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Background: One of the important criteria for thoracic surgeons in making surgical strategies is whether 
the thoracic lymph nodes (LNs) are metastatic. Frozen section (FS) is widely used as an intraoperative 
diagnostic method, which is time-consuming and expensive. The dielectric property, including permittivity 
and conductivity, varies with different tissues. The extreme gradient boosting (XGBoost) is a powerful 
classifier and widely used. Thus, this study aims to develop the rapid differentiation method combining 
dielectric property and XGBoost, and assess its efficacy on the thoracic LNs in patients with non-small cell 
lung cancer (NSCLC).
Methods: This was a single center self-control clinical trial with paraffin pathology section (PPS) results 
as gold diagnosis. The LNs from the pathologically diagnosed patients with NSCLC were recruited, which 
were measured by open-ended coaxial probe for the dielectric property within 1–4,000 MHz after removal 
from the patients and then were sent to perform FS and PPS diagnosis. The XGBoost combining with 
dielectric property was developed to differentiate malignant LNs from benign LNs. The classified efficacy 
was determined using the receiver operator characteristic (ROC) curve and area under the curve (AUC).
Results: A total of 204 LNs from 67 NSCLC patients were analyzed. The mean values of the two 
parameters differed significantly (P<0.001) between benign and malignant LNs. The AUC for permittivity 
and conductivity were 0.850 [95% confidence interval (CI): 0.786 to 0.915; P<0.001] and 0.887 (95% CI: 
0.828 to 0.946; P<0.001), respectively. The AUC was 0.893 (95% CI: 0.834 to 0.951; P<0.001) when the 
two parameters were combined. After the application of the XGBoost, the AUC was 0.968 (95% CI: 0.918 
to 1.000; P<0.001), and the accuracy was 87.80%. Its sensitivity was 58.33% and the specificity was 100%. 
When the Synthetic Minority Oversampling Technique (SMOTE) algorithm was used, the AUC was 
0.954 (95% CI: 0.883 to 1.000; P<0.001) and the accuracy was 92.68%. Its sensitivity was 83.33% and the 
specificity was 96.55%.
Conclusions: This method might be useful for thoracic surgeons during surgery, for its relatively high 
efficacy in rapid differentiation of LNs for patients with NSCLC.
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Introduction

According to the GLOBOCAN 2020 estimate of cancer 
incidence and mortality, lung cancer is the second most 
common malignancy and the leading cause of cancer-
related deaths (1). In China, lung cancer ranks first in 
incidence and mortality among all cancers (2). Non-small 
cell lung cancer (NSCLC) accounts for approximately 80% 
of all lung cancer cases (3). At present, under the guidance 
of the National Comprehensive Cancer Network (NCCN), 
surgical treatment offers the best curative outcome in 
patients with early-stage NSCLC.

Liu et al. (4) first reported that intraoperative frozen 
section (FS) diagnosis is a reliable way to guide the 
resection of peripheral lung adenocarcinoma. Consequently, 
intraoperative rapid FS diagnosis of pulmonary hilar 
and segmental lymph nodes (LNs) before pulmonary 
resection has become an important and routine procedure 
for patients with NSCLC. However, intraoperative 
rapid FS examination is time-consuming and requires 
substantial manpower. Furthermore, the success of this 
technique depends on the experience and capabilities of 
the pathologist involved. Therefore, finding an alternative 
method for the accurate and rapid intraoperative diagnosis 
of LNs is crucial. One potential approach for the early 
detection of metastasis is assessing the dielectric properties 
of the LNs (5). One of the advantages of dielectric property 
is that it is easy to be measured and costs less time and 
money.

Dielectric properties involve two parameters, namely, 
permittivity (σ) and conductivity (ε). Previous research in 
human tissues have shown that dielectric properties may be 
used for the noninvasive early detection of tumors (6-8). Choi 
et al. (7) measured the dielectric properties of breast cancer 
tissue from 0.5 to 30 GHz and demonstrated that both 
malignant LNs and breast cancer tissue clearly differ from 
benign tissues. Our previous retrospective study showed 
that the dielectric property measurements of malignant LNs 
were higher than those of benign LNs in the frequency 
range of 1–4,000 MHz (9,10).

Although the dielectric properties of a variety of physical 
structures and tissues, including malignant and benign 
tissues, have been reported by several studies (5-8,10-13), 
there is still a paucity of data regarding the specific efficacy 
of these parameters in the classification of pulmonary LN 
metastasis. Therefore, to investigate the efficacy of using 
permittivity and conductivity to predict pulmonary LN 
metastasis, the dielectric properties of both benign and 
malignant pulmonary LNs were examined over a frequency 
range of 1–4,000 MHz (9,10).

Dielectric properties are advantageous due to the 
efficient processing of large amounts of throughput data. 
The extreme gradient boosting (XGBoost) software has 
been increasingly applied in clinical practice and has 
achieved favorable results (14-17). In contrast to traditional 
learning classifiers, the XGBoost tree boosting model can 
combine hundreds of less accurate tree models into one 
strong classifier. However, to date, there have been no 
studies assessing the use of XGBoost to classify LNs in 
NSCLC patients. Accordingly, we introduced XGBoost 
into our study.

The present study proposed the use of dielectric property 
measurements and XGBoost to rapidly discriminate 
between malignant and benign LNs in NSCLC patients 
during surgery. We present the following article in 
accordance with the STARD reporting checklist (available 
at https://tlcr.amegroups.com/article/view/10.21037/tlcr-
22-92/rc).

Methods

Patient eligibility

All human studies were approved by the ethics committee 
of the Nanfang Hospital, Southern Medical University, 
Guangzhou, China (No. NFEC-2017-070). This trial was 
also registered on ClinicalTrials.gov (No. NCT03339479). 
All patients provided written informed consent. The study 
was conducted in accordance with the Declaration of 
Helsinki (as revised in 2013). Recruitment criteria were as 
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follows. Patients who were diagnosed with NSCLC and 
scheduled for LN resection at the Nanfang Hospital of 
Southern Medical University were included in this study. 
Patients who had had neoadjuvant therapy before surgery 
were excluded. To ensure the consistency of measurements, 
only LNs with a depth greater than 1.5 mm (perpendicular) 
and a diameter of more than 5 mm were selected for 
dielectric property measurements. The measuring area 
of the LNs was guided by an experienced pathologist. 
The following patient data were collated: name, age, FS 
diagnosis, and paraffin pathology section (PPS) diagnosis, 
including Ki-67 immunohistochemical markers i f 
examined.

Measurements

The following standard method of measurements were 
applied. All measurements were performed on LNs using 
open-ended coaxial probes (10). LNs were measured within 
10 minutes after excision, thereby increasing time-sensitivity. 
Each sample was measured for permittivity and conductivity 
from 1 to 4,000 MHz. The measurements lasted for  
2–5 minutes and the contact measurement did not affect or 
destroy the samples. The LNs were then diagnosed with 

FS to determine whether further excisions were necessary 
(18,19).

The instruments consisted of a vector network analyzer 
(VNA) (model AV3680A, China Electronics Technology 
Instruments Co., Ltd., China), an open-ended coaxial probe 
(UT-086-50, Mintrue Co., Ltd., China), and a personal 
computer (Figure 1A). The probe was connected to the 
VNA through a Bayonet Neill-Concelman connector. A 
computer (model P79G, Dell Inc., TX, USA) was used to 
connect the various instruments and to collect and format 
incoming data (10).

To ensure the reliability of our measurements, the 
probe was calibrated with calibrating materials before each 
measurement (Figure 1B). The Figure 1C shows the process 
flow chart. The results measured by the probe were then 
compared with those reported in the literature (20,21) to 
evaluate the accuracy of the coaxial probe. The temperature 
of the liquids was also measured and recorded. Thus, the 
probe was determined to be accurate for the duration of this 
study. The surface of the sample and the tip of the probe 
were cleaned with tissue paper and disinfectant to avoid 
errors caused by blood, bubbles, or other contaminants 
(22-24). The probe was then placed on the surface of the 
sample in a perpendicular fashion to measure the dielectric 
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Figure 1 A schematic picture of the measurement system. (A) The instruments and reagents used to measure the dielectric properties of 
LNs. (B) Measuring LNs with an open-ended coaxial probe. (C) The graphical abstract of the measurement method. VNA, vector network 
analyzer; XGBoost, extreme gradient boosting; LNs, lymph nodes.
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properties, ensuring that there was no air-gap between the 
surface and the probe. The complex reflection coefficient 
was recorded over the 1–4,000 MHz frequency range and 
was subsequently converted into complex permittivity 
through the detailed procedure described by Bobowski and 
Johnson (25). Values were measured five times per position 
to reduce error. Eventually, we used the mean value of five 
measurements. In addition, the surface temperature of the 
specimen was recorded with a digital thermometer (model 
TM-902C, Apuhua Co., Ltd., Shenzhen, China) for data 
adjustment.

Statistical methodology

The original data files were imported into MATLAB version 
R2014a. All required permittivity and conductivity values 
were obtained directly from 1 to 4,000 MHz, with intervals 
of 1 MHz (a total of 4,000 frequencies). Subsequently, the 
entire dataset was imported into SPSS version 22.0 for 
analysis. Missing data were handled by exclusion. Since the 
data of permittivity and conductivity didn’t conform to the 
test of normality, differences in the dielectric properties 
between benign and malignant LNs were analyzed with 
Mann-Whitney tests. It is statistically significant that the P 
values <0.05. Before using XGBoost, the permittivity and 
conductivity were combined as the predictive factors of 
thoracic LNs by using binary logistic regression equation. 
Then receiver operator characteristic (ROC) curves were 
established to evaluate the potential of these properties to 
serve as diagnostic criteria. The ROC curve takes the false 
positive rate (1 − specificity) as the horizontal coordinate 
and the true positive rate (sensitivity) as the ordinate. The 
accuracy of the diagnostic measurement was evaluated by 
calculating the size of the area under the curve (AUC).

XGBoost model and the Synthetic Minority Oversampling 
Technique (SMOTE) algorithm

The original data were randomly divided into two groups 
(a training set and a test set) in which the ratio between 
malignant and benign LNs differed. The model was 
optimized by analyzing the training set with grid searches. 
To achieve the best evaluation, a 5-fold cross-validation 
strategy was used. The learning rate was set to 0.1, and the 
ratio of subsamples that created the tree characteristics was 
set to 0.8. The maximum depth was set to 7. The training 
set was divided into five subsets, one of which was retained. 
The remaining subsets were subsequently used for training. 

Finally, by adjusting the parameters, the best model was 
selected. The test set was imported into the final model to 
detect the classification ability of the dielectric properties 
on LNs.

As the number of benign LN samples was larger than 
that of the malignant LN samples (approximately 4 times), 
the performance of XGBoost degraded over time. To reduce 
this effect, the SMOTE algorithm was used to expand 
some malignant LN samples to achieve a balanced ratio. 
The SMOTE algorithm features several key steps. First, 
the algorithm considers the Euclidean distance from each 
sample x in the minority class to the rest of the samples in 
the same class. Then, the parameter of k nearest neighbors 
of this sample is chosen. By randomly selecting a neighbor 
y from these neighbors, a new sample z is created with the 
following equation: Z = x + a × (y − x), in which a represents 
a random number between 0 and 1.

Results

Characteristics of the LNs

Patients were recruited over a 2-year period between August 
2017 and April 2019. A total of 207 samples were collected 
from 68 patients with NSCLC who satisfied the recruitment 
criteria. The LN measurements did not cause any adverse 
events. One male patient with squamous cell carcinoma was 
excluded as he received neoadjuvant chemotherapy before 
surgery, and substantial differences may have existed. The 
remaining patients had either benign or malignant samples. 
One sample was excluded due to missing data. In total, 204 
samples were included from 67 patients. Figure 2 shows the 
flowchart of the sample screening process.

The PPS diagnosis comprised of routine examinations and 
detection of Ki-67 biological marker. Each patient and each 
LN was considered an independent individual and several key 
differences were identified (Table 1). First, the youngest of 
our patients was 30 years of age, and the oldest was 82 years 
of age. The proportion of adenocarcinomas and squamous 
carcinomas accounted for between 44% and 52% of cases. 
More than 70% of the samples were from men. Second, 
stage II and III NSCLC patients together accounted for 
approximately 40% of all cases. Third, the Ki-67 biological 
marker was tested in 47.8% of patients, of whom 62.5% 
had an expression greater than 30%. In addition, the time 
spent analyzing dielectric properties was approximately  
2–5 minutes which was much shorter than intraoperative 
rapid FS examinations (approximately 45 minutes).
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Potentially eligible lymph nodes (n=207)

Exclusion (n=3)
• Received chemotherapy before surgery (n=2)
• Missing data (n=1)

XGBoost (n=204)

Training set (n=163) Test set (n=41)

Figure 2 A flow diagram showing the screening of eligible LNs. XGBoost, extreme gradient boosting; LNs, lymph nodes.

Table 1 Characteristics of the patients and the LNs

Characteristics Patients LNs

Total number 67 204

Age (years), median [range] 60 [30–82] 59 [30–82]

Gender, n (%)

Male 51 (76.1) 158 (77.5)

Female 16 (23.9) 46 (22.5)

Time spent on measuring dielectric properties (minutes), mean ± SD 3.81±0.31 3.81±0.31

Time spent on rapid FS examination (minutes), mean ± SD 45.82±5.25 44.48±5.43

PPS diagnosis, n (%)

Squamous 30 (44.8) 92 (45.1)

Adenocarcinoma 34 (50.7) 105 (51.5)

ASC 2 (3.0) 4 (2.0)

MC 1 (1.5) 3 (1.5)

Pathological stage, n (%)

Stage 0 2 (3.0) 4 (2.0)

Stage I 25 (37.3) 82 (40.2)

Stage II 13 (19.4) 41 (20.1)

Stage III 26 (38.8) 75 (36.8)

Stage IV 1 (1.5) 2 (1.0)

Ki-67, n (%) 32 98

≤30% 12 (37.5) 32 (32.7)

>30% 20 (62.5) 66 (67.3)

LNs, lymph nodes; SD, standard deviation; FS, frozen section; PPS, paraffin pathology section; ASC, adenosquamous carcinoma; MC, 
mucoepidermoid carcinoma.
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Differences in the dielectric properties between benign and 
malignant LNs

According to the results of the PPS diagnosis, the LNs were 
classified into two groups, namely, benign LNs (n=164, 
80.4%) and LNs with metastatic carcinoma (n=40, 19.6%).

The average permittivity and conductivity of malignant 
and benign LNs was compared at all 4,000 frequencies 
using the Mann-Whitney tests. The results indicated 
significant differences between benign and malignant LNs 
for both permittivity and conductivity (P<0.001; Table 2). 
Table 3 shows the characteristics of the malignant LNs and 
benign LNs.

Figure 3 showed the outcomes from the mean values 
of the dielectric property. The average permittivity 
and conductivity were calculated for the two groups at 
each frequency (Figure 3A,3B). Visualizing the different 
tendencies between sets of permittivity data was difficult 
when using line charts. Instead, a scatter plot was 
constructed (Figure 3A). This showed that the number of 
spaces between the same ordinates was not equal, because 
the numerical values for permittivity were so large that the 
original figure needed to be modified to save space. Hence, 
we multiplied the actual values between the same intervals. 
For example, the actual interval between 50 and 100 was 
the same as that between 100 and 250, but the numerical 
value of the latter was three times that of the former. 
Consequently, Figure 3A emphasizes two findings. First, the 
average permittivity for both benign and malignant LNs 
decreased gradually with increasing frequency. Second, the 
average permittivity for the malignant group was larger 
than that for the benign group at most frequencies.

Figure 3B also suggests two findings. First, the general 
trend showed a considerable increase in conductivity with 
increasing frequency. Second, the average conductivity for 

the malignant group was also larger than that for the benign 
group at most frequencies.

To make these differences easier to visualize, we selected 
the average of both groups from 50 to 900 MHz and 
constructed a new line chart (Figure 3C,3D). From these 
figures, we were able to support the above conclusions in a 
more robust manner.

The diagnostic efficiency of dielectric properties for the 
differential diagnosis of patients with NSCLC

Previous results have demonstrated significant differences 
in the mean values of permittivity and conductivity between 
malignant and benign LNs.

The ROC curves showed that the AUC for conductivity 
[0.887, 95% confidence interval (CI): 0.828 to 0.946; 
P<0.001; Figure 3F] was greater than that for permittivity 
(0.850; 95% CI: 0.786 to 0.915; P<0.001; Figure 3E). 
Moreover, although the results for both permittivity and 
conductivity were good, the combined application of 
permittivity and conductivity showed superior performance, 
with an AUC of 0.893 (95% CI: 0.834 to 0.951; P<0.001; 
Figure 3G), suggesting that permittivity and conductivity 
should be used together as a diagnostic factor.

The diagnostic efficacy of XGBoost and the SMOTE 
algorithm for distinguishing malignant from benign LNs

Although relatively high efficacy and sensitivity were 
achieved using the mean values of both permittivity and 
conductivity as a classified model, the specificity was 
not ideal for daily practice. In addition, permittivity and 
conductivity values at different frequencies may represent 
different dimensions of information. Considering only 
average values as the classified criteria appear to be 

Table 2 Results from Mann-Whitney tests

Dielectric property N Mean ± SD P value

Permittivity 204 <0.001

Benign 164 43.43±7.74

Malignant 40 53.14±5.80

Conductivity 204 <0.001

Benign 164 1.39±0.24

Malignant 40 1.74±0.18

SD, standard deviation.
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somewhat wasteful. Consequently, XGBoost was used to 
identify a more accurate solution for differential diagnosis.

Each LN was considered as an individual, and the 
total samples were randomly divided into two groups, a 
training set (163 samples) and a test set (41 samples). There 
were no statistical differences in any of the characteristic 
examined between these two groups (P>0.05; Tables 4,5). 
The XGBoost model was trained using the training set 
that comprised of 163 LNs, with each LN featuring 4,000 
items of data relating to permittivity and conductivity at 
all frequencies. Figure 4 showed the outcomes with the 
application of XGBoost. The test set was then imported 
into the trained model. XGBoost achieved an accuracy of 
87.80%, and the AUC was 0.968 (95% CI: 0.918 to 1.000; 
P<0.001; Figure 4A,4C), which were highly satisfactory. 

However, the training set contained only 28 malignant 
LNs and 135 benign LNs. Thus, the SMOTE algorithm 
was used to adjust the unbalanced samples to achieve more 
accurate results. This provided a new training set for the 
final model which achieved an accuracy of 92.68% and the 
AUC of 0.954 (95% CI: 0.883 to 1.000; P<0.001; Figure 
4B,4D).

Owing to the differences between the line charts (Figure 
3A,3B), the 4,000 frequencies were divided into four groups, 
1–1,000, 1,001–2,000, 2,001–3,000, and 3,001–4,000 MHz.  
Each group had 1,000 data points associated with 
permittivity and conductivity. The data were then processed 
in the same way as before. Figure 5 shows that the accuracy 
ranged from 78.05–85.37%, and the AUCs ranged from 
0.886 to 0.941, with these values being lower than those of 

Table 3 Characteristics of the malignant and benign LNs

Characteristics Malignant LNs Benign LNs

Total number 40 164

Age (years), median [range] 59 [40–78] 60 [30–82]

Gender, n (%)

Male 34 (85.0) 124 (75.6)

Female 6 (15.0) 40 (24.4)

Time spent on measuring dielectric properties (minutes), mean ± SD 3.86±0.28 3.80±0.32

Time spent on rapid FS examination (minutes), mean ± SD 45.36±5.29 44.68±5.42

PPS diagnosis, n (%)

Squamous 21 (52.5) 71 (43.3)

Adenocarcinoma 17 (42.5) 88 (53.7)

ASC 2 (5.0) 4 (2.4)

MC – 1 (0.6)

Pathological stage, n (%)

Stage 0 – 4 (2.4)

Stage I – 82 (50.0)

Stage II 5 (12.5) 36 (22.0)

Stage III 35 (87.5) 40 (24.4)

Stage IV – 2 (1.2)

Ki-67, n (%) 29 69

≤30% 8 (27.6) 24 (34.8)

>30% 21 (72.4) 45 (65.2)

LNs, lymph nodes; SD, standard deviation; FS, frozen section; PPS, paraffin pathology section; ASC, adenosquamous carcinoma; MC, 
mucoepidermoid carcinoma.
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Figure 3 Outcomes from the mean dielectric property values. The average permittivity (A) and conductivity (B) of all specimens from  
1–4,000 MHz frequencies. The average permittivity (C) and conductivity (D) of all specimens from 50–900 MHz. The AUC values for 
permittivity (E), conductivity (F), and both parameters combined (G). AUC, area under the curve.

the raw data. After the SMOTE algorithm was applied, the 
accuracy ranged from 82.93% to 85.37%, and the AUCs 
ranged from 0.864 to 0.936. Again, these values were lower 
than before.

Discussion

This study demonstrated that dielectric properties of LNs 
and XGBoost together represent a novel and effective 
method to discriminate between benign and malignant LNs. 
Both the permittivity and conductivity, either individually 

or in combination, could be used to discriminate LNs. Most 
importantly, this method was time effective and showed 
relatively higher accuracy than rapid FS examinations.

This investigation showed that dielectric properties have 
substantial value in the classification of LNs. This method has 
several advantages. First, in a previous study, Joines et al. (26) 
reported that larger values of the dielectric properties were 
associated with malignant pulmonary LNs, in agreement 
with our present results. Meanwhile, the number of samples 
and the range of dielectric properties in our study were 
larger than those in previous studies (5,21,26,27), thus 
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Table 4 Characteristics of the training set and the test set in which each patient was considered as an individual

Characteristics Training set Test set P value

Total number of patients 45 22

Age (years), median [range] 62 [30–82] 62 [40–78] 0.440

Gender, n (%) 0.649

Male 35 (77.8) 16 (72.7)

Female 10 (22.2) 6 (27.3)

Time spent on measuring dielectric properties (minutes), mean ± SD 3.78±0.33 3.83±0.28 0.840

Time spent on rapid FS examination (minutes), mean ± SD 44.79±4.65 44.89±4.98 0.680

PPS diagnosis, n (%) 0.114

Squamous 24 (53.3) 6 (27.3)

Adenocarcinoma 19 (42.2) 15 (68.2)

ASC 1 (2.2) 1 (4.5)

MC 1 (2.2) –

Pathological stage, n (%) 0.349

Stage 0 2 (4.4) –

Stage I 18 (40.0) 7 (31.8)

Stage II 10 (22.2) 3 (13.6)

Stage III 15 (33.3) 11 (50.0)

Stage IV – 1 (4.5)

Ki-67, n (%) 21 11 0.654

≤30% 8 (38.1) 4 (36.4)

>30% 13 (61.9) 7 (63.6)

SD, standard deviation; FS, frozen section; PPS, paraffin pathology section; ASC, adenosquamous carcinoma; MC, mucoepidermoid 
carcinoma.

making the present outcomes more convincing and accurate. 
At the same time, some abnormal data were observed and 
documented in our data, as shown in Figure 3A. Although 
these abnormal data did not influence the overall outcomes, 
they may have arisen from random error of measurement. 
Thus, more standardized testing guidelines and training 
should be developed. Second, the patients enrolled in our 
study had been diagnosed with NSCLC. Therefore, our 
data accurately reflected the differences between benign 
and malignant LNs in patients with NSCLC and helped to 
build a superior model for patients with NSCLC. However, 
since only four histological types of NSCLC were included 
in this study, to increase the discriminatory efficacy of other 
thoracic carcinoma, related studies should be performed on 
other thoracic malignancies. Furthermore, we considered 

that a specific area of frequency might exist at which the 
difference between malignant LNs and benign LNs is 
the most significant and better outcomes may be reached 
by using this frequency. Future research should further 
investigate the specific frequency range.

Several studies have reported that XGBoost is superior to 
other machine learning models in clinical practice (28-30). 
Studies using XGBoost as a predictive model are becoming 
increasingly common and are achieving good results (14-17).  
Compared with other machine learning models (31,32), 
models with regularization terms and column sampling 
show improved robustness. Furthermore, when each tree 
selects a split point, this technique adopts a parallelization 
strategy that significantly improves the speed of the model. 
Moreover, this strategy has low equipment requirements. 
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Table 5 Characteristics of the training set and the test set when each LN was considered as an individual

Characteristics Training set Test set P value

Total number of LNs 163 41

Age (years), median [range] 59 [30–82] 60 [40–78] 0.489

Gender, n (%) 0.463

Male 128 (78.5) 30 (73.2)

Female 35 (21.5) 11 (26.8)

Time spent on measuring dielectric properties (minutes), mean ± SD 3.81±0.32 3.83±0.27 0.774

Time spent on rapid FS examination (minutes), mean ± SD 44.68±5.84 44.26±4.95 0.651

PPS diagnosis, n (%) 0.083

Squamous 80 (49.1) 12 (29.3)

Adenocarcinoma 78 (47.9) 27 (65.9)

ASC 3 (1.8) 1 (2.4)

MC 2 (1.2) 1 (2.4)

Pathological stage, n (%) 0.429

Stage 0 3 (1.8) 1 (2.4)

Stage I 67 (41.1) 15 (36.6)

Stage II 35 (21.5) 6 (14.6)

Stage III 57 (35.0) 18 (43.9)

Stage IV 1 (0.6) 1 (2.4)

Ki-67, n (%) 79 19 0.768

≤30% 26 (32.9) 6 (31.6)

>30% 53 (67.1) 14 (68.4)

LNs, lymph nodes; SD, standard deviation; FS, frozen section; PPS, paraffin pathology section; ASC, adenosquamous carcinoma; MC, 
mucoepidermoid carcinoma.

In the present study, each sample had 8,000 characteristics. 
This value was far higher than those in other studies, and 
training the model remained challenging. However, this 
large dataset also facilitated a more accurate prediction of 
the outcomes.

In terms of diagnostic efficacy, an AUC less than 0.85 
indicates that a prediction model has poor predictive value. 
When the value of the AUC is between 0.85 and 0.95, the 
predictive model is considered satisfactory. The AUC of 
our model using dielectric properties fell within this range, 
suggesting a strong correlation between dielectric properties 
and LNs associated with NSCLC. However, the mean value 
did not fully represent the dielectric properties of each 
LN. This issue was resolved by incorporating XGBoost 
to establish a classification model. Finally, both the AUC 

values achieved from the raw data and after application of 
the SMOTE algorithm were superior to that obtained from 
the mean values of the dielectric properties. Furthermore, 
when only XGBoost was used to process the data, the 
sensitivity was 58.33%, and the specificity was 100%. After 
the SMOTE algorithm was used to balance the data of the 
training set, the accuracy (92.68%) was better than that 
derived from the raw data (87.80%) processed by XGBoost. 
In addition, the sensitivity was 83.33%, and the specificity 
was 96.55%. As shown in Figure 5, increasing the amount 
of dielectric data can achieve better accuracy and improve 
the AUC values. After using the SMOTE algorithm, the 
number of false positives and false negatives was low, thus 
decreasing the risk of making an incorrect surgical choice.

Although dielectric properties were used to investigate 
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Figure 4 The outcomes achieved after the application of XGBoost. (A) The AUC value of the test set processed by XGBoost. (B) The 
AUC value of the test set processed by XGBoost after using the SMOTE algorithm to balance the training set. (C) The outcome acquired 
with XGBoost. (D) The outcome acquired with XGBoost after using the SMOTE algorithm to balance the training set. XGBoost, extreme 
gradient boosting; AUC, area under the curve; SMOTE, Synthetic Minority Oversampling Technique.

malignant and benign tissues in 1994, very few studies 
have considered dielectric properties for LNs. Previous 
studies did not acquire sufficient amounts of data and did 
not use appropriate tools for classification. The acquisition 
of sufficient amounts of data and the use of an appropriate 
classification system can enable the detection of differences 
between LNs. The addition of XGBoost significantly 
improved our model for the discrimination of pulmonary 
LNs. XGBoost has an ability to learn, and the greater the 
data input, the more accurate the model becomes.

A previous study has shown that there is no significant 
difference between intraoperative and postoperative 
complications of segmentectomy and lobectomy patients (33). 
With the advantage of better pulmonary function preservation 
than lobectomy (34,35), segmentectomy has become a 
popular option for surgery. However, before performing 
this type of surgery, physicians must ensure that there is no 
metastasis among certain types of LNs, such as mediastinal 
LNs, hilar LNs, and adjacent lobar-segmental LNs (36,37). 

Examining such tissues with FS diagnosis may require half 
an hour or more, while analyzing dielectric properties and 
using XGBoost software may only require a few minutes 
during the surgery.

There were some limitations in this study. First, our 
data were collected from a single clinical center, potentially 
limiting the wide applicability of the outcomes. Future 
studies should aim to collect large datasets from multiple 
institutions. Second, there is no standard criterion for 
dielectric properties measurement and different pathologists 
may have different opinions on the measurement area. 
Thus, there is difficulty in promoting this kind of novel 
technique in other medical centers and it is necessary to set 
a standard criterion of measurement. Third, the number 
of samples in the test set was relatively small. Moreover, 
the number of benign samples was larger than that of the 
malignant samples. Although we applied the SMOTE 
algorithm, future studies should balance the numbers of 
malignant and benign samples while collecting data. Finally, 
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Figure 5 Outcomes relating to dielectric properties at different frequencies. The accuracy and AUC of the test set processed with XGBoost, 
and the AUC value of the test set processed with XGBoost after using the SMOTE algorithm to balance the training set, using dielectric 
property data from the frequency of 1–1,000 MHz (A-C), 1,001–2,000 MHz (D-F), 2,001–3,000 MHz (G-I), and 3,001–4,000 MHz (J-L). 
XGBoost, extreme gradient boosting; SMOTE, Synthetic Minority Oversampling Technique; AUC, the area under the curve.

although the current results confirmed the feasibility of the 
XGBoost model, applying XGBoost in the clinic remains 
difficult, primarily because of the lack of specific clinical 

application scenarios, standard databases, standardization 
in industry norms or expert consensus, and a lack of legal 
consideration.
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