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Background: Visceral pleural invasion (VPI) is a clinical manifestation associated with a poor prognosis,
and diagnosing it preoperatively is highly imperative for successful sublobar resection of these peripheral
tumors. We evaluated the roles of computed tomography (CT) features and circulating tumor cells (CTCs)
for improving VPI detection in patients with clinical TINOMO invasive lung adenocarcinoma.

Methods: Three hundred and ninety-one patients were reviewed retrospectively in this study, of which 234
presented with a pleural tag or pleural contact on CT images. CTCs positive for the foliate receptors were
enriched and analyzed prior to surgery. Logistic regression analyses were performed to assess the association
of CT features and CTCs with VPI, and the receiver operating characteristic (ROC) curve was generated to
compare the predictive power of these variables.

Results: Patients mostly underwent either segmentectomies (18.9%) or lobectomies (79.0%). Only 49 of
the 234 patients with pleural involvement on CT showed pathologically confirmed VPI. Multivariate logistic
regression analysis revealed that CTC level >10.42 FU/3 mL was a significant VPI risk factor for invasive
adenocarcinoma cases <30 mm [adjusted odds ratio (OR) =4.62, 95% confidence interval (CI): 2.05-10.44,
P<0.001]. Based on CT features, subgroup analyses showed that the solid portion size was a statistically
significant independent predictor of VPI for these peripheral nodules with pleural tag, while the solid
portion length of the interface was an independent predictor of pleural contact. The receiver operating curve
analyses showed that the combination of CTC and CT features were highly predictive of VPI [area under
the curve (AUC) =0.921 for pleural contact and 0.862 for the pleural tag, respectively].

Conclusions: CTC, combined with CT features of pleural tag or pleural contact, could significantly

improve VPI detection in invasive lung adenocarcinomas at clinical TINOMO stage prior to the patient’s

surgery.
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Introduction

Lung cancer accounts for most cancer-related deaths
worldwide, and ~85% of cases comprise of non-small cell
lung cancer (NSCLC) (1). For operable patients, early-
stage NSCLC is usually treated with surgical resection (2).
Many factors can affect the postoperative prognosis of lung
cancer patients, of which one of the most important features,
in terms of tumoral recurrence prediction, is visceral
pleural invasion (VPI) (3). VPI is defined as the tumor
invading beyond the elastic layer (PL1) and being exposed
to the pleural surface (PL2) (4). It has been adopted as a
tumor size (T) parameter descriptor, for tumors <30 mm,
in current TNM staging system (5). Previous studies have
reported that certain radiographic findings were highly
predictive of VPI, including pleural contact directly with
the tumor, pleural tag, and pleural retraction, as well as a
higher proportion of solid tumor component and abutment
of the solid portion with the pleura (6-8).

Adenocarcinoma, the most common NSCLC subtype,
often occurs near peripheries of the lung, with aggressive
growth and invasion (9). Furthermore, VPI is more likely
to be present for this histology, especially within peripheral
pulmonary nodules (10). More specifically, under the
TMN staging system, T1NOMO lung adenocarcinoma,
corresponding to stage JA NSCLC adjacent to a normal
lung parenchyma margin, is classified based on the following
pathological characteristics: (I) tumor <3 cm in size; (II)
no VPI; (IIT) main bronchus is involved, but not carina,
and (IV) imaging studies depict atelectasis/obstructive
pneumonitis extending to the hilum. With respect to
imaging features, TINOMO tumors are those defined as
<3 cm in size, being surrounded by lung parenchyma/
visceral pleura, and without any signs of invasion proximal
to lobal bronchi. For this tumor type, sublobar resection is
now more widely accepted as an alternative to lobectomy
for stage IA NSCLC adjacent to normal lung parenchyma
margins. There, wedge resections and segmentectomy
have been found to yield comparable clinical outcomes,
to that of lobectomy, especially for early-stage pulmonary
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malignancies less than 3.0 cm in size (11,12). However, the
presence of VPI is associated with a higher incidence of
lymph node metastasis, making sublobar resection, with its
limited lymph node sampling and dissection, a less effective
treatment approach (13). As a result, survival outcomes in
patients with VPI were significantly improved by lobectomy
with systematic lymphadenectomy (3). Therefore,
preoperative evaluation of VPI is essential to guide
the potential choices of appropriate surgical procedure
for early-stage peripheral lung cancer resections. The
diagnostic performance of VPI based on specific pleural
imaging features, including pleural attachment or tag, has
an accuracy of 51.1-72.3% (7,8). This wide range poses
challenges in radiographic-pathological correlation for VPI
diagnoses, necessitating the use of higher-quality predictive
markers, such as from liquid biopsy.

Liquid biopsy has promising applications for cancer
screening and early diagnosis (14). Studies have explored
the role of circulating tumor cells (CTCs) as biomarkers
for lung cancer diagnosis, treatment assessment, and
prediction of prognoses (15-17). CTCs are cells which
have, either singly or in small clusters, detached from
primary or metastatic tumors to circulate within the
bloodstream. This migration from their source tumors to
the bloodstream occurs through either passive infiltration
or epithelial-mesenchymal transition, the latter involving
the expression of various factors promoting cellular motility
and basement membrane breakdown (18,19). Owing to
them being representative of tumor metastasis, they have
become an attractive target for detecting cancer presence
and progression in patients. CTCs could originate from
any cancer type, such as lung, breast, colorectal, prostate
and so on (20). Due to their high apoptotic rate, stemming
from their exposure to myriad cell-damaging factors
within the blood stream, ranging from shear stress to
innate immune system proteins, CTCs are rare within the
peripheral circulation, with a frequency of <10 cells/mL
blood. Therefore, efficient isolation and enrichment are
essential for more accurate cancer diagnoses. Various
approaches have been employed to collect and characterize
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CTCs, including CellSearch, based on immuno-magnetic
binding of epithelial cell adhesion molecule (EpCAM) and
cytokeratins (CK), isolation by tumor cell size (ISET) via
size-dependent filtration, ligand-targeted polymerase chain
reaction (LT-PCR) to detect folate receptor (FR) positive
CTCs, and others (15,21-24). FR is a cell surface biomarker
expressed on ~80% of NSCLC cells, and the LT-PCR
method has demonstrated high levels of pooled sensitivity
and specificity (76.37% sensitivity, 82.39% specificity) for
FR-positive CTC, even in early tumor stages (25). This
method is commonly used for collection of adenocarcinoma
CTC cells. Additionally, elevated CTC counts have been
reported to occur in patients with higher-stage tumors (26),
emerging as a potential approach to predict the extent of
tumor invasion for the future.

In the present study, we utilized a combination of 2
diagnostic methods, computed tomography (CT) scans and
measuring FR-positive CTC cell counts, whose findings
have previously been analyzed separately from one another,
to diagnose the presence of VPI in clinical TINOMO lung
adenocarcinoma patients. We thus investigated a cohort
of lung cancer patients to determine the presence of VPI
in association with CT features, such as pleural contact
or pleural tags, as well as higher CTC levels. We also
compared the predictive power of variables in detecting
VPI for clinical TINOMO lung adenocarcinoma, presenting
as peripheral nodules.

We present the following article in accordance with the
STARD reporting checklist (available at https://dx.doi.
org/10.21037/tlcr-21-896).

Methods
Study population

This retrospective study was approved by the Ethical
Review Board of Shanghai Pulmonary Hospital (No.
K21-012) and was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). Informed
consents were necessarily waived due to the retrospective
nature of this study. A total of 782 consecutive patients
who underwent CTC detection and surgical resection for
invasive adenocarcinoma, between June 2018 and January
2019, in Shanghai Pulmonary Hospital, with pathological
tumor size <30 mm, were retrospectively enrolled (CTC
detection was routinely part of the standard of care for this
group of patients). Exclusion criteria were as follows: (I)
patients with a history of cancer or preoperative anticancer
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therapies, including chemotherapy, immunotherapy, and
radiotherapy; (II) node-positive lung cancers as indicated by
positron emission tomography (PET)/CT, or diagnosed by
presurgical endobronchial ultrasound (EBUS); (III) distant
tumor metastases as confirmed by clinical and radiographic
findings; (IV) patients with evidence of synchronous or
metachronous nodules in CT images; (V) central lung
cancer; (VI) tumor size >30 mm on CT scans, or (VII) lung
cancer combined with pneumonia findings, and thus unable
to be measured on CT images. After applying these criteria,
391 patients with TINOMO lung adenocarcinoma were
included for analysis.

Data collection, pathological analysis, and CT imaging

Medical records, including gender, age, smoking history,
surgical type, stage of TNM (8th edition), predominant
histological subtype, and preoperative carcinoembryonic
antigen (CEA) level, were thoroughly reviewed for all
patients.

Elastic staining was used to determine the presence of
VPI from paraffin-embedded tissue sections. The sections
were routinely reviewed by 2 experienced pathologists and
classified as PLO (no pleural invasion beyond the elastic
layer), PL1 (tumor invasion beyond the elastic layer), and
PL2 (tumor invasion to the surface of the visceral pleura).
PL1 and PL2 indicated the presence of VPI (27).

Chest CT scans were performed for all patients
included in the study within 1 month prior to surgery,
using Siemens Somatom Definition AS scanners (Siemens
Medical Systems, Erlangen, Germany) or Philips Brilliance
40 scanners (Philips Healthcare, Cleveland, USA). CT
parameters were 120 kVp tube voltage, 200 mAs tube
current, pitch of 0.875-1.5, and detector collimation of
1-2.5. Images were reconstructed at 1.0-mm intervals
and independently reviewed by 2 experienced thoracic
radiologists. Disagreements were resolved through
discussions with a third radiologist with more than 20 years
of clinical experience in thoracic imaging. CT characteristics
were examined in both the lung (window width 1,500 HU
and level 600 HU) and mediastinal (window width 350 HU
and level 50 HU) window settings. Records of radiographic
parameters, including tumor size and location, nodule
type, and solid portion size, were obtained for each patient.
For tumors with pleural involvement confirmed three-
dimensionally on CT images, tumor-pleura relationships
were classified as pleural contact (abutting the pleural
surface) or pleural tag (Figure I1). A pleural tag was
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Figure 1 CT images depicting pleural contact with ISP in
lung window settings (window width, 1,500 HU; window level,
-600 HU; black arrow, length of the solid portion between tumor
and pleura) (A), and pleural tag, represented by linear pleural
tag with soft tissue component in lung window settings (B). CT,

computed tomography; ISP, interface solid portion.

characterized as one or more linear soft tissue strands,
appearing as continuous linear opacities on CT scans,
extending from the tumor surface to contact perpendicularly
with the pleural surface. These tags were likely the result
of the thickening of the interlobular septa of the lung,
possibly due to pathological processes associated with tumor
development, including fibrosis (28-30). The interface solid
portion (ISP) length was measured as the solid portion
length of tumor-pleura interface. The proportion of the
length of the involved interface was calculated as: (tumor-
pleura interface length)/(maximum tumor diameter) x100%.
Minimum distances between nodules and pleura were
measured in nodules with a pleural tag.

CTC detection

Three milliliters of peripheral venous blood were collected
alongside routine preoperative laboratory tests from each
patient within 3 days before surgery. Whole blood samples
were kept in ethylenediaminetetraacetic acid (EDTA) tubes
at 4 °C and processed on the same day. A CTC detection
kit (GenoSaber Biotech, Shanghai, China) was used for
CTC analysis, as previously reported (16). Briefly, after
erythrocyte lysis, CTCs were isolated using anti-CD45/-
CD14 immuno-magnetic beads to deplete leukocytes,
and specific detection probes were added to label FR-
positive CT'Cs, which were then subjected to quantitative
PCR analysis. A diagnostic threshold of 8.7 functional
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units (FU) per 3 mL of blood was used to distinguish lung
malignancies from benign disease processes.

Statistical analysis

Continuous variables were presented as median with
interquartile range (IQR), and Mann-Whitney U test was
performed for two-group comparisons with or without VPI.
For categorical variables, differences in clinicopathological
characteristics between patients, with or without VPI, were
evaluated using Pearson’s Chi-square ()’ test) or Fisher’s
exact tests. Univariate logistic regression analysis was used
to evaluate the association between clinicopathological
characteristics and VPI. All variables that were found to be
significant in the univariate analysis were included in the
multivariate logistic regression model to further assess the
independent risk factors associated with VPI. Tumor size
was divided into 3 groups, based on their TNM stage, as
categorical variables for logistic regression analysis. The
receiver operating characteristic (ROC) curve was plotted
to compare a variable with their combinations to evaluate
the effect of CTCs on improving the accuracy of the VPI
prediction. The area under the curve (AUC) was calculated
for each index. Statistical analyses were performed with
SPSS v17.0 (SPSS Inc., Chicago, USA) and MedCalc v15.2
(MedCalc Software, Mariakerke, Belgium). All two-sided P
values less than 0.05 denoted statistical significance.

Results
Patient and tumor characteristics

Three hundred and ninety-one patients with peripheral
TINOMO adenocarcinoma (201 female and 190 male)
were included in this study (Figure 2). Pleural tags or
pleural contact was present for 234 patients, while the
remaining 157 cases had no pleural involvement. One
hundred and ninety-six patients with radiographic pleural
involvement (196/234, 83.8%) underwent lobectomy,
which was statistically significantly more than those without
involvement (113/157, 72.0%). VPI was confirmed by
elastic staining in 49 patients with radiographic pleural
involvement (49/234, 20.9%), consisting of 34 patients
diagnosed as PL1 and 15 as PL2, while it was absent in
those without pleural involvement. Significant differences
were also found between patients with and without
radiographic pleural involvement for tumor size, nodule
type, tumor location, and predominant histological pattern,
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Patients who underwent surgical resection for invasive
adenocarcinoma with pathologically determined tumor size
<30 mm between June 2018 and January 2019, and CTC
analyses were performed (n=782)

Exclusion:

before surgery (n=6)

()  Synchronous or metachronous lesions (n=282)

(Il) Patients with a history of earlier malignancy (n=27)
(Il) Patients who have received anticancer therapies

L > (chemotherapy, immunotherapy, and/or radiotherapy)

(IV) Clinical node-positive lung cancers indicated by
CT/PET-CT or pathologically diagnosed by EBUS (n=19)
(V) Clinical T2-4 tumors or distant metastasis (n=29)

Y

Patients with clinical TINOMO adenocarcinoma (n=419)

Exclusion:
—> ()

Tumor size >30 mm on CT images (n=25)
() Non-measurable lesions on CT images (n=3)

Study population (n=391)

Y

Y

Absence of radiographic
pleural involvement
(n=157)

Presence of
radiographic pleural
involvement (n=234)

]

Y

Visceral pleural
invasion (n=49)

Non-visceral pleural
invasion (n=185)

Figure 2 Flowchart of the study population. CT, computed tomography; CTC, circulating tumor cells; EBUS, endobronchial ultrasound;

PET, positron emission tomography.

along with the elastic staining for VPI and type of resection
(all P<0.05). Detailed clinicopathological characteristics for
the 391 patients are shown in Table 1.

Analysis of the association between VPI and
clinicopathologic characteristics for patients with
radiograpbic pleural involvement

For the 234 patients with CT features associated with VPI,
various clinicopathological features were analyzed with
relation to VPI, and the data are shown in Table 2. The
median CTC level of 10.42 FU/3 mL of blood was applied
to predict the presence of VPI in this cohort of 234 patients.
Statistically significant differences between patients with
and without VPI were found for preoperative level of CEA,
CTC levels, tumor size, nodule type, and the predominant
histological pattern (all P<0.05). At the same time, there were
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no significant differences between tumor location and lymph
node metastasis (both P>0.05). The univariate analysis also
confirmed these findings. However, the multivariate logistic
regression analysis only produced correlations between
increased occurrence of VPI and tumor size [adjusted odds
ratio (OR) =1.96, 95% confidence interval (CI): 1.02-3.76,
Ptrend =0.044], nodule type (adjusted OR=9.62, 95% CI:
3.98-23.26, Ptrend <0.001), and CTC levels (adjusted OR
=4.62,95% CI: 2.05-10.44, P<0.001; Table 2).

CT features, CTC levels, and their association with
presence of VPI

Associations between radiographic parameters and CTC
levels with the presence of VPI in groups of patients with
pleural contact and tag are presented in 7able 3. Of the 234
patients with peripheral adenocarcinoma and CT features
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Table 1 Characteristics of patients with <30 mm peripheral lung adenocarcinoma (n=391)

Radiographic pleural involvement, n (%)

Characteristics N P value
Absent (n=157) Present (n=234)

Gender 0.724
Female 201 79 (50.3) 122 (52.1)
Male 190 78 (49.7) 112 (47.9)

Age, years 0.291
<60 189 81 (51.6) 108 (46.2)
>60 202 76 (48.4) 126 (53.8)

Smoking status 0.338
Never 299 124 (79.0) 175 (74.8)
Ever 92 33 (21.0) 59 (25.2)

Preoperative CEA, ng/mL? 0.270
<5 355 144 (95.4) 211 (92.5)
>5 24 7 (4.6) 17 (7.5)

CTC level, FU/3 mL of blood 0.701
<8.7 103 43 (27.4) 60 (25.6)
>8.7 288 114 (72.6) 174 (74.4)

Tumor size, mm 0.010
<10 24 13 (8.3) 11(4.7)
>10, <20 208 94 (59.9) 114 (48.7)
>20, <30 159 50 (31.8) 109 (46.6)

Nodule type <0.001
Nonsolid 53 42 (26.8) 11(4.7)
Part-solid 200 79 (50.3) 121 (51.7)
Pure-solid 138 36 (22.9) 102 (43.6)

Tumor location 0.011
Upper lobe 210 85 (54.1) 125 (53.4)
Middle lobe 28 4 (2.5) 24 (10.3)
Lower lobe 153 68 (43.3) 85 (36.3)

Type of resection 0.01
Wedge resection 8 3(1.9) 5(2.1)
Segmentectomy 74 41 (26.1) 33 (14.1)
Lobectomy 309 113 (72.0) 196 (83.8)

VPI <0.001
PLO 342 157 (100.0) 185 (79.1)
PLA1 34 0 (0.0 34 (14.5)

Table 1 (continued)
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Radiographic pleural involvement, n (%)

Characteristics N P value
Absent (n=157) Present (n=234)
PL2 15 0(0.0) 15 (6.4)
pTNM stage 0.142
| 362 149 (94.9) 213 (91.1)
Il 14 2(1.3) 12 (5.1)
1] 15 6 (3.8) 9 (3.9
Lymph node metastasis 0.312
Negative 365 149 (94.9) 216 (92.3)
Positive 26 8 (5.1) 18 (7.7)
Predominant pattern 0.040
Lepidic 75 35 (22.3) 40 (17.1)
Acinar 244 92 (58.6) 152 (65.0)
Papillary 32 15 (9.6) 17 (7.3)
Micropapillary 7 0 (0.0 7 (3.0)
Solid 17 53.2) 12 (5.1)
Mucinous 16 10 (6.4) 6 (2.6)

¢, preoperative serum CEA values were available for 379 patients in our hospital. CEA, carcinoembryonic antigen; CTC, circulating tumor

cells; FU, functional unit; VPI, visceral pleural invasion.

of pleural involvement associated with VPI, 141 had pleural
tag and 93, pleural contact. VPI was more prevalent in
tumors with pleural contact (23/93, 24.7%) compared
to those with pleural tag (26/141, 18.4%). In the pleural
contact group, significant differences were found between
VPI-positive and VPI-negative groups for tumor size,
solid portion size, ISP length, and CTC level, while such
differences were only found for solid portion size and CTC
level in the pleural tag group under univariate analysis.
Multivariate logistic regression models further supported
these findings, where the regression model showed that
both for pleural contact and pleural tag groups, the CTC
level was one of the independent indicators for the presence
of VPI (adjusted OR =4.12, 95% CI: 1.09-15.66, P=0.038
for pleural contact; adjusted OR =5.34, 95% CI: 1.88-15.17,
P=0.002 for pleural tag). Other independent indicators
included an increase in ISP length (adjusted OR =1.48,
95% CI: 1.08-2.02, P=0.014) for pleural contact, as well as
solid portion size (adjusted OR =1.14, 95% CI: 1.06-1.23,
P<0.001) for the pleural tag group.

© Translational Lung Cancer Research. All rights reserved.

VPI can be predicted by high CTC levels along with
radiographic features

Next, we compared the ability of CTCs, with and without
CT features, to identify VPI in peripheral adenocarcinomas.
The analysis of the ROC curve compared the diagnostic
performance of CTCs, CT features, including ISP length
for the pleural contact and the size of the solid portion
for the pleural tag, as well as the combined characteristics
for both CTC and CT features (Figure 3). Under ROC
curve analysis, the presence of both CT features and CTCs
was more predictive for the presence of VPI, compared
to CTCs or CT features alone (AUCs reaching statistical
significance, P<0.05). Tible 4 summarizes the resulting AUC
and 95% CI for the different markers, whereas the AUC
of the CTC alone was 0.717 (95% CI: 0.655-0.774). To
further improve the diagnostic efficiency, CTC level and
CT parameters were integrated, resulting in a model with
significantly improved predictive efficiency for identifying
VPI from tumors with CT-defined pleural involvement
with both pleural contact and pleural tag subgroups (AUC
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Table 2 Analysis of the association between clinicopathological characteristics and visceral pleural invasion in patients with radiographic pleural

involvement (n=234)

VPI, n (%) Univariate analysis Multivariate analysis
Characteristics N
Negative (n=185) Positive (n=49) P value Odds ratio (95% CI) P value Odds ratio (95% CI) P value

Preoperative CEA, ng/mL?® 0.042

<5 211 170 (94.4) 41 (85.4) Ref. - Ref. -

>5 17 10 (5.6) 7 (14.6) 2.90 (1.04-8.08)  0.041 1.13(0.33-3.92) 0.845
CTC level, FU/3 mL blood <0.001

<10.42 117 106 (57.3) 11 (22.4) Ref. - Ref. -

>10.42 117 79 (42.7) 38 (77.6) 4.64 (2.23-9.63) <0.001  4.62 (2.05-10.44)  <0.001
Tumor size, mm 0.039 1.84 (1.03-3.28)  0.040° 1.96 (1.02-3.76) 0.044°

<10 11 10 (5.4) 1(2.0

>10, <20 114 95 (51.4) 19 (38.8)

>20, <30 109 80 (43.2) 29 (59.2)
Nodule type <0.001 9.73 (4.34-21.81) <0.001° 9.62 (3.98-23.26) <0.001°

Nonsolid 11 11 (5.9) 0(0.0

Part-solid 121 113 (61.1) 8 (16.3)

Pure-solid 102 61 (33.0) 41 (83.7)
Tumor location 0.433 0.82 (0.58-1.16)  0.255° - -

Upper lobe 125 96 (51.9) 29 (59.2)

Middle lobe 24 18 (9.7) 6 (12.2)

Lower lobe 85 71 (38.4) 14 (28.6)
Lymph node metastasis 0.224

Negative 216 173 (93.5) 43 (87.8) Ref. - - -

Positive 18 12 (6.5) 6 (12.2) 2.01(0.71-5.67)  0.186 - -
Predominant pattern 0.001 1.51 (1.17-1.96)  0.002° 1.12 (0.80-1.57) 0.506°

Lepidic 40 40 (21.6) 0(0.0

Acinar 152 118 (63.8) 34 (69.4)

Papillary 17 12 (6.5) 5(10.2)

Micropapillary 7 5(2.7) 2(4.1)

Solid 12 4(2.2) 8 (16.3)

Mucinous 6 6(3.2) 0(0.0)

2 preoperative serum CEA values were available for 228 patients in our hospital; °, P for trend. Cl, confidence interval; CEA,
carcinoembryonic antigen; Ref., reference; CTC, circulating tumor cells; FU, functional unit; VPI, visceral pleural invasion.
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Table 3 Analysis of the association between radiographic features, CTC levels, and the presence of visceral pleural invasion in tumors with

pleural contact or pleural tag (n=234)

VPI Univariate analysis Multivariate analysis
Characteristics N 0Odds rati 0Odds rati
Negative Positive P value (95;,r?;|l)o P value (95;%")0 P value
Pleural contact 93

Tumor size (mm), median (IQR)

Solid portion size (mm), median 11.1 (8.2-16.1)

(IQR)
ISP length (mm), median (IQR)

Interface length proportion (%),
median (IQR)

Pleural retraction, n (%)

Absent 37 31 (44.3)
Present 56 39 (65.7)
CTC level (FU/3 mL blood), n (%)
<10.42 42 37 (52.9)
>10.42 51 33 (47.1)
Pleural tag 141

Tumor size (mm), median (IQR)

Solid portion size (mm), median

(IQR)
Distance between nodule and 5.4 (3.1-7.6)
pleura (mm), median (IQR)
CTC level (FU/3 mL blood), n (%)
<10.42 75 69 (60.0)
>10.42 66 46 (40.0)

17.1 (13.5-22.2) 21.4 (18.4-28.8) 0.001
21.4 (18-28.6) <0.001

7.7 (3.8-12.2) 15.1 (10.6-17.3) <0.001

6 (26.1)
17 (73.9)

5 (21.7)
18 (78.3)

19.9 (16.1-23.7) 23.5(17.6-29.2) 0.071
12.4 (8.3-19.1) 19.5 (16.5-28.7) <0.001

5.8 (3.7-9.7) 0.395

6 (23.1)
20 (76.9)

1.16 (1.06-1.28) 0.002 1.02 (0.86-1.18) 0.151

1.24 (1.13-1.36) <0.001 1.02 (0.86-1.21) 0.862

1.23 (1.11-1.36) <0.001 1.48(1.08-2.02) 0.014

64.8 (50.1-83.8) 71.2 (62.1-83.3) 0.137 5.74 (0.48-69.44) 0.169 - -

0.146
Ref. - - -
2.25(0.79-6.39) 0.127 - -
0.015
Ref. - Ref. -
4.04 (1.35-12.08) 0.013 4.12(1.09-15.66) 0.038

1.08 (0.99-1.16) 0.065 - -
1.17 (1.08-1.26) <0.001 1.14 (1.06-1.23) <0.001

1.03 (0.94-1.13) 0.516 - -

0.001
Ref. - Ref. -
5.00 (1.87-13.40) 0.001 5.34 (1.88-15.17) 0.002

VPI, visceral pleural invasion; Cl, confidence interval; IQR, interquartile range; ISP, interface solid portion; Ref., reference; CTC, circulating

tumor cells; FU, functional unit.

=0.921 and 0.862 for pleural contact and pleural tag,
respectively; both P<0.01).

Discussion

Lung adenocarcinoma is the most common NSCLC type
and is associated with a low 5-year survival rate, ranging
from 5-40%, owing to >75% of patients being diagnosed
when it has progressed to its later stages (stages III-IV). By
contrast, diagnosis at earlier stages, such as stage IA, yields a
S-year survival rate of up to 60% (31). Therefore, multiple
tests have been developed over the years to diagnose the
cancer at earlier stages, such as chest CT scans, cytological

© Translational Lung Cancer Research. All rights reserved.

analysis of respiratory fluids (ex. sputum, bronchoalveolar
lavage), bronchoscopy, and lung tissue biopsies. However,
all of those approaches have their limitations with respect
to their accuracy and level of invasiveness. For instance,
histological analyses of lung biopsies are considered the
“gold standard” for accurately staging lung tumors, but they
are often highly invasive and prone to complications from
the biopsy procedure. Conversely, sputum cytology is non-
invasive, only requiring a deep cough from a patient, but it
is highly inaccurate for lung adenocarcinoma detection, and
is unable to be used for staging (32,33). As a result, non-
invasive lung cancer staging has been a topic of considerable
interest among radiologists and pulmonologists, as accurate
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Figure 3 ROC curve analysis of CTCs combined with CT imaging features associated with VPI for all patients (A), patients with pleural
contact (B), and patients with pleural tag (C). ROC, receiver operating characteristic; CTC, circulating tumor cells; CT, computed

tomography; VPI, visceral pleural invasion; ISP, interface solid portion.

Table 4 Diagnostic efficacy of CT'C levels and imaging features for predicting patients with visceral pleural invasion (n=234)

Group AUC 95% ClI P value Youden Index Sensitivity (%) Specificity (%)
All patients, n=234 (VPI-positive vs. VPI-negative)
CTC counts 0.717 0.655-0.774 - 0.3983 75.51 64.32
Pleural contact, n=93 (VPI-positive vs. VPI-negative)
CTC counts 0.702 0.599-0.793 0.0003 0.3553 86.96 48.57
ISP length 0.802 0.707-0.878 0.0005 0.5267 86.96 65.71
CTC counts + ISP length 0.921 0.846-0.967 - 0.7124 86.96 84.29
Pleural tag, n=141 (VPI-positive vs. VPI-negative)
CTC counts 0.723 0.642-0.795 0.0067 0.4314 69.23 73.91
Solid portion size 0.730 0.648-0.801 0.0051 0.4214 76.92 65.22
CTC counts + solid portion size 0.862 0.794-0.914 - 0.6823 76.92 91.30

AUC, area under the curve; Cl, confidence interval; VPI, visceral pleural invasion; CTC, circulating tumor cells; ISP, interface solid portion.

staging is critical for further planning of appropriate
therapeutic strategies. Among various characteristic
malignant traits, researchers have extensively explored
possibility of preoperative evaluation of VPI using various
radiographic parameters (28). It has been documented in
the literature that the CT features of VPI can be reliably
used, with a fair degree of accuracy, ranging from 71-95%,
to detect its presence (34). This detection, in turn, aids
to properly stage tumors preoperatively, in which tumors
otherwise meeting the criteria for TINOMO classification
would be re-staged as T2NOMO in light of VPI presence, as

© Translational Lung Cancer Research. All rights reserved.

recommended by the American Joint Committee on Cancer
(AJCC) guidelines. Additionally, these CT features differ
between solid and part-solid nodules, in which solid nodules
with VPI display a larger contact length-to-size ratio, and
multiple pleural tags, compared to VPI-negative nodules,
while for part-solid nodules, VPI presence is associated with
pleural contact and thickening for the solid component,
as well as solid proportion >50%), nodule size >2 cm, and
transgression/infiltration of the fissure (6,35). However, the
wide range regarding the aforementioned accuracy for CT
features has led to the formulation of various approaches,
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such as deep learning, to increase the diagnostic accuracy
for VPI (29). Therefore, in this study, we developed an
approach to improve VPI diagnostic accuracy by utilizing
the presence of CTC counts for VPI detection to augment
the accuracy of CT scans. Such an approach, to the best
of our knowledge, has not been attempted in previous
studies. We succeeded in filling this knowledge gap by
demonstrating that it was possible to assess the potential
presence of VPI using a combination of CT features
and CTC levels. We found that there was a significant
difference in CTC levels between VPI-positive and VPI-
negative peripheral adenocarcinomas, and that VPI
presence can be predicted with high precision by combining
CTC results with the identification of CT features,
including ISP length for the pleural contact and the size of
the solid portion for the pleural tag. In turn, the prediction
of VPI aids in diagnosis and subsequent treatment of stage
IA lung adenocarcinoma, as its presence necessitates the
upgrading of a <3 cm tumor being staged as T'1 to T2 under
the current edition of AJCC staging classifications, owing
to its association with worse prognoses. This upgrading,
in turn, obliges the usage of more treatment options, such
as lobectomy with systemic lymphadenectomy, to combat
against the adenocarcinoma (36,37).

VPI is a poor prognostic factor in NSCLC, possibly
due to its association with skip N2 metastases (30).
Lobectomy with lymph node dissection is the preferred
standard treatment for NSCLC with VPI. However,
sublobar resection has been shown to have comparable
oncologic efficacy for well-selected patients with small-
sized NSCLC (11). Hence, the preoperative diagnostic
precision of VPI has a vital prognostic value in determining
the needed extent of surgical intervention, i.e., lobectomy
vs. sublobar resection. It has long been asserted that
inadequate lymph node assessment, limited by sublobar
resection, could result in a 39% higher risk of disease
recurrence than lobectomy in early-stage NSCLC (38). In
this study, pathologically confirmed VPI was never found in
peripheral adenocarcinoma that manifested as completely
nonsolid nodules (0%); it was diagnosed in 8 (6.6%) part-
solid and 41 (40.2%) pure-solid nodules, corresponding to
findings from previous studies (39,40). Several CT imaging
characteristics are associated with VPI, including maximum
tumor diameter, tumor-pleura interface length, and solid
portion size (6,41). Among these, Hattori er a/. reported the
solid component could potentially be a more potentially
more significant predictive factor, compared to other CT
imaging features, for malignant characteristics including
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elastic layer invasion and poorer clinical prognoses (40,42).
This observation is owed to the association of the solid
component of lung adenocarcinoma nodules with the
micropapillary/solid histopathological subtype, which have
been shown to be correlated with decreased survivals, due
to its higher invasiveness, compared to nodules with ground
glass opacities (GGO) on CT scans. GGO, consisting of
a hazy opacity that does not obscure underlying bronchial
structures and pulmonary vessels in CT scans, conversely
corresponds to the subsolid components of cancer nodules.
These components, in turn, predominantly display a
lepidic histological pattern, which has been observed in
the literature to be less invasive than micropapillary/solid
patterns, and thus associated with more favorable prognoses
(43-45). These findings were supported in our study, in
which the solid portion of the tumor, represented by ISP
length of tumors with pleural contact, and the size of the
solid portion for those with pleural tags, were found to be
independent predictors of VPI based on CT features. VPI
patients were also more frequently found to present with
micropapillary and solid histologic subtypes associated with
tumor invasion, which appeared as a solid component in CT
scans. Furthermore, we found that the specificities reached
84.29% and 91.30% when assessed by a combination of the
CT features of, respectively, ISP length and solid portion
size, with CTC counts, therefore providing more accurate
imaging features for VPI identification.

Liquid biopsy has been devised for lung cancer diagnosis,
particularly for tumor locations where biopsies were usually
difficult to perform. It has been extended to detect genomic
alterations, monitor treatment responses, and evaluate
non-invasive early-stage lung cancer (24). In recent years,
there has been renewed interest, as clinicians and biologists
become more attracted to the idea of CTC detection for
NSCLC. However, standard protocols for CTC isolation
and analysis for lung cancer have not been outlined, which is
complicated by the non-uniformity of CTC surface antigens
in their nature and abundance. This non-uniformity is
reflective of their heterogeneity, which is owed to the
cellular heterogeneity of their source tumors, in which
some cells would be more “stem-like” in nature, and others
“more differentiated”. Such variation poses difficulties with
a number of the current methods utilized to capture CTCs,
such as immuno-magnetic binding, in that CTCs without
specific surface markers of interest, such as EpCAM or CK,
would not be detected. For instance, CTCs originating
from NSLSC that are more “stem-like” in nature are less
likely to express EpCAM, rendering immuno-magnetic
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binding for this surface marker as less effective, compared
to capturing “more differentiated” CTCs (46). These
changes in cell surface marker expression over time for
CTGs, at different stages of differentiation, along with their
rarity within the bloodstream, poses difficulties for their
capture and enrichment, particularly when a specific cell
expression profile is associated with a specific stage in cell
development, such as the partial epithelial-to-mesenchymal
transition phenotype with the early stages of metastasis,
where being EpCAM- necessitates alternative identification
approaches than immuno-magnetic binding (47). As a
result, label-free approaches, combined with genetic
sequencing methods, have been developed to overcome
these limitations of marker-based capture, which, however,
have been limited themselves by their low throughput.
More recently, the limitations of label-free approaches, such
as ISE'T, have been overcome via the development of high-
throughput approaches, such as microfluidics involving
the generation of Dean vortices to separate out the larger
CTCs from the smaller blood cells, which, combined with
single-cell genetic sequencing, have been able to obtain
CTGCs from the majority of tested patients, which otherwise
would be missed from more traditional surface marker-
based approaches, due to being mostly EpCAM- (46,48-50).
"This combination has also been found to be effective for other
cancer types, such as breast and colorectal cancers (47,51).
Isolation using FR was chosen as a preferable method in
this study, due to the fact that it has low or no expression in
normal lung tissues or macrophages, but is highly expressed
on ~80% of NSCLC cells (25). Its levels are higher in lung
adenocarcinoma versus squamous cell carcinoma (52). The
LT-PCR technique has been used to for detection of FR-
positive CTCs, which yields high diagnostic accuracy (25).
CTCs may enter the bloodstream due to tumor invasion
through the elastic layer of blood vessels. The elastic layer
consists of the layers of the lamina elastica externa (LEE)
and the lamina elastica interna, with lymph and blood
vessels in between (53). Hamasaki et /. found that tumor
vascular involvement was significantly higher in patients
with LEE involvement (54). Our study aimed to evaluate
the associations between peripheral blood CTC counts
and VPI based on these pathologic findings, and our
results showed that 44 of 49 VPI-positive patients (89.8%),
and 130 of 185 VPI-negative patients (70.3%), could be
accurately diagnosed using the suggested threshold CTC
value of 8.7 FU/3 mL in the serum. Our diagnostic rate
was similar to other reported studies for VPI-negative lung
adenocarcinoma in the literature (26,55). It is also noted
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that a statistically significantly higher CTC level was found
in VPI-positive lung adenocarcinoma cases. By itself, the
CTC level detection had an AUC value of 0.717, but higher
values were obtained by adding CT features associated with
pleural contact or tag. For example, increased values for
sensitivity and specificity (76.92% and 91.30%, respectively)
were achieved for the pleural tag. Therefore, CTC counts
can serve as a valuable supporting diagnostic biomarker for
VPI prediction, supplementing the reported data that can
be obtained from CT images (8). Such a combined approach
could also be potentially applied to differentiate benign
from malignant nodules. Other imaging approaches are also
being used for VPI diagnoses, including magnetic resonance
imaging, allowing for a potential wider application of CTC
with advanced radiographic imaging in the future (56,57).

There are some limitations in our study, one of which is
potential selection bias resulting from a retrospective single-
center study. In addition, all patients had invasive lung
adenocarcinoma; adenocarcinoma in situ and minimally
invasive adenocarcinoma were not included in this study
as they could be accurately diagnosed using frozen tissue
sections. Therefore, the choice of surgical procedure for
those adenocarcinomas would not be affected, unlike with
the presence of VPI for invasive adenocarcinoma, which
would entail the usage of more aggressive treatment options
in line with the requisite increase in staging from T'1 to
T2. Subsequent association analyses did not include tumors
without pleural involvement, as they had no incidence of
VPI by definition. The study also had a relatively small
sample size, posing statistical challenges for exploring the
potential differences between PL1 and PL2. Therefore,
additional prospective studies, involving larger sample sizes
and multiple institutes, are needed to validate these results
in the future.

Conclusions

The present study demonstrates that a higher CTC level is
an independent predictor for VPI in clinical TINOMO lung
adenocarcinoma, along with ISP length for pleural contact
and solid portion size for the pleural tag, with respect to
VPI-associated CT features. The combination of both
CTC level and these pleural-based CT features significantly
improved the accuracy of predicting the incidence of VPI,
compared to either of them alone. Thus, CTC analysis
serves as a highly valuable ancillary approach, along with
CT imaging features, for preoperative detection of VPI,
greatly aiding in selecting effective surgical treatment
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approaches for invasive lung adenocarcinoma.
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