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Introduction

Background: Studies of the prognostic role of circulating tumor cells (CTCs) in ear-
ly-stage non-small cell lung cancer (NSCLC) are still limited. This study investigated the
prognostic power of CTCs from the pulmonary vein (PV), peripheral blood (PB), and bone
marrow (BM) for postoperative recurrence in patients who underwent curative resection
for NSCLC.

Methods: Forty patients who underwent curative resection for NSCLC were enrolled.
Before resection, 10-mL samples were obtained of PB from the radial artery, blood from
the PV of the lobe containing the tumor, and BM aspirates from the rib. A microfabricated
filter was used for CTC enrichment, and immunofluorescence staining was used to identify
CTCs.

Results: The pathologic stage was stage I in 8 patients (20%), Il in 15 (38%), Il in 14 (35%),
and IVin 3 (8%). The median number of PB-, PV-, and BM-CTCs was 4, 4, and 5, respectively.
A time-dependent receiver operating characteristic curve analysis showed that PB-CTCs
had excellent predictive value for recurrence-free survival (RFS), with the highest area un-
der the curve at each time point (first, second, and third quartiles of RFS). In a multivariate
Cox proportional hazard regression model, PB-CTCs were an independent risk factor for
recurrence (hazard ratio, 10.580; 95% confidence interval, 1.637-68.388; p<0.013).
Conclusion: The presence of >4 PB-CTCs was an independent poor prognostic factor for
RFS, and PV-CTCs and PB-CTCs had a positive linear correlation in patients with recurrence.

Keywords: Circulating tumor cells, Non-small-cell lung carcinoma, Pulmonary veins,
Bone marrow, Peripheral blood

Circulating tumor cells (CTCs) disseminate from the
primary tumor through the circulatory system, and at least

Lung cancer is the leading cause of cancer death for both
men and women worldwide. The 5-year survival rate is es-
timated to range from 71% to 83% in patients with patho-
logic stage I disease and from 23% to 36% in patients with
stage III non-small cell lung cancer (NSCLC) [1]. The rea-
son for the poorer prognosis in advanced disease is postop-
erative recurrence; 80% of cases of recurrence occur within
the first 2 years, and most recurrences are distant metasta-
ses [2]. The mechanism of distant metastasis is known to
be nodal spread or spread through the bloodstream.

some CTCs are ultimately capable of forming distant me-
tastases [3]. However, it is clear that even in advanced lung
cancer, CTCs exist in extreme rarity in blood, and there
are significant technical challenges in their isolation. How-
ever, technical advances have enabled the identification of
CTCs in peripheral blood (PB), and some studies showed
that CTCs can be harvested from numerous cancer sub-
types, such as breast, colon, lung, prostate, and urothelial
cancers [4-8].

Blood from the pulmonary vein (PV) responsible for
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drainage from the area of the primary tumor is known to
be better than blood from the PB for research on the iden-
tification of CTCs because it contains a tremendous amount
of CTCs [9-12]. Bone marrow (BM) has traditionally been
the primary compartment in which the prognostic value of
the detection of CTCs has been investigated, as it is a com-
mon homing organ for tumor cells of epithelial origin
[13,14]. Most studies on CTCs to date have been performed
in advanced NSCLC, and studies addressing the prognostic
role of CTCs in early-stage NSCLC are still limited. One
reason for the limited number of studies in early-stage NS-
CLC is that isolation of CTCs is more challenging due to
their rarity.

This study was to evaluate the prognostic effect of CTCs
from PB, PV, and BM on postoperative recurrence in pa-
tients who underwent curative resection for NSCLC.

Methods
Patients

Patients enrolled in this study underwent curative resec-
tion at Seoul National University Bundang Hospital
(SNUBH) from January 2015 to August 2016 and were
pathologically diagnosed with primary NSCLC. All pa-
tients underwent complete anatomical resection with me-
diastinal lymph node dissection. The tumors were staged
pathologically according to the eighth edition of the tu-
mor-node-metastasis (TNM) classification. This study was
approved by the Institutional Review Board of SNUBH
(IRB no., B-1410-270-001) and informed consent was ob-
tained from all patients. The data analyzed in this study
included the patient’s history, physical examination, chest
radiographs, and tumor markers. A contrast-enhanced
chest computed tomography scan was taken every 6
months for the first 3 years and every 8 months thereafter.
The final diagnosis of recurrence was confirmed by the
histopathologic examination of samples obtained from
surgery or biopsy. If it was impossible to diagnose recur-
rence histopathologically, recurrent malignancy was no
longer suspected based on a clinical and radiologic fol-
low-up period of at least 12 months with no evidence of ac-
tive malignancy.

Sample collection

After induction for general anesthesia, a total of 10 mL
of PB was collected immediately prior to surgery from ra-
dial artery. The operation was performed by video-assisted

thoracic surgery (VATS) or open thoracotomy due to onco-
logic reasons or technical difficulty. BM was collected from
patients before lung resection, and a total of 10 mL of BM
was aspirated from the fifth or sixth rib. After exposure of
the targeted rib, using a bone drill, we made a hole in the
rib, inserted the spinal needle in the hole, and used a 20-
mL syringe, to aspirate 5 mL of BM. If the amount was in-
sufficient, BM was aspirated from another rib. After enter-
ing the thoracic cavity, we first exposed the targeted PV
(draining the lobe that was bearing the tumor) and isolated
the PV first using minimal manipulation of the lung. Up
to 10 mL of PV blood was removed using a 21G needle at-
tached to a 10-mL syringe immediately before dividing the
PV. All specimens were collected in specialized tubes and
then submitted for an immediate analysis.

Technique of enrichment and identification of
circulating tumor cells

The technique of CTC enrichment and detection was de-
scribed in detail previously [15]. Briefly, the principle of
isolating CTCs by filtration is based on the fact that most
CTCs are larger than most blood cells. Most cancer cells
measure more than 15 pm in size, whereas most PB leuko-
cytes measure from 8 to 11 pm. Samples were processed
using an epithelial cell adhesion molecule (EpCAM)-based
microfluidic chip. CK, DAPI, and CD45 labeling was used
to score for CTCs and eliminate contaminating white
blood cells. CK is positive in many CTCs, DAPI is positive
in nucleated cells, eliminating red blood cells, and CD45 is
positive in white blood cells, allowing for negative selec-
tion.

Statistical analysis

Continuous were expressed as meantstandard deviation
or median with the range between the first and third quar-
tiles, and categorical data were expressed as proportions.
The baseline characteristics of patients were compared be-
tween 2 groups using the Wilcoxon rank sum for continu-
ous variables and the Fisher exact test for categorical vari-
ables. To measure the linear relationship between variables,
simple linear regression analysis was conducted. To evalu-
ate the prediction efficacy of several variables for recur-
rence, the time-dependent receiver operating characteristic
(ROC) curve and area under time-dependent ROC curve
(AUC) were estimated at each time point (first, second, and
third quartiles of recurrence-free survival [RFS]). Tests to
compare the AUCs of 2 rival variables were also conducted
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to compare the prediction efficacy. RFS was defined as the
duration between the day of surgery and the day that the
recurrence of lung cancer was detected. Overall survival
(OS) was defined as the duration from the day of surgery
until the day of death. The RFS and OS rates were estimat-
ed using the Kaplan-Meier method. A Cox regression
model was used to analyze the risk of lung cancer recur-
rence. To reduce the influence of confounding factors on
the risk, adjustment was done using multiple variables.
Due to complete and quasi-complete separation (empty oc-
currence categories), the firth penalized maximum likeli-
hood was applied [16]. A p-value of <0.05 was considered
to indicate statistical significance. Statistical analyses were
performed using R statistical software ver. 3.6.2 (R Foun-
dation for Statistical Computing, Vienna, Austria) and
IBM SPSS Statistics for Windows ver. 25.0 (IBM Corp., Ar-
monk, NY, USA). A 2-sided p-value <0.05 was considered
statistically significant.

Results
Patient demographics

The baseline characteristics of the study cohort are
shown in Table 1. Of all 40 patients, the mean age was 65.3
years, 25 patients (63%) were male, and 25 patients (63%)
were ever smokers. The mean maximum standardized up-
take value (SUVmax) of the primary tumor was 11.3. Lo-
bectomy was performed in 35 patients (88%), bilobectomy
in 3 (8%), and pneumonectomy in 2 (5%). The procedures
were performed by VATS in 27 patients (68%). The propor-
tions of patients with adenocarcinoma, squamous cell car-
cinoma, and other types of NSCLC were 27 (68%), 10 (25%),
and 3 (8%), respectively. Their pathologic TNM stages were
as follows: stage I in 8 (20%), stage II in 15 (38%), stage III
in 14 (35%), and stage IV in 3 (8%).

Relationships between pulmonary vein-,
peripheral blood-, and bone marrow-circulating
tumor cells and clinicopathologic factors

The median numbers of PB-, PV-, and BM-CTCs were 3
(1-6), 3 (1-6), and 5 (1-10), respectively. Table 1 shows
clinicopathologic features according to the number of PV-,
PB-, and BM-CTCs. In each column, patients were divided
into 2 groups—the high CTCs group (>median number)
and the low CTCs group (Smedian number)—and their
clinicopathologic features were compared. The proportions
of patients in the high PV-, PB-, and BM-CTCs groups

216  http://www.jchestsurg.org

were 19 (48%), 19 (48%), and 18 (45%), respectively. Statisti-
cally significant correlations were observed between PV-
CTCs and pathologic N stage, and PB-CTCs and adeno-
carcinoma. Marginal significance was observed between
PV-CTCs or PB-CTCs and preoperative distant metastasis.
Non-significant relationships were found between CTCs
and visceral pleural invasion (VPI), lymphatic invasion (LI)
or vascular invasion (VI), or spread through air spaces
(STAS).

Pulmonary vein-, peripheral blood-, and bone
marrow-circulating tumor cells and pathologic
TNM stage

The scatterplots of PV-, PB-, and BM-CTCs according to
the pathologic tumor-node-metastasis stage (pTNM) are
shown in Fig. 1. There was no correlation between CTCs
and pI'NM, except PB-CTCs and pM. In the linear regres-
sion analysis, PB-CTCs and pM showed an R of 0.230
with a p-value of 0.002. Further details on PB-CTCs and
pM are shown in Supplementary Fig. 1. In all 3 patients
with pM1, the number of PB-CTCs was 8 or more. Among
patients with pMO, all patients with >8 PB-CTCs (n=5) had
postoperative recurrence. In the ROC analysis, the AUC of
PB-CTC for pM1 was 0.923 (p<0.001), and the cut-off value
that maximized the Youden index was 7.

Correlations between pulmonary vein-,
peripheral blood-, and bone marrow-circulating
tumor cells and postoperative recurrence

Scatterplots of PV-, PB-, and BM-CTCs according to re-
currence status are presented in Fig. 2A. When the number
of CTCs was compared between patients with recurrence
and without recurrence, the numbers of PV- and PB-CTCs
were significantly higher in patients with recurrence (Fig.
2B). The results of the time-dependent ROC analysis of
PV-, PB-, and BM-CTCs for recurrence are presented in
Fig. 2C. At each time point (first, second, and third quar-
tiles of RFS), PB-CTCs showed excellent predictive values
and the greatest AUC when compared to PV- and BM-
CTCs. The cut-off value of PB-CTCs for recurrence deter-
mined using the maximum Youden index was 4 when the
time point was 55 months. The cut-off of 4 PB-CTCs dis-
criminated RFS well in Kaplan-Meier curves (log-rank
p=0.001) (Fig. 2D).
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Fig. 1. Correlation between pathologic tumor-node-metastasis (TNM) stage and the number of (A-D) pulmonary vein (PV)-, (E-H) pe-
ripheral blood (PB)-, and (I-L) bone marrow (BM)-circulating tumor cells (CTCs).

Predictive power for postoperative recurrence

When the AUC of the ROC analysis for recurrence was
compared between PB-CTCs and other well-known prog-
nostic factors such as pINM stage, SUVmax, and carci-
noembryonic antigen (CEA), PB-CTCs showed a higher
AUC than all other factors; its significance was marginal
when compared to the pTNM stage, and it was significant
when compared to SUVmax or CEA (Fig. 3). The univari-
ate analysis is shown in Table 2. In the multivariate Cox
proportional hazard regression model for recurrence, PB-
CTCs were an independent risk factor for recurrence (haz-
ard ratio, 38.952; 95% CI, 5.234-396.843; p<0.001) after ad-
justment for age, sex, extent of resection, completeness of
resection, cell type, pathologic TNM stage, VPI, LI, VI,
STAS, and adjuvant therapy (Table 3).

The interrelationships between PV-, PB-, and BM-CTCs
are presented in Fig. 4. PV-CTCs and PB-CTCs showed a
positive linear relationship (R’=0.432, p=0.008) only when
there was recurrence. In contrast, PV-CTCs and BM-CTCs
showed a positive linear relationship (R*=0.363, p=0.001)
only when there was no recurrence.

Discussion

This study showed that PB-CTCs were an independently
significant prognostic factor for RFS after curative resec-
tion for NSCLC. In this study, according to the results of
time-dependent ROC analysis of 3 samples for recurrence
prediction, PB-CTCs showed excellent predictive value,
and a cut-off of 4 for PB-CTCs discriminated RFS well. At
each time point (first, second, and third quartiles of RFS),
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PB-CTCs showed excellent predictive value and the highest
AUC for the third quartile of RES compared to PV- and
BM-CTCs. A meta-analysis showed that CTCs were sig-
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recurrence-free survival (RFS) with 95% confidence intervals (Cls)
stratified by the presence of 24 or <4 PB-circulating tumor cells
(CTCs). AUC, area under the ROC curve.

nificantly correlated with overall survival and progres-
sion-free survival in lung cancer patients [17]. Although
many studies have shown similar results, the first point of
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AUC (95% Cl)

Comparison of AUC (p-value)

Time point (RFS) PB-CTCs pTNM SUVmax CEA PB-CTCs PB-CTCs PB-CTCs
................................ I vs. pTNM  vs. SUVmax vs. CEA
1st quartile (44 mo) 87.9 (75.4-99.2) 71.2(56.5-90.2) 56.5(29.6-74.0) 52.7 (32.4-76.3) 0.140 0.005 0.005
2nd quartile (50 mo) 87.7 (75.4-100.0) 77.4 (60.0-94.8) 57.6 (34.1-81.1) 54.5(31.2-77.7) 0.315 0.026 0.026
3rd quartile (55 mo) 92.1 (78.6-100.0) 72.4 (50.3-94.4) 50.4 (23.9-76.9) 51.8 (24.8-78.7) 0.107 0.004 0.004
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Fig. 3. Time-dependent receiver operating characteristic (ROC) analysis of peripheral blood (PB)-circulating tumor cells (CTCs), patho-
logic tumor-node-metastasis (P TNM), standardized uptake value (SUV), and carcinoembryonic antigen (CEA) for recurrence and its
comparisons. AUC, area under the ROC curve; Cl, confidence interval.

Table 2. Univariate analysis for recurrence

Variable HR (95% ClI) p-value
Age 0.967 (0.913-1.025) 0.261
Sex, male (vs. female) 0.918 (0.333-2.526) 0.868
Smoking, ever (vs. never) 1.002 (0.356-2.816) 0.998
Carcinoembryonic antigen 0.988 (0.947-1.032) 0.596
Maximum standardized uptake value 1.023 (0.952-1.098) 0.539
Extent of resection, lobectomy (vs. bilobectomy or pneumonectomy) 1.000 (0.225-4.441) 1.000
Pathologic TNM
Stage Il (vs. 1) 5.503 (0.668-45.354) 0.113
Stage Il (vs. 1) 3.975 (0.459-34.409) 0.210
Stage IV (vs. I) 20.353 (2.015-205.603) 0.011
Visceral pleural invasion, present (vs. absent) 2.180 (0.810-5.864) 0.123
Vascular invasion, present (vs. absent) 1.451 (0.544-3.8) 0.457
Lymphatic invasion, present (vs. absent) 2.557 (0.821-7.958) 0.105
Spread through air spaces, present (vs. absent) 2.936 (0.943-9.141) 0.063
Adjuvant therapy, yes (vs. no) 4.095 (1.164-14.407) 0.028
PB-CTCs >4 (vs. <4) 9.815 (2.225-43.896) 0.003

HR, hazard ratio; Cl, confidence interval; TNM, tumor-node-metastasis; PB,

note in our study is that it analyzed surgically resected
lung cancer patients, and the second was that the analyzed
samples were not only limited to PB, but also included
samples from the PV and BM, unlike similar previous
studies. Interestingly, in our patients with recurrence, PV-
CTCs and PB-CTCs showed a positive linear relationship,
meaning that a high number of PV-CTCs was maintained
in the peripheral circulation. Previous data suggest that

peripheral blood; CTCs, circulating tumor cells.

most CTCs are cleared from the circulation rapidly and
only a very small fraction proliferate at a distant site [18,19].
Abundant immunocytes including T and B lymphocytes,
and natural killer (NK) cells in the PB could kill the cancer
cells that desquamate into the PB [20,21]. One study
showed a close relationship between the decrease of pe-
ripheral immune surveillance and CTCs; this process was
characterized by decreased ratios of NK cells, CD3+,
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Table 3. Multivariate firth penalized Cox hazard regression analysis for recurrence

Variable HR (95% CI) p-value
Age 0.859 (0.756-0.954) 0.004
Sex, male (vs. female) 0.132 (0.017-0.775 0.025
Extent of resection, lobectomy (vs. bilobectomy or pneumonectomy) 2.937 (0.308-28.510) 0.336
Pathologic TNM stage 1.153 (0.457-3.348) 0.771
Visceral pleural invasion, present (vs. absent) 0.547 (0.071-3.589) 0.529
Vascular invasion, present (vs. absent) 0.896 (0.162-5.722) 0.898
Lymphatic invasion, present (vs. absent) 0.896 (0.161-5.722) 0.898
Spread through air spaces, present (vs. absent) 6.837 (1.296-74.941) 0.021
Adjuvant therapy, yes (vs. no) 0.910 (0.111-7.808) 0.928
PB-CTCs >4 (vs. <4) 38.952 (5.234-396.843) <0.001

HR, hazard ratio; Cl, confidence interval; TNM, tumor-node-metastasis;

Subgroup population who have postoperative recurrence

PB, peripheral blood; CTCs, circulating tumor cells.
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Fig. 4. Interrelationship between pulmonary vein (PV)-, peripheral blood (PB)-, and bone marrow (BM)-circulating tumor cells (CTCs)
in (A—C) the subgroup of patients with postoperative recurrence, and (D-F) the subgroup of patients with no postoperative recurrence.

CD4+, and T cells [22].

Our study showed that the high PV-CTCs group was as-
sociated with pathologic nodal metastasis, but not with tu-
mor size, location, or other pathologic factors. With a sin-
gle vein draining the entire tumor basin, lung cancers are
unique among solid organ tumors. Reproducible and high-
yield isolation of CTCs from the PV may facilitate future
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studies of CTCs by helping to identify better CTC markers
[12]. Reddy et al. [10] showed that the number of PV-CTCs
was correlated with pathologic tumor size, but not with
nodal stage or overall stage. Hashimoto et al. [9] also re-
ported a significant increase in the CTC count in the PV
responsible for drainage, especially in tumors with LI, and
found that a large difference between before and after ma-
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nipulation of the lung was significantly correlated with
postoperative distant metastasis after curative resection in
NSCLC patients.

BM has traditionally been the primary compartment in
which the prognostic value of the detection of these cells
has been investigated, as it is a common homing organ for
tumor cells of epithelial origin [23]. A study dealing with
squamous cell carcinoma of the oral cavity showed higher
frequency of BM-CTCs than PB-CTCs because the half-
life of CTCs in the circulation seems to be short (1-2
hours) and hence many CTCs rapidly undergo apoptosis
[24,25]. According to recent observations, some BM-CTCs
remain in a dormant state and may never initiate a relapse,
whereas others remain in a proliferating state or escape
dormancy control mechanisms to enter the cell cycle by
still unknown conditions in the microenvironment or mo-
lecular alterations [26].

Compared with well-known poor prognostic factors such
as high CEA, SUVmax, pathologic staging, PB-CTCs were
comparable to pathologic staging, but superior to CEA or
SUVmax for predicting recurrence. Many serum tumor
markers have been evaluated for their clinical utility in
NSCLC; however, nearly all tumor markers show a very
low sensitivity. In this study, PB-CTCs showed higher sen-
sitivity for recurrence than of CEA.

In a comparative analysis between pathologic TNM stag-
ing and CTCs, PB-CTCs and pathologic distant metastasis
showed a linear correlation, meaning that patients with 8
or more PB-CTCs were more likely to have preoperative
distant metastasis or postoperative recurrence. Three pa-
tients with intraoperative pleural seeding had recurrence
after curative resection, in the contralateral lung, regional
lymph nodes, or brain and bone. Even patients with
node-negative lung cancer had recurrence when there were
8 or more PB-CTCs. When comparing patients according
to whether they had 8 or more PB-CTCs or fewer than 8
PB-CTCs, there was no significant difference in recurrence
patterns.

The reasons why tumors with poor prognostic factors (LI,
VI, and STAS) show frequent recurrence, especially to dis-
tant sites, are unknown; however, CTCs may play a key
role in this setting. In this study, patients with 4 or more
PB-CTCs had more LI, VI, and STAS than those with few-
er than 4 PB-CTCs. If more patients were evaluated, a cor-
relation between these factors and the number of CTCs
might be identified.

There were some limitations of this study. Among pa-
tients without CTCs from any samples, either the patients
truly had zero CTCs or we may have missed alternative

CTCs that might have a mesenchymal phenotype and can-
not be captured using an EpCAM-based strategy, although
size-based capture systems increase the detection rate of
CTCs. Most currently used methods for the enrichment
and identification of CTCs have deficiencies in detecting
tumor cells that have lost their epithelial cell features in the
course of the epithelial to mesenchymal transition. The
definition of CTC positivity is unclear.

Because there were not many patients in each stage and
PB-CTCs have a stronger influence on recurrence, the ef-
fects of pathologic stage were obscured by multivariate
analysis and were not statistically significant. However,
since the hazard ratio of pathologic stage tended to be con-
sistent with the clinical findings, statistically significant
results are expected as the number of patients increases. In
terms of pleural invasion, while it is known to affect prog-
nosis only in NOMO tumors smaller than 3 cm [27], most of
the patients in the study were in a more advanced stage,
and PB-CTCs were strongly correlated with recurrence;
this is thought to be why pleural invasion did not show sta-
tistical significance.

In conclusion, the presence of 4 or more PB-CTCs was
an independent poor prognostic factor for RFS, and in pa-
tients with recurrence, PV-CTCs and PB-CTCs had a posi-
tive linear correlation. The evaluation of CTCs from 3 dif-
ferent sites might be meaningful.
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