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Abstract: This study aimed to investigate the intrinsic links between abnormalities in the core driver genes PIK3CA 
and TP53 and multidimensional ultrasonographic features of breast cancer, thereby providing imaging-based evi-
dence for the noninvasive assessment of driver gene status. Using data from The Cancer Genome Atlas (TCGA), we 
first performed bioinformatic analyses of the pan-cancer expression patterns, prognostic significance, and immune 
infiltration relevance of PIK3CA and TP53. We then performed a single-center retrospective cross-sectional analysis 
of 201 patients with primary breast cancer treated at our hospital between January 2023 and October 2025; post-
operative follow-up was unavailable for this hospital cohort. Bioinformatic analyses showed that PIK3CA and TP53 
were highly expressed in breast cancer, and that elevated expression of either gene was associated with poorer 
overall survival, but showed no correlation with tumor immune cell infiltration. In the clinical cohort, the overall mu-
tation rates of PIK3CA and TP53 were 35.8% and 28.4%, respectively, and the mutation statuses of the two genes 
were significantly associated (P=0.006). The mRNA expression levels of both genes were higher in breast cancer 
tissues than in matched adjacent normal tissues, and were also higher in mutant tumors than in wild-type tumors 
(P<0.05). Taken together, these findings suggest that PIK3CA and TP53 alterations are associated with distinct 
ultrasonographic phenotypes of breast cancer, providing preliminary imaging clues for understanding radiogenomic 
heterogeneity rather than a validated noninvasive test for driver-gene status.
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Introduction

Breast cancer is the most common malignant 
tumor in women worldwide and remains the 
leading cause of cancer-related death among 
women [1]. According to the GLOBOCAN 2022 
estimates, approximately 2.3 million women 
were diagnosed with breast cancer worldwide 
in 2022, and about 670,000 deaths were at- 
tributed to the disease, indicating that breast 
cancer remains a major global health burden 
[2]. BC is marked by pronounced genomic het-
erogeneity, and somatic alterations in driver 
genes together with dysregulated transcrip- 
tional expression are now regarded as central 
events in tumor initiation, malignant progres-
sion, and therapeutic resistance [3]. In stu- 
dies on the molecular pathogenesis of cancer, 
PIK3CA and TP53 have consistently been iden-
tified as the two core driver genes with the 

highest mutation frequencies in BC, with over-
all mutation rates of 30%-40% and 20%-35%, 
respectively [4, 5]. Functional abnormalities in 
these genes not only directly influence tumor 
cell proliferation, invasion, and metastatic po- 
tential, but also bear closely on treatment 
selection and clinical outcome, making them 
key biomarkers in the precision management 
of BC [6].

At present, however, definitive identification of 
driver-gene abnormalities still depends largely 
on tissue-based molecular testing. The invasive 
nature of tissue-based testing, together with 
intratumoral sampling heterogeneity and limit-
ed feasibility for repeated dynamic monitoring, 
limits its broader application in clinical screen-
ing and whole-course tumor management [7]. 
Ultrasound is the preferred noninvasive imag-
ing modality for BC evaluation. It is radiation-
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free, convenient, accessible, and readily re- 
peatable, and has become a core tool for early 
screening, lesion localization, and preoperative 
assessment [8]. Previous studies have shown 
that ultrasonographic features of BC are clo- 
sely related to molecular subtype and malig-
nant biological behavior, and some morpholog-
ic phenotypes may indirectly reflect the under-
lying genomic profile of the tumor, raising the 
possibility that tumor gene status could be 
assessed in a noninvasive manner [9, 10].

However, most published studies have fo- 
cused on isolated associations and have not 
systematically examined phenotypic heteroge-
neity across hotspot mutations, limiting clinical 
translation [11-13]. In the present study, we 
analyzed the correlations of PIK3CA and TP53 
with conventional grayscale morphology and 
color Doppler blood-flow features of BC in order 
to define sonographic phenotypes associated 
with gene abnormalities. The results may pro-
vide preliminary imaging evidence for under-
standing the radiogenomic associations be- 
tween driver-gene alterations and ultrasound 
phenotypes in BC, thereby offering a basis for 
future model-based studies and prospective 
validation.

Materials and methods

Bioinformatics analysis

Public databases were used to analyze the 
expression characteristics, prognostic value, 
and immune infiltration relevance of PIK3CA 
and TP53, thereby providing a theoretical basis 
for subsequent validation in clinical samples. 
All analytical data were obtained from The 
Cancer Genome Atlas (TCGA), including tran-
scriptomic sequencing data from 33 malignant 
tumor types across the pan-cancer spectrum. 
Based on the TCGA dataset, we first perform- 
ed a pan-cancer expression profile analysis of 
PIK3CA and TP53, comparing their expression 
levels between tumor tissues and matched  
normal tissues across different cancer types. 
Patients were then divided into high- and low-
expression groups according to the median 
expression level of each gene. Kaplan-Meier 
survival curves for overall survival were plott- 
ed to evaluate the relationship between gene 
expression and patient prognosis. In addition, 
immune infiltration analysis was performed 
using the TIMER2.0 online platform based on 

TCGA-BRCA RNA-sequencing data. SangerBox 
was used only as an online bioinformatics  
analysis and visualization platform for public 
TCGA-derived data and was not related to 
Sanger sequencing of the hospital-based co- 
hort. The correlations between PIK3CA or TP53 
expression and the estimated abundance of 
six major immune cell populations, including B 
cells, CD4+ T cells, CD8+ T cells, macrophag- 
es, neutrophils, and dendritic cells, were evalu-
ated using Spearman correlation analysis with 
adjustment for tumor purity.

Clinical study design

The hospital-based analysis did not include 
postoperative follow-up; therefore, disease-
free survival, overall survival, locoregional re- 
currence, and distant metastasis were not 
evaluated in this cohort. The study protocol 
was approved by the ethics committee of 
Changzhou Fourth People’s Hospital. All analy-
ses were based on anonymized data and resid-
ual pathological specimens retained from rou-
tine clinical care. The study did not alter the 
original diagnostic or therapeutic pathway and 
imposed no additional medical burden or risk 
on the patients.

Study population

Patients with primary BC who underwent ra- 
dical mastectomy or breast-conserving sur-
gery in the Department of Breast Surgery of 
Changzhou Fourth People’s Hospital between 
January 2023 and October 2025 were eligible 
for inclusion. Initial screening through the hos-
pital medical record system identified 348 
cases within the specified period. After step-
wise screening according to the predefined 
inclusion and exclusion criteria, 201 eligible 
patients were finally included. This study has 
used clinical residual samples for retrospective 
study, which has been approved by the Eth- 
ics committee of Changzhou Fourth People’s 
Hospital (No.AF/SS-20/05.1), and the informed 
consent of the patients was waived.

Inclusion criteria

① Postoperative paraffin specimens were re- 
viewed independently and in a blinded manner 
by two senior pathologists, confirming primary 
invasive ductal carcinoma or invasive lobular 
carcinoma of the breast, while excluding spe-
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cial histological subtypes such as mucinous 
carcinoma and medullary carcinoma; ② a stan-
dardized breast ultrasound examination had 
been completed in our ultrasound department 
within 14 d prior to surgery, including complete 
two-dimensional grayscale and color Doppler 
flow imaging data, with original DICOM images 
fully preserved in the PACS system and of suf-
ficient quality for standardized image review 
and parameter measurement; ③ paired BC le- 
sion tissue and adjacent normal breast tissue 
had been collected within 30 min after surgical 
excision, rapidly frozen in liquid nitrogen, and 
continuously stored at -80°C before RNA ex- 
traction for qRT-PCR analysis, with no prior 
freeze-thaw cycles and satisfactory RNA quali-
ty; archived molecular testing records were 
available for PIK3CA and TP53 mutation status 
and reported mutation-site category; ④ com-
plete electronic medical records, pathology re- 
ports, imaging reports, and laboratory data 
were available, with no missing key data for 
the core variables of this study.

Exclusion criteria

① Any preoperative antitumor treatment, in- 
cluding neoadjuvant chemotherapy, neoadju-
vant endocrine therapy, radiotherapy, targeted 
therapy, or immunotherapy, that might inter- 
fere with tumor genetic characteristics or ultra-
sound manifestations; ② bilateral BC, recur-
rent BC, metastatic BC, or a previous history  
of other systemic malignancies; ③ concomi-
tant breast diseases such as acute mastitis, 
breast abscess, or benign breast tumors that 
could affect accurate interpretation of ultra-
sound findings; ④ ultrasound images with 
motion artifacts, inappropriate gain settings, 
nonstandard scanning planes, or other prob-
lems that precluded standardized parameter 
measurement; ⑤ severe degradation of tissue 
specimens or inadequate RNA quality for qRT-
PCR analysis, unavailable archived molecular 
testing records, or incomplete PIK3CA/TP53 
mutation status; ⑥ missing core clinicopa- 
thological or imaging data that would preclude 
statistical analysis.

Collection of clinicopathological data

All data were obtained from the archived 
structured electronic medical record system 
and the pathology database of our hospital. 
Two uniformly trained researchers indepen-

dently extracted the data in a blinded manner 
and established a standardized Excel data-
base. After data extraction, a third senior re- 
searcher performed a complete cross-check. 
Any discrepancies were resolved through dis-
cussion among the three investigators, so that 
data accuracy and completeness could be 
ensured as much as possible.

Breast ultrasound examination

All ultrasound images were original data 
retained from routine preoperative examina-
tions. Imaging was performed using a GE Logiq 
E9 color Doppler ultrasound system equipped 
with a high-frequency linear-array transducer, 
and the operating frequency for breast lesion 
assessment was mainly maintained within 
9-15 MHz according to lesion depth and image 
quality. Patients were examined in the supine 
position with both arms raised above the head 
to fully expose the bilateral breasts and axillary 
regions. Centered on the nipple, radial scan-
ning combined with transverse and longitudinal 
sweeps was used to achieve a continuous and 
systematic examination of both breasts without 
omission. Once a lesion was identified, two-
dimensional grayscale and color Doppler flow 
imaging were performed on the maximal lesion 
section and the orthogonal section. Lesion size 
and morphological features were assessed on 
the maximal section.

Image review and parameter measurement

Image review and parameter measurement 
were performed by two physicians with the 
rank of associate chief physician or above, 
each with more than 10 years of experience in 
breast ultrasound diagnosis. A double-blind 
approach was used throughout image inter- 
pretation. Neither physician was aware of the 
patients’ pathological grade, molecular sub-
type, gene testing results, or the other physi-
cian’s conclusions. Any disputed images or 
parameters were resolved by consensus after 
joint review. To assess reproducibility, 41 ex- 
aminations, representing 20.4% of the study 
cohort, were selected using computer-generat-
ed random sampling. Both radiologists inde-
pendently reviewed these examinations while 
remaining blinded to the clinicopathological 
and molecular findings and to each other’s 
assessments. Reader 1 repeated the assess-
ment after an interval of at least 2 weeks with-
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out access to the initial ratings. Interobserver 
agreement was evaluated by comparing the 
first assessments of Readers 1 and 2, where- 
as intraobserver agreement was evaluated by 
comparing the two assessments of Reader 1. 
Linear weighted Cohen’s kappa was used for 
the three-level lesion-size category, and un- 
weighted Cohen’s kappa was used for the 
remaining binary ultrasonographic features. 
Feature-specific coefficients with 95% confi-
dence intervals are reported in Supplementary 
Table 2.

Collection and preservation of tissue speci-
mens

All tissue specimens were residual samples 
after routine pathological examination of sur- 
gically resected tissues. Specimen collection 
was completed jointly by the operating sur-
geon and the pathologist within 30 min after 
excision. BC tissue was sampled from the main 
body of the tumor while avoiding areas of ne- 
crosis, hemorrhage, and calcification. Matched 
adjacent normal breast tissue was collected 
from glandular tissue located at least 3 cm 
away from the tumor margin, and postoperative 
pathology confirmed the absence of tumor cell 
infiltration. Each specimen weighed at least 50 
mg. Before RNA extraction for qRT-PCR analy-
sis, specimen handling logs and RNA quality-
control results were reviewed. Samples with 
any documented thawing event, repeated 
freeze-thaw exposure, or evidence of RNA deg-
radation were excluded from the expression 
analysis.

Ascertainment of PIK3CA and TP53 mutation 
results

PIK3CA and TP53 mutation results were re- 
trospectively extracted from archived institu-
tional molecular reports generated by target- 
ed Sanger sequencing of predefined hotspot 
regions. According to the laboratory reporting 
protocol, variants with a mutant allele frequen-
cy (MAF) of ≥20% were classified as positive. 
In this study, “wild type” indicates that no 
reportable variant was detected within the test-
ed regions above the reporting threshold; it 
does not exclude low-frequency variants or 
alterations outside the targeted regions.

Quantitative real-time polymerase chain reac-
tion (qRT-PCR)

Total RNA extraction: Total RNA was extracted 
from BC tissues and matched adjacent normal 
tissues using TRIzol reagent (Invitrogen, cata-
log no. 15596026, USA). Briefly, 50 mg of fro-
zen tissue was ground into powder in liquid 
nitrogen. Lysis, phase separation, precipitation, 
and washing were then carried out according to 
the manufacturer’s instructions, and the final 
RNA pellet was dissolved in RNase-free water.

cDNA reverse transcription: Reverse transcrip-
tion was performed using the PrimeScript RT 
Reagent Kit with gDNA Eraser (TaKaRa, cata- 
log no. RR047A, Dalian, China), which simulta-
neously removes genomic DNA contamination. 
The gDNA removal reaction contained 2 μL  
5×g DNA Eraser Buffer, 1 μL gDNA Eraser, 1 μg 
total RNA, and RNase-free water added to a 
final volume of 10 μL, followed by incubation 
at 42°C for 2 min and then holding at 4°C. 
Reverse transcription was subsequently car-
ried out by adding 4 μL 5×PrimeScript Buffer,  
1 μL PrimeScript RT Enzyme Mix I, 1 μL RT 
Primer Mix, and RNase-free water to a final vol-
ume of 20 μL. The reaction conditions were 
37°C for 15 min, 85°C for 5 s, and then 4°C. 
The resulting cDNA was stored at -20°C, and 
all subsequent analyses were completed with- 
in 1 week.

Real-time quantitative PCR: qRT-PCR was per-
formed on an ABI 7500 Real-Time PCR System 
using the SYBR Premix Ex Taq II Kit (TaKaRa, 
catalog no. RR820A, Dalian, China). GAPDH 
served as the internal reference gene, and the 
relative mRNA expression levels of PIK3CA and 
TP53 were measured. Primer specificity was 
verified using NCBI Primer-BLAST, and the 
sequences are shown in Table 1. The qRT-PCR 
reaction volume was 20 μL, including 10 μL 
SYBR Premix Ex Taq II, 0.8 μL each of forward 
and reverse primers (10 μmol/L), 2 μL cDNA 
template, and RNase-free water added to 20 
μL. The amplification conditions were 95°C for 
30 s for initial denaturation, followed by 40 
cycles of 95°C for 5 s and 60°C for 34 s. A  
melting curve analysis was performed after 
amplification to confirm product specificity, 
and only samples showing a single melting 
peak were included in the statistical analysis. 



PIK3CA/TP53 and breast cancer ultrasound

4466	 Am J Cancer Res 2026;16(10):4462-4480

Table 1. Primer sequences used for qRT-PCR detection of PIK3CA and TP53 mRNA expression
F R

PIK3CA 5’-GAAGATGCTGGCAAAGATGGA-3’ 5’-TCCAGTTTCTTCAGCAGCTTC-3’
TP53 5’-CAGCACATGACGGAGGTTGT-3’ 5’-TCATCCAAATACTCCACACGC-3’
GAPDH 5’-GGAGCGAGATCCCTCCAAAAT-3’ 5’-GGCTGTTGTCATACTTCTCATGG-3’

Each sample was tested in triplicate. A no- 
template blank control and a no-reverse-tran-
scription negative control were included at the 
same time to exclude contamination. Relative 
mRNA expression levels of PIK3CA and TP53 
were calculated using the 2-ΔΔCt method, with 
matched adjacent normal tissue serving as 
the calibrator.

Observation indicators

Primary outcomes: ① Archived PIK3CA and 
TP53 mutation profiles in BC tissues, includ- 
ing overall mutation frequency, reported muta-
tion-site category, and the proportion of each 
reported site among all mutation-positive 
cases. Operational definitions: PIK3CA and 
TP53 mutation status and reported mutation-
site categories were extracted from archived 
molecular testing records. Cases with a re- 
portable alteration within the targeted regions 
were classified as mutant type, whereas cases 
without a reportable alteration above the as- 
say threshold were operationally classified as 
wild type. Reported hotspot categories includ-
ed E542K, E545K, and H1047R for PIK3CA, 
and R175H, G245S, and R273H for TP53; other 
reported sites were classified as rare mutation-
site categories. ② Correlation between PIK3CA 
mutation status and multidimensional ultra-
sound features of BC: the distributions of con-
ventional grayscale ultrasound features and 
color Doppler flow imaging findings were com-
pared between patients with wild-type and 
mutant PIK3CA according to archived mutation 
records. ③ Correlation between TP53 muta-
tion status and multidimensional ultrasound 
features of BC: the distributions of the same 
multidimensional ultrasound features were 
compared between patients with wild-type and 
mutant TP53 according to archived mutation 
records.

Secondary outcomes: ① Coexistence and mu- 
tual exclusivity of archived PIK3CA and TP53 
mutation status in BC tissues, with analysis of 
the association between the mutation catego-

ries of the two genes. ② Differences in the re- 
lative mRNA expression levels of PIK3CA and 
TP53 between BC tissues and matched adja-
cent normal breast tissues. ③ Differences in 
PIK3CA and TP53 mRNA expression in BC tis-
sues according to archived mutation status, 
including differences between wild-type and 
mutant tumors and among reported mutation-
site categories. ④ Associations between con-
tinuous tumor PIK3CA or TP53 mRNA expres-
sion and the exploratory composite ultrasono- 
graphic phenotype score.

Statistical analysis

All statistical analyses were performed using 
SPSS 26.0 software (IBM, USA). All tests were 
two-sided, with α=0.05 as the significance 
level, and P<0.05 was considered statistically 
significant. Continuous variables were first test-
ed for normality using the Shapiro-Wilk test. 
Data with a normal distribution are presented 
as mean ± standard deviation, whereas non-
normally distributed data are expressed as 
median and interquartile range [M (P25, P75)]. 
Categorical variables are presented as counts 
and constituent ratios (n/%), group compari-
sons were performed according to data type 
and study design. For paired continuous data, 
the paired t test was used when the data were 
normally distributed; otherwise, the Wilcoxon 
signed-rank test was applied. For comparisons 
between two independent groups, the indepen-
dent-samples t test was used for normally dis-
tributed data with homogeneity of variance; 
otherwise, the Mann-Whitney U test was used. 
For multiple-group analyses, an omnibus test 
was performed first. For non-normally dis- 
tributed mutation-site expression data, the 
Kruskal-Wallis test was followed, when appro-
priate, by pairwise Mann-Whitney U tests with 
Holm adjustment. No unadjusted pairwise in- 
ferential comparisons were performed among 
the four combined mutation-pattern groups. 
Differences in categorical variables were ana-
lyzed using the Pearson χ2 test, and Fisher’s 
exact test was used when the expected fre-
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quency was <5. The coexistence or mutual 
exclusivity of archived PIK3CA and TP53 muta-
tion status was evaluated using the Pearson χ2 
test, and the Spearman rank correlation coe- 
fficient was calculated simultaneously to clari-
fy the direction of association. For 4×2 contin-
gency tables containing sparse cells, Fisher-
Freeman-Halton exact P values with Monte 
Carlo estimation were used. To address poten-
tial confounding by molecular subtype, asso-
ciations between each gene’s mutation status 
and the seven binary ultrasonographic fea- 
tures included in the composite phenotype 
score were re-evaluated using Cochran-Mantel-
Haenszel tests stratified by molecular subtype, 
with Holm adjustment across the seven imag-
ing outcomes. The association between the 
four combined PIK3CA/TP53 mutation pat-
terns and the ordinal composite phenotype 
score was additionally examined using ordinal 
logistic regression adjusted for molecular sub-
type. Spearman correlation was used to ex- 
amine crude associations between continuous 
tumor mRNA expression and the composite 
phenotype score, Partial Spearman correla- 
tion adjusted for molecular subtype and both 
PIK3CA and TP53 mutation status was per-
formed to determine whether any expression-
phenotype association was independent of the 
categorical mutation patterns. Among the 201 
patients ultimately included, there were no 
missing data for the core observation indica-
tors; therefore, the full dataset was analyzed 
without imputation for missing values.

Results

Online analysis of PIK3CA and TP53 expres-
sion

Using online databases, we performed a pan-
cancer analysis of PIK3CA and TP53 expres-
sion and found that both genes were abe- 
rrantly expressed in multiple tumor types. In 
BC, both genes were also clearly upregulated 
(Figure 1A). TIMER analysis showed no obvi- 
ous correlation between PIK3CA or TP53 and 
immune cell infiltration in patients with BC 
(Figure 1B). In the prognostic analysis, PIK3CA 

expression was significantly associated with 
BC prognosis (P=0.01), whereas TP53 showed 
only a borderline effect (P=0.07, Figure 2A). 
However, when survival analysis was further 
performed specifically in patients with BC, 
those with high expression of either PIK3CA or 
TP53 had lower overall survival than those with 
low expression (Figure 2B).

Clinicopathological baseline characteristics of 
the enrolled patients with BC

Among the 201 patients with primary BC in- 
cluded in this study, the mean age was 
53.66±7.86 years; 93 patients (46.3%) were 
premenopausal and 108 (53.7%) were post-
menopausal. Immunohistochemical analysis 
showed that the percentages of ER-positive, 
PR-positive, and HER2-positive patients were 
68.7%, 59.7%, and 31.3%, respectively, and 
the mean Ki-67 index was 35.51±17.58%. 
Luminal tumors predominated among the mo- 
lecular subtypes, with Luminal A and Luminal 
B accounting for 32.8% and 40.3%, respective-
ly, whereas HER2-overexpressing and triple-
negative BC accounted for 14.9% and 11.9%, 
respectively (Table 2).

Archived PIK3CA and TP53 mutation profiles in 
BC tissues

Stratified by overall mutation pattern, the 
PIK3CA/TP53 double-wild-type subgroup ac- 
counted for 41.8% (84/201), whereas the pro-
portions of PIK3CA-only mutant, TP53-only 
mutant, and double-mutant cases were 29.9% 
(60/201), 22.4% (45/201), and 6.0% (12/201), 
respectively. Because the double-mutant sub-
group contained only 12 patients, all estimates 
for this subgroup should be interpreted with 
caution due to the small sample size. Analysis 
of hotspot mutation sites showed that H1047R 
was the most frequent PIK3CA mutation, ac- 
counting for 45.8% of PIK3CA mutations, fol-
lowed by E545K (25.0%) and E542K (16.7%). 
For TP53, the major hotspot mutations were 
R175H (26.3%), R273H (21.1%), and G245S 
(15.8%), while mutations at other reported 

Figure 1. Clinical expression and immunomodulatory effects of PIK3CA and TP53 based on online database analy-
sis. A. Pan-cancer expression analysis of PIK3CA and TP53, with emphasis on their upregulated expression in 
breast cancer. B. Correlations between PIK3CA/TP53 expression and tumor-infiltrating immune cells in breast can-
cer based on TIMER analysis.
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Figure 2. Prognostic impact of PIK3CA and TP53 based on online database analysis. A. Kaplan-Meier analysis of the 
prognostic significance of PIK3CA and TP53 expression in breast cancer. B. Overall survival comparison between 
high- and low-expression groups of PIK3CA and TP53 in breast cancer.

Table 2. Clinicopathological baseline characteristics of the enrolled patients with primary breast 
cancer
Feature category Specific subgroup Total population (n=201)
Demographic characteristics Age 53.66±7.86

Menopausal status, n (%)
    Premenopausal 93 (46.3%)
    Postmenopausal 108 (53.7%)

Histopathological characteristics Histological grade, n (%)
    Grade I 24 (11.9%)
    Grade II 111 (55.2%)
    Grade III 66 (32.8%)
T stage, n (%)
    T1 87 (43.3%)
    T2 93 (46.3%)
    T3-T4 21 (10.4%)
N stage, n (%)
    N0 114 (56.7%)
    N1-N3 87 (43.3%)
Molecular subtype, n (%)
    Luminal A 66 (32.8%)
    Luminal B 81 (40.3%)
HER2 overexpression 30 (14.9%)
Triple-negative BC 24 (11.9%)

Immunohistochemical characteristics ER expression, n (%)
    Positive 138 (68.7%)
    Negative 63 (31.3%)
PR expression, n (%)
    Positive 120 (59.7%)
    Negative 81 (40.3%)
HER2 expression, n (%)
    Positive 63 (31.3%)
    Negative 138 (68.7%)
Ki-67 index (%) 35.51±17.58

sites accounted for 36.8% of all TP53 muta-
tions (Table 3).

Correlation between archived PIK3CA muta-
tion status and multidimensional ultrasound 
features of BC

Comparative analysis of ultrasound featur- 
es between patients with wild-type PIK3CA 
(n=129) and mutant PIK3CA (n=72) showed  
no statistically significant differences in lesion 

size, internal echogenicity or aspect ratio 
(P>0.05). Differences did emerge, however, in 
several other sonographic features. Patients 
with PIK3CA mutation showed lower propor-
tions of irregular lesion shape, spiculated mar-
gins, microcalcification, posterior acoustic at- 
tenuation, and Adler blood-flow grade II-III than 
those with wild-type PIK3CA (P=0.017 for pos-
terior acoustic attenuation and P<0.001 for 
the remaining features) (Table 4).
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Table 3. Mutation profiles of PIK3CA and TP53 in breast cancer tissues
Mutation category Specific subgroup/site Number of cases (n) Mutation frequency/site proportion (%)
Stratification of overall mutation status PIK3CA-TP53 double wild type 84 41.8%

PIK3CA-only mutant type 60 29.9%
TP53-only mutant type 45 22.4%
PIK3CA-TP53 double mutant type 12 6.0%

Total PIK3CA mutations - 72 35.8% (overall mutation rate in the total population)
Distribution of PIK3CA hotspot mutation sites H1047R 33 45.8% (proportion of total mutations)

E545K 18 25.0% (proportion of total mutations)
E542K 12 16.7% (proportion of total mutations)
Other reported sites 9 12.5% (proportion of total mutations)

Total TP53 mutations - 57 28.4 (overall mutation rate in the total population)
Distribution of TP53 hotspot mutation sites R175H 15 26.3% (proportion of total mutations)

R273H 12 21.1% (proportion of total mutations)
G245S 9 15.8% (proportion of total mutations)
Other reported sites 21 36.8% (proportion of total mutations)
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Table 4. Associations between PIK3CA mutation status and multidimensional ultrasonographic fea-
tures of breast cancer

Ultrasound feature category Specific subgroup PIK3CA wild 
type (n=129)

PIK3CA mutant 
type (n=72) χ2 P

Lesion size ≤2 cm 63 (48.8%) 30 (41.7%) 0.965 0.617
2-5 cm 57 (44.2%) 36 (50.0%)
>5 cm 9 (7.0%) 6 (8.3%)

Lesion shape Regular 24 (18.6%) 33 (45.8%) 16.861 <0.001
Irregular 105 (81.4%) 39 (54.2%)

Lesion margin Clear/indistinct 39 (30.2%) 39 (54.2%) 11.152 <0.001
Spiculated 90 (69.8%) 33 (45.8%)

Internal echogenicity Homogeneous 33 (25.6%) 27 (37.5%) 3.135 0.077
Heterogeneous 96 (74.4%) 45 (62.5%)

Microcalcification Absent 57 (44.2%) 51 (70.8%) 13.204 <0.001
Present 72 (55.8%) 21 (29.2%)

Posterior acoustic features No change/enhancement 75 (58.1%) 54 (75.0%) 5.714 0.017
Attenuation 54 (41.9%) 18 (25.0%)

Aspect ratio <1 66 (51.2%) 42 (58.3%) 0.956 0.328
≥1 63 (48.8%) 30 (41.7%)

Adler blood flow grade Grade 0-I 42 (32.6%) 45 (62.5%) 16.881 <0.001
Grade II-III 87 (67.4%) 27 (37.5%)

Table 5. Associations between TP53 mutation status and multidimensional ultrasonographic features 
of breast cancer

Ultrasound feature category Specific subgroup TP53 wild type 
(n=144)

TP53 mutant 
type (n=57) χ2 P

Lesion size ≤2 cm 72 (50.0%) 21 (36.8%) 3.225 0.200
2-5 cm 63 (43.8%) 30 (52.6%)
>5 cm 9 (6.2%) 6 (10.5%)

Lesion shape Regular 57 (39.6%) 0 (0.0%) 31.492 <0.001
Irregular 87 (60.4%) 57 (100.0%)

Lesion margin Clear/indistinct 72 (50.0%) 6 (10.5%) 26.793 <0.001
Spiculated 72 (50.0%) 51 (89.5%)

Internal echogenicity Homogeneous 54 (37.5%) 6 (10.5%) 14.190 <0.001
Heterogeneous 90 (62.5%) 51 (89.5%)

Microcalcification Absent 87 (60.4%) 21 (36.8%) 9.129 0.003
Present 57 (39.6%) 36 (63.2%)

Posterior acoustic features No change/enhancement 96 (66.7%) 33 (57.9%) 1.367 0.242
Attenuation 48 (33.3%) 24 (42.1%)

Aspect ratio <1 93 (64.6%) 15 (26.3%) 24.050 <0.001
≥1 51 (35.4%) 42 (73.7%)

Adler blood flow grade Grade 0-I 72 (50.0%) 15 (26.3%) 9.331 0.002
Grade II-III 72 (50.0%) 42 (73.7%)

Correlation between archived TP53 muta-
tion status and multidimensional ultrasound 
features of BC

Compared with patients with wild-type TP53 
(n=144), those with TP53 mutation (n=57) 

showed higher proportions of irregular lesion 
shape, spiculated margins, heterogeneous in- 
ternal echogenicity, microcalcification, aspect 
ratio ≥1, and Adler blood-flow grade II-III 
(P=0.003 for microcalcification, P=0.002 for 
Adler blood-flow grade, and P<0.001 for the 
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remaining features). No statistically significant 
differences were observed between the two 
groups only for lesion size and posterior acous-
tic features (P>0.05) (Table 5).

Coexistence and mutual exclusivity of archived 
PIK3CA and TP53 mutation status

Among 201 patients, 41.8% (84/201) har- 
bored both PIK3CA and TP53 wild type; 6.0% 
(12/201) patients carried both PIK3CA and 
TP53 mutant types. Analysis of the mutation 
patterns of PIK3CA and TP53 showed a sta- 
tistically significant association between the 
two genes (P=0.006). Further Spearman rank 
correlation analysis yielded r=-0.194, indicat-
ing that the mutation statuses of the two genes 
were related in this cohort (Table 6).

Combined archived PIK3CA/TP53 mutation 
patterns and clinicopathological features

Patients were divided into four groups accord-
ing to combined PIK3CA/TP53 mutation sta-

tus: Age, menopausal status, histological gra- 
de, T stage, N stage, ER, PR, HER2 status, and 
Ki-67 index did not differ significantly among 
the four groups (P>0.05), however, molecular 
subtype distribution differed significantly (P= 
0.030). In addition, PIK3CA mRNA expression 
was higher in groups with PIK3CA mutation, 
whereas TP53 mRNA expression was higher  
in groups with TP53 mutation (both P<0.001), 
indicating distinct molecular characteristics 
across mutation-pattern groups (Table 7).

Combined archived PIK3CA/TP53 mutation 
patterns and ultrasonographic phenotypes

Multidimensional ultrasonographic features di- 
ffered significantly among the four combined 
mutation-pattern groups, significant differenc-
es were observed in lesion size >2 cm, irregu- 
lar shape, spiculated margin, heterogeneous 
echogenicity, microcalcification, aspect ratio 
≥1, and Adler blood-flow grade II-III (P<0.05), 
whereas posterior acoustic attenuation show- 
ed no significant difference (P=0.093). Descrip- 

Table 6. Cross-tabulation of PIK3CA and TP53 mutation status in breast cancer tissues
Group TP53 wild type TP53 mutant type Total χ2 P r
PIK3CA wild type 84 45 129 7.548 0.006 -0.194
PIK3CA mutant type 60 12 72
Total 144 57 201

Table 7. Clinicopathological and molecular characteristics according to combined PIK3CA/TP53 mu-
tation patterns in breast cancer

Projects Double WT 
(n=84)

PIK3CA-only 
mutant (n=60)

TP53-only  
mutant (n=45)

Double mutant 
(n=12) Statistic P

Age (years) 54.00±7.29 54.20±8.18 53.38±8.27 49.58±8.39 F=1.245 0.295
Premenopausal (n; %) 42 (50.0%) 27 (45.0%) 21 (46.7%) 3 (25.0%) χ2=2.696 0.441
Postmenopausal (n; %) 42 (50.0%) 33 (55.0%) 24 (53.3%) 9 (75.0%)
Grade III (n; %) 30 (35.7%) 15 (25.0%) 15 (33.3%) 6 (50.0%) χ2=3.594 0.309
T3-T4 stage (n; %) 9 (10.7%) 3 (5.0%) 9 (20.0%) 0 (0.0%) χ2=7.698 0.053
N1-N3 stage (n; %) 27 (32.1%) 30 (50.0%) 24 (53.3%) 6 (50.0%) χ2=7.421 0.060
Luminal A (n; %) 33 (39.3%) 18 (30.0%) 12 (26.7%) 3 (25.0%) χ2=18.503 0.030
Luminal B (n; %) 24 (28.6%) 24 (40.0%) 27 (60.0%) 6 (50.0%)
HER2-overexpressing (n; %) 12 (14.3%) 12 (20.0%) 3 (6.7%) 3 (25.0%)
Triple-negative (n; %) 15 (17.9%) 6 (10.0%) 3 (6.7%) 0 (0.0%)
ER positive (n; %) 51 (60.7%) 42 (70.0%) 36 (80.0%) 9 (75.0%) χ2=5.428 0.143
PR positive (n; %) 48 (57.1%) 33 (55.0%) 33 (73.3%) 6 (50.0%) χ2=4.725 0.193
HER2 positive (n; %) 30 (35.7%) 18 (30.0%) 9 (20.0%) 6 (50.0%) χ2=5.428 0.143
Ki-67 index (%) 34.85±16.27 35.77±19.35 35.44±16.44 39.03±22.67 F=0.202 0.895
Cancer PIK3CA mRNA 2.51 (2.36, 2.65) 4.74 (4.37, 5.15) 2.53 (2.43, 2.65) 3.89 (3.79, 4.37) H=140.089 <0.001
Cancer TP53 mRNA 2.35 (2.27, 2.44) 2.33 (2.23, 2.42) 4.48 (3.24, 4.79) 4.11 (3.84, 4.19) H=105.005 <0.001
Note: The double-mutant subgroup included only 12 patients; estimates for this subgroup are exploratory and should not be interpreted as con-
firmatory evidence.
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Table 8. Multidimensional ultrasonographic phenotypes according to combined PIK3CA/TP53 mutation patterns in breast cancer

Projects Double WT (n=84) PIK3CA-only mutant 
(n=60)

TP53-only mutant 
(n=45)

Double mutant 
(n=12) Statistic P

Lesion size >2 cm 42 (50.0%) 30 (50.0%) 24 (53.3%) 12 (100.0%) χ2=11.143 0.011
Irregular shape 60 (71.4%) 27 (45.0%) 45 (100.0%) 12 (100.0%) χ2=43.526 <0.001
Spiculated margin 51 (60.7%) 21 (35.0%) 39 (86.7%) 12 (100.0%) χ2=37.250 <0.001
Heterogeneous echogenicity 57 (67.9%) 33 (55.0%) 39 (86.7%) 12 (100.0%) χ2=17.756 <0.001
Microcalcification 39 (46.4%) 18 (30.0%) 33 (73.3%) 3 (25.0%) χ2=21.831 <0.001
Posterior acoustic attenuation 33 (39.3%) 15 (25.0%) 21 (46.7%) 3 (25.0%) χ2=6.408 0.095
Aspect ratio ≥1 33 (39.3%) 18 (30.0%) 30 (66.7%) 12 (100.0%) χ2=29.502 <0.001
Adler grade II-III 48 (57.1%) 24 (40.0%) 39 (86.7%) 3 (25.0%) χ2=28.196 <0.001
Malignant ultrasound phenotype score, median (IQR) 4.00 (3.00, 5.00) 3.00 (2.00, 3.00) 6.00 (5.00, 6.00) 4.50 (4.00, 5.25) H=90.814 <0.001
Score ≥4 48 (57.1%) 12 (20.0%) 45 (100.0%) 12 (100.0%) χ2=76.971 <0.001
Note: The exploratory composite ultrasound phenotype score ranged from 0 to 7. One point was assigned for each of the following features: irregular shape, spiculated margin, hetero-
geneous echogenicity, microcalcification, posterior acoustic attenuation, aspect ratio ≥1, and Adler blood-flow grade II-III. WT, wild type; IQR, interquartile range. This unweighted score 
was used as an exploratory index of phenotype burden and has not been externally validated as a diagnostic scale. The double-mutant subgroup included only 12 patients; estimates 
for this subgroup are exploratory and should not be interpreted as confirmatory evidence.
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tively, the PIK3CA-only mutant group had the 
lowest median composite phenotype score, 
whereas the TP53-only mutant group had the 
highest; inferential interpretation was based 
on the subtype-adjusted ordinal model rather 
than on unadjusted pairwise comparisons 
(Table 8).

Interobserver and intraobserver reproducibility

Interobserver agreement ranged from 80.5% 
to 95.1%, with kappa coefficients ranging  
from 0.608 to 0.901. Intraobserver agreement 
ranged from 87.8% to 97.6%, with kappa coef-
ficients ranging from 0.752 to 0.942. The low-
est interobserver coefficients were observed 
for microcalcification and internal echogeni- 
city, whereas the highest interobserver coeffi-
cient was observed for the aspect-ratio cate- 
gory. Feature-specific coefficients and their 
95% confidence intervals are presented in 
Supplementary Table 2.

Molecular subtype-adjusted analyses

After stratification by molecular subtype and 
Holm adjustment, PIK3CA mutation remained 
associated with lower frequencies of irregular 
shape, spiculated margin, microcalcification, 
posterior acoustic attenuation, and Adler blood-
flow grade II-III. TP53 mutation remained asso-
ciated with irregular shape, spiculated mar- 
gin, heterogeneous echogenicity, microcalcifi-
cation, aspect ratio ≥1, and Adler blood-flow 
grade II-III. In the subtype-adjusted ordinal 
logistic model, the combined mutation pattern 
remained associated with the composite phe-
notype score (global P<0.001). Relative to the 
double-wild-type group, the PIK3CA-only mu- 
tant group had lower odds of being in a higher 
score category (OR=0.17, 95% CI 0.09-0.33, 
Holm-adjusted P<0.001), whereas the TP53-
only mutant group had higher odds (OR= 
13.23, 95% CI 6.09-28.72, Holm-adjusted 
P<0.001). The estimate for the double-mutant 
group was exploratory because of its small 
sample size (OR=3.48, 95% CI 1.21-9.99, 
Holm-adjusted P=0.020, Supplementary Table 
1).

Differences in PIK3CA and TP53 mRNA 
expression between BC tissues and matched 
adjacent normal tissues

qRT-PCR results showed that the mRNA ex- 
pression levels of PIK3CA and TP53 were high-

er in BC tissues than in matched adjacent  
normal breast tissues (P<0.001) (Figure 3A). 
Stratified analysis further showed that the rela-
tive PIK3CA mRNA expression level in cancer 
tissues from patients with PIK3CA mutation 
was higher than that in patients with wild-type 
PIK3CA (P<0.05), and TP53 mRNA expression 
was likewise higher in TP53-mutant tumors 
than in TP53-wild-type tumors (P<0.05) (Figure 
3B). Moreover, mRNA expression levels differ- 
ed across reported mutation-site categories in 
both genes. Among PIK3CA mutation-positive 
tumors, the H1047R category showed the most 
marked upregulation (P<0.05), whereas among 
TP53 mutation-positive tumors, the highest 
expression level was observed in the R175H 
category (P<0.05, Figure 3C).

Continuous associations between gene 
expression and ultrasonographic phenotype 
burden

PIK3CA mRNA expression was inversely corre-
lated with the composite ultrasonographic phe-
notype score in the crude analysis (r_s= 
-0.369, P<0.001), whereas TP53 mRNA ex- 
pression was positively correlated with the 
score (r_s=0.459, P<0.001). However, neither 
association remained significant after adjust-
ment for molecular subtype and both PIK3CA 
and TP53 mutation status (partial r_s=0.020, 
P=0.776 for PIK3CA; partial r_s=0.055, P= 
0.435 for TP53).

Discussion

In this study, we initially leveraged online pub-
lic databases to characterize the expression 
patterns and prognostic value of PIK3CA and 
TP53 in BC, and then performed a retrospec-
tive analysis in 201 patients with primary BC 
to evaluate archived PIK3CA/TP53 mutation 
results, transcriptional abnormalities, and their 
associations with multidimensional ultrasono-
graphic phenotypes of BC. Several findings 
stood out in this cohort. PIK3CA and TP53 
were highly expressed in BC, and their archiv- 
ed mutation patterns were statistically relat-
ed. More importantly, the two genes were 
linked to clearly different ultrasound pheno-
types. PIK3CA mutation was associated with 
less aggressive sonographic features, where- 
as TP53 mutation was more often seen in 
lesions with malignant-appearing ultrasound 
findings.
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Figure 3. mRNA expression patterns of PIK3CA and TP53 in breast cancer tissues and matched adjacent normal 
tissues. (A) Relative mRNA expression levels of PIK3CA and TP53 in breast cancer tissues and matched adjacent 
normal tissues. *P<0.05. (B) Comparison of PIK3CA and TP53 mRNA expression between mutant and wild-type 
tumors. *P<0.05. (C) Relative mRNA expression of PIK3CA and TP53 according to reported mutation-site catego-
ries derived from archived molecular testing records. For (C), the global Kruskal-Wallis tests were significant for 
both genes (both P<0.001), and pairwise P values were adjusted using Holm’s method. *P_adj<0.05 versus wild 
type; #P_adj<0.05 versus H1047R/R175H; &P_adj<0.05 versus E545K/R273H; and @P_adj<0.05 versus E542K/
G245S. All indicated pairwise comparisons remained significant after adjustment (all P_adj<0.001).

Bioinformatic analyses from public databases 
confirmed dysregulated expression of PIK3CA 
and TP53 in multiple malignant tumors, with 
both genes being highly expressed in BC. 
Prognostic analysis further suggested that 
high expression of these two genes was asso- 
ciated with poorer overall survival, with the 
association being more evident for PIK3CA, 

while TP53 showed only a borderline effect. 
TIMER analysis did not reveal any clear rela- 
tionship between gene expression and im- 
mune cell infiltration in BC. Overall, these 
results support the importance of PIK3CA and 
TP53 in BC and provide a biological rationale 
for the subsequent analysis of our clinical 
samples.
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Among the 201 patients enrolled in this study, 
the overall mutation rates of PIK3CA and TP53 
were 35.8% and 28.4%, respectively, which are 
fully consistent with the mutation ranges of 
30%-40% and 20%-35% reported in previous 
BC genomic studies [14, 15]. The observed 
mutation frequencies are consistent with those 
reported in prior BC genomic studies. We also 
found that the mutation states of these two 
genes were statistically associated. One possi-
ble explanation is that the two genes regulate 
two major pathways involved in the malignant 
transformation of mammary epithelial cells. 
Gain-of-function mutations in PIK3CA directly 
activate the PI3K/AKT pathway, driving abnor-
mal proliferation and resistance to apoptosis 
[16]. In contrast, inactivating mutations in 
TP53 disrupt cell-cycle checkpoints and direct-
ly compromise genomic stability [17]. Because 
their downstream effects may overlap to some 
extent during tumor clonal evolution, concur-
rent alterations may fail to confer substantial 
additional survival benefit on tumor clones and 
may even promote excessive genomic insta- 
bility. Related patterns have likewise been 
reported in TCGA-based BC studies [18, 19], 
further analysis based on combined PIK3CA/
TP53 mutation patterns strengthened this 
interpretation. Although most clinicopathologi-
cal variables were comparable among the four 
mutation-pattern groups, molecular subtype 
distribution, gene-expression profiles, and ul- 
trasound phenotype burden differed signifi-
cantly. The principal associations were retain- 
ed after adjustment or stratification for molec-
ular subtype, indicating that subtype did not 
fully explain the observed radiogenomic differ-
ences; nevertheless, the magnitude of indivi- 
dual associations may vary across subtypes 
and should not be regarded as uniform. 
Notably, the PIK3CA-only mutant group show- 
ed a lower malignant ultrasound phenotype 
score, whereas the TP53-only mutant group 
showed the highest score, these findings sug-
gest that combined mutation status may better 
reflect radiogenomic heterogeneity than single-
gene analysis alone, and may help explain the 
diversity of ultrasound phenotypes in breast 
cancer.

Previous studies have mainly examined PIK3CA 
or TP53 separately or developed mutation-pre-
diction models using conventional ultrasound 
or radiomic features [11, 12]. Differences in 

molecular-subtype composition, mutation as- 
says, imaging protocols, and feature definitions 
may account for the heterogeneity among 
reported findings. The present study extends 
this literature by describing the four combined 
PIK3CA/TP53 mutation patterns and integrat-
ing reported hotspot categories with tumor 
mRNA expression; however, it remains an ex- 
ploratory association study rather than a vali-
dated prediction model.

Our finding that PIK3CA-mutant tumors dis-
played less aggressive ultrasound features is 
biologically plausible. This association likely 
reflects an indirect radiogenomic relationship 
rather than direct causality. Ultrasound mor-
phology is shaped by multiple factors, includ- 
ing tumor genotype, histological architecture, 
stromal reaction, angiogenesis, calcification, 
and molecular subtype. Therefore, the rela- 
tively less aggressive ultrasound phenotype 
observed in PIK3CA-mutant tumors may reflect 
the combined influence of PIK3CA-related sig-
naling and its clinicopathological background, 
rather than a direct effect of PIK3CA mutation 
alone [20, 21]. Clinically, PIK3CA mutations are 
more frequently enriched in Luminal BC, which 
usually shows lower-grade malignant behavior 
and more indolent growth [22]. This pattern is 
well aligned with the relatively less aggressive 
ultrasound phenotype observed in the present 
study, PIK3CA activation is frequently enriched 
in luminal tumors and may be associated with 
slower expansile growth and a less pronounced 
desmoplastic interface, which could plausibly 
contribute to fewer spiculated margins, micro-
calcifications, and high-grade vascular signals. 
Some earlier studies did not detect a signifi- 
cant association, and that inconsistency may 
largely have resulted from differences in the 
molecular subtype composition of the study 
population [23]. If a cohort contains an exces-
sive proportion of triple-negative BC, the true 
relationship may easily be diluted because 
PIK3CA mutations are less common in that 
subtype and its biological behavior is distinct.

In sharp contrast to PIK3CA, TP53 mutation 
was positively associated with nearly all ma- 
lignant ultrasonographic signs of BC. In the 
mutant group, lesions were almost uniformly 
irregular in shape, and the detection rates of 
spiculated margins, microcalcifications, aspect 
ratio ≥1, and high-grade blood flow were all 
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markedly higher than in the wild-type group. 
TP53 is widely regarded as the “guardian of  
the genome”, and the most immediate conse-
quence of its functional loss is broad impair-
ment of genomic stability. Loss of p53-mediat-
ed genomic surveillance promotes high-grade 
cellular atypia, infiltrative growth, necrosis, 
stromal remodeling, and angiogenesis, provid-
ing a plausible pathological basis for irregular 
shape, heterogeneous echogenicity, spicula-
tion, microcalcification, and increased blood-
flow signals. However, the present retrospec-
tive association cannot establish a direct me- 
chanistic pathway from TP53 mutation to ultra-
sound morphology [24, 25]. Similar associa-
tions between TP53 status and breast ultraso-
nographic morphology have been reported 
previously [12]; however, differences in mo- 
lecular-subtype composition, mutation detec-
tion, and imaging methodology preclude direct 
equivalence between the earlier findings and 
the present results.

Finally, qRT-PCR analysis of paired samples  
further confirmed that the mRNA expression 
levels of PIK3CA and TP53 were higher in BC 
tissues than in adjacent normal tissues, and 
that expression levels in mutant tumors ex- 
ceeded those in wild-type tumors, which was 
consistent with the earlier bioinformatic find-
ings of upregulated expression. Among hot- 
spot mutations, PIK3CA H1047R and TP53 
R175H showed the most pronounced expres-
sion increase. This may partly explain why dif-
ferent hotspot mutations correspond to subtle 
differences in biological behavior and ultra-
sound phenotype, and it also provides an initial 
clue for future site-specific mechanistic stud-
ies. Although crude expression-phenotype cor-
relations were observed, they disappeared 
after adjustment for molecular subtype and 
both mutation statuses, indicating that the 
apparent gradients were largely explained by 
the underlying categorical mutation patterns. 
The present data therefore do not support an 
independent dose-response relationship be- 
tween mRNA expression and ultrasonographic 
phenotype burden.

Still, this study has several limitations. As a 
single-center retrospective study, the overall 
sample size was modest, and the double-
mutant subgroup contained only 12 patients; 
estimates for this subgroup were vulnerable to 

sparse-cell bias and should be regarded as 
exploratory rather than confirmatory. Larger 
multicenter cohorts are required to define the 
ultrasonographic characteristics of double-
mutant tumors reliably. In addition, the target-
ed Sanger assay had limited sensitivity for low-
frequency somatic variants and did not assess 
the complete coding sequences, copy-number 
alterations, or structural variants; clinically rel-
evant alterations may therefore have been 
missed, and the reported categories should not 
be interpreted as comprehensive genomic pro-
files. The inclusion of only invasive ductal and 
lobular carcinoma may limit the generalizability 
of our findings to other histological subtypes. 
The imaging analysis was limited to conven- 
tional grayscale and color Doppler features; 
quantitative elastography and standardized ra- 
diomic features were unavailable, and the 
unweighted composite phenotype score was 
exploratory and had not undergone external 
validation. Finally, postoperative follow-up was 
unavailable for the hospital-based cohort; con-
sequently, disease-free survival, overall surviv-
al, locoregional recurrence, and distant metas-
tasis could not be analyzed, and the present 
clinical findings should not be interpreted as 
evidence of prognostic value.

Conclusion

This study demonstrates an association be- 
tween PIK3CA/TP53 mutation status and mul-
tidimensional ultrasonographic phenotypes of 
breast cancer. PIK3CA mutation tended to cor-
respond to a lower burden of malignant sono-
graphic features, whereas TP53 mutation was 
associated with a more aggressive ultrasound 
phenotype. These findings provide preliminary 
radiogenomic evidence that conventional ul- 
trasonographic phenotypes may indirectly re- 
flect molecular heterogeneity of breast cancer. 
Given the single-center, retrospective design, 
these results require prospective validation 
before any clinical application.
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Supplementary Table 1. Molecular subtype-adjusted associations between PIK3CA/TP53 mutation 
status and ultrasonographic phenotype burden
Ultrasonographic feature PIK3CA Holm-adjusted P TP53 Holm-adjusted P
Irregular shape <0.001 <0.001
Spiculated margin <0.001 <0.001
Heterogeneous echogenicity 0.157 0.002
Microcalcification 0.001 0.004
Posterior acoustic attenuation 0.018 0.169
Aspect ratio ≥1 0.493 <0.001
Adler blood-flow grade II–III <0.001 0.032
Combined mutation pattern Adjusted OR for a higher phenotype-score category 95% CI Holm-adjusted P
Double wild type Reference - -
PIK3CA-only mutant 0.17 0.09-0.33 <0.001
TP53-only mutant 13.23 6.09-28.72 <0.001
Double mutant 3.48 1.21-9.99 0.02
The ordinal logistic model was adjusted for molecular subtype. Because the double-mutant subgroup contained only 12 patients, its estimate 
should be interpreted as exploratory.

Supplementary Table 2. Interobserver and intraobserver agreement for ultrasonographic features

Ultrasonographic feature Statistic Interobserver 
agreement, %

Interobserver κ  
(95% CI)

Intraobserver 
agreement, % Intraobserver κ (95% CI)

Lesion-size category Linear weighted κ 80.5 0.719 (0.520-0.876) 92.7 0.894 (0.756-1.000)
Lesion shape Cohen’s κ 90.2 0.765 (0.509-0.947) 97.6 0.942 (0.796-1.000)
Lesion margin Cohen’s κ 90.2 0.800 (0.584-0.951) 92.7 0.848 (0.656-1.000)
Internal echogenicity Cohen’s κ 80.5 0.612 (0.368-0.835) 92.7 0.840 (0.648-1.000)
Microcalcification Cohen’s κ 80.5 0.608 (0.344-0.848) 92.7 0.854 (0.691-1.000)
Posterior acoustic feature Cohen’s κ 90.2 0.796 (0.581-0.951) 92.7 0.845 (0.647-1.000)
Aspect-ratio category Cohen’s κ 95.1 0.901 (0.750-1.000) 87.8 0.752 (0.530-0.945)
Adler blood-flow grade Cohen’s κ 87.8 0.757 (0.520-0.949) 90.2 0.805 (0.604-0.951)
Values are percentage agreement or kappa coefficients with 95% confidence intervals. Interobserver agreement was calculated between the first 
independent assessments of Readers 1 and 2, whereas intraobserver agreement was calculated between the two assessments of Reader 1 per-
formed at least 2 weeks apart. Linear weighted kappa was used for the three-level lesion-size category, and unweighted Cohen’s kappa was used 
for the remaining binary features. Confidence intervals were obtained using 2,000 nonparametric bootstrap resamples. ICC was not applicable 
because no continuous ultrasonographic variables were included.


