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Background: Early-stage breast cancer (BC) presents a certain risk of axillary lymph node (ALN)
metastasis (ALNM), leading to different individualized treatment. Preoperative non-invasive prediction
to determine ALN status is of great significance for avoiding ineffective axillary surgery. Tumor total
hemoglobin concentration (TTHC), strain ratio (SR), and Ki-67 expression are associated with ALNM
in BC, but few studies have focused on T1 BC. This study aimed to explore the usefulness of these factors
individually and in combination for the preoperative prediction of ALNM in T'1 BC.

Methods: This was a cross-sectional study. A total of 122 patients with T1 BC were enrolled. TTHC and
SR were assessed preoperatively using diffuse optical tomography and strain elastography, respectively. All
patients were pathologically evaluated to determine ALN status. Univariate analysis and logistic regression
trend test were performed to identify independent predictors. A combined model of imaging-pathological
parameters for ALNM was developed.

Results: Histopathological analysis indicated that 56 patients (45.9%) exhibited ALNM. The fully adjusted
model demonstrated a significant trend correlating increased TTHC (P<0.01 for trend), SR (P<0.001
for trend), and Ki-67 expression (P=0.004 for trend) with ALNM. The area under the receiver operating
characteristic curves (AUCs) of TTHC, SR, and Ki-67 expression for predicting ALNM were 0.707 [95%
confidence interval (CI): 0.61-0.80], 0.718 (95% CI: 0.63-0.81) and 0.642 (95% CI: 0.56-0.73), respectively.
The integration of imaging parameters (I'THC and SR) and Ki-67 expression yielded superior predictive
performance for ALN status compared to each parameter individually, as evidenced by an AUC of 0.837
(95% CI: 0.76-0.91). The Hosmer-Lemeshow test P value was 0.880, demonstrating good calibration.
In the subgroup analysis, the model exhibited positive predictive capabilities (AUC >0.75) across various
subgroups, including molecular subtype, pathological type, and grade. Notably, the predictive performance
was particularly enhanced in patients with invasive lobular carcinomas and triple-negative BC, with AUC
values exceeding 0.90 for both subgroups.

Conclusions: The study found that TTHC >185.75 pmol/L, SR >3.93 and Ki-67 expression >20%
were strongly associated with ALNM in patients with T1 BC. The combined imaging-pathological model
might provide a convenient preoperative method for predicting ALN status, which can assist clinicians in

individualizing management for patients with early-stage BC.
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Introduction

Axillary lymph node (ALN) status has a significant
prognostic impact in breast cancer (BC) (1,2). The incidence
of T1 BCs has markedly increased from 36% to 68% with
the implementation of cancer screening programs (3).
Evidence suggests that even small tumors can metastasize,
indicating that metastatic ability is an inherent genetic
trait (4). Approximately 27% of T'1 BC is node positive (4).
Sentinel lymph node biopsy (SLNB) is widely performed to
identify ALN status, especially in clinically node-negative
BC (5). However, although SLNB is a minimally invasive
procedure, some patients experience upper limb edema
and pain, which also increases operative time and cost (6).
In addition, a small percentage of patients have false-
negative SLNB in BC (7). Therefore, preoperative non-
invasive prediction of ALN status is of great significance for
avoiding ineffective axillary surgery.

Studies have indicated that the pathological features (8)
and imaging features (9,10) of primary tumors are helpful
in evaluating the possibility of axillary lymph node
metastasis (ALNM). The histological tumor size, grade,
lymphovascular invasion, hormone receptor status, and
Ki-67 expression are clinically validated parameters
that serve as reliable predictors of ALNM. However,
lymphovascular invasion can only be determined from
postoperative surgical resection and thus cannot be
applied as preoperative assessment. Two-dimensional
ultrasonography is valuable for diagnosing ALN status.
However, the morphological changes in the lymph nodes
occur later than the pathological changes, which may lead
to false-negative results (11). Radiological examinations
are more sensitive in identifying ALNM; however, they
have several limitations, including being time consuming,
costly, inapplicability of magnetic resonance imaging (MRI)
to some patients, and ionizing radiation from computed
tomography. Currently, there is still no completely
satisfactory method for the preoperative prediction of ALN
status in early BC.

ALNM is determined by complex bidirectional
interactions between tumor cells and the tumor
microenvironment (12). The Ki-67 protein reflects the
proliferative ability of tumor cells, and higher Ki-67
expression is associated with a worse prognosis (13). Several

© AME Publishing Company.

studies have indicated that Ki-67 expression is an independent
risk factor for ALNM in BC (14,15). Nonetheless, the
predictive ability of a single factor for ALNM remains
limited, particularly for T1 BC. Tumor angiogenesis,
a pivotal factor in the tumor microenvironment, is also
involved in tumor progression (16). Ultrasound-guided
diffuse optical tomography (DOT) is a functional imaging
technique. Its main functional parameter is the tumor total
hemoglobin concentration (I'THC), which is obtained by
emitting near-infrared light and quantitatively reflects the
blood supply to the tumor. A previous study has found that
high TTHC measured by the DOT system in breast lesions
with ALNM (17).

Tumor stromal stiffness is another essential factor in
the microenvironment and has been reported to correlate
with tumor aggression, invasion, and metastasis (18,19),
suggesting that tumor stiffness may be helpful in assessing
ALNM. The strain ratio (SR), as measured by strain
elastography (SE), is a semi-quantitative measurement that
reflects the relative stiffness of the tumor. A previous study
has shown that tumor SR was associated with ALN status
in BC (20). In general, TTHC, SR, and Ki-67 expression
have all been reported to be associated with ALNM in BC.
However, relatively few studies have focused on T'1 BC.

Therefore, this study aimed to evaluate the significance
of TTHC, SR, and Ki-67 expression in predicting
ALN status in T'1 BC. However, due to the inherent
heterogeneity of BC, relying on a single factor may be
insufficient to accurately reflect prognosis. Consequently,
we sought to investigate the combined predictive utility of
these indicators. We present this article in accordance with
the STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-24-1664/rc).

Methods
Study design and participants

This was a cross-sectional study. The study was conducted
in accordance with the Declaration of Helsinki (as revised in
2013). The ethics committee of Shengjing Hospital of China
Medical University approved the study (No. 2020PS748K).
Informed consent was taken from all individual participants.
The study enrolled consecutive female patients with breast
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Potentially eligible participants
(n=257)
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Y

Y

Excluded (n=49):

e Consent not given (n=22)

* Biopsy, radiotherapy or chemotherapy before ultrasound (n=5)
® Previous BC or other malignant tumor history (n=8)

* Multifocal lesions or bilateral disease (n=14)

Eligible participants (n=208)
Diffuse optical tomography and strain

elastography

(U]

Y

Y

Not completed DOT and/or SE evaluation (n=31):
* Participants who missing either DOT or SE examination (n=8)
¢ Unsatisfactory imaging quality (n=23):

(In
(i

(v

Lesions from skin surface <0.50 or >3.50 cm (n=11);
Lesions located in the nipple and areola area (n=6);
Lesions corresponding to the location of the skin
accompanied by scar, hemangioma or psoriasis (n=2);
Lesions of the contralateral breast mirror symmetrical
parts have lesions (n=4)

Eligible participants
(n=177)

Y

Excluded (n=55):

* Benign breast lesions (n=27)

e Carcinoma in situ (n=23)

e Lesions >2.00 cm in maximum diameter (n=5)

Participants included in the final analysis
(n=122)

Figure 1 Patient selection flowchart. BC, breast cancer; DO, diffuse optical tomography; SE, strain elastography.

lesions who underwent surgical resection between March
2012 and August 2012. The inclusion criteria were as
follows: (I) single lesion suspected of BC on ultrasound; (IT)
lesions <2.00 ¢cm in maximum diameter on ultrasound; (IIT)
complete preoperative imaging assessment (DOT and SE);
(IV) pathologic diagnosis of invasive BC; and (V) pathologic
diagnosis of ALN. The exclusion criteria were as follows:
(I) resection biopsy, radiotherapy, or chemotherapy before
ultrasound evaluation; (II) distant metastases, previous BC,
or history of other malignant tumors; (III) unsatisfactory
imaging quality; and (IV) benign breast lesions or carcinoma
in situ. A total of 122 eligible patients were included in
the analysis. The patient selection flowchart is shown in
Figure 1. The patients were divided into two groups, namely
ALN-positive and ALN-negative, based on the pathological
results of the ALN.

Evaluation of TTHC and SR

Two radiologists, each with over 5 years of experience in
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breast imaging, conducted independent double-blind SE
and ultrasound-guided DOT evaluations. The SE and
DOT examinations and data analyses commenced with a
training phase involving the examination of images from at
least 20 cases.

Ultrasound-guided DOT was performed using the
Optimus type II breast imaging system (XinAo-MDT
Technology Corporation, Langfang, Hebei, China). It
consists of routine ultrasound (Terason T3000, 7-12 MHz
linear probe, Teratech, Burlington, MA, USA) and near-
infrared optical tomography. The near-infrared wavelengths
were 785 and 830 nm. First, the lesion was located by
ultrasound. Briefly, DOT emitted near-infrared light to
scan the lesion horizontally and vertically and then scanned
the symmetric part of the contralateral breast. Second,
the boundary of the lesion was traced, and the system
automatically generated the optical parameters and optical
function image. Further, tissue absorption and scattering at
different depths were evaluated. The color and brightness
in DOT images indicate different intensities of light
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absorption. Redder and brighter colors indicate greater
photon absorption, higher hemoglobin concentration, and
more tissue blood supply. Meanwhile, bluer and darker
colors indicate lesser photon absorption, lower hemoglobin
concentration, and lesser tissue blood supply. The data were
measured four times and averaged.

Elastography was performed using HV-900
ultrasonography (Hitachi Medical Corporation, Tokyo,
Japan) and a linear probe (6-13 MHz). B-mode breast
ultrasound was performed to determine the lesion, and then
the elastic imaging procedure was started. The elastography
sampling frame included the lesion and surrounding
tissues, with the depth ranging from the subcutaneous
fat to the pectoral muscle and the width covering the
entire examination range. SE images were obtained by
compressing the breast gently and considered optimal when
the quality indicator ranging from 3 to 4. The subcutaneous
fat layer was a mixture of red and green, the gland was green
or mainly green, and the muscle layer was blue. Region of
interest (ROI) A was drawn on the lesion, and ROI B was
drawn on subcutaneous fat tissue and exclude the lesion.
The SR, defined as the fat-to-mass SR, was automatically
calculated. All measurements were performed four times
and averaged.

Pathology and immunobistochemistry

All lesions were surgically removed and analyzed by
histological and immunohistochemical (IHC) staining.
Two pathologists independently reviewed each case, and
disagreements were resolved by discussion to achieve
consensus. Estrogen receptor (ER) and progesterone
receptor were considered positive when >1% of tumor
cells showed nuclear staining (21). Human epidermal
growth factor receptor 2 (HER2) positivity was defined
as the tumor cell membrane having (I) a score of 3+ on
IHC staining or (II) 2+ on IHC staining and HER?2
amplification on fluorescence in situ hybridization (22).
For Ki-67 staining, tumor image areas were examined
under x400 magnification, and the proportion of positively
stained nuclei was determined randomly for a minimum
of 10 fields of view. High Ki-67 expression was defined
as a nuclear staining of >20% (23). BC was classified
as luminal A, luminal B, HER2-positive, and triple
negative (23). Histological classification, grading, and
staging were performed according to internationally
accepted guidelines (24,25).
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Statistical analysis

The means and standard deviations (SDs) of continuous
variables, as well as the medians and interquartile ranges,
were analyzed using Student’s #-tests or Mann-Whitney
U tests. Meanwhile, categorical variables were presented
as numbers (percentages) and were compared using the )’
(Chi-squared) test, Fisher’s exact test, or Wilcoxon rank-
sum test. Tertiles were categorized based on the distribution
of TTHC and SR values and were used for further analyses.
Tests of linear trend across tertiles of TTHC and SR were
performed using the median value from each tertile. To
predict the risk of ALNM, odds ratios (ORs) and 95%
confidence intervals (Cls) were calculated using binary
logistic regression analysis after adjusting for confounders.
No adjustments were made to the crude model when
calculating the crude OR (95% CI). Model 1 was adjusted
for age. Model 2 was additionally adjusted for Ki-67
expression and grade based on model 1.

The predictors of ALNM were screened using univariate
analysis. Receiver operating characteristic (ROC) curves
were drawn to evaluate the predictive performance of
variables that were statistically significant for ALNM in
previous analysis. The optimal cut-off values were analyzed
using the Youden index. To facilitate clinical application
and interpretation, the continuous variables (T'THC and
SR) were converted into categorical variables according to
the optimal cut-off based on the ROC curves. Collinearity
among variables (I'THC, SR, and Ki-67 expression) was
investigated using tolerance and variance inflation factors.
Finally, an integrated prediction model was established by
combining the imaging predictors (T"THC and SR) and
the traditional biomarker (Ki-67) using binary logistic
regression with the procedure “Enter”.

Differences in the predictive capability for ALNM were
analyzed by comparing the areas under the curves (AUCs)
using the Z test. Precision-recall curves were drawn, and the
precision, recall, and Fl-score were calculated to evaluate
the model. The Hosmer-Lemeshow goodness-of-fit test was
conducted to assess the reliability, with P>0.05 indicating
good agreement (adequate calibration). A calibration plot
was constructed to assess the agreement between predicted
and observed risks. Internal verification was performed using
the 1,000-sample bootstrap method. Subgroup analyses
were also performed to further investigate the predictive
ability of the model based on different clinicopathological
features (molecular subtype, pathological type, and grade).
Interobserver agreement of T"THC and SR was calculated
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with the intra-class correlation coefficient (ICC).

All statistical analyses were performed using SPSS
software (version 26.0; IBM, USA) and GraphPad Prism
(version 9.0; GraphPad Software, USA). A two-sided P value
<0.05 was considered statistically significant.

Results
Patient characteristics

Histopathological analysis revealed that 56 patients (45.9%)
had ALNM. Among the 122 patients, 39 (32.0%) were
histologic grade 1, 79 (64.8%) were grade I, and 4 (3.3%)
were grade III. The associations between clinicopathological
features and ALN status are summarized in Table 1. In
univariate analysis, ALNM was significantly correlated with
Ki-67 expression (P=0.002), clinical stage (P<0.001), TTHC
(P<0.001), and SR (P<0.001), suggesting that these factors
may have predictive value. The interobserver reliabilities of
TTHC (ICC =0.83, P<0.001) and SR (ICC =0.82, P<0.001)
were excellent. Representative preoperative DOT and SE
images from one case with ALNM and one case without
ALNM are presented in Figure 2 and Figure 3, respectively.

Association of the incidence of ALNM with TTHC, SR,
and Ki-67 expression

The association between the incidence of ALNM and
TTHC in patients with T1 BC is presented in Table 2.
TTHC was positively associated with the incidence of
ALNM before (P for trend <0.001) and after (P for trend
<0.01) multivariate adjustments. The multivariate adjusted
ORs (95% ClIs) for ALNM incidence across the tertiles of
TTHC were 1 (reference), 2.57 (0.97-6.85), and 5.60 (2.03—
15.46). The OR (95% CI) for ALNM incidence per one SD
increase in TTHC was 1.94 (1.28-2.96) after multivariate
adjustments. The association between the incidence of
ALNM and SR is shown in Table 2. A higher SR was
associated with a higher incidence of ALNM before (P for
trend <0.001) and after (P for trend <0.001) adjustment
for confounders. The multivariate adjusted ORs (95%
ClIs) for ALNM incidence across the tertiles of SR were 1
(reference), 8.02 (2.64-24.40), and 10.95 (3.53-34.03). The
multivariate adjusted OR (95% CI) for ALNM incidence
per one SD increase in SR was 2.38 (1.46-3.89).

The association between the incidence of ALNM and
Ki-67 expression is shown in Tible 3. The results before (P
for trend =0.002) and after (P for trend=0.004) adjustment
for confounders indicated that high Ki-67 expression was
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associated with ALNM, even after adjusting for age and
tumor grade. According to the fully adjusted model, Ki-67
expression had an OR (95% CI) of 3.40 (1.49-7.77)
for predicting the risk of ALNM. Overall, these results
indicated that TTHC, SR, and Ki-67 expression are
independent risk factors of ALNM.

Predictive performance of TTHC, SR, and Ki-67 expression
for ALNM

The predictive ability of TTHC, SR, and Ki-67 expression
for ALNM was further analyzed using ROC curve
analysis based on the pathological results. The AUCs of
TTHC, SR, and Ki-67 expression for predictive ALNM
(predALNM) were 0.707 (95% CI: 0.61-0.80), 0.718
(95% CI: 0.63-0.81) and 0.642 (95% CI: 0.56-0.73),
respectively. The ROC curves showed that the optimal cut-
off values for TTHC and SR were 185.75 pmol/L and 3.93,
respectively. The Z-test indicated AUCs of these predictors
were not significantly different (P>0.05), which supported
that TTHC, SR, and Ki-67 expression had comparable
predictive power.

Predictive performance of combination of TTHC, SR, and
Ki-67 expression

The variance inflation factors for TTHC, SR, and Ki-67
expression were 1.155, 1.100, and 1.054, respectively,
and the tolerance values were 0.866, 0.909, and 0.949,
respectively. These results indicated that the three variables
were independent of each other. A new model combining
TTHC, SR, and Ki-67 expression was established using
multivariate logistic analysis (Table S1). The new model
for predALNM probability is generated according to
the following mathematic expression: predALNM =
-2.583 + 1.628 x TTHC + 1.786 x SR + 1.255 x Ki-67,
where TTHC is >185.75 pmol/L, SR is >3.93, and Ki-67
expression is >20%, respectively.

The predictive performance of categorical variables
TTHC and SR, Ki-67 expression, and pred ALNM were
summarized in Table 4. The new model exhibited an AUC
of 0.837 (95% CI: 0.76-0.91), demonstrating superior
predictive performance compared to individual parameters
alone (Z-test P<0.05) (Figure 4A4).

Evaluation of the new model predALNM

Precision-recall curves of TTHC, SR, Ki-67 expression,
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Characteristics Total (n=122) ALN-positive (n=56) ALN-negative (n=66) P
Age (years) 50.66+10.16 50.38+8.88 50.91+11.20 0.774
Tumor size (cm) 1.50 (1.3-2.0) 1.65 (1.3-2.0) 1.50 (1.3-2.0) 0.679
Menstrual status 0.209
Pre- and perimenopause 60 (49.2) 31 (55.4) 29 (43.9)
Post-menopause 62 (50.8) 25 (44.6) 37 (56.1)
Immunohistochemical marker
Ki-67 high expression 51 (41.8) 32 (57.1) 19 (28.8) 0.002*
ER-positive 90 (73.8) 45 (80.4) 45 (68.2) 0.128
PR-positive 101 (82.8) 47 (83.9) 54 (81.8) 0.758
HER2-positive 37 (30.3) 20 (35.7) 17 (25.8) 0.233
Molecular subtype 0.661
Non-triple negative 113 (92.6) 53 (94.6) 60 (90.9)
Triple negative 9 (7.4) 3 (5.4) 6 (9.1)
Pathological type 0.283
Invasive ductal carcinoma 115 (94.3) 55 (98.2) 60 (90.9)
Invasive lobular carcinoma 4 (3.3) 1(1.8) 3 (4.5)
Mucinous carcinoma 3(2.5) 0 3 (4.5)
Clinical stage <0.001*
| 66 (54.1) 0 66 (100.0)
Il 41 (33.6) 41 (73.2) 0
1l 15 (12.3) 15 (26.8) 0
Grade 0.108
Grade | 39 (32.0) 15 (26.8) 24 (36.4)
Grade Il 79 (64.8) 37 (66.1) 42 (63.6)
Grade Il 4(3.3) 4(7.1) 0
TTHC (umol/L) 193.78 (163.34-251.41) 231.77+66.27 179.06 (148.4-213.35) <0.001*
SR 3.93 (3.21-5.38) 4.55 (3.83-6.31) 3.52 (2.9-4.56) <0.001*

For continuous variables, normal distributions are shown as mean + standard deviation, and non-normal distributions as median
(interquartile range). Categorical variables are shown as numbers (percentages). Student’s t-test was used to calculate age; Mann-Whitney
U test was used to calculate tumor size, TTHC, and SR; Chi-squared test was used to calculate menstrual status, Ki-67 expression, ER
expression, PR expression, HER2 expression, molecular subtype, and grade; Fisher’s exact test was used to calculate pathological type;
Wilcoxon rank-sum test was used to calculate clinical stage. *, P<0.05. ALN, axillary lymph node; ER, estrogen receptor; HER2, human
epidermal growth factor receptor 2; PR, progesterone receptor; SR, strain ratio; TTHC, tumor total hemoglobin concentration.

and predALNM to further evaluate the prediction and 0.776, respectively. The Hosmer-Lemeshow test
performance of the proposed model are shown in Figure 45. P value was 0.880, demonstrating good calibration. The
PredALNM showed better performance than other calibration plot showed good and acceptable consistency
individual factors. The precision, recall, and F1-score between the actual observations and predictions (Figure 4C).
(harmonic mean of precision and recall) were 0.750, 0.804, Further verification using 1,000 resampling bootstrap
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Figure 2 A 47-year-old woman with infiltrating ductal carcinoma from the lymph node-positive group. (A) Strain elastography image

showing a tumor measuring 1.4 cm in diameter (right) and having a tumor strain ratio of 4.26 (left). (B) Diffuse optical tomography of the

tumor showing remarkable absorption. The tumor total hemoglobin concentration is 374.89 pmol/L. (C) Surgical histopathological section

showing that the tumor is an infiltrating ductal carcinoma (H&E stain, original magnification x100). H&E, hematoxylin and eosin.

e e T |

Figure 3 A 57-year-old woman with infiltrating ductal carcinoma from the lymph node-negative group. (A) Strain elastography image

showing a tumor measuring 1.1 cm in diameter (right) and having a strain ratio of 2.95 (left). (B) Diffuse optical tomography of the tumor

showing remarkable absorption. The total hemoglobin concentration is 184.22 pmol/L. (C) H&E staining (original magnification, x100)

showing that the tumor is an infiltrating ductal carcinoma. H&E, hematoxylin and eosin.

analyses yielded an AUC of 0.837, which also demonstrated

good accuracy of the prediction model.

Predictive performance of predALNM by subtype

Table S2 presents the results of the subgroup analyses.
Positive predictive capabilities were demonstrated (AUC
>0.75) within the subgroups of molecular subtype,
pathological type, and grade. In particular, pred ALNM
performed better in patients with invasive lobular
carcinomas and triple-negative BC (AUC >0.90 for both).

© AME Publishing Company.

Discussion

In the current study, higher TTHC, SR, and Ki-67
expression correlated with a higher risk of ALNM in T1
BC. The combination of imaging parameters (T'THC
and SR) and pathological parameter (Ki-67 expression)
demonstrated superior predictive performance than
individual factor alone. As a simple and non-invasive
method, the model can be used to rapidly assess the risk of
ALNM and making individualized treatment decisions. To
our best knowledge, this study provides the first systematic
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Variables Tertile 1 Tertile 2 Tertile 3 P for trend’”  Per SD* increase
TTHC (umol/L)
Level, median (IQR) 142.35 194.11 284.13 - -

(120.40-164.18)

(184.18-212.69)

(251.41-323.92)

No. of patients 41 41 40 - -
No. of ALNM cases 10 20 26 - -
Crude model, OR (95% CI) Ref 2.95 (1.15-7.56) 5.76 (2.20-15.10) <0.001 1.98 (1.32-2.97)
Adjusted model 1, OR (95% CI)*® Ref 2.95 (1.15-7.55) 5.75 (2.19-15.09) <0.001 1.98 (1.32-2.97)
Adjusted model 2, OR (95% CI)" Ref 2.57 (0.97-6.85) 5.60 (2.03-15.46) <0.01 1.94 (1.28-2.96)
SR
Level, median (IQR) 2.75 (2.15-3.29) 3.95 (3.75-4.37) 6.61 (5.38-7.85) - -
No. of patients 42 40 40 - -
No. of ALNM cases 8 23 25 - -
Crude model, OR (95% CI) Ref 5.75 (2.13-15.52) 7.08 (2.60-19.28) <0.001 2.13 (1.37-3.31)
Adjusted model 1, OR (95% CI)°® Ref 5.77 (2.13-15.59) 7.144 (2.62-19.49) <0.001 2.13 (1.37-3.32)
Adjusted model 2, OR (95% CI)" Ref 8.02 (2.64-24.40) 10.95 (3.53-34.03) <0.001 2.38 (1.46-3.89)

Tertiles were categorized based on the distribution of TTHC and SR values. Tertile 1: 0th-33.3rd percentile; Tertile 2, 33.3rd-66.7th
percentile; Tertile 3, 66.7th-100th percentile. T multiple logistic regression analysis; * SD of TTHC: 68.13 pmol/L, SD of SR: 2.09; 5,
adjusted for age; ", additionally adjusted for Ki-67 status and grade based on model 1. ALNM, axillary lymph node metastasis; Cl,
confidence interval; IQR, interquartile range; OR, odds ratio; Ref, reference; SD, standard deviation; SR, strain ratio; TTHC, tumor total

hemoglobin concentration.

Table 3 Association between Ki-67 expression and ALNM

Ki-67 expression (n=122)

Variables pt
Low (<20%) High (=20%)

No. of patients 71 51 -

No. of ALNM cases 24 32 -

Crude model, OR (95% Cl) Ref 3.30 (1.56-6.99) 0.002

Adjusted model 1, OR (95% CI)® Ref 3.30 (1.56-6.99) 0.002

Adjusted model 2, OR (95% CI)" Ref 3.40 (1.49-7.77) 0.004

T, multiple logistic regression analysis; ¥, adjusted for age; ", additionally adjusted for grade based on model 1. ALNM, axillary lymph node

metastasis; Cl, confidence interval; OR, odds ratio; Ref, reference.

assessment of the relationship between TTHC, SR, and Ki-
67 expression and ALNM in T'1 BC.

The incidence of T1 BCs has increased with the
implementation of BC screening programs (3). Notably,
small tumors are associated with a certain risk of metastasize
or recurrence (4). Some studies have indicated that small
tumors with four or more metastatic lymph nodes are more
aggressive and have higher BC-specific mortality than

© AME Publishing Company.

larger tumors (26,27). Early-stage BC patients have longer
survival; therefore, they have higher requirements for
postoperative quality of life. SLNB is the routine procedure
for clinically lymph node-negative patients, but it has some
limitations. Therefore, the development of an individualized
diagnostic approach using non-invasive biomarkers to
predict ALN status has become a research priority.

The mechanisms underlying ALNM in BC are not
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Table 4 Cutoffs and predictive performance for ALNM

Shang et al. DOT, SE, and molecular biomarkers for predALNM

Variables Cut-offs AUC (95% Cl) P Sensitivity (%) Specificity (%) Accuracy (%) PPV (%) NPV (%)
Imaging

TTHC (umol/L) >185.75 0.728 (0.65-0.81) <0.001 80.4 65.2 721 66.2 79.6

SR >3.93 0.715 (0.63-0.80) <0.001 73.2 69.7 71.3 67.2 75.4
Traditional

Ki-67 >20% 0.642 (0.56-0.73) <0.01 57.1 71.2 64.8 62.7 66.2
Combined

PredALNM >0.44 0.837 (0.76-0.91) <0.001 80.4 77.3 78.7 75 82.3

ALNM, axillary lymph node metastasis; AUC, area under the curve; Cl, confidence interval; NPV, negative predictive value; predALNM,
predictive ALNM; PPV, positive predictive value; SR, strain ratio; TTHC, tumor total hemoglobin concentration.

A ROC curves B Precision-recall curves C Calibration plot
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Figure 4 Predictive capability of TTHC, SR, Ki-67 expression, and pred ALNM for ALNM. (A,B) ROC curves and precision-recall curves.

(C) The relationship between predictions and actual outcomes is presented in the calibration plot. The 45° line indicates a perfect calibration

model, where the predictions and actual outcomes are identical. ALNM, axillary lymph node metastasis; predALNM, predictive ALNM,;

ROC, receiver operating characteristic; SR, strain ratio; TTHC, tumor total hemoglobin concentration.

completely understood, but it may be the result of multiple
factors. Current evidence indicates that tumor progression
involves tumor cell proliferation and the extracellular
microenvironment (28). Ki-67, a cellular marker for
proliferation, is available from core needle biopsy of
primary breast tumors, which is a standard procedure
performed in patients with suspected BC. Consistent with
previous research (29), the Ki-67 index was a predictor
of ALNM in our study. In tumors, the homeostasis that
governs extracellular matrix synthesis is disrupted, leading
to abnormal vasculature formation and excessive fibrillar
collagen accumulation (30). TTHC, a pivotal factor in
the tumor microenvironment, reflects the functional and
metabolic status of tumors. The current study found a close

© AME Publishing Company.

association between TTHC and ALNM in T'1 BC, and
this may be attributed to the abundant neovascularization
in the tumor, which leads to increased tumor hemoglobin
concentration.

The development of BC necessitates functional
metabolic changes within the tissue, including microvessel
formation. These functional alterations occur prior to
the morphological changes detectable by conventional
ultrasound (31). Concurrently, microstructures within
BC, such as subcellular organelles, undergo significant
alterations during tumor progression. An increase in both
the number and density of subcellular organelles can
enhance tissue scattering. Light scattering is particularly
sensitive to angiogenesis and alterations in tissue
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microstructure (32), which may affect TTHC. As such,
TTHC may have high sensitivity to metastasis. Niu ez a/.
reported that ALNM is related to the microvessel density in
primary BC (33), and consistent findings were observed in
the current study. Tumor stiffness, another major factor in
the tumor microenvironment, promotes tumor progression
by BI integrin signaling and TWIST1, high levels are also
correlated with poor survival (34,35). Our results showed
that SR >3.93 was an independent risk factor for ALNM,
even after adjusting for clinicopathological confounding
factors, consistent with a previous study (20). Additionally,
another study has confirmed that the shear-wave
elastography characteristics of breast tumors are significant
predictors of axillary nodal burden (36).

To the best of our knowledge, this is the first study to
integrate tumor cell features and multiple microenvironmental
characteristics to predict ALNM in T1 BC. However, due
to the inherent heterogeneity of BC, a single factor may be
insufficient to accurately reflect prognosis. Accordingly, we
developed a prediction model based on the combination
of non-invasive imaging tools (DOT and SE) and Ki-67
expression to discriminate the risk of ALNM. The model
showed adequate discrimination and yielded an AUC of
0.837. Notably, the high negative predictive value (82.3%)
indicated that the model is beneficial for avoiding ineffective
axillary surgery and reducing the adverse impact on quality
of life. Additionally, both the calibration plot and internal
validation confirmed repeatability and reliability. The
predictive model for ALNM took into account tumor cell
proliferation, tumor vascular distribution and relative tumor
stiffness to provide a more effective and comprehensive
approach. In addition, the model is applicable to non-sentinel
lymph node metastases. Furthermore, all of these parameters
are routinely available and therefore easy to use in the clinical
setting. The model showed good predictive power (AUC
>0.75) in different subgroups, emphasizing its stability and
generalizability when applied to different patients. These
results suggest that the model may help clinicians make more
informed decisions. However, the underlying mechanisms
require further investigation.

The current study has certain limitations. First, this
was a single-center study comprising a relatively small
sample size. The model should be validated in a multicenter
study with a larger sample. Second, Ki-67 expression was
determined from surgical specimens. This was because
the data were collected earlier [2012], during which
preoperative core needle biopsy was not yet widely available

© AME Publishing Company.

for T1 BC in our region. Although Ki-67 expression
showed a high concordance rate (70.3-92.7%) between
biopsy and pathological surgical specimens (37), this might
also have resulted in some bias. We will further validate the
performance of our model using Ki-67 expression obtained
from preoperative biopsy. Third, the DOT technique has
limitations. Lesions located <0.5 or >3.5 cm in depth cannot
be measured owing to the limited penetration depth of
near-infrared light. Optical image reconstruction requires
the contrast of contralateral normal breast tissue; therefore,
mirror-symmetric lesions of the contralateral breast were
also excluded.

The combined approach presents several challenges,
particularly in enhancing the accuracy and consistency
of Ki-67 measurement and ultrasound assessment. Ki-67
measurement may be biased due to heterogeneity in
specimen processing, measurement methods and statistical
analyses (37). Therefore, the establishment of standardized
international guidelines is essential for achieving satisfactory
consistency. Furthermore, two essential measures should
be implemented to ensure high quality and consistency of
ultrasound results in clinical practice: first, the adoption
of standardized operating procedures; and second, the
utilization of the ‘quality indicator’ function available on
the ultrasound device (38). Despite these challenges, Ki-67
remains a widely available and classic indicator commonly
used in clinical practice. Concurrently, ultrasound imaging
offers significant advantages, including broader accessibility,
suitability for repeated examinations, higher spatial
resolution, and real-time availability.

Artificial intelligence is advancing rapidly, deep learning
combined with imaging and pathological parameters has
achieved an AUC of 0.902 for ALNM prediction (10).
However, this technique is still far from clinical application
and warrants further exploration. Next-generation
sequencing-based multigene assays are currently used
to predict the risk of distant recurrence in ER-positive,
HER2-negative BC (39). Additionally, ultrasound contrast-
enhanced patterns of sentinel lymph nodes are utilized
to assess lymph node metastatic burden (40). Radiomics
methods are also used to identify patients at high risk
of ALNM (41,42). The combination of genomics,
histopathology, and radiomics shows promising predictive
ability. In view of these findings, future research will focus
on the integration of additional non-invasive techniques
in large-scale multicenter studies, with the objective of
enhancing the accuracy of ALNM prediction.
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Conclusions

The study found that TTHC >185.75 pmol/L, SR >3.93
and Ki-67 expression >20% were strongly associated with
ALNM in patients with T1 BC. The combined imaging—
pathological parameter model might provide a convenient
preoperative method for predicting ALN status, which can
assist clinicians in individualizing management for patients
with early-stage BC.
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