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Abstract

Background: The high false-positive rate for pulmonary nodules (PNs) from using
low-dose computed tomography (LDCT) screening can lead to overuse of invasive
procedures, overtreatment, and patient anxiety. Therefore, it is very important to
develop new diagnostic methods.

Methods: A negative enrichment-fluorescence in situ hybridization (NE-FISH) approach
was used to detect circulating tumor cells (CTCs) in patients with PNs. We evaluated
whether or not the combination of CTC counts with serum tumor marker levels (CEA, CA
125, CYFRA 21-1, SCC) could improve the diagnostic ability for distinguishing patients
with malignant pulmonary nodules (MPNs) from those with benign pulmonary nodules
(BPNs). Moreover, the potential clinical application of this combination for the diagnosis
of solitary pulmonary nodules (SPNs) with a diameter <2 cm was also investigated.
Results: The combination of CTC counts and tumor marker levels had a sensitivity of
80.12% and the area under the receiver operating characteristics curve (AUCroc) of
0.853 (95% confidence interval [CI]: 0.800-0.897, p < 0.001) for the differential diag-
nosis of PNs. For early cancer stages, the sensitivity was 75.38% (AUCgroc = 0.780,
95% CI: 0.713-0.838, p < 0.001). In addition, for SPNs within 2 cm the combination
of CTC counts and tumor marker levels was still the most valuable diagnostic tool
with a sensitivity of 78.95% and AUCgoc of 0.888.

Conclusion: The combination of CTC counts and serum tumor marker levels is help-
ful for improving the diagnosis of PNs, especially in the early stages of cancer and for
SPNs within 2 cm.
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Early diagnosis and early treatment can significantly
reduce the mortality of lung cancer.>’ Early lung cancer

Lung cancer is the most common cause of cancer-related
deaths in the world. In 2018, there were 2.1 million new
lung cancer cases and 1.8 million deaths predicted.' In
China in 2018, there were 774 000 new cases of lung cancer
and 690 000 deaths. It is worth noting that the incidence
and mortality of lung cancer in China are higher than the
average levels of other countries. Therefore, it is very impor-
tant to reduce the mortality rate of lung cancer in China.

exists in the form of pulmonary nodules (PNs). The forma-
tion of PNs is a gradual process. PNs are considered to be
focal, round-shaped, dense, solid, or subsolid lung shadows
in radiological images with a diameter of <3 cm. They can
be isolated or multiple without atelectasis, lung portal lymph
node enlargement, or pleural effusion.

With the continual improvement of health awareness by
individuals and the development of highly sensitive imaging
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detection technologies such as low-dose computed tomogra-
phy (LDCT) for lung cancer screening, more and more
patients with PNs are being discovered before the nodules
become malignant tumors or early stage cancer.* ® Although
LDCT plays an important role in the early screening of lung
cancer, it is limited by a high false-positive rate and does not
fully meet the clinical needs for the differential diagnosis of
PNs.”® Another examination method is percutaneous lung
puncture biopsy of PNs but it is invasive and will cause cer-
tain damage to the patient’s body and increase the economic
burden” As an auxiliary diagnostic method, lung cancer
tumor markers mainly have a certain clinical value for
advanced lung cancer. However, its clinical application is lim-
ited due to low specificity and sensitivity for lung cancer
patients, especially those at early stages.'”'" Therefore, non-
invasive auxiliary detection technology has gradually become
the focus of clinical research for the diagnosis of PNs.'*™'*

Circulating tumor cells (CTCs) are tumor cells that have
escaped from the primary lesion or metastasis. CTCs spread
through the bloodstream or lymphatic system and give rise
to new metastatic tumors.”””"” Studies have found that
CTCs exist in the blood in the early stage of tumor forma-
tion, suggesting that CTC levels may be an important indi-
cator and potential breakthrough for the early diagnosis of
lung cancer.'®"”

Many novel technologies have been developed in recent
years to detect CTCs in various cancers. The most common
detection strategy relies on epithelial cell biomarkers. Cell-
Search, as the most representative and only FDA-approved
CTC detection technology, uses epithelial cell adhesion
molecule (EpCAM) and cytokeratin (CK) antibodies and
has been utilized to detect CTCs and monitor chemothe-
rapeutic efficacy in prostate, colorectal, and breast cancer
patients.””>* However, when cells undergo epithelial-
mesenchymal transition (EMT), the expression of these
epithelial cell biomarkers usually changes dynamically,
which leads to a lower CTC detection rate and restricts
the clinical application of this technology. Our previous
study showed that a new platform integrating EpCAM-
independent subtraction, immunostaining-fluorescence in
situ hybridization (FISH), and the IMSTAR high content
screening (HCS) device can be used as a diagnostic tool to
distinguish cancer patients from patients with benign
tumors or from healthy individuals.****

In this study, the same platform was used to evaluate
the clinical application value for differentiating patients
with malignant pulmonary nodules (MPNs) from patients
with benign pulmonary nodules (BPNs). We explored
whether the combination of measuring CTC numbers and
serum levels of tumor markers (carcinoembryonic antigen
[CEA], cancer antigen 125 [CA 125], cytokeratin 19 frag-
ment [CYFRA 21-1], and squamous cell carcinoma antigen
[SCC]) could increase the screening efficiency for differenti-
ating MPN patients from BPN patients. In addition, the
potential clinical utility of this combination for the diagnosis
of solitary pulmonary nodules (SPNs) within 2 cm was also
analyzed.

METHODS
Patients and specimens

In this retrospective study, we included 224 patients
with PNs confirmed by CT or LDCT as newly diagnosed
and untreated cases at Liaocheng People’s Hospital
(Liaocheng, Shandong, China) between August 2016 and
May 2018. The study inclusion criteria were as follows:
(1) All selected patients had been screened by CT or
LDCT to detect single or multiple lung nodules <3 cm
within the past one year; (2) were age > 18 years;
(3) patients were able to tolerate lung resection and had
planned to undergo surgery for resection of lung nodules
and accept histopathological examination; and (4) patients
had agreed to participate in this study and had signed an
informed consent form. The study exclusion criteria were
as follows: (1) Patients with severe heart, liver, lung, or
kidney dysfunction or mental illness who could not toler-
ate surgery; (2) history of malignant tumors in the past
3 years; and (3) patients who had received lung cancer-
related clinical therapeutic interventions in the past such
as surgery, radiotherapy, chemotherapy, targeted therapy,
or immunotherapy.

All patients provided written informed consent to par-
ticipate in this study. This research was approved by Liao-
cheng People’s Hospital and followed the principles of the
Declaration of Helsinki.

Of the 224 patients with PNs, 171 cases were MPNs and
53 cases were BPNs as confirmed by surgical treatment and
pathological diagnosis. Clinical characteristics were recorded
for each MPN patient. Tumor staging (i.e., I, II, III) was
accomplished according to the eighth edition of the Ameri-
can Joint Committee on Cancer (AJCC) tumor-node-
metastasis (TNM) classification for lung cancer. The group
of 53 patients with BPNs was age- and gender-matched to
the MPN group, but the differences between the groups
were not statistically significant (Table S1).

Peripheral blood samples were used for analysis of CTCs
and serum tumor markers. The samples were collected
before resection, kept at room temperature, and analyzed
within 24 h. To avoid possible bias, all blood samples were
collected, coded, and detected by different personnel in a
blinded manner.

Detection of CTCs

Negative enrichment (NE)-FISH using an automated image
analysis system, the IMSTAR HCS device (IMSTAR S.A,,
Paris, France), was used for the enrichment and identifica-
tion of CTCs, as reported in our previous study.”** Cells
were identified as CTCs if they were positive for 4/,
6-diamidino-2-phenylindole (DAPI), negative for CD45,
and positive for centromere of chromosome 8 (CEPS8)
(Figure 1). CTC counts were expressed as the number of
CTCs per 3.2 ml of whole blood.
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Detection of CTCs by NE-FISH in patients with PNs. CTCs are defined as cells that are DAPI positive (blue), CD45 negative (lack of red
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stain), and CEP8 positive (orange). Abbreviations: CEP8, centromere of chromosome 8; CTC, circulating tumor cell; DAPI, 4, 6-diamidino-2-phenylindole;
NE-FISH, negative enrichment-fluorescence in situ hybridization; PN, pulmonary nodules
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FIGURE 2 CTC enumerations can differentiate patients with benign PNs from patients with malignant PNs (p < 0.001). (a) Distribution of CTC counts
(number of cells per 3.2 ml of whole blood) in patients with malignant PNs and patients with benign PNs. (b) The ROC curve was used to determine the
cutoff value for CTC counts. (c-h) CTC enumerations were correlated with nodule type (p = 0.014), tumor differentiation (p < 0.001), vessel invasion

(p = 0.004), TNM T stage (p = 0.008), TNM N stage (p < 0.001), and AJCC stage (p < 0.001). Abbreviations: AJCC, American Joint Committee on Cancer;
AUG, area under the curve; CTC, circulating tumor cell; PNs, pulmonary nodules; ROC, receiver operating characteristic; TNM, tumor-node-metastasis

Measurement of tumor marker levels

Serum levels of tumor markers including CEA, CA
125, CYFRA 21-1, and SCC were measured using an immu-
nology analyzer (Cobas e602; Roche Diagnostics). The upper
limits of normal values were 5 ng/ml for CEA, 35 U/ml for
CA 125, 3.3 ng/ml for CYFRA 21-1, and 1.5 ng/ml for SCC.

Statistical analysis

SPSS 20.0 software (IBM Corp.) was used to perform statis-
tical analysis. A receiver operating characteristic (ROC)
curve was created to determine the cutoff value for the num-
ber of CTCs that would best differentiate patients with
MPNs from those with BPNs. Differences in patient demo-
graphics and clinical characteristics were evaluated accord-
ing to the CTC count or tumor marker levels using the
Mann-Whitney U test and the Kruskal-Wallis H test.
p < 0.05 was considered statistically significant.

RESULTS
Detection of CTCs in patients with PNs

A total of 171 patients with MPNs (age: 60.33 & 8.90 years;
range 31 to 77) and 53 patients with BPNs (age:
59.47 £ 10.90 years; range 29 to 86) were recruited for this
study. CTCs were detected in 132 patients with MPNs
(median = 2 cells/3.2 ml blood, range 0 to 32) and
19 patients with BPNs (median = 0 cells/3.2 ml blood, range
0 to 2). CTC enumeration was able to differentiate patients
with MPNs from patients with BPNs (p < 0.001, Figure 2a).
CTCs could be used as a diagnostic tool to distinguish
MPN patients from BPN patients when the cutoff value was
1.5 CTCs/3.2 ml of blood with an AUCgoc of 0.813 accord-
ing to the ROC curve (95% confidence interval [CI]: 0.756—
0.862, p < 0.001, Figure 2b). However, when the CTC cutoff
value was set to 1.0 CTCs/3.2 ml of blood, the specificity
was too low (64.15%). Therefore, we decided to use a cutoff
value of 2.0 CTCs/3.2 ml of blood for the differential
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TABLE 1 Correlations between CTC counts and demographics and clinical characteristics of patients with MPNs

CTC <2 CTC 22
Characteristics n Proportion (%) n Proportion (%) n Proportion (%) p-value
Gender
Male 94 54.97 39 41.49 55 58.51 0.379
Female 77 45.03 24 31.17 53 68.83
Age
260 99 57.89 31 31.31 68 68.69 0.096
<60 72 42.11 32 44.44 40 55.56
Smoking history
Yes 49 28.65 20 40.82 29 59.18 0.126
No 122 71.35 43 35.25 79 64.75
Type
Subsolid nodule 33 19.30 13 39.39 20 60.61 0.014
Solid nodule 138 80.70 50 36.23 88 63.77
Nodule size
<2 cm 127 74.27 45 35.43 82 64.57 0.783
>2 cm 44 25.73 18 4091 26 59.09
Differentiation
Well 46 26.90 18 39.13 28 60.87 <0.001
Moderate 76 44.44 33 43.42 43 56.58
Poor 49 28.65 12 24.49 37 75.51
Vessel invasion
Absent 141 82.46 56 39.72 85 60.28 0.004
Present 30 17.54 7 23.33 23 76.67
Number of nodules
Single 163 95.32 60 36.81 103 63.19 0.220
Multiple 8 4.68 3 37.50 5 62.50
Histology
Adenocarcinoma 127 74.27 46 36.22 81 63.78 0.742
Squamous 41 23.98 16 39.02 25 60.98
SCLC 3 1.75 1 33.33 2 66.67
Tumor depth
T1 91 53.22 40 43.96 51 56.04 0.008
T2 79 46.20 23 29.11 56 70.89
T3 1 0.58 0 0 1 100
Lymph node metastasis
No 98 57.31 42 42.86 56 57.14 <0.001
N1 33 19.30 12 36.36 21 63.64
N2 40 23.39 9 22.50 31 77.50
TNM stage (AJCC)
I 99 57.89 43 43.43 56 56.57 <0.001
II 31 18.13 11 35.48 20 64.52
IIT 41 23.98 9 21.95 32 78.05

Abbreviations: AJCC, American Joint Committee on Cancer; CTC, circulating tumor cell; MPNs, malignant pulmonary nodules; SCLC, small cell lung cancer; TNM, tumor-node-
metastasis.

diagnosis of MPN patients from BPN patients. This cutoff With this cutoff value, the sensitivities of detection were
value resulted in a sensitivity of 63.16% and a specificity =~ 56.57, 64.52, and 78.05% for different AJCC TNM stages (I,
of 96.23%. 11, III, respectively). Using this method, CTCs with different
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FIGURE 3

Tumor marker levels in patients with benign PNs or malignant PNs. (a-d) Serum levels of CEA, CA 125, CYFRA 21-1, and SCC in patients

with benign or malignant PNs (box plot with median, 10, 25, 75, and 90 centiles). (e~h) Serum levels of CEA are correlated with tumor differentiation
(p = 0.025), T stage (p = 0.015), N stage (p < 0.001), and AJCC stage (p < 0.001). Abbreviations: AJCC, American Joint Committee on Cancer; CA
125, cancer antigen 125; CEA, carcinoembryonic antigen; CYFRA 21-1, cytokeratin 19 fragment; PNs, pulmonary nodules; SCC, squamous cell carcinoma;

TNM, tumor-node-metastasis

levels can be also detected in the early stage, which is con-
cordant with previous studies.** >

Correlations between CTC counts and patient
characteristics

Table 1 shows correlations between CTC counts and
demographics and clinical characteristics of patients
with MPNs. Patients with solid nodules presented with
significantly higher CTC counts than those with subsolid
nodules (p = 0.014, Figure 2c). There were also statisti-
cally significant differences between CTC counts and
tumor differentiation (p < 0.001, Figure 2d), T stage
(p = 0.008, Figure 2f), N stage (p < 0.001, Figure 2g), and
AJCC stage (p < 0.001, Figure 2h). In addition, we found
that CTC counts differed significantly depending on
whether patients had vessel invasion or not (p = 0.004,
Figure 2e).

Correlation of tumor marker levels with patient
characteristics

The serum levels of the tumor markers CEA, CA
125, CYFRA 21-1, and SCC in MPN patients and BPN
patients are shown in Figure 3a-d. A significant difference
in CYFRA 21-1 levels was found between MPN patients and

BPN patients (p = 0.034, Figure 3c). Referring to the upper
limits of normal values, the sensitivities and specificities for
these serum tumor markers were 19.30% and 92.45% for
CEA, 18.71% and 94.34% for CA 125, 17.54% and 90.57%
for CYFRA 21-1, and 12.28% and 88.68% for SCC, respec-
tively. The lower sensitivities that we found for these
markers compared to those reported in previous studies*°
may be because most MPN patients in our study were at
early cancer stages (I-1I, 76.02%).

The relationships between serum levels of tumor
markers and the demographics and clinical characteristics
of MPN patients are shown in Table S2. There were statis-
tically significant differences between CEA levels and
tumor differentiation (p = 0.025, Figure 3e), T stage
(p = 0.015, Figure 3f), N stage (p < 0.001, Figure 3g), and
AJCC stage (p < 0.001, Figure 3h). Male patients had sig-
nificantly higher levels of CYFRA 21-1 (p = 0.011,
Figure S1) and SCC (p = 0.010, Figure S1) than female
patients. The levels of CA 125 and CYFRA 21-1 differed
significantly based on N stage (p = 0.042, Figure SI;
p = 0.001, Figure S1; respectively) and AJCC stage
(p = 0.028, Figure S1; p = 0.001, Figure S1; respectively).
Patients with vessel invasion had significantly higher
levels of CYFRA 21-1 than those without invasion
(p = 0.045, Figure S1). In addition, CYFRA 21-1 levels
differed significantly as a function of tumor differentia-
tion (p = 0.019, Figure S1) and nodule size (p = 0.003,
Figure S1).
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Combination of CTC counts and tumor marker
levels improves diagnostic performance

In this study, we investigated the diagnostic performance of
CTC counts and serum tumor markers levels in MPNs and
explored whether their combined use would increase screen-
ing efficiency. As shown in Figure 4a, CTC counts had a sig-
nificantly higher diagnostic performance than serum levels
of CEA, CA 125, CYFRA 21-1, or SCC (AUCgoc = 0.813
for CTC counts, and 0.546, 0.588, 0.596, 0.551, respectively,
for tumor markers; all p < 0.0001). When we used all four
tumor marker levels together as a diagnostic method for
MPNs, the sensitivity was still lower than that of CTC
counts alone (49.71% vs. 63.16%, Table S3; AUCroc = 0.670
vs. 0.813, p < 0.01, Figure 4b). However, the combination of
tumor marker levels and CTC counts had a more accurate
diagnostic ability than CTC counts alone, resulting in a sen-
sitivity of 80.12% and AUCroc of 0.853. Therefore, this
combination increased the screening efficiency for distin-
guishing MPN patients from BPN patients.

For the early-stage cancer (I-II) patients with MPNs, the
CTC count was also the most valuable diagnostic tool com-
pared to tumor marker levels (AUCgoc = 0.780 for CTC
counts, and 0.505, 0.554, 0.557, 0.542, respectively, for
tumor markers; all p <0.001; Figure 4c). As shown in
Figure 4d, using the combination of CTC counts and tumor
marker levels further improved the diagnostic value for
early-stage cancer (I-II) patients with MPNs, resulting in a
sensitivity of 75.38% and AUCroc of 0.826.

In this study, there were 120 MPN patients and
38 BPN patients who had SPNs within 2 cm. It is worth
noting that the CTC count was still the most valuable
diagnostic tool with a sensitivity of 64.17% and AUCroc
of 0.821, compared to tumor marker levels (Figure 4e).
Furthermore, the sensitivity was further improved by
using the combination of CTC counts and tumor marker
levels (77.50% for sensitivity and 0.861 for AUCroc,
p < 0.05; Figure 4f), suggesting that this combination may
have potential clinical applications for the differential
diagnosis of SPNs within 2 cm.
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DISCUSSION

Although medical standards have improved, the incidence
of PNs has continually increased in recent years. While
LDCT screening has been widely employed in lung cancer
diagnosis, its use for screening to differentiate malignant
PNs from benign PNs is still challenging because of the
high false-positive rate which may result in unnecessary
treatment and psychological burden.’’ Using LDCT
screening, 24.2% of heavy smokers had indeterminate PNs
in the National Lung Screening Trial (NLST). Ultimately,
96.4% of these indeterminate PNs were finally confirmed
as benign growths over the three rounds of screening.’?
Moreover, LDCT screening may lead to radiation-induced
lung cancer because of the repeated radiation exposure.”>**
Therefore, there is an urgent need to develop minimally
invasive and nonradiological techniques with high sensitiv-
ity and specificity to help distinguish patients with MPNs
from those with BPNs, especially in the early stage of
cancer.

As a real-time “liquid biopsy,” CTC analyses have signif-
icant benefits of non-invasiveness, easy and objective access,
and ability to repeatedly capture tumor-related information
from lung cancer patients. In this study, to detect CTCs in
MPN and BPN patients, we used NE-FISH technology as an
EpCAM-independent method to avoid a lower CTC detec-
tion rate that may result from the EMT transition process.
Using 2.0 CTCs/3.2 ml of blood as the cutoff value, the sen-
sitivity and specificity of using CTC counts to distinguish
MPN patients from BPN patients were 63.16% and 96.23%,
respectively. In comparison, the first liquid biopsy approach
approved by the China Food and Drug Administration
(CFDA) for helping to distinguish lung nodules was a panel
of seven autoantibodies (7-AABs, including p53, PGP9.5,
CAGE, GAGE7, SOX2, MAGEA1, and GBU4-5) with a sen-
sitivity range of 46.15 to 56.25% and a specificity range of
70.00 to 91.18%.7°7 Notably, the diagnostic value for CTC
counts was higher than the 7-AABs panel, suggesting that
CTC detection offers potential application in the clinic for
distinguishing PNs.

Our study showed that CTC counts in MPN patients
differed significantly as a function of nodule type (sub-solid
vs. solid, p = 0.014), tumor differentiation (p < 0.001), vessel
invasion (p = 0.004), T stage (p = 0.008), N stage
(p <0.001), and AJCC stage (p <0.001). It has been
reported that the presence of vessel invasion indicates that
tumor cells have already penetrated blood vessels or periph-
eral lymphatic vessels, and thus the cancer is in the early
stage of metastasis. Vessel invasion has also been reported as
an independent poor prognostic factor in patients with non-
small cell lung cancer (NSCLC).***' Of the 171 MPN
patients in our study, 168 patients (98%) had NSCLC. For
this subtype, patients with vessel invasion presented with a
significantly higher count of CTCs than those without inva-
sion (p = 0.007, data not shown) suggesting that CTC
counts may also be a predictive marker for early metastasis
and a prognostic factor for NSCLC.

Because of the wide use of serum tumor markers for
diagnosing lung cancer in the clinic, the performance of
levels of CEA, CA 125, CYFRA 21-1, and SCC in the diag-
nosis of MPNs was also investigated. These tumor markers
exhibited a significantly lower diagnostic ability than CTC
counts. Furthermore, the diagnostic performance of
these four tumor markers together was still not as good as
that of CTC counts alone. However, by using the combi-
nation of CTC counts and tumor marker levels, the diagnos-
tic sensitivity for MPN detection was bolstered to 80.12%
(AUCroc = 0.853), indicating that this combination
increased the screening efficiency for MPNs versus BPNs. This
improvement in diagnostic performance was also observed in
the early-stage cancer (I-II) patients (sensitivity = 75.38%,
AUCgoc = 0.826).

With the improvement of health awareness by individuals
coupled with the availability of imaging examinations, SPNs
are being increasingly detected, but the accurate diagnosis of
SPNs within 2 ¢cm relies on CT-guided invasive percutaneous
transthoracic needle biopsy or '*F-fluorodeoxyglucose posi-
tron emission tomography (‘*F-FDG PET)/CT.**** As a non-
invasive and nonradioactive diagnostic tool, the combination
of CTC counts and tumor marker levels may have potential
clinical applications for the diagnosis of SPNs within 2 cm
(sensitivity = 77.50%, AUCgoc = 0.845).

Our study shows that CTC counts detected by NE-FISH
can be used as a diagnostic aid for distinguishing MPN
patients from BPN patients. Moreover, the combination of
CTC counts and tumor marker levels improves the diagnos-
tic value for patients with PNs, as well as for those at early
cancer stages (I-II). In addition, the combination of these
markers has a potential application for identifying patients
with SPNs within 2 cm. More studies in a larger patient
population should be conducted to confirm our findings.

This study also has several limitations and shortcomings.
First, this was a retrospective and single-center study. Fur-
ther research on multicenter cohorts and different popula-
tions is warranted. Second, a small number of CTCs were
also detected in patients without cancer. According to previ-
ous studies, CTCs found in control individuals without can-
cer (classified as “nonauthentic” CTCs) may be cells with
chromosomal variations caused by inflammation or aging.*®
While these cells may be cleared by the immune system at
any time, a long-time dynamic study of these BPN patients
with nonauthentic CTCs should be conducted in the future
to determine whether they would ultimately develop into
lung cancer or other lung diseases.
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