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Abstract
Background: The status of axillary lymph node metastases determines the treatment and overall survival
of breast cancer (BC) patients. Three-dimensional (3D) assessment methods have advantages for spatial
localization and are more responsive to morphological changes in lymph nodes than two-dimensional
(2D) assessment methods, and we speculate that methods developed using 3D reconstruction systems
have high diagnostic e�cacy.

Methods: This exploratory study included 43 patients with histologically con�rmed BC diagnosed at
Second Xiangya Hospital of Central South University between July 2017 and August 2020, all of whom
underwent preoperative CT scans. Patients were divided into a training cohort to train the model and a
validation cohort to validate the model. A 3D axillary lymph node atlas was constructed on a 3D
reconstruction system to create various methods of assessing lymph node metastases for a comparison
of diagnostic e�cacy. Receiver operating characteristic (ROC) curve analysis was performed to assess
the diagnostic values of these methods.

Results: A total of 43 patients (mean [SD] age, 47 [10] years) met the eligibility criteria and completed 3D
reconstruction. An axillary lymph node atlas was established, and a correlation between lymph node
sphericity and lymph node metastasis was revealed. By continuously �tting the size and characteristics
of axillary lymph nodes on the 3D reconstruction system, formulas and models were established to
determine the presence or absence of lymph node metastasis, and the 3D method had better sensitivity
for axillary lymph node assessment than the 2D method, with a statistically signi�cant difference in the
correct classi�cation rate. The combined diagnostic method was superior to a single diagnostic method,
with a 92.3% correct classi�cation rate for the 3D method combined with ultrasound. In addition, in
patients who received neoadjuvant chemotherapy (NAC), the correct classi�cation rate of the 3D method
(72.7%) was signi�cantly higher than that of ultrasound (45.5%) and CT (54.5%).

Conclusion: By establishing an axillary lymph node atlas, the sphericity formula and model developed
with the 3D reconstruction system achieve a high correct classi�cation rate when combined with
ultrasound or CT and can also be applied to patients receiving NAC.

Background
Breast cancer (BC) is the most common malignant tumor and the main cause of female death, and its
incidence is still on the rise in China[1]. The clinical axillary lymph node status in�uences the surgical
approach, treatment modality and adjuvant treatment options for patients with BC[2]. Over the decades,
the surgical axillary staging and management of early BC has evolved, from complete axillary lymph
node dissection (ALND) to sentinel lymph node biopsy (SLNB) to an SLNB-positive waiver of ALND to
avoid uncomfortable postoperative drains and the potential for increased morbidity from plasmacytosis,
pain, neuropathy, limited arm abduction, lymphedema and an increased risk of cellulitis[3–9]. There is
now concern about waiving axillary lymph node biopsy and anterior axillary lymph node biopsy in
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patients after neoadjuvant chemotherapy (NAC), and there is no consensus on the safety and timing of
SLNB in patients receiving NAC. Previous studies have suggested that SLNB may be considered in
patients with clinical stage N1 before neoadjuvant therapy and in those with stage N0 after neoadjuvant
therapy[10–16]. Therefore, assessment of the axillary lymph node status is very important.

Currently, lymph node palpation, imaging or SLNB is commonly used to assess lymph node metastasis,
with a sensitivity of only 32.5–68.3% for determining the presence of lymph node metastasis by
palpation. Two-dimensional (2D) imaging methods, such as ultrasound, CT, magnetic resonance imaging
(MRI) and positron emission tomography (PET)-CT, are currently the main imaging methods used to
diagnose lymph node metastases in BC, with sensitivities of 14–83%[17, 18]. The rate of false negatives
is 5–10%, and approximately 40%-60% of SLN-positive patients have nonsentinel lymph nodes without
metastasis; therefore, biopsy of sentinel lymph nodes still has limitations[19, 20]. In addition, there is no
validated means of accurately distinguishing whether a lymph node is in clinical stage N0, N1 or N2.
Therefore, given the diagnostic ine�ciency of current assessment methods and the ambiguity of lymph
node staging, a validated means of assessing axillary lymph nodes is needed.

The ratio of the long axis to the short axis of metastatic lymph nodes is reduced, and the cortex is
abnormally thickened, which results in the metastatic lymph nodes tending to be spherical in shape with
the normal lymph nodes remaining oval[21]. Current 2D assessment methods do not accurately show the
spherical shape of the suspected lymph node, and we can analyze the lesion only by looking at the scan
and imagining its three-dimensional (3D) shape. The diagnosis relies mainly on the subjective judgment
and experience of the physician. We speculate that there is signi�cant interest in using morphological
changes in lymph node sphericity to assess the status of lymph nodes. In our previous study, we reported
that 3D reconstruction systems are more likely to detect more suspicious areas of metastasis than CT or
ultrasound, which greatly facilitates accurate assessment of the lesion area and facilitates the
associated surgery. We therefore aimed to determine whether the use of a 3D reconstruction system to
develop various diagnostic methods at a 3D level might improve the diagnostic e�cacy of the
assessment methods; therefore, we enrolled eligible patients and performed 3D reconstruction on CT
images from these patients using different methods to assess the lymph nodes to examine the difference
in diagnostic e�cacy between the different methods.

Methods

Patient selection
Between July 2017 and August 2020, we enrolled 49 patients with early-stage BC. 3D reconstruction of
CT images of the lung was completed in all of these patients preoperatively with the 3D reconstruction
system, but six patients were excluded because they had not undergone surgery or lacked pathological
results, resulting in a total of 43 patients being included in this study (Fig. 1). The clinicopathological
characteristics of patients in the entire cohort are presented in Table 1. All 43 patients were female, aged
30 to 74 years, and the median age was 47 years. All patients with lymph node metastases and those
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without were divided into a training cohort to train the model, and all patients were included in the
validation set to validate the model. All patients had lymph node pathological examination results
corresponding to 3D reconstruction system images. The data were anonymous, and the requirement for
informed consent was therefore waived.
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Table 1
Clinicopathological Characteristics of Patients in the Entire Cohort

  No
metastasis

Metastasis Total P-Value

  N (%) N (%) N (%)

Age, mean (SD), y 46 (9) 48 (11) 47 (10) 0.542

Tumor size, median
(IQR), cm

2.3 (1.9–
2.8)

3.0 (2.4–
3.3)

3.0
(2.0–
3.0)

0.011

Histological grade          

I 3 (25.00) 1 (3.23) 4
(9.30)

0.0523

II 6 (50.00) 25 (80.65) 31
(72.09)

III 3 (25.00) 5 (16.13) 8
(18.60)

Pathological T stage          

1 6 (50.00) 7 (22.58) 13
(30.23)

0.1729

2 6 (50.00) 22 (70.97) 28
(65.12)

3 0 (0.00) 2 (6.45) 2
(4.65)

Pathological N stage          

0 12
(100.00)

0 (0.00) 12
(27.91)

< 0.0001

1 0 (0.00) 16 (51.61) 16
(37.21)

2 0 (0.00) 7 (22.58) 7
(16.28)

3 0 (0.00) 8 (25.81) 8
(18.60)

Molecular subtype          

Luminal A 2 (16.67) 7 (22.58) 9
(20.93)

0.8696

Luminal B 2 (16.67) 7 (22.58) 9
(20.93)
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  No
metastasis

Metastasis Total P-Value

  N (%) N (%) N (%)

ERBB2-positive 5 (41.67) 9 (29.03) 14
(32.56)

Triple negative 3 (25.00) 8 (25.81) 11
(25.58)

ER          

Negative 5 (41.67) 13 (41.94) 18
(41.86)

1

Positive 7 (58.33) 18 (58.06) 25
(58.14)

PR          

Negative 8 (66.67) 13 (41.94) 21
(48.84)

0.2648

Positive 4 (33.33) 18 (58.06) 22
(51.16)

HER2          

Negative 7 (58.33) 22 (70.97) 29
(67.44)

0.667

Positive 5 (41.67) 9 (29.03) 14
(32.56)

Ki-67          

≤ 20 3 (25.00) 8 (25.81) 11
(25.58)

1

20 9 (75.00) 23 (74.19) 32
(74.42)

Neoadjuvant          

Yes 3 (25.00) 16 (51.61) 19
(44.19)

0.2172

No 9 (75.00) 15 (48.39) 24
(55.81)

Total 12 31 43    
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3D reconstruction system
The 3D reconstruction system adopted the Intco system and Shanghai Evision Medical Technology Co,
Vitaworks system.

Clinicopathological features
We recorded clinicopathological features, including the number of lymph nodes, estrogen receptor (ER)
status, progesterone receptor (PR) status, human epidermal growth factor receptor 2 (HER2) status, and
Ki-67 index, according to the pathology reports from the Department of Pathology of the Second Xiangya
Hospital of Central South University. Core biopsy samples and surgical specimens were evaluated using
standard hematoxylin and eosin staining, immunohistochemistry (IHC), and �uorescence or chromogenic
in situ hybridization (FISH) (or both) to determine the histological subtype, Ki-67 index, and ER, PR, and
HER2 statuses[22]. Cutoff values for ER, PR, and Ki-67 were 1%, 1%, and 20%, respectively[23]. The cutoff
value for HER2 was set at 3 + for IHC and 2.0 for FISH[24]. Any cases of HER2 found to be 2 + on IHC were
examined by FISH and classi�ed as HER2-positive if the HER2 gene was found to be ampli�ed. BCs were
classi�ed as the luminal A, luminal B, HER2 overexpression or triple negative (TN) subtype. The
clinicopathological characteristics of all patients are summarized in Table 1.

Diagnostic criteria of the 3D reconstruction system
If a lymph node located in an anatomical region was con�rmed to be metastatic or nonmetastatic
according to the pathological examination, then the images of the lymph node in the 3D reconstruction
system should indicate considered metastatic or nonmetastatic. A patient was de�ned as a metastatic
patient if a lymph node located in an anatomical region was not only metastatic but also nonmetastatic.

The sphericity of a lymph node in the 3D reconstruction system was also measured (Figure S1).

Statistical analysis
Continuous variables were compared using an independent t test, and 2-group categorical variables were
compared using a chi-square test (χ2 test). The comparison of correct classi�cation rates between the
two diagnostic methods was performed using the χ2 test with four-compartment table information. The

prognostic or predictive accuracy of the 2D formula  and the sphericity formula  was assessed
using receiver operating characteristic (ROC) curve analysis and by calculating the area under the curve
(AUC). Statistical analyses and the creations of decision tree models and random forest models were
performed with SPSS statistical software v25.0 and R version 4.0.3 (R Project for Statistical Computing)
of R studio[25]. ROC curve analysis with the maximum Youden index was used to obtain the optimal
cutoff value for each continuous variable. A p value < 0.05 was determined to be statistically signi�cant.

a

c

2×
3√ abc

8

c
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Results
Construction of the axillary lymph node atlas of BC

Using 3D-reconstructed images from 43 patients, we constructed a new axillary lymph node atlas. In
some patients who underwent PET-CT, we compared the PET-CT and 3D reconstruction images from two
patients: one patient had axillary lymph node metastasis, and the other had no metastasis (Fig. 2). In
patients without lymph node metastasis, the shape of the lymph nodes was regular, and most of the
lymph nodes were ellipsoidal (Fig. 2A-B). In patients with lymph node metastasis, the shape of the lymph
nodes began to become irregular, and most lymph nodes changed from oval to more spherical (Fig. 2C-
D).

Formulas and models for predicting lymph node metastasis in the training cohort

After determining that the shape of the metastatic lymph nodes may be more spherical than oval, we
suspected that the difference in sphericity between the lymph nodes may help us to identify diseased
lymph nodes. In a training cohort containing 16 patients, we measured the sphericity of a total of 137
lymph nodes, 37 of which had metastases and 100 of which did not. Using the variation in sphericity of
the lymph nodes, we created a sphericity formula. The ROC curve for this formula was plotted by
substituting the a, b and c values into the sphericity formula, with an AUC of 0.773 (Fig. 3D), a sensitivity
of 91.9% and a speci�city of 52.0% (Fig. 4A-B, Table S1), with signi�cantly higher values in the metastatic
group than in the nonmetastatic group (Fig. 3C). We also used a 2D plane-based formula, which uses the
ratio of the short diameter to the long diameter to identify metastatic lymph nodes, with an AUC of 0.604
(Fig. 3B), a sensitivity of 75.5% and a speci�city of 46.3% (Fig. 4A-B, Table S1), all of which were lower
than those obtained from the sphericity formula, with no signi�cant difference between the metastatic
and nonmetastatic groups (Fig. 3A). Thus, the diagnostic performance of the 3D formula was
signi�cantly better than that of the 2D formula.

To further improve diagnostic e�cacy, we attempted predictive classi�cation using a decision tree model.
As shown in Figure S2, the 137 lymph node samples from the training set were divided into nodes
according to the values of the independent variables a, b and c so that the distribution of the dependent
variable within the terminal nodes converged as closely as possible. The model had a total of 19
prediction errors, of which 16 were misdiagnosed and three were missed, with an accuracy of 86.1%, a
sensitivity of 68.0% and a speci�city of 96.6% (Table S1). We also ranked the importance of the three
predictor variables, with the target variable c being the most important, followed by a (Figure S3A).

On the basis of the decision tree model, we used an algorithm called random forest to establish a random
forest model to further improve prediction e�ciency. At present, the random forest algorithm has superior
classi�cation performance. The random forest prediction model had an AUC value of 0.844, a sensitivity
of 88.9% and a speci�city of 80.0% (Figure S3B). It had the lowest error rate when there were 100 decision
trees, and the prediction variable a became more important in this model (Figure S3C-D). Among the 137
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samples, there were only 5 prediction errors, the accuracy was as high as 96.3%, and the performance
was greatly improved compared with that of the decision tree model.

Overall validation in the validation cohort

This study provides an overall validation of the methods of each study. In the validation cohort, the
sphericity formula had a much higher correct classi�cation rate of 86% compared that of the 2D formula
(69.8%). In the decision tree model and random forest model, the correct classi�cation rate improved to
88.4% and 90.7%, respectively, which were signi�cantly different compared to those of the 2D formula (p 
= 0.031; p = 0.014, Table S3).

Next, to further assess the performance of each method, we compared each diagnostic method with
ultrasound. A total of 39 patients underwent preoperative 3D reconstruction and ultrasound. Ultrasound
showed no metastases in 7 patients, lymph node enlargement in 15 patients, lymph node
supraphysiology in 6 patients, metastatic lymph nodes in 10 patients and heterogeneous lymph nodes in
1 patient. Compared with the pathological �ndings, ultrasound correctly diagnosed 7 cases of metastatic
lymph nodes and 8 cases of nonmetastatic lymph nodes; ultrasound missed the diagnosis in 21 patients
and misdiagnosed 3 patients, with a correct classi�cation rate of only 38.5%, which was signi�cantly
lower than that of each diagnostic method (Fig. 4C, Tables S2-3).

Finally, we attempted an evaluation with CT. The correct classi�cation rate was 48.8%, and this rate was
signi�cantly different from those of the other diagnostic methods (Fig. 4C, Tables S2-3).

Combined diagnostic method is better than a single diagnostic method

After assessing the diagnostic e�cacy of each method, we speculated whether the combination of two
methods would further improve diagnostic accuracy; here, we combined the sphericity formula with
ultrasound and CT. We found that the sphericity formula had a sensitivity of 96.4% and a speci�city of
81.8% when combined with ultrasound for diagnosis. When combined with CT, it had a sensitivity of
93.5% and a speci�city of 83.3%, with high diagnostic e�cacy (Fig. 4A-B). Upon validation in 39 patients,
ultrasound missed the diagnosis in one patient and misdiagnosed two patients, with a correct
classi�cation rate of 92.3%; in the total validation set, ultrasound missed the diagnosis in 2 patients and
misdiagnosed 2 patients, with a correct classi�cation rate of 90.7% when the sphericity formula was
combined with CT (Fig. 4C, Table S2). This result suggests that diagnostic e�cacy is improved when
diagnostic methods are combined.

Assessment of lymph nodes after NAC

Considering that the assessment of axillary lymph nodes after NAC is also an important part of
subsequent treatment decisions, we assessed lymph nodes in patients after NAC using the methods
described above. We included a total of 11 patients, �ve of whom had lymph node metastases and six of
whom did not, as determined by the pathological �ndings post neoadjuvant surgery. These patients
underwent 3D CT reconstruction before and after NAC. The morphology of the lymph nodes changed
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signi�cantly before and after NAC (Fig. 5A-B). We attempted to measure the sphericity of the patients'
lymph nodes after NAC in the 3D reconstruction system, and a total of 90 lymph nodes were measured.
Among the various assessment methods, ultrasound had a low correct classi�cation rate of 45.5%,
followed by the 2D formula and CT (54.5%); the sphericity formula had a better correct classi�cation rate
than the 2D method (63.6%); and the decision tree and random forest models and the combined
diagnostic methods had the highest correct classi�cation rate (72.7%) (Fig. 5C, Table S4-5). Overall, the
diagnostic e�cacy of the 3D method and the combined diagnostic method was better than that of the 2D
method, but the diagnostic e�cacy decreased in patients not receiving NAC.

Discussion
A clinical axillary lymph node evaluation is an important part of the diagnosis and treatment of BC[26,
27]. According to the number and location of axillary lymph node metastases, BC lymph node staging is
usually divided into N0, N1, N2, and N3. The higher the stage is, the worse the prognosis[28]. In the past,
routine axillary lymph node dissection in BC surgery had no prognostic value for patients in stage N0 but
produced a series of complications, affecting their quality of life[29, 30]. In the 2010s, the American
Association of Surgeons Oncology Group (ACOSOG) Z0011 trial changed the clinical model of axillary
treatment, for BC patients with cN0 disease, when SLNB instead of ALND became a possibility[31–33].
Some studies that have also demonstrated comparable disease-free survival (DFS) between SLNB and
ALND in patients with early-stage BC and only 1–2 sentinel lymph nodes with micrometastases[20, 34,
35]. The feasibility of SLNB in patients with axillary lymph node-negative BC after NAC is still under
study[14, 36–40].

Although SLNB provides a solid foundation for the precise treatment of BC, with advances in medical
technology, the exemption of SLNB and precision axillary surgery has become a current concern. Tailored
axillary surgery with or without ALND followed by radiation therapy (TAXIS), as an emerging surgical
modality for patients with clinically node-positive BC, evaluates survival after selectively removing
positive lymph nodes as a less extensive surgical option[41]; this �nding suggests that axillary surgery is
becoming increasingly accurate and noninvasive. However, there is a need for more accurate preoperative
diagnosis and imaging methods to predict axillary lymph node metastases.

In patients with positive clinical axillary lymph nodes that turn negative after NAC, there is still no
conclusive evidence to con�rm the reliability of SLNB after NAC. On the one hand, there are di�culties
associated with determining the spatial localization of lymph nodes in stage cN1; on the other hand, there
is still a certain rate of false negatives, and the accuracy of the assessment is poor.

As a new �eld of multidisciplinary research, 3D reconstruction of medical images has facilitated the
development of medicine through the combination of computer graphics and image processing
techniques and has provided a new way of thinking about the assessment of lymph nodes[42, 43]. In this
study, a 3D reconstruction system was used to create a new axillary lymph node atlas for the diagnostic
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assessment of lymph node metastases to determine the surgical approach, assist in follow-up treatment
and improve patient prognosis; this was also its �rst application in axillary lymph nodes.

In our study, we exploratively analyzed the lymph nodes of 43 patients diagnosed with BC who had
completed 3D reconstruction and found a correlation between lymph node sphericity and lymph node
metastasis. By continuously �tting the size and characteristics of axillary lymph nodes on the 3D
reconstruction system, we developed a formula and model for determining the presence of lymph node
metastasis, and the 3D formula had a higher AUC and accuracy for the detection of axillary metastatic
lymph nodes than the 2D formula. In addition, the decision tree model and random forest model we
established further improved diagnostic e�cacy, and both achieved high correct classi�cation rates in the
validation cohort, indicating that the application of arti�cial intelligence to medical diagnoses will open
the door to precise axillary surgery. Compared with traditional imaging methods such as ultrasound and
CT, the 3D sphericity formula and model are more effective in the diagnosis of metastatic lymph nodes,
indicating that the 3D method can spatially improve the diagnostic effectiveness and facilitate the spatial
localization of lymph nodes. In addition, we used the sphericity formula in combination with ultrasound
or CT and found that the combined diagnostic method was superior to a single diagnostic method.
Finally, we conducted a preliminary study on the assessment of axillary lymph nodes in patients receiving
NAC. Diagnostic e�cacy was reduced using each of the diagnostic methods but was still higher than that
of ultrasound and CT, possibly due to some changes in the size and shape of the lymph nodes in patients
receiving NAC.

Although we generated a novel formula and model for diagnosing lymph node metastasis in BC, there are
still some limitations. The number of patients in this study was small due to our short time of using the
3D reconstruction system. More patients need to be included in our study in the future. Inevitably, there
may have been some manual measurement errors, which cannot be completely avoided.

Conclusions
In conclusion, in this study, we constructed a novel BC axillary lymph node atlas, created the best
diagnostic formula and model re�ecting the morphological changes in metastatic lymph nodes for lymph
node assessment, thus distinguishing metastatic lymph nodes from nonmetastatic lymph nodes with
high sensitivity and speci�city, and provided new insights and a method for the spatial localization and
combined diagnosis of axillary lymph nodes in BC. The combination of 3D methods with traditional
diagnostic methods and molecular diagnostics has potential clinical application prospects that need to
be further validated in studies on large samples.
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Figures

Figure 1

Flow chart of the exploratory study
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Figure 2

Comparison of PET-CT images with the 3D reconstruction system for the display of suspected metastatic
lymph nodes. A and C: Positron emission tomography/computed tomography image; B and D: 3D
reconstruction image
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Figure 3

ROC curves for the diagnosis of lymph node metastases by the 2D and 3D formulas
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Figure 4

Comparison of the diagnostic e�cacy of lymph node assessment methods. A and B: Comparison of the
sensitivity and speci�city of various assessment methods for the diagnosis of lymph node metastases;
C: Comparison of correct classi�cation rates for lymph node assessment methods. ***P < 0.0001 by the
χ2 test
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Figure 5

3D-reconstructed images before and after neoadjuvant chemotherapy and comparison of the
assessment e�cacy of each method in patients receiving neoadjuvant chemotherapy. A: Before
neoadjuvant chemotherapy; B: After neoadjuvant chemotherapy; C: Comparison of correct classi�cation
rates of lymph node assessment methods in patients receiving neoadjuvant chemotherapy
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