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Objective: To investigate the impact of different surgical sequences on perioperative dynamic changes in circulating tumor cells
(CTCs) in patients with resectable non-small cell lung cancer (NSCLC).

Methods: A total of 60 patients with resectable NSCLC were prospectively enrolled in this single-center, non-randomized observa-
tional study and divided into the lung-first group (n = 33) and the lymph node-first group (n = 27) according to surgical sequence.
Results: CTCs were detected in 97.5% of perioperative blood samples. In the overall cohort, total CTC counts did not differ
significantly before and after surgery. However, surgical sequence was associated with distinct perioperative CTC dynamics. In the
lung-first group, postoperative CTC counts were significantly lower than preoperative levels (median, 9 vs. 13 cells/5 mL; P = 0.007),
whereas CTC counts increased significantly after surgery in the lymph node-first group (median, 20 vs. 9 cells/5 mL; P < 0.001). At
the individual-patient level, CTC counts decreased in 66.7% of patients in the lung-first group, whereas they increased in 88.9% of
patients in the lymph node-first group (P < 0.001). Postoperatively, the lung-first group showed a higher proportion of epithelial CTCs
and a lower proportion of hybrid CTCs. Higher postoperative CTC counts were associated with pleural adhesion, lymphovascular
invasion, and higher consolidation-to-tumor ratio.

Conclusion: Perioperative CTC dynamics in NSCLC are influenced by surgical sequence and clinicopathological characteristics.
Prioritizing lung tumor resection before lymph node dissection may be associated with reduced perioperative CTC dissemination and
a more favorable CTC phenotype; however, these preliminary findings require validation in larger prospective randomized studies.
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Introduction

Lung cancer is one of the most common and deadly malignant tumors worldwide.! Non-small cell lung cancer (NSCLC)
accounts for 75% - 85% of lung cancers, and its prognosis is poor with a high mortality rate.” Due to the lack of early
symptoms, most patients are diagnosed at an advanced stage, and the 5-year survival rate is relatlvely low.>* Surgical
resection remains the main treatment method for early and some locally advanced NSCLC patients,” but 30% - 50% of
patients still experience recurrence or metastasis after surgery,®’ which may be related to pre-existing micrometastatic
foci, tumor heterogeneity, and clonal evolution.® Tumor micrometastasis is an important prerequisite for recurrent tumor
metastasis,” and accurately assessing the spread and recurrence risk of the tumor is crucial for postoperative management.
Traditional imaging methods (such as CT, PET-CT) often have difficulty detecting early micrometastatic lesions,'® and
the specificity and sensitivity of serum tumor markers (such as CEA, CA125) are usually limited."" Although tissue
biopsy remains the gold standard for diagnosis, its invasive nature makes it impossible to conduct repeated real-time
monitoring. Therefore, new biomarkers are urgently needed for precise assessment. It is necessary to introduce new
detection technologies and combine them with existing examination methods to more accurately assess the patient’s

condition.
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Circulating tumor cells (CTCs) are tumor cells that detach from the primary or metastatic tumor tissue and enter the
bloodstream. They are a key step in distant tumor metastasis.'> CTCs are not a homogeneous population. Based on
epithelial-mesenchymal transition (EMT), they can be classified into epithelial, mesenchymal, and hybrid types. Among
them, hybrid-type CTCs, which co-express epithelial and mesenchymal features, are considered to have stronger invasive
ability and higher metastatic potential, and have been associated with poorer clinical outcomes."* In addition, CTC
clusters have been reported to show higher metastatic efficiency and are linked to shorter survival. In contrast, epithelial-
type CTCs are generally considered less aggressive. Therefore, both the number and the subtype composition of CTCs
may have important clinical value in predicting tumor progression and prognosis. Previous studies have shown that CTC
detection has value in evaluating prognosis and monitoring disease progression in various cancers.'*'” Surgical
intervention itself may influence the dissemination of tumor cells. It has been reported that intraoperative tumor
manipulation, vascular handling, and lung resection can promote the release of tumor cells into the circulation,'® In
addition, perioperative changes in CTC levels have been observed in patients undergoing lung cancer surgery, suggesting
that surgical manipulation may affect tumor cell dissemination. From a mechanistic perspective, manipulation of the
tumor-bearing lung before vascular or lymphatic control may theoretically promote mechanical shedding of tumor cells
into the circulation. Conversely, lymph node manipulation before tumor removal may disturb lymphatic drainage
pathways, dislodge tumor cells from nodal deposits, or alter potential metastatic “landing sites.” Therefore, surgical
sequence may influence perioperative CTC dissemination through different patterns of tumor, vascular, and lymphatic
manipulation. However, current clinical evidence regarding the impact of surgical sequence on perioperative CTC
dynamics in NSCLC remains limited.

From an oncological perspective, the concept of the “no-touch isolation” technique has been proposed to reduce
intraoperative tumor cell dissemination. This principle emphasizes early vascular control and minimizing direct manip-
ulation of the tumor-bearing tissue before isolation of the tumor from the systemic circulation. It has been widely
discussed in the surgical management of solid tumors, particularly in colorectal cancer, where early ligation of tumor-
draining vessels has been associated with reduced hematogenous spread of tumor cells. In this context, the sequence of
surgical procedures in lung cancer surgery may also influence the extent of tumor cell release into the circulation.
However, whether different operative sequences conform to this principle and affect perioperative CTC dynamics in
NSCLC remains unclear.

Therefore, this study aimed to evaluate perioperative changes in CTC counts and subtypes in patients with resectable
NSCLC undergoing different surgical sequences and to explore the potential association between surgical sequence and
CTC dissemination.

Materials and Methods
Study Population

The patients were not randomly assigned. The choice of surgical sequence was determined according to preoperative
imaging findings, tumor location, intraoperative anatomical exposure, operative feasibility, and the surgeon’s intraopera-
tive judgment. In general, the lung-first approach was preferred when early control of the target lobe vessels and lung
lesion was technically feasible, whereas the lymph-node-first approach was selected when initial lymph node dissection
was required to improve exposure or facilitate subsequent lung resection These decisions were made by the operating
surgeon according to intraoperative conditions. This study was conducted in accordance with the revised Helsinki
Declaration and was approved by the Ethics Committee of the First Affiliated Hospital of Nanchang University
(Approval Number: IIT [2023] No. 267).

Inclusion and Exclusion Criteria
Inclusion Criteria
(O Patients aged 18-80 years;
@ Those who were first diagnosed with primary malignant tumours of the lungs, pathologically or cytologically
confirmed as NSCLC;
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(3 No previous malignant tumour in other parts of the body;

® No distant metastasis in preoperative imaging;

(® The patient’s heart, liver, lungs, kidneys and other important organs have normal or basically normal function.
(Cardiac function includes: no obvious ventricular wall motion abnormality on cardiac ultrasound, left ventricular
ejection fraction >60%, and no significant abnormality on electrocardiogram; hepatic function includes: total
bilirubin <1.5 times the upper limit of the normal value, and glutamic oxidase and azelaic transaminase <2.5 times
the upper limit of the normal value; pulmonary function test suggests that the expected value of FEV1 >40% after
surgery, and DLCO >40%; renal function includes: creatinine <1.5 times the upper limit of the normal value, and
DLCO >40%. (1.5 times the upper limit of normal value, and creatinine clearance > 60 mL/min);

©® Patients or their authorised principals gave informed consent to the content and purpose of the study and
participated voluntarily.

Exclusion Criteria (Fulfilling Any One of the Following)
(DPatient’s age is less than 18 years old or more than 80 years old;
@ Pathological or cytological confirmation of non-NSCLC;
(3 Patients with important organ dysfunction and contraindications to surgery;
® Combined autoimmune disease and coagulation-related diseases;
(® Previous history of malignant tumour;
® Patients or their authorised principals who refuse the study.

Study Design and Endpoints

This was a prospective, non-randomized, two-arm exploratory study designed to evaluate the immediate perioperative
dynamics of CTCs in resectable NSCLC patients undergoing different surgical sequences. Given the exploratory nature
of the study and the relatively small sample size, no formal adjustment for multiple comparisons was applied.

Primary Endpoint
The difference in dynamic changes in total CTC count from before to after surgery between the lung-first group and the
lymph node-first group.

Secondary Endpoints
(D Changes in the subtype composition (epithelial, hybrid, mesenchymal) of CTCs before and after surgery within
and between groups.
@) The correlation between perioperative CTC counts and clinicopathological characteristics (eg., pleural adhesion,
lymphovascular invasion, consolidation-to-tumor ratio (CTR)).
(® The impact of specific surgical techniques (eg., wedge resection) on postoperative CTC levels.

Surgical Procedure

Preoperative Preparation

Preoperative investigations included general haematological tests such as blood count, blood group, liver and kidney
function, electrolytes, and cardiopulmonary function tests. Preoperative staging tests are routinely performed, including
enhanced CT scan of the chest, magnetic resonance imaging of the head, whole-body bone plane imaging, and ultrasound
or CT examination of the abdomen.

Surgical Approach

All surgeries were performed by three experienced thoracic surgeons under general anesthesia with double-lumen
endotracheal intubation. Patients were placed in the lateral decubitus position with one-lung ventilation. Surgical access
(single-port or single-utility-port VATS) was selected based on preoperative planning and surgeon preference. Except for
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Figure | (A) Intraoperative prioritisation of target lungs. (B) Intraoperative prioritisation of lymph nodes.

one conversion to open thoracotomy due to dense pleural adhesions, all other procedures (n=59) were performed
minimally invasively, including lobectomy, segmentectomy, or wedge resection.

In the lung-first group (Figure 1A), during lobectomy the vessels of the target lobe were ligated and divided first,
followed by removal of the lobe. Hilar and mediastinal lymph nodes were systematically dissected afterward (right side:
stations 2R, 3a, 3p, 4R, 7, 8, 9; left side: stations 4L, 5, 6, 7, 8, 9). For segmentectomy, 3D reconstruction was used for
preoperative planning, and the segmental vessels and bronchus were ligated and divided accordingly, with systematic
lymph node sampling performed. Prior to wedge resection, CT-guided Hookwire localization was performed, and
resection was completed within 1-2 h after localization.

In the lymph node-first group (Figure 1B), the order was reversed: target lymph nodes were dissected or sampled first,
followed by resection of the lung lesion. All procedures followed standardized institutional protocols for thoracoscopic
lung resection and lymph node dissection.

Research Methods

Collection and Preservation of Samples

Before the operation (during skin incision) and after the operation (when thoracic cavity closure is completed), 5 mL of
central venous blood was collected from the patient into EDTA anticoagulant tubes (Figure 2A and B). To avoid
interference from residual drugs or liquids in the central venous pathway, 10 mL of venous blood was discarded before
sampling, and then 5 mL of the required blood sample for the study was collected. After blood collection, the blood was
gently inverted and mixed 10 times to ensure thorough mixing of the blood with the anticoagulant. The samples were
pre-treated within 4 hours after collection; if not processed in time, they were stored in a 4°C refrigerator and sent for
testing within 12 hours. All samples were quality-controlled by laboratory personnel before testing, and samples with
hemolysis or other unqualified conditions were excluded and recorded.

Figure 2 (A) EDTA anticoagulated blood collection tube. (B) Specimen collection site.
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Figure 3 Flowchart of the operation of Canpatrol CTCs.

Selection of CTCs Separation and Identification Techniques
Although separation techniques based on the physical (such as density, volume, diameter, charge) or biological (such as
expression of cell surface antigens and protein markers) characteristics of CTCs have been widely used in clinical

1920 these methods are difficult to effectively identify CTC subpopulations that are in the process of EMT.!

practice,
Therefore, in this study, the CanPatrol CTC Typing Detection System, which does not rely on specific markers, was used

for CTC separation, identification and analysis.

Canpatrol CTCs Detection Principle and Process

The Canpatrol system consists of two parts: CTCs separation and typing identification. Separation stage: After the blood
sample is lysed, it passes through an 8 pm pore size nanofilter membrane, and CTCs are captured by the size difference
between tumor cells and white blood cells. This can enrich epithelial, mesenchymal, mixed CTCs and circulating tumor
microthrombi (CTM). This system is applicable to most solid tumors, with a detection sensitivity of 1 CTC /5mL
peripheral blood, enrichment efficiency > 80%, and specificity > 90%. Typing identification stage: Using multiple mRNA
in situ hybridization technology, specific nucleic acid labeling and typing of the enriched CTCs are performed using
epithelial and mesenchymal cell markers (such as EpCAM, E-cadherin, Twist, etc). This technology significantly
improves detection sensitivity through the hybridization of multiple RNA probes with target genes and amplification

by a fluorescence signal system.> The specific operation process is as follows (Figure 3).

Interpretation of Results

CTCs were further classified according to the fluorescence signals expressed by each subtype. Red fluorescence
represented epithelial markers, including EpCAM and E-cadherin; green fluorescence represented mesenchymal markers,
such as Twist; white fluorescence identified leukocytes; and DAPI indicated nuclear staining. Epithelial-type CTCs
showed red fluorescence, mesenchymal-type CTCs showed green fluorescence, and hybrid-type CTCs showed both red
and green fluorescence, as shown in Table 1 and Figure 4.
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Table | Fluorescence Signal Characteristics and Corresponding Biomarkers Used for
Classification of CTC Subtypes. Red Fluorescence Represents Epithelial Markers (EpCAM,
E-Cadherin); Green Fluorescence Represents Mesenchymal Markers (E.g., Twist); White
Fluorescence Identifies Leukocytes; DAPI Indicates Nuclear Staining. CTC Subtypes Were
Classified Based on the Combination of These Fluorescence Signals

Subtype Red Greenish White DAPI
Fluorescent | Fluorescent Light | Fluorescent Light
CTCs | Epithelial + - - +
Hybrid + + - +
Mesenchymal | — + - +
Leucocyte - - + +

Observation Indicators

(O General condition of patients, such as gender, age, etc;

2 Tumour location, length and diameter, solid tumour ratio (CTR), pathological type, degree of differentiation,
clinical staging;

(® Serum tumour markers: carcinoembryonic antigen (CEA) (reference range 0.00—5.00 ng/mL), ferritin (reference
range 13.00-150.00 U/mL), cytokeratin 19 fragment (CYFRA) (reference range 0.00-3.30 ng/mL), neuron-
specific enolase (NSE) (reference range 0.00-16.30 ng/mL). 16.30 ng/mL), squamous cell carcinoma antigen
(SCCA) (reference range 0.00-3.00 ng/mL), and so on;

® Surgical method, intraoperative operation sequence, pleural adhesion, duration of surgery, and postoperative
hospitalisation days;

(® Changes in preoperative and postoperative levels of CTCs (CTCs > 0 /5mL is considered positive, CTCs = 0 /5mL
is considered negative) and staging.

Statistical Methods

Data were analysed using IBM SPSS Statistics 25.0 and Excel 2016. CTC counts and other continuous variables are
presented as median (interquartile range). The nonparametric Mann—Whitney U-test was used for comparisons between
two independent groups, the Wilcoxon signed-rank test was used for paired comparisons before and after surgery, and the
Kruskal-Wallis test was used for comparisons among three or more groups. Given the non-randomized design and the
observed imbalance in surgical methods between groups, subgroup analyses were performed according to surgical

Epithelial CTCs ~ Mesenchymal CTCs Hybrid CTCs CT™M

Figure 4 Representative fluorescence images of circulating tumor cell (CTC) subtypes identified by RNA in situ hybridization. Epithelial-type CTCs show red fluorescence
corresponding to epithelial markers (EpCAM, E-cadherin). Mesenchymal-type CTCs show green fluorescence corresponding to mesenchymal markers (e.g., Twist). Hybrid-
type CTCs co-express epithelial and mesenchymal markers and therefore display both red and green fluorescence. Nuclei are stained with DAPI, and leukocytes are
identified by white fluorescence.
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approach. Categorical variables are expressed as number of cases (percentage) and were analysed using the chi-square
test; Fisher’s exact test was applied when the expected frequency was less than 5, including for the comparison of
surgical methods between groups. Missing data were minimal and were not imputed. For each analysis, percentages were
calculated based on the number of available cases for the corresponding variable. Cases with missing values were
excluded only from the specific analysis in which that variable was required, while other available data from these
patients were retained. Therefore, the denominators may vary slightly across different analyses. A p value < 0.05 was
considered statistically significant.

Results

Basic Information

A total of 60 patients with NSCLC were included in this study, providing 120 perioperative blood samples. Among them,
33 patients were assigned to the lung-first group (18 males and 15 females; median age, 61 years), and 27 patients to the
lymph node-first group (10 males and 17 females; median age, 59 years). Most patients in both groups had stage
I disease, with a small proportion of stage II cases. Lung adenocarcinoma was the predominant pathological subtype in
both groups, followed by squamous cell carcinoma, and lesions included pure ground-glass, mixed ground-glass, and
solid nodules. Summary data on CTC detection are presented in Supplementary Table 1. Among the 120 blood samples,

CTCs were detected in 117 samples, with an overall detection rate of 97.5%.

As shown in Table 2, most baseline demographic and clinicopathological characteristics were comparable between
the lung-first and lymph node-first groups. No significant differences were observed in sex, age, tumor location, tumor
diameter, CTR, lesion type, serum tumor marker status, pathological subtype, degree of differentiation, clinical stage,
pleural adhesion, lymphovascular invasion, operation time, postoperative hospital stay, or perioperative complications
(all P > 0.05). However, the distribution of surgical methods differed significantly between the two groups (P = 0.047),
with segmentectomy more common in the lymph node-first group and wedge resection performed only in the lung-first
group. To minimize the potential confounding effect of wedge resection, a sensitivity analysis excluding wedge resection
cases was performed. After exclusion, the perioperative difference in total CTC changes remained significant between the
two surgical-sequence groups (P = 0.038). Postoperative CTC counts showed a decreasing trend in the lung-first group
(median, 8 vs. 11 cells/5 mL; P = 0.075) and remained significantly increased in the lymph node-first group (median, 20
vs. 9 cells/5 mL; P < 0.001), suggesting that the main findings were not solely attributable to wedge resection cases
(Supplementary Table 2).

Relationship Between CTC Counts and Various Clinical Data
To explore the relationship between clinical characteristics and CTC counts before and after surgery in lung cancer
patients, analyses were performed both within groups (preoperative vs. postoperative) and between groups.

The results of the within-group analysis are shown in Table 3. There was no significant association between clinical
stage, lesion nature, or tumor differentiation and changes in CTC counts before and after surgery (P > 0.05). Regarding
surgical methods, the postoperative CTC count in patients who underwent wedge resection was significantly lower than
the preoperative level (median: 10.5 vs. 18 cells per 5 mL; P = 0.027). In the segmentectomy group, the postoperative
CTC count showed a numerical increase compared with the preoperative level (median: 12 vs. 11 cells per 5 mL);
however, this difference did not reach statistical significance (P = 0.066). No significant perioperative change was
observed in the lobectomy group. In patients with pleural adhesions, the postoperative CTC count was significantly
higher than the preoperative level (median: 12 vs. 11 cells per 5 mL; P = 0.038), whereas no significant change was
observed in patients without pleural adhesions (P > 0.05). Similarly, in patients with vascular invasion, the postoperative
CTC count was significantly higher than the preoperative level (median: 27 vs. 21 cells per 5 mL; P = 0.040), while no
significant difference was found in patients without vascular invasion (P > 0.05).

The results of the between-group analysis are shown in Table 4. There were no significant differences in preoperative
or postoperative CTC counts according to tumor location, clinical stage, lesion nature, surgical method, tumor
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Table 2 Basic Information on Patients in the Lung-First Group and Patients in the Lymph-Node-First Group

Lung-First Group | Lymph-Node-First Group | Z/y2 P
Sex (n[%]) 1.829 0.176
Male 18 (54.5) 10 (37.0)
Female 15 (45.5) 17 (63.0)
Age (y) 61 (50,67) 59 (55,66.5) —0.03 | 0.976
Tumour position (n[%]) 2,671 0.614
LUL 6(182) 6 (22.2)
LLL 6(18.2) 5(18.5)
RUL 14 (42.4) 12 (44.4)
RML 39.1) 0 (0.0)
RLL 4 (12.1) 4 (14.8)
Tumour diameter(mm) (median, interquartile range) 19 (13,28.5) 20 (16.5,23.5) -0.283 | 0.777
Consolidation Tumor Ratio(CTR) (median, interquartile range) | 0.51 (0.265,1.00) 0.70 (0.425,1.00) —1.602 | 0.109
Nature of the lesion (n[%]) 2.400 0.301
pGGO 5(15.2) 1 3.7)
mGGO 19 (57.6) 16 (59.3)
Solid lesion 9 (27.3) 10 (37.0)
Tumour marker (n[%]) 0.041 0.840
Positive 9 (27.3) 8 (29.6)
Negative 24 (72.7) 19 (70.4)
Method of surgery 6.132 0.047
Lobectomy 14 (42.4) 11 (40.7)
Segmentectomy 13 (394) 16 (59.3)
Wedge resection 6 (18.2) 0 (0.0)
Pathological type (n[%]) 3.269 0.195
Adenocarcinoma 28 (84.8) 25 (92.6)
Squamous cell carcinoma 5(15.2) I 3.7)
Other 0 (0.0 I 3.7)
Degree of differentiation (n[%]) 3.523 0.172
Low 6 (18.2) 7 (25.9)
Middle 12 (36.4) 14 (51.9)
High 15 (45.5) 6(22.2)
Clinical Stage (n[%]) 5.547 | 0.236
1Al 5(15.2) I (3.7)
1A2 15 (45.5) 16 (59.3)
1A3 8 (24.2) 9 (333)
B 309.1) 0 (0.0
1B 2 (6.1) I 3.7)
Pleural adhesion (n[%]) 0.120 0.729
No 12 (36.4) 11 (40.7)
Yes 21 (63.6) 16 (59.3)
Vascular invasion (n[%]) 1.077 0.299
No 28 (84.8) 20 (74.1)
Yes 5(15.2) 7 (25.9)
Duration of surgery (median, interquartile range) 120 (100,147.5) 160 (140,198) -1.961 | 0.051
Post-operative hospitalisation days (median, interquartile range) 4 (4,6) 4 (4,6) —0.321 | 0.748
Complications (n[%]) 2 (6.1) 0 (0.0) 1.693 0.193

Note: Continuous variables are presented as median (interquartile range), and categorical variables are presented as n (%). Mann—Whitney U-test was used for
continuous variables. Chi-square test or Fisher’s exact test was used for categorical variables, as appropriate. Fisher’s exact test was applied when expected cell counts
were small.
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Table 3 Within-Group Comparison of Preoperative and Postoperative CTC Counts According to Clinicopathological

Characteristics

Preoperative CTCs | Postoperative CTCs | Z P
Tumour position (median, interquartile range)
LUL 18.5 (8.75,24.75) 19 (5.75,29.25) —0.490 | 0.624
LLL 10.0 (5,24) 17 (4,20) —0.891 | 0.373
RUL 10 (3,14.25) 10.5 (7.25,20.0) =2.116 | 0.134
RML 7(1,7) 3(23) —0.816 | 0.414
RLL 18.5 (7.25,25.5) 10 (6.25,29.0) —-1.022 | 0.307
Nature of the lesion (median, interquartile range)
pGGO 4.5 (0.75,8.75) 4.5 (3.25,8.25) —0.943 | 0.343
mGGO 11 (5,20.0) 12 (8,20.0) —0.912 | 0.362
Solid lesion 14 (7,24) 20 (3,29) —0.697 | 0.486
Method of surgery (median, interquartile range)
Lobectomy 10 (5.5,18) 11 (3.5,26.0) -0.861 | 0.389
Segmentectomy 11 (3.5,20) 12 (8,21.5) —1.840 | 0.066
Wedge resection 18 (10.75,27.50) 10.5 (3.75,18.25) —2.207 | 0.027
Degree of differentiation (median, interquartile range)
Low 7 (45,19) 11 (4,26.5) —1.257 | 0.209
Middle 12.5 (6.25,22.25) 13.5 (5.5,23.75) —0.849 | 0.396
High 12 (4.5,17.00) 10 (6.5,18.5) —1.857 | 0.852
Clinical Stage (median, interquartile range)
| 11 (4.5,20.5) 12 (5,23) —1.598 | 0.110
I 14 (7,14) 7(1,7) —1.342 | 0.180
Pleural adhesion (median, interquartile range)
No 11 (6,24) 11 (4,20) —0.650 | 0.515
Yes Il (3,19.5) 12 (5.5,23) —2.074 | 0.038
Vascular invasion (median, interquartile range)
No 10 (3,16) 9 (4,15) —0.153 | 0.879
Yes 21 (9.5,29) 27 (22.5,40.0) —1.964 | 0.040
Table 4 Between-Group Comparison of CTC Counts According to Clinicopathological Characteristics
Preoperative HiZz P Postoperative HIZ P
CTCs CTCs
Tumour position (median, interquartile range) 7.065 0.132 5.691 0.223
LUL 18.5 (8.75,24.75) 19 (5.75,29.25)
LLL 10.0 (5,24) 17 (4,20)
RUL 10 (3,14.25) 10.5 (7.25,20.0)
RML 7(1,7) 3(2,3)
RLL 18.5 (7.25,25.5) 10 (6.25,29.0)
Nature of the lesion (median, interquartile range) 0.847 0.655 0.629 0.730
pGGO 4.5 (0.75,8.75) 4.5 (3.25,8.25)
mGGO 11 (5,20.0) 12 (8,20.0)
Solid lesion 14 (7,24) 20 (3,29)
Method of surgery (median, interquartile range) 2.654 0.265 0.522 0.770
Lobectomy 10 (5.5,18) Il (3.5,26.0)
Segmentectomy 11 (3.5,20) 12 (8,21.5)
Wedge resection 18 (10.75,27.50) 10.5 (3.75,18.25)
Degree of differentiation (median, interquartile range) 1.165 0.558 0.582 0.747
Low 7 (45,19) Il (4,26.5)
Middle 12.5 (6.25,22.25) 13.5 (5.5,23.75)
High 12 (4.5,17.00) 10 (6.5,18.5)
(Continued)
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Table 4 (Continued).

Preoperative HIZ P Postoperative HIZ P
CTCs CTCs
Clinical Stage (median, interquartile range) —0.509 | 0.629 0.159 0.174
[ Il (4.5,20.5) 12 (5,23)
[ 14 (7,14) 7(,7)
Pleural adhesion (median, interquartile range) —0.837 | 0.402 —0.776 | 0.438
No Il (6,24) Il (4, 20)
Yes I (3,19.5) 12 (5.5, 23)
Vascular invasion (median, interquartile range) —2.668 | 0.008 —4.535 | 0.000
No 10 (3,16) 9 (4, 15)
Yes 21 (9.5,29) 27 (22.5, 40.0)

differentiation, or pleural adhesion (P > 0.05). In contrast, patients with vascular invasion had significantly higher CTC
counts both before and after surgery compared with those without vascular invasion (P < 0.05).

Analysis of the Correlation Between CTCs and Some Clinical Data

The correlation analysis is shown in Table 5. The CTC counts before and after the surgery were not significantly
correlated with tumor long diameter, degree of pleural adhesion, differentiation degree, or clinical stage (all P > 0.05), but
were significantly positively correlated with vascular invasion and CTR (P < 0.05). Further subgroup analysis was
performed in patients with sub-solid lesions, including pure ground-glass opacity lesions (pGGO, n = 6) and mixed
ground-glass opacity lesions (mGGO, n = 35). When analysed as a combined subgroup, CTR was not significantly
correlated with preoperative CTC counts but showed a significant positive correlation with postoperative CTC counts (r =
0.493, P = 0.003), and postoperative CTC levels increased with higher CTR (Supplementary Table 3). When analysed

separately, no statistically significant correlation between CTR and CTC counts was observed within the pGGO

subgroup, which may be related to the small sample size. In the mGGO subgroup, a similar positive trend between
CTR and postoperative CTC counts was observed; however, the correlation did not reach statistical significance. These
findings suggest that the overall association is mainly driven by the combined subgroup analysis.

Effect of Surgery on CTCs

Effect of Surgery on the Number and Typing of CTCs

In 60 NSCLC patients, a total of 835 CTCs were detected preoperatively, including 483 epithelial CTCs, 340 mixed
CTCs, and 10 mesenchymal CTCs; a total of 909 CTCs were detected postoperatively, including 555 epithelial CTCs,
350 mixed CTCs, and 4 mesenchymal CTCs (Supplementary Table 4). As summarized in Table 6, the median total CTC
count was 11 per 5 mL both before and after surgery. The median counts for epithelial CTCs were 5 and 6 per 5 mL pre-

and postoperatively, respectively, while those for hybrid CTCs remained at 3.5 per 5 mL. Mesenchymal CTCs were

Table 5 Correlation Analysis of Selected Clinical Data with CTCs

Clinical Information Preoperative CTCs | Postoperative CTCs
Tumour long diameter 0.089 —0.033

CTR 0.309* 0.432%*

Pleural adhesion —0.161 0.026

Degree of differentiation | —0.001 —0.090

Clinical Stage —0.021 —0.039

Vascular invasion 0.403** 0.661**

Note: ** indicates p<0.01, * indicates p<0.05.
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Table 6 Analysis of Changes in the Number and Typology of CTCs Preoperatively and
Postoperatively

Preoperative | Postoperative | Z P
Aggregate (median, interquartile range) 11 (5.25,20.75) | 11 (5, 22.75) —1.272 | 0.203
Epithelial type (median, interquartile range) 5(2, 10) 6 (3,11) —1.596 | 0.111
Hybrid type (median, interquartile range) 3.5 (0, 9.75) 3.5 (0.25, 10.75) | —0.010 | 0.992
Mesenchymal type (median, interquartile range) | 0 (0, 0) 0 (0, 0)) —1.231 | 0.218

rarely detected (median O per 5 mL). Statistical analysis revealed no significant differences in the total number of CTCs

or in the counts of each subtype between the preoperative and postoperative periods (all P > 0.05).

Comparison of Differences in the Composition of CTCs Before and After Different
Surgical Sequences

As shown in Table 7, in the lung-first group, the postoperative CTC count was significantly lower than the preoperative
level (median: 9 vs. 13 per 5 mL; P = 0.007). In contrast, in the lymph node-priority group, the postoperative CTC count
significantly increased compared with the preoperative value (median: 20 vs. 9 per 5 mL; P < 0.001). In addition, to
further assess patient-level changes, the perioperative difference in CTC counts (ACTCs) was calculated. The lung-first
group showed a decrease, whereas the lymph node-first group exhibited a marked increase, further supporting the
differential impact of surgical sequence on tumor cell dissemination.

As shown in Table 8, there was no significant difference in the composition of CTC subtypes between the
preoperative lung-first group and the lymph node-first group (P > 0.05). However, postoperatively, the proportion of
epithelial-type CTC in the lung-first group was higher than that in the lymph node-first group, while the proportion of
mixed-type CTC was significantly lower in the lung-first group than in the lymph node-first group (P < 0.05).

The intra-group analysis further revealed that in the lung-first group, the proportion of postoperative epithelial-type
CTC significantly increased, while the proportion of mixed-type CTC decreased accordingly (P < 0.05). In contrast, in

Table 7 Changes in the Number of CTCs Before and After Different Operation Sequences

Preoperative CTC | Postoperative CTC | W P
Lung-first group (median, interquartile range) 13 (6.5, 24) 9 (3.5, 12.5) -2.679 | 0.007
Lymph-node-first group (median, interquartile range) | 9 (4, 16) 20 (9, 28) —4.350 | 0.000

Table 8 Changes in the Percentage of CTCs and Typing Before and After Different Operation

Sequences
Pre-Operative | Post-Operative | y2 P
Lung-first group (n[%]) Epithelial type 306 (58.7%) 241 (66.2%) 7.005 | 0.030
Hybrid type 208 (39.9%) 122 (33.5%)
Mesenchymal type | 7 (1.3%) 1 (0.3%)
Aggregate 521 (100.0%) 364 (100.0%)
Lymph-node-first group (n[%]) | Epithelial type 177 (56.7%) 314 (57.6%) 0517 | 0.772

Hybrid type
Mesenchymal type

132 (42.3%)
3 (1.0%)

228 (41.8%)
3 (0.6%)

Aggregate 314 (100.0%) 545 (100.0%)
12 0.644 6.939
P 0.725 0.031
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the lymph node-first group, no significant changes were observed in the CTC subtype composition during and after the
operation.

Discussion

This study demonstrates that surgical sequence is associated with dynamic changes in circulating tumor cells (CTCs) during
the perioperative period in NSCLC patients. In our cohort, prioritizing lung resection was associated with a reduction in
postoperative CTC counts and a shift in CTC phenotype toward a higher proportion of epithelial-type cells, whereas
prioritizing lymph node dissection was associated with an increase in postoperative CTC counts. These findings support the
potential role of CTCs as a real-time biomarker for monitoring tumor cell dissemination during the perioperative period.

The incidence and mortality rates of lung cancer rank first among all malignant tumors,* and it has become one of the
major public health problems in China.*** Even if the tumor lesions can be completely removed through surgery, most patients
will experience recurrence and metastasis, which may be related to the mutation of tumor cells and their survival selection.””

CTCs are tumor cells that detach from the primary lesion and enter the circulation. They are a key step in distant metastasis.'*
CTCs are closely related to the clinical stage, postoperative recurrence, and long-term survival of lung cancer patients. They can
serve as a relatively independent prognostic indicator®® and may influence the decision-making of adjuvant therapy.”” The CTC
detection technology combined with low-dose CT scanning can improve the accuracy of lung cancer screening to a certain extent
and has real-time monitoring capabilities.”® It is helpful for the early detection of tumor micrometastases and prognosis
assessment, and plays an important role in individualized treatment and post-treatment efficacy monitoring. Therefore, it is
necessary to consider the dynamic changes in the number of circulating CTCs as a new tumor monitoring indicator, and
determine the risk of recurrence and metastasis of patients by detecting their high or low levels.>

It has been reported in the literature that the number of CTCs may vary depending on the disease stage of the patient. Li*” and
Wei®! et al found that the count of CTCs would be higher in advanced lung cancer, but Hofman®? et al discovered that the count of
CTCs was not correlated with the clinical stage or the pathological type of the tumor. In this study, we found that the count of
CTCs in lung cancer patients increased as the clinical stage progressed; in terms of detection rate, the detection rate of CTCs in
patients at stage Il was also higher than that in patients at stage I, but the count or detection rate of CTCs in stage I patients was
not correlated with that in stage [ patients. However, there was no statistically significant difference between the count and
detection rate of CTCs and the clinical stage of patients, indicating that there may be no correlation between the count of CTCs
and the clinical stage. Regarding the correlation between the clinical stage of NSCLC patients and CTCs, there is currently no
unified view, which may be due to differences in research methods, patient inclusion criteria, the time of CTC sample collection
and detection techniques. These factors may be related to the methodological design of each study, patient inclusion criteria, the
time of CTC sample collection and detection techniques, thereby resulting in differences in CTC detection results.

The surgical procedure is considered to be a potential factor that may cause tumor cells to transfer from the body to
the circulatory system. Previous studies have shown that both open surgery and minimally invasive surgery may increase
the release of CTCs during the perioperative period in patients with lung and other solid malignant tumors.>* > Our
research results indicate that in the lung-first resection group, postoperative CTCs were lower than those before the
operation; in the lymph node-first resection group, postoperative CTCs were higher than those before the operation. This
may suggest that, in NSCLC surgery, prioritizing resection of the target lung area where the tumor is located may reduce
the possibility of CTCs entering the circulatory system. This strategy is more consistent with oncological principles. At
the same time, in actual clinical practice, the choice of surgical sequence is influenced by multiple factors, including
tumor location, anatomical exposure, pleural adhesions, operative difficulty, and surgeon judgment. Therefore, surgical
sequence should be selected according to the specific intraoperative situation rather than applied as a fixed strategy in all
patients. In addition, the imbalance in surgical methods between groups, such as the higher proportion of wedge
resections in the lung-first group, may have independently influenced perioperative CTC dynamics. Therefore, the
observed differences may not be solely attributable to surgical sequence, and the potential contribution of these
confounding factors should be considered.

In addition to the number of cells, phenotypic heterogeneity is also increasingly regarded as having biological significance.
Through EMT, cells may acquire stronger migration and invasion capabilities.*** Particularly, mixed-type cells, as
previously studied, have been shown to be associated with higher metastasis efficiency and poor prognosis.***° In this

12 https: Cancer Management and Research 2026:18



Chen et al @

study, the inter-group analysis revealed that the postoperative epithelial-type CTC proportion in the lung-first group was
higher than that in the lymph node-first group, while the proportion of mixed-type CTC was lower than that in the lymph node-
first group. The intra-group analysis showed that the postoperative epithelial-type CTC proportion in the lung-first group
significantly increased, while the proportion of mixed-type CTC significantly decreased; while the proportions of each subtype
of CTC in the lymph node-first group did not show significant changes before and after the surgery. This finding is consistent
with that of Lin*' - external interference or stimulation may directly or indirectly promote the EMT process of CTCs, thereby
causing changes in their subtype composition. This also suggests that compared with the lymph node-first resection surgery,
the surgical sequence of prioritizing the resection of the target lung may bring greater benefits to patients.

Surgical approach may also influence perioperative tumor cell dissemination. In the present study, wedge resection was
associated with a reduction in postoperative CTC counts, suggesting that limited tumor manipulation may help reduce surgery-
related tumor cell release. This observation is biologically plausible and is consistent with the “no-touch isolation” principle,
which emphasizes early vascular control and minimization of tumor manipulation to reduce intraoperative tumor cell dissemina-
tion. Similar concepts have been applied in several solid tumors and have been reported to reduce hematogenous tumor cell
spread.**** However, this finding should be interpreted cautiously because the number of wedge resection cases was limited,
wedge resection was performed only in the lung-first group, and no significant overall difference in CTC counts was observed
among different surgical methods. Although sensitivity analysis was performed to reduce the potential confounding effect of
wedge resection, the non-randomized design and imbalance in surgical methods preclude definitive conclusions regarding the
independent effect of surgical approach. Further studies with larger sample sizes, balanced surgical subgroups, and long-term
follow-up are needed to determine whether specific surgical strategies can reduce perioperative tumor dissemination and improve
oncological outcomes. This interpretation is consistent with the findings reported by Yasukawa et al.>

Pleural adhesions also seem to affect the dynamic changes of CTCs during the perioperative period. Adhesions
increase the complexity of the surgery and may require more complex tissue handling, which may promote the spread of
tumor cells.”’ The data from this study show that the postoperative count of CTCs in patients with pleural adhesions is
significantly higher than that before the surgery; while there is no significant difference in the pre- and post-operative
CTC counts in patients without pleural adhesions, suggesting that the presence of pleural adhesions may promote the
dissemination of tumors to the circulatory system.

Lymphatic vessel invasion (LVI) is a well-established pathway for tumor spread and is associated with recurrence and
poor prognosis in NSCLC.>** In this study, patients with LVI had significantly higher levels of CTCs in the
perioperative period compared to before surgery, and patients with vascular invasion had higher CTC counts after
surgery than those without vascular invasion. This supports the view that vascular invasion facilitates the entry of tumor
cells into the bloodstream and increases the susceptibility to intraoperative spread.

Radiological characteristics also showed an association with CTC dynamics. The consolidation-to-tumor ratio (CTR),

54,55

which reflects tumor invasiveness, was positively correlated with postoperative CTC levels, particularly in patients

with sub-solid lesions (Supplementary Table 2). This finding is consistent with evidence indicating that tumors with

a higher solid component have stronger invasive potential.’® However, subgroup analyses of pGGO and mGGO lesions
should be interpreted with caution due to the limited sample size, especially in the pGGO subgroup. Interestingly,
elevated CTC levels were observed in some patients with early ground-glass-like lesions, suggesting that hematogenous
dissemination may occur even in early-stage disease.’’

Several limitations should be considered. First, this was a single-center study with a relatively small sample size, and
most patients were in stage I, which may limit statistical power, particularly in subgroup analyses. As a result, non-
significant findings should be interpreted with caution, as they may reflect insufficient power rather than a true absence of
association. Second, the study was not randomized. The choice of surgical sequence was based on preoperative imaging,
intraoperative conditions, and surgeon judgment, which may introduce selection bias. In addition, there were imbalances
in surgical methods between groups, which may act as potential confounding factors and cannot be fully accounted for in
the current analysis. Third, central venous blood was used for CTC detection to ensure consistency in perioperative
sampling and to better reflect tumor cell release during surgical manipulation. However, differences between central and
peripheral blood sampling may influence CTC measurements, which represents a potential source of bias. Fourth, the
CTC detection method used in this study is based on size-dependent filtration and may miss smaller tumor cells, which
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could affect the accuracy of CTC quantification. Fifth, long-term follow-up data are not yet available. Therefore, the
relationship between perioperative CTC changes and clinical outcomes, including recurrence and survival, cannot be
determined. Finally, given the exploratory nature of the study and the relatively small sample size, no formal adjustment
for multiple comparisons was applied. Accordingly, the findings should be interpreted as hypothesis-generating, and
further validation in larger, well-designed prospective studies is required.

Conclusion

Perioperative CTC dynamics in patients with resectable NSCLC were associated with clinicopathological characteristics
and surgical factors. Prioritizing lung tumor resection before lymph node dissection was associated with lower post-
operative CTC counts and a more favorable CTC phenotype. However, given the non-randomized design, limited sample
size, and potential confounding factors, particularly the imbalance in surgical methods, these findings should be
interpreted cautiously. Surgical sequence should be individualized according to patient characteristics and intraoperative
conditions. These preliminary findings generate the hypothesis that prioritizing lung tumor resection before lymph node
dissection may help minimize perioperative tumor cell dissemination, a concept that requires further validation in larger
prospective randomized studies with long-term follow-up.
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