for TCF estimation known as the QuANTUM pipeline, which
showed excellent reliability compared to the GT in lung cancer WSIs,
providing an easily accessible and relatively inexpensive tool to support
pathologists in this tedious and repetitive task16. However, the potential
application of our digital pathology platform to other cancer types has since
remained unexplored. Here, we assessed the performance of the QuAN-
TUMpipeline in the setting of tubo-ovarianHGSC, with a specific focus on
the potential impact of this computational method on BRCA1/2 and HRD
testing results.

We observed substantial agreement between the QuANTUM
algorithm and the GT, thus confirming its reliability and encouraging
further studies to validate its use in other malignancies. Our compu-
tational tool also showed satisfactory concordance with the automated
TCF estimation by the AmoyDx HRD assay and with the mean TCF of
the six pathologists. Interestingly, the agreement between QuANTUM
and the GT was higher than that of any individual rater, irrespective of
their level of experience.

As reported in previous works16,28,29, TCF estimations for a given
sample by the six scorers were highly variable, as were the interobserver
concordance values for the various rater pairs, ranging from “poor” to
“substantial”. Increasing the number of observers improved the agreement
with the GT, as indicated by the progressively narrower CIs of the corre-
sponding Wk values. Thus, the assessment of a given sample by multiple
raters may improve the accuracy of TCF estimation, which could be par-
ticularly valuable in borderline cases to guide the selection of suitable
samples and slides for molecular analysis.

Given that our semi-automated method requires manual annotations
of malignant and non-neoplastic elements on WSIs, we asked whether
human subjectivity in annotating the digital slides could introduce a bias in
cTCF estimations. The comparison between the cTCF values obtained by
three different annotators on a set of randomly selected cases showed that
QuANTUM estimations are not operator-dependent, which is a crucial
prerequisite for the broader application of our pipeline across pathology
laboratories, and it is consistent with our previous findings16.T
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Fig. 1 | pTCF estimation. A Box plots showing the distribution of TCF estimations
across different observers. B Hierarchical clustering heatmaps of continuous pTCF
(top) and categorical pTCF estimations (bottom). Cases are ordered by increasing
values of GTTCF. In the top panel, colors range from purple (low cellularity) to light

green (high cellularity); in the bottom panel, cases with GT TCF < 30% are repre-
sented in blue, while those with GT TCF ≥ 30% are depicted in white. GT ground
truth, pTCF pathologist tumor cell fraction, TCF tumor cell fraction.

Table. 2 | Matrix of agreement and correlation for TCF determination across different methods

QuANTUM 1 ρ 0.87 ρ 0.91 ρ 0.84

Mean pTCF Wk 0.70 [0.53–0.87] 1 ρ 0.84 ρ 0.79

GT Wk 0.73 [0.57–0.89] Wk 0.64 [0.46–0.82] 1 ρ 0.85

AmoyDx Wk 0.63 [0.45–0.81] Wk 0.58 [0.38–0.77] Wk 0.63 [0.45–0.81] 1

QuANTUM Mean pTCF GT AmoyDx

The upper-right triangle displays Spearman’s correlation coefficients (ρ), while the lower-left triangle displays Weighted Kappa values (Wk)
GT ground truth, pTCF pathologist tumor cell fraction, TCF tumor cell fraction.

Fig. 2 | Comparison of TCF determinations by different methods. A Box plots
showing the distribution of TCF determinations across different methods.
BHierarchical clustering heatmaps of continuous TCF (above) and categorical TCF
determinations (below). Cases are ordered by increasing values of GT TCF. In the

top panel, colors range from purple (low cellularity) to light green (high cellularity);
in the bottom panel, cases with GT TCF < 30% are represented in blue, while those
with GT TCF ≥ 30% are depicted in white. GT, ground truth; pTCF, pathologist
tumor cell fraction; TCF, tumor cell fraction.
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When focusing on samples with GT TCF values near the 30%
threshold recommended by the HRD test manufacturer, the QuANTUM
algorithm demonstrated robust performance, supporting its applicability in
cases with borderline tumor cellularity. Specifically, in the four cases with
GT cellularity above 30% and cTCF estimates below this threshold, the
average difference between theTCFvalueswas relatively small.On the other
hand, the TCF difference was higher in the four discordant cases between
QuANTUM and the mean pTCF, reflecting a more marked discrepancy
between these two methods in borderline scenarios. Since the two samples
with cTCFs ≥ 30% but pTCFs < 30% had a GT cellularity above this cutoff,
relying only on visual pTCF estimation could have relevant workflow
implications.

Another noteworthy observation is that, while the percentage ofHRD-
positive samples among those with adequate GT and QuANTUM cellu-
larity was generally in line with that reported in the literature (i.e.,
approximately 50%19), only 12.5% of cases with GT and QuANTUM cel-
lularity < 30% were HRD-positive. This highlights the challenge faced by
molecular tests in accurately assessing complex genomic scars in samples
with a TCF below the validated cutoffs13. In such cases, relying on an
inaccurateHRD resultmay further complicate the proper contextualization
of BRCA1/2mutation data and potentially lead to unexpected or conflicting
findings. It is important to note, however, that our data are derived from a
subgroup consisting of only eight cases, highlighting the need for further
validation studies in larger cohorts.

Finally, the analysis of cases with the highest discordance rates among
pathologists confirmed that the QuANTUM algorithm retains its robust
scoring performance in the presence of extensive necrosis, immune cell
infiltration and/or atypical cells at the tumor-stroma interface, scenarios
where substantial disagreement was observed in manual assessment.

In summary, we showed that our computational pipeline for TCF
estimation holds promise for assisting pathologists also with tubo-ovarian
HGSCcases.Given its easy accessibility (theQuPath extension is available at
https://github.com/Gizmopath/QuANTUM), user-friendly interface, and
seamless integration within the QuPath software, our algorithm may pro-
vide a useful tool to optimize the routine workflow of molecular pathology
laboratories and, ultimately, the personalized management of patients with
tubo-ovarian HGSC.

Methods
Cases and TCF determination
Tubo-ovarian HGSC cases undergoing HRD testing from July 2020 to
March 2024 were retrospectively collected from the Oncological Molecular
Pathology Unit of Fondazione IRCCS San Gerardo dei Tintori (Monza,
Italy) (n = 50 samples) and the Molecular Pathology of Solid Tumors
Laboratories of IRCCS Policlinico di Sant’Orsola (Bologna, Italy)
(n = 20 samples). Since the two patient groups were not significantly dif-
ferent in terms of their pathological and molecular features (p > 0.05), they
were considered as a single cohort (n = 70 cases) for subsequent analyses.

For each case, Hematoxylin and Eosin (H&E)-stained glass slides
(obtained from formalin-fixed, paraffin-embedded [FFPE]HGSC samples)
were originally selected by an expert gynecological pathologist (MJ) to
define tumor-containing regions (TCRs) for subsequent tumor macro-
dissection. At this stage, the same pathologist estimated the tumor cell
fraction (pTCF, original) to assess sample adequacy for molecular analyses.
Slides were then blindly reviewed by a molecular pathologist (DS [pTCF,
path #1]), three general pathologists (GC [pTCF, path #2], ADL [pTCF,
path #3] andVL [pTCF, path #4]), and a pathology resident (AMA [pTCF,
resident]), for the assessment of pTCF. The retrieved slides were anon-
ymized and scanned with a NanoZoomer S60 scanner (Hamamatsu Pho-
tonics K.K., Hamamatsu City, Japan) at 20x magnification (0.4416 μm/
pixel). Computational tumor cell fraction (cTCF) was obtained on these
whole slide images (WSIs) usingQuANTUM,as alreadydescribed in ref. 16.
Briefly, for eachWSI the StarDist extensionwithin theQuPath softwarewas
used for nuclear detection. Then, manual annotations were performed to
assign cells to either the “tumor” or the “non-neoplastic” category. These
annotations were used to train the QuPath object classifier algorithm to
assign each detected nucleus to the above-mentioned categories. cTCF
values were obtained as the ratio between the number of nuclei assigned to
the “tumor” category by the object classifier algorithm and the total number
of nuclei detected in the corresponding WSI. The reproducibility of the
obtained cTCF was assessed on a subset of 10 randomly selected cases,
which were independently annotated and analyzed with the QuANTUM

Table. 3 | Cohen’s kappa (k) values for the agreement on the
categorical TCF determination (i.e., low- vs. adequate
cellularity) by different methods

QuANTUM 1

Mean pTCF 0.83 [0.62–1.0] 1

GT 0.75 [0.46–0.94] 0.67 [0.33–0.93] 1

AmoyDx 0.88 [0.7–1.0] 0.82 [0.53–1.0] 0.86 [0.58–1.0] 1

QuANTUM Mean pTCF GT AmoyDx

GT ground truth, pTCF pathologist tumor cell fraction, TCF tumor cell fraction.

Fig. 3 | TCF determination in cases with border-
line tumor cellularity and correlation with the
GSS and BRCAmutational status. Top: Heatmaps
of the distribution of TCF values according to the
manual cell count (i.e., the GT) and the AmoyDx
assay. Cases are ordered by increasing values of GT
TCF, with colors ranging from purple (low cellu-
larity) to light green (high cellularity). Bottom:
HRD-positive cases and those with BRCA muta-
tions are reported in orange, while the remaining
cases are shown in black; the red line indicates the
30% TCF cutoff (i.e., the cellularity threshold sug-
gested by the manufacturer as the minimum
requirement for diagnostic reliability). A different
prevalence of HRD-positive and BRCA-mutated
cases was noted in cases with tumor cellularity
< 30% compared to those with higher TCF values.
GSS genomic scar score, GT ground truth, HRD
homologous recombination deficiency, TCF tumor
cell fraction.

https://doi.org/10.1038/s41698-026-01414-0 Article

npj Precision Oncology |          (2026) 10:233 5

https://github.com/Gizmopath/QuANTUM
www.nature.com/npjprecisiononcology


algorithm by two different pathologists (DS [cTCF, validator #1] and GC
[cTCF, validator #2]).

To obtain the reference/ground truth (GT) tumor cellularity for each
WSI, a cell-by-cell visual count and classification into “tumor” or “non-
neoplastic” categories (e.g. immune cells, stromal cells, and normal epi-
thelial cells) was performed after a three-month washout period by the
gynecological pathologist (MJ), who was blinded to the results of her initial
evaluation.

Molecular analysis
DNAextractionwas carried out using theMaxwell®CSC 16 Instrument
with the CSC DNA FFPE Kit (Promega, Madison, WI, USA). DNA
quantification was performed using the Qubit DNA dsDNA High
Sensitivity Assay Kit on a Qubit 4.0 fluorimeter (Thermo Fisher Sci-
entific,Waltham,MA,USA). Templating and sequencing of all samples
occurred on the NextSeq 550 System (Illumina, San Diego, CA, USA)
using the 300-cycles mid output kit. All samples were analyzed using
the AmoyDx HRD Focus Panel assay (Amoy Diagnostics Co., Ltd.,
Singapore), which enables the preparation of NGS libraries compatible
with the previously specified platform and is capable of detecting
somatic single nucleotide variants (SNVs) and short insertions and
deletions (indels) in the entire coding region and at the intron/exon
junctions of the BRCA1 (NM_007294.49) and BRCA2 (NM_000059.3)
genes. Additionally, it enables the determination of the Genomic Scar
Score (GSS), an algorithmic measure of genomic instability, which is
considered positive when it reaches a value ≥ 50.0. The AmoyDx GSS
model is based on machine learning and quantifies genomic instability
by weighting different types of chromosomal copy number alterations
according to their type (i.e., allelic status, whether allele-specific or

allele-balanced), length (i.e., small, intermediate or large), and genomic
site (i.e., centromeric, telomeric or intrachromosomal), using data from
approximately 24,000 single-nucleotide polymorphisms (SNPs) dis-
tributed across the whole genome (about 1 SNP per 100 Kb)8. All cases
with BRCA1/2 mutations classified as class 3, 4, and 5 variants
according to the 5-category pathogenicity scheme established by
International Agency for Research on Cancer (IARC), American Col-
lege of Medical Genetics and Genomics (ACMG), and Association for
Molecular Pathology (AMP)were considered BRCA-mutated30,31. Class
3 variants were included to reflect the total mutational burden detected
by the assay, although we acknowledge their uncertain clinical sig-
nificance. The computational analysis of sequencing data was per-
formed using the AmoyDx ANDAS Data Analyzer software version
1.1.0.230217 (Amoy Diagnostics Co., Ltd.). Data extracted from the
computational analysis included the GSS, the mutational status of
BRCA1/2 (inclusive of variant allele frequency [VAF], specific site of
mutation, mutation type and mutation class), and the tumor cellularity
estimated by the device algorithm. In particular, a TCF ≥ 30% was
considered as the minimum desirable prerequisite for the reliability of
subsequent molecular analyses, as per the manufacturer’s
instructions17.

Statistical analysis
Continuous variables were summarized usingmean and standard deviation
(SD), as applicable, while qualitative variables were reported as counts and
frequencies. To compare means and qualitative variables, chi-square tests
andMann-WhitneyU tests were employed, depending on the nature of the
data. Significance was set at p-values < 0.05 and indicated as ‘*’ for
0.01 < p < 0.05, ‘**’ for 0.001 < p < 0.01 and ‘***’ for p < 0.001. Cohen’s

Fig. 4 | Comparison of pTCF, cTCF, and GT tumor cellularity in challenging
samples. Shown are two cases for which a significant discordance was noted among
pathologists, as well as between the mean pTCF and the GT. On the other hand, the
cTCF values provided by the QuANTUM pipeline were comparable with the GT.
The top panels show an area where human observers may find it challenging to
discriminate malignant cells at the tumor-stroma interface from benign stromal
cells, while the bottom panels highlight an area of necrosis. Malignant and non-

neoplastic elements are marked in red and green, respectively, while algorithm
detections excluded from the total cell count (i.e., tissue elements erroneously
identified as cells) are denoted by gray circles (10x magnification; insets: 40x mag-
nification). The reported TCF values refer to the whole slide, not to the ROI shown in
the figure. cTCF computational tumor cell fraction, GT ground truth, pTCF
pathologist tumor cell fraction, ROI region of interest, TCF tumor cell fraction.
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Kappa (k), Weighted Kappa coefficient (Wk, linear function), and Spear-
man correlation coefficient (ρ), along with their corresponding p-value,
were used to assess the correlation between different observers regarding
TCF estimation. Statistical analyses were carried out on Google Colabora-
tory (Google LLC, Mountain View, CA, USA), using the Python libraries
pandas (v. 2.2.2) and scikit-learn (v. 1.6.1).

Ethics approval and consent to participate
The study protocol received approval from the local Ethics Committee
(Comitato Etico Brianza, protocol No. 35859, 24/10/22). The study was
performed in full accordance with the Declaration of Helsinki.

Data availability
The datasets generated and/or analyzed during the current study are not
publicly available as they contain information that could compromise the
privacy of research participants, but are available from the corresponding
author on reasonable request.

Code availability
The QuANTUM QuPath extension is available at https://github.com/
Gizmopath/QuANTUM.
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