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Abstract. Background/Aim: Although it has been suggested
that circulating tumor cells (CTCs) and circulating tumor DNA
(ctDNA) might be used in a complementary manner in lung
cancer diagnosis, limited confirmatory data are available. In
this prospective evaluated the diagnostic
performance of each assay separately and in combination.
Patients and Methods: From March 2018 to January 2019,
patients with suspected primary lung cancer, who underwent

study, we

routine lung cancer work-up and peripheral blood sampling,
were prospectively enrolled in the study. Epithelial cell
adhesion molecule and cytokeratin served as markers of CTCs.
In terms of ctDNA analysis, single-nucleotide variants were
evaluated via next-generation sequencing. Results: We
analyzed 111 patients, including 99 with primary lung cancer
and 12 with benign pulmonary disease. The median number of
CTCs in 10 ml of blood was 3. The most frequently detected
single nucleotide variants of ctDNA were TP53, CDKN2A, and
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EGFR. The diagnostic sensitivity of conventional tumor marker
(combination of carcinoembryonic antigen/CYFRA 21-
1/neuron-specific enolase) was 66.7%, while those of the
ctDNA and CTC assays were 72.7% and 65.7%, respectively.
The sensitivity of the CTC/ctDNA combination (95.0%) was
significantly greater than those of the CTC (p<0.001), ctDNA
(p<0.001), or conventional tumor marker (p<0.001) alone.
Subgroup analysis revealed that the sensitivity of the
combination assay was greater than those of the CTC or
ctDNA assays alone, regardless of tumor stage or
histopathology type. Conclusion: The CTC/ctDNA combination
assay enhanced the sensitivity of primary lung cancer
diagnosis. The combination assay strategy may be clinically
useful and could enhance the early detection of lung cancer
(ClinicalTrials.gov number: NCT03479099).

Lung cancer is the leading cause of cancer-related death (1,
2). To reduce the burden of this disease, key strategies
include prevention, new treatments, and early detection (1,
3). Recently, liquid biopsy has been introduced into clinical
practice; it exhibits great potential in terms of early
diagnosis, prognosis evaluation, treatment response
monitoring, prediction of resistance to therapy and detection
of residual disease in a non-invasive manner (4-9).

Of the various circulating biomarkers available for liquid
biopsy, circulating tumor cells (CTC) and circulating tumor
DNA (ctDNA) from peripheral blood are major candidate
markers (3, 4, 10, 11). CTCs are viable cells from primary
tumors that spread via blood or lymphatic vessels; they
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provide information regarding tumor morphology and
protein expression (3, 8). In terms of lung cancer diagnosis,
the reported diagnostic sensitivity of CTCs ranges from 18
to 100% (3). ctDNAs are small double-stranded DNA
fragments in plasma, and their release into the bloodstream
reflects active secretion from tumor cells, as well as
apoptosis, and necrosis; ctDNAs can be used to detect
somatic mutations of the primary tumor (8, 12). The reported
sensitivity of ctDNA analysis for lung cancer diagnosis
ranges from 17 to 100% (3). Because the two technologies
exhibit unique strengths and limitations in terms of lung
cancer diagnosis (3, 10), it has been suggested that they
could be used in a complementary manner as cancer
biomarkers (3, 13). However, there are limited data regarding
the use of CTC/ctDNA combination in the diagnosis of
primary lung cancer.

Thus, the aim of this prospective study was to evaluate the
clinical utility of combined CTC and ctDNA assay in the
diagnosis of primary lung cancer. The diagnostic
performances of each assay, both separately and in
combination, were assessed and compared to the diagnostic
performances achieved using conventional tumor markers.

Patients and Methods

Study design and patients. The primary objective of this prospective
observational study was to compare the sensitivity of a combined
CTC/ctDNA assay to the sensitivities of CTC and ctDNA assays
alone, in terms of primary lung cancer diagnosis. The secondary
objectives of the study were to compare accuracies, specificities,
predictive values, and false diagnosis rates among the assays.
Assays of conventional tumor markers, including carcinoembryonic
antigen (CEA), CYFRA 21-1, and neuron-specific enolase (NSE),
were compared to the combined CTC/ctDNA assay.

From March 2018 to January 2019, patients who visited the
outpatient clinic of the Samsung Medical Center (a 1,979-bed
referral hospital in Seoul, Republic of Korea) for evaluation and
management of suspected primary lung cancer were screened for
inclusion in the study. Patients between 18 and 80 years of age
without any history of malignancy within the prior 5 years, who
agreed to participate, were enrolled in the study. Patients with a
previous history of lung cancer were excluded. After routine work-
up, patients diagnosed with tumors other than lung cancer or
multiple primary lung cancers, as well as those with inconclusive
diagnoses because of incomplete work-up, were excluded.
Regarding cancer staging, pathological staging was determined
patients who underwent surgery and clinical staging for patients that
did not undergo surgery.

This study protocol was reviewed and approved by the
Institutional Review Board of the Samsung Medical Center (IRB
No. 2018-01-081-008). Written informed consent was obtained from
each patient before enrollment. This trial was registered at
ClinicalTrials.gov (registration number: NCT 03479099).

Specimen collection, delivery, and processing. After obtaining consent

from the patients, routine lung cancer work-up and peripheral blood
sampling (liquid biopsy) were performed. Twenty ml of fresh blood
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were collected from each patient; samples were delivered to CytoGen
Inc. (Seoul, Republic of Korea) for centrifugation and CTC
extraction, while the separated plasma was delivered to EDGC
(Incheon, Republic of Korea) for detection of ctDNA.

CTC extraction and analysis. Blood samples were processed using
CytoGen liquid biopsy platform (14). CTCs were enriched using a
CTC isolation kit (CytoGen Inc.) and a Smart Biopsy Cell Isolator
(CytoGen Inc.). The presence of CTCs was verified by multi-
immunofluorescence staining. The nucleic acid dye 4’6-diamidino-2-
phenylindole (DAPI) was used to label the nuclei positive cells and
CD45 was used to identify leukocytes. CTCs were defined as cells
positive for DAPI, epithelial cell adhesion molecule (EpCAM) and/or
cytokeratin (CK), but negative for CD45 (Figure 1). CTC images
were captured by Smart Biopsy Cell Image Analyzer (CytoGen Inc.)
and CTC number was counted by the supporting software.

ctDNA extraction, sequencing, and analysis. From the isolated
plasma, ctDNA was extracted using chemagic cfDNA 5k kit special
H24 (PerkinElmer, Waltham, MA, USA) and the automated nucleic
acid purification instrument, Chemagic 360 (PerkinElmer), in
accordance with manufacturer’s instructions. Somatic alterations of
cancer-related genes were detected via paired-end sequencing with
150 base pair reads using NextSeq 500/550 High-Output v2 kit
(300 cycles) and Nextseq 500 platform (Illumina, San Diego, CA,
USA). The targeted libraries were prepared using an EDGC 54-
gene targeted panel (Table I). The mean sequencing depth was
3,000x and significantly elevated single nucleotide variants (SN'Vs)
from the Catalogue of Somatic Mutations in Cancer database were
identified.

Definition of primary lung cancer. The final diagnosis was made
based on tissue histopathology obtained during work-up. The cut-
off values of conventional tumor markers were <7 ng/ml for CEA,
<3.3 ng/ml for CYFRA 21-1, and <12 ng/ml for NSE, according to
our laboratory reference limits and previous studies (15-18);
elevated levels were considered to be predictive of lung cancer.
CTC counts 22 in 10 ml of peripheral blood were considered to be
predictive of lung cancer, as was the presence of SNVs in ctDNA.
Various CTC cut-off values were tested and >2 cells positive for at
least one marker (EpCAM or CK) showed the best diagnostic
performance compared to other combinations (data not shown).
Patients for whom ctDNA data were missing were considered to be
false negatives for analysis purposes. In analysis of combination
assays, the elevated level of at least one assay was considered to be
predictive of lung cancer.

Statistical analyses. A sample size of 99 lung cancer patients
achieves 80% power to detect 10% difference in the diagnostic
sensitivity of the combined CTC/ctDNA assay (compared to the
sensitivities of the CTC and ctNDA assays alone) using
McNemar’s test with a significance level of 0.025 for each
comparison. The power was computed using binomial enumeration
of all possible outcomes and the proportion of discordant pairs was
assumed to be 0.11.

Categorical variables are presented as numbers (percentages) and
continuous variables as medians [interquartile range (IQR)].
Sensitivities, accuracies and specificities were calculated based on
assay data and final diagnoses. We derived positive and negative
predictive values as well as false positive and false negative rates
for diagnosis. Comparisons of the sensitivities, accuracies,
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DAPI stain EpCAM stain CK stain CD45 stain Merged finding
+ + - -
#1
DAPI stain EpCAM stain CK stain CD45 stain Merged finding
+ - + -
#2
DAPI stain EpCAM stain CK stain CD45 stain Merged finding
+ + + -
#3
-

Figure 1. Representative circulating tumor cell (CTC) analyses. CTCs were defined as cells positive for 4’6-diamidino-2-phenylindole (DAPI),
epithelial cell adhesion molecule (EpCAM), and/or cytokeratin (CK), but negative for CD45. Here, three CTCs were analyzed (one EpCAM*/CK-,

one EpCAM~/CK™*, and one EpCAM*/CK™).

Table 1. Panel of 54 target genes for characterization of single nucleotide variants in circulating tumor DNA.

AKT1 ALK APC AR ARIDIA BRAF BRCAI1 BRCA2 CDKN2A CREBBP
CTNNBI1 DDR2 EGFR ERBB2 ESR1 FBXW7 FGFR1 FGFR3 FLT3 FOXL2
GNALll GNAQ GNAS HRAS IDH1 IDH2 JAK2 KEAPI KIT KMT2D
KRAS MAP2K1 MAP2K2 MEDI12 MENI1 MET MTOR MYC MYCN MYDS88
NFE2L2 NRAS NTRK1 NTRK3 PBRMI1 PDGFRA PIK3CA PTEN RET ROS1
SMAD4 TERT TGFBR2 TP53

specificities, false positive and false negative rates were performed  Results

using the exact binomial test with a significance level of 0.025. The
comparison of positive and negative predictive values of assays
were performed using the generalized score statistic for paired data.
All statistical analyses were performed using SPSS ver. 22 software
(IBM Corp., New York, NY, USA) and R 3.4.4 (R Development
Core Team, Vienna, Austria; www.R-project.org).

Study population and baseline characteristics. We screened

230 patients with suspected primary lung cancer. One patient
older than 80 years, 94 who refused to participate, and 8 with
histories of other cancers within the prior 5 years were
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Patients with suspected lung cancer between March 2018 and January 2019 were screened

(n=230).

Exclusion (n=103)
. ¢ Older than 80 years (n=1)

h 4

"I« Refuse to participate (n=94)
+ Other cancer diagnosed within 5 years (n=8)

Patients who underwent lung cancer work-up including liquid biopsy were enrolled (n=127).

Exclusion (n=16)
.| * Other tumor (n=6)

|+ Multiple primary lung cancer (n=2)
* Inconclusive result (n=8)

h 4

Final diagnosis:
Lung cancer (n=99)

Figure 2. Flowchart of patient selection.

excluded. A total of 127 patients were enrolled and underwent
diagnostic work-up for lung cancer and blood sampling for the
liquid biopsy. Six were diagnosed with malignancies other
than primary lung cancer [lymphoma (n=2), thymoma (n=2),
atypical carcinoid (n=1) and solitary fibrous tumor of the
pleura (n=1)]; 2 were diagnosed with synchronous multiple
primary lung cancers; and 8 for whom data were inconclusive
(because of incomplete work-up) were also excluded. Finally,
99 patients with primary lung cancer and 12 with benign
pulmonary disease were analyzed (Figure 2). Their baseline
characteristics are listed in Table II. The median age was 64
years (IQR=57-69 years); 78 (70%) were men. The initially
suspected cancer stages were I and II in 39 patients (35%) and
III and IV in 72 patients (65%). Following work-up for
diagnosis, 99 patients had lung cancer and 12 patients had
benign pulmonary disease, including pulmonary aspergillosis
(n=2), pulmonary tuberculosis (n=3), non-specific
inflammation (n=6) and sarcoidosis (n=1) were identified. The
final clinical or pathological stages of lung cancer patients
(n=99) were stage I-Il NSCLC for 33 (33%) patients, stage
TI-TIV NSCLC for 59 (60%) patienst, limited disease of SCLC
for 1 (1%) patient and extensive disease of SCLC for 6 (6%)
patients. In terms of histopathology, 55% of patients (62/99)
had adenocarcinomas and 22% of patients (24/99) had
squamous cell carcinomas. The most common comorbidity
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Final diagnosis:
Benign disease (n=12)

was hypertension (n=38, 34%), followed by diabetes mellitus
(n=23, 21%) and chronic obstructive pulmonary disease
(n=14, 13%).

Diagnostic performance of liquid biopsy assay. Table III lists
the diagnostic performances of the tumor marker and liquid
biopsy assays. The diagnostic sensitivity of tumor marker
(combination of CEA/CYFRA 21-1/NSE) was 66.7%, while
the sensitivities of the ctDNA and CTC assays were 72.7%
and 65.7%, respectively. The sensitivity of the combination
CTC/ctDNA assay (95.0%) was significantly greater than the
sensitivities of the CTC (p<0.001), ctDNA (p<0.001) or
tumor marker (p<0.001) assays alone. Of the three different
combinations of the two assays, the combined CTC/ctDNA
assay achieved a sensitivity (95.0%) similar to the
sensitivities of a combination tumor marker/ctDNA assay
(88.9%; p=0.292) and a tumor marker/CTC assay (89.9%;
p=0.454). The sensitivity of the tumor marker/CTC/ctDNA
combination assay was similar (98.0%) to that of the
CTC/ctDNA combination assay (95.0%; p=0.250).

The tumor marker (67.6%), CTC (63.1%), and ctDNA
(69.4%) assays achieved similar diagnostic accuracies; the
accuracy of the combination CTC/ctDNA assay was
significantly greater (86.5%) than the accuracies of the CTC
(p<0.001) or ctDNA (p<0.001) assays alone. The accuracy of
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Table II. Characteristics of the study population (n=111).

Total (n=111)
Age, years 64 (57-69)
Male 78 (70)
Smoking status
Never-smoker 39 (35)
Smoker 72 (65)
Smoking amount, pack-years 40 (20-50)
Initial suspected stage at the time of enrollment
1 24 (22)
11 15 (13)
1 33 (30)
v 39 (35)
Final diagnosis
Benign pulmonary disease* 12 (11)
Lung cancer 99 (89)
Histopathology
Adenocarcinoma 62 (55)
Squamous cell carcinoma 24 (22)
Large cell neuroendocrine carcinoma 1(1)
Poorly differentiated non-small cell carcinoma 5(5)
Small cell lung cancer 7 (6)
Clinical or pathological stage of
lung cancer patients (n=99)
1A1 1(1)
1A2 8 (8)
1A3 6 (6)
1B 6 (6)
ITA 4(4)
1IB 8 (8)
1A 21 (21)
111B 5(5)
1c 3(3)
IVA 12 (12)
IVB 18 (18)
Limited disease of small cell lung cancer 1(1)
Extensive disease of small cell lung cancer 6 (6)
EGFR mutations detected in 99 lung cancer tissues 36 (36)
Comorbidities
Hypertension 38 (34)
Diabetes mellitus 23 (21)
Chronic obstructive pulmonary disease 14 (13)
Previous tuberculosis infection 12 (11)
Ischemic heart disease 9 (8)
Stroke 50)
Asthma 303

Chronic liver disease

1(1)

Data are presented as medians (interquartile ranges) or as numbers
(percentages). *Benign pulmonary diseases included pulmonary
aspergillosis (n=2), pulmonary tuberculosis (n=3), non-specific
inflammation (n=6), and sarcoidosis (n=1).

the combination tumor marker/CTC/ctDNA (89.2%) assay was
similar to that of the CTC/ctDNA assay (86.5%; p=0.250).
The CTC/ctDNA combination assay showed lower
specificity (16.7%) than that of tumor marker (75.0%;
p=0.048) alone. The positive predictive values of the CTC,

ctDNA, and combination of CTC/ctDNA assays were similar
(p=0.374 for ctDNA vs. ctDNA/CTC combination; p=0.999
for CTC vs. ctDNA/CTC combination). The negative
predictive values of the CTC, ctDNA, and combination of
CTC/ctDNA assays were similar (p=0.754 for ctDNA vs.
ctDNA/CTC combination; p=0.602 for CTC vs. ctDNA/CTC
combination). The false positive rate of the combination
CTC/ctDNA assay (83.3%) was greater than false positive
rates of the ctDNA (58.3%; p=0.750), CTC (58.3%; p=0.750)
or tumor marker (25.0%; p=0.048) assays alone. The false
negative rate was lower in combination of CTC/ctDNA assay
(5.1%) than false negative rates of the ctDNA (27.3%;
p<0.001) or CTC (34.3%; p<0.001) assays alone.

Subgroup analysis of diagnostic sensitivity of assays. Diagnostic
sensitivity was analyzed by tumor stage and histopathology type
(Table IV). In 34 patients with stage I and II NSCLC and
limited disease of SCLC, the sensitivities of the CTC, ctDNA
and combined CTC/ctDNA assays were 67.6%, 61.8%, and
91.2%, respectively (p=0.008 for CTC vs. the combination
assay; p=0.002 for ctDNA vs. the combination assay). In 36
patients with stage IV of NSCLC and extensive disease of
SCLC, the sensitivity of the combination CTC/ctDNA assay
was greater (97.2%) than the sensitivities of the CTC (69.4%;
p=0.002) or ctDNA (80.6%; p=0.031) assays alone. In 62
patients with adenocarcinomas, the sensitivity of the
combination CTC/ctDNA assay was greater (95.2%) than the
sensitivities of the CTC (64.5%; p<0.001) or ctDNA (70.9%;
p<0.001) assays alone. In 24 patients with squamous cell
carcinomas, the sensitivity of the combination CTC/ctDNA
assay (95.8%) was similar to that of ctDNA assay (75.0%;
p=0.126) but greater than that of CTC assay (66.7%; p=0.032).

CTCs. The results of the CTC assay are summarized in Table
V. The median CTC count in 10 ml blood was 3 (IQR=1-5);
CTC numbers =2 (a positive finding) were detected in 72
patients (65 with lung cancer and 7 with benign pulmonary
disease). The total CTC counts did not differ among stages
(»=0.991) or histopathology types (p=0.899).

Single-nucleotide variations of ctDNA. Of the 111 patients
who underwent liquid biopsy, 9 (8%) lung cancer patients
failed to obtain the result of ctDNA analysis; these were
regarded as false negatives for analysis purposes. Of the 102
patients for whom ctDNA data were available, 79 (77%)
exhibited at least one alteration; the numbers of detected
SNVs per gene are listed in Table VI. The median number of
detected SNVs was 2 (IQR, 1-3); the most frequently
detected SNV was TP53 (total count 103), followed by
CDKN2A (total count 11), EGFR (total count 8) and PIK3CA
(total count 8). Of the 36 patients with EGFR mutations
detected in lung cancer tissue, the ctDNA assay detected
EGFR mutation in blood sample of 8 (22%) patients.
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Table III. Diagnostic performance of circulating tumor cells (CTC), circulating tumor DNA (ctDNA), and tumor marker assays for detection of lung

cancer (n=111).

CEA CYFRA NSE Tumor CTC ctDNA Tumor Tumor CTC Tumor
21-1 marker* marker marker +ctDNA marker
+CTC +ctDNA +CTC+ctDNA
Test positive, n 29 42 43 69 72 79 98 96 104 107
Test negative, n 82 69 68 42 39 32 13 15 7 4
Sensitivity, % 29.0 424 404 66.7 65.7 72.7 89.9 88.9 95.0 98.0
(95% CI) (19.4-37.2) (32.7-52.2) (30.7-50.1) (57.4-75.9) (56.3-75.0) (64.0-81.5) (84.0-95.8) (82.7-95.1) (90.6-99.3) (95.2-100.0)
Accuracy, % 35.1 48.7 44.1 67.6 63.1 69.4 829 82.9 86.5 89.2
(95% CI) (26.3-44.0) (39.4-57.9) (34.9-53.4) (58.9-76.3) (54.1-72.0) (60.8-77.9) (75.9-89.9) (75.9-89.9) (80.1-92.9) (83.4-95.0)
Specificity, % 90.9 100.0 75.0 750 41.7 41.7 25.0 333 16.7 16.7
(95% CI) (76.0-100.0) (N/A) (50.5-99.5) (50.5-99.5) (13.8-69.6) (13.8-69.6) (0.5-49.5) (6.7-60.0)  (0-37.8) (0-37.8)
Positive 96.7 100.0 93.0 95.7 90.3 91.1 90.8 91.7 90.4 90.7
predictive (89.9-100.0) (N/A)  (85.4-100.0) (90.8-100.0) (83.4-97.1) (84.9-97.4) (85.1-96.5) (86.1-97.2) (84.7-96.1) (85.1-96.2)
value, %
(95% CI)
Negative 124 174 132 214 12.8 15.6 23.1 26.7 28.6 50.0
predictive (6.0-20.8) (8.5-26.3) (5.2-21.3) (9.0-33.8) (2.3-23.3) (3.0-28.2) (0.2-46.0) (4.3-49.1) (0-62.0) (1.0-99.0)
value, %
(95% CI)
False positive 9.1 0 25.0 25.0 583 58.3 75.0 66.7 833 83.3
rate, % (0-24.0) (N/A) (0.5-49.5) (0.5-49.5) (30.4-86.2) (30.4-86.2) (50.5-99.5) (40.0-93.3) (62.3-100.0) (62.3-100.0)
(95% CI)
False negative 71.0 57.6 59.6 333 343 27.3 10.1 11.1 5.1 2.0
rate, % (95% CI) (6.0-20.8) (47.8-69.2) (5.2-21.3) (24.1-47.6) (25.0-49.3) (18.5-42.7) (4.2-26.5) (4.9-27.0) (0.7-21.3) (0-15.8)

(95% CI)

*Combination of CEA, CYFRA21-1, and NSE assays. CEA: Carcinoembryonic antigen; NSE: neuron-specific enolase; CI: confidence interval;

N/A: not applicable.

Discussion

We prospectively evaluated liquid biopsy diagnostic
performance in 111 patients with suspected lung cancer. The
combination CTC/ctDNA assay sensitivity (95.0%) was
significantly greater than the sensitivities of the CTC (65.7%),
ctDNA (72.7%) or tumor marker (66.7%) assays alone. The
specificity of the combination assay was lower (16.7%) than
the specificities of the CTC (41.7%), ctDNA (41.7%) or tumor
marker (75.0%) assays alone. In subgroup analysis, the
sensitivity of the combined assay was greater than the
sensitivities of the CTC or ctDNA assays alone, regardless of
tumor stage or histopathology type. The median number of
CTCs detected was 3 (IQR=1-5). The most frequently detected
SNVs of ctDNA were TP53, CDKN2A, and EGFR.

Previous studies focused on differences between the CTC
and ctDNA assays(3, 10). Because ctDNA is not directly
derived from CTCs (19), neither assay was obviously
preferable; thus, use of the two assays in a complementary
manner has been suggested (3, 10, 13, 19, 20). Herein, we
assessed ctDNA and CTCs in the same blood sample; the
combination assay achieved greater diagnostic sensitivity
than either assay alone. To the best of our knowledge, this is
the first study to demonstrate the synergism of the CTC and
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ctDNA assays in terms of lung cancer diagnosis. Compared
to the established conventional biomarker assay, the CTC
assay achieved a greater diagnostic efficacy; we found that
the combination CTC/ctDNA assay was more sensitive than
an assay using three conventional tumor markers (21).
Liquid biopsy is clinically relevant in terms of lung cancer
screening (7, 13, 22); the combination CTC/ctDNA assay
may allow earlier cancer diagnosis and improved prognosis.
In terms of lung cancer diagnosis, the CTC assay
sensitivities vary based on the technique used and the study
population evaluated (3). We found that the assay sensitivity
(65%) was greater than that of previous reports (23-25). A
combination of CTC/conventional tumor marker has been
suggested to enhance diagnostic performance (21, 26), which
is in consistence with our findings. On the other hand,
although the associations between CTC numbers and
stage/histological type (NSCLC vs. SCLC) were controversial
in previous studies (24, 27, 28), we found no differences in
CTC numbers by stage or histological type. Various CTC
detection methods have yielded different results and
standardized platforms are required in the future (9, 13).
Earlier ctDNA assay studies achieved sensitivities of 36-
58% in patients with stage I-IV NSCLC (29-31); our result
was superior (72.7%). The evaluated mutations have varied
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Table IV. Subgroup analysis of diagnostic sensitivities of circulating tumor cells (CTC), circulating tumor DNA (ctDNA), and tumor marker assays
by tumor stage and histopathology type.

CEA CYFRA NSE Tumor marker* CTC ctDNA Tumor Tumor CTC Tumor
21-1 marker+CTC  marker +ctDNA marker
+ctDNA +CTC+ctDNA

Stage I & II and
LD (n=34)
Test positive, n 5 4 8 14 23 21 27 27 31 32
Test negative, n 29 30 26 20 11 13 7 7 3 2
Sensitivity, % 14.7 11.7 235 41.2 67.6 61.8 794 794 91.2 94.1
(95% CI) (2.8-26.6) (0.9-22.6) (9.3-37.8) (24.6-57.7) (51.9-83.4) (45.4-78.1) (65.8-93.0) (65.8-93.0) (81.6-100,0) (86.2-100.0)
Stage III (n=29)
Test positive, n 5 13 8 19 17 22 26 25 28 29
Test negative, n. 24 16 21 10 12 7 3 4 1 0
Sensitivity, % 17.2 44 8 27.6 65.5 58.6 759 89.7 86.2 96.6 100.0
(95% CI) (3.5-31.0) (26.7-62.9) (11.3-43.9) (48.2-82.8) (40.7-76.6) (60.3-91.4) (78.6-100.0) (73.7-98.8) (89.9-100.0) (N/A)
Stage IV & ED
(n=36)
Test positive, n 18 24 23 33 25 29 36 36 35 36
Test negative, n. 18 12 13 3 11 7 0 0 1 0
Sensitivity, % 50.0 66.7 63.9 91.7 69.4 80.6 100.0 100.0 97.2 100.0
(95% CI) (33.7-66.3) (51.3-82.1) (48.2-79.6) (82.6-100.0) (54.4-84.5) (67.6-93.5) (N/A) (N/A)  (91.9-100.0) (N/A)
Adenocarcinoma
(n=62)
Test positive, n 23 20 19 37 40 44 55 52 59 61
Test negative, n 39 42 43 25 22 18 7 10 3 1
Sensitivity, % 37.1 323 30.6 59.7 64.5 70.9 88.7 83.9 95.2 98.4
(95% CI) (25.1-49.1) (20.6-43.9) (19.2-42.1) (47.5-71.9) (52.6-76.4) (59.7-82.3) (80.8-96.6) (74.7-93.0) (89.8-100.0) (95.3-100.0)
Squamous cell
carcinoma (n=24)
Test positive, n 4 13 11 18 16 18 22 23 23 23
Test negative, n 20 11 13 6 8 6 2 1 1 1
Sensitivity, % 16.7 54.2 45.8 75.0 66.7 750 91.7 95.8 95.8 95.8
(95% CI) (1.8-31.6) (342-74.1) (25.9-65.8) (57.7-92.3) (47.8-85.5) (57.7-92.3) (80.6-100.0) (87.8-100.0) (87.8-100.0) (87.8-100.0)
Small cell lung
cancer (n=7)
Test positive, n 1 4 7 7 6 6 7 7 7 7
Test negative, n 6 3 0 0 1 1 0 0 0 0
Sensitivity, % 143 57.1 100.0 100.0 85.7 85.7 100.0 100.0 100.0 100.0
(95% CI) (0-40.2) (20.5-93.8) (N/A) (N/A)  (59.8-100.0) (59.8-100.0)  (N/A) (N/A) (N/A) (N/A)

*Combination of CEA, CYFRA 21-1, and NSE assays. CEA: Carcinoembryonic antigen; NSE: neuron-specific enolase; LD: limited disease of
small cell lung cancer; ED: extensive disease of small cell lung cancer; CI: confidence interval; N/A, not applicable.

Table V. Circulating tumor cell (CTC) counts by stage and histopathology type (n=111).

Total CTC counts EpCAM*/CK- CTCs EpCAM-/CK* CTCs EpCAM*/CK* CTCs
All patients (n=111) 3 (1-5) 0 (0-1) 0 (0-1) 1 (0-3)
Benign pulmonary disease (n=12) 2.5 (0-5) 0 (0-1) 0 (0-0.75) 1 (0-2.75)
Lung cancer (n=99) 3 (1-5) 0 (0-1) 0 (0-1) 1 (0-3)
Stage I+II and LD (n=34) 2 (1-4.25) 0 (0-1) 0 (0-1) 1 (0-3)
Stage III (n=29) 3 (1-5) 0 (0-1) 0 (0-1) 2 (0-3)
Stage IV and ED (n= 36) 3 (1-4.75) 0 (0-2) 0 (0-1) 1 (0-2)
Adenocarcinoma (n=62) 2 (1-5) 0 (0-1) 0 (0-1) 1 (0-2.25)
Squamous cell carcinoma (n=24) 3(1-5) 0 (0-1) 0 (0-1) 1.5 (0-3)
Small cell lung cancer (n=7) 3 (2-5) 0 (0-1) 0 (0-1) 2 (0-4)

Data are presented as medians (interquartile ranges). EpCAM: Epithelial cell adhesion molecule; CK: cytokeratin; LD: limited disease of small cell
lung cancer; ED: extensive disease of small cell lung cancer.
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Table VI. Single nucleotide variations in circulating tumor DNA.

Gene Total

ALK
APC

AR
ARIDIA
BRAF
BRCAI
BRCA2
CDKN2A
CREBBP
EGFR
ERBB2
FGFR3
GNAQ
JAK2
KIT
KMT2D
KRAS
MAP2K 1
MAP2K1
MEDI2
MET
MTOR
NFE2L2
NRAS
PBRMI
PDGFRA
PIK3CA
PTEN
RET
ROSI
SMAD4
TERT
TP53;WRAPS3
TP53 103

BN W — DN OO0 R W= N =N WRNON=O = 00N —=WULhWunihs nnh

among studies; mutations in EGFR have been reported (29,
30) as well as mutations in KRAS, BRAF, HER2 and PIK3CA
(31). The detection levels of EGFR mutations in both ctDNA
and tissue were relatively low in a previous study (35%,
16/45) (30), as well as in our present work (22%, 8/36). The
discordance in terms of genomic alterations of matched tumor
tissue and ctDNA in blood may suggest the possibility that
tissue and ctDNA analyses are complementary (32, 33).

Our study had certain limitations. First, we enrolled a
relatively small number of patients with benign pulmonary
disease (n=12); thus, assay specificity was not adequately
evaluated. The diagnostic specificities of CTC and ctDNA
were quite lower than the specificity of a conventional tumor
marker combination. In previous reports, ctDNA false
positives were attributed to age-related somatic mutations
and clonal hematopoiesis (34, 35). In addition, CTCs could
be detected in patients with benign disease and the CTC
count could increase in larger blood volume (36, 37). These
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factors pose challenges for clinical application of liquid
biopsy, such that more precise detection is required. Second,
ctDNA data were missing for some patients suggesting that
the technology for ctDNA isolation and genomic data
analysis should be improved. Finally, the clinical utility of
liquid biopsy in patients with multiple primary lung cancers
and other tumors was not evaluated. We focused on liquid
biopsy for the diagnosis of primary lung cancer; therefore,
more research is needed regarding rare types of malignancy.

In conclusion, the combination CTC/ctDNA assay
achieved primary lung cancer diagnostic sensitivity greater
than those of the CTC or ctDNA assays alone. Therefore, it
may be clinically useful for the early detection of lung
cancer. Further studies with larger sample sizes are needed
to confirm these findings.
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