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Editorial on the Research Topic

New Trends in Early-Stage Lung Cancer Presenting as Ground-Glass Opacities: Clinical,
Pathological and Molecular Aspects

Ground-Glass Opacity (GGO)-associated lung cancers are radiologically distinct clinical entities.
Consensus or guidelines suggest that the clinical management decision on ground-glass nodules
(GGN) should be based on the initial size, percentage of solid portion, and growth rate of GGNs, but
are inconsistent in terms of the GGN cutoff size for surgical intervention and low-dose CT scan
(LDCT) follow-up frequency (1–3). In addition, the unpredictable aggressive potential and highly
heterogeneous characteristics of GGNs add another layer of complexity for GGN management.
Thus, effectively treating GGNs remains challenging for clinicians who may have to rely on their
individual experiences. To address this knowledge gap, we initiated this Research Topic to further
explore the clinical manifestations, pathological features, and genetic changes that will assist in the
diagnosis and decision-making of treatment of early-stage lung cancer presenting as GGOs. A
number of interesting studies closely related to this field were included.

Previous studies have shown that most resected GGNs are histologically atypical adenomatous
hyperplasia (AAH), adenocarcinoma in situ (AIS), minimally invasive adenocarcinoma (MIA), and
lepidic predominant adenocarcinoma, which are considered to have a low risk for regional lymph
node metastasis, vascular invasion, or pleural invasion. In the WHO 5th lung cancer TNM clinical
classification, AIS has been removed from preinvasive to precursor lesions, companied with AAH
(4). Wang et al. reported that using a radiomics prediction model in patients with subcentimeter
GGOs to distinguish AAH from early lung adenocarcinomas. The model turns to have the
potentiality to improve preoperative prediction accuracy for AAH nodules and may help to
avoid unnecessarily aggressive operations for patients with AAH.

Prospective multicenter validation with higher accuracy is needed for routine clinical application
as surgeons are unwilling to defer surgery based on false-negative predictions that will delay the
treatment of invasive lesions. GGNs with a solid component are more likely related to invasive
adenocarcinoma with poor prognosis. Xi et al. and Tsutani et al. studies confirmed the solid size of
GGNs has a decisive effect on prognosis and provided an accurate solid tumor size cutoff for high-
risk patients. Qi et al. reported that in small-sized lung adenocarcinoma, consolidation tumor ratio
(CTR) is the best sign for predicting lung cancer spread through air spaces (STAS).
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While ensuring the treatment effect, reducing the extent of
resection and improving the quality of life are both important
issues in surgical research for early-stage lung cancer in recent years
(5). Handa et al. reviewed the transition of treatment strategies for
NSCLC with GGNs according to a series of clinical trials. The
primary endpoint of clinical trial JCOG 0802 is the overall survival
between segmentectomy and lobectomy for NSCLC patients with
tumors less than 2cm. After a long time of patients’ enrollment, this
trial finally presented results this year and showed a longer OS of
segmentectomy for patients with GGN lesions, indicating further
prompted limited resectionmay be an optimal choice (6).Wu et al.
compared perioperative outcomes between precise and routine
segmentectomy for GGNs and showed their advantages,
respectively. Precise segmentectomy is a technique improvement,
but whether it could bring oncological improvement is still unclear.
In addition, the learning curve and technical barriers of precise
segmentectomy may delay its widespread application in low-
volume centers and for inexperienced thoracic surgeons.

Due to the widespread use of low-dose computed tomography
and computer-aided detection/diagnosis systems (CADe/x),
multiple pulmonary nodules have become an increasingly
recognized phenomenon, especially GGNs frequently appearing
as extremely multiple nodules (≥3), which presents a challenge for
diagnosis and treatment. Two studies identified the phenomenonof
differentGGNsoriginating from the same clone in the same patient
(7, 8). ThoseGGNswere all in close proximitywhichmight result in
dissemination along the airway. Whether these multiple GGNs
sharing the samemutation affect the prognosis needs to be explored
with longer follow-up. Wang et al. collected a large cohort of
patients with large numbers of GGNs to investigate the clinical
and pathologic features, surgical methods, and prognosis of these
patients and found the proportion of malignant nodules did not
increase significantlywith the increasingnumber of nodules andno
lymph node invasion was observed, which suggested that the
number of nodules may not affect surgical strategy or prognosis,
providing insights for the treatment strategy of such patients.

The indolent clinical course and superior survival of GGNs
imply a unique underlying biology. However, the molecular
characteristics of GGNs have not been systemically studied. Wei
et al. systematically reviewed the molecular alterations in lung
adenocarcinoma (LUAD) with GGNs and revealed the
correlation between driver mutations and the radiological
progression. Ouyang et al. reported that the occurrence of GGOs
may be related to hereditary or genetic factors. A whole-exome
sequencing of lung cancer performed as GGN revealed the key
genetic mutational events that potentially maintain the relatively
inert nature of GGN and its progression fromGGN to aggressively
advanced lung adenocarcinoma (8).

In addition to accumulating molecular alterations, cancer
evolution is constantly shaped by the dynamic interaction
between cancer cells and host factors, particularly immune
surveillance. Zhang et al. found IL-6 expression status and NK
cell levels of early lung adenocarcinoma as GGN is significantly
reduced. Stimulationof IL-6 could activateNKcells, suggesting that
the immune response in the tumormicroenvironmentmight play a
critical role in the development of GGOs. Wu et al. reported based
Frontiers in Oncology | www.frontiersin.org 26
on two cases, that synchronous GGNsmay not be sensitive to anti-
PD-1/PD-L1 based therapy. In this study, the proportionofCD8+T
cells was lower in synchronousGGNs than inprimary lung cancers,
while tumor-associated macrophages showed significant
enrichment in the tumor microenvironment of GGNs (9). A
recently published study further performed multiomics analysis
of a consecutive clinical cohort prospective observational cohort
study to characterize pulmonary nodules with or without GGO
component and found GGO-associated lung cancers with lower
mutational burden, less active immune environment, and less
ctDNA shedding, revealing that the intrinsic biological features
may have contributed to the indolent clinical course of GGO-
associated lung cancers. This supports the hypothesis that GGO
may represent early carcinogenesis of a subset of LUADs when
cancer cells and anti-tumor immune response are at equilibrium
and providesmechanistic insights into the diagnosis and treatment
of these radiologically distinct clinical entities (10).

Because of the unique biological, psychological, and
environmental characteristics of each patient, clinical management
ofGGNs should be customized tomeet individual patients’needs. As
minimally invasive surgical technology improves, surgical resection
ofGGNs is becoming increasingly safe and less invasive, and the lung
function and quality of life can also bemaximally preserved. Surgical
resection of GGNs removes the potential risk of malignant
progression of the GGNs and relieves patients’ anxiety.
Nevertheless, surgery is also associated with risks of postoperative
complications. Thoracic surgeons shouldweigh thebenefits and risks
of surgical resection carefully before making a therapeutic decision.
Careful consideration of the indication for surgery is crucial for the
effective management of GGNs and to avoid overtreatment.

With several updates and novel findings, this Research Topic
will provide new insight for a better understanding of the
clinicopathological and molecular characteristics of GGOs.
Surgeons and oncologists will broaden their knowledge and
find new clues for the treatment of early-stage lung cancer
presenting as single or multiple GGOs. Further investigations
on the natural course of GGNs will undoubtedly improve our
understanding of the unique biological characteristics of GGNs
and thus provide clinical evidence for determining the optimal
timing of surgical resection. In addition, studies on molecular
and genetic mechanisms underlying the adverse progression of
GGNs could reveal potential therapeutic targets to prevent or
delay GGN progression.
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Objectives: This study aimed to explore the predictive CT features of spread through air
spaces (STAS) in patients with small-sized lung adenocarcinoma.

Methods: From January 2017 to May 2019, patients with confirmed pathology of small-
sized lung adenocarcinoma (less than or equal to 2 cm) and who underwent surgery were
retrospectively analyzed. The clinical, pathological, and surgical information and CT
features were analyzed.

Results: A total of 47 patients with STAS (males, 61.7%; mean age, 56 ± 8years) and 143
patients without STAS (males, 58%; mean age, 53 ± 11 years) were included.
Pathologically, papillary, micropapillary, solid predominant subtypes, and vascular and
pleural invasion were most commonly observed features in the STAS group.
Radiologically, higher consolidation tumor ratio (CTR), presence of spiculation, satellites,
ground glass ribbon sign, pleural attachment, and unclear tumor–lung interface were more
commonly observed features in the STAS group. CTR, presence of ground glass ribbons
and pleural connection, and absence of cystic airspaces were considered as stable
predictors of STAS in multivariate logistic models. The receiver operating characteristic
curve (ROC) analysis for predicting STAS demonstrated higher area under the curve (AUC)
in themodel that used CTR (0.760, 95% confidence interval, 0.69–0.83) for predicting STAS
than in the model that used long diameter of entire lesion (0.640).

Conclusions: CTR is the best CT sign for predicting STAS in small-sized lung
adenocarcinoma. The ground glass ribbon is a newly found indicator and has the
potential for predicting STAS.
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HIGHLIGHTS

1. Higher consolidation tumor ratio, presence of ground glass
ribbons, satellites, pleural connection, and unclear tumor–
lung interface are predictive CT features of STAS in small-
sized adenocarcinoma.

2. During the follow-up of lung nodules, the ground glass
ribbon sign is regarded as a new feature, although there is
no increase in the entire size or solid component, arising
suspicion for cancer with STAS.

3. In small-sized STAS-positive adenocarcinomas that are
present near the interlobular fissure, the disseminated foci
can spread along the congenital defect of the interlobar
fissure towards the adjacent lung lobe.
INTRODUCTION

The concept of spread through air spaces (STAS) is regarded as an
additional pattern of invasion of lung cancer proposed by theWorld
Health Organization classification of lung tumors in 2015. It consists
of micropapillary clusters, solid nests, or single cells beyond the edge
of the tumor invading into the air spaces surrounding the lung
parenchyma (1). Validation studies on STAS considered it as a
significant prognostic factor for distant and locoregional recurrence
in patients undergoing limited resection, which decreased the overall
survival in patients with lung cancers (2–5). STAS is an insidious
invasive pattern that is not visible to pathologists on gross
examination and to surgeons on external examination of tumor
specimen at the time of surgery. So far, it remained unknown as to
which imaging methods can be used for preoperative detection of it.
For small-sized lung adenocarcinoma (less than or equal to 2 cm),
limited resection can be usually performed, and its precise
preoperative prediction of STAS on computed tomography (CT)
before surgery remains crucial and challenging. This enables chest
surgeons to change the treatment strategy from wedge resection to
lobectomy, thereby reducing the recurrence rate. We hypothesize
that some CT morphological predictors can predict STAS of small-
sized lung adenocarcinoma before surgery, so as to avoid
inappropriate sublobectomy of those patients. We performed
comprehensive imaging and pathological statistical analysis to
determine the imaging predictors predicting STAS in small-sized
lung adenocarcinoma.
MATERIALS AND METHODS

This study has been approved by the institutional review board of
Huadong Hospital, and patients’ informed consent was waived
off due to retrospective nature of the study design.
Abbreviations: CT, Computed tomography; STAS, Spread through air spaces;
CTR, Consolidation tumor ratio; AUC, Area under the curve; ROC Receiver
operating characteristic; mGGNs, Mixed ground-glass nodules; EGFR, Epidermal
growth factor receptor; pGGNs, Pure ground-glass nodules.
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Study Population
From January 2017 to May 2019, all consecutive patients at our
institution were recruited, who underwent curative surgical
resection and pathologically diagnosed with small-sized
primary lung adenocarcinoma, which were staged T1–2
compliant with the eighth edition of the tumor, node, and
metastasis (TNM) classification (6). A total of 257 patients
with pathologically confirmed small-sized adenocarcinoma
(equal or less than 2 cm in diameter) were included. The
exclusion criteria were as follows: (1) patients who underwent
preoperative neoadjuvant chemotherapy (n = 15); (2) with a time
interval more than 3 months between the last CT examination
and surgical resection, or who did not undergo CT examination
in our hospital (n = 45); and (3) with serious breathing artifacts
on CT image (n = 7). The flowchart of patients’ selection was
shown in Figure 1.

The information regarding the following parameters were
collected from the database: (1) patient characteristics (such as
age, gender, smoking status, tumor markers); (2) surgical
methods (pneumonectomy, lobectomy, segmentectomy, or
wedge resection); (3) pathological findings (composition,
lymph node metastasis, pleural/vessel invasion, STAS); (4)
epidermal growth factor receptor (EGFR) mutations; and (5)
CT characteristics.
Pathological Analysis
Pathological diagnosis and categorization of adenocarcinoma were
done based on the 2011 edition of pulmonary adenocarcinoma
classification (7). Surgically resected specimens were fixed in 10%
formalin, placed in paraffin to block, sectioned into thin sections,
and then stained with hematoxylin and eosin. Pathological analysis
was performed by a pathologist with 32 years of experience (Li
Xiao). STAS was considered to exist when the micropapillary
clusters, solid nests, or single cells spread within the air spaces
beyond the edge of the main tumor according to the 2015 WHO
classification (8). Tumor cells that spread through the mucus were
distinguished from STAS, and the edge of the adenocarcinoma
with mucinous characteristics was defined as alveolar space filled
with mucin. EGFR mutation was evaluated in all participants.
CT Acquisition and Analysis
Chest CT scans were obtained with 64-slice Discovery CT750
HD (GE Healthcare) and 64-slice GE Light speed VCT using
similar protocols, which were as follows: 1.25-mm slice thickness
with a 1.25-mm reconstruction interval; pitch of 0.984; tube
voltage, 120 kVp; tube current, 250 mAs; and bone
reconstruction kernel. All images were reviewed and measured
with a standard lung window (window width, 1,500 HU; window
level, −500 HU) and a mediastinal window (window width, 350
HU; window level, 50 HU). All lesions were measured on the
maximum plane of axial images.

The size of the entire lesion was defined as the average of long
and short axial diameters, and all the measurements were
rounded to the nearest millimeter according to the 2017
guidelines for management of incidental pulmonary nodules
January 2021 | Volume 10 | Article 548430
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from the Fleischner Society (9). All lesions with long axial
diameters were measured on the maximum transverse
reconstructed images. For mixed ground-glass nodules
(mGGNs), the size of the solid components was measured
using the same method as that of a mediastinal window. The
maximum long diameter was used to define the TNM stage. The
consolidation tumor ratio (CTR) was defined as the proportion
of maximum consolidation diameter divided by the maximum
tumor diameter.

The morphological characteristics of the nodules such as
nodule density (solid, part solid, or pure ground glass),
location, shape (round or oval, irregular), vascular change
(normal, convergent or dilated), and cystic air spaces were
included. Air spaces were defined as containing congenital
cysts, emphysematous bullae, and bronchiectasis airways,
which in turn were comprised of bubble-like lucencies and air
bronchogram simultaneously.

The edge features of the lesions were as follows: (1) ground
glass ribbon sign is a CT finding with a band-shaped ground
glass opacity and blurred edge, which was emitted from the edge
of the nodule and extended to the adjacent lung. If the lesion was
present close to the visceral pleura, then it reaches the adjacent
visceral pleura, without pleura thickening, pulling, or
indentation; (2) tumor–lung interface: clear or unclear; (3)
lobulation: is defined as a wavy or scalloped configuration of
the edge of the nodule; and (4) spiculation sign: is defined as the
presence of strands with soft tissue density that extends from the
margin of the nodule into the lung.
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Nodule-pleural types: (1) no connection, (2) attachment, with
or without indentation, and (3) closeness through ground glass
ribbon or spiculation, with or without traction. Morphological
analysis was performed by two radiologists with nine and 15
years of experience in chest radiologic diagnosis (Lin Qi and
Ming Li), and were blinded to the results of the pathological
results. Any disagreements between them were resolved by
reaching a consensus.

Statistical Analysis
Statistical analysis was carried out by SPSS 22.0 software and
GraphPad Prism. The values were described as means ± standard
deviation (SD) or sample rate. The normality of variables was
tested using Shapiro–Wilk test. For categorical variables, the data
between the two groups were compared by Pearson’s chi-squared
test and Fisher’s exact test. For continuous variables, the data
were compared by unpaired t test or Mann–Whitney U test.
Binary logistic analysis for multivariate regression analysis was
performed to identify independent predictors of adenocarcinoma
with STAS. Variables with p values less than 0.1 by pairwise
comparison were included in multivariate analysis. ROC analysis
and Youden index were used to determine the cutoff value of CTR
for predicting adenocarcinomas with STAS. For binary logistic
analysis and ROC analysis, the nodular density of the lesions was
divided into two types: solid nodules and subsolid nodules; the
satellite lesions into present and absent types; and nodule-pleural
relationships were divided into connection and non-connection
types. The AUCs of the predictive CT features were compared by
FIGURE 1 | Flowchart of patient selection procedure. STAS, spread through air spaces; CT, computed tomography.
January 2021 | Volume 10 | Article 548430
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DeLong test. A p value of less than 0.05 was considered to
be significant.
RESULTS

Demographics, Surgical, and Pathological
Data
Demographics, surgical strategies, and pathological data were
presented in Table 1. One hundred and ninety patients with
small-sized lung adenocarcinoma were finally enrolled in our
study, which included 47 patients with STAS and 143 patients
without STAS. The mean age of the patients was 55 ± 14 years
and included 112 males and 78 females. Fifty-six participants
were heavy smokers (>30 packs/year and quit smoking within
the past 15 years). Seventy-one (37.4%) participants underwent
sublobar resection, and 119 (62.6%) accepted lobectomy or
pneumonectomy. There were no significant differences
between STAS and non-STAS groups with regard to age, sex,
heavy smokers, and surgery strategy. Significant differences
between the two groups were observed in predominant
histologic subtypes, where acinar and lepidic are the most
common predominant subtypes in the non-STAS group, while
papillary, micropapillary, and solid subtypes were more
commonly observed in the STAS group. There was no
significant difference observed in cribriform subtype between
the two groups. Vascular (p = 0.001) and pleural invasion (p <
0.0001) were the most commonly observed in adenocarcinomas
with STAS patients. No significant difference was present in
EGFR mutations.

CT Characteristics of Two Groups
CT characteristics of all lesions in STAS and non-STAS groups
were shown in Table 2. No significant differences were shown in
the long axial diameter of entire tumor and solid component, but
a statistically significant difference was observed in CTR between
Frontiers in Oncology | www.frontiersin.org 411
the STAS and non-STAS groups (0.9 ± 0.2 vs. 0.6 ± 0.4, p =
0.0001). Only one case (1/47, 2.1%) in the STAS group showed
pure ground glass density (Figure 2), while 32 cases (32/143,
22.4%) in the non-STAS had pure ground glass nodules (pGGNs,
p = 0.0007). The number of SNs in the STAS group was more
than that in non-STAS group (61.7 vs. 28.7%, p < 0.0001). The
number of mGGNs showed no significant differences between
the two groups.

There were no significant differences regarding lobe location,
shape, lobulation, and vascular changes. Spiculation was more
frequently observed in the STAS groups (72.3 vs. 40.6%, p =
0.0001). The ground glass ribbon sign and the unclear tumor–
lung interface were more commonly observed in the STAS group
than that in non-STAS group (68 vs. 5.6%, p < 0.0001; 31.9 vs.
16.1%, p = 0.019). In the STAS group, there were more GGNs
and solid satellites around the tumor than those in the non-STAS
group (19.4 vs. 0, p < 0.0001; 14.9 vs. 2.1%, p = 0.003). More
STAS lesions had attachment to the visceral pleura than non-
STAS lesions (31.9 vs. 9.1%, p = 0.0001) (Figure 3).

CT Characteristics for Predicting STAS
The imaging features of STAS were evaluated by conducting
multivariate logistic analysis (Table 3) and receiver operating
characteristic curve analysis. Variables with p values of less than
0.10 in univariate analysis were included in multivariate logistic
analysis, which included CTR, shape, spiculation, cystic
airspaces, ground glass ribbons, tumor–lung interface, nodule
density, satellite lesions, and pleural connection (Figure 4). CTR
and nodule density showed significant correlation, so CTR was
separately listed by establishing two regression models. In model
1, the presence of cystic airspaces, ground glass ribbon sign,
unclear tumor–lung interface, pleural connection, and CTR were
considered as predictive factors in STAS patients (p < 0.05). In
model 2 that included CTR and nodule density simultaneously,
the predictive factors were similar to the results of model 1.

The ROC analysis for predicting STAS demonstrated higher
area under the curve (AUC) in the model that used CTR (0.760,
TABLE 1 | Demographics, pathological analysis, and types of surgery of participants with pathologically T1a and T1b lung adenocarcinoma.

Total (n = 190) STAS (n = 47) Non-STAS (n = 143) t or z value p

Age (years) 55 ± 14 56 ± 8 53 ± 11 1.778 0.100
Male, n [%] 112 [58.9] 29 [61.7] 83 [58] 0.443 0.658
Heavy smoke, n [%] 56 [29.5] 16 [34.0] 37 [25.9] 1.083 0.279
Surgery 1.933 0.05
Sublobar resection, n [%] 71 [37.4] 12 [25.6] 59 [41.3]
Lobectomy or pneumonectomy, n [%] 119 [62.6] 35 [74.5] 84 [58.7]
Pathology
Predominant histologic subtypes
Lepidic, n [%] 30 [15.8] 0 30 [21.0] – 0.0001***
Acinar, n [%] 87 [45.8] 5 [10.6] 82 [57.3] – <0.0001****
Papillary or micropapillary, n [%] 38 [25.9] 27 [57.4] 11 [7.7] 7.398 <0.0001****
Solid, n [%] 26 [13.7] 12 [25.5] 14 [9.8] 2.724 0.006**
Cribriform, n [%] 9 [4.7] 3 [6.4] 6 [4.2] – 0.692
Vascular invasion (+), n [%] 26 [13.7] 12 [25.6] 11 [7.7] 3.253 0.001**
Pleural invasion (+), n [%] 31 [16.3] 19 [40.4] 17 [11.9] 4.331 <0.0001****
EGFR mutation (+), n [%] 78 [41.1] 12 [25.5] 66 [46.2] 0.493 0.013*
January 2
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FIGURE 2 | (A) Axial CT image of pGGO performed STAS pathologically. A ground glass ribbon sign was observed on the margin of the lesion and extended to the
adjacent costal parietal pleura (white arrow), which was defined as a CT finding of a band-shaped ground glass opacity with blurred edge that emits from the edge
of the nodule and extends into the adjacent lung (B). Multi-plane reconstruction with ground glass ribbon sign as the long axis. The shape of ribbon sign was
displayed more clearly after adjusting the window width and level.
TABLE 2 | CT characteristics of small-sized adenocarcinoma in STAS+ and STAS- groups.

Total (n=190) STAS (n=47) Non-STAS (n=143) t, F, or z value p value

Measurements
LD entire (mm) 15 ± 4 16 ± 4 14 ± 3 4.025 0.055
LD solid (mm) 10 ± 6 15 ± 5 9 ± 6 2.408 0.122
CTR 0.7 ± 0.4 0.9 ± 0.2 0.6 ± 0.4 23.868 0.0001***
Nodule density
pGGNs 33 [17.4] 1 [2.1] 32 [22.4] – 0.0007***
mGGNs 87 [45.8] 17 [36.2] 70 [49.0] 1.526 0.127
SNs 70 [36.8] 29 [61.7] 41 [28.7] 4.073 <0.0001****
Location (lobe) 0.588 0.557
Upper lobes 94 [49.5] 25 [53.2] 69 [48.3]
Non-upper lobes 76 [40] 22 [46.8] 74 [51.7]
Location (field) 0.326 0.745
Central 69 [36.3] 18 [38.3] 51 [35.7]
Peripheral 121 63.7] 29 [61.7] 92 [64.3]
Shape 1.849 0.064
Round or oval 95 [50] 29 [61.7] 66 [46.2]
Irregular 95 [50] 18 [38.3] 77 [53.8]
Vascular change 0.602 0.547
normal 106 [55.8] 28 [59.6] 78 [54.5]
convergent 84 [44.2] 19 [40.4] 65 [45.5]
Cystic airspaces, n [%] 73 [38.4] 11 [23.4] 62 [43.4] 2.440 0.015*
Edge features
Ground glass ribbon sign 34 [17.9] 22 [46.8] 12 [8.4] 5.961 <0.0001****
Unclear tumor-lung interface 38 [20] 15 [31.9] 23 [16.1] 2.354 0.019*
Lobulation 70 [36.8] 16 [34.0] 54 [37.8] 0.459 0.647
Spiculation 92 [48.4] 34 [72.3] 58 [40.6] 3.782 0.0002***
Satellite lesions
Absent 171 [90] 31 [66.0] 140 [97.9] – <0.0001****
Ground glass satellites 9 [4.7] 9 [19.4] 0 – <0.0001****
Solid satellites 10 [5.3] 7 [14.9] 3 [2.1] – 0.003**

Nodule-pleural types
No connection 93 [48.9] 11 [23.4] 82 [57.3] 4.038 <0.0001****
Closeness 69 [36.3] 21 [44.7] 48 [33.6] 1.369 0.169
Attachment 28 [14.7] 15 [31.9] 13 [9.1] 3.83 0.0001***
Frontiers in Oncology | www.frontiersin.o
rg
 512
 Jan
uary 2021 | Volume 10 | Ar
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95% confidence interval, 0.69–0.83) for predicting STAS than in
the model that used long diameter of entire lesion (0.640).
(Figure 5). There was no statistical significance in the
differences between AUCs of CTR and diameter of entire
lesion (p < 0.05).
DISCUSSION

STAS is recently recognized as an additional pattern of tumor
invasion in lung adenocarcinoma and is considered as a major
risk factor of recurrence in early stage lung adenocarcinoma
patients when treated with limited resection (2, 3, 10–13). Kadota
Frontiers in Oncology | www.frontiersin.org 613
K et al. (2) have reported that the risk of recurrence, which
included the 5-year cumulative incidence of recurrence, distant
and locoregional recurrence, was significantly higher in patients
with STAS-positive small-sized lung adenocarcinoma when
compared to those with STAS-negative tumors. Therefore,
retrospective analysis was conducted to those pathologically
proved small-sized lung adenocarcinoma with and without
STAS, exploring whether CT features could assist in predicting
STAS before undergoing surgical procedures to decide tumor
margin in conditions of limited resection and guide the choice of
postoperative treatment strategies (8, 14, 15).

Our study confirmed that STAS-positive small-sized lung
adenocarcinomas had distinct morphologic, pathologic, and
genetic characteristics, and CTR was an important imaging
TABLE 3 | Multivariable Logistic Analysis of radiologic predictors of adenocarcinoma with STAS.

Model 1 Model 2

OR 95% CI p-value OR 95% CI p-value

Nodule shapes 2.155 0.768–6.048 0.145 0.509 1.18–1.45 0.206
Spiculation 0.977 0.242–3.947 0.974 0.509 2.19–3.45 0.206
Cystic airspaces 13.781 3.751–50.63 0.001 0.062 0.02–0.25 0.001
Ground glass ribbon sign 0.114 0.029–0.454 0.002 8.468 2.03–35.32 0.003
Boundary 0.243 0.07–0.842 0.026 4.871 1.31–18.12 0.018
Satellite lesions 0.585 0.176–1.947 0.382 3.263 0.45–23.48 0.24
Pleural connection 0.183 0.059–0.563 0.003 5.829 1.80–18.93 0.003
Nodule density – – – 0.146 0.00–2.34 0.086
CTR 0.01 0.001–0.173 0.001 0.003 0.00–0.10 0.001
January 2
021 | Volume 10 | Article
CTR, consolidation tumor ratio; CI, confidence interval; OR, odds ratio.
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FIGURE 3 | Bar graph shows the comparison of predominant subtypes between STAS-positive and STAS-negative groups (A); there is statistically significant
difference in CTR between the two groups (B); the number of SNs in STAS group is more than that in non-STAS group (C); presence of spiculation, satellites, and
ground glass ribbon sign, pleural attachment, and unclear tumor–lung interface was more common in STAS group (D). *P<0.05; **P<0.01; ***P<0.001;
****P<0.0001.
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predictor of STAS, which was similar to the results of previous
studies (4, 10, 11, 16, 17). Pathologically, the predominant
subtypes of STAS positive adenocarcinoma included papillary,
micropapillary and solid, while that of STAS negative tumors
included lepidic and acinar. The vascular and pleural invasion
and EGFRmutation were regarded as the more common features
in STAS positive adenocarcinoma.

Recent studies confirmed that direct signs of STAS are far
beyond the spatial resolution of state-of-art CT scanner, even on
high-resolution CT images, which demonstrating that the
prediction of STAS on CT images should be performed by
indirect signs rather than direct visualization (18). Kim et al.
reported a larger series of STAS+ adenocarcinomas (n = 94)
containing different tumor sizes and pathological stages and
suggested that the percentage of solid component was an
independent predictor of STAS and a cut-off value of 90% with
a sensitivity of 89.2% and a specificity of 60.3%. Our study
focuses on the morphological features of small-sized lung
adenocarcinoma positive for STAS. Therefore, there are some
similarities as well as differences in conclusions due to the
different research groups. Similar to Kim et al., we found that
CTR (equivalent to percentage of solid component in Kim’s
study) was the best predictive CT feature with a cut-off value of
83% and with a sensitivity of 91.5%, a specificity of 62.9%. The
diagnostic efficacy of CTR in the two studies is similar, indicating
Frontiers in Oncology | www.frontiersin.org 714
that even if the study populations are different, CTR shows stable
prediction performance in predicting STAS. In our study, no
differences were found in maximum diameters of the entire
lesion and solid component between tumors positive for STAS
and that negative for STAS, while Kim et al. reported that the
maximum diameter of solid component was greater in STAS-
positive adenocarcinoma. The reason might be that our study
limited the maximum diameter of the included lesions (less than
2 cm in diameter), while Kim’s study did not. In our cohort,
61.7% of STAS-positive tumors were solid nodules (CTR = 1),
while 71.3% of STAS-negative lesions were non-solid lesions,
indicating that solid small-sized tumors were more likely
accompanied with STAS. This suggested the requirement of
partial resection with enlarged margin or lobe resection.

Several studies (19–21) showed that satellite centrilobular
nodules, branching opacities, typically with ill-defined margins and
ground glass attenuation, are discriminatory CT characteristics
that are suggestive of macroscopic tumor spread through
airways. Similar to those studies, our study confirmed that
several signs on CT images could predict STAS in small-sized
primary lung adenocarcinoma, including presence of spiculation,
satellites, ground glass ribbon sign, pleural attachment, and
unclear tumor–lung interface. Among these features, some
edge characteristics, such as ground glass ribbon sign,
spiculation, and ground glass satellites demonstrated strong
FIGURE 4 | (A, D) Baseline axial (A) and coronal (D) CT images of STAS-positive adenocarcinoma in a 51-year-old man. An irregular ground glass nodule with
multiple cystic cavities was detected with clear edges, so he was recommended 6–12 months follow-up (B, C, E). Axial CT images on the 8-month follow-up (B, C).
The entire size of the lesion did not change, but some cysts were larger than before, and a ground glass ribbon sign was newly found on the edge of the lesion
(black arrow), which was defined as a CT finding of a band-shaped ground glass opacity with blurred edge that emits from the edge of the nodule and extends into
the adjacent lung (E). Coronal reconstructed image clearly shows the ribbon sign, stretching to the adjacent visceral pleural (black arrow) (F). The patient was
recommended lung lobe resection and was confirmed invasive adenocarcinoma with STAS pathologically. Photomicrograph shows single cell pattern STAS
consisting of scattered discohesive single cells (green arrow).
January 2021 | Volume 10 | Article 548430
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discriminative power than the remaining ones. Ground glass
ribbon sign is the newly proposed CT feature in our study for
indicating STAS and was defined as a CT finding of a band-
shaped ground glass opacity with blurred edge that emits from
the edge of the nodule and extends into the adjacent lung.
Pathologically, this sign may be related to decreased air spaces
in the distal part of the alveoli that is caused by the obstruction of
the surrounding lung parenchyma beyond the tumor, or the
obstruction of terminal bronchiolar. The predominant
composition of STAS-negative small-sized adenocarcinoma
was usually considered to be the lepidic subtype, and it was
usually well-defined, without terminal bronchiolar obstruction
and corresponding ground glass ribbon sign. While in STAS-
positive adenocarcinoma, micropapillary clusters and solid nests
surrounding the air spaces could block the marginal alveolar
cavities, leading to a decrease in the air content of the distal
alveolar cavities. Several studies reported that STAS does not
occur in pGGNs (10, 18–21).

In our study, only one patient with pGGO was pathologically
confirmed to have STAS, and a ground glass ribbon sign was
observed on the margin of the lesion, which was extended to the
adjacent costal parietal pleura. The reason for this might be that
resection was more likely performed for partly solid or solid
nodules, and most of the pGGOs were recommended to follow-
Frontiers in Oncology | www.frontiersin.org 815
up until they become partially solid nodules before undergoing
resection. We alluded that in the setting of GGO adenocarcinoma
the Ribbon sign might be an early marker of STAS before a solid
component develops. This might be potentially used as an
indication for early resection of slowly growing GGOs.
However, future multicenter validation studies are needed to
consolidate our findings. Masai et al. (3) demonstrated that
STAS and tumor margins smaller than 1 cm are significant risk
factors for local recurrence in early stage lung cancer after limited
resection. In our study, we observed on pathological sections that
tumor cells of STAS-positive small-sized adenocarcinoma can
spread to the adjacent lung lobe through the congenital pores of
the interlobular fissure (Figure 6). It can be shown that
pathological STAS is one of the risk factors for metastasis of
early adenocarcinoma after local pneumonectomy.

Our study has several limitations. Firstly, this was a
retrospective single-center study, and the sample size included
was small. So, comparative studies with a large number of
pathological and CT images are needed to confirm these
assumptions. Secondly, we only included adenocarcinomas in
our study. Different histologic types of lung cancer and some
inflammatory granulomas that are easily confused with lung
cancer should also be included in the future studies. Thirdly, due
to a shorter postoperative follow-up time, our study did not
FIGURE 5 | The ROC analysis for predicting STAS demonstrated higher area under the curve (AUC) in the model that used CTR (0.760, 95% confidence interval,
0.69–0.83) for predicting STAS than in the model that used long diameter of entire lesion (0.640).
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report the prognostic information of the two groups. Future
research will assess the prognostic impact of STAS and local
recurrence in stage I lung adenocarcinoma.

In conclusion, CTR is the most robust CT sign for predicting
STAS in small-sized lung adenocarcinoma. Other CT features
also have good diagnostic efficacy factors including spiculation,
the ground glass ribbon sign, pleural connection, and satellites.
Among them, the ground glass ribbon is a newly found indicator
and has the potential for predicting STAS.
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FIGURE 6 | STAS in a 45-year-old man with micropapillary predominant subtype of invasive adenocarcinoma (A). Multiplanar reconstructed CT image (width, 1,500
HU; level, −600 HU) shows a ground glass-density spiculation extending into the adjacent lungs (arrow), and several ground glass-density satellite foci with a
diameter of 1–2 mm were observed at the edge of the lesion (white triangle) (B). Photomicrograph shows multiple solid nests clusters alveolar disseminations at the
edge of one side of the lesion (arrow), spreading through the interlobular fissure (black triangle) to the alveolar cavities of the adjacent pulmonary lobe (C). Volume
render reconstructed image shows visceral pleural indentation (D). Photomicrograph shows visceral pleural invasion, indentation, and thickening.
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1 Department of Pathology, Shanghai Pulmonary Hospital, Tongji University School of Medicine, Shanghai, China,
2 Department of Thoracic Surgery, Shanghai Pulmonary Hospital, Tongji University School of Medicine, Shanghai, China

Background: Tumor spread through air spaces (STAS) has three morphologic subtypes:
single cells, micropapillary clusters, and solid nests. However, whether their respective
clinical significance is similar remains unclear.

Methods: We retrospectively reviewed 803 patients with resected non-small cell lung
cancer (NSCLC) from January to December 2009. Recurrence-free survival (RFS) and
overall survival (OS) were compared among patients stratified by STAS subtypes. We also
performed a prospective study of NSCLC resection specimens to evaluate the influence of
a prosecting knife on the presence of STAS subtypes during specimen handling
(83 cases).

Results: STAS was found in 370 NSCLCs (46%), including 47 single cell STAS (13%),
187 micropapillary cluster STAS (50%), and 136 solid nest STAS (37%). STAS-negative
patients had significantly better survival than patients with micropapillary cluster STAS
(RFS: P < 0.001; OS: P < 0.001) and solid nest STAS (RFS: P < 0.001; OS: P < 0.001), but
similar survival compared with those with single cell STAS (RFS: P = 0.995; OS: P = 0.71).
Multivariate analysis revealed micropapillary cluster (RFS: P < 0.001; OS: P < 0.001) and
solid nest STAS (RFS: P = 0.001; OS: P = 0.003) to be an independent prognostic
indicator, but not for single cell STAS (RFS: P = 0.989; OS: P = 0.68). Similar results were
obtained in subgroup analysis of patients with adenocarcinoma. The prospective study of
NSCLC specimens suggested that 18 cases were considered as STAS false-positive, and
most were singe cell pattern (13/18, 72%).

Conclusions: Single cell STAS was the common morphologic type of artifacts produced
by a prosecting knife. A precise protocol of surgical specimen handling is required to
minimize artifacts as much as possible.

Keywords: spread through air spaces, spread through a knife surface, non-small cell lung cancer, prognosis, artifact
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INTRODUCTION

Tumor spread through air spaces (STAS) was added as a novel
invasive pattern of lung adenocarcinoma (ADC) in the 2015 World
Health Organization (WHO) classification (1). Subsequently,
numerous studies consistently demonstrated STAS to be a
prognostic risk factor for patients with ADC (2–12). This adverse
impact extended to cases of squamous cell carcinoma (SQCC) and
pleomorphic carcinoma, among others (13–16). Thus, STAS was
recognized as a unique invasive type of non-small cell lung cancer
(NSCLC) and attracted tremendous interests.

According to the 2015 WHO classification, STAS has three
morphologic subtypes: single cells, micropapillary clusters, and
solid nests. Our previous study showed that micropapillary
cluster STAS was the most common type in ADC (6), and
other studies found SQCC only featured solid nest STAS (13–
15), which suggested the potential heterogeneity among STAS
subtypes. Three STAS patterns were considered as one group in
all published studies concerning clinicopathologic features and
prognostic effect. Thus, it was unclear whether each subtype had
distinct clinical behaviors.

In this study, we used a large retrospective cohort of patients
with resected NSCLC to investigate the clinical characteristics of
three STAS subtypes, with a focus on the survival outcomes. If
differences among subtypes were observed, the potential
mechanism was also explored.
MATERIALS AND METHODS

Study Cohort
The institutional review board of Shanghai Pulmonary Hospital
approved this study (No. K17-159). We reviewed 1,123 patients
with lung cancer who underwent surgical resection at our
hospital between January 1, 2009, and December 31, 2009.
Patients with neoadjuvant therapy, multiple primary lung
cancers, small cell lung cancer, metastatic tumor, minimally
invasive adenocarcinoma, and adenocarcinoma in situ were
excluded. After applying these criteria, a total of 803 patients
with NSCLC were identified (Figure 1A). The tumors were
classified according to the 2015 WHO classification and staged
Frontiers in Oncology | www.frontiersin.org 219
on the basis of the eighth edition of the TNM classification (1,
17). Patients’ clinical data were retrospectively extracted from
electronic medical records. We also prospectively included 83
cases of NSCLC resection specimens from August 1, 2017 to
August 15, 2017, according to the same inclusion and exclusion
criteria to evaluate the influence of a prosecting knife on the
presence of STAS subtypes during specimen handling
(Figure 1B).

Histopathologic Evaluation of STAS
Subtypes
Tumor specimen slides were microscopically evaluated by two
pathologists (H.X. and S.Z.) who were not aware of the clinical
data. STAS was defined as tumor cells observed within air spaces
in the surrounding lung parenchyma beyond the edge of the
main tumor (1). The methods to distinguish STAS from artifacts
and alveolar macrophages reported by Kadota et al. were
adopted in this study (2). If diagnosis was still uncertain,
immunohistochemistry for tumor cell marker (cytokeratin
[AE1/AE3]) and macrophage marker (CD68) was performed.

STAS has three morphologic patterns: (1) single cell pattern
(Figures 2A, B), defined as discohesive single tumor cells within
air spaces; (2) micropapillary cluster pattern (Figures 2C, D),
defined as papillary structures without central fibrovascular cores
filling as an alveolus; and (3) solid nest pattern (Figures 2E, F),
defined as solid collections of tumor cells within an alveolus. Two
pathologists (H.X. and S.Z.) categorized STAS into single cell,
micropapillary cluster, or solid nest subtype independently.
If any disagreement occurred, consensus was achieved
after discussion.

Survival Analyses for STAS Subtypes
The outcomes of interest were recurrence-free survival (RFS) and
overall survival (OS), which were calculated using the Kaplan-
Meier method and compared using the log-rank test among
STAS subtype groups. Survival information was collected from
outpatient clinic re-visit records (clinical, radiologic, and
pathologic evaluation) and telephone follow-up through
December 31, 2016. Multivariate survival analyses were
conducted by using the Cox proportional hazards model to
identify independent prognostic factors for RFS and OS. The
A B

FIGURE 1 | Study cohort flowchart. (A) Retrospective cohort; (B) Prospective cohort.
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variables were examined first using univariate analysis, and those
with P value < 0.1 were incorporated into a multivariate model.
We also assessed the prognostic significance of STAS subtypes in
patients with ADC.

Prospective Assessment of the Influence
of a Prosecting Knife on STAS Subtypes
Two published studies suggested that STAS may partly be
attributed to artifacts caused by a prosecting knife during
specimen handling (18, 19). Our study also evaluated the
influence of a prosecting knife on the presence of STAS
subtypes. The same inclusion criteria used in the retrospective
cohort were adopted to prospectively recruit patients with
Frontiers in Oncology | www.frontiersin.org 320
NSCLC who underwent surgery at our hospital between
August 1, 2017, and August 15, 2017.

The lung cancer specimens were prosected and sampled
according to the following protocol (Figure 3A): (1) the lung
cancer specimen was cut at its largest diameter using a clean, long
prosecting knife, thus dividing the sample into two; (2) one tissue
piece was randomly selected and divided into two sections along the
vertical direction of the first cut by using a second clean knife; and (3)
all specimens were cut in a single continuous direction to avoid
excessive tumor tissue contamination caused by drawing the knife
back and forth. Eventually, two tissue blocks were obtained. The
upper block contained normal lung tissue and then tumor tissue, and
the lower block contained tumor tissue and then normal lung tissue.
FIGURE 2 | Morphologic features of STAS including single cell pattern (original magnification: ×40 in (A) and ×200 in (B) micropapillary cluster pattern (original
magnification: ×40 in (C) and ×200 in (D) and solid nest pattern (original magnification: ×40 in (E) and ×200 in (F). STAS, spread through air spaces.
A B

FIGURE 3 | Surface of cross-section from resected lung specimen after the first cut (A); arrow indicates cutting path. Tissue blocks in the rectangular box contains
normal lung tissue above tumor (upper block) and below tumor (lower block). The diagrams of the definition of real STAS and mimic STAS (B); pentagram indicates
displaced tumor cells in normal lung tissue. STAS, spread through air spaces.
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According to the cutting path, the normal lung tissue of the
upper block was in contact with a clean blade, whereas that of the
lower block was exposed to the blade after it made contact with
tumor tissues. Hence, displaced tumor cells observed in the normal
tissue of the lower block have the potential to theoretically be
artifacts caused by contaminated blades. Morimoto and his
colleagues found that free tumor clusters that had similar
definitions of STAS were present in all directions of the main
tumor (20). Therefore, cases could be considered as having real
STAS when displaced tumor cells were identified in both upper and
lower blocks, whereas cases were defined as having mimic STAS
when displaced tumor cells were observed in the lower block but
absent in the upper block (Figure 3B).

Histopathologic Evaluation and
Quantitative Comparison of STAS in
Tissue Blocks
The surgically resected specimens were fixed with formalin, cut
serially into 5-mm-thick slices, and macroscopically examined.
Additional consecutive 4-µm-thick sections were cut from a
selected tissue block and stained with hematoxylin and eosin. For
each case, 5 to 10 tumor slides were reviewed. These slides were
evaluated by two pathologists (H.X. and S.Z.) whowere blinded to the
information on sections and tissue blocks. The pattern and quantity
of STAS were evaluated in each tissue block. The methodology was
introduced in detail in a previous study (19). Briefly, all STAS in one
visual field under a 10× objective were recorded as one occurrence,
regardless of the absolute quantity of STAS in that field. The total
number of STAS in the corresponding tissue block was estimated as
the sum of all positive 10× objective fields in the H&E section. STAS
with the largest number was considered the predominant subtype. If
any disagreement occurred between the two reviewers, a third
observer (C.W.) reviewed these slides.

Statistical Analysis
All clinicopathologic data were presented as median (range),
mean ± standard deviation, and number (percent). The Pearson
c2 test for categorical variables and Student t test or one-way
ANOVA for numerical variables were applied to compare the
groups. A two-sided P value of less than 0.05 was considered
statistically significant. All analyses were performed using SPSS
22.0 (IBM Corporation, Armonk, NY) and GraphPad Prism 7.0
(GraphPad Software, San Diego, CA).
RESULTS

Patient Characteristics
We identified 803 patients with NSCLC in the retrospective cohort.
Table 1 shows their detailed clinicopathological characteristics. Of
these patients, 524 (65%) were men and 507 (63%) had no smoking
history. The median age of this cohort was 60 years (range 29-91).
ADC was the most common histological type (58%) (Table 1).

Incidence and Features of STAS
Tumor STAS was identified in 370 of 803 patients (46%). STAS
was more likely to be observed in patients with no smoking
Frontiers in Oncology | www.frontiersin.org 421
history (P = 0.049), elevated carcinoembryonic antigen (CEA)
level (P < 0.001), ADC (P < 0.001), lymph node metastasis (P <
0.001) and high pathologic TNM stage (P < 0.001) (Table 1).

Correlation of Clinicopathologic
Characteristics with Different Types
of STAS
When STAS was stratified by three morphologic patterns, 47
cases had single cell STAS (13%), 187 cases had micropapillary
cluster STAS (50%), and 136 cases had solid nest STAS (37%)
(Table 2). Large tumor size, lymph node metastasis, and high
TABLE 1 | Characteristics of patients with non-small cell lung cancer stratified
by tumor spread through air spaces.

Variables All patients STAS (-) STAS (+) P value

N = 803 N = 433 N = 370

Age
Median (range) 60 (29-91) 60 (29-91) 60 (33-82) 0.783
≤65 543 (68) 292 (67) 251 (68) 0.904
>65 260 (32) 141 (33) 119 (32)

Gender 0.209
Male 524 (65) 291 (67) 233 (63)
Female 279 (35) 142 (33) 137 (37)

Smoking 0.049
Non-smoker 507 (63) 260 (60) 247 (67)
Current or ex-smoker 296 (37) 173 (40) 123 (33)

Carcinoembryonic antigen <0.001
Normal 714 (89) 403 (93) 311 (84)
High 89 (11) 30 (7) 59 (16)

Tumor location 0.022
Upper & Middle 547 (68) 310 (72) 237 (64)
Lower 256 (32) 123 (28) 133 (36)

Surgical type 0.041
Limited resection 40 (5) 15 (4) 25 (7)
Lobectomy 662 (82) 369 (85) 293 (79)
Others 101 (13) 49 (11) 52 (14)

Tumor histological type <0.001
Adenocarcinoma 461 (58) 226 (52) 235 (64)
Squamous cell carcinoma 274 (34) 178 (41) 96 (26)
Others 68 (8) 29 (7) 39 (10)

Tumor size 0.118
≤3 cm 465 (58) 265 (61) 200 (54)
>3-5 cm 226 (28) 111 (26) 115 (31)
≥5 cm 112 (14) 57 (13) 55 (15)

Visceral pleural invasion 0.167
Absent 513 (64) 286 (66) 227 (61)
Present 290 (36) 147 (34) 143 (39)

Lymph node metastasis <0.001
Negative 578 (72) 359 (83) 219 (59)
N1 positive 47 (6) 17 (4) 30 (8)
N2 positive 178 (22) 57 (13) 121 (33)

Pathologic TNM stage <0.001
Stage I 458 (57) 291 (67) 167 (45)
Stage II 130 (16) 63 (15) 67 (18)
Stage III/IV 215 (27) 79 (18) 136 (37)

STAS Subtype –

Single cell 47 (6) – 47 (13)
Micropapillary cluster 187 (23) – 187 (50)
Solid nest 136 (17) – 136 (37)

Postoperative chemotherapy 0.482
No 334 (42) 185 (43) 149 (40)
Yes 469 (58) 248 (57) 221 (60)
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pathologic TNM stage were more frequently identified in tumors
with micropapillary cluster STAS and solid nest STAS than those
with single cell STAS (tumor size: P < 0.001; lymph node
metastasis: P < 0.001; TNM stage: P = 0.003). In addition,
female sex, no smoking history, and ADC were closely
associated with the presence of single cell STAS and
micropapillary cluster STAS, whereas male sex, a history of
smoking, and SQCC were more common in tumors with solid
nest STAS (gender: P < 0.001; smoking history: P < 0.001;
histological type: P < 0.001) (Table 2).

Survival Analyses
Figures 4A, B shows that patients without STAS had better RFS
(P < 0.001) and OS (P < 0.001) than those with STAS. When
stratifying STAS-positive patients by morphologic subtypes,
patients without STAS had significantly better survival than
did patients with micropapillary cluster STAS (RFS: P < 0.001;
OS: P < 0.001) and solid nest STAS (RFS: P < 0.001; OS: P <
0.001), but comparable survival to that of patients with single cell
STAS (RFS: P = 0.995; OS: P = 0.71) (Figures 4C, D).

In addition, multivariate analyses confirmed that the presence
of micropapillary cluster STAS (RFS: hazard ratio [HR] = 1.75,
95% confidence interval [CI]: 1.30-2.37, P < 0.001; OS: HR =
1.99, 95% CI: 1.44-2.76, P < 0.001) and solid nest STAS (RFS:
HR = 1.60, 95% CI: 1.21-2.14, P = 0.001; OS: HR = 1.55, 95% CI:
1.16-2.07, P = 0.003) was indicated as an independent prognostic
factor, but the presence of single cell STAS was not (RFS: HR =
1.00, 95% CI: 0.59-1.70, P = 0.989; OS: HR = 1.13, 95% CI: 0.63-
2.03, P = 0.68) (Table 3).

Subgroup Analysis of Patients with ADC
We also assessed the clinical significance of STAS subtypes in
patients with ADC. Similar results were acquired in this
subgroup when compared with those in entire cohort.

Tumor STAS was identified in 235 patients with ADC (51%),
including 43 cases with single cell STAS (18%), 179 cases with
micropapillary cluster STAS (76%), and 13 cases with solid nest
STAS (6%) (Supplementary Table 1). The proportions of lymph
node metastasis and high pathologic TNM stage were greater in
tumors with micropapillary cluster STAS and solid nest STAS
than in those with single cell STAS (lymph node metastasis: P =
0.003; TNM stage: P = 0.025). (Supplementary Table 2) Single
cell STAS was observed in lepidic (11/103, 11%), acinar (17/224,
8%), papillary (12/85, 14%) and solid (3/37, 8%) predominant
ADC, except for micropapillary predominant ADC.
Micropapillary cluster STAS was observed in lepidic (14/103,
14%), acinar (104/224, 46%), papillary (34/85, 40%) and solid
(16/37, 43%) predominant ADC. Interestingly, micropapillary
STAS had a significant association with micropapillary
predominant ADC (11/12, 92%). Whereas solid nest STAS was
more common in patients with solid predominant ADC
(Lepidic: 2/103, 2%; Acinar: 4/224, 2%; Papillary: 1/85 1%;
Micropapillary: 0/12, 0%; Solid: 6/37, 16%).

Supplementary Figures 1A, B shows that STAS significantly
stratified the RFS (P < 0.001) and OS (P < 0.001) in patients with
ADC. Further analyses indicated that, when compared to
patients with ADC without STAS, similar survival outcomes
Frontiers in Oncology | www.frontiersin.org 522
were found in those with ADC with single cell STAS (RFS: P =
0.639; OS: P = 0.708), but worse survival outcomes in those with
ADC with micropapillary cluster STAS (RFS: P < 0.001; OS: P <
0.001) or with solid nest STAS (RFS: P < 0.001; OS: P = 0.002)
(Supplementary Figures 1C, D). Multivariate analyses revealed
micropapillary cluster STAS (RFS: HR = 1.67, 95% CI: 1.18-2.37,
P = 0.004; OS: HR = 1.73, 95% CI: 1.19-2.51, P = 0.004) and solid
nest STAS (RFS: HR = 2.13, 95% CI: 1.02-4.45, P = 0.043; OS:
HR = 2.09, 95% CI: 0.95-4.63, P = 0.068) to be a risk factor for
survival, but single cell STAS was not (RFS: HR = 0.82, 95% CI:
TABLE 2 | Characteristics of patients with non-small cell lung cancer stratified
by subtypes of tumor spread through air spaces.

Single cell
STAS

Micropapillary
cluster STAS

Solid nest
STAS

P
value

N = 47 N = 187 N = 136

Age
Median (range) 59 (35-78) 61 (33-82) 61 (36-79) 0.335
≤65 37 (79) 124 (66) 90 (66) 0.232
>65 10 (21) 63 (34) 46 (32)

Gender <0.001
Male 18 (38) 102 (55) 113 (83)
Female 29 (62) 85 (45) 23 (17)

Smoking <0.001
Non-smoker 37 (79) 143 (77) 67 (49)
Current or ex-smoker 10 (21) 44 (23) 69 (51)

Carcinoembryonic
antigen

0.031

Normal 41 (87) 148 (79) 122 (90)
High 6 (13) 39 (21) 14 (10)
Tumor location 0.339
Upper & Middle 32 (68) 113 (60) 92 (68)
Lower 15 (32) 74 (40) 44 (32)

Surgical type 0.001
Limited resection 4 (9) 14 (7) 7 (5)
Lobectomy 40 (85) 157 (84) 96 (71)
Others 3 (6) 16 (9) 33 (24)

Tumor histological type <0.001
Adenocarcinoma 43 (92) 179 (96) 13 (10)
Squamous cell
carcinoma

2 (4) 1 (1) 93 (68)

Others 2 (4) 7 (4) 30 (22)
Tumor size <0.001
≤3 cm 35 (74) 114 (61) 51 (38)
>3-5 cm 8 (17) 59 (32) 48 (35)
≥5 cm 4 (9) 14 (7) 37 (27)

Visceral pleural invasion 0.01
Absent 30 (64) 101 (54) 96 (71)
Present 17 (36) 86 (46) 40 (29)

Lymph node
metastasis

<0.001

Negative 38 (81) 93 (50) 88 (65)
N1 positive 2 (4) 24 (13) 4 (3)
N2 positive 7 (15) 70 (37) 44 (32)

Pathologic TNM stage 0.003
Stage I 32 (68) 83 (44) 52 (38)
Stage II 6 (13) 28 (15) 33 (24)
Stage III/IV 9 (19) 76 (41) 51 (38)

Postoperative
chemotherapy

0.732

No 21 (45) 76 (41) 52 (38)
Yes 26 (55) 111 (59) 84 (62)
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0.45-1.49, P = 0.517; OS: HR = 0.94, 95% CI: 0.48-1.83, P = 0.843)
(Supplementary Table 3).

Influence of a Prosecting Knife on
STAS Subtypes
Because single cell STAS was not a significant prognostic factor,
we next verified the hypothesis that single cell STAS was the
artifact caused by a prosecting knife during specimen handling.
A total of 83 patients with NSCLC who underwent surgery at our
department met the inclusion criteria. Supplementary Table 4
shows baseline characteristics of patients and pathologic results
of tumors. All lung cancer specimens were prosected and
sampled according to the standard protocol.

Incidence and Features of STAS in
Tissue Blocks
After histologic evaluation, 45 of 83 patients (54%) had displaced
tumor cells in at least one tissue block (Figure 5A). The mean fields
of displaced tumor cells were significantly greater in the lower part of
the cuts than in the upper part (P < 0.001) (Figure 5B). Of these 45
patients, 27 (60%) were identified as having displaced tumor cells in
Frontiers in Oncology | www.frontiersin.org 623
both two blocks and diagnosed as having real STAS. The remaining
18 (40%) had displaced tumor cells in lower block but not in upper
block; they were considered to have mimic STAS (Figure 5A). In
patients with real STAS, upper blocks still had fewer fields of STAS
compared to lower blocks (P = 0.016) (Figure 5B). In patients with
mimic STAS, a great number of displaced tumor cells presented as
single cell pattern (13/18, 72%) and in ADCs (16/18, 89%).

Distribution of STAS Stratified by
Morphologic Subtype
When subclassifying cases according to the morphologic features of
STAS, 17 cases had single cell pattern, 19 cases had micropapillary
pattern, and 9 cases had solid nest pattern (Supplementary Figure 2).

Supplementary Figure 2A shows the distribution of single
cell STAS in 17 cases; the lower blocks had significantly more
displaced tumor cells than the corresponding upper blocks (P <
0.001) (Supplementary Figure 2B). Of these 17 cases, 4 cases
(24%) with real STAS and 13 cases (76%) with mimic STAS. No
statistical difference in the number of positive fields was observed
between upper blocks and lower blocks in patients with real
single cell STAS (P = 0.495) (Supplementary Figure 2B).
A B

DC

FIGURE 4 | Recurrence-free survival (A) and overall survival (B) in patients with non-small cell lung cancer stratified by STAS. Recurrence-free survival (C) and
overall survival (D) in patients with non-small cell lung cancer stratified by STAS subtypes. STAS, spread through air spaces.
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Among 19 patients with micropapillary cluster STAS, 14
patients were considered as having real STAS (79%), and the
remaining 5 patients had mimic STAS (21%) (Supplementary
Figure 2C). The number of micropapillary cluster STAS fields in
lower blocks was significantly higher than that in upper blocks in
all cases (P < 0.001) and in cases with real STAS (P = 0.009)
(Supplementary Figure 2D).

A solid nest pattern was observed in 9 cases (Supplementary
Figure 2E). All patients (100%) had STAS in upper blocks and
thus were considered as having real STAS. The number of
positive fields of solid nest STAS was similar between upper
and lower blocks (P = 0.998) (Supplementary Figure 2F).
DISCUSSION

To the best of our knowledge, this is the first study to examine
the clinical significance of three STAS patterns. Our results
suggested that unlike micropapillary cluster STAS and solid
nest STAS, single-cell STAS was not significantly associated
with pathologic features of aggressive tumor behavior (larger
tumor size, lymph node metastasis, and high TNM stage). More
importantly, the presence of single-cell STAS failed to stratify the
prognosis in the study cohort, whereas micropapillary cluster
Frontiers in Oncology | www.frontiersin.org 724
STAS and solid nest STAS were confirmed as independent
prognostic factors for both RFS and OS. Similar results were
found in the subgroup of patients with ADC. Evidence of
heterogeneity among STAS subtypes raises the question of
whether single-cell STAS occurs as a mechanical artifact
caused by specimen processing. Our prospective study of
resected specimens verified that a prosecting knife blade
disseminated tumor cells into normal lung tissues, thus leading
to mimic STAS, which mostly presented as a single-cell
pattern (72%).

Kadota et al (2). first defined STAS and reported its clinical
significance in lung ADCs in 2015. They also reported three
morphological patterns of STAS: (1) micropapillary structures
consisting of papillary structures without central fibrovascular
cores that occasionally form ring-like structures within air
spaces; (2) solid nests or tumor islands consisting of solid
collections of tumor cells filling air spaces; and (3) single cells
consisting of scattered discohesive single cells. In addition, our
previous study reported that STAS was always identified
simultaneously with high-grade histologic patterns. Specifically,
STAS occurred less frequently in lepidic-predominant ADC and
more frequently in micropapillary and solid-predominant
subtypes. However, few studies have investigated whether the
three patterns of STAS have different features and correlations
TABLE 3 | Cox proportional hazards regression model for recurrence-free survival and overall survival in patients with non-small cell lung cancer.

Variables Recurrence-free survival Overall survival

Univariate Analysis Multivariate Analysis Univariate Analysis Multivariate Analysis

P value HR (95% CI) P value P value HR (95% CI) P value

Age
>65 vs. ≤65 0.036 1.19 (0.96-1.48) 0.113 <0.001 1.48 (1.19-1.84) <0.001

Gender
Female vs. Male 0.177 0.004 0.71 (0.55-0.92) 0.009

Smoking
Current or ex-smoker vs. Non-smoker 0.372 0.159

Carcinoembryonic antigen
High vs. Normal <0.001 1.75 (1.33-2.30) <0.001 <0.001 1.83 (1.38-2.41) <0.001

Tumor location
Lower lobe vs. Upper & middle lobe 0.262 0.45

Surgical type
Lobectomy & others vs. Limited resection 0.331 0.066 0.45 (0.29-0.71) 0.001

Tumor histological type
SQCC & others vs. Adenocarcinoma 0.013 1.30 (0.97-1.75) 0.085 <0.001 1.63 (1.18-2.24) 0.003

Tumor size <0.001 <0.001 <0.001 0.007
3-5 cm vs. ≤3cm 0.002 1.14 (0.90-1.45) 0.281 <0.001 1.26 (0.98-1.62) 0.073
≥5 cm vs. ≤3cm <0.001 1.86 (1.39-2.50) <0.001 <0.001 1.62 (1.19-2.21) 0.002

Visceral pleural invasion
Present vs. Absent 0.013 1.17 (0.94-1.47) 0.168 0.017 1.36 (1.07-1.72) 0.012

Lymph node metastasis
Positive vs. Negative <0.001 2.48 (1.99-3.11) <0.001 <0.001 2.48 (1.96-3.14) <0.001

STAS Subtype <0.001 <0.001 <0.001
Single cell STAS vs. Negative 0.998 1.00 (0.59-1.70) 0.989 0.717 1.13 (0.63-2.03) 0.68
Micropapillary cluster STAS vs. Negative <0.001 1.75 (1.30-2.37) <0.001 <0.001 1.99 (1.44-2.76) <0.001
Solid nest STAS vs. Negative <0.001 1.60 (1.21-2.14) 0.001 <0.001 1.55 (1.16-2.07) 0.003

Postoperative chemotherapy
Yes vs. No 0.45 0.485
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with pathologic subtypes of lung ADC. We found that
micropapillary cluster STAS was more prevalent than single-
cell STAS in every subtype of ADC. Furthermore, our results
revealed that single-cell STAS failed to stratify the prognosis in
the study cohort. Only micropapillary cluster STAS and solid
nest STAS were independent prognostic factors for both RFS and
OS. This is the first report about the prognostic impact of the
three subtypes of STAS. This result indicated that single-cell
STAS may occur as a mechanical artifact caused by
specimen processing.

Since the introduction of STAS in 2015, many retrospective
studies have unanimously shown its clinical and prognostic value
in all major histologic types of NSCLC (2–16), proving that STAS
is a biological phenomenon. Even with such sufficient published
evidence, STAS is still controversial (18, 19, 21). Thunnissen and
colleagues found that tumor fragments and individual cells could
be spread into normal lung tissues through a knife surface
(STAKS) and suggested that STAS might be an artifact (18). In
the present study, we identified the possibility that most single-
cell STAS could be artifacts because they lacked clinical and
prognostic value. We then validated this speculation. These
Frontiers in Oncology | www.frontiersin.org 825
results have several important implications. First, single-cell
STAS was the most common diagnostic pitfall and should be
diagnosed very cautiously in retrospective studies. Generally,
detailed records of specimen handling were unavailable in
retrospective studies; thus, the potential effect of STAKS could
not be eliminated. Second, a precise protocol of surgical
specimen handling will be required to minimize artifacts as
much as possible.

The key question that led to the speculation of STAS being an
artifact rather than an invasive pattern was the survival of the tumor
cells after detaching from the main tumor and floating freely in the
air spaces without a vascular supply. Onozato and colleagues used
an algorithm for 3-dimensional reconstruction of paraffin-
embedded tissues and found that tumor islands (similar to the
solid nest pattern) were connected to each other and to the main
tumor at different levels, supporting the possibility that tumor
islands gain access to energy supply from the main tumor (22). In
a recent study, a high-quality 3-dimensional reconstruction and
multiplex immunofluorescence study reported by Yagi and her
colleagues revealed that micropapillary structures in normal air
spaces that appeared to be free floating on 2-dimensional evaluation
A

B

FIGURE 5 | The distribution and quantity of STAS in each tissue block (A). The quantitative comparison of all STAS and real STAS between upper blocks and lower
blocks (B). STAS, spread through air spaces.
March 2021 | Volume 11 | Article 608353

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xie et al. Subtypes of STAS
were actually attached to alveolar walls and capillaries through
vessel cooption on 3-dimensional evaluation, thus gaining access to
an energy supply (23). The study strongly support the hypothesis
that solid nest STAS and micropapillary cluster STAS represent
intraparenchymal invasion rather than artifacts, which is consistent
with our findings. However, how single tumor cells can survive
within air spaces remains unclear. If tumor cells can obtain access to
an energy supply by adhering to the alveolar wall, individually
scattered tumor cells suspended in the alveolar spaces seem to lack
an energy supply and thus would hypothetically have difficulty
surviving, which supports our findings that most displaced single
tumor cells were artifacts rather than invasive growth.

Our results indicated that knife blades caused a small number
of false-positive STAS cases with a micropapillary cluster pattern
(28%). Yagi and colleagues found that micropapillary structures
within airspaces in the main tumor area were connected to
alveolar walls (23). Our findings suggested that the adhesive
force was weak and could be easily broken by a knife. A similar
phenomenon was reported by Isaka and colleagues (24). They
found that micropapillary clusters could be aspirated out within
airway secretions from the bronchus in which the tumor was
located. More importantly, our results also revealed that a knife
blade increased the number of micropapillary clusters in tumors
with real STAS. Recently, Uruga and colleagues reported a
semiquantitative assessment of STAS based on a retrospective
analysis of 208 cases (5). Patients with early-stage ADC could be
classified into high-STAS (≥ 5 single cells or clusters), low-STAS
(1-4 single cells or clusters) and no-STAS groups. The survival
analyses indicated that the high-STAS group was associated with
worse RFS than the low-STAS and no-STAS groups. Nevertheless,
considering that STAKS was neglected in this retrospective study,
the possibility that STAS was overestimated cannot be entirely
ruled out. For this reason, this semiquantitative method should be
better verified in prospective studies.

Our results showed that the knife blade only slightly changed
the frequency and quantity of displaced tumor cells with a solid
nest pattern; thus, STAKS probably had little influence on
findings related to solid nest STAS. Three retrospective studies
investigated the prognostic implications of STAS in 445, 216, and
220 patients with SQCC, and all STAS-positive cases showed a
solid nest pattern and were significantly associated with worse
survival outcomes (13–15). Consequently, the prognostic value
of STAS in SQCCs is still trustworthy even when STAKS is not
taken into consideration.

Some limitations of this study should be addressed. First, this
was a single-center study with some potential biases, and the
results should be externally validated. Second, we proved the
mechanical influence of a knife blade on STAS, but one could
reasonably speculate that there might be additional mechanical
forces on a tumor during specimen handling; thus, further studies
are needed to explore their roles in the spread of tumor cells.
Finally, the retrospective cohort and prospective cohort were two
individual cohorts from 2009 and 2017, respectively. For the
retrospective cohort, STAKS could not be evaluated because
tumor specimens were processed following routine clinical
protocols in 2009. For the prospective cohort, the results of
Frontiers in Oncology | www.frontiersin.org 926
survival analysis are not reliable for patients because of the short
follow-up time. Thus, the prognostic impact of STAKS cannot be
directly validated. Despite this limitation, the results of our study
could provide some important information. Our data showed that
single-cell STAS was not a prognostic factor and that a large
proportion of single-cell STAS could be artifacts. This result
indicated that the nonsignificant prognostic result of single-cell
STAS was caused by single-cell STAKS. A precise protocol to
eliminate single-cell STAKS should be designed in the future.
Micropapillary cluster STAS and STAKS were highly associated
with the presence of micropapillary components. This result
indicated that micropapillary STAS may be cell clusters from
micropapillary components in lung adenocarcinoma. Although
some micropapillary STAS could be caused by a prosecting knife,
the result also indicated the presence of a micropapillary
component in lung adenocarcinoma. The presence of
micropapillary clusters in airspaces merely reflects the aggressive
biology of the tumor and dictates patient outcomes, irrespective of
whether the clusters are real or artifacts (25).
CONCLUSIONS

The presence of micropapillary cluster STAS and solid nest STAS
were independent prognostic factors for shortened survival.
However, single-cell STAS did not have prognostic significance,
and most might be contaminants produced by a prosecting knife.
Thus, single-cell STAS should be diagnosed very cautiously in
retrospective studies because detailed records of specimen
handling are generally unavailable to eliminate the potential
effect of STAKS. In addition, a precise protocol of surgical
specimen handling is required to minimize artifacts as much
as possible.
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Supplementary Figure 1 | Recurrence-free survival (A) and overall survival (B) in
patients with adenocarcinoma stratified by STAS. Recurrence-free survival (C) and
overall survival (D) in patients with adenocarcinoma stratified by STAS subtypes.
STAS, spread through air spaces.

Supplementary Figure 2 | The distribution and quantity of STAS subtypes in
each tissue block (A, single cell; C, micropapillary cluster; E, solid nest). The
quantitative comparison of all STAS subtypes and real STAS subtypes between
upper blocks and lower blocks (B, single cell; D, micropapillary cluster; F, solid nest).
STAS, spread through air spaces.
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Objectives: Our study aimed to validate pathologic findings of ground-glass nodules
(GGOs) of different consolidation tumor ratios (CTRs), and to explore whether GGOs could
be stratified according to CTR with an increment of 0.25 based on its prognostic role.

Methods: We retrospectively evaluated patients with clinical stage IA GGOs who
underwent curative resection between 2011 and 2016. The patients were divided into
4 groups according to CTR step by 0.25. Cumulative survival rates were calculated by
the Kaplan-Meier method. Univariate and multivariate Cox regression analyses were
conducted to obtain the risk factors on relapse-free survival (RFS). The surv_function of
the R package survminer was used to determine the optimal cutoff value. Receiver
operating characteristic (ROC) analysis was generated to validate optimal cutoff points
of factors.

Results: A total of 862 patients (608 women; median age, 59y) were included, with 442
patients in group A (CTR ≤ 0.25), 210 patients in group B (0.25<CTR ≤ 0.5), 173 patients
in group C (0.5<CTR ≤ 0.75), and 37 patients in group D (0.75<CTR<1). The rate of
adenocarcinoma in situ (AIS) or minimally invasive adenocarcinoma (MIA) in group A
(70.6%) was much higher than other three groups (p<0.001). Multivariable Cox regression
revealed that CTR (HR, 1.865; 95%CI, 1.312-2.650; p = 0.001) and lymph node
metastasis (HR, 10.407; 95%CI, 1.957-55.343; p = 0.006) were independent
prognostic factors for recurrence free survival. In addition, CTR was the only risk factor
for the presence of micropapillary or solid pattern (OR=133.9, 95%CI:32.2-556.2,
P<0.001) and lymph node metastasis (OR=292498.8, 95%CI:1.2-7.4×1010, P=0.047).
Paired comparison showed that rate of presence of micropapillary or solid pattern was
highest in group D, followed by group C and group A/B (p<0.001). Lymph node
metastasis occurred in group D only (p=0.002).

Conclusions: CTR is an independent prognostic factor for clinical stage IA lung
adenocarcinoma manifesting as GGO in CT scan. Radiologic cutoffs of CTR 0.50 and
0.75 were able to subdivide patients with different prognosis.

Keywords: lung cancer, early-stage, computed tomography, ground-glass opacities, consolidation
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INTRODUCTION

Ground glass opacity (GGO) is a radiological finding in
computed tomography (CT) with a hazy opacity that does not
obscure the underlying bronchial structures or pulmonary
vessels (1–3). Lung adenocarcinoma with GGO component is
correlated with excellent prognosis (4). Both consolidation size
and consolidation tumor ratio (CTR) were reported to be
prognostic factors for GGOs (5–7).

Previous studies revealed that GGO dominant (CTR ≤ 0.5)
part-solid nodules were less invasive than solid dominant
(CTR>0.5) part-solid nodules (8–14). In the 2015 World
Health Organization classification of lung tumors (15),
micropapillary and solid components in adenocarcinoma
represent poor differentiation and worse biology behavior. It
has been reported that these two poor differentiated components
correlate with poor prognosis (16–19), and it has been verified in
clinical stage I non-small-cell lung cancer as well (20–22).
Pathologic components of lung adenocarcinoma might
transform into prognostic information in the long term to
some extent. Few studies have investigated the pathologic
subtypes of GGOs of different CTRs, with an increment of
0.25. Our study is to investigate prognostic factors of GGOs,
and then to explore whether GGOs should be studied according
to CTR with an increment of 0.25, considering both survival
and pathology.
PATIENTS AND METHODS

This study was conducted in accordance with the
amended Declaration of Helsinki. Ethics committee on human
research of Zhongshan Hospital approved the protocol (approval
number: B2019-232R), and written informed consent was
obtained from all patients before surgery for the use of surgical
samples and clinical information for medical research.

Patient Selection
We retrospectively reviewed the records of patients with GGOs
who underwent curative resection at our institute between
January 2011 and December 2016. All patients received thin-
section CT scan (collimation ≤1.5mm) before surgery. For
patients with solid component ≥6mm in the lung window,
PET/CT was regularly recommended. Most patients
underwent standard lobectomy, while sublobar resection
(segmentectomy and wedge resection) was performed for a
section of patients with tumors ≤ 2cm. A minimum of three N2
stations sampled or complete lymph node dissection was a
routine schedule for all patients. Inclusion criteria were as
follows: (1) GGO with maximum consolidation diameter ≤
3cm in the lung window, (2) clinically no lymph node
metastasis (shortest diameter of hilar or mediastinal lymph
nodes less than 1.0cm on CT scan or no posit ive
fluorodeoxyglucose uptake of hilar or mediastinal lymph
nodes on PET/CT), (3) pathologically confirmed primary
lung adenocarcinoma, and (4) R0 (complete) resection. Cases
Frontiers in Oncology | www.frontiersin.org 230
with no pathologic subtype data were excluded. Finally, 862
stage IA patients were included.

The patients were divided into 4 groups according to CTR:
group A (CTR ≤ 0.25), group B (0.25<CTR ≤ 0.5), group C
(0.5<CTR ≤ 0.75), and group D (0.75<CTR<1).

CT Measurement
The lung windows were set at a window width of 1500 Hounsfield
units (HU) and a window level -500 HU. GGO is defined as a hazy
opacity in lung without obscuring the underlying bronchial
structures or pulmonary vessels. Pathologically, GGO mainly
turns out to be lepidic but also non-lepidic growth patterns in
lung adenocarcinomas. The consolidation component is defined
as an area of increased opacity that completely obscures the
underlying bronchial structures and pulmonary vessels. The
longest diameters of the solid portion and total tumor size in
the lung window were measured, respectively. The CTR was
defined as the ratio of the maximum size of consolidation to the
maximum tumor size in the lung window (Figure 1). For multiple
GGOs, the dominant lesions were investigated. In circumstances
that multiple solid components existed in one pulmonary nodule,
the largest consolidation was measured. Two independent
radiologists with at least 5-year experience reviewed the CT
scans and determined tumor sizes. 102 of 862 nodules (11.8%
disagreement) were discordant in the solid component size. The
nodules with discrepancy were adjudicated by the third radiologist
(with 15-year experience in chest radiology) and final results were
settled by consensus.

Pathologic Examination
All resection specimens were formalin-fixed and stained with
hematoxylin and eosin. Pleural invasion was established using
elastin stains in case that it was difficult to diagnose pleural
invasion. Pathologic diagnosis was made according to the 2011
International Association for the Study of Lung Cancer/
American Thoracic Society/European Respiratory Society
(IASCL/ATS/ERS) classification. Each histological component
(lepidic, acinar, papillary, micropapillary, and solid) was
recorded. The predominant pattern was defined as the pattern
with the largest percentage.

Follow-Up Protocol
The initial postoperative surveillance schedule includes a chest
CT scan and a history and physical examination (H&P)
examination every 3-6 months for first 2 years, followed by an
annual chest CT and an H&P for subsequent years. Brain
contrast-enhanced magnetic resonance imaging (MRI) and
emission computed tomography (ECT) bone scan were
performed every 6 months and 12 months respectively for all
patients in the first 3 years and upon occurrence of the
corresponding symptoms.

Statistical Analysis
Differences in categorical variables were compared using chi-
square test or Fisher’s exact test. Continuous variables were
compared using paired t test. Bonferroni adjustments were
included for multiple comparisons. Estimation of survival
April 2021 | Volume 11 | Article 616149
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curves of recurrence free survival (RFS) was generated by the
Kaplan-Meier method, and survival curves were compared using
the log-rank test. Logistic regression was used for dichotomous
outcomes. Univariate and multivariate analyses using Cox’s
proportional hazard model were conducted to obtain the risk
factors for relapse-free survival (RFS). Factors with P- value
<0.10 were included in multivariate analysis. The surv_cutpoint
function in R package “survminer” was applied to determine the
optimal cutoff of CTR for RFS. ROC analyses were generated to
validate the cutoff value of CTR for RFS and calculate the optimal
cutoff values of CTR for micropapillary/solid pathologic subtypes
and lymph node metastasis. All statistical tests were 2-sided and
statistical significance was defined as P < 0.05. Statistical analysis
was conducted using Statistical Package for Social Sciences
(SPSS) 20.0 software (SPSS Inc., Chicago, IL, USA),
GraphPrism 5.0 software (GraphPad Software, Inc., La Jolla,
CA, USA) and R version 4.0.3 (http://www.r-project.org/). The R
package included survival, survminer and ggplot2.
Frontiers in Oncology | www.frontiersin.org 331
RESULTS

Clinicopathological Characteristics
The clinicopathological characteristics of the patients are
demonstrated in Table 1. The majority of the patients were
female, with no significant difference achieved among four
groups (P=0.06). With higher CTR, lobectomy was chosen more
frequently than sublobar resection (P<0.001). Both whole tumor
size and consolidation size were higher in group C and group D.
There was no significant difference in the rate of smoking history
between the four groups (P=0.333). As to pathologic subtype, the
rate of adenocarcinoma in situ (AIS) or minimally invasive
adenocarcinoma (MIA) was 70.6% in group A, which was much
higher than the other three groups (P<0.001).

Cox Regression
Univariate and multivariate analyses results were summarized in
Table 2. Age, gender, surgical mode, surgical approach, whole
FIGURE 1 | The maximum size of consolidation is divided by the maximum tumor size in the lung window to give the consolidation tumor ratio (CTR). White line
represents the maximum overall nodule dimension, black line represents the long axis of the solid component. Patients were divided into 4 groups according to CTR.
(A) group A, CTR ≤ 0.25; (B) group B, 0.25<CTR ≤ 0.5; (C) group C, 0.5<CTR ≤ 0.75; (D) group D, 0.75<CTR<1; (E) a sub-solid nodule with cystic component,
the solid components abuts the chest wall and cystic components, makes the accurate measurement challenging. The largest solid dimension was selected for
measurement; (F) two separate solid components existed in the same nodule (maximum diameter, 7.5mm). Only the largest component needs to be measured in
nodules with multiple solid components.
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tumor size, consolidation size, CTR, smoking history,
differentiation, pleural invasion, and lymph node metastasis were
included in the analysis. For RFS, surgical approach, whole tumor
size, consolidation size, CTR, differentiation, pleural invasion, and
lymph node metastasis were included in the multivariate analysis.
CTR (HR, 1.865; 95%CI, 1.312-2.650; p = 0.001) and lymph node
metastasis (HR, 10.407; 95%CI, 1.957-55.343; p = 0.006) were
identified as independent prognostic factors.

Survival Analysis
The follow-up duration ranged from 2 to 108 months (mean: 47
months). The RFS survival curves of 4 groups were demonstrated
in Figure 2. There was no relapse in group A and group B. The
log-rank test between group A/B and group C/D revealed a
significant difference in RFS (p<0.001). The difference turned out
to be insignificant between group C and group D (P=0.096).
Surv_function was used to determine the optimal cutoff value of
CTR for RFS, which is 0.53 (Figure 3A). ROC analysis also
indicated that the optimal cutoff point of CTR for RFS was 0.53,
Frontiers in Oncology | www.frontiersin.org 432
with the area under the ROC curve (AUC) of 0.902 (Figure 3B).
There was significant difference in 5-year RFS rate between
groups CTR ≤ 0.53 and 0.53<CTR<1 (P<0.0001) (Figure 3C).

Logistic Regression Analysis
To investigate risk factors for the presence of micropapillary or
solid pattern and lymph node metastasis, logistic regression
analyses were performed. Preoperative parameters were
included, such as age, gender, whole tumor size, consolidation
size, CTR, and smoking history. CTR was the only risk factor for
the presence of micropapillary or solid pattern (OR=133.9, 95%
CI:32.2-556.2, P<0.001) and lymph node metastasis
(OR=292498.8, 95%CI:1.2-7.4×1010, P=0.047).

Differences in Presence of Micropapillary/
Solid Component and Lymph Node
Metastasis
The presence of micropapillary/solid component of the 4 groups
was showed in Table 3. The difference between group A/B and
TABLE 1 | Clinicopathological Characteristics of Patients.

Group A Group B Group C Group D Overall P Value

Gender 0.060
female 328 (74.2%) 135 (64.3%) 121 (69.9%) 24 (64.9%) 608(70.5%)
male 114 (25.8%) 75 (35.7%) 52 (30.1%) 13 (35.1%) 254 (29.5%)

Age <0.001
Mean (SD) 53.7 (11.5) 58.6 (10.6) 60.3 (9.4) 61.3 (9.8) 56.6 (11.1)
Median 56.0 59.5 61.0 60.0 59.0

Surgical mode <0.001
lobectomy 163 (36.9%) 116 (55.2%) 115 (66.7%) 26 (70.3%) 420 (48.7%)
sublobar resection 279(63.1%) 94 (44.8%) 58 (33.3%) 11 (29.7%) 442 (51.3%)

Surgical approach 0.005
VATS 440 (99.5%) 208 (99.0%) 167 (96.5%) 35 (94.6%) 850 (98.6%)
thoracotomy 2 (0.5%) 2 (1.0%) 6 (3.5%) 2 (5.4%) 12 (1.4%)

Whole tumor size <0.001
Mean (SD) 10.5 (4.6) 15.9 (6.3) 18.7 (7.5) 18.2 (6.9) 13.7 (6.8)
Median 9.0 15.0 17.0 17.0 12.0

Consolidation size <0.001
Mean (SD) 0.4 (1.1) 6.3 (2.8) 11.5 (4.8) 14.9 (5.5) 4.7 (5.7)
Median 0.0 6.0 10.0 13.0 3.0

CTR <0.001
Mean (SD) 0.03 (0.07) 0.39 (0.07) 0.62 (0.07) 0.83 (0.05) 0.27 (0.28)
Median 0.00 0.39 0.60 0.82 0.25

Smoking history 0.333
no smoking history 413 (93.4%) 194 (92.4%) 154 (89.0%) 34 (91.9%) 795 (92.2%)
current smoker or
have smoking history

29 (6.6%) 16 (7.6%) 19 (11.0%) 3 (8.1%) 67 (7.8%)

Pathologic subtype <0.001
AIS 101 (22.9%) 7 (3.3%) 2 (1.2%) 0 (0%) 110 (12.8%)
MIA 221 (47.7%) 36 (17.1%) 19 (11.0%) 2 (5.4%) 268 (31.1%)
Lepidic dominant 28 (6.3%) 27 (12.9%) 22 (12.7%) 2 (5.4%) 79 (9.2%)
Acinar dominant 99 (22.4%) 135 (64.3%) 125 (72.3%) 29 (78.4%) 388 (45.0%)
Papillary dominant 3 (0.7%) 5 (2.4%) 5 (2.9%) 4 (10.8%) 17 (2.0%)

Differentiation <0.001
well/moderate 436 (98.6%) 202 (96.2%) 156 (90.2%) 23 (62.2%) 817 (94.8%)
poorly 6 (1.4%) 8 (3.8%) 17 (9.8%) 14 (37.8%) 45 (5.2%)

Pleural invasion <0.001
no pleural invasion 638 (99.1%) 189 (90.0%) 142 (82.1%) 27 (73.0%) 796 (92.3%)
pleural invasion 4 (0.9%) 21 (10.0%) 31 (17.9%) 10 (27.0%) 66 (7.7%)

Lymph node metastasis <0.001
negative 442 (100%) 210 (100%) 173 (100%) 35 (94.6%) 860 (99.8%)
positive 0 (0%) 0 (0%) 0 (0%) 2 (5.4%) 2 (0.2%)
April 20
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SD, stand deviation; VATS, video-assisted thoracic surgery; CTR, consolidation/tumor ratio; AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma.
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TABLE 2 | Univariate and Multivariate Survival Analysis for Relapse-free Survival.

Variables Univariate Multivariate

HR 95%CI P Value HR 95%CI P Value

Age 1.051 0.987-1.119 0.118
Gender
female 1
male 0.881 0.234-3.322 0.851

Surgical mode
lobectomy 1
sublobar resection 0.595 0.173-2.042 0.409

Surgical approach
VATS 1
thoracotomy 5.839 0.733-46.530 0.096

Whole tumor size 1.064 0.997-1.136 0.061
Consolidation size 1.147 1.073-1.227 <0.001
CTR 2.011 1.420-2.848 <0.001 1.865 1.312-2.650 0.001
Smoking history
no smoking history 1
current smoker or
have smoking history

0.044 0.000-915.826 0.539

Differentiation
AIS/MIA/IAD without micropapillary or solid component 1
IAD with micropapillary and/or solid component 8.326 2.172-31.916 0.002

Pleural invasion
no pleural invasion 1
pleural invasion 9.287 2.823-30.551 <0.001

Lymph node metastasis
negative 1 1
positive 75.776 15.608-367.889 <0.001 10.407 1.957-55.343 0.006
Frontiers in Oncology | www.frontiersin.org
 533
 April 2021
 | Volume 11 | Article
HR, hazard ratio; CI, confidence interval; VATS, video-assisted thoracic surgery; CTR, consolidation/tumor ratio; Well/moderate differentiation.
AIS, adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IAD, invasive adenocarcinoma.
FIGURE 2 | Recurrence free survival curves of four groups divided by consolidation tumor ratio in clinical stage IA lung adenocarcinomas.
616149

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Xi et al. Role of CTR in GGOs
group C/D was significant (P<0.001). Paired comparison showed
that the presence rate of micropapillary/solid component in
group D was significantly higher than other 3 groups
(P<0.001), the presence rate of micropapillary/solid component
in group C was significantly higher than group B (P=0.030) and
group A (P<0.001), while there was no significant difference
between group A and group B (P=0.084). ROC curve revealed
the optimal cutoff value of CTR for poor differentiation was 0.47
(Figure 4A).

Lymph node metastasis occurred in group D only (Table 4),
and the difference was significant (P=0.002). Paired comparison
showed that lymph node metastasis rate in group D was
significantly higher than the other 3 groups, while there was
no significant difference between group A, group B, and group C.
ROC curve revealed the optimal cutoff value of CTR for lymph
node metastasis was 0.76 (Figure 4B).

Comment
The incidence of GGOs has been rising in recent years with the
widespread use of CT scan, especially thin-section CT scan. A
majority of resected GGOs were confirmed to be early-stage lung
adenocarcinoma or atypical adenomatous hyperplasia. In both
retrospective and prospective studies, patients with GGO lesions
have a better survival rate than patients with pure solid lung
cancer after surgical resection (2, 3, 23–26). For pure GGO lesion
patients, the lung cancer specific survival rate was reported to be
100% (24, 25, 27).

Even though the prognosis for GGO is good, there remains
recurrence and lung cancer specific death. It is important to
know the prognostic factors for GGOs, which may help
Frontiers in Oncology | www.frontiersin.org
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determine the treatment regimen and resection extension. CTR
has been considered to be associated with outcomes in
pulmonary GGOs. In some retrospective studies, CTR of 0.5 is
suggested as a cutoff value for pathological noninvasiveness in
GGO lesions (8–13). Japan Clinical Oncology Group (JCOG)
0201 (28), a prospective radiological study, suggested that
noninvasive adenocarcinoma could be defined as an
adenocarcinoma ≤2cm with CTR ≤ 0.25. The survival
outcomes of JCOG 0201 revealed that the criteria of nodules
≤3cm with CTR ≤0.5 also identify a group of patients with
excellent prognosis (29). Thus, the eligibility criteria for JCOG
0802, a prospective clinical trial to compare lobectomy and
sublobar resection, were changed to be tumor ≤2cm with
CTR>0.5, instead of CTR>0.25 (30). In some retrospective
studies, consolidation tumor size was recognized as a
prognostic factor as well (5, 31). In the eighth TNM staging
system (7), the clinical T stage of part-solid GGO is suggested to
be determined by the solid component. Whereas, Hattori and his
colleagues (14) found that neither consolidation tumor size nor
CTR was associated with overall survival in part-solid lung
cancer. In our study, CTR was found to be an independent
prognostic factor for RFS in the multivariate COX
regression analysis.

As CTR is an independent prognostic factor for GGO, it is
then reasonable to study how to divide GGOs with CTR. CTR
cutoff value of 0.5 is commonly used to divide GGOs into GGO-
predominant nodules and solid-predominant nodules. In our
study, the RFS survival rate of GGO-predominant nodules
(group A and B, no relapse) was significantly higher than that
of solid-predominant nodules (group C and D). The survival of
group D was worse than group C, but the difference was not
significant (P=0.096). Hattori and his colleagues (26)
retrospectively analyzed 497 clinical stage IA radiologic
invasive adenocarcinomas, in which 177 nodules were solid-
predominant part-solid GGOs. When the solid-predominant
part-solid GGOs were divided into two groups with 0.75 of
CTR as cutoff, the 5-year overall survival was equivalent in the
two groups (95.3% versus 96.8%, p = 0.703). These results may
indicate that 0.5 is a good cutoff for CTR, and neither GGO-
A B C

FIGURE 3 | Optimal cutoff value of consolidation tumor ratio for recurrence free survival (RFS). (A) Surv_function provided a cutoff value of consolidation tumor ratio
(CTR) 0.53 that corresponded to the most significant relation with RFS; (B) In receiver operating characteristics analysis, the optimum cutoff value of CTR for RFS
was 0.53, area under the ROC curve (AUC) was 0.902; (C) The 5-year RFS was significantly different between groups CTR ≤ 0.53 and 0.53<CTR<1 (P < 0.001).
TABLE 3 | Presence of micropapillary/solid component in 4 groups.

Group

A B C D

Micropapillary/
Solid component

not
present

436(98.6%) 202(96.2%) 156(90.2%) 23(62.2%

present 6(1.4%) 8(3.8%) 17(9.8%) 14(37.8%
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predominant GGOs nor solid-predominant GGOs should be
divided further. However, as tumors with GGO component have
excellent prognosis, studies for GGO lesions demand longer
follow-up duration and larger sample size compared with
studies for solid tumors, if overall survival or relapse-free
survival is chosen to be the exclusive endpoints. Besides, as
average life expectancy has been increased in China for years,
patients cannot accept a similar 5-year survival rate but a worse
10-year survival rate.

In 1995, Noguchi and his colleagues reviewed 236 surgically
resected small peripheral adenocarcinomas ≤2 cm and proposed
a pathologic classification of 6 types based on tumor growth
patterns (32). In Noguchi’s classification, type D is poorly
differentiated adenocarcinoma with lower survival rate than
type A, B or C. In 2011, IASLC/ATS/ERS proposed a new
histological classification of pulmonary adenocarcinoma (19).
Micropapillary subtype was introduced to the new classification
since micropapillary component was a poor prognostic factor
(20, 33). Even in early-stage lung cancer, the presence of
micropapillary and solid pattern still correlated with poor
survival in several studies (21, 22, 34, 35). The poorly-
differentiated patterns represent worse biological behavior of
Frontiers in Oncology | www.frontiersin.org 735
the tumors to some extent. Unlike survival data, pathological
information can be collected in short term without concerning
insufficient follow-up duration.

To determine whether CTR is associated with the presence of
micropapillary or solid pattern and lymph node metastasis, we
performed logistic regression analyses, and confirmed that CTR
was the only risk factor for the presence of micropapillary or
solid pattern (OR=133.9, 95%CI:32.2-556.2, P<0.001) and lymph
node metastasis (OR=292498.8, 95%CI:1.2-7.4×1010, P=0.047).
Further analysis showed that the rate of presence of
micropapillary or solid pattern was highest in group D,
followed by group C and group A/B; the rate of lymph node
metastasis was significantly higher in group D than other 3
groups. The biological behavior was different between group A/
B, group C and group D. To better study solid-predominant
GGOs, the subdivision seems necessary. Considering the good
prognosis, sublobar resection could be enough for GGOs. Recent
studies have reported similar survival outcomes of part-solid
adenocarcinoma treated with sublobar resection and lobectomy
(2, 26). However, heterogeneity exists among solid dominant
GGOs. As a visual and accessible variable in the clinical work,
CTR might provide prognostic implications for appropriate
candidates of sublobar resection. Prospective clinical trials are
warranted to validate this.

There are several limitations to this study. Firstly, this is a
retrospective study that may inevitably lead to bias. Secondly, the
sample size for group D is small. Thirdly, longer follow-up is
needed to investigate postoperative outcomes of patients with
GGO lesions. As mentioned above, a larger sample size or longer
follow-up may have led to significant survival difference between
group C and group D. Fourthly, volumetric measurement is a
A B

FIGURE 4 | ROC curve analysis based on CTR for poor differentiation and lymph node metastasis. (A) The AUC indicated the diagnostic power of CTR for poor
differentiation, AUC was 0.822 (95% confidence interval (CI): 0.760-0.883), with a sensitivity of 82.2% and specificity of 69.9% by the Youden’s index. (B) The AUC
indicated the diagnostic power of CTR for lymph node metastasis, AUC was 0.972 (95% confidence interval (CI): 0.953-0.992), with a sensitivity of 100.0% and
specificity of 95.9% by the Youden’s index.
TABLE 4 | Lymph node metastasis in 4 groups.

Group

A B C D

Lymph node
metastasis

No 442
(100.0%)

210
(100.0%)

173
(100.0%)

35 (94.6%)

Yes 0(0.0%) 0(0.0%) 0(0.0%) 2(5.4%)
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potential approach in measuring the consolidation as it could
provide the profile of total solid components within a nodule.
However, volumetric measurement is too early to be applied into
clinical practice considering the inconveniency and its
dependency on nodule density and segmentation algorithms,
etc. Currently, the cutoffs of CTR are still being explored and
appropriate grouping could distinguish the prognosis well.
Further studies are needed to elaborate the role of volumetric
measurement in pulmonary GGOs.

In conclusion, consolidation tumor ratio is an independent
prognostic factor for clinical stage IA lung adenocarcinoma
manifesting as GGO in CT scan. Radiologic cutoffs of CTR
0.50 and 0.75 were able to subdivide patients with different
prognosis. Prospective cohort study is warranted to validate
our observations.
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Background: Cisplatin-based chemotherapy was previously considered as the standard
adjuvant therapy for improved overall survival (OS) in patients with non-small cell lung
cancer (NSCLC) after surgery. However, the benefit was limited due to high risks of
recurrence and adverse events. In the present study, the efficacy of adjuvant epidermal
growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) for EGFR-mutant patients
after surgery was investigated using the latest updated data.

Methods: This meta-analysis included a comprehensive range of relevant studies
identified from database searches. Disease-free survival (DFS) and OS with hazard
ratios (HRs) were calculated using random-effect or fixed-effect models. Subgroup
analysis was also performed.

Results: A total of seven randomized clinical trials were included in the meta-analysis and
involved 1,283 NSCLC patients harboring EGFR mutations. In resected EGFR-mutant
NSCLC patients, adjuvant EGFR-TKIs were significantly better than chemotherapy in
terms of DFS (HR: 0.41; 95%CI: 0.24–0.70, P = 0.001), without showing any benefit in OS
(HR: 0.72; 95%CI: 0.37–1.41, P = 0.336). No significant difference in DFS was observed
between patients with EGFR exon 19 deletion and those with L858R mutation. Resected
EGFR-mutant NSCLC patients treated with osimertinib experienced improved DFS and a
lower risk of brain recurrence than those treated with gefitinib or erlotinib. Adjuvant EGFR-
TKIs reduced the risk of bone and lung relapse, without decreasing the risk of local
recurrence and liver relapse.

Conclusion: This meta-analysis shows that adjuvant EGFR-TKI therapy could
significantly prolong DFS in patients with resected EGFR-mutant NSCLC. Treatment
with osimertinib showed improved DFS with a lower risk of brain recurrence than
treatment with gefitinib or erlotinib for resected disease.

Keywords: adjuvant EGFR-TKIs, non-small-cell lung cancer, EGFR mutation, resected, meta-analysis,
brain recurrence
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INTRODUCTION

Lung cancer remains the leading cause of cancer-related
mortality worldwide (1). Among the patients diagnosed each
year with non-small cell lung cancer (NSCLC), 20–25% of cases
with early-stage (I–IIIA) disease are suitable for surgical
resection with curative intent (2). Postoperative cisplatin-based
chemotherapy has been recommended as adjuvant treatment in
resected NSCLC patients, except for subjects with stage IA and
part of stage IB (3, 4). However, the therapy only resulted in a
16% decrease in the risk of disease recurrence and a 5% increase
in 5-year overall survival (OS) (5).

Molecular-targeted drugs have been successfully used as
adjuvant therapy for several types of cancers, for example,
imatinib for gastrointestinal stromal tumors (6, 7). Epidermal
growth factor receptor (EGFR) mutations are common
oncogenic driver mutations in NSCLC patients, such as EGFR
exon 19 deletion and L858R mutation. EGFR tyrosine kinase
inhibitors (EGFR-TKIs) are considered as standard first-line
treatment for advanced NSCLC harboring EGFR mutations,
with improved progression-free survival (PFS) and quality of
life (8, 9). This has promoted the investigation of their use as
adjuvant therapy in resected patients.

The ADAURA trial showed that the disease-free survival
(DFS) of patients treated with osimertinib was significantly
longer than that with a placebo in resected EGFR-mutant
NSCLC patients with stage IB to IIIA disease, consistent with
the results of the CTONG 1104 and EVAN trials. However, in
several previous trials, conflicting results regarding the efficacy of
adjuvant EGFR-TKIs in resected NSCLC patients were reported
(10–13). Furthermore, advanced NSCLC patients harboring
EGFR exon 19 deletion experienced a better prognosis,
compared with those harboring L858R mutation when treated
with EGFR-TKIs (14, 15). In early-stage NSCLC disease, the
difference in the efficacy of EGFR-TKI based on EGFR mutation
status was not previously reported. In addition, the recurrence
rate of resected NSCLC is approximately 30–75%, with poor
postoperative morbidity (16, 17). Understanding the recurrence
patterns after treatment with adjuvant EGFR-TKIs can help
immediately identify the sites prone to recurrence, and the
prognosis can be improved with appropriate surveillance
strategies in clinical practice. However, evidence regarding the
long-term tumor recurrence patterns after EGFR-TKIs as
adjuvant therapy is scare. In advanced EGFR-mutant NSCLC
disease, first-line treatment with osimertinib showed improved
clinical benefit and reduced the risk of the central nervous system
recurrence compared with gefitinib or erlotinib treatment (18).
In resected disease, the difference in clinical outcome and brain
relapse between treatment with osimertinib versus gefitinib or
erlotinib has not been investigated. Thus, a meta-analysis to
investigate the effects of adjuvant EGFR-TKIs is urgently needed.
In the present study, the difference in clinical outcome based on
the generation of EGFR-TKI or mutation status was investigated,
and tumor recurrence patterns were explored with the subgroup
analyses. The results of this study may provide more information
and guidance for researchers and clinicians in the management
of adjuvant therapy in resected EGFR-mutant NSCLC patients.
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METHODS

Study Eligibility and Selection
The PubMed, Embase, and the Cochrane Library databases were
used in a systematic search for studies published up to September
20, 2020 with no start date limit applied. The search terms used
were “lung cancer”, “adjuvant or resected or operable”, “erlotinib
or gefitinib or icotinib or afatinib or dacomitinib or osimertinib”
and “randomized control trial”. We also searched meeting
abstracts from the American Society of Clinical Oncology,
European Society for Medical Oncology, World Conference on
Lung Cancer and American Association for Cancer Research for
Medical Oncology websites.

Eligible studies that met the following criteria were included:
Phase II or III randomized control trials (RCTs); and
comparisons of survival in stage I–IIIA NSCLC patients treated
with adjuvant EGFR-TKIs versus adjuvant chemotherapy or
placebo; and studies with reported hazard ratios (HRs) for
survival analysis (DFS or OS) or the number of events for
disease relapse patterns and adverse events (AEs) in EGFR-
mutant lung cancer from the overall patient population or
subgroups analyses. The exclusion criteria were as follows:
studies with irretrievable or insufficient data for statistical
analysis; single-arm trials, observational studies, editorials,
reviews, and commentaries; duplicate studies; and abstracts
and studies written in languages other than English. Two
authors (L-LS and H-RC) independently searched the
databases and screened articles using the titles and abstracts to
find potentially relevant studies.

Data Extraction
All candidate articles were independently evaluated and
extracted by two investigators (R-LC and J-XZ), and all
discrepancies were resolved by the consensus among all
authors. From each study, the first author name, clinical trial
name, trial phase, EGFR mutation status, generation of adjuvant
EGFR-TKIs, other baseline clinicopathologic characteristics,
planned and received treatment and toxicity, survival
outcomes, and relapse patterns were extracted. The quality of
the included studies was independently assessed by two authors
(YC and YZ), according to the five-point Jadad scoring
system (19).

Statistical Analysis
The HRs and 95% confidence intervals (CIs) for the DFS and OS
of resected EGFR-mutant NSCLC patients were derived from the
overall patient population and subgroups within each individual
study. For dichotomous outcomes, the number of patients was
used to calculate odds ratio (OR) estimates of trials with the
Mantel–Haenszel method, such as disease relapse patterns
and AEs.

There are two common statistical models for meta-analysis,
the fixed-effect model and the random-effect model. The fixed-
effect model depends on the hypothesis that all studies in the
meta-analysis share a true effect size. In contrast, in the
random-effect model, the true effect size may differ from
study to study. The random-effect model is often considered
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as the appropriate model (20). Heterogeneity among the trials
was assessed using the Q-test and was quantified with I2 values
(21). An I2 statistic >50% or P value <0.05 was defined as
significant heterogeneity among trials. If significant
heterogeneity was observed, the random-effect model was
used for analysis. If significant heterogeneity was not found,
the fixed-effect model was applied (22). In addition, the funnel
plot and the Begg’s and Egger’s tests were performed. All
reported P-values were two sided, and the statistically
significant level was set at 0.05. The meta-analysis was
performed in accordance with recommendations from the
Cochrane Collaboration and the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines, using
Stata/SE version 16.0 software (Stata Corporation, College
Station, TX, USA).

Subgroup Analysis
A series of subgroup analyses were conducted to explore the
effects of variables on the efficacy of EGFR inhibitors for resected
EGFR-mutant NSCLC. The subgroup included EGFR mutation
status (exon 19 deletion vs. L858R mutation), age (age ≥65 years
vs. <65 years), sex (male vs. female), smoking status (smokers vs.
non-smokers) , histology (adenocarcinoma vs . non-
adenocarcinoma), generation of EGFR-TKIs (gefitinib or
erlotinib vs. osimertinib), and the relapse patterns.
Frontiers in Oncology | www.frontiersin.org 340
RESULTS

Characteristics of the Included Studies
A total of 3,058 relevant records were identified from databases
and conferences using our search strategy. After screening the
titles and abstracts of the articles, the full texts of 31 articles were
reviewed for eligibility (Figure 1). Among these, seven RCTs
were finally considered eligible for our meta-analysis based on
the inclusion and exclusion criteria. Detailed data on disease
relapse in the CTONG 1104 trial was reported in another article
by Xu et al. (23). A total of 1,283 EGFR-mutant patients were
identified in seven studies (10–13, 24–26). All cases in five studies
were diagnosed NSCLC with an activating EGFR mutation (12,
13, 24–26). The proportion of resected EGFR-mutant NSCLC
patients was 16.5 and 3.0% in the RADIANT and NCIC CTG
BR19 (CTSUBR19) studies, respectively (10, 11). The clinical
characteristics and the quality assessment of the included studies
are presented in Table 1.

Effects of EGFR-TKIs on DFS and OS in
Patients With Resected EGFR-Mutant
NSCLC
EGFR-mutant NSCLC patients showed improved DFS after
treatment with adjuvant EGFR-TKIs compared with the
control group. Pooled HRs based on the seven RCTs indicated
FIGURE 1 | The flowchart of study selection process for the meta-analysis.
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a lower risk of disease progression with EGFR-TKIs when
compared with the control group (HR: 0.41; 95%CI: 0.24–0.70,
P = 0.001, Figure 2A). Significant heterogeneity in DFS was
observed among the trials (I2 = 82.2%, P < 0.001).

OS data were not available in the study by Feng et al. and not
immature in the ADAURA trial. Thus, the analysis of OS was
from five RCTs with available data. No significant improvement
was observed between adjuvant EGFR-TKI therapy and the
control group in resected EGFR-mutant NSCLC (HR: 0.72;
95%CI: 0.37–1.41, P = 0.336, Figure 2B). Significant
heterogeneity in OS was found (I2 = 66.0%, P = 0.019).

Effects of EGFR Mutation Status on DFS
To further explore the effects of EGFR mutation status on DFS,
subgroup analyses of DFS in patients with exon 19 deletion
versus L858R mutation were performed. The pooled survival
estimates were based on 660 NSCLC patients harboring exon 19
deletion from seven RCTs and showed that EGFR-TKI treatment
had a favorable effect on DFS (HR: 0.30; 95%CI: 0.12–0.72; P =
0.007, Figure 2C) There was significant heterogeneity in the
analysis (I2 = 83.8%, P < 0.001). A total of 565 patients harboring
L858R mutation experienced improved DFS with EGFR-TKI
therapy compared with the control group (HR: 0.44; 95%CI:
0.33–0.60; P < 0.001, Figure 2C), with no significant
heterogeneity (I2 = 0.9%, P = 0.401). No significant difference
in DFS was observed between EGFR exon 19 deletion and L858R
mutation subgroups (P for heterogeneity = 0.290).

Subgroup Analysis Based on Clinical
Characteristics
The results of our subgroup analyses are shown in Figure 3. For
most of the subgroups (sex, age, smoking history, and generation
of EGFR-TKIs), the DFS benefit of EGFR-TKIs was greater than
the control group. For the histology subgroup, a significant DFS
advantage of EGFR-TKIs was observed in EGFR-mutant NSCLC
patients with adenocarcinoma, but not in those with non-
adenocarcinoma. Furthermore, in patients with resected EGFR-
mutant NSCLC, the DFS for osimertinib was longer than that for
first-generation EGFR-TKIs, with a statistically significant
difference (osimertinib vs. gefitinib or erlotinib, HR: 0.20; 95%
CI: 0.15–0.27 vs. 0.53; 0.41–0.67; P for heterogeneity < 0.001).

Effects of EGFR-TKIs on Disease Relapse
Data on disease relapse were not reported in the EVAN and
RADIANT trials, or in Feng’s study. Based on the available data
reported from four trials (the ADAURA trial only reported brain
recurrence), the effects of EGFR-TKIs on disease relapse were
analyzed. EGFR-TKI therapy reduced the risk of bone relapse
(OR: 0.40; 95%CI: 0.19–0.85; Figure 4C) and lung relapse (OR:
0.51; 95%CI: 0.30–0.86; Figure 4D), without decreasing the risk
of local recurrence (OR: 0.73; 95%CI: 0.27–1.98, Figure 4B) and
liver relapse (OR: 0.43; 95%CI: 0.12–1.52, Figure 4E). The
addition of EGFR-TKIs decreased the distant metastasis risk
(OR: 0.59; 95%CI: 0.35–1.00; Figure 4A), although the difference
was not statistically significant (P = 0.052).

No significant difference was observed in the brain recurrence
with EGFR-TKIs compared with the control group (Figure 4F).
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Subgroup analysis was performed to evaluate the effects of
different generations of EGFR-TKIs. The risk of brain relapse
with osimertinib treatment was significantly lower than with
gefitinib or erlotinib treatment (osimertinib, OR: 0.11; 95%CI:
0.04–0.32; gefitinib or erlotinib, OR: 0.95; 95%CI: 0.36–2.49; P for

heterogeneity < 0.001; Figure 4F). The incidence of brain recurrence
was 1% (95%CI: 0–3%) in the osimertinib group and 17% (95%
CI: 10–28%) in the gefitinib or erlotinib group, with a significant
difference as shown in Figure S1.

AEs
The AEs of EGFR-TKIs are shown in Table 2. Among the 623
EGFR-mutant patients treated with EGFR-TKIs, the rate of AEs
of any grade was 86.92% (95%CI: 65.83–95.82%), and the rate of
AEs of overall grade 3 or higher was 14.09% (95%CI: 8.23–
23.07%). The most common severe AEs included rash (5.09%,
95%CI: 1.51–15.81%), diarrhea (2.57%, 95%CI: 1.58–4.15%),
nausea or vomiting (1.93%, 95%CI: 1.10–3.36%), pneumonia
Frontiers in Oncology | www.frontiersin.org 542
(0.78%, 95%CI: 0.20–3.07%), and fatigue (0.35%, 95%CI:
0.05–2.44%).

Study Quality and Publication Bias
Randomized treatment allocation sequences were generated in
all trials. Four trials were open-label, and three were double-
blind. The Jadad score ranged from 3 to 6, indicating a high
quality (Table 1). The funnel plot, as well as Egger’s and Begg’s
tests, showed no publication bias in the overall or subgroup
populations (all P > 0.05).
DISCUSSION

Our large meta-analysis of 1,283 patients with resected EGFR-
mutant NSCLC from seven RCTs showed that patients treated
with adjuvant EGFR-TKIs experienced improved DFS, with
tolerated AEs, compared with chemotherapy or a placebo. No
A

C

B

FIGURE 2 | (A) Forest plot of hazard ratio (HR) for disease-free survival (DFS) with adjuvant EGFR-TKI versus the control group in EGFR-mutant resected NSCLC
patients. (B) Forest plot of HR for overall survival (OS) with adjuvant EGFR-TKI versus control arms in EGFR-mutant resected NSCLC patients. (C) Forest plot of HR
for DFS with adjuvant EGFR-TKI versus the control group in NSCLC patients with EGFR exon 19 deletion and L858R mutation.
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significant difference in OS was observed in the adjuvant EGFR-
TKI group.

Conflicting results regarding the clinical benefit of adjuvant
EGFR-TKIs in resected NSCLC patients were reported in
previous trials. The CTSUBR19 (10) and RADIANT (11) and
trials indicated that resected EGFR-mutant NSCLC patients did
not obtain significantly improved clinical benefit of EGFR-TKI
treatment; however, significant improved DFS with EGFR-TKIs
was observed in the EVAN, CTONG 1104, and ADAURA trials
(12, 13, 26). These conflicting results may be due to the different
populations investigated in these studies. The EVAN trial and
the study by Li et al. enrolled only patients with stage IIIA. All
patients in the CTONG 1104 trial and 60% of patients in the
ADAURA trial were stages II–IIIA (12, 13, 26). However, most
patients in the CTSUBR19 and RADIANT trials were stages I–II
(10, 11).

In some meta-analyses, NSCLC patients with EGFR
mutation reportedly obtained clinical benefit from adjuvant
EGFR-TKI therapy (27–30). However, those meta-analyses
included retrospective studies, which are lower in quality
than RCTs. Our study is the largest meta-analysis of resected
EGFR-mutant NSCLC patients from RCTs to date. Compared
Frontiers in Oncology | www.frontiersin.org 643
with previous meta-analyses, the high quality of data
strengthens the evidence on the efficacy of adjuvant EGFR-
TKI therapy. In addition, the differences in clinical effects of
EGFR-TKIs based on EGFR mutation status (exon 19 deletion
vs. L858R mutation) were investigated in our meta-analysis.
Furthermore, the effects of different generations of EGFR-TKIs
and the long-term tumor recurrence patterns were analyzed.
The heterogeneity of DFS and OS across studies was substantial
in our meta-analysis, which may be due to sex, age, smoking
history, histology, stage, and generation of EGFR-TKIs. In
advanced NSCLC disease, patients harboring EGFR exon 19
deletion experienced improved PFS with EGFR-TKIs compared
with those harboring L858R mutation (15, 31). However, in
resected NSCLC, the difference in outcome between patients
with these EGFR mutation types treated with adjuvant EGFR-
TKIs was not investigated in any study. Our meta-analysis
shows that the clinical benefit of adjuvant EGFR-TKIs was
observed in early-stage patients harboring EGFR exon 19
deletion or L858R mutation; the difference between the two
mutation types was non-significant. There are several possible
complicated reasons why our result differs from those of
advanced-stage patients reported in previous studies. First,
FIGURE 3 | Subgroup analysis on DFS according to age, sex, smoking status, histology, and generation of EGFR-TKIs. NA, not available; adc, adenocarcinoma;
non-adc, non-adenocarcinoma.
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the tumor burden in advanced NSCLC patients was higher than
that in early-stage NSCLC cases after surgery. Therefore, the
abundance of EGFR mutations may be high in patients with
metastatic NSCLC. The clinical benefit of EGFR-TKIs was
reportedly closely associated with the abundance of EGFR
Frontiers in Oncology | www.frontiersin.org 744
mutations (32). Second, the sample size of patients in the
analysis of EGFR mutation status was not large in our meta-
analysis; thus, additional studies with a larger cohort are
necessary. The biological behavior of early-stage NSCLC may
differ from that of advanced-stage NSCLC.
A B

C D

E F

FIGURE 4 | Forest plots of odd ratios (ORs) for distant metastasis (A), local recurrence (B), bone relapse (C), lung relapse (D), brain relapse (D), liver relapse (E)
and brain relapse (F). * Due to no event was reported, the study by Li was excluded in the analysis of liver relapse, and the study by Kelly was excluded in the
analysis of distant metastasis and local recurrence.
TABLE 2 | Severe Adverse events in EGFR-TKIs treatment arm.

Severe adverse events Li et al. (24) Kelly et al. (11) Zhong et al. (13) Yue et al. (12) Wu et al. (26) Incidence (95%CI),%

rash 2 19 1 2 NA 5.09 (1.51–15.81)
diarrhea 1 5 1 1 8 2.57(1.58–4.15)
nausea/vomiting 0 0 3 3 6 1.93(1.10–3.36)
Pneumonia NA 0 1 1 NA 0.78 (0.20-3.07)
fatigue 0 1 0 0 NA 0.35 (0.05–2.44)
All ≥grade 3 AE 6 30 13 6 22 14.09 (8.23–23.07)
Any grade 28 93 61 29 327 86.92 (65.83–95.82)
April 2021 | Volu
AE, adverse event.
me 11 | Article 629394

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Chen et al. Adjuvant EGFR-TKIs in Resected NSCLC
Our meta-analysis shows that resected EGFR-mutant NSCLC
patients treated with osimertinib experienced significantly longer
DFS and a reduced risk of brain recurrence, compared with those
who received gefitinib or erlotinib. In preclinical studies,
osimertinib could induce apoptosis and exert better effects against
EGFR-mutant tumor compared with first-generation EGFR-TKIs,
with significant results observed in xenograft and transgenic models
(33, 34). In previous studies, osimertinib had better exposure in the
brain than other EGFR-TKIs due to the greater penetration of the
blood–brain barrier (35, 36). In addition, first-line treatment with
osimertinib showed significant clinical benefit in terms of PFS and
OS in advanced EGFR-mutant NSCLC patients with a decreased
the risk of brain progression compared with gefitinib or erlotinib
(18, 37, 38). Similar to EGFR-mutant patients with metastatic
disease, the superior efficacy of osimertinib was also observed in
those with resected NSCLC in our meta-analysis.

Currently, concerns regarding EGFR-TKIs as adjuvant
treatment in resected NSCLC remain. First, the early use of
EGFR-TKIs could change the biological behaviors in NSCLC
patients and lead to more complicated resistance mechanisms,
compared with those just waiting until disease recurrence.
Treatment duration is another concern. EGFR-mutant patients
enrolled in the CTONG 1104 and EVAN trials were treated with
adjuvant gefitinib or erlotinib for two years or until disease
recurrence; however, patients in the ADAURA trial were treated
with adjuvant osimertinib for three years. Re-biopsy is widely used
to evaluate the resistance mechanisms after disease relapse and to
modify the treatment strategy accordingly. The biological
behaviors of relapse disease after treatment with adjuvant EGFR-
TKIs requires further investigation. Circulating tumor DNA
(ctDNA) has been considered as an excellent predictor of disease
recurrence and used to identify the molecular residual disease. In a
study of patients with localized lung cancer treated with curative
intent, ctDNA was detected in 94% of patients with disease relapse
before radiographic recurrence at a median of 5.2 months post-
treatment (39). Additional research is needed on using ctDNA to
identify molecular residual disease to determine the EGFR-TKI
treatment duration and provide personalized adjuvant treatment.

The present study has several limitations. First, data for the
analysis of NSCLC patients was derived from published clinical
trials rather than from each individual patient. Therefore,
analyzing the influence of disease stage accurately is difficult.
Second, part of the data in our meta-analysis were derived from
subgroup analyses of published RCTs. Thus, some important
information was not collected from subgroup results, such as
smoking history, stage, sex, and EGFR mutation status. Due to
the lack of information on the stage of each patient, specific
subgroup analyses of stage I, stage II, and stage III patients could
not be performed.
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CONCLUSION

Despite the above limitations, the results of the current study
have significant implications. This meta-analysis indicates that
adjuvant EGFR-TKI therapy brought significant clinical benefit
in terms of DFS in resected EGFR-mutant NSCLC patients.
Osimertinib had longer DFS with lower risk of brain recurrence
than gefitinib or erlotinib for resected NSCLC; however,
additional studies are warranted.
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Lobectomy has been the standard surgical treatment for non-small cell lung cancer
(NSCLC). Over the decades, with the dramatic development of radiographic tools, such
as high-resolution computed tomography (HRCT), and the widespread practice of low-
dose helical CT for screening, the number of cases diagnosed with small-cell lung cancers
with ground glass opacity (GGO) at early stages has been increasing. Accordingly, mainly
after 2000, many retrospective studies and prospective trials have shown that patients
with lung adenocarcinoma with GGO have a good prognosis and may be candidates for
sublobar resection. Previous studies indicated that HRCT findings including the maximum
diameter of the tumor, GGO ratio, and a consolidation/tumor ratio (CTR) are simple and
useful tools to predict tumor invasiveness and prognosis in patients with NSCLC with
GGO. Thus, sublobar resection may be considered a “standard therapy” for peripheral
GGO-dominant small-cell lung adenocarcinomas. Ultimately, some of such tumors might
not require surgical resection. A multicenter, prospective study has just begun in Japan to
evaluate the validity of follow-up for small-sized GGO-dominant small-cell lung cancer.
Lung cancers that do not require surgery should be identified. This study reviewed
retrospective and prospective studies on GGO tumors and discussed the treatment
strategies for such tumors.

Keywords: non-small cell lung cancer, ground glass opacity (GGO), lobectomy, sublobar resection (SLR), prognosis
INTRODUCTION

Lobectomy has been the standard surgical treatment for non-small cell lung cancer (NSCLC), even
when it is in its early stage. In 1973, Jensik et al. (1) suggested that segmental resection is equivalent
to lobectomy and represent an adequate operation for small stage I NSCLC. This article started a
debate regarding the optimal surgical approach for early-stage NSCLC. In 1995, however, a
randomized trial reported that sublobar resection for stage IA NSCLC did not result in improved
morbidity, mortality, or postoperative pulmonary function and was associated with higher rates of
locoregional recurrence and death relative to lobectomy (2). In this trial, in patients who underwent
sublobar resection, recurrence showed a 75% increase (p = 0.02) attributable to a tripling of the local
recurrence rate (p = 0.008), 30% increase in overall death rate (p = 0.08), and 50% increase in death
due to cancer (p = 0.09) compared to patients undergoing lobectomy. Two years later, another
multicenter study showed a similar trend in increased local recurrence in patients who underwent
April 2021 | Volume 11 | Article 655651148
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sublobar resection (wedge resection) (3). Eventually, sublobar
resection has been performed only for patients unable to tolerate
lobectomy as a “somewhat poor quality” alternative.

Over the decades, with the dramatic development of
radiographic tools, such as high-resolution computed
tomography (HRCT) and the widespread practice of low-dose
helical CT for screening, lung cancers, especially many small
lung cancers with ground glass opacity (GGO), are increasingly
diagnosed. Recently, approximately 40% patients who
underwent operations were reported to be diagnosed with
stage IA NSCLC (4). Therefore, treatment of patients with very
early-stage lung cancer via lobectomy, which is a more aggressive
procedure than sublobar resection, has become controversial. In
the 2000s, many retrospective studies have demonstrated that
patients with lung adenocarcinoma with GGO have good
prognoses and the potential to be candidates for sublobar
resection. Now, appropriate treatment for NSCLC with GGO
needs to be fully discussed.

We reviewed the literature and summarized the “new trend in
early-stage lung cancer presenting as GGO,” mainly in terms of
surgical treatment. Thus, we evaluated appropriate treatment
strategy for NSCLC with GGO.
PROGNOSIS OF NSCLC WITH
GGO COMPONENT AND
SUBLOBAR RESECTION

Mainly after 2000, several clinical studies have demonstrated that
patients with lung adenocarcinoma with GGO have good
prognoses (5–8). We examined 436 of 502 consecutive patients
with stage IA adenocarcinoma and had undergone preoperative
HRCT; 66 patients with tumors with pure GGO were excluded.
Tumor type (without GGO, n = 137; with GGO, n = 299) and
surgical results were analyzed. Tumors without GGO showed a
significantly greater association (P < 0.001) with lymphatic,
vascular, and pleural invasion and lymph node metastasis
compared with tumors with GGO. Namely, most tumors with
GGO are diagnosed as pathological non- or less-invasive lung
Frontiers in Oncology | www.frontiersin.org 249
adenocarcinomas, such as adenocarcinoma in situ (AIS),
minimally invasive adenocarcinoma (MIA), former
bronchioloalveolar carcinoma, and Noguchi type A-B
adenocarcinomas, which presented similar results to those of a
previous report (5). Additionally, Asamura et al. previously
analyzed the correlation between radiologic findings of GGO-
dominant tumors and pathological characteristics and reported
that GGO lesions constitute true early lung cancers, namely,
minimal or noninvasive tumors (9). The disease-free survival
also worsened in patients with pure solid tumors (P = 0.0006) (4).
Similarly, Hattori et al. retrospectively evaluated 1029 surgically
resected early-stage NSCLCs. All tumors were classified into two
groups: with GGO group or pure solid group. They revealed that
on multivariable analysis, the presence of a GGO was an
independent significant prognostic factor of overall survival
(OS) (hazard ratio [HR], 0.314; 95% confidence interval [CI],
0.181–0.529: P < 0.001) (6). In particular, GGO-dominant lung
cancer was reported to have excellent prognosis. Asamura et al.
(5) reported that in the Japan Clinical Oncology Group [JCOG]
0201 study, patients diagnosed with GGO-dominant lung
adenocarcinoma have a good prognosis (Table 1). This
prospective, multi-institutional study was performed with 233
male and 312 female patients (median age, 62 years) to define
early (noninvasive) adenocarcinomas of the lung on image
diagnosis,; the median follow-up period of all patients was 7.1
years (range, 0–8.5 years). The JCOG 0201 study showed that the
5-year OS was 96.7% for patients with a consolidation/tumor
ratio (CTR) ≤ 0.5 and a ≤30 mm tumor, and 97.1% for those with
CTR ≤ 0.25 and a ≤20 mm tumor. In addition, the incidence of
pathological invasiveness (pathological N+ or ly+ or v+) was
1.1% in patients with a CTR ≤ 0.5 and a ≤30 mm tumor, and
0.3% in those with CTR ≤ 0.25 and a ≤20 mm tumor. This study
concluded that the radiologic criteria of a CTR ≤ 0.25 and ≤20
mm, and CTR ≤ 0.50 in ≤30 mm were both able to define a
homogeneous group of patients with an excellent prognosis
before surgery. In addition, we demonstrated that patients with
GGO-dominant (CTR ≤ 0.5) lung adenocarcinomas rarely had
pathologically invasive tumors and had an excellent prognosis
(8) (Table 1). We evaluated 610 consecutive patients with clinical
stage IA lung adenocarcinoma who underwent complete
TABLE 1 | Summary of previous large cohort studies evaluating GGO dominant NSCLC.

n Follow
up

Size CTR Performed Surgical Procedure
WR/Sg/Lob

Pathologically invasiveness (pN+ or
ly+ or v+)

Prognosis

JCOG 0201
(7)

35 7.1y ≤20mm ≤0.25 0(0%)/0(0%)/35(100.0%) 1 patient (2.9%) 5-year OS; 97.1%
5-year RFS; 97.1%

54 7.1y 21–30
mm

≤0.5 0(0%)/0(0%)/54(100.0%) N.S 5-year OS; 96.3%
5-year RFS; 94.4%

121 7.1y ≤30mm ≤0.5 0(0%)/0(0%)/121(100.0%) 6 patients (5.0%)
(breakdown N.S)

5-year OS; 96.7%
5-year RFS; 95.9%

JCOG 0804
(10)

314 5.5y ≤20mm ≤0.25 258(77.5%)/56(22.5%)/0(0%) N.S 5-year RFS; 99·7%

Tsutani et al.
(8)

239 3.5y ≤30mm ≤0.5 93(38.9%)/56(23.4%)/90(37.7%) 3 patients with ly+ (1.3%)
2 patients with v+ (0.8%)
1 patient with pl+ (0.4%)

2 patients with pN+ (0.8%)

3-year OS
98.7%(WR)/98.2%(Seg)/97.6%(Lob)

3-year RFS
98.7%(WR)/96.1%(Seg)/96.4%(Lob)
Ap
CTR, consolidation/tumor ratio; Lob, lobectomy; N.S, not stated; OS, overall survival; RFS, recurrence free survival; Seg, segmentectomy; WR, wedge resection.
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resection after preoperative HRCT and revealed 239 (39.2%)
patients were CTR ≤ 0.5. Based on the results, no significant
difference in 3-year recurrence-free survival (RFS) was observed
among patients who underwent lobectomy (96.4%),
segmentectomy (96.1%), and wedge resection (98.7%) of GGO-
dominant tumors (P = 0.44). Multivariate Cox analysis showed
that surgical procedure did not affect RFS in GGO-dominant
tumors. We revealed that GGO-dominant clinical stage IA lung
adenocarcinomas are a uniform group of tumors that exhibit
low-grade malignancy and have an extremely favorable
prognosis and thus can be successfully treated with sublobar
resection. In particular, in a ≤20 mm tumor, surgeons can
successfully treat lung cancer patients via wedge resection that
does not include lymph node dissection. The prognosis of
patients with lung adenocarcinoma is better when tumors
include GGO, compared with those with pure solid tumors.
However, whether the prognosis of patients with tumors with
GGO tumors is favorable regardless of the solid component
size remains unknown. We retrospectively analyzed the
clinicopathological findings and prognoses of 856 patients with
tumors with GGO based on the size of the solid component
during a median follow-up of 45 months; among the 1215
patients with lung adenocarcinoma, it was revealed that the
prognostic impact of a solid component size less than or equal
to 2 cm and >2 cm significantly differed after complete
resection (10).

Preoperative HRCT findings (GGO ratio, CTR) showed that
GGO is a simple and useful tool for predicting the prognosis of
NSCLC candidates for sublobar resection. The nonrandomized
confirmatory phase III study (JCOG 0804/WJOG 4507L)
conducted by the JCOG and West Japan Oncology Group
(WJOG) evaluated the efficacy and safety of sublobar resection
for GGO-dominant lung cancer defined with HRCT only by
prospective, multicenter, and large cohort analysis (314
Frontiers in Oncology | www.frontiersin.org 350
registered patients) (Figure 1). The selection criteria were
maximum tumor diameter ≤ 20 mm, CTR ≤ 0.25, no
recurrence of the original lung cancer, and a 5-year RFS rate
of 99.7% after sublober resection, primarily wedge resection
(Table 1). Their results were clearer and showed that HRCT
was very useful in selecting patients suitable for sublobar
resection (11).

Another prognostic factor used as a surrogate of tumor
aggressiveness is the high tumor maximum standard uptake
value (SUVmax) on 18F-fluorodeoxyglucose-positron emission
tomography/CT (FDG-PET) (12–16). High SUV max NSCLC
demonstrate invasive pathologic characteristics, and poorer
postoperative outcomes were suggested when compared with
tumors with lower SUV max. Previous study reported that a
higher ratio of tumor SUVmax to tumor size was associated with
worse DFS (12). Additionally, hypermetabolic tumors were
reported to be associated with substantially higher invasiveness
(13). Other studies also have reported that a higher tumor
SUVmax was associated with higher grade tumors and
aggressive histopathologic subtypes (i.e., micropapillary and
solid subtypes of adenocarcinoma), and in many cases, NSCLC
with GGO have lower SUV max tumor on FDG-PET (14). We
have also observed that SUVmax on FDG-PET was an important
preoperative factor for predicting the pathologic malignant grade
and prognosis in lung adenocarcinoma (15, 16). As stated in our
paper (8), GGO-dominant tumors have a low median SUVmax
of 0.9 and are generally low in malignancy, but some of the
highest tumors have a SUVmax of 9.8. Furthermore, GGO-
dominant tumors showing a high SUVmax may be
pathologically malignant and have lymph node metastasis. We
previously identified the predictors of pathologic lymph node
involvement in clinical stage IA lung adenocarcinoma (17). In
this study, we revealed the pathologic node-negative status
criteria of solid tumor size <0.8 cm on HRCT or a
FIGURE 1 | Schema of clinical trials of the Japan Clinical Oncology Group (JCOG) Study.
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SUVmax<1.5 on FDG-PET/CT. Therefore, conversely, in other
cases, lymph node metastasis cannot be denied. In combination
with other pieces of literature (12–16), tumors showing a high
SUVmax need to be resected by more than segmentectomy, even
when it is constituted by the GGO component. We think that the
treatment strategy is clearly different depending on SUVmax;
namely, for small GGO-dominant tumors with low standard
uptake value (SUV), it may be reasonable to be resected by wedge
resection, but for those with high SUV, more than
segmentectomy should be considered. The role of PET/CT
might be limited in the evaluation of very small lung nodules,
however, the good prognosis of NSCLC with GGO can be
confirmed from the viewpoint of FDG-PET.

Sublobar resection has several advantages than lobectomy. It
reportedly improves postoperative quality of life by preserving
the pulmonary function (18, 19). Harada et al. reported that a
positive and significant correlation was found between the
number of resected segments versus loss of forced vital
capacity (r = 0.518, p < 0.0001 at 2 months; r = 0.604, p <
0.0001 at 6 months) and loss of forced expiratory volume in 1
second (r = 0.492, p < 0.0001 at 2 months; r = 0.512, p < 0.0001 at
6 months). The postoperative reduction of forced vital capacity
(p = 0.0006) and forced expiratory volume in 1 second (p =
0.0007) was significantly less in the segmentectomy group. They
concluded that the extent of removed lung parenchyma directly
affected that of postoperative functional loss even at 6 months
after surgery, and segmentectomy offered significantly better
functional preservation compared with lobectomy (18). We
emphasized that preserving as much healthy lung tissue as
possible reduces the prevalence of surgery and improves
postoperative quality of life. In addition, patients with GGO-
dominant lung cancer survive long enough to be at risk for the
next lung cancer, increasing the likelihood of further resection
(19). The smaller the initial amount of excision, the more
unlimited treatment options for subsequent lung cancer.
Perhaps, some surgeons may be concerned that sublobar
resection may increase local recurrence, however, in
combination with these circumstances, it may be reasonable to
perform sublobar resection as the “standard treatment” for lung
adenocarcinoma with a maximum tumor diameter of 20 mm or
less and a CTR of 0.25 or less.
EXPANSION OF INDICATIONS FOR
SEGMENTECTOMY IN 21–30 MM NSCLC
WITH GGO COMPONENT

Sublobular resection is generally considered lung cancer smaller
than 20 mm. However, the excellent prognosis of GGO-
dominant lung cancer allowed us to consider expanding its
indications for sublobar resection. JCOG 0201 shows that
patients with a CTR of 0.5 or less and tumors of 21-30 mm
have a 5-year OS of 96.3% and a 5-year RFS of 94.4% (5). In
addition, GGO-dominated tumors of 21-30 mm rarely showed
pathological invasiveness, and there was no difference in survival
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analysis, specifically, for tumors of 21-30 mm, where GGO
predominates, 3-year RFS was similar in patients who
underwent lobectomy (93.7%) and segmentectomy (92.9%).
Therefore, we have shown that GGO-dominant and 21-30 mm
tumors may also be candidates for sublobar resection (8). It
was necessary to distinguish between wedge resection and
segmentectomy to clarify which procedure was used. We
recommended segmentectomy and not wedge resection
for sublobar resection of 21–30 mm tumors because these
tumors could metastasize to lymph node, and taking a
sufficient surgical margin often is difficult in a 21–30 mm
tumor. In our study, 2 (2.4%) of 84 patients with a GGO-
dominant 21-30 mm tumor metastasized to the lymph nodes,
but in patients with a GGO-dominant tumor of 20 mm or less,
no lymph node metastasis was seen. Among sublobar resections,
segmentectomy involves anatomical resection in the hilar region,
thereby allowing more lymph nodes to be dissected. The
prognostic impact of lymph node dissection on lung cancer
treatment has remained unclear. The main role of lymph
node dissection has been to prevent understaging. A higher
number of lymph nodes sampled during surgery improve
the accuracy of pathologic staging, thereby preventing
the misclassification of patients with lymph node involvement
as having stage I disease (20). Moreover, in several reports, it
has been shown that lymph node dissection has an important
prognostic impact. In previous studies using SEER data, it
has been shown that the number of lymph nodes evaluated
during surgery was a strong predictor of survival for stage I
NSCLC (21). As previously mentioned, we revealed the
pathologic node-negative status criteria of solid tumor size of
<0.8 cm on HRCT or a SUVmax of <1.5 on FDG-PET/CT
(17). Therefore, conversely, lymph node metastasis cannot
be denied, and lymphadenectomy should be performed
in other cases. The optimal extent of resection margin and
lymph node dissection in segmentectomy has not been
elucidated, and future study is warranted; however, we believe
that segmentectomy is superior to wedge resection when the
hilar lymph nodes are dissected and have sufficient
surgical margin.

Currently, a nonrandomized confirmatory trial of
segmentectomy (JCOG 1211) is underway since September
2013 with the aim of confirming the effect iveness
of segmentectomy for clinical T1N0 GGO-dominant lung
cancer based on HRCT (Figure 1) (22). A total of 390 patients
from 42 Japanese institutions are recruited within 4 years. The
primary endpoint of this study is a 5-year relapse-free survival
in all of the patients who undergo a segmentectomy for a
lung nodule. The secondary endpoints are OS, annual relapse-
free survival, disease-free survival, proportion of local
relapse, postoperative pulmonary function, proportion of
segmentectomy completion, proportion of R0 resection
completion by segmentectomy, adverse events, and serious
adverse events. Patient accrual have already ended in
November 2015 and a primary analysis will be conducted in
2021. This study is a crucial trial of lung segmentectomy for early
stage lung cancer.
April 2021 | Volume 11 | Article 655651

https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Handa et al. Treatment for GGO-Dominant NSCLC
GENE EXPRESSION OF NSCLC WITH
GGO COMPONENT

Suda K conducted a retrospective analysis of the Japanese Joint
Committee of Lung Cancer Registry database (a nationwide
database for patients with surgically resected lung cancer; n =
18,973). They evaluated 5780 patients had been tested for an
EGFR mutation, and revealed the presence of an EGFR mutation
was significantly correlated with the presence of GGO (P < 0.001)
and better prognosis (23). GGO component of NSCLC is often
pathologically reflect adenocarcinoma in situ (AIS), minimally
invasive adenocarcinoma (MIA), and lepidic component. We
previously evaluated gene expression of NSCLC comprehensively.
Ito M et al. evaluated typical driver mutation for lung cancer, EGFR
mutation, in 394 resected pN0M0 lung adenocarcinomas (24). In
this study, we revealed that the frequency of EGFR mutation is
higher in adenocarcinoma with a concomitant lepidic component,
such as AIS and MIA. On the contrary, EGFR wild type tumors are
likely to be invasive adenocarcinoma cases without a lepidic
component. These results revealed that NSCLC with GGO
component might have room for therapeutic intervention in
terms of gene expression, considering the effectiveness of
treatment by epidermal growth factor receptor-tyrosine kinase
inhibitors. Further investigations on gene expression in NSCLC
with GGO component will be needed.
POTENTIAL OF FOLLOW-UP FOR
GGO-DOMINANT NSCLC

Some small lung cancers with GGO have been reported to have no
pathological invasiveness and significantly longer doubling times
than normal lung adenocarcinomas (25, 26). Aoki et al. reported
that all type A and B tumors by Noguchi criteria had a tumor
doubling time of more than 1 year, on the other hand, the tumor
doubling time was less than 1 year in almost (87%) of the types D,
E, and F tumors. In addition, Kakinuma et al. evaluate the natural
course of the progression of pulmonary subsolid nodules (SSNs)
(27). A total of 795 patients with 1229 SSNs were included from
eight Japanese facilities. SSNs were classified into three categories:
pure ground glass nodules (PGGNs), heterogeneous GGNs
(HGGNs) (solid component detected only in lung windows),
and part-solid nodules. Among the 1046 PGGNs, 13 (1.2%)
developed into HGGNs and 56 (5.4%) developed into part-solid
nodules. Among the 81 HGGNs, 16 (19.8%) developed into part-
solid nodules. For the PGGNs, the mean period until their
development into part-solid nodules was 3.8 ± 2.0 years,
whereas the mean period for the HGGNs was 2.1 ± 2.3 years (p
= 0.0004). In patients who underwent surgical resection, invasive
adenocarcinomas were diagnosed only among the part-solid
nodules, corresponding to 1% (12 patients) of all 1229 SSNs.

Some GGO-dominant NSCLC might not require surgical
resection itself. In several pieces of literature, it has been
indicated that the outcomes of stereotactic body radiotherapy
and radiofrequency ablation for operable early-stage NSCLC
were as good as those in previous surgery studies (28–31).
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In the future, surgeons may need clinical trials that compare
sublobar resection and radiotherapy. In addition, now,
multicenter, prospective study has just begun in Japan to
evaluate the validity of follow-up for GGO-dominant small
lung cancer (maximum tumor diameter ≤2 cm and CTR ≤
0 .25) wi thout pulmonary resec t ion . ( JCOG 1906 ,
UMIN000040818) (Figure 1). A total of 680 patients from 42
Japanese institutions are planned to be recruited within 5 years.
The primary endpoint of this study is a 10-year OS in all of the
patients who undergo follow-up. Sublobar resection, even a
wedge resection, is a surgical procedure that requires general
anesthesia and carries a considerable risk of adverse events. If the
surgery itself can be avoided, it is the least invasive treatment for
the patient. Ultimately, lung cancer that does not require surgery
needs to be identified in the future.
DISCUSSION

From many retrospective studies and JCOG 0804 trial previously
mentioned, we believe that it is rational to perform sublobar
resection as the “standard treatment” for lung adenocarcinoma
with a maximum tumor diameter of ≤20 mm and CTR ≤ 0.25
(Figure 1), and in selecting either segmentectomy or wedge
resection, segmentectomy is superior to wedge resection in
dissecting the hilar lymph nodes. For lung adenocarcinoma
with a maximum tumor diameter of ≤20 mm and 0.25 ≤
CTR ≤ 0.5, the standard is a lobectomy, but sublobar resection
is also possible based on past data. If you can get a sufficient
surgical margin, wedge resection might be enough. For the
treatment of GGO-dominant lung adenocarcinoma with a
maximum tumor diameter of 20–30 mm, the standard is a
lobectomy, but sublobar resection is also possible based on
data as previously described. To secure a surgical margin,
surgeons should choose segmentectomy in principle. If
surgeons can get sufficient surgical margin, wedge resection
can be chosen. Finally, the results of JCOG 1211 must be
awaited. Ultimately, lung cancer that does not require lung
resection may be identified. Thus, further investigations into
the treatment of GGO-dominant lung cancer are needed.
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Introduction: Segmentectomy is widely used for early-stage lung cancer presenting as
single or multiple ground-glass opacities (GGOs). Precise segmentectomy is the
recommended procedure in China. However, clinically, most routine segmentectomies
are performed using only high-resolution computed tomography (CT). The aim of this
study was to evaluate the effect of two segmentectomy approaches for GGOs in the lung.

Methods: From January 2020 to September 2020, 55 precise segmentectomies
performed with real-time guidance using 3D reconstruction and 343 routine
segmentectomies for patients with single or multiple GGOs were performed as
uniportal procedures. To reduce bias related to outcomes, preoperative clinical factors
were used for propensity score matching (1:1); 55 precision and 55 routine
segmentectomies were selected and further analyzed. Perioperative outcomes, namely
operation time, blood loss, resection margins, number of removed lymph nodes,
postoperative pulmonary function (1 month after surgery), length of postoperative stay,
and postoperative complications were compared between the two groups.

Results: Patients constituted 43 men and 67 women, with an age range of 25–68 years
(median: 53 years). No significant differences were seen between the groups regarding
blood loss, complications, histological type, and postoperative pulmonary function, and
there were no 30-day postoperative deaths in either group. The median operation time
for the Precision group (74 min) was longer than in the Routine group (55 min) (p <0.01),
and the number of removed lymph nodes in the Precision group (5 ± 1.1) was higher
than in the Routine group (3 ± 0.8) (p <0.01). Chest tube duration days and
postoperative stay days were similar in both groups; however, the rate of air leakage
on postoperative day 1 was higher in the Precision group (p = 0.020). All patients in the
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Precision group had adequate resection margins. Four patients (7.3%) undergoing
complex segmentectomy in the Routine group had inadequate resection margins and
required resection of additional lung tissue.

Conclusion: Routine segmentectomy can significantly shorten the operation time and
might prevent postoperative air leakage in uniportal segmentectomy for lung GGOs.
However, precision segmentectomy may be more precise for complex cases, ensuring
adequate resection margins and lymph node dissection.
Keywords: early-stage lung cancer, ground-glass opacities, segmentectomy, video-assisted thoracoscopy,
propensity score
INTRODUCTION

Owing to widespread computed tomography (CT) screening,
very early-stage primary lung cancer appearing as ground-glass
opacities (GGOs) is increasingly detected (1). The current
standard surgical procedure for early-stage lung cancer (T1) is
lobectomy, in accordance with the randomized controlled trial
results of the Lung Cancer Study Group in 1995 (2). As GGO-
featured lung adenocarcinoma is generally indolent, the previous
standard procedure of lobectomy remains controversial.
However, the recent Japan Clinical Oncology Group study
(JCOG0804) results provide timely and important evidence
supporting sublobar resection for small GGO-dominant lung
adenocarcinomas (3).

Segmentectomy, first described in 1939 (4), is an important
mode of sublobar lung resection and is widely used in patients
with GGO-featured lung adenocarcinoma. Regarding tumor
treatment, achieving sufficient resection margins is critical to
prevent local recurrence (5–7). To ensure adequate surgical
margins and to overcome the challenges of identifying nodules,
multiple localization techniques have been proposed, including
video-assisted thoracoscopic (VATS) segmentectomy. However,
this procedure is challenging because of the requirement to
understand the complicated anatomical variations of the
segmental bronchi and vessels.

Precise segmentectomy is a relative concept derived from
‘precision surgery’, which has not been well defined previously.
Precise segmentectomy means more accurate identifying of small
variations, transecting of small target segmental bronchi and
vessels, as well as preserving of small intersegmental vessels.
These ‘small’ anatomical structures are difficult to identify on CT
and may not be essential for routine anatomical segmentectomy.
Precise segmentectomy has been strongly promoted with the
development of new techniques, such as three-dimensional (3D)
reconstruction, 3D printing, and electromagnetic navigation
bronchoscopy. Without precise techniques, incorrect bronchial
transection and vessel ligation would be questioned and argued,
especially for live surgery and meeting presentation in China.
However, most routine anatomical segmentectomies are
performed using only high-resolution CT, and higher
complication rates have not been observed. We hypothesized
that routine segmentectomy for GGOs could achieve the same
safety and accuracy of precise segmentectomy. The aim of this
255
study was to evaluate the effect of precise segmentectomy using
real-t ime 3D reconstruct ion navigat ion vs routine
segmentectomy, for lung GGOs. Actually, clinical selective
tendency exist in the real world, 3D reconstruction techniques
would be selected more frequently when surgery live teaching or
communicating, during which complex segmentectomies are
more popular owing to high difficulty and educational value.
Propensity score matching was used to reduce the selective bias
in this retrospective study.
METHODS

Patient Selection and Data Collection
We retrospectively analyzed 398 patients with single or multiple
GGOs diagnosed as T1aN0M0 stage IA lung cancer at the First
Affiliated Hospital of USTC from January 2020 to September 2020.
Fifty-five precise segmentectomies guided by 3D reconstruction
(Precision group) and 343 routine segmentectomies (Routine
group) were performed as uniportal procedures. All protocols
were reviewed and approved by the Ethics Committee of the First
Affiliated Hospital of USTC. We retrospectively collected the
following data from the medical databases: patients’
demographics; perioperative outcomes, namely operation time,
blood loss, resection margin distance, number of dissected lymph
nodes, postoperative pulmonary function (1 month after surgery),
and complications; and length of postoperative stay.

The indications for segmentectomy and preoperative
evaluation were in accordance with the National Comprehensive
Cancer Network (NCCN) guidelines, as follows: all enrolled
patients with peripheral nodules <2 cm in size with at least one
of the following were included: (1) pure adenocarcinoma in-situ,
histologically; (2) nodules with 50% ground glass appearance on
CT imaging; and (3) radiologic images confirming a long doubling
time (>400 days) (8). Patients with insufficient cardiopulmonary
function or other contraindications for segmentectomy were
excluded. We limited the inclusion criteria to unilateral and
single anatomical resection in each operation. Patients
undergoing synchronous double anatomical resection,
concurrent bilateral surgery, and repeated surgery in the same
hemithorax were excluded (Figure 1).

Preoperative examinations constituted routine blood testing,
pulmonary function testing, and high-resolution CT of the chest
April 2021 | Volume 11 | Article 661821
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with or without contrast. Brain magnetic resonance imaging
(MRI), bone scintigraphy, or flexible bronchoscopy were selected
if necessary (e.g. for patients with complaints of dizziness, non-
traumatic bone pain and irritable cough). Positron emission
tomography, mediastinoscopy and endobronchial ultrasound-
guided transbronchial needle aspiration (EBUS-TBNA) were not
routinely performed on the basis of no swelling of mediastinal or
hilar lymph nodes were revealed according to CT results. The
pathological staging was in accordance with the criteria of the
American Joint Committee on Cancer (AJCC) pathological
tumor/node/metastasis (pTNM) classification (eighth edition).
The pathological results of the GGOs were classified according to
the 2011 International Association for the Study of Lung Cancer
(IASLC), American Thoracic Society (ATS), and European
Respiratory Society (ERS) (IASLC/ATS/ERS) classification (9).
Postoperative complications were defined as grade ≥2 according
to the Clavien–Dindo classification system (10).

Preoperative Surgical Plan and 3D
Reconstruction
The target segment and surgical plans were devised by surgeons
with expert knowledge of the anatomic structures, and with
correct and thorough interpretation of the CT images. All
patients underwent preoperative CT with a slice thickness of
1.0 mm. Localization techniques were routinely used to mark the
nodule, especially for GGOs located in basal segment or nearby
intersegmental plane. For easily identified GGOs (e.g. subpleural
nodule in relation to fissure) and simple segmentectomies with
GGOs far from resection margin, localization techniques were
waived (13/55 in Precision group, 14/55 in Routine group). The
localization devices with small four-hook anchor and scaled
suture were used as previously reported (11). The safe
Frontiers in Oncology | www.frontiersin.org 356
resection margin was defined as a sphere, extending 2 cm
outside the primary tumor.

In the Routine group, the diagnostic and surgical plans were
devised according to the serial CT images (Figure 2). Surgical
margins were confirmed by intraoperative exploration and
specimen frozen sections. Enlarged wedge resection was
performed for insufficient margins. In the Precision group,
contrast-enhanced CT was necessary, and digital imaging and
communications in medicine (DICOM) data for each patient
were recorded. 3D images were reconstructed using Inlook3D
(INCOOL Tec., Wuhan, China). The validity of the
reconstructions was confirmed, and images were preoperatively
evaluated by the thoracic surgeons. All vessels and bronchi to the
target segment were checked and marked on the 3D images, and
safe resection margins and the relationships between the margins
and the intersegmental veins were evaluated (12) (Figure 3).

VATS Segmentectomy Procedure
Patients underwent surgery with general anesthesia with selective
one-lung ventilation. Segmentectomy was performed in all
patients via a uniportal approach with an incision of
approximately 3–4 cm in the fourth or fifth intercostal space
between the anterior and posterior axillary lines (13).
Segmentectomy is defined as resection of the target segment
after dividing the segmental pulmonary bronchus and artery, and
selectively, the inter- and intrasegmental pulmonary veins. The
intersegmental plane was demarcated using an inflation-
deflation method (14). Intersegmental fissures and the
bronchus were transected using a stapler, and stapling was also
used to perform the segmentectomy to minimize air leakage
from the lung parenchyma. Sealant tissue glue was routinely
used. Sampling or dissection of segmental, lobar, hilar and
mediastinal lymph nodes was performed when frozen section
diagnosis of malignancy was performed.

In the Precision group, 3D reconstructions were available
inside the operating room, and the segmental vein, artery, and
bronchus were individually dissected according to the real-time
3D reconstruction guidance. The actual anatomy was compared
with the 3D reconstructions, when there was any doubt. In the
Routine group, the bronchus and main vessels were identified
according to the CT images and the relationships between the
blood vessel direction and the target segment. When thin vessels
could not be identified, we attempted to preserve the vein and
selectively dissect the artery.

Propensity Score Matching (PSM)
The propensity scores were analyzed by logistic regression
models to increase the sensitivity of the comparisons between
the groups, and the matched factors were sex, body mass index
(BMI), surgery type (complex vs simple), and the percentage of
forced expiratory volume in 1 s (FEV1). Segmentectomy that
created several, intricate intersegmental planes, with a more
complicated procedure, was considered complex segmentectomy;
that is, segmentectomy other than simple segmentectomy (15).
Through the matching procedure for propensity scores, the
Precision group and Routine group showed similar distributions
of propensity scores, indicating that the differences in covariates
FIGURE 1 | The flow chart of patient selection.
April 2021 | Volume 11 | Article 661821
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between the two groups were minimized. Propensity scores were
matched one by one using nearest neighbor matching methods, no
replacement, caliper 0.025, and match 1:1.
Frontiers in Oncology | www.frontiersin.org 457
Statistical Analyses
Statistical analyses were performed using SPSS version 20.0
(IMB Corp., Armonk, NY). Normally distributed data are
A

C

B

D

FIGURE 2 | Routine left S10 segmentectomy based on CT scan and normal anatomic characteristics. (A) CT scan showed a GGOs lesion in the left S10; (B) The
branches of the pulmonary artery exposed in the VATS were consistent with CT. (C, D) Surgical details were compared with segmental atlas written by Hiroaki
Nomori and Morihito Okada. CT, computed tomography; VATS, video-assisted thoracoscopy; GGOs, ground-glass opacities.
FIGURE 3 | Precise left S10 segmentectomy according to the real-time 3D reconstruction guidance. (A) CT scan showed a GGOs lesion in the left S10; Branches
pulmonary vein (B), bronchus (C), and pulmonary artery (D) of the target segment were confirmed by real-time guidance of 3D reconstruction. 3D, three-
dimensional.
April 2021 | Volume 11 | Article 661821
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shown as the mean ± standard deviation. Mean values were
compared using Student’s t-test, and frequency distributions
were compared using the Chi-square test or Fischer’s exact test.
A p-value of <0.05 was considered significant.
RESULTS

A total of 353 patients who underwent VATS segmentectomies
were included in this study. 55 (15.6%) patients constituted the
Precision group, and 298 (84.4%) patients constituted the
Routine group. Before matching, there was a tendency toward
more complex segmentectomies in the Precision group (p =
0.057). After matching, there were 43 male and 67 female
patients, aged 25–68 years (median: 53 years). The matched
groups were comparable regarding the patients’ baseline
characteristics (Table 1), and the distribution of the complex
segmentectomies is detailed in Table 2.

There was no 30-day postoperative mortality in either group.
Perioperative outcomes are compared in Table 3; no significant
differences were seen between the groups for blood loss,
histological type, complications, and postoperative pulmonary
function. In the Precision group, pathological results identified
four patients with adenocarcinoma, 41 with microinvasive
adenocarcinoma (MIA), and 10 with adenocarcinoma in situ
(AIS). In the Routine group, three patients had adenocarcinoma,
46 had MIA, and six had AIS, pathologically.

The median operation time in the Precision group (74 min)
was longer than that in the Routine group (55 min) (p <0.01). No
lymph node metastasis was detected in any of the patients. Most
of the examined lymph nodes were from stations 10 to 12,
mediastinal lymph nodes were less and mainly from invasive
adenocarcinoma cases. The number of dissected lymph nodes in
the Precision group (5 ± 1.1) was higher than in the Routine
group (3 ± 0.8) (p <0.01). Chest tube duration days and
postoperative stay days were similar in both groups; however,
the rate of air leakage on postoperative day 1 was higher in the
Precision group (p = 0.020).

All cases in the Precision group had adequate resection
margins (as defined in Methods). Four patients (7.3%)
undergoing complex segmentectomy in the Routine group had
Frontiers in Oncology | www.frontiersin.org 558
inadequate resection margins (less than 2 cm) confirmed by
intraoperative specimen evaluation, and additional wedge
resection were performed. All resection margins were negative,
identified by pathological analysis.
DISCUSSION

Excellent survival and low recurrence is associated with lung
cancers involving GGOs (16). Therefore, it is reasonable to
consider limited resection as an alternative to lobectomy for
small, indolent lesions. Segmentectomy and wedge resection are
the main sublobar resection procedures with the advantage of lung
sparing. Results from JCOG0804 indicated that simpler procedure
TABLE 1 | Demographic data of precise and routine VATS uniportal segmentectomy.

Variables* Before matching After matching

All Precision Routine p Value Precision Routine p Value
(N = 353) (N = 55) (N = 298) (N = 55) (N = 55)

Age(years) 50.5 ± 5.3 52.9 ± 10.4 47.6 ± 12.6 0.108 52.9 ± 10.4 53.1 ± 11.9 0.978
Gender
Male 162 (45.9) 20 (36.4) 142 (47.7) 0.142 20 (36.4) 23 (41.8) 0.696
Female 191 (54.1) 35 (63.6) 156 (52.3) 35 (63.6) 32 (58.2)

BMI 23.6 ± 3.2 23.9 ± 3.6 23.5 ± 2.7 0.342 23.9 ± 3.6 23.8 ± 3.0 0.898
Surgery Type
Simple 164 (46.5) 19 (34.5) 145 (48.7) 0.057 19 (34.5) 19 (34.5) 1.000
Complex 189 (53.5) 36 (65.5) 153 (51.3) 36 (65.5) 36 (65.5)

Pre-op FEV1(L) 2.36 ± 0.42 2.38 ± 0.61 2.30 ± 0.38 0.406 2.38 ± 0.61 2.37 ± 0.74 0.933
April 2021
 | Volume 11 | Article
*Variables used for estimating propensity score. BMI, body mass index; FEV1, forced expiratory volume in 1 s; VATS, video-assisted thoracoscopic surgery.
TABLE 2 | Types of VATS segmentectomy in Precision group and Routine group.

Surgery types Precision group Routine group

Rright upper lobe 12 (21.8%) 13 (23.6%)
S1 2 2
S2 2 2
S3 3 3
S2b + 3a 5 6

Right lower lobe 14 (25.5%) 13 (23.6%)
S6 3 3
S8 3 3
S9 2 2
S10 5 5
S9 + 10 1 0

Left upper lobe 16 (29.1%) 16 (29.1%)
S1 + 2(a + b) 7 6
S1 + 2(c) 1 2
S1 + 2 3 3
S3 2 3
S1 + 2 + 3 1 1
S4 + 5 2 1

Left lower lobe 13 (23.6%) 13 (23.6%)
S6 2 2
S8 1 1
S9 3 2
S10 6 7
S9 + 10 1 1
Complex segmentectomy: Right S2b + 3a, S3; left S1 + 2(a + b), S3; and all S8, S9, S10

and S9 + 10.
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of wedge resection is suitable for GGOs with consolidation-to-
tumor ratio ≤0.25. Whether segmentectomy could be the standard
of care for other type GGOs, more randomized controlled trial
results are needed. When choosing segmental lung resection, the
oncologic curative effect should be verified first. Sufficient
resection margins are critical to achieve a curative effect (5–7). If
the expected oncologic outcomes are equivalent between
procedures, the simpler procedure is preferred. In our study,
routine segmentectomies were performed six times more often
than precise segmentectomies during the same period. There are
non-surgical reasons for this difference; precise segmentectomy
takes more time because of the need to prepare the 3D
reconstructions, and using 3D simulation services increases the
medical costs. In comparison, for routine segmentectomy, non-
enhanced CT is sufficient, and this method is more convenient and
acceptable to patients. Additionally, clinical selective tendency
existed in our clinical practice, 3D reconstruction techniques
were selected more frequently for complex cases, because
complex segmentectomies with high difficulty and educational
value were more popular for surgery live teaching
or communicating.

Segmentectomy is more complicated than lobectomy owing
to the complex anatomy and variations in peripheral bronchi and
vessels. In our study, the operation time in the Routine group was
significantly shorter than that in the Precision group, which
differs from findings in previous reports (17). The following
reasons may explain this difference: For precise segmentectomy,
3D reconstruction can illustrate variations in anatomical details
(18). To ensure accuracy and safety in precise segmentectomy, it
is necessary to compare the actual anatomy with the 3D
reconstructions repeatedly, especially for tiny vessels.
Additional operation time may also be required for extended
dissection of the lung tissue. In routine segmentectomy, which is
based on normal patterns and individual CT data, the main
anatomical characteristics are sufficient to achieve safe and quick
segmentectomy, as confirmed by past clinical experience. With
routine segmentectomy, thin vessels are not a concern, and
Frontiers in Oncology | www.frontiersin.org 659
unnecessary lung dissection is avoided. The incidence of
complications in the two groups in this study was similar, and
complications were rare. There was no thoracotomy-related or
postoperative 30-day mortality in either group, which confirmed
the safety of routine segmentectomy.

Despite extensive dissection in the Precision group, the chest
tube duration days and postoperative stay days were similar in
both groups. Moreover, we observed that the rate of air leakage
on postoperative day 1 was higher in the Precision group. Air
leakage is common with segmentectomy because of the
dissection of the lung parenchyma (19). Most of the patients in
this study had adequate lung function before surgery, indicating
good lung compliance and elasticity. Additionally, using sealant
tissue glue may be very helpful to prevent prolonged air leakage.

Ensuring adequate surgical margins is important with
segmentectomy. In the Precision group in this study, all patients
had adequate resection margins, which may have resulted from an
accurate surgical plan; accurate vessel handling leads to clearer
segmental boundaries showed by inflation–deflation method. Four
patients undergoing complex segmentectomy in the Routine
group had inadequate resection margins. In addition to unclear
boundaries resulting from inappropriate transection of small
vessels, the boundaries of simple segments are generally planar,
whereas the boundaries of complex segments are oftenmultiplanar
(20). For planar unclear boundaries, intentional extended resection
is easy, however, extended resection in angle area between unclear
miltiplanar boundaries of complex segments is difficult to plan and
perform, which may result in inadequate resection margins.
Therefore, clear segmental boundaries obtained from precise
segmentectomy are valuable for complex cases. Compared with
inflation-deflation method, alternative techniques like indocyanine
green injection may enhance the identification of the right
intersegmental plane based on accurate vessel handling (21).

The guidance of 3D reconstructed images not only enables
achieving safe surgical margins but also minimizes the anatomic
resection of the lung tissues, which ensures oncological efficacy
and retains more healthy tissue (18). However, no postoperative
TABLE 3 | Intraoperative and postoperative characters of Precision group and Routine group.

Variables Precision group (N = 55) Routine group (N = 55) p Value

Operation time (min) 74 ± 14.6 55 ± 17.8 <0.01
Intraoperative blood loss (ml) 33 ± 7.5 28 ± 9.0 0.215
Inadequate resection margins 0 4 (7.3%) 0.118
Number of removed lymph nodes 5 ± 1.1 3 ± 0.8 <0.01
Histological type 0.108
Adenocarcinoma in situ 10 (18.2%) 3 (5.5%)
Microinvasive adenocarcinoma 41 (74.5%) 46 (83.6%)
Invasive adenocarcinoma 4 (7.3%) 6 (10.9%)

Chest tube duration days 3.9 ± 1.7 3.7 ± 1.9 0.687
Air leakage on POD1 31 (56.4%) 19 (16.4%) 0.020

Postoperative hospital stay (days) 4.4 ± 1.3 4.1 ± 2.2 0.619
Postoperative complications
Air leakage (>7 days) 2 (3.6%) 3 (5.5%)
Pneumonia 0 1 (1.8%)
Atrial fibrillation 1 (1.8%) 0
Hemoptysis (>10 ml) 0 0
Total 3 (5.5%) 4 (7.3%) 1.000

Post-op FEV1 (L)* 2.00 ± 0.53 1.89 ± 0.71 0.741
April 2021 | Volume 11 | Article
*Postoperative pulmonary functions were evaluated 1 month after surgery. POD, Postoperative Day. All patients’ air leakage on POD1 were under grade II.
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pulmonary function benefits were observed in this study because
the pulmonary function of most of the enrolled patients
was normal.

Generally, intentional lymph nodes sampling or dissection
would be done for MIA and invasive adenocarcinoma
respectively. In real world, we often harvest lymph nodes
during bronchus and vessel dissection process. In the Precision
group, segmental hilar structures were freed very well, which
maybe the reason for the higher numbers of examined lymph
nodes. Whether lymph nodes sampling or dissection is necessary
for MIA patients remains controversy. This procedure may
increase surgical injury. And excessive dissection may take
more difficulties for possible second surgery in young patients.
Further studies should work on this.

All of the patients in this study underwent intensive radical
segmentectomy according to the NCCN guidelines for non-
small-cell lung cancer (NSCLC), including seven patients
diagnosed with adenocarcinoma with >5-mm invasive range. It
is not uncommon that GGO-dominant lesions turn out to be
invasive adenocarcinoma, pathologically (22). Whether
segmentectomy is sufficient for invasive adenocarcinoma
requires validation in future studies.

One of the limitations of this study was the retrospective
design. Furthermore, although we used PSM to minimize
baseline differences between the two groups, there were
additional limitations. First, the sample size was small. Second,
no long term follow-up results were included. Moreover, our
results revealed an advantage of precision segmentectomy
regarding ensuring adequate surgical margins in complex
segmentectomy; however, the subgroup sample was too small
to confirm this advantage between the two groups. Prospective
studies with larger patient numbers are warranted to identify
which surgical pattern is feasible and efficient for real-world
segmentectomy to treat GGOs.
CONCLUSION

Routine segmentectomy can significantly shorten the operation
time and might prevent postoperative air leakage in uniportal
segmentectomy for lung GGOs. However, precision
segmentectomy may be more precise for complex cases,
ensuring adequate resection margins and lymph node dissection.
Frontiers in Oncology | www.frontiersin.org 760
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Introduction: Annual LDCT has been offered as a regular examination among many unit
staff in China. Along with the wide application of LDCT, more and more ground-glass
nodules were found. We focused on characteristics and relationship of ground-glass
nodules detected by LDCT as a regular health examination among Chinese hospital
employees and their parents.

Methods: We recorded LDCT-detected ground-glass nodules (GGNs) in the hospital
employees and parents between 2019 and 2020. Clinical information, including age,
gender, smoking status was collected and analyzed.

Results: A total of 5,574 employees and 2,686 employs’ parents ≥60 years in Xiangya
hospital performed annual physical examination. In total, LDCT incidentally detected
ground-glass nodules 392 (24.78%, 392/1,582) in hospital employees and 254 in parents
(10.80%, 254/2,352). The GGN-detection rate was significantly greater in employee
group than parent group and more non-smokers in former (P <0.001). The detection rate
was significantly greater in female than male both in employees group and parents group,
and the proportion of female was bigger in employees group (P <0.001). There were more
pure-GGNs both in employees group and parents group. There were less participants
with solitary GGN in employee group than parent group (P = 0.033). Besides, there were
more large GGNs (≥10 mm) (P <0.001), LU-RADS 4 GGNs (P <0.001) and LU-RADS 4B
GGNs (P = 0.003), LU-RADS 4C-5 GGNs (P = 0.001) in parent group than employee
group. There were 36 employee–parent pairs (27.07%) both had GGNs among 133 pairs
who both performed LDCT. GGNs in employees were smaller and lower-grade than their
parents (P < 0.001, P = 0.001).
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Conclusions: Among the employees and parents who had ground glass nodules, 1/4 of
them both detected GGNs. Although the detection rate of GGNs in the parent group was
lower than that in the employee group, the grade of nodules was significantly higher. All
these suggest that the occurrence and development of ground glass nodules may be
related to genetic factors.
Keywords: ground glass nodules, health examination, low-dose computed tomography, genetic, family history
INTRODUCTION

In recent years, annual LDCT has been applied for early lung
cancer screening worldwide, especially in China. LDCT has been
offered as a regular examination among many unit staff among
which many are not eligible high-risk participants according to
NLST. Along with the wide application of LDCT, more and more
ground-glass nodules were found. The International Early Lung
Cancer Action Program reported that nonsolid and part-solid
nodules were found in 9.2% of 57,496 baseline screenings (1, 2).
Zhang et al. (3) retrospectively analyzed LDCT screening among
15,686 Chinese hospital employees and found that 95.5% of
patients with screening-detected lung cancer presented as GGO
nodules on CT scans. As family history is the main risk factor for
lung cancer, the present study focused on characteristics and
relationship of ground-glass nodules detected by low-dose
computed tomography as a regular health examination among
Chinese hospital employees and their parents.
METHODS

Participants and CT Scans
LDCT was performed as a part of regular health examination in
staff above 40-year-old of the Xiangya Hospital and staff’s
parents above 60-year-old between 2019 and 2020. The
employees below 40-years-old were offered with X-ray but
some of them changed for LDCT at their own expense. In
general, all the participants were volunteered to take the test.
Revolution CT (GE Medical Systems) was used in the
examination with 1.3 mm slice thickness, 1mm slice spacing,
100 kV tube voltage, 40–100 mA tube current.

Clinical Data
LDCT-detected ground-glass nodules (GGNS) in hospital
employees and parents were recorded. Clinical information,
including age, gender, smoking status was collected
and analyzed.

Nodule Measurements
Fleischner Society defined “a nodule appears as a rounded or
irregular opacity, well or poorly defined, measuring up to 3 cm in
diameter” and ground-glass nodule (GGN) manifests as hazy
increased attenuation in the lung that does not obliterate the
bronchial and vascular margins (4). GGNs include pure ground-
glass and part-solid nodule. Pure ground-glass nodule has no
263
solid components. A part-solid nodule consists of both ground-
glass and solid soft-tissue attenuation components. ALL
information of nodules were recorded mainly from CT reports
by a radiologist, if there were any ambiguous issues about the
nodules, the radiologist would check the CT images. Nodules
were measured in long- and short-axi length or diameter.
Nodules were classified by The Lung Reporting and Data
System (LU-RADS) categories (5).

Statistical Analysis
We used the Pearson c2 test to compare the GGNs detection rate,
and paired-t test to compare the characteristics of GGNs in
employee–parent pairs. Statistical analysis was performed in
SPSS 23.0.
RESULTS

Characteristics of Hospital Employees and
CT-Detected GGN
There were a total of 5,574 employees in Xiangya hospital,
among them female employees were 4,224 (75.78%), male
employees were 1,350 (24.22%). The overall LDCT
participation rate was 28.38% (1,582/5,574), among them
female participation rate was 25.33% (1,070/4,224), male
participation rate was 37.93% (512/1,350). The percentages of
patients performed CT <40 years, 40 to 60 years, and >60 years
were 3.49% (120/3,442), 66.32% (961/1,449), 73.35% (501/683),
respectively (Table 1, Figure 1).

In total, LDCT incidentally detected ground-glass nodules
392 (24.78%, 392/1,582) in hospital employees. Among
employees with GGN, 290 (27.10%, 290/1,070) were female
and 102 (19.92%, 102/512) were male; the detection rate was
significantly greater in female than male (27.10% vs 19.92%, P =
0.002). Among employees with GGNs, 349 (89.02%) participants
were non-smokers. The GGN-detection rate in employees age
<40 years, 41 to 60 years, and >60 years were 18.33% (22/120),
26.12% (251/961), and 23.75% (119/501), respectively. 68.62%
(269/392) had solitary GGN and 31.38% (123/392) had multiple
GGNs. There were more employees with pure-GGN than
employees with mixed-GGN (331 vs 61). The percentage of
GGN <5 mm, 5–9 mm, and ≥10 mm was 27.30% (107/392),
63.77% (250/392), and 8.93% (35/392), respectively. According
to the LU-RADS classification, there were 113 (28.83%)
employees had LU-RADS 2 GGNs, 246 (62.75%) had LU-
RADS 3 GGNs, and 32 (8.42%) had LU-RADS 4 GGNs.
April 2021 | Volume 11 | Article 661067
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Among them, there were 11 nodules were LU-RADS 4B and 14
were LU-RADS 4C or 5 (Table 2, Figure 1).

Characteristics of Hospital Employees’
Parents and CT-Detected GGN
In total, there were 2,686 employees’ parents ≥60 years
participated the regular examination, the average age of
parents was 67.85 ± 6.18, among them 1,338 were female and
1,348 were male. The overall participation rate of LDCT was
87.57% (2,352/2,686), female and male participation rate was
86.62% (1,159/1,338), 88.50% (1,193/1,348), respectively.
Frontiers in Oncology | www.frontiersin.org 364
The overall GGN-detection rate was 10.80% (254/2,352),
among them female was 12.68% (147/1,159), male was 8.97%
(107/1,193), the detection rate was significantly greater in female
than male (12.68% vs 8.97%, P = 0.004). Among parents with
GGNs, 195 participants were non-smokers. There were more
parents with pure-GGN than those with mixed-GGN (214 vs
40), and more with solitary GGN other than multiple GGNs (194
vs 60). The percentages of GGNs <5 mm, 5–9 mm, and ≥10 mm
was 17.72% (45/254), 57.09% (145/254), and 25.19% (64/254),
respectively. According to the LU-RADS classification,
there were 52 (20.47%) parents had LU-RADS 2 GGNs,
150 (59.06%) had LU-RADS 3 GGNs, and 49 (19.29%) had
LU-RADS 4 GGNs among them 20 were 4B, 25 were 4C or 5
(Table 2, Figure 1).
Comparation and Correlation Analysis
of GGNs in Hospital Employees and
Their Parents
In total, the GGN-detection rate was significantly greater in
employee group than parent group (24.78% vs 10.80%,
P <0.001). The detection rate was significantly greater in female
than male both in employees group and parents group, and the
proportion of female was bigger than that in parents’ group (P <
0.001). There were more non-smokers in employees than in
parents’ group (P <0.001). There were more pure-GGNs both in
employees group and parents group. There were less participants
with solitary GGN in employee group than parent group (68.62%
vs 76.38%, P = 0.033). Besides, there were more large GGNs
(≥10 mm) (25.19% vs 8.93%, P <0.001), LU-RADS 4 GGNs
TABLE 1 | The proportion of employees performing LDCT and which with GGNs
according to sex and age.

Characteristics No. of
employees

No. of
employees
performed

LDCT

Rate of
employees
performed
LDCT (%)

CT-
detected
GGNsN,
Rate (%)

P
value

Total detection
rate

5,574 1,582 28.38 392
(24.78)

Sex 0.002
female 4,224 1,070 25.33 290

(27.10)
male 1,350 512 37.93 102

(19.92)
Age 0.143
<40 3,442 120 3.49 22 (18.33)
40–60 1,449 961 66.32 251

(26.12)
>60 683 501 73.35 119

(23.75)
FIGURE 1 | Flowchart of the study analyzed the hospital employees and employee’ parents performing LDCT as regular examination. LDCT, low-dose computed
tomography; GGNs, ground-glass nodules.
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(19.29% vs 8.16%, P <0.001) and LU-RADS 4B GGNs (7.87% vs
2.81%, P = 0.003), LU-RADS 4C-5 GGNs (9.84% vs 3.57%, P =
0.001) in parents’ group than employees group (Table 2).

There were 36 pairs (27.07%) had GGNs, among 133 pairs of
employees and their mother/father both performed LDCT. There
were more female than male employees in those pairs (75%). GGNs
in employees were smaller than their parents (6.11 ± 0.62 vs 11.42 ±
1.38, F = 35, P <0.001), and the LU-RADS categories were lower in
employees than their parents (2.64 ± 0.11 vs 3.22 ± 0.14, F = 35, P =
0.001). The rate of multiple GGNs was 36.11% in employees and
33.33% in parents among the pairs. However, there was no
significant difference in the density of nodules in employees and
their parents, neither in gender (Table 3, Figures 1, 2).

Sixty-two employees-only had GGNs but their parent did not.
Among them, 80.65%(50/62)were female, 91.94% (57/62) had
pure-GGN, and 72.58% (45/62) were solitary GGN. However,
only 1 of 62 (1.6%) had GGN ≥10 mm and 2 of 62 (3.2%) were
classified as LU-RADS 4. Compared these 62 employees with
those employees in 36 employee–parent pairs group, there were
no significant difference in the age, gender, and density, number,
size, LU-RADS category of GGNs (P >0.05) (Table 3, Figure 1).

Thirty-five parents-only had GGNs but their son/daughter
did not. Among them, 74.29% (26/35) were mothers, 85.71% (30/
35) had pure-GGN and 62.86% (22/35) were solitary GGN.
However, 6 of 35 (17.14%) had GGNS ≥10 mm, and 4 of 35
(11.43%) were classified as LU-RADS 4. Compared these 35
TABLE 3 | Comparing age, gender, and characteristics of GGNs among three groups in 133 pairs of employees and their parent both performed CT.

Characteristics GGNs of employee-only group N (%) Employee-parent pair group GGNs of parent-only group N (%)

GGNs of employees N (%) GGNs of parents N (%)

Age 46.37 ± 0.63 45.47 ± 0.74 73.22 ± 0.95 69.80 ± 0.94
P 0.372 / 0.012
Gender
female 50 (80.65) 27 (75.00) 19 (52.78) 26 (74.29)
male 12 (19.35) 9 (25.00) 17 (47.22) 9 (25.71)

P 0.511 0.05 0.06
Numbers
solitary 45 (72.58) 23 (63.89) 24 (66.67) 22 (62.86)
multiple 17 (27.42) 13 (36.11) 12 (33.33) 13 (37.14)

P 0.368 0.804 0.737
Density
pure GGN 57 (91.94) 31 (86.11) 29 (80.56) 30 (85.71)
part-solid nodules 5 (8.06) 5 (13.89) 7 (19.44) 5 (14.29)

P 0.358 0.527 0.562
Size (mm)
<5 22 (35.48) 10 (27.78) 5 (13.89) 6 (17.14)
5–9 39 (62.90) 24 (66.67) 17 (47.22) 23 (65.72)
≥10 1 (1.62) 2 (5.55) 14 (38.89) 6 (17.14)

P 0.109 <0.001 0.042
LU-RADS
category 2 22 (35.48) 16 (44.45) 7 (19.44) 6 (17.14)
category 3 38 (61.29) 17 (47.22) 16 (44.44) 25 (71.43)
category 4 2 (3.23) 3 (8.33) 11 (30.56) 4 (11.43)
category 4B 1(1.61) 1(2.78) 3(8.33) 3(8.57)
category 4C-5 0 1(2.78) 8(22.22) 1(2.86)

P 0.75 0.001 0.015
Total 62 (100) 36 (100) 36 (100) 35 (100)
Apr
TABLE 2 | Comparing characteristics of GGNs in employees with GGNs
in parents.

Characteristics GGNs of employees N,
Rate (%)

GGNs of parents N,
Rate (%)

P
value

Total detection
rate

392/1,582 254/2,352 <0.001

(24.78) (10.80)
Gendar <0.001
female 290 (73.98) 147 (57.87)
male 102 (26.02) 107 (42.13)

Smoking status <0.001
non-smoker 349 (89.02) 195 (76.72)
smoker 43 (10.98) 59 (23.28)

Numbers 0.033
solitary 269(68.62) 194 (76.38)
multiple 123(31.38) 60 (23.62)

Density 0.949
pure GGNs 331 (84.44) 214 (84.25)
part-solid

nodules
61 (15.56) 40 (15.75)

Size (mm)
<5 107 (27.30) 45 (17.72)
5–9 250 (63.77) 145 (57.09)
≥10 35 (8.93) 64 (25.19) <0.001

LU-RADS
category 2 113(28.83) 52 (20.47)
category 3 246(62.75) 150 (59.06)
category 4 32 (8.16) 49 (19.29) <0.001
category 4B 11 (2.81) 20 (7.87) 0.003
category 4C-5 14 (3.57) 25 (9.84) 0.001
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FIGURE 2 | Examples of GGNs in employee-parent pair groups. (A) employee 1, female, 42 y, part-solid nodule at right upper lobe, 15 × 10 mm, LU-RADS 4C;
(B) employee 1’s mother, 67 y, part-solid nodule at right upper lobe, 25 × 18 mm, LU-RADS 5; (C) employee 2, female, 51 y, pure-GGN at left lower lobe, 5 mm,
LU-RADS 3; (D) employee 2’s mother, 73 y, part-solid nodule at right upper lobe, 13mm, LU-RADS 4C; (E) employee 3, male, 51 y, pure-GGN at right lower lobe,
6 mm, LU-RADS 3; (F) employee 3’s mother, 79 y, pure-GGN at right lower lobe, 14 × 9 mm, LU-RADS 4B.
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parents with those parents in 36 employee–parent pairs group,
parents were older (P = 0.012) in latter group and there were
more large GGNs (P = 0.042) and LU-RADS 4-5 nodules (P =
0.015) (Table 3, Figure 1).
DISCUSSION

Due to the application of LDCT screening for early stage lung
cancer, the number of lung cancer appeared as GGO or GGN is
increasing. GGO/GGN is a non-specific radiologic finding, can
caused by inflammation or neoplastic proliferation and so on. In
Asia, GGO nodules were detected in 7.5% of 2,255 asymptomatic
Korean adults (6), and 28.69% of 1,279 LDCT positive participants
in a screening program in Taiwan China (7). In our study, the
proportion of GGN detected using screening CT was 24.78% in
employees group and 10.80% in parents’ group. The different
detection rates among studies are probably due to different
calculation methods, population ages and performing methods. In
the study in Korean, participants were above 45 years old and CT
machines with 5-mm thickness with 4-mm intervals were used.
However, in the study in Taiwan participants were 19–86 years old
and nodule >4 mm in diameter was identified as positive, all CT
scans were performed on thin-slice (0.625 mm) machines.

As the age of participants increasing, Zhang et al. showed the
lung cancer detection rate were increasing gradually in the “age ≤40
years”, “40 < age ≤ 55 years” and “age >55 years” group, respectively
(2). However, we found no significantly increasing of GGN-
detection rate as age increasing, the most significant rate was in
group “41 to 60 years”, but there were more large, high-grade
nodules representing high risk of malignancy in the older-group.
Our findings showed age was a key factor for risk of malignance
consistent with Zhang’s study. Besides, Li et al. found the average
age at diagnosis had significantly decreased from 66.40 to 59.06 in
the past two decades using a cumulative meta-analysis (8).

Many authoritative guidelines proposed heavy smoking
history as the key factor for risk assessment of lung cancer,
that meant most female would not be eligible for lung cancer
screening. However, more and more studies showed the
proportion of female non-smokers with lung cancer was
increasing in recent years, especially in East Asia. She et al.
found 587 (65%) of 898 cases with solitary pure GGNs
pathologically confirmed as lung adenocarcinoma were female
in Shanghai, China (9). Hattori et al. from Japan evaluated 616
surgically resected clinical N0M0 non-small cell lung cancers and
found the rate of female was 62% (10). A study in Korea showed
162 (56%) female of 288 patients (non-smoker 68.1%) with lung
adenocarcinoma proven by surgery and which appeared as
GGNs (11). In our study, the detection rate was significantly
greater in female than male either in employee group (non-
smokers, 89.02%) or parent group (non-smokers, 76.72%), and
in each age group as well. Our study was completely consistent
with these researches, as for reasons of these findings are still
ambiguous. It may be related to genetic susceptibility (such as
EGFR high mutation rate) (12), estrogen and receptors (13), air
Frontiers in Oncology | www.frontiersin.org 667
pollution indoor (such as second-hand smoking or cooking) (14,
15), and history of lung diseases, however further investigation is
need to be conducted. As for non-smokers, especially female in
Asian, it’s worthy to determine high-risk factors for lung cancer
about them based on those possible causes above. Maybe there
should be a new adjusted screening criterion for this population,
so as to achieve early effective diagnosis and treatment of
lung cancer.

In our study, there were 27% employee–parent pair had GGNs
at the same time. This result reminded us GGNs may be related to
genetic factors, family environment and living habits as well. In
recent decades, many researches showed consistently that family
history is important etiology for cancers especially lung cancer. Ooi
et al. (16) found that the risk of lung cancer in patients with a family
history of lung cancer was 2.4 times compared with those without
family history. Guo et al. (17) showed the risk of lung cancer in the
first-degree relatives of lung cancer patients was about seven times
higher than that of healthy people. However, there are a few studies
on genetics, family history and living habits about GGNs currently.
Because most GGNs remain on follow and few participants have
received resection, we have no more genetic information between
them to date.

As for lung cancer, genetics had been proved to be a key
etiology, but it remains uncertain about family history and living
habits. Therefore, the potential relevance of employee-parent
pairs is worthy for us to follow on.

Furthermore, former studies discovered first-degree female
relatives was a stronger predictor than first-degree male relatives
for lung cancer, and a first degree family member with cancer
diagnosis before age 50 were associated with increased lung
cancer risk, especially among never smokers (18–21). In our
research, there were more female (75%) than male employees
detected GGNs when their parents had GGNs too, and all of
them were non-smokers. It may indicate that female non-
smokers are more likely to obtain genetic susceptibility of
GGNs from parents. In addition, we found GGNs in
employees were less and lower-grade than nodules in their
parents among the 36 employee–parent pairs. We speculated
nodules in employees would be at earlier stage and grow into
nodules like their parents’ when they get old. We also found
GGNs of parents in employee-parent pair group were larger and
higher-grade than GGNs of parent-only. Whether it suggested
that larger and more suspicious nodules were more likely to be
passed on to offspring need further research.
CONCLUSION

Our study retrospectively analyzed LDCT-detected GGNs
among employees and parents. Among the employees and
parents who had ground glass nodules, 1/4 of them both
detected GGNs. Although the detection rate of GGNs in the
parent group was lower than that in the employee group, the
grade of nodules was significantly higher. All these suggest that
the occurrence and development of ground glass nodules may be
related to genetic factors.
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Objective: The incidence of early stage multiple primary lung cancer (MPLC) has been
increasing in recent years, while the ideal strategy for its diagnosis and treatment remains
controversial. The present study conducted genomic analysis to identify a new molecular
classification method for accurately predicting the diagnosis and therapy for patients with
early stage MPLC.

Methods: A total of 240 tissue samples from 203 patients with multiple-non-small-cell
lung cancers (NSCLCs) (n = 30), early stage single-NSCLC (Group A, n = 94), and
advanced-stage NSCLC (Group B, n = 79) were subjected to targeted multigene panel
sequencing.

Results: Thirty patients for whom next-generation sequencing was performed on >1
tumor were identified, yielding 45 tumor pairs. The frequencies of EGFR, TP53, RBM10,
ERBB2, and CDKN2A mutations exhibited significant differences between early and
advanced-stage NSCLCs. The prevalence of the EGFR L858R mutation in early stage
NSCLC was remarkably higher than that in advanced-stage NSCLC (P = 0.047). The
molecular method classified tumor pairs into 26 definite MPLC tumors and four
intrapulmonary metastasis (IM) tumors. A high rate of discordance in driver genetic
alterations was found in the different tumor lesions of MPLC patients. The prospective
Martini histologic prediction of MPLC was discordant with the molecular method for three
patients (16.7%), particularly in the prediction of IM (91.7% discordant).

Conclusions: Comprehensive molecular evaluation allows the unambiguous delineation
of clonal relationships among tumors. In comparison, the Martini and Melamed criteria
have notable limitations in the recognition of IM. Our results support the adoption of a large
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panel to supplement histology for strongly discriminating NSCLC clonal relationships in
clinical practice.
Keywords: early-stage multiple primary lung cancer, multigene sequencing, molecular classification, genetic
characterization, epidermal growth factor receptor (EGFR), L858R, clonal relationships
INTRODUCTION

Multiple primary lung cancer (MPLC) refers to the synchronous
or metachronous occurrence of two or more primary malignant
tumors in the lungs of an individual patient and can be further
divided into synchronous MPLC (sMPLC) and metachronous
MPLC (mMPLC), the latter of which is defined by a diagnosis
interval of 6 months between tumors (1). In 1924, Beyreuther
first described cases of “double primary lung cancer” and
introduced the concept of MPLC (2). MPLC is believed to be a
rare disease. However, recent clinical evidence has shown that
the incidence of MPLC has been increasing, which may be
attributed to advances in chest computed tomography (CT)
and increased awareness among clinicians regarding MPLC
screening (3). Therefore, higher-accuracy diagnostic methods
and better treatment options for MPLC are urgently needed.
Multinodular lesions are usually observed in approximately 16%
of patients with operable stage I, II, and III non-small-cell lung
cancer (NSCLC) by preoperative imaging analysis (4). Overall,
MPLC accounts for 1–8% of all multinodular lesions according
to a recent report (5), and adenocarcinoma accounts for 86.5% of
multinodular lesions, which may be related to the higher
incidence of lung adenocarcinoma (6). Chang et al. reported
that the upper lobes of both lungs are prone to MPLC, and
multiple lesions have the same pathological type in 50–70% of
patients (7).

In 1975, Martini and Melamed proposed some criteria for
differentiating multiple primary lung tumors from pulmonary
metastatic tumors (8). However, this empirical classification does
not include molecular analysis and cannot fully identify the link
between multiple tumors. The histological characteristics of
multiple tumors often overlap in lung cancer, especially in
adenocarcinoma (9). Therefore, it is challenging to distinguish
multiple primary tumors and multiple intrapulmonary
metastases in the absence of molecular characteristics.
Currently, intratumor heterogeneity is often interpreted using
the trunk-branch model (10). In this model, trunk gene
mutations drive tumor growth in each subcloning and tumor
region. As the disease progresses, branch gene mutations occur
heterogeneously in primary lesions and/or metastases and may
induce intratumor heterogeneity. Based on this theory, lesions
with multiple identical mutations could originate from the same
clone. Numerous studies have shown that mutations in certain
ng cancer; MLC, multiple lung cancer;
etachronous MPLC; CT, computed
lung cancer; IM, intrapulmonary
ing; TMB, tumor mutational burden;
ocarcinoma in situ; MIA, minimally
adenocarcinoma; GGO, ground-glass
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proto-oncogenes and cancer suppressor genes, such as EGFR,
KRAS, and BRAF, can be used as molecular markers in multiple
lung cancers (11, 12). However, only a few hotspot cancer driver
gene mutations have been analyzed, and these mutation hotspots
are not sufficiently reliable to analyze the differentiation of MPLC
and intrapulmonary metastasis (IM).

Recently, numerous studies thoroughly investigated the
genomic changes and clonal structures of advanced lung
tumors (13, 14). However, there are relatively few reports
regarding the genomic characteristics of early stage NSCLC,
especially the molecular clonal relationship among tumors in
patients thus far. Therefore, we adopted next-generation
sequencing (NGS) to detect multiple cancer-related genes in
multiple lung cancer (MLC) using tumor samples obtained via
surgical resection and compared the identification-based
molecular mutation spectrum with the histopathological
evaluation of the tumors. Importantly, the genomic
characterizations of early stage MPLC were comprehensively
defined by comparing early stage NSCLC and advanced-
stage NSCLC.
MATERIALS AND METHODS

Patient Enrolment
The subjects were patients with multiple NSCLC who underwent
surgical resection synchronously or metachronously at the
Department of Thoracic Surgery of Beijing Haidian Hospital
between September 2017 and December 2019. Patients who
received neoadjuvant therapy and had extrathoracic metastases
were excluded (Figure 1). A total of 67 surgical specimens
sufficient for histological and molecular analyses were obtained
from 30 patients who had more than one tumor and were eligible
for selection in this study. Synchronous tumors, or
metachronous tumors, were defined by a diagnosis interval of
6 months or less. All patients underwent a chest CT scan before
the surgery. Meanwhile, 94 patients who underwent surgical
resection with early stage (IA stage) disease were enrolled in
Group A, and 79 specimens were obtained using ultrasound-
guided transbronchial needle aspiration from 79 patients who
had advanced lung cancer and were allocated to Group B. The
study was approved by the Medical Ethics Committee of Beijing
Haidian Hospital (No. 2020-041), and individual consent for this
retrospective analysis was waived.

Criteria of Martini and Melamed
According to the Martini and Melamed criteria published in
1975 (8), multiple NSCLCs are classified into MPLC by
histological type and clinical data. If they presented with
similar histological types, different anatomical distributions,
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Pei et al. Large Panel for MPLC Identification
different origins of carcinoma in situ, long intervals, and no
lymphatic or systemic metastasis in different segments,
synchronous tumors are classified as MPLC. If the diagnosis
interval was more than two years, metachronous tumors are
classified as MPLC. Histologic assessment of tumor relatedness
was performed by experienced thoracic pathologists.

Targeted Multigene Panel Sequencing
For each tumor, DNA was extracted from the formalin-fixed
paraffin-embedded block containing the highest percentage of
tumor cells. DNA extraction and NGS analysis were performed
by using an Acornmed panel targeting 808 cancer-related
hotspot genes that provided data on non-synonymous somatic
mutations, copy number alterations, small insertions or
deletions, copy number variants and rearrangements. This
analysis focused on targetable genetic alterations annotated by
categories of evidence Levels 1–3 and Level R1 in OncoKB
(Memorial Sloan Kettering Cancer Center, New York, NY,
http://oncokb.org/). Synonymous mutations are detected and
maintained in the database but not clinically reported.
Frontiers in Oncology | www.frontiersin.org 371
Tissue DNA was extracted using an QIAamp Genomic DNA
Kit (Qiagen GmbH). Quality and quantification of the DNA
were measured using an Agilent 2100 BioAnalyzer (Agilent
Technologies, Inc.) and a Qubit ds DNA HS detection kit
(Thermo Fisher Scientific, Inc.). Various libraries were
hybridized with the 808-gene panel that contained coding
regions and introns. The target-enriched libraries were pooled
and sequenced on an Illumina HiSeq2500 NGS platform. The
quality criteria used as endpoints were a detection threshold of
5% and an average coverage depth of 10,000×. The genome data
were processed with the relevant bioinformatics platform to
identify multiple types of gene mutations. By analysing somatic
mutations, including coding base substitution and fragment
insertion and deletion, the tumor mutational burden (TMB)
was estimated as the number of mutations per million bases.

Statistical Analyses
GraphPad Prism and SPSS were used for statistical analysis.
Differences in continuous variables were assessed using unpaired
t-tests. Fisher’s exact test or c2 test was used to analyze the
FIGURE 1 | The flowchart of the patients’ inclusion criteria.
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association of clinical characteristics, genetic characteristics, and
molecular markers of immunotherapy between different groups.
A two-sided P <0.05 was considered to be statistically significant.
RESULTS

Clinical Characteristics of Patients
With MLC
We identified a total of thirty patients with NGS performed
on >1 resected NSCLC tumor. The proportions of females, non-
smokers, and patients with adenocarcinomas were 71.3, 80.0, and
100%, respectively. The median age was 60 years (range, 46–82
years). For 22 patients (73.3%), all the tumors were located on
the same side. Twenty-four patients had two tumors, five patients
had three tumors, and one patient had four tumors, for a total of
67 individual tumors. Most of the tumors were detected at early
stages, including 25 foci (37.3%) at stage IA1. The maximum
diameter of 34 tumors was ≤10 millimetres (50.8%). Invasive
adenocarcinoma (IAC) (n = 34) and minimally invasive
adenocarcinoma (MIA) (n = 21) were the main pathological
types. Imaging examination showed that there were 16 tumors
with pure ground-glass opacity (GGO) and 30 tumors with
mixed-density ground-glass nodules (GGNs) (Table 1).
Clinically, either all patients were considered to have separate
primary tumors or the relationship of the tumors was uncertain
at the time of surgery; none of the patients was known to have IM
prior to surgery.

Tumor Molecular Characteristics
Overall, a total of 542 mutations were detected in these 67
tumors. Major oncogenic driver alterations were identified
from 59 out of 67 (88.06%) tumors, and at least two mutations
were detected in 80.6% (54/67) of specimens. The most
commonly mutated genes were EGFR (63%, including 23
patients with EGFR L858R, 12 with exon 19 deletions, and
seven with rare mutations), TP53 (18%), KRAS (15%), RBM10
(13%), MDC1 (13%), BRAF (12%), and KMT2D (12%)
(Figure 2). Moreover, ALK fusion was observed in two
patients, and ROS1 fusion was seen in one patient. Only one
lesion had two concomitant driver mutations. Gene
amplification (e.g., EGFR, TERT, MYC, and ERBB2) was
identified in tumor samples from 10 patients but was present
only in paired tumors for one patient (Figure 2).

Comparison of Genomic Characterization
Among Early Stage and
Advanced-Stage NSCLC
Since most MPLCs are early stage, the molecular characteristics
of early stage lung cancer help identify the clonal relationship
between different primary tumors. To comprehensively
investigate the genomic characterization of stage IA lung
cancer, 94 patients (Group A) with early stage NSCLC and 79
patients with advanced-stage NSCLC (Group B) were included
in the study. A comparative analysis of the two groups was
Frontiers in Oncology | www.frontiersin.org 472
further performed. The clinical characteristics of Groups A and B
are shown in Tables S1 and S2, respectively. Moreover, sex,
smoking history, and pathological type were significantly
different between Groups A and B (Table S3).
TABLE 1 | Clinical and radiological characteristics of 30 patients with MLC.

Patient characteristics (N = 30) Number (%)

Sex, n (%) 　

Male 8 (28.7%)
Female 22 (71.3%)

Age (year), y (range)
Median 60
Range 41–78
≤60 15 (50.0%)
>60 15 (50.0%)

Smoking history, n (%)
Yes 6 (20.0%)
No 24 (80.0%)

Tumor chronology, n (%)
Synchronous 25 (83.3%)
Metachronous 5 (16.7%)

Tumor distribution, n (%)
Ipsilateral (same lobe) 11 (36.7%)
Ipsilateral (different lobe) 11 (36.7%)
Contralateral 8 (26.7%)

Tumor characteristics (n = 67)
Stage*, n (%)
AAH 1 (1.5%)
0 5 (7.46%)
IA1 25 (37.3%)
IA2 15 (22.4%)
IA3 6 (9.0%)
IB 1 (1.5%)
IIB 12 (17.9%)
IV 2 (3.0%)

Histology, n (%)
AAH 1 (1.5%)
AIS 5 (7.5%)
MIA 21 (31.3%)
IAC 34 (50.7%)
SCC 3 (4.5%)
MA 3 (4.5%)

Side, n (%)
Left 22 (32.8%)
Right 45 (67.2%)

Maximum diameter, mm (range)
Median 9.4
Range 2.5–40
≤6 14 (20.9%)
6-10 20 (29.9%)
10-20 22 (32.8%)
>20 11 (16.4%)

Radiological feature
Solid 20 (29.9%)
Subsolid 30 (44.8%)
pGGO 16 (23.9%)
Thin-walled cavity 1 (1.5%)
May 2021 | Volume 11 | A
*At primary surgery according to the International Union Against Cancer (UICC) eighth
TNM staging.
MLC, multiple lung cancer; AAH, atypical adenomatous hyperplasia; AIS,
adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; IAC, invasive
adenocarcinoma; SCC, squamous-cell carcinoma; MA, Mucinous adenocarcinoma;
pGGO, pure ground-glass opacity.
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A total of 520 genomic mutations were identified in Group A.
Frequently mutated genes included EGFR (56%), TP53 (26%),
RBM10 (15%), KRAS (13%), and KMT2C (10%) (Figure S1). In
Group B, a total of 873 genetic mutations were identified. TP53
(62%) was the most commonly mutated gene, followed by EGFR
(41%), CDKN2A (14%), ERBB2 (14%), KRAS (13%), and RB1
(11%). Among all the mutations, ALK fusion was observed in
four patients, ROS1 fusion in one patient, and RET fusion in two
patients (Figure S2). Compared with those in advanced-stage
NSCLC, significantly more genomic mutations in EGFR and
RBM10 (P = 0.038 and P = 0.019, respectively) and significantly
fewer mutations in TP53 and CDKN2A (P < 0.0001 and P = 0.0001,
respectively) were identified in early stage MPLC (Figure 3).
Furthermore, the TMB was evaluated among the patients based
on the mutation data. Advanced-stage NSCLC showed a higher
frequency of a high TMB than early stage NSCLC (P = 0.001)
(Figure 4). According to the results, early stage NSCLC tended to
exhibit a low TMB more often than advanced-stage NSCLC.

Comprehensive Analysis of
EGFR Alterations
EGFR is the most commonly mutated gene in early lung cancer,
and thus we further analyzed its subtypes. Among all EGFR
mutations, the most common were EGFR L858R substitution
Frontiers in Oncology | www.frontiersin.org 573
and exon 19 deletion (19Del). The frequencies of different EGFR
mutation types were compared between Groups A and B. For the
EGFR L858R mutation, a remarkable difference between Groups
A and B was identified (P = 0.047) (Figure 5A). However, for
EGFR 19Del, no significant difference was observed between the
two groups (P = 0.2369) (Figure 5B). Additionally, for other
EGFR mutations (excluding EGFR L858R substitution and
19Del), no striking difference between Groups A and B was
observed (Figure 5C).

Clonality Assessment Based on
Large Panel NGS Results
To determine the clonal relationship between two or more
tumors, we compared somatic mutations and copy number
alterations. Table 2 summarizes the NGS-classified tumors
among the patients as detailed below. Twenty-one patients
(70%) exhibited inconsistent driver mutations and entirely
unique mutation profiles in each tumor (Figure S3). These
cases were classified as definite MPLC. Conversely, three
patients (10%) shared driver mutations and additional multiple
(≥2) non-synonymous somatic alterations (mean 5.3, up to 10).
These cases were thus classified as definite IM. Compared with
the number of shared mutations, the number of unique
mutations in IM was substantially lower.
FIGURE 2 | Landscape of genomic alterations in 67 multiple lung cancer samples. Genetic mutations were identified by targeted next-generation sequencing in the
tumor tissues of the patients. The upper panel shows the numbers of non-synonymous single-nucleotide variants, small insertions or deletions, and copy number
variants in each tumor. The heat map below shows the genes with somatic mutations sorted according to the mutation frequency. Clinical features are annotated in
the lower panel.
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A total of seven patients (20%) shared single identical mutations
(Figures S4A, B); their classification was adjudicated individually by
extended molecular review. Six patients shared single EGFR hotspot
mutations (L858R in five and 19Del in one), and one patient shares
an other/rare mutation (TERT Amplification); each tumor also
harbored an abundance of unique mutations, ranging from four
to 28 mutations per tumor, with no shared additional mutations.

Of those, five patients shared a single EGFR L858R driver
mutation. Classification of those tumors as MPLC was supported
by 1) the fair probability of coincidentally shared driver
Frontiers in Oncology | www.frontiersin.org 674
mutation; in particular, given the prevalence of EGFR L858R
mutation in our population of 52%, the odds of coincidental
occurrence of this mutation in two unrelated tumors was very
high; and 2) the substantially higher unique/total mutation ratio
(>75%) compared with definite IM in our series.

One other patient shared a single TERT Amplification. These
tumors also harboured distinct EGFR 19Del versus BRAF V601E
driver mutations plus multiple unique non-synonymous
mutations in each tumor, resulting in a high-probability
classification of MPLC with coincidental TERT Amplification.

Lastly, one patient shared a single EGFR 19Del mutation with
one and five unique mutations per tumor. On manual review, all
mutations had low VAF (<10%). Such findings indicated low
tumor purity and the likelihood of the incomplete detection of
mutations. Moreover, there was no significant difference in
EGFR 19Del in early and advanced-stage NSCLC; thus, the
tumor was classified as an unambiguous IM.

Therefore, we propose herein a molecular method for classifying
patients as having MPLC or IM as per the analysis of multiple
cancer-related gene somatic mutations and the molecular mutation
characteristics of MPLC (Figure 6), which is described as follows:
(1) MPLC can be identified when tumors have no mutation in
common or when they had different driver-gene hotspot mutations
(EGFR, KRAS, BRAF, ERBB2, ALK, ROS1, MET, or RET); (2)
MPLC can be identified when an EGFR L858R mutation is the
single consistent mutation between the lung cancer tumors in the
patient; (3) IM can be identified when the same driver gene
mutation (exclusive to EGFR L858R) is shared between tumors or
when all alterations are common between the tumors in the patient;
and (4) the tumor could not be classified if no mutation is detected
in the tumor lesions. Then, the tumor should be classified separately
based on the histopathological and clinical data.
FIGURE 4 | Analysis of the characteristics of immunotherapy biomarkers in
early stage and advanced-stage NSCLCs. TMB-H, high tumor mutation
burden; TMB-L, low tumor mutation burden.
FIGURE 3 | Comparison of the prevalence of frequently mutated genes in early stage and advanced-stage NSCLCs. The commonly mutated genes are arranged in
order on the horizontal axis. The vertical axis represents the mutation frequency obtained from a different cohort.
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Consistency Between Molecular Methods
and Martini Criteria in Identifying MPLC
According to the Martini and Melamed criteria, 13 patients were
classified as having MPLC, whereas the remaining patients were
Frontiers in Oncology | www.frontiersin.org 775
classified as having IM. Using the NGSmolecular classification, we
identified four patients with IM and 26 patients with MPLC
(Table 2). According to the above results, our molecular method
analysis showed 53.3% (16/30) consistency with the clinical and
histopathological classification of MPLC. With respect to previous
literature on the molecular identification of MPLC, our results
showed consistency with the histopathological classification (15–
19). However, of the patients histopathologically identified with
MPLC (n = 18), fifteen (83.3%) were diagnosed with MPLC by
NGS molecular classification as well, and the remaining patients
showed matching mutations. Among these, the paired tumors of
three patients harbored consistent driver mutations (excluding
EGFR L858R) and ≥two matching mutations. Of the patients
histopathologically identified with IM (n = 12), only one (8.3%)
was diagnosed with IM by NGS molecular classification as well.
Among these, the paired tumors from eight patients showed no
matching mutations, and three patients shared single EGFR
L858R mutations.

Notably, the classification results for P9 were inconsistent.
According to the imaging results, the two tumors of the patient
were 10–20 mm in diameter, and both showed early mixed GGNs
with pre-infiltration lesions shown on pathological examination
(Figures 7A, B). Molecular results showed that the mutations of
the two tumors are exactly the same (Figure 7C). Although P9 was
diagnosed with MPLC based on the histopathological
classification, they more likely had intrapulmonary metastases
based on the molecular characteristics.

In particular, it is challenging to clinically evaluate the
relationship between the tumors of MPLC if they are
pathologically classified as squamous cell carcinoma because of
a lower frequency of driver mutations. Conventionally,
metastasis is often considered by clinicians if the squamous cell
carcinoma is pathologically identified in two tissues in one
patient, especially with heterochrony. In our study of P13, the
first primary tumor (squamous cell carcinoma) was observed in
November 2018; the second tumor (adenocarcinoma) with an
EGFR L858R mutation was observed in March 2019, and the
patient was diagnosed with MPLC; the third tumor (squamous
cell carcinoma) was observed in October 2019 and had the same
pathology as the first tumor (Figures 8A, B). The three tumors
had inconsistent genetic mutations and may have a primary
clonal relationship, suggesting MPLC (Figures 8C, D). The third
tumor was a metachronous multiple primary lung squamous cell
A B C

FIGURE 5 | Comprehensive analysis of EGFR mutations in early stage and advanced-stage NSCLC. (A) Comparison of the difference in the EGFR L858R mutation
between the two groups. (B) Comparison of the difference in the EGFR exon 19 deletion between the two groups. (C) Comparison of the difference in the other
EGFR mutations (excluding EGFR L858R substitution and exon 19 deletion) between the two groups. 19del, exon 19 deletion; WT, wild type; MT, mutation type.
TABLE 2 | Patients with MLC classified by the Martini and Melamed criteria and
molecular methods.

Case
No.

Martini &
Melamed
criteria

Mutational
evaluation

Number of
matching
mutations

Matching
genes

Martini and Melamed criteria-based MPLC cases (n = 18)
1 MPLC MPLC 0 –

2 MPLC MPLC 0 –

3 MPLC MPLC 0 –

6 MPLC MPLC 0 –

7 MPLC MPLC 0 –

10 MPLC MPLC 0 –

12 MPLC MPLC 1 TERT
Amplification

13 MPLC MPLC 0 –

15 MPLC MPLC 0 –

20 MPLC MPLC 1 EGFR L858R
21 MPLC MPLC 0 –

24 MPLC MPLC 0 –

25 MPLC MPLC 0 –

26 MPLC MPLC 0 –

27 MPLC MPLC 0 –

9 MPLC IM 4 EGFR/ALK/
TP53/IKZF2

29a MPLC IM 1 EGFR L858R/
T790M

30 MPLC IM 1 EGFR 19Del
Martini & Melamed criteria-based IM cases (n = 12)
4 IM MPLC 0 –

5 IM MPLC 0 –

11 IM MPLC 0 –

14a IM MPLC 0 –

16 IM MPLC 1 EGFR L858R
17a IM MPLC 1 EGFR L858R
18 IM MPLC 0 –

19 IM MPLC 0 –

22 IM MPLC 0 –

23 IM MPLC 1 EGFR L858R
28 IM MPLC 0 –

8 IM IM 10 EGFR/KDM6A/
KMT2D
aTumor 1 vs Tumor 2.
IM, intrapulmonary metastasis; MPLC, multiple primary lung cancer.
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carcinoma. Our study has suggested that molecular methods can
assist in the diagnosis of metachronous multiple squamous
cell carcinomas.
DISCUSSION

MPLC has historically been considered a rare phenomenon, but
it has been reported with increasing frequency due to
improvements in imaging technology and surveillance
mechanisms. However, it remains difficult to distinguish the
second primary lesion and metastases (20). For clinical
Frontiers in Oncology | www.frontiersin.org 876
management, it is important to classify the disease as
intrapulmonary metastasis or multiple primary lung carcinoma
to the define TNM classification and optimize the therapeutic
options. With the development of high-throughput sequencing
technology, molecular genetic analysis using cancer driver gene
mutations as biomarkers can greatly assists in distinguishing
multiple primary tumors and metastatic tumors in patients with
lung cancer (21). Recent evidence has shown that the analysis of
genetic mutations in MPLC patients is limited by the small
number of cancer driver gene mutations (15, 16). Begg et al.
believed that a single or a small number of gene loci are
insufficient for identifying IM and MPLC (22). To improve the
FIGURE 6 | Proposed algorithm for classifying multiple primary lung cancers based on molecular criteria. IM, intrapulmonary metastasis; MPLC, multiple primary
lung cancer.
A B C

FIGURE 7 | Genomic mutations and computed tomography (CT) images of patient 9. Patient 9 was classified as having MPLC using the Martini and Melamed
criteria. The lesions of the patient were found to have multiple consistent mutation sites and were diagnosed as IM by mutation evaluation. (A) Schematic diagrams
of lung lesions. (B) and (C) Corresponding CT images and mutation distributions of patient 9.
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accuracy of diagnosis, at least 20 gene mutation sites are needed
to distinguish IM from MPLC. Multi-gene assessment of MPLC
is essential. Moreover, the current knowledge of the molecular
characteristics of MPLC is insufficient to provide an accurate
molecular diagnosis.

In our study, multigene panel sequencing was used to
comprehensively analyze the genomic signature in early stage
NSCLC. According to our results, a significant difference in
genetic characteristics between early stage and advanced-stage
NSCLC was observed. We found that early stage NSCLCs are
characterized by a high frequency of driver gene mutations and a
small number of mutations. Moreover, EGFR, TP53, RBM10,
LRP1B, and MDC1 mutations were observed in early stage
NSCLC. These mutations are also found in the early lesions of
AIS/MIA (23). Hence, these genes may be involved in
early tumorigenesis.

Consistent with previous studies, EGFR was the most
commonly mutated gene in early stage lung cancer (24). In
this study, EGFR mutations were identified in 56% of patients
with early stage NSCLC, which is higher than that in previous
reports (30–40% in patients with early stage lung
adenocarcinoma in Asia) (25). In this study, most patients
were women without a smoking history. Additionally, previous
studies have shown that GGO nodular lung adenocarcinoma had
a higher frequency (up to 63%) of EGFR mutations than other
types of adenocarcinoma (26). Consistently, our study also found
that most patient samples had GGO features. Therefore, the
specific clinical characteristics of the enrolled patients might
correlate with the high prevalence of EGFR mutations. Further
analysis showed that the prevalence of EGFR L858Rmutations was
significantly different between early and advanced-stage NSCLC,
but the frequencies of EGER 19Del and other EGFR mutations
(excluding EGFR L858R substitution and 19Del) were not
Frontiers in Oncology | www.frontiersin.org 977
significantly different. All these results indicate that early stage
NSCLC shows distinct EGFR L858R mutation characteristics,
which may be associated with its carcinogenic properties.

Unlike previously used smaller gene panels (27, 28), large-
panel NGS provides a way to examine multiple mutations
simultaneously, yielding robust discrimination of tumor
relatedness. In our research, an 808-gene panel NGS approach
was used to analyze the surgically excised tumor of a patient with
MLC. In this series, the tumors harbored a median of 4 (up to 67)
non-synonymous somatic alterations per case. Thus, for tumors
classified as IMs, multiple shared alterations (median 4, up to 10)
and consistent driver mutations were present. We also found that
the large-panel NGS robustly identified MPLC by demonstrating
entirely unique mutational profiles comprising multiple
alterations (median 4, up to 67 per tumor pair), representing
an advantage over panels that examine only major drivers or
non-comprehensive NGS. In particular, we found that
comprehensive NGS allows the clear recognition of MPLC
with coincidentally shared single hotspot mutations. Overall,
our molecular classification was able to establish definitive tumor
clonal relationships in virtually all tumor pairs during the
study period.

Recent advances in tumor molecular biology have resulted in
the identification of several candidate biomarkers, such as EGFR,
that can be used in the diagnosis of MPLC (29). Molecular
classification is based on the presence of a common driver gene
as a biomarker of a similar tumor origin. This assumption may
be controversial, particularly when a common driver alteration is
used as a unique classifier. We found that MPLC based on
mutational evaluation was enriched in EGFRmutations (59%), in
line with the lack of smoking history, the female sex, and the
Asian ethnicity of those patients. Multifocal early stage tumors
are frequently present in such patients. Indeed, 5 patients
A B

D

C

FIGURE 8 | Genomic mutations and computed tomography (CT) images of patient 13. (A, B) Schematic diagrams of lung lesions and corresponding CT images.
(C, D) Relationship of the mutations between different lesions exhibited by a Venn diagram and the mutation distributions of patient 13. The arrow indicates the
tumor lesions.
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(P16, P17, P20, P23, and P30) consistently presented with the
EGFR L858R mutation in this study, but previous studies have
also reported that EGFR driver gene mutations between tumors
are consistently judged as MPLC. Thus, mutations at the same
hotspot site need to be interpreted more cautiously, especially the
EGFR L858R mutation. Notably, in European and American
populations, MPLC is dominated by KRAS mutations (19, 30),
likely reflecting the overall known geographic differences in
genomic profiles of NSCLC. The only other instance of
coincidentally shared hotspot mutations in our series was a
TERT Amplification in an otherwise unambiguous MPLC. In
this study, we illustrated that a large NGS panel can readily
identify MPLC despite the presence of shared single hotspot
mutations by demonstrating numerous additional unique
mutations in each of the tumors. A significant advantage of the
comprehensive NGS panel of the type used here is its ability to
discriminate MPLCs that share a single common hotspot
mutation by chance.

n fact, in our series, shared EGFR L858Rmutations were almost
as likely to occur coincidentally in MPLC as in IM. Notably, there
was an identical mutation (including EGFR L858Rmutation) in the
two separated tumor lesions from patient 9 (P9). Many studies have
shown that the concordance rate of gene mutations in the primary
tumor and metastasis is >90%, while that in multiple lung tumors,
e.g., MPLC, is 10.3–32.6% (31, 32). We believe that the tumor pairs
of these two patients were metastatically assessed from a molecular
perspective. However, CT showed that these two patients had
partially solid and pre-invasive tumors without lymphatic
metastasis. The results showed that IM might also be found
according to the histopathology of MPLC, indicating that they
may have aerosol metastasis. Therefore, the 2-year disease-free
survival of the patient should be observed.

In our research, the molecular method based on an evaluation of
driver gene mutations and the number of alterations for classifying
MPLC were summarized, contributing to accurately defining the
tumor stage and adjusting the treatment strategies. When comparing
the performance of histologic assessment to the definitive NGS
molecular classification, we found that histologic prediction was
consistent in 53.3% of patients, and up to 47% of tumor stages
were changed. Overall, this was similar to the discrepancy rates that
ranged from 30 to 50% across different platforms in prior studies (17,
33). Among patients histopathologically diagnosed with MPLC, we
found a good concordance rate (83.3%) with the diagnosis based on
the mutational evaluation. In contrast, among patients
histopathologically diagnosed with IM, the concordance rate with
the diagnosis based on the mutational evaluation was only 8.3%.
Difficulties with histologic prediction were substantially more
frequent in the recognition of IM than MPLC. Thus, there is a
limitation in the histopathological diagnosis of MLC, and clonality
analysis by mutational evaluation may be helpful for distinguishing
MPLC from IM.

This molecular method optimizes the previous methods based
on genomic alterations, provides new criteria, and may improve the
diagnostic accuracy for early stage MPLC, especially in cases where
the lesions have the same pathological type and cannot be identified
traditionally (36.7%). We note that the histology in this series was
Frontiers in Oncology | www.frontiersin.org 1078
dominated by adenocarcinomas, and only two tumors in a patient
were squamous cell carcinomas, precluding detailed analysis of this
subset. Nevertheless, these cases illustrate the effectiveness of a large
NGS panel in unambiguously establishing tumor relationships in
such pairs due to their high tumor mutational burden even in the
absence of driver alterations. Conversely, due to the relative
homogeneity of cytologic features in squamous cell carcinoma (9),
histologic features may not be sufficiently distinctive for the
definitive classification of tumor relationships.

Although this molecular method performed well in the
diagnosis of early stage MPLC, several limitations of the
present study should be acknowledged. The size of our study
cohort was relatively small, and further investigation and larger
prospective studies are necessary to find more definitive
molecular clonal relationships. Since some patients have not
reached 2 years after surgery, and the follow-up time span is not
long enough to appropriately assess long-term survival.
Therefore, the present study has not yet analyzed these data.
However, no incidents have occurred in the patients so far.
Studies with a larger cohort of patients, long-term follow-up, and
survival data would be helpful in substantiating our observations
and validating our molecular method.
CONCLUSIONS

Comprehensive NGS evaluation highlights select scenarios in
which histologic assessment has limitations and should allow for
refinement of the Martini and Melamed criteria for evaluating
tumor relatedness. In patients with histopathologically
confirmed IM or patients with discordance between the
histopathological and mutational evaluations, consideration of
our molecular classification can be helpful for differentiation.
Overall, our findings suggest that a comprehensive diagnostic
approach incorporating histology and molecular analysis is
essential to drawing this critical distinction in clinical practice.
Molecular staging has the potential to revolutionize the current
staging practice in patients with multiple tumors, providing
robust confirmation of tumor clonality and information on
actionable mutations at the same time.
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Objective: This study aimed to identify patients at a high risk of recurrence using
preoperative high-resolution computed tomography (HRCT) in clinical stage I non-small
cell lung cancer (NSCLC).

Methods: A total of 567 patients who underwent screening and 1,216 who underwent
external validation for clinical stage I NSCLC underwent lobectomy or segmentectomy.
Staging was used on the basis of the 8th edition of the tumor–node–metastasis
classification. Recurrence-free survival (RFS) was estimated using the Kaplan–Meier
method, and the multivariable Cox proportional hazards model was used to identify
independent prognostic factors for RFS.

Results: A multivariable Cox analysis identified solid component size (hazard ratio [HR],
1.66; 95% confidence interval [CI] 1.30–2.12; P < 0.001) and pure solid type (HR, 1.82;
95% CI 1.11–2.96; P = 0.017) on HRCT findings as independent prognostic factors for
RFS. When patients were divided into high-risk (n = 331; solid component size of >2 cm or
pure solid type) and low-risk (n = 236; solid component size of ≤2 cm and part solid type)
groups, there was a significant difference in RFS (HR, 5.33; 95% CI 3.09–9.19; 5-year
RFS, 69.8% vs. 92.9%, respectively; P < 0.001). This was confirmed in the validation set
(HR, 5.32; 95% CI 3.61–7.85; 5-year RFS, 72.0% vs. 94.8%, respectively; P < 0.001).

Conclusions: In clinical stage I NSCLC, patients with a solid component size of >2 cm or
pure solid type on HRCT were at a high risk of recurrence.

Keywords: ground-glass opacity, high-resolution computed tomography, recurrence, non-small cell lung cancer,
solid component size
INTRODUCTION

Early-stage non-small cell lung cancer (NSCLC) is frequently detected using more complex procedure,
such as high-resolution computed tomography (HRCT) and widespread use of low-dose helical
computed tomography (CT) for tumor screening (1, 2). The occasion to treat patients with early-
stage NSCLC has increased, and pulmonary resection plays a main role in such treatment. Complete
resection would be expected to lead a good prognosis for stage I NSCLC. However, complete resection
does not always ensure the cure of disease and the 5-year disease-free survival rate for stage IANSCLC is
84.3% and for stage IB NSCLC is 65.8% (3).
June 2021 | Volume 11 | Article 622742181

https://www.frontiersin.org/articles/10.3389/fonc.2021.622742/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.622742/full
https://www.frontiersin.org/articles/10.3389/fonc.2021.622742/full
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:morihito@hiroshima-u.ac.jp
https://doi.org/10.3389/fonc.2021.622742
https://www.frontiersin.org/journals/oncology#editorial-board
https://www.frontiersin.org/journals/oncology#editorial-board
https://doi.org/10.3389/fonc.2021.622742
https://www.frontiersin.org/journals/oncology
http://crossmark.crossref.org/dialog/?doi=10.3389/fonc.2021.622742&domain=pdf&date_stamp=2021-06-07


Tsutani et al. High-Risk Clinical Stage I NSCLC
Although the tumor–node–metastasis (TNM) classification can
stratify patients into different prognostic groups, stage I NSCLC is
considered to be a heterogeneous group. Therefore, useful
parameters are needed to predict postoperative recurrence when
decidingon treatment strategies, such as the application of sublobar
resection and additional perioperative systemic therapy. A high
maximumstandardizeduptakevalue (SUVmax)with [18F]-fluoro-
2-deoxy-D-glucose (FDG) positron emission tomography (PET)/
CT reflects tumor invasiveness and has a negative impact on
prognosis in patients with resected early-stage NSCLC (2, 4).
However, because imaging protocols, equipment, and
measurement methods vary between institutions, the optimal
SUVmax cutoff value also differs by institution and between
studies. Therefore, using FDG-PET/CT as a prognostic factor in a
universal setting is challenging at present.

One of the important proposals in the 8th edition of the T
classification of lung cancer is the size of the solid component
excluding ground-glass opacity (GGO) to classify clinical T
factors (5, 6). In the present study, we aimed to identify
patients at a high risk of postoperative recurrence in clinical
stage I NSCLC using preoperative HRCT, which is a globally
applicable method. High-risk patients may be candidates for
neoadjuvant therapy even in clinical stage I NSCLC. The primary
endpoint of this study was recurrence-free survival (RFS).
MATERIALS AND METHODS

Patients
As the screening set, a total of 567 consecutive patients with
clinical stage I NSCLC who underwent lobectomy or
segmentectomy with systematic lymph node dissection at
Hiroshima University between January 1st 2010 and
December 31st 2016 were enrolled. All patients were staged
Frontiers in Oncology | www.frontiersin.org 282
according to the TNM Classification of Malignant Tumors, 8th

ed i t i on (7 ) . Endobronch i a l u l t r a sonography and
mediastinoscopy were not routinely performed. Lymph node
metastasis was determined as negative when swollen
mediastinal or hilar lymph nodes measuring short axis of >
1 cm were not evident on HRCT, and FDG did not accumulate
an SUXmax of >1.5 in these lymph nodes according to FDG-
PET. The inclusion criteria included preoperative staging
determined by HRCT and FDG-PET/CT and curative surgery
with lobectomy or segmentectomy without induction therapy.
The screening set of patients formed the high-risk group for
recurrence. To externally validate the high-risk group, we used a
combined cohort of two independent sets of 1,216 consecutive
patients who underwent lobectomy or segmentectomy with
systematic lymph node dissection (Tokyo Medical University
and Kanagawa Cancer Center) between January 1st, 2010, and
December 31st, 2016. The inclusion criteria were the same as
those for the screening set (Figure 1).

The institutional review boards of the participating
institutions approved this retrospective review, which was
based on a prospective database, and waived the requirement
for informed consent from individual patients (Kanagawa
Cancer Center: February 28th, 2013; 24-KEN-54; Tokyo
Medical University Hospital: February 25th, 2015; SH2969;
Hiroshima University Hospital: June 13th, 2018; E-1216).

HRCT
Sixteen-row multidetector CT was used to obtain chest images
independent of subsequent FDG-PET/CT examinations. For
high-resolution tumor images, the following parameters were
used: 120 kVp, 200 mA, 1–2-mm section thickness, 512 × 512-
pixel resolution, 0.5–1.0-s scan time, a high spatial reconstruction
algorithm with a 20-cm field of view, and mediastinal (level, 40
HU; width, 400 HU) and lung (level, −600 HU; width, 1600 HU)
FIGURE 1 | Scheme of the study.
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window settings. GGO was defined as a misty increase in lung
attenuation without obscuring the underlying vascular markings.
The size of the solid component of the tumor was defined as the
maximum dimension of the solid component measured using
lung window settings, excluding GGO (8). Pure solid tumor was
defined as a tumor without GGO component. Part-solid tumor
was defined as a tumor with GGO component. CT scans were
reviewed and tumor sizes were determined by radiologists from
each institution.

Pathological Examination
Tumor size was defined as the maximum dimension of the
invasive tumor component, excluding the lepidic growth
component described previously (9). Lymphatic and vascular
invasion were assessed by immunohistochemistry with D2-40,
which stains lymphatic ducts, and elastic Van Gieson staining of
vessel elastic fibers. Lymphatic and vascular invasion were
positive when penetration was detected as an extension of the
malignant neoplasm. To evaluate pleural invasion, elastic tissue
fibers were subject to elastic Van Gieson staining. Pleural
invasion was defined as positive if cancer had invaded beyond
the elastic layer, including invasion into the visceral pleural
surface or neighboring organs. Histological examinations were
determined by pathologists at each institution.

Follow-Up Evaluation
All patients who underwent lung resection were followed up
from the day of surgery. Postoperative follow-up procedures,
including a physical examination, chest roentgenogram every
three months, and chest and abdominal CT examinations every
six months, were performed for the first two years. Subsequently,
a physical examination and chest roentgenogram were
performed every six months, and a chest CT examination was
performed every year.

Statistical Analysis
Data is presented as number (%) or median and interquartile
range (IQR) unless otherwise stated. The c (2) test was used to
compare the frequencies of categorical variables. Receiver
operating characteristic curve of the solid component size for
the prediction of recurrence were generated to determine the
cutoff value that yielded optimal sensitivity and specificity. An
independent-samples t-test was used to compare continuous
variables. RFS was defined as the interval from the day of
surgery until the first event (relapse or death from any cause)
or right censoring on the day of final follow up. Overall survival
(OS) was defined as the time from the day of surgery until death
from any cause or right censoring at the day of final follow up.
The Kaplan–Meier method was used to analyze RFS and OS. The
log-rank test was used to assess differences in RFS and OS
between groups. The multivariable Cox proportional hazards
model was used to identify independent prognostic factors for
RFS. The multivariable logistic regression analysis was used to
identify independent predictive factors for lymph node
metastasis. A P value of <0.05 was considered statistically
significant. JMP 14.0 (SAS Institute, Cary, NC, USA) was used
to statistically analyze the data.
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RESULTS

Screening Set
Patient characteristics from the screening set (n = 567) are shown
in Table 1.

A multivariable analysis revealed that age (hazard ratio [HR],
1.03; P = 0.002), solid component size (HR, 1.66; P <0.001), and
pure solid type (HR, 1.82; P = 0.017) were independent
prognostic factors for RFS (Table 2). The optimal cutoff value
of solid component size to predict recurrence was set as 2.0 cm
from the receiver operating characteristic curve (Supplementary
Figure 1).

A multivariable analysis revealed that age (odds ratio [OR],
1.03; P = 0.002), gender (male, OR, 1.67; P = 0.013), solid
component size (OR, 1.75; P <0.001), pure solid type (OR,
2.85; P<0.001), and lobectomy (OR, 3.25; P = 0.001) were
independent predictive factors for lymph node metastasis
(Table 3).

There was a significant difference in RFS between patients
with a solid component size of ≤2 cm (n = 363; 5-year RFS,
88.1%) and those with a solid component size of >2 cm (n = 204;
5-year RFS, 64.0%; P < 0.0001; Figure 2A). There was a
significant difference in RFS between patients with part-solid
tumors (n = 291; 5-year RFS, 89.5%) and those with pure solid
tumors (n = 276; 5-year RFS, 68.8%; P < 0.0001; Figure 2B).
When patients were divided into four groups based on the solid
component size and pure or part-solid type, RFS of patients with
a solid component size of ≤2 cm with a part-solid tumor (n =
129) were favorable with a 5-year RFS of 92.5%. RFS in the other
three groups was similar; 5-year RFS was 79.6% for patients with
a solid component size of ≤2 cm with a pure solid tumor (n =
126), 75.9% for those with a solid component size of >2 cm with a
part solid tumor (n = 54), and 58.9% for those with a solid
component size of >2 cm with a pure solid tumor (n = 150;
Figure 2C). Based on these findings, we defined patients as at a
low risk of recurrence with a solid component size of <2 cm and
part-solid type, and at a high risk of recurrence with a solid
component size of >2 cm or pure solid type. Pathological
findings, such as histology; invasive component size; lymphatic,
vascular and pleural invasion; and lymph node metastasis were
significantly different between the low-risk and high-risk groups
(Table 4). There was a significant difference in RFS between the
low-risk (n = 236; 5-year RFS, 92.9%) and high-risk (n = 331;
5-year RFS, 69.8%; HR, 5.33; P < 0.0001; Figure 2D) groups.
There was a significant difference in OS between the low-risk
group (n = 236; 5-year OS, 94.0%) and the high-risk group (n =
331; 5-year OS, 80.4%; HR, 3.81; P < 0.0001; Figure 2E).

Validation Set
The characteristics of patients in the validation set (n = 1,216) are
shown in Table 1.

When patients were divided into the low risk of recurrence
group (n = 553) and the high risk of recurrence group (n = 663),
there were significant differences in pathological findings, such as
histology; invasive component size; lymphatic, vascular, and
pleural invasion; and lymph node metastasis between the two
groups (Table 4).
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There was a significant difference in RFS between the low-risk
group (5-year RFS, 94.8%) and high-risk group (5-year RFS,
72.0%; HR, 5.32; P < 0.0001; Figure 3A). There was a significant
difference in OS between the low-risk group (5-year OS, 95.7%)
and high-risk group (5-year OS, 84.2; HR, 3.54; P < 0.0001;
Figure 3B).
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DISCUSSION

We identified patients at a high risk of recurrence using
preoperative HRCT for clinical stage I NSCLC. Patients with a
solid component size of >2 cm or a pure solid tumor were at a
high risk of recurrence. The HR values of RFS and OS in the
TABLE 1 | Patient characteristics in the screening set and validation set.

Screening set (n = 567) Validation set (n = 1,216) P value

Age, median (IQR) 68 (62-74) 69 (63-75) 0.090
Gender Male 334 (58.9%) 603 (49.6%) <0.001
Smoking history 321 (56.6%) 657 (54.0%) 0.307
Solid component size (cm), median (IQR) 1.6 (1.1-2.5) 1.7 (1.1-2.4) 0.828
Pure solid type 276 (48.7%) 502 (41.3%) 0.003
Histology Adenocarcinoma 452 (79.7%) 1,033 (85.0%) 0.049

Squamous cell carcinoma 67 (11.8%) 109 (9.0%)
Others 48 (8.5%) 73 (6.0%)

Procedure Lobectomy 366 (64.6%) 1,060 (87.2%) <0.001
Segmentectomy 201 (35.4%) 156 (12.8%)

Lymphatic invasion 111 (19.6%) 265 (21.8%) 0.283
Vascular invasion 140 (24.7%) 353 (29.0%) 0.055
Pleural invasion 87 (15.3%) 230 (18.9%) 0.064
Lymph node metastasis 47 (8.3%) 138 (11.3%) 0.045
Pathological stage 0 20 (3.5%) 43 (3.5%) 0.002

IA1 118 (20.8%) 350 (28.8%)
IA2 171 (30.2%) 321 (26.4%)
IA3 83 (14.6%) 130 (10.7%)
IB 93 (16.4%) 179 (14.7%)
IIA 7 (1.2%) 16 (1.3%)
IIB 51 (9.0%) 110 (9.1%)
IIIA 24 (4.2%) 58 (4.8%)
IIIB 0 (0%) 9 (0.7%)

Adjuvant chemotherapy Yes 189 (33.3%) 240 <0.001
June 2021 | Volume 11 | Article
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TABLE 2 | Multivariable analysis of recurrence-free survival.

Screening set Univariable analysis Multivariable analysis

Variable HR 95% CI P value HR 95% CI P value

Age 1.04 1.02-1.07 <0.001 1.03 1.01-1.05 0.002
Gender Male (vs. female) 1.87 1.24-2.83 0.003 1.07 0.63-1.83 0.792
Smoking history 2.15 0.42-3.26 0.001 1.48 0.84-2.61 0.173
Solid component size (cm) 2.01 1.66-2.46 <0.001 1.66 1.30-2.12 <0.001
Pure solid type 3.31 2.17-5.04 <0.001 1.82 1.11-2.96 0.017
Histology Adenocarcinoma (vs. non-adenocarcinoma) 0.39 0.26-0.58 <0.001 0.98 0.61-1.61 0.915
Procedure Lobectomy (vs. segmentectomy) 1.46 0.95-2.24 0.081 1.02 0.64-1.55 0.944
TABLE 3 | Multivariable analysis of lymph node metastasis.

Screening set Univariable analysis Multivariable analysis

Variable OR 95% CI P value OR 95% CI P value

Age 1.02 1.00-1.03 0.033 1.03 1.01-1.04 0.002
Gender Male (vs. female) 1.67 1.22-2.30 0.001 1.67 1.11-2.50 0.013
Smoking history 1.26 0.93-1.72 0.136 0.67 0.44-1.02 0.064
Solid component size (cm) 2.21 1.97-2.61 <0.001 1.75 1.44-2.13 <0.001
Pure solid type 4.13 2.94-5.82 <0.001 2.85 1.94-4.20 <0.001
Histology Adenocarcinoma (vs. non-adenocarcinoma) 0.61 0.42-0.87 0.009 1.28 0.84-1.95 0.257
Procedure Lobectomy (vs. segmentectomy) 5.44 2.76-10.75 <0.001 3.25 1.61-6.56 0.001
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low-risk group in the screening set were 5.33 and 3.81,
respectively. These findings were confirmed in the external
validation set with high concordance, with a HR of 5.32 for
RFS and 3.54 for OS.
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Several studies have reported the utility of solid component
size to predict pathological tumor invasiveness and prognosis
compared with whole tumor size (8, 10–12). As recommended in
the 8th edition of the T classification (6), using solid component
A B

D E

C

FIGURE 2 | Survival in the screening set. RFS, recurrence-free survival; HR, hazard ratio; OS, overall survival. (A) RFS between patients with a solid component size
of ≤2 cm and those with a solid component size of >2 cm. (B) RFS between patients with part-solid tumors and those with pure solid tumors. (C) RFS among
patients with a solid component size of ≤2 cm with part-solid tumors or pure solid tumors and those with a solid component size of >2 cm with part-solid tumors or
pure solid tumors. (D) RFS between the low-risk group (solid component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm
and a pure solid tumor). (E) OS between the low-risk group (solid component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm
or a pure solid tumor).
TABLE 4 | Comparison of pathological findings between low-risk and high-risk groups.

Screening set Validation set

Low risk (n = 236) High risk (n = 331) P value Low risk (n = 553) High risk (n = 663) P value

Histology Adenocarcinoma 234 (99.2%) 218 (65.9%) <0.001 539 (97.5%) 494 (74.5%) <0.001
Squamous cell carcinoma 1 (0.42%) 66 (19.9%) 11 (2.0%) 98 (14.8%)
Others 1 (0.42%) 47 (14.2%) 3 (0.5%) 71 (10.7%)

Invasive component size (cm) 1.1 (0.6-1.8) 2.0 (1.5-2.9) <0.001 0.8 (0.3-1.4) 2.0 (1.5-2.8) <0.001
Lymphatic invasion 13 (5.5%) 98 (29.6%) <0.001 45 (8.1%) 220 (33.2%) <0.001
Vascular invasion 13 (5.5%) 127 (38.4%) <0.001 34 (6.2%) 319 (48.1%) <0.001
Pleural invasion 12 (5.1%) 75 (22.7%) <0.001 26 (4.7%) 204 (30.8%) <0.001
Lymph node metastasis 0 (0%) 47 (14.2%) <0.001 18 (3.3%) 120 (18.1%) <0.001
Pathological stage 0 20 (8.5%) 0 (0%) <0.001 38 (6.9%) 5 (0.8%) <0.001

IA1 85 (36.0%) 33 (10.0%) 287 (51.9%) 63 (9.5%)
IA2 83 (35.2%) 88 (26.6%) 155 (28.0%) 166 (25.0%)
IA3 22 (9.3%) 61 (18.4%) 28 (5.1%) 102 (15.4%)
IB 14 (5.9%) 79 (23.9%) 22 (4.0%) 157 (23.7%)
IIA 3 (1.3%) 4 (1.2%) 1 (0.2%) 15 (2.3%)
IIB 9 (3.8%) 42 (12.7%) 14 (2.5%) 96 (14.5%)
IIIA 0 (0%) 24 (7.3%) 7 (1.3%) 51 (7.7%)
IIIB 0 (0%) 0 (0%) 1 (0.2%) 8 (1.2%)

Adjuvant chemotherapy Yes 57 (24.2%) 132 (39.9%) <0.001 48 (8.7%) 192 (29.0%) <0.001
June 2021
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IQR, interquartile range.
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size as a prognostic factor seems to be reasonable from the results
of the present study, which show that solid component size is an
independent prognostic factor for RFS.

The presence of GGO was also reported as a prognostic factor
in previous studies (13–15). The multivariable analysis of pure
solid versus part-solid tumors showed this characteristic as an
independent unfavorable prognostic factor for RFS, which is
consistent with previous reports. Although survival after surgical
resection for tumors with GGO was usually favorable (13–15),
we need to pay attention to GGO tumors with a large solid
component size. As shown in Figure 2C, RFS in patients with a
part-solid tumor with a solid component size of >2 cm is similar
to that of pure solid tumors in this study. This finding was also
supported by a previous study (16).

The group at a high risk of recurrence reflected the
pathological findings in the current study. The frequency of
non-adenocarcinoma histology; a larger invasive component
size; lymphatic, vascular, and pleural invasion; and lymph node
metastasis were significantly higher in the high-risk group
compared with the low-risk group in both the screening and
validation sets. In the multivariable analysis, solid component size
and the pure solid type were proven to be predictive factors for
lymph node metastasis. Patients at a high-risk of recurrence were
also at high-risk of lymph node metastasis.

Preoperative prediction of the risk of postoperative recurrence
is useful to decide treatment strategies. The excellent prognosis
would be expected after lobectomy or segmentectomy with lymph
node dissection in patients at a low risk of recurrence that
show minimal malignant pathological findings in our study.
There seems to be no role of neoadjuvant therapy in low-risk
patients. However, when nodal metastasis is proven, adjuvant
chemotherapy should be considered. In contrast, patients at a
high risk of recurrence should undergo standard therapy, such as
lobectomy with systematic lymph node dissection, because they
potentially have lymph node metastasis with a probability of
approximately 20%. Although the use of perioperative adjuvant
Frontiers in Oncology | www.frontiersin.org 686
therapy for stage I NSCLC has not been established, additional
systemic therapy, such as neoadjuvant chemotherapy or
immunotherapy may be needed to improve outcomes in high-
risk patients with stage I NSCLC. We are currently conducting a
multicenter pilot study of neoadjuvant anti-programmed cell
death-1 antibody for high-risk clinical stage I NSCLC with a
solid component size of >2 cm or pure solid type on HRCT (17).

The current study has some limitations.OnlyHRCTwasused to
predict risk factors for postoperative recurrence while several
previous studies suggested that SUVmax on FDG-PET/CT was a
promising predictor of prognosis (2, 4, 10). Although no
standardization of SUVmax on FDG-PET/CT in a global setting
can be used at present, further studies should be done to elucidate
the significance ofFDG-PETusing anovel standardizationmethod,
such as semiquantitative PET evaluation (18). Also, we did not
routinely perform invasive mediastinal staging for node-negative
tumors, although invasive staging is recommended for tumors
>3 cm (mainly adenocarcinoma with high FDG uptake) in the
guideline (19).High-risk patientsmayalso be candidates of invasive
staging. Although we identified high-risk patients using
preoperative HRCT findings to decide the application of
neoadjuvant therapy, postoperative adjuvant therapy should be
considered on the basis of pathological findings such as nodal
involvement and pleural invasion.

In conclusion, we established patients at a high risk of
recurrence using preoperative HRCT for clinical stage I
NSCLC with high concordance HR in the external validation
set. Patients with a solid component size of >2 cm or pure solid
tumors are potential candidates for perioperative systemic
therapy to prevent postoperative recurrence.
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FIGURE 3 | Survival in the external validation set. RFS, recurrence-free survival; HR, hazard ratio; OS, overall survival. (A) RFS between the low-risk group (solid
component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm and a pure solid tumor). (B) OS between the low-risk group
(solid component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm and a pure solid tumor).
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Objectives: We aimed to develop a prediction model to distinguish atypical
adenomatous hyperplasia (AAH) from early lung adenocarcinomas in patients with
subcentimeter pulmonary ground-glass nodules (GGNs), which may help avoid
aggressive surgical resection for patients with AAH.

Methods: Surgically confirmed cases of AAH and lung adenocarcinomas manifesting as
GGNs of less than 1 cm were retrospectively collected. A prediction model based on
radiomics and clinical features identified from a training set of cases was built to
differentiate AAH from lung adenocarcinomas and tested on a validation set.

Results: Four hundred and eighty-five eligible cases were included and randomly
assigned to the training (n = 339) or the validation sets (n = 146). The developed
radiomics prediction model showed good discrimination performance to distinguish
AAH from adenocarcinomas in both the training and the validation sets, with,
respectively, 84.1% and 82.2% of accuracy, and AUCs of 0.899 (95% CI: 0.867–
0.931) and 0.881 (95% CI: 0.827–0.936).

Conclusion: The prediction model based on radiomics and clinical features can help
differentiate AAH from adenocarcinomas manifesting as subcentimeter GGNs and may
prevent aggressive resection for AAH patients, while reserving this treatment for
adenocarcinomas.

Keywords: lung neoplasms, radiomics, tomography; spiral computed, forecasting, thoracic surgery
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INTRODUCTION

The detection rate of lung ground-grass nodules (GGNs) is
increasing rapidly, many of which are identified as atypical
adenomatous hyperplasia (AAH), whereas others are early
lung adenocarcinomas (1, 2). Determining appropriate timing
of surgical intervention for treatment of neoplastic GGNs
represents a big challenge in clinics. Lung AAH consists of
proliferating type II alveolar pneumocytes and/or Clara cells,
which display different cellular and molecular manifestations
compared to lung adenocarcinomas (3, 4), and is usually
considered as a precancerous lesion (5, 6). Yet, in clinical
practice, AAH nodules are also considered benign. Therefore,
the patients with AAH may need different treatment strategies
than those with adenocarcinomas and require a follow-up
approach rather than surgery. Nevertheless, a large part of the
patients with AAH have undergo surgical treatment because of
the difficulty to discriminate between AAH and adenocarcinomas
based solely on preoperative CT images. Thus, accurate diagnosis
of AAH versus neoplastic GGNs is essential to decision-making
on the treatment to provide to the patients and would help
surgeons determine which patients with GGNs should receive
surgical treatment and avoid unnecessary or premature surgeries.

Radiomics is a new method that can transform medical
images into large numbers of detailed quantitative tumors
features, at histologic, cytologic, molecular, and even genetic
levels (7–10). The use of radiomics allows doctors to get not only
conventional measurements and eye observations, but also
abundant microscale quantitative features of the tumor lesions
that can help provide precision diagnosis for the patients (11–
14). In addition, much research already used radiomics to assist
the pathological classification of lung adenocarcinomas. Many of
these studies demonstrated that the radiomics method had a
better diagnostic performance than radiologists using traditional
medical imaging methods (15–17).

Although many studies developed tools for the prediction of
lung adenocarcinomas based on radiomics, there has been no
research aiming at dist inguishing AAH from lung
adenocarcinomas. However, accurate discrimination between
AAH and early lung adenocarcinomas is of utmost significance
to help doctors determine whether a patient is suitable for follow-
up or surgical treatment. In this study, we attempted to
differentiate AAH from adenocarcinomas manifesting as
subcentimeter GGNs. To our knowledge, this is the first study
aiming to predict AAH using radiomics method, and we hope
that the introduction of our precise predictive approach will help
personalized management for patients with malignant GGNs.
MATERIALS AND METHODS

Patients
This study was approved by the institutional review board of our
hospital. Owing to the retrospective nature of this research, the
provision of informed consent form signed by the patients
was waived.
Frontiers in Oncology | www.frontiersin.org 290
The hospital electronic medical records and radiology
working system were searched for cases of lung GGNs,
identified as AAH and early lung adenocarcinomas by
surgeries between January 2018 and October 2019, and
complying with the inclusion criteria. Since AAH is generally
considered benign and follow-up treatment is usually
recommended, the AAH cases identified by surgeries were a
lot fewer than the cases of early-stage lung adenocarcinomas,
including adenocarcinoma in situ, minimally invasive
adenocarcinoma, and invasive adenocarcinoma. To get similar
numbers of AAH and adenocarcinomas cases, all AAH cases and
30% of the adenocarcinoma cases, selected by stratified sampling
according to the pathological types, were included in the
preliminary data of our study. These preliminary data were
further selected against the exclusion criteria. The inclusion
and exclusion criteria are as follows.

The inclusion criteria were (i) preoperative CT examination
performed within 1month before the surgery; (ii) GGNs’maximum
diameter ≤1 cm; (iii) CT image layer thickness <2 mm;
(iv) peripheral GGNs; and (v) confirmed as adenocarcinomas or
AAH by surgery. The exclusion criteria were (i) obvious artifacts
around the nodules on CT images; (ii) injected with contrast
medium for CT; and (iii) tightly connected with the pleura.

The demographics and clinical data of the patients (e.g., age
and gender) were also collected. Finally, the included nodules
were assigned to a training or a validation set at a 7:3 ratio. The
study flowchart is shown in Supplementary Figure S1.

CT Image Acquisition
The preoperative CT examinations were conducted at deep
inspiration to avoid the influence of respiratory artifacts. The
scanned images were acquired on a Brilliance 40 scanner (Philips
Medical Systems, Netherlands) and a Somatom Definition AS
scanner (Siemens Medical Systems, Germany). The CT scan
parameters and conditions were as follows: 120 kV, 180–220
mAs, 64 × 0.625 mm or 40 × 0.625 mm detector, 0.4 or 1.0 pitch,
512 × 512 matrix, reconstructed at 1.0 mm thickness with
0.7 mm increment, and a standard soft tissue kernel.

Pathologic Diagnosis
The final pathologic classification was based on histological
diagnosis from postoperative paraffin sections. Most diagnoses
were made by two pathologists. In case of disagreement, a third
senior pathologist was invited to participate to the diagnosis of
the disputed case. The results were reported according to the
classification of lung adenocarcinomas made by the International
Association for the Study of Lung Cancer/American Thoracic
Society/European Respiratory Society in 2011.

Segmentation of Lung Nodules
To extract the region of interest (ROI) from the CT images, a
segmentation was performed using the 3D-slicer software
(version of 4. 11). Additional manual corrections were
conducted by a radiologist with 6 years of experience in the
diagnosis of chest imaging and reviewed by another radiologist
with 20 years of experience in diagnosis based on chest imaging.
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Extraction of Radiomics Features
The radiomic features were extracted from the segmented ROI
area and classified into three categories: intensity, shape, and
texture features. Except for the shape features, all features could
be obtained from one or several filters, including wavelet, square
root, square, gradient, logarithm, gaussian Laplace (LoG) filters,
and exponential filters (18).

Radiomics Features Selection
In the training set, the selection of radiomics features was
conducted before the model construction. A Kruskal–Wallis
test was used to investigate the relationship between the
features and the pathological diagnosis of the selected nodules.
A correlation matrix was used to remove redundant features. The
absolute columnar mean correlation (CWAAC) was calculated
for each feature. When the correlation coefficient of each pair
exceeded the 0.8 threshold, the feature was considered with high
CWAAC value and was removed.

Finally, intra- and interclass correlation coefficients (ICCs)
were used to estimate the intra- and interobserver reproducibility
of the radiomics feature extraction. We randomly chose 50 cases
for segmentation and feature extraction. The ROI segmentation
of these 50 cases was conducted by two radiologists. Then, the
first radiologists repeated the same process after 1 week. ICC
> 0.75 indicated good agreement of the feature extractions (12).

Construction of the Radiomics
Prediction Model
After selection of the radiomics features, the prediction model
was constructed by a random forest method using the training
set and tested with the validation set. The ROC curves, AUC
value, accuracy, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were used to evaluate the
predictive performance of the established radiomics model.

Statistical Analysis
The quantitative clinical and radiomics characteristics are shown
as mean ± standard deviation or median [25th–75th]; qualitative
characteristics are shown as n (%). Comparisons of qualitative
features were achieved by the Chi-square test or Fisher exact test,
whereas comparisons of quantitative features were performed
using a t-test or Wilcoxon test. Differences reaching a P value <
0.05 by two-tailed tests were considered statistically significant.
The statistical analysis was performed with R statistical software
(version 3.3.1) and SPSS software (version 20.0).
RESULTS

Clinical Information
The initial search retrieved 1,417 nodules matching the inclusion
criteria, of which 190 were AAH cases and 1,227 were
adenocarcinoma cases. We randomly selected 30% of the
adenocarcinoma cases and all AAH cases for our primary
study. Then, according to the exclusion criteria, 17 AAH and
56 adenocarcinomas cases were excluded. Six AAH and 21
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adenocarcinomas cases had obvious respiration artifacts
around the nodules, 4 AAH and 16 adenocarcinomas cases
had been injected with contrast medium for CT, and 7 AAH
and 19 adenocarcinomas cases were tightly connected with the
pleura. In total, 485 nodules, including 173 AAH cases, 193 AIS
cases, 99 MIA cases, and 20 IAC cases from 443 patients were
included in our final study. Examples of selected nodules are
shown in Figure 1. For every 10 modules, 7 were randomly
assigned to the training set, and the remaining 3 were assigned to
the validation set (7:3 ratio). The process of random selection
was performed according to the stratified sampling method
based on pathological results. Eventually, 121 AAH and 218
adenocarcinoma cases constituted the training set, and 52 AAH
and 94 adenocarcinoma cases constituted the validation set.
Detailed information related to the selected nodules is shown
in Table 1. The study flowchart is shown in Supplementary
Figure S1.

Selection of the Radiomics Features
Initially, the number of extracted radiomics features was 386.
After Kruskal–Wallis tests, correlation tests, and ICC assessment,
46 radiomics features were retained. Then, the random forest
method was used for further selection of 57 features, including 46
radiomics features and 11 traditional features (listed in Table 1).
The 57 features were classified by order of importance using the
random forest method (Figure 2). Seventeen features (including
11 radiomics and 6 traditional features), the importance level of
which surpassed 0.02, were selected to establish a prediction
model. The 11 selected radiomics features are shown in
Supplementary Table S1, and 6 traditional features (long
diameter, maximum CT value, variance of CT value, mean CT
value, minimum CT value, and volume) are shown in Table 1.

Establishment of a Radiomics
Prediction Model
We aimed to construct a prediction model to distinguish AAH
and adenocarcinomas manifesting as subcentimeter GGNs. The
selected 11 radiomics and 6 clinical features were used to
construct a prediction model based on the training set,
according to the random forest classifier. The performance of
the established model was further tested on the validation set.
The diagram of the prediction model is shown in Figure 3.

Performance of the Radiomics
Prediction Model
The detailed prediction results obtained with the radiomics
model are shown in Table 2. The predictive accuracy was
84.1% and 82.2% in the training and the validation set,
respectively. The specificity, positive predictive value, and
negative predictive values were all over 70% (Table 3). The
AUC of the prediction model was 0.899 (95% CI: 0.867–0.931)
and 0.881 (95% CI: 0.827–0.936) for, respectively, the training
and the validation set (Figure 4). Compared with the training set,
the predictive performance of the radiomics model on the
validation set was not significantly lower. These indicators
demonstrated that our newly established prediction model
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performs well to discriminate between AAH and early lung
adenocarcinomas with subcentimeter GGNs.
DISCUSSION

Lung cancer is the most common cancer and the primary cause
of cancer-related death (19) and adenocarcinomas have been the
main histological subtype of lung cancer (20). The widening
utilization of chest CT in clinics has reduced the mortality of
lung cancer (21, 22), while increasing the detection of many
subcentimeter GGNs. Proper management strategy for these
detected GGNs is very important for the overall control of
lung cancer because of the high prognosis variability linked to
different stages of lung adenocarcinomas (23, 24). AAH is
considered a precancerous adenocarcinoma lesion. Therefore,
Frontiers in Oncology | www.frontiersin.org 492
accurate discrimination between AAH and adenocarcinomas
would be beneficial to the personalized treatment of these two
different GGNs. At present, preoperative CT images are the most
useful tools to identify the pathologic stage of GGNs. However, a
large part of AAH and subcentimeter adenocarcinomas may
have only little morphological differences on CT images and are
difficult to distinguish for the radiologists. This difficulty may
lead to many AAH nodules being treated by aggressive surgical
treatment as if they were adenocarcinomas.

Some studies investigated the performance of the radiomics
method to predict the pathologic classification of GGNs (16, 17).
However, these studies did not try to differentiate AAH nodules
from adenocarcinomas. In addition, the diameter of the nodules
included in these studies was less than 3 cm, but few AAH
nodules had a diameter greater than 1 cm. Consequently, the
pathological classification of subcentimeter nodules remained a
FIGURE 1 | Examples of the included nodules. The yellow shadow represents the shape of the lesions. The pathological pictures are from paraffin sections
[hematoxylin and eosin (H&E), ×100 for AAH, AIS, and MIA; H&E, ×40 for IAC]. AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma in situ; MIA, minimally
invasive adenocarcinoma; IAC, invasive adenocarcinoma.
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TABLE 1 | Clinical information of the cases in the training and the validation sets.

Clinical features Training set Validation set

AAH (n = 121) Adenocarcinomas (n = 218) p AAH (n = 52) Adenocarcinomas (n = 94) p

Age (years) 50.2 ± 10.1 48.6 ± 11.5 0.193 51.8 ± 11.3 49.5 ± 10.3 0.208
Gender 0.296 0.410
Male 41 (33.9) 62 (28.4) 16 (30.8) 23 (24.5)
Female 80 (66.1) 156 (71.6) 36 (69.2) 71 (75.5)
Nodule type <0.01 <0.05
Pure GGNs 36 (29.8) 33 (15.1) 19 (36.5) 20 (21.3)
Part solid GGNs 85 (70.2) 185 (84.9) 33 (63.5) 74 (78.7)
Location (lobe) 0.253 0.246
Upper right 42 (34.7) 71 (32.6) 14 (26.9) 22 (23.4)
Middle right 13 (10.7) 32 (14.7) 6 (11.5) 13 (13.8)
Lower right 41 (33.9) 57 (26.1) 18 (34.6) 23 (24.5)
Upper left 18 (14.9) 49 (22.5) 9 (17.3) 31 (33.0)
Lower left 7 (5.8) 9 (4.1) 5 (9.6) 3 (5.3)
Long diameter 9.0 [7.5, 10.2] 9.8 [-8.7, 11.0] <0.001 8.2 [7.1, 9.2] 9.9 [9.0, 11.2] <0.001
Short diameter 6.1 [5.5, 7.1] 6.7 [5.9, 7.6] <0.001 5.9 [4.9, 6.5] 6.7 [5.8, 7.5] <0.001
Mean CT value −666.5 [−698.7, −629.8] −591.8 [−651.5, −540.7] <0.001 −670.3 [−697.6, −642.1] −595.7 [−643.1, −533.3] <0.001
Maximum CT value −574.0 [−655.0, −494.5] 412.0 [−548.5, −289.8] <0.001 −580.0 [−649.8, −507.8] −404 [−504.7, −284.8] <0.001
Minimum CT value −800 [−800, −786] −800 [−800, −768.0] <0.001 −800 [−800, −789.0] −800 [−800, −764.3] <0.001
Variance of CT value 60.8 [39.2, 85.9] 105.5 [71.6, 135.8] <0.001 59.9 [43.8, 77.5] 109.2 [79.7, 141.7] <0.001
Volume 219.9 [143.8, 302.0] 281.8 [215.8, 399.5] <0.001 176.4 [120.7, 246.4] 300.5 [207.6, 404.9] <0.001
Frontiers in Oncology |
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Mean CT value, maximum CT value, minimum CT value, and variance of CT value were measured in the largest circle within the lesion at the maximum cross-section.
AAH, atypical adenomatous hyperplasia.
FIGURE 2 | The order of the importance level of the radiomics features and clinical features. I: the filter of log_sigma_5_0_mm, II: the filter of log_sigma_4_0_mm, III:
the filter of log_sigma_3_0_mm, IV: from original pictures. a: Gray Level Dependence Matrix features, b: First-Order features, c: Gray Level Run Length Matrix
features, d: Gray Level Size Zone Matrix features, e: Gray Level Co-occurrence Matrix feature, f: Shape features, g: Neighboring Gray Tone Difference Matrix features.
CT_max, CT_variance, CT_mean, and CT_min indicate maximum CT value, variance of CT value, mean CT value, and minimum CT value, respectively.
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problem to be solved in clinics. Therefore, we sought to
investigate whether a prediction model based on radiomics and
clinical features could be used as an effective method to
discriminate between these two pathologic types of GGNs.

The accuracy of our newly developed radiomics prediction
model was 84.1% and 82.2% in the training and the validation set,
respectively (Table 3). This accuracy was satisfactory for both
sets, and the performance for the validation set displayed no
significant reduction compared to that obtained for the training
Frontiers in Oncology | www.frontiersin.org 694
set. These results demonstrated the stability of the prediction
model, although further validation is needed. In addition, the
sensitivity, specificity, PPV, and NPV were all above 70%, which
indicated a good comprehensive performance for the prediction
model. Similarly, the analysis by ROC curves revealed AUCs of
the prediction model of 0.899 (95% CI: 0.867–0.931) and
0.881 (95% CI: 0.827–0.936) for the training and validation set,
respectively (Figure 4), indicative of good performance. These
indicators proved that our prediction model, based on radiomics
TABLE 2 | Confusion matrix of the prediction results obtained from the validation set by the prediction model.

Predictions Final pathological classification

AAH (n = 52) Adenocarcinomas (n = 94) Total (n = 146)

AAH 44 (84.6%) 18 (19.1%) 62
Adenocarcinomas 8 (15.4%) 76 (80.9%) 84
August 2021 | Volume 11
Adenocarcinomas include adenocarcinoma in situ, minimally invasive adenocarcinoma, and invasive adenocarcinoma.
AAH, atypical adenomatous hyperplasia.
TABLE 3 | Performance of the radiomics model on the training and the validation sets.

Group Accuracy Sensitivity Specificity PPV NPV

Training set 84.1% 78.5% 87.2% 77.2% 88.0%
Validation set 82.2% 84.6% 80.9% 71.0% 90.5%
| Article 6
PPV, positive predictive value; NPV, negative predictive value.
FIGURE 3 | The diagram of established prediction model based on random forest classifier.
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and traditional features, is an effective method to distinguish AAH
and adenocarcinomas manifesting as subcentimeter GGNs on
CT images.

Ranking of the features’ importance level (Figure 2) revealed
that the radiomics features were as important as the main clinical
features. One radiomics feature was in the top three most
important features, and four radiomics features were found in
the top 10 most important features. These results demonstrate
the necessity and meaningfulness of introducing the radiomics
method to clinical practice to improve tumor diagnosis.

In this study, one of the most important inclusion criteria was
that the diameter of the nodules was less than 1 cm, rather than
3 cm in other studies, to better fit the clinical needs. Preoperative
pathological prediction on subcentimeter GGNs is a big
challenge for clinicians, because the pathological classification
of these lesions, based on different morphological features, is
usually difficult to achieved with the naked eye. In this study, our
prediction model reached a satisfactory prediction performance,
although the included nodules had stricter requirement on the
diameter criteria than other studies.

The main limitation of our research was the lack of
multicenter data and prospective validation. Therefore, our
newly established radiomics classifier will need further stability
and applicability validation. Our future research will expand the
size of the data set and conduct multicenter clinical trials to
verify and improve the effectiveness of the model.
CONCLUSION

This study showed that our newly established prediction model
performed well in discriminating between AAH and early
adenocarcinomas manifesting as subcentimeter lung GGNs on
Frontiers in Oncology | www.frontiersin.org 795
CT images. This model has the potential to improve preoperative
prediction accuracy for AAH nodules and may help avoid
aggressive surgical treatment for AAH patients. In the future,
larger multicenter data and prospective validations will be
needed to improve and test the clinical values of this new
radiomics classifier.
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Central South University, Changsha, China, 5 National Health Commission of the People's Republic of China (NHC), Key
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Background: Lung ground-glass opacities (GGOs) are an early manifestation of lung
adenocarcinoma. It is of great value to study the changes in the immune
microenvironment of GGO to elucidate the occurrence and evolution of early lung
adenocarcinoma. Although the changes of IL-6 and NK cells in lung adenocarcinoma
have caught global attention, we have little appreciation for how IL-6 and NK cells in the
lung GGO affect the progression of early lung adenocarcinoma.

Methods:We analyzed the RNA sequencing data of surgical specimens from 21 patients
with GGO-featured primary lung adenocarcinoma and verified the changes in the
expression of IL-6 and other important immune molecules in the TCGA and GEO
databases. Next, we used flow cytometry to detect the protein expression levels of
important Th1/Th2 cytokines in GGO and normal lung tissues and the changes in the
composition ratio of tumor infiltrating lymphocytes (TILs). Then, we analyzed the effect of
IL-6 on NK cells through organoid culture and immunofluorescence. Finally, we explored
the changes of related molecules and pathway might be involved.

Results: IL-6 may play an important role in the tumor microenvironment of early lung
adenocarcinoma. Further research confirmed that the decrease of IL-6 in GGO tissue is
consistent with the changes in NK cells, and there seems to be a correlation between
these two phenomena.

Conclusion: The IL-6 expression status and NK cell levels of early lung adenocarcinoma
as GGO are significantly reduced, and the stimulation of IL-6 can up-regulate or activate
NK cells in GGO, providing new insights into the diagnosis and pathogenesis of early lung
cancer.

Keywords: early lung adenocarcinoma, IL-6, NK cells, tumor microenvironment, ground-glass opacities
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INTRODUCTION

Lung cancer is the leading cause of cancer-related mortality
worldwide, killing an estimated 1.6 million people each year,
with 5-year overall survival rates ranging from 85% in stage IA to
6% in stage IV (1). Thanks to high-resolution computed
tomography (HRCT), the diagnosis of ground-glass opacity or
ground-glass nodules (GGO or GGN) found in the surrounding
lung field is increasing (2, 3). GGO is defined radiologically as a
focal lesion that visually preserves lung parenchyma, airways,
and blood vessels in it (4). GGO can be regarded as the symbol of
both benign or malignant lesions, and its occurrence and growth
are involved in various molecular changes (5). Many of these
GGOs are associated with early lung adenocarcinoma (LUAD)
which is the dominant histologic subtype in lung cancer (2). A
consensus on the importance of preoperative characterization of
lesions has been reached. The molecular and cellular changes in
GGO may provide new insights into the pathogenesis of early
lung adenocarcinoma.

Abnormality in the immune microenvironment is one of the
most important characteristics of cancer initiation and
progression. For example, the expression of the Programmed
Death-Ligand 1 (PD-L1) stimulated by the PD-1/PD-L1 axis is a
major immunosuppressive mechanism in non-small cell lung
cancer (NSCLC) (6, 7). Some tumor-infiltrating lymphocytes
(TILs) also are closely tied with cytokines in the tumor
microenvironment (8). Many preclinical and clinical studies
have shown that tumor-infiltrating lymphocytes (TILs) such as
CD3+ cells, CD8+ cells, or CD45RO+ cells have the potential to
be used as prognostic markers (9). Besides, in addition to
immune cells, cytokines such as interleukins (IL)-4 and IL-6
also play a prominent role in the process of tumor immunity (8,
10). According to the theory of the cancer-immunity cycle,
multistep processes along with various molecules and immune
cells are involved in lung cancer such as the release of
inflammatory cytokines, the recruitment of immune cells, the
recognition of immune cells with tumor cells, and so on (11, 12).
It will be more accurate and reliable to consider more steps in
this cycle, that is, find more valuable biomarkers and further
analyze their impact on pathological types and disease prognosis.
MATERIALS AND METHODS

Acquisition of Clinical Samples
All specimens were collected from the specimen bank of our
center (Department of Thoracic Surgery, Second Xiangya
Hospital, Central South University) by members of this project.

The specimens collected met the following conditions: (1)
The GGO tissue and paired normal lung tissue were surgically
resected and got reserved in liquid nitrogen or got intervention
immediately. The GGO tissue was collected from the middle of
the primary lesion, and each pair of normal lung tissue and lung
cancer tissue were from the same patient; (2) The diameter of
each sample was more than 5 mm and less than 2 cm.
The volume of each sample was less than 1/2 of the volume of
the primary lesion; (3) All the collected specimens were
Frontiers in Oncology | www.frontiersin.org 298
confirmed as lung adenocarcinoma (LUAD) by the
Department of Pathology; (4) The patients had not received
any form of radiotherapy, chemotherapy, targeted drug therapy,
immune drug therapy, and other tumor therapies before the
operation; (5) The patients had no special systemic diseases or
other diseases that affected the experimental results; (6)
Specimens were obtained with the informed consent of the
patients and the approval of the ethics committee.

At the same time, we collected some clinical characteristics of
the GGO patients in the cohort, including age, gender, smoking
history, differentiation, TNM stage, the expression of PD-L1.

Study Cohort and RNA-seq
Totally, 73 primary lung GGO patients intended for surgical
removal at the Thoracic Surgery Department of the Second
Xiangya Hospital were involved in our study between February
2020 and August 2021. Because that the GGO size limited
repeated usage of a lot of specimens, we finally utilized 21
pairs of tissues for RNA-seq, 26 for flow cytometry (in which a
representational one for immunohistochemical staining), 1 for
organoid culture, and 25 for qPCR. All the GGO samples were
demonstrated to be early lung adenocarcinoma (mostly IA stage)
pathologically. A panel of RNA sequencing (RNA-seq) was
performed by BGI Gene Biological Company (Wuhan, China,
http://www.genomics.cn/) with 21 pairs of surgical GGO
specimens and normal lung tissues. All patients allowed
specimen collection, clinical data provision, and biomarker
analysis by written informed consent prior to enrolling in the
study. We completed the study according to the Declaration of
Helsinki with a protocol approved by the Ethics Committee of
the Second Xiangya Hospital, Central South University,
Changsha (Project identification code: 2020S609).

Flow Cytometry
Flow cytometry was performed as per manufacturer’s protocol
asked. BD Multitest CD3/CD8/CD45/CD4 reagent and BD
Multitest CD3/CD16+CD56/CD45/CD19 reagent (BD
Bioscience, CA, USA) were used to measure the lymphocyte
percentage. Human Th1/Th2/Th17 Phenotyping Kit (Cell-
Genebio, China) was used for the determination of IL-2, IL-4,
IL-6, IL-10, TNF-a, IFN-g, and IL-17a. All tests were performed on
FACSCalibur (BD Biosciences, USA) instruments. The software
FlowJo (LLC, version 10.6.0) was used for the data analysis.

Data From TCGA, GEO, and Other
Literature
To verify the flow cytometry results of IL-6 in lung
adenocarcinoma, common shared RNA-seq data of LUAD
were selected from the TCGA (The Cancer Genome Atlas)
database (https://portal.gdc.cancer.gov/). The data were gotten
from 59 normal cases and 535 tumors. GSE40419 RNA-seq
dataset was selected from GEO (Gene Expression Omnibus)
database, among which 77 normal samples and 87 LUAD tumor
samples were selected, and FPKM (Fragments Per Kilobase per
Million) was used to demonstrate the expression. To reinforce
the generality of the results in GGO, we cited shared data in a
study of lung GGO from Lee H et al. (13). In this study,
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researchers did a RNA-seq between 9 pairs of normal lung tissue
and GGO tissue, and the pathological results of all the 9 GGO
tissues are lung adenocarcinoma.

Multiple Staining Immunohistochemical
Immunohistochemical staining was performed on 10% formalin-
fixed and paraffin-embedded tissues. Antibodies of CD16 (Anti-
CD16: Abcam, ab246222, at a dilution of 1:100), CD56 (Anti-
NCAM1: Abcam, ab75813, at a dilution of 1:100), IL-6 (Anti-
IL6: Bioworld, MB9296, at a dilution of 1:50), and PD-1 (Anti-
PD-1: Abcam, ab137132, at a dilution of 1:250) were used. By the
way, in the stained sections PD-1 was negative, we predicted that
there is not any PD-1 expression in the selected samples, so it was
not reflected in the text. The mean gray value method was used
for the quantification of immunohistochemistry and
immunofluorescence by ImageJ (NIH 64-bit Java 1.8.0).

Organoid Culture and
Immunofluorescence
After surgical removal of fresh GGO tissue and normal lung
tissue, each tissue block is clipped into about 200mg. The specific
steps of organoid culture were shown in Figure S1, where IL-6
was applied by PEPROTECH (Recombinant Human IL-6,
Catalog:200-06, USA, at the concentration of 2ng/ml). The
culture scaffolds (Millipore, PIHP01250, USA) were used as
containers. Small molecules added in culture: EGF, FGF-10,
FGF-basic and HGF (PEPROTECH, USA), N2, B27
(ThemerF i sher , USA) . Ti s sues were co l l ec ted for
immunofluorescence followed by the standard protocol. Two
antibodies CD16 (Proteintech, 16559-1-AP, China, at the
dilution of 1:100), and CD56 (Proteintech, 14255-1-AP, China,
at the dilution of 1:3000) were used. The administration of IL-6
and controlled PBS for three groups is with 0h/24h/48h duration.

RNA Isolation and Quantitative
Real‐Time PCR
Total cellular RNA was isolated from tissue samples by Trizol
reagent (Invitrogen) and reversely transcribed into cDNA using
the SuperScript First Strand cDNA system (Invitrogen)
according to the manufacturer’s protocol. The qPCR
amplifications were performed in an Applied Biosystems
Stepone Plus System (Applied Biosystems, Foster, CA) using
an SYBR Green PCR Master Mix (Roche, Indianapolis, IN).
Primer sequences used for performing qRT-PCR are as follows:

IL-6 forward, 5′-CACTGGTCTTTTGGAGTTTGAG-3′;
IL-6 reverse, 5′-GGACTTTTGTACTCATCTGCAC-3′;
CD16 forward, 5′-GGTGACTTGTCCACTCCAGTGT-3′;
CD16 reverse, 5′-ACCATTGAGGCTCCAGGAACAC-3′;
CD56 forward, 5′-CATCACCTGGAGGACTTCTACC-3′;
CD56 reverse, 5′-CAGTGTACTGGATGCTCTTCAGG-3′;
PD-1 forward, 5′-AAGGCGCAGATCAAAGAGAGCC-3′;
PD-1 reverse, 5′-CAACCACCAGGGTTTGGAACTG-3′;
PD-L1 forward, 5′-CGTTGTGCTTGAACCCTTGA-3′;
PD-L1 reverse, 5′-ACACAAGGAGCTCTGTTGGA-3′;
JAK1 forward, 5′-GAGACAGGTCTCCCACAAACAC-3′;
JAK1 reverse, 5′-GTGGTAAGGACATCGCTTTTCCG-3′;
Frontiers in Oncology | www.frontiersin.org 399
STAT3 forward , 5 ′ -CTTTGAGACCGAGGTGTA
TCACC-3′;

STAT3 reverse, 5′-GGTCAGCATGTTGTACCACAGG-3′;
b-actin forward, 5′-AAAGACCTGTACGCCAACAC-3′;
b-actin reverse, 5′-GTCATACTCCTGCTTGCTGAT-3′.
Resu l t s a re expres sed as mean ± SD of three

independent experiments.

Statistical Analysis
All data were analyzed by SPSS 22.0 software (SPSS, Chicago, IL)
and plotted by GraphPad Prism 8.0 software (GraphPad
Software, La Jolla, CA). Paired T-test was performed to obtain
p values between two groups when complete one-to-one
correspondence, otherwise the unpaired t-test was used. A p >
0.05 was considered statistically nonsignificant (ns), while the
statistical difference levels were set at *P < 0.05; **P < 0.01; ***P <
0.001; ****P < 0.0001.
RESULTS

Genes in Immune Regulation Behaved
Abnormally in Lung GGO Tissues
After screening the results of RNA-seq, 1654 differentially
expressed genes between normal and GGO tissues were
obtained (|FC|≥2, p < 0.05), of which 572 were up-regulated in
GGO and other 1082 were down-regulated (Figure 1A, B). It was
illustrated that most of the down-regulated genes involved in
immune regulation varied greatly, whereas the interleukin 6 (IL-
6), CXCL13, MMP9, and some other genes seem to take crucial
roles in related gene pathway models (Figure 1C, D). However,
previous studies have shown that blocked IL-6 can inhibit the
progression of some lung cancers (14), which is obviously
inconsistent with our conclusion. Thus, we tried to take further
study to explore this contradiction.

The Lower Expression of IL-6 In Lung
GGO Tissues
We selected 21 pairs of fresh normal lung tissue and lung GGO
tissue samples, extracted their proteins in vitro, and detected the
content of IL-2, IL-4, IL-6, IL-10, TNF-a, IFN-g, and IL-17a by
cytometric bead array (CBA) microsphere method of flow
cytometry (Figure 2A and Supplementary Table S1). The
results showed that the expression of IL-6 in normal tissues
was significantly higher than that in GGO tissues (P = 1.2e-2).
Then we tried to discuss whether several important clinical
characteristics affect the decrease of IL-6 in GGO patients. The
result shows that age (P=0.897), gender (P=0.609), smoking
history (P=0.993), differentiation (P=0.476), T stage (P=0.691)
and PD-L1 (P=428) do not influence the downregulation of IL-6
(Table 1). To explore whether the changing trend of IL-6 level in
lung adenocarcinoma from public databases is the same as our
experimental result, we queried the mRNA expression of IL-6 in
The Cancer Genome Atlas (TCGA) database and Gene
Expression Omnibus (GEO, GSE40419)dataset—whose
samples are also tissues rather than serum—and found a
consistent result that the IL-6 is down-expressed in lung
September 2021 | Volume 11 | Article 705888
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adenocarcinoma, where P value equals to 7.21e-26 and 4.29e-07,
respectively (Figure 2B and Supplementary Table S2). Then we
explored the shared transcriptome sequencing results from Lee
H et al. In this cohort which included 9 normal tissues and 9
GGO tissues, the expression of IL-6 seems decreased in GGO as
we predicted (Supplementary Figure S2).
Frontiers in Oncology | www.frontiersin.org 4100
The Amount of NK Cells Is Down-
Regulated in Lung GGO Tissues
To simultaneously explore the changes of immune cells in the
GGO tumor microenvironment, we got single-cell suspensions
from 23 GGO tissues and the paired normal tissues, then applied
cell differentiation by flow cytometry (Figure 3A, B and
A

C

D

B

FIGURE 1 | An RNA sequencing (RNA-seq) analysis with 21 pairs of surgical GGO specimens and normal lung tissues from primary lung GGO patients. (A, B).
Process of obtaining the up-regulated and down-regulated genes after RNA-seq in GGO (|Fold Change|≥2, p<0.05). (C, D). Clustering of differentially expressed
genes and the related hub genes in different pathways. Square nodes represent different pathways and round nodes represent hub genes; the size of the circle
represents the number of nodes involved in hub genes.
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Supplementary Table S3). The 6th patient had 3 GGO tissues,
and 16 of the other patients got overlapped in the cytokines test.
We examined the percentages of T cell (CD45+CD3+), CD4+ T
cell (CD45+CD3+CD4+), CD8+ T cell (CD45+CD3+CD8+), B cell
(CD45+CD3-CD19+ CD16/CD56-), and natural killer (NK) cell
(CD45+CD3-CD19-CD16/CD56+) in the total cell count, where
the proportion of NK cells in normal lung tissues was statistically
higher than that of GGO tissues (P = 9.2e-6), whereas the
proportion of T cells (P = 7.4e-4), CD4 cells (P = 2.3e-4), and
B cells (P = 6.5e-3) were all increased in GGO tissues. We also
explore whether some clinical characteristics could affect the
decrease of NK cells in GGO patients. The result shows that age
(P=0.347), gender (P=0.263), smoking history (P=0.689),
differentiation (P=0.528), T stage (P=0.636) and PD-L1
(P=267) do not influence the change of NK cells in GGO
tissues (Table 2).The multiple staining immunohistochemical
experiment and its quantified results also verified the differential
expressions of IL-6, CD16, and CD56 between normal and GGO
tissues (Figure 3C and Supplementary Figure S3), These results
A

B

FIGURE 2 | The decrease of IL-6 in lung adenocarcinoma with GGO. (A) The flow cytometry result of several cytokines. The heatmap shows the expression status
of 7 cytokines in 21 GGO patients (upper), while the scatter plot shows the expression of IL-6 (lower). (B) The mRNA level of IL-6 in TCGA (left, 59 normal and 535
cancer) and GEO (GSE40419) database (right, 77 normal and 87 cancer). Each dot represents an individual patient. Results are expressed as mean ± SEM.
**P < 0.01; ****P < 0.0001. N, normal; C, cancer. .
TABLE 1 | The fold change (FC) of IL-6 expression level with main characteristic
of the patients in the flow cytometry.

Characteristics n Average FC of IL-6 P value

Age 0.897
<60 11 0.299
≥60 10 0.230

Gender 0.609
Female 15 0.299
Male 6 0.230

Smoking history 0.993
No 17 0.279
Yes 4 0.280

Differentiation 0.476
Well 8 0.224
Else 13 0.313

T stage 0.691
T1a 8 0.436
T1b 13 0.517

PD-L1 0.428
Negative 6 0.207
Positive 12 0.307
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further indicated the decreases in IL-6 and some important NK
cell markers at the protein level in GGO.

The Effect of IL-6 on NK Cells
It has been preliminary elucidated that IL-6 secreted by tumor
cells could restrict the activity and function of NK cells through
the JAK1 pathway (15). However, the inconsistent changes in
PD-1 and STAT3 are intriguing and seem to be incompatible
with the classical IL-6 pathway, which requires further research.
The dysfunction of NK cells favors tumor immune-evasion, so a
comprehensive understanding and restoration of their functions
mechanically will aid the treatment of lung cancer (16).
Consequently, we analyzed the effect of IL-6 on NK cells
preliminary by organoid tissue culture with normal lung tissue
Frontiers in Oncology | www.frontiersin.org 6102
and lung GGO tissue from the same characteristic patient in
vitro. Compared to the control group (treated with PBS), the
markers of NK cells—CD16 and CD56—were up-regulated in
the IL-6-treated group (Figures 5A, B). By quantifying the
results of immunofluorescence (calculated by the mean gray
values of different fluorescence channels), we found that there
were consistent changes in normal lung organoid tissue, but the
effect of IL-6 in increasing NK cells was more obvious in GGO
organoid tissue (Figures 4A, B). Besides, considering the
importance of NK cells for checkpoint immunotherapy (17),
we analyzed gene expression data and overall survival
information from TCGA, finding that the lower expression of
NCAM1 (CD56), NKG2D, and NCR3 (three important markers
of NK cells) indicated a poor prognosis of the lung
A

C

B

FIGURE 3 | The decrease of NK cells in lung adenocarcinoma with GGO. (A) The flow cytometry result of immune cells. The heatmap shows the expression status
of 5 kinds of cells in 21 GGO patients (upper), and the scatter plot shows the expression of NK cells (lower). (B) The expression of NK cells (CD16/CD56+) on total
CD45+CD3- cells within the lymphocyte gate from one representative patient with paired normal (left, 10N) and GGO (right, 10C) tissues. In the paired samples
selected, NK cells in normal lung tissues made up about 90.7% of all non-T lymphocytes, while the content in GGO tissues was 19.4% around. (C) The multiple
staining immunohistochemical results of IL-6 (in brown) and CD16 (in purple) in normal lung tissue or GGO lung tissue. Each dot represents an individual patient.
Results are expressed as mean ± SEM. ****P<0.0001. N, normal; C, cancer. Scale bar, 50 µm.
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adenocarcinoma (P < 0.05, Figure S4). This laterally reflects the
effect of decreased NK cells on tumor progression.

IL-6/JAK/STAT3 Pathways Function in
Lung GGO Tissues
To further reveal whether these involved mechanisms mentioned
before also are related to IL-6 and NK cells in early lung
adenocarcinoma with GGO or not, we then compared the
expression of seven genes (IL-6, CD16, CD56, PD-1, PD-L1,
JAK1, and STAT3) with 25 pairs of early lung adenocarcinoma
samples by quantitative real-time PCR (qPCR) (Figure 5A and
Supplementary Table S4) and analyzed their expression data in
RNA-seq (Figure 5B and Supplementary Table S5). Even though
the relative expression of CD56 by qPCR did not have significant
difference (P=2.73e-1 in qPCR, and P=1.66e-1 in RNA-seq), the
expression of CD16 (P=1.74e-3 in qPCR, and P=1.42e-3 in RNA-
seq) and IL-6 (P=1.37e-02 in RNA-seq, although P=5.28e-2 in
qPCR) showed the consistent results by qPCR and RNA-seq both.
We also found that PD-L1 (P=7.20e-4 in qPCR, although P=1.66e-1
in RNA-seq) and JAK1 (P=4.74e-2 in RNA-seq, although P=4.73e-1
TABLE 2 | The fold change (FC) of NK cell expression level with main
characteristic of the GGOs in the flow cytometry.

Characteristics n Average FC of NK cells P value

Age 0.347
<60 12 0.391
≥60 11 0.581

Gender 0.263
Female 13 0.580
Male 10 0.354

Smoking history 0.689
No 18 0.503
Yes 5 0.405

Differentiation 0.528
Well 9 0.402
Else 14 0.533

T stage 0.636
T1a 10 0.416
T1b 13 0.517

PD-L1 0.267
Negative 8 0.333
Positive 12 0.588
Patient No.6 had 3 GGO nodules, which were included and calculated three times.
A B

FIGURE 4 | The correlation between the expression of IL-6 and NK cells in lung adenocarcinoma with GGO. Images (upper) and the mean gray value (lower) show
the immunofluorescence results in GGO tissues (A) and their paired normal tissues (B) after IL-6/PBS treatment.
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in qPCR) seems to be down-regulated in GGO, while PD-1
(P=8.70e-3 in RNA-seq, although P=2.53e-1 in qPCR) and
STAT3 (P=1.76e-2 in RNA-seq, although P=4.73e-1 in qPCR)
seems to be over-regulated in GGO.
DISCUSSION

Through the whole research process, we mainly drew two main
conclusions: First, in the microenvironment of lung
adenocarcinoma tissue with early lesions of GGO, IL-6 and
NK cells showed a consistent decrease; Second, the decrease of
NK cells is correlated with IL-6, and the proliferation or
activation of NK cells can be stimulated by increasing IL-6 in
the GGO tumor microenvironment. However, the specific
mechanism of the increase of NK cells caused by IL-6 still
needs to be further studied.
Frontiers in Oncology | www.frontiersin.org 8104
Interleukin-6 (IL-6) has been shown its significant characteristics
in the pathological processes of inflammation, autoimmunity, and a
series of cancers since its identification in the 1980s (18, 19). As a
typical cytokinemember of the IL-6 family, it was originally taken as
B-cell stimulating factor-2 (BSF-2) which functions in
immunoglobulin production (20). IL-6 binds to responding cells
and takes various biological roles on them by working with
transmembrane IL-6 receptors, as well as some soluble IL-6
receptors. It was widely accepted that IL-6 mainly exerted its
effect through activating Janus kinase (JAK) family tyrosine
kinases with the help of gp130, further causing the activation of
regulatory factors such as signal transducer and activator of
transcription (STAT) family transcription factors (mainly STAT3)
and Src homology region 2 domain-containing phosphatase 2
(SHP-2) (21, 22). In previous studies, IL6 was generally
considered as an important cancer-promoting molecule. To be
more specific, IL-6 has been demonstrated to be responsible for
A

B

FIGURE 5 | The expression of some related molecules in lung GGO tissues. (A) Relative expression of seven genes in 25 paired normal and cancer tissues by
qPCR. (B) The expression of seven genes reflected by RNA-seq data come from 21 GGO patients. Each dot represents an individual patient. Results are expressed
as mean ± SEM. *P < 0.05; **P < 0.01. N, normal; C, cancer.
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VEGF-dependent angiogenesis in cervical cancer (23); IL-6–
activated STAT3 helps cell survival and promotes cell
proliferation during colitis-induced tumorigenesis of
gastrointestinal cancer (24); IL-6-induced epithelial-mesenchymal
transition (EMT) is critical for the metastasis of breast cancer (25)
and head and neck cancers (26). As for lung cancer, IL-6 was
thought to promote cancer malignancy with the functions in
migratory, chemotactic, and angiogenetic properties of cancer
cells by USP24 (27); microRNA-218, a down-regulated miRNA
that targets the IL-6/STAT3 pathway, was illustrated to suppress
lung cancer (28); meanwhile, IL-6 blockade could reduce
tumorigenesis in a kind of LUAD mouse model (29). A
prospective study conducted by Barrera et al. demonstrated that
there are higher levels of IL-6 in the plasma of patients with non-
small-cell lung cancer (NSCLC) comparing to controls (p = 0.001)
(30), while a retrospective analysis by Ryan et al. also showed IL-6
has a significant association with worse survival (hazard ratio, 1.33;
95% confidence interval, 1.08-1.64; p = 0.007) with hundreds of
European American lung cancer patients (31). The information
above all emphasized the positive relationship between IL-6
expression and cancer development. However, as we confirmed
repeatedly, IL-6 was decreased in lung adenocarcinoma with GGO.
So, there seems to be a contradiction in the early tumor
microenvironment regarding the change of IL-6 level. We
speculate that there is a different immune response in early lung
GGO tissues than in solid tumors. It was reported that in the early
stages of tumor growth, immune suppression decreases immune
surveillance (32). It has also been shown that some tumor
suppressor cells appear in the tumor microenvironment in the
early stage of tumor development (33). Obeid E et al. found that a
kind of important TILs—TAMs—initially infiltrated at the
tumorigenesis site as a tumor-inhibitory phenotype (M1), and
then transformed into tumor-promoting macrophages (M2) in
the tumor microenvironment (34). These results indicated that
the content of some immune components differed in different stages
of the tumor.

Natural killer (NK) cells belong to the innate lymphoid cell
(ILC) family that was initially described in 1973 (35, 36). They
are of lymphoid origin and recognize MHC Class I (MHC-I)
molecules by their cell surface inhibitory receptors (37).
According to the expression of two markers (CD56 and
CD16), NK cells are classified into two main subsets: CD56dim

CD16+ NK cells and CD56bright CD16− NK cells. The former
subset is a mature cytotoxic group that accounts for the majority
of circulating NK cells, while the latter subset is less mature, less
cytotoxic, primarily immunomodulatory, and mostly be found in
secondary lymphoid organs (38). It was well demonstrated that
NK cells function in tumor immunosurveillance as they can kill
cancer cells without prior sensitization (39–41). As a kind of
important tumor-infiltrating lymphocytes (TILs), low-expressed
NK cells are discovered on multiple cancers, which are linked
with a poor prognosis of patients, too (42, 43). A single cell
sequencing study of lung GGO and solid nodules concluded that
NK cell cytotoxicity was lower in solid nodules, which showed
that the function of the NK cell decreased during the progression
of lung adenocarcinoma (44). Mechanism researches also
Frontiers in Oncology | www.frontiersin.org 9105
indicate the functional improvement of NK cells may induce
tumor regression (36, 45). A study on NSCLC showed there are
fewer NK cells in cancer tissues than in normal lung tissues
followed by obviously reduced cytolytic potential, which mostly
be caused by the decrease of CD56dim CD16+ NK cells (46).
Another study also reported that NK cells principally infiltrate
the tumor stroma of lung cancer, and low levels of NK cells are
associated with a bigger primary cancer size, history of tobacco
smoking, and poorer prognosis (47). Specifically, we noticed that
natural killer (NK) cells have the potential to be key lymphocytes
involved in the early stage of lung adenocarcinoma with GGO.
The expression level of CD16 and CD56 tested by qPCR and
RNA-seq also suggested that the number of NK cells mostly
changed in the CD56dim CD16+ subset. By the way, the decrease
of NK cells could indicate a poorer overall survival status of
LUAD patients, which further highlights its clinical significance.

By searching the literature, we found that IL-6 can affect the
binding of PD-L1 and PD-1 on immune cells through the IL-6/
JAK1/STAT3 pathway and mediate the immune escape of tumor
cells, where IL-6 up-regulates PD-L1 by the glycosylation of PD-L1
(48). And in castration-resistant prostate cancer cells (CRPC), IL-6
knockdown would lead to the low expression of related proteins in
the JAK/STAT3 pathway, which could down-regulate PD-L1 in
CRPC cells and reduce its binding to PD-1 on the surface of NK
cells, thus affecting the content of NK cells in the tumor
microenvironment (49). It was also reported that JAK1 induces
glycosylation of PD-L1 by phosphorylating PD-L1 protein-related
sites (Y112), thereby promoting the stability of PD-L1, while IL-6
up-regulates PD-L1 by regulating the glycosylation of PD-L1.
Therefore, IL-6 can affect the stability of PD-L1 and its binding to
PD-1 on immune cells through the IL-6/JAK1/STAT3 pathway,
thereby mediating the immune escape of tumor cells (48).

Through organoid culture, we concluded that exogenous addition
of IL-6 to lung GGO tissues could stimulate the high expression of
markers (CD16 and CD56) on the surface of NK cells. However, we
have not determined whether IL-6 affects the content of NK cells or
just activates the cytotoxic NK cells. IL-6 has been proved to directly
improve the proliferation, cytotoxicity, and other important functions
of NK cells (50). Research has shown that IL-6, which is abundant in
the serum of patients got some infectious diseases, may downregulate
NKG2D on NK cells, leading to impaired NK activity (51–53).
However, it has also been demonstrated that down-regulation of
IL-6 may also block IL-6-mediated NK cell activation through the
effect of IL-2 or KIR2DL1 (54–56). The combined action of cytokine
IL-6 and PGL-2 can reduce the immune factor IL-2 produced by Th1
cells and affect the activation of NK cells (57). These studies indicate
that IL-6 may affect the content and function of NK cells through a
variety of pathways, but its role in GGO still needs further
experimental verification.

In this study, we briefly explored a possibly related pathway as
well as several molecules we were interested in. Results illustrated
that STAT3 may be influenced during the tumorigenesis process
of lung GGO as it is expressed higher in the tumor tissues than in
normal lung tissues, while the trend of JAK1 seems to be
consistent with that of IL-6. Therefore, the hyperactivation of
STAT3 maybe not according to the well-known IL-6/JAK/
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STAT3 pathway (45). The STAT3 activation and signaling work
through a variety of mechanisms not only related to IL-6, as SRC
and some autocrine stimulation of growth factor receptors like
EGFR can also lead to its induction (45). Besides, increased PD-1
and decreased PD-L1 seem to occur in the GGO tissues of lung
adenocarcinoma, suggesting a probable molecular link with
other changes in the immune microenvironment. The effect of
IL-6 on NK cells also illustrated that there should be some
underlying signaling pathway about IL-6 and NK cells in GGOs.

In summary, our study finds a significant decrease in IL-6
expression of early lung adenocarcinoma with GGO, along with
the level of NK cells. It is a novel perspective that the stimulation of
IL-6 can up-regulate NK cells in GGO. However, there are still some
important points in the study that need to be further explored
experimentally. First, why does IL-6 decrease occur in early lung
adenocarcinoma manifested as GGO? We assume that it may be
related to the overall low inflammatory response changes in the
exceedingly early tumor microenvironment. Second, whether IL-6
affects NK cells by changing the number of NK cells in TME or by
modulating the function of their surface receptors? Which may be
verified by regulating the function of surface receptors.

The roles of IL-6 and NK cells in the production and
development of GGO provide new insights into the early
diagnosis and pathogenesis of lung adenocarcinoma. We
believe further research could provide potential diagnostic
biomarkers or available therapy targets for lung GGO and even
take advanced benefits for studies about specific immune
mechanisms in early lung adenocarcinoma.
DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: https://github.com/xxeyywx/
RNA-seq-GGO.git. Publicly available datasets were analyzed in this
study. This data can be found in Supplementary Material.
ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the Second Xiangya
Hospital, Central South University, Changsha. The patients/
participants provided their written informed consent to
participate in this study. Written informed consent was
obtained from the individual(s) for the publication of any
potentially identifiable images or data included in this article.
AUTHOR CONTRIBUTIONS

All authors contributed to the article and approved the submitted
version. YT and XW conceived and designed the work. MW
Frontiers in Oncology | www.frontiersin.org 10106
helped to conduct the flow cytometry. Material preparation,
experiment, data collection, and analysis were performed by
PZ and BH. PZ and BH contributed equally. The first draft of the
manuscript was written by PZ and BH. QC, XP, ZZ, and WP
provide important support for the modification and polishing of
the article. Tissue sample acquisition was performed by GT, BH,
and PZ. The RNA-seq data results were aided by FY. All authors
commented on previous versions of the manuscript and all
authors read and approved the final manuscript.
FUNDING

This work was supported by the National Undergraduate
Innovation Training Program of China (20190034020003 and
20200034020026, BH), the Fundamental Research Funds for the
Central Universities of Central South University (2021zzts0383,
BH), Hunan Provincial Science and Technology Innovation Plan
Project (2020SK53424, XW) and Natural Science Foundation of
Hunan Province (2021JJ30957, XW).
ACKNOWLEDGMENTS

Thanks to Dr. Xiaoling Zhu in the Department of Clinical
Laboratory and Dr. Qingchun Liang in the Department of
Pathology of the Second Xiangya Hospital of Central South
University for their guidance on flow cytometry and
immunohistochemistry. Thanks to Dr. Wenliang Liu, Mingjiu
Chen, Jingqun Tang, and Chen Chen in the Department of
Thoracic Surgery of the Second Xiangya Hospital of Central
South University for their help in the specimen collection
process. It is with regret that not all relevant researchers could
be listed as co-authors.
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
705888/full#supplementary-material

Supplementary Figure 1 | Flow chart of organoid tissue culture and treatment of
dosing before immunofluorescence operation.

Supplementary Figure 2 | Differences in IL-6 expression between 9 normal lung
samples and 9 GGO samples were detected in the validation cohort (Lee H et al.).
**P < 0.01

Supplementary Figure 3 | The multiple staining immunohistochemical results of
CD56 (in yellow) and PD-1(in purple, negative) in normal lung tissue (upper) or GGO
lung tissue (lower). Scale bar, 50 µm.

Supplementary Figure 4 | High expression of NK cell markers suggests a better
prognosis for lung adenocarcinoma (The data are from the TCGA-LUAD database).
September 2021 | Volume 11 | Article 705888

https://github.com/xxeyywx/RNA-seq-GGO.git
https://github.com/xxeyywx/RNA-seq-GGO.git
https://www.frontiersin.org/articles/10.3389/fonc.2021.705888/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.705888/full#supplementary-material
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Zhang et al. IL-6 and NK in GGO
REFERENCES
1. Rusch V, Chansky K, Kindler H, Nowak A, Pass H, Rice D, et al. The IASLC

Mesothelioma Staging Project: Proposals for the M Descriptors and for
Revision of the TNM Stage Groupings in the Forthcoming (Eighth) Edition
of the TNM Classification for Mesothelioma. J Thorac Oncol (2016) 11
(12):2112–9. doi: 10.1016/j.jtho.2016.09.124

2. Ye T, Deng L, Wang S, Xiang J, Zhang Y, Hu H, et al. Lung Adenocarcinomas
Manifesting as Radiological Part-Solid Nodules Define a Special Clinical
Subtype. J Thorac Oncol (2019) 14(4):617–27. doi: 10.1016/j.jtho.2018.12.030

3. Infante M, Lutman RF, Imparato S, Di Rocco M, Ceresoli GL, Torri V, et al.
Differential Diagnosis andManagement of Focal Ground-Glass Opacities. Eur
Respir J (2009) 33(4):821–7. doi: 10.1183/09031936.00047908

4. Hansell DM, Bankier AA, MacMahon H, McLoud TC, Müller NL, Remy J.
Fleischner Society: Glossary of Terms for Thoracic Imaging. Radiology (2008)
246(3):697–722. doi: 10.1148/radiol.2462070712

5. Kobayashi Y, Mitsudomi T, Sakao Y, Yatabe Y, et al. Genetic Features of
Pulmonary Adenocarcinoma Presenting With Ground-Glass Nodules: The
Differences Between Nodules With and Without Growth. Ann Oncol (2015)
26(1):156–61. doi: 10.1093/annonc/mdu505

6. Horvath L, Thienpont B, Zhao L, Wolf D, Pircher A. Overcoming
Immunotherapy Resistance in non-Small Cell Lung Cancer (NSCLC) -
Novel Approaches and Future Outlook. Mol Cancer (2020) 19(1):141. doi:
10.1186/s12943-020-01260-z

7. Somasundaram A, Burns TF. The Next Generation of Immunotherapy:
Keeping Lung Cancer in Check. J Hematol Oncol (2017) 10(1):87. doi:
10.1186/s13045-017-0456-5

8. Soyama T, Sakuragi A, Oishi D, Kimura Y, Aoki H, Nomoto A, et al.
Photodynamic Therapy Exploiting the Anti-Tumor Activity of Mannose-
Conjugated Chlorin E6 Reduced M2-Like Tumor-Associated Macrophages.
Transl Oncol (2021) 14(2):101005. doi: 10.1016/j.tranon.2020.101005

9. Tada K, Kitano S, Shoji H, Nishimura T, Shimada Y, Nagashima K, et al.
Immune Status at Pre-Treatment Impacts on Progression-Free Survival of
Metastatic Colorectal Cancer Patients Treated With First-Line
Chemotherapy. J Immunother Cancer (2015) 3(Suppl 2):P108. doi: 10.1186/
2051-1426-3-S2-P108

10. Bednarz-Misa I, Diakowska D, Szczuka I, Fortuna P, Kubiak A, Rosińczuk J,
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Background and Aims: Nodular ground-glass lesions have become increasingly
common with the increased use of computed tomography (CT), while the genomic
features of ground-glass opacities (GGOs) remain unclear. This study aims to
comprehensively investigate the molecular alterations of GGOs and their correlation
with radiological progression.

Methods: Studies from PubMed, Embase, Cochrane Library, and Web of Science, using
PCR, ta rge ted pane l sequenc ing , who le exosome sequenc ing , and
immunohistochemistry, and reporting genomic alterations or PD-L1 expressions in lung
nodules presenting as GGOs until January 21, 2021 were included in this study. Chi-
square test, random-effects model, and Z-test analysis were adopted to analyze the data.

Results: A total of 22 studies describing mutations in lung adenocarcinoma (LUAD) with
GGOs were analyzed. EGFR was the most frequently mutative gene (51%, 95%CI 47%–

56%), followed by TP53 (18%, 95%CI 6%–31%), HER2 (10%, 95%CI 0%–21%), ROS1
(6%, 95%CI 0%–18%), and KRAS (6%, 95%CI 3%–9%). The correlation between the
frequency of EGFR mutation and radiological was observed and the differences were
found to be not statistically significant in the subgroups, which are listed as below:
radiological: gGGO 47.40%, 95%CI [38.48%; 56.40%]; sGGO 51.94%, 95%CI [45.15%;
58.69%]. The differences of the frequency of KRAS mutation in the different subgroups
were also consistent with this conclusion, which are listed as: radiological gGGO 3.42,
95%CI [1.35%; 6.13%]; sGGO 12.27%, 95%CI [3.89%; 23.96%]. The pooled estimated
rate of PD-L1 was 8.82%, 95%CI [5.20%–13.23%]. A total of 11.54% (3/26) of the
SMGGNs were confirmed to be intrapulmonary spread by WES.

Conclusions: Somatic genetic alterations are considered in early-stage GGO patients
without distinct changes of the frequency following the progress of the tumor. This review
sheds insight on molecular alterations in LUAD with GGOs.

Keywords: ground-glass-opacity, lung cancer, systematic review, molecular alteration, EGFR, PD-L1
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INTRODUCTION

Ground-glass opacities (GGOs), defined as hazy increased
density of the lungs with bronchial and vascular margins on
computed tomography (CT) (1, 2), often associate with lung
cancers, especially lung adenocarcinomas (LUADs), and are
commonly detected in East-Asia patients. GGOs, being
radiologically distinct clinical entities, which were known to
have an indolent clinical course, present a superior survival
after resection, especially pure GGOs with a nearly 100% long-
term disease-free survival (DFS), shown in many previous
studies (3, 4), indicating the unique biology of GGOs.
However, the molecular characteristics of GGO-associated lung
cancers have not been systematically reviewed due to the
limitation of sample size and different criteria used while
reporting, and, therefore, the tumor evolutionary mechanism
behind the slow-growing appearance in GGOs is not clear. In
addition, there are many patients with synchronous multiple
ground-glass nodules (SMGGNs) on their initial CT. And some
of them are found to have an intrapulmonary spread, even if the
initial lesions seem to be in a fairly early-stage.

Therefore, we meta-analyzed the extracted data under certain
criteria to demonstrate the dynamic genomic alterations in the
diversity of GGO patients. This review can provide a novel
insight into the molecular alterations in LUAD patients with
GGOs and new views for the biology behavior of GGOs.
METHODS

Search Strategy
Three distinctive keywords were identified as follows: “ground-
glass opacity”, “gene alterations”, and “PD-L1”. MeSH term
database from the National Center for Biotechnology
Information (NCBI) was searched to find all the possible
expressions for these keywords which were defined as free
words. The final search strategy was combined with both the
MeSH terms and free words, which is listed as follows: #1:
“GGO” OR “GGN” OR “ground glass opacity” OR “ground
glass nodule” OR “ground glass nodules” OR “ground-glass
opacity” OR “ground-glass nodule” OR “ground-glass nodules”
OR “subsolid nodule” OR “subsolid nodules” OR “subsolid
pulmonary nodules”, #2: “Gene” OR “Cistron” OR “Cistrons”
OR “Genetic Materials” OR “Genetic Material” OR “genetic
feature” OR “genet ic character is t ics” OR “genet ic
characteristic” OR “genetic features” OR “Genomic alteration”
OR “Genomic alterations” OR “EGFR” OR “epidermal growth
factor receptor” OR “TTF-1” OR “thyroid transcription factor 1”
OR “ALK” OR “anaplastic lymphoma kinase” OR “KRAS” OR
“Kirsten rat sarcoma” OR “HER2” OR “human epidermal
growth factor receptor type 2” OR “oncogenic driver”, and #3:
“PD-L1” OR “programmed cell death 1 ligand 1 protein” OR
“PDL1” OR “CD274” OR “B7-H1” OR “B7H1”. “#1 AND #2”
and “#1 AND #3” were searched in the four databases up to
January 21, 2021, without language limitations, respectively.
Frontiers in Oncology | www.frontiersin.org 2110
Selection Criteria
Firstly, all the papers retrieved from the search were screened by
reviewing the titles and abstracts, during which period, reviews,
case studies, editorials, meeting abstracts, and papers not
meeting any of our search criteria were excluded. Then, the
full contents of the rest papers were evaluated carefully to
distinguish the ones that perfectly fit our inclusion criteria,
analyzing the molecular alterations in a consecutive cohort of
patients with GGOs, during which period, some papers were
excluded for the following reasons (1): the cohort was developed
to analyze the characters of the nodules with specific molecular
alterations (2); insufficient data for analyses; and (3) papers not
written in English. Two authors (ZWe and ZWa) conducted the
procedure independently to evaluate the study eligibility for our
review. This analysis was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) statement (5).

Data Extraction
The following basic data were extracted from the selected papers:
author(s), year of publication, size and region of the cohort,
characteristics of the patients in the study, radiological and
pathological details of the nodules, the methodological details,
and relevant statistical findings for the entire cohort and/or by
population subgroups. Two authors (ZWe and ZWa) collected
these data independently, and any discrepancies between the two
authors were resolved by discussions with a third author (KC).

Statistical Analysis
We firstly performed a descriptive analysis summarizing all the
rates of gene alterations reported in the eligible works. Then, the
rates of the gene alterations which had been reported in more
than three studies were pooled using random-effects meta-
analysis models allowing for the inherent heterogeneity of
observational studies (6), after a data-transformation and
normality-check using the variance-stabilizing double-arcsine
transformation method (7). Q and I2 statistics were calculated
to assess the heterogeneity between study-specific estimates (8).
Forest plots were adopted to show a graphical presentation of the
meta-analysis results, whereas Z-test was applied to check the
level of significance of the differences of the pooled estimated
rates from different groups, where the values of p less than 0.05
were considered to be significant. The publication biases were
assessed by Egger test, which is based on a weighted linear
regression of the effect on its standard error. All the analyses were
implemented with R (version 4.0.3).

Quality of Evidence
In this systematic review, the 25 included studies were all cross-
sectional studies. All the patients had been diagnosed with lung
cancer before or during their treatment. The authors finalized the
list of included articles through discussion and agreement. Data
from the articles were independently extracted by two authors
(ZWe and ZWa) who were not involved in any of the reviewed
studies. As recommended by the Agency for Healthcare Research
and Quality, the assessment of the methodological quality of the
September 2021 | Volume 11 | Article 724692
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included studies was made from 11 perspectives with the Cross-
Sectional/Prevalence Study Quality, a scoring system specific for
a cross-sectional study (Supplementary Table 1).
RESULTS

Study Selection
After removing the duplicated records, 680 records related to
gene alterations and 25 records related to PD-L1 expression were
selected for further assessment with the titles and abstracts. From
the remaining records, 27 records related to gene alterations and
6 records related to PD-L1 expression were carefully selected
through the evaluation of the full contents as the second round of
selection. Finally, 22 gene-alteration-reported articles and 4 PD-
L1-expression-reported articles were included in the following
analysis, as shown in a PRISMA diagram (Figure 1).

Study Characteristics
All the cohorts from the 25 studies included were composed of
Asians (Table 1), except that one cohort (29) also included
Caucasians. In the 22 cohorts reporting gene alterations, the
median cohort size was 135 [interquartile range (IQR): 25–210],
of which, 16 cohorts included patients with solitary pulmonary
nodules, while 6 cohorts put their attention on multiple
pulmonary nodules, and the pathological subtypes of all these
nodules were adenocarcinoma. While nearly half of the studies
(11/22) focused on early-stage LUAD, 8 of the 22 studies
included some stage III/IV cases (3 articles did not mention
the clinical stage of the nodules). No subgroup analysis was
performed due to the lack of data. Only two studies used whole
exosome sequencing in their analysis, other than PCR or targeted
gene sequencing. Among the four articles reporting PD-L1
expression included (Table 1) in our review, only one article
reported gene alterations at the same time. All four cohorts were
formed with Asians, two with Chinese, and two with Japanese.
Frontiers in Oncology | www.frontiersin.org 3111
No significant publication bias were seen in the analysis (EGFR,
p = 0.9419; KRAS, p = 0.7106; ALK, p = 0.0918; PD-L1, p = 0.89).

Meta-Analysis
Being the most validated genetic mutation, EGFR was the most
prominent variation as well [51%, 95%CI (47%, 56%)], followed
by TP53 [18%, 95%CI (6%, 31%)], HER2 [10%, 95%CI (0%,
21%)], ROS1 [6%, 95%CI (0%, 18%)], KRAS [6%, 95%CI (3%,
9%)] (Figure 2). Meanwhile, we summarized the rates of the top
two validated gene alterations, EGFR mutation and KRAS
mutation, to conduct a subgroup analysis.

EGFR Mutation
All the 25 articles that were included reported the rates of EGFR
mutations in their cohorts (Table 1), in which 2,536/4,944 cases
(51.29%) were found to harbor EGFR mutations. After
performing a meta-analysis with the random-effects model
(Figure 2A), the pooled estimated rate of EGFR mutations was
found to be 51.51% [95%CI (46.74%, 56.26%)].

Further analyses were conducted according to the radiological
subgroups with the random-effects model (Figure 3). A G/T
ratio, defined as the ratio of the ground-glass opacity (GGO)
component to the tumor size at CT, ≥50% is suggested to be a
sign of pathologically noninvasiveness. Additionally, the rates of
lymph node metastasis range from 21% to 26% in lesions ≤3 cm
with a G/T ratio ≤ 50% (34–36). Therefore, G/T ratio was used to
divide the nodules into two groups in our review: gGGO
(ground-glass dominant GGO) 50%<G/T ratio ≤ 100%; sGGO
(solid dominant GGO) 0<G/T ratio ≤ 50%. The data of each
subgroup were extracted from 10 articles that reported the
necessary details according to the division criteria, and the
EGFR mutation rate of each subgroup after analyzing with
the random-effects model was listed in Table 2. It was found
that the EGFR mutation rate has a marginal increment with the
radiological progression of GGOs, but the difference was not
statistically significant (p = 0.4828). Our results showed that with
A B

FIGURE 1 | Process of study selection. (A) Study selection with genetic alterations. (B) Study selection with PD-L1 expressions.
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TABLE 1 | Characters of the studies included in the meta-analysis.

Study ID Region Cohort size Method_gene Genes tested EGFR mutation rate

Zhao et al. (9) Chinese 529 qPCR & Immunohistochemical EGFR、KRAS、HER2、ALK、
BRAF、RET、ROS1、PIK3CA、NRAS

54.82%

Aoki et al. (10) Japanese 25 PCR EGFR、KRAS 40.00%
Dai et al. (11) Chinese 204 qPCR EGFR 53.43%
Suda et al. (12) Japanese 1871 unclear EGFR 50.61%
Min et al. (13) Chinese 338 direct dideoxynucleotide sequencing EGFR 64.79%
Zou et al. (14) Chinese 209 PCR EGFR 73.68%
Sugano et al. (15) Japanese 59 non-radioactive single-strand conformation

polymorphism
EGFR、KRAS 49.15%

Liu et al. (16) Chinese 78 qPCR EGFR 33.33%
Yang et al. (17) Chinese 158 qPCR EGFR、KRAS、ALK 62.66%
Lu et al. (18) Chinese 156 qPCR EGFR 48.08%
Chung et al. (19) Korean 24 nested PCR EGFR 41.07%
Hsu et al. (20) Chinese 67 PCR EGFR 55.22%
Ko et al. (21) Korean 215 PCR EGFR、ALK 54.63%
Tomita et al. (22) Japanese 68 PCR EGFR 72.06%
Chen et al. (23) Chinese 39 DNA sequencing EGFR、KRAS、BRAF、PIK3CA、

TP53、ALK、ROS1、RET
56.52%

Kobayashi et al. (24) Japanese 96 reverse transcriptase-PCR EGFR、KRAS、ALK、HER2 64.42%
Li et al. (25) Chinese 120 WES* 50.00%
Ren et al. (26) Chinese 31 PCR & WES* 17.39%
Wang et al. (27) Chinese 212 PCR EGFR、KRAS 36.79%
Usuda et al. (28) Japanese 56 Cycleave PCR EGFR 67.86%
Lui et al. (29) Asian & Caucasian 224 unclear EGFR、KRAS 32.59%
Hong et al. (30) Korean 116 PCR EGFR 56.03%

Study ID Region Cohort size Antibody Cut-off value PD-L1 expression

Wu et al. (31) Chinese 233 E1L3N 5% 14.16%
Suda et al. (32) Japanese 45 E1L3N 1% 4.44%
Toyokawa et al. (33) Japanese 189 SP142 5% 9.52%
Zhao et al., 2018 (9) Chinese 328 28-8, SP142, E1L3N, BP6001 5% 6.40%
Frontiers in Oncology
 | www.frontiersin.or
g
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 September 2021 | Volum
*Whole exosome sequencing or next generation sequencing was used in the research lots of alterations reported, so the genes tested were omitted.
PCR, polymerase chain reaction; qPCR, quantitative polymerase chain reaction; NGS, next generation sequencing; WES, whole-exosome sequencing.
A

B

D

C

FIGURE 2 | Forest plots from the meta-analysis of published gene alterations in GGOs. (A) The pooled estimated rate of the EGFR mutation in 22 articles. (B) The
pooled estimated rate of the KRAS mutation in 10 articles. (C) The pooled estimated rate of the ALK rearrangement in four articles. (D) The pooled estimated rate of
the PD-L1 expression in four articles.
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the radiological progression of GGOs, the frequency of EGFR
mutation was stable.

Moreover, the mutation rates of EGFR subtypes were
collected and analyzed (Supplementary Figure 2), and we
found that the rate of L858R mutation was approximately
equal to that of 19del mutation, composed over half of all
EGFR mutations together. Though the rate of T790M
mutation was relatively low (0.58%), there were still early-stage
GGOs harboring T790M mutations.

In order to uncover whether EGFR mutation would have an
influence on tumor progression, we divided the researches
collected in our analysis into two groups by the mutation
status of EGFR, among which, two studies included only cases
with gGGOs and were excluded in the following analysis. The
Frontiers in Oncology | www.frontiersin.org 5113
result shows that the proportion of the sGGOs was fairly the
same in the groups with a different EGFR-mutation status, which
is 53.85% [95%CI (44.01%, 63.54%)] in the EGFR(+) group and
47.17% [95%CI (33.68%, 60.86%)] in the EGFR (–) group, with a
p-value at 0.5122 (Table 2). Though the heterogeneity between
studies was still high, the result in each study can still confirm
our results—sGGOs compose about 50% in whether EGFR(+) or
EGFR (–) groups in each study.

KRAS Mutation
A total of 10 articles had reported the rates of KRAS mutation
(Figure 2B and Supplementary Figure 1), in which 106/1,580
(6.71%) cases were reported to harbor the KRAS mutation,
which was far less than the EGFR mutation. The pooled
A

B

DC

FIGURE 3 | Subgroup analysis for the EGFR mutations. (A) The distribution of the EGFR gene mutation rates in the subgroups with a different radiological density.
(B) The distribution of sGGOs in the subgroups with a different status of EGFR mutation. (C) Forest plots from the subgroup meta-analysis of EGFR alterations in
GGOs with different radiological subtypes. (D) Forest plots from the subgroup meta-analysis of the percentage of sGGOs in GGOs with a different status of EGFR
mutation. gGGO, ground-glass dominant GGO; 50%<G/T ratio ≤ 100%; sGGO, solid dominant GGO; 0<G/T ratio ≤ 50%.
TABLE 2 | Details of the radiological subgroup analysis for the EGFR mutation and KRAS mutation by the random effect model.

EGFR G/T ratio* mut/total (n = 10) Pooled estimated 95%CI Heterogeneity Z-value# P-value#

I2 P-value

gGGO 624/1,298 (n = 10) 47.40% 38.48%–56.40% 83% <0.01 0.7018 0.4828
sGGO 716/1,407 (n = 8) 51.94% 45.15%–58.69% 58% 0.02

EGFR mut sGGO/gGGO
(n = 8)

pooled
estimated

95%CI Heterogeneity Z-value# P-value#

I2 P-value

EGFR (+) 716/1,263 (n = 8) 53.85% 44.01%–63.54% 81% <0.01 0.6554 0.5122
EGFR (–) 691/1,313 (n = 8) 47.17% 33.68%–60.86% 92% <0.01

KRAS G/T ratio* mut/total (n = 5) pooled estimated 95%CI Heterogeneity Z-value# P-value#

I2 P-value

gGGO 14/309 (n = 5) 3.42% 1.35%–6.13% 0% 0.50 1.8075 0.0707
sGGO 19/137 (n = 3) 12.27% 3.89%–23.96% 66% 0.05
September 2021 | V
olume 11 | Artic
*G/T ratio: gGGO, ground-glass dominant GGO; 0<G/T ratio ≤ 0.5; sGGO, solid dominant GGO; 0.5<G/T ratio ≤ 1.
#Z-value was calculated by Z-test, p < 0.05 is considered statistically significant.
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estimated rate of the KRAS mutation was 5.72% [95%CI (3.43%,
8.50%)]. Subgroups were also divided according to the criteria
mentioned before. In the radiological subgroups, it was clear to
demonstrate that the rate of the KRAS mutation increased with
the decrease of G/T ratio numerically (gGGO 3.42%, sGGO
12.27%), but the difference was not statistically significant
(p = 0.07), due to the large 95% confidence intervals and high
heterogeneities (Table 2).

ALK Rearrangement
The rate of ALK rearrangement in GGOs, reported in 4 of the 22
studies, was 18/504 (3.57%) after enumeration (Figure 2C), and
the pooled estimated rate was 3.26% [95%CI (1.17%, 5.11%)].
The heterogeneity of the studies reporting an ALK arrangement
was fairly low (I2 = 0%, p = 0.47).

PD-L1 Expression
Among all 795 cases, 74 (9.31%) were found with the PD-L1
expression (Figure 2D). Though with a significant heterogeneity
in the method and cut-off values assessing the PD-L1 expression,
it can be confirmed that the rate of the PD-L1 expression in
GGOs is fairly low, as the pooled estimated rate of the PD-L1
expression of the nodules was 8.82% (95% CI 5.20%–13.23%).
There was only one article (33) that provided details in the
subgroups, so a meta-analysis could not be performed on the
subgroups. Still, it was shown in the articles that the rate of PD-
L1 expression was significantly lower in GGOs (4.44%–14.16%)
than solid nodules (18.36%–35.04%) in the same cohorts (9,
31–33).

Molecular Alterations in Synchronous Multiple
Ground-Glass Nodules
A total of 6/22 articles included synchronous multiple ground-
glass nodules (SMGGNs) in their cohorts, while only the data
from 4 articles could be extracted for analysis. In the 123 cases
with SMGGNs included, 8 cases (6.50%) possessed identical
mutations in their resected nodules which were doubted to be
an intrapulmonary spread. Only one article used whole-exosome
sequencing (WES) and confirmed 3/26 (11.54%) cases to have an
intrapulmonary spread. The genetic alterations of the cases are
listed below (Table 3). The distribution of genetic alterations
appeared to have no significant differences between genetic
alteration rates in whether multicentric origin nodules
(Table 3A) or intrapulmonary spread nodules (Table 3B).
DISCUSSION

This systematic review investigated the molecular alterations in
lung nodules presenting as ground-glass opacities and analyzed
the trend of tumor genetic alterations along with the
radiological progress.

As it is known to us that EGFR mutation was first reported
in 2004 (37), and associate with non-smokers, female, LUAD
tightly (38, 39). EGFR mutations were present in 10% of cases
in Caucasians, while 30% in East Asians (40, 41), which may
Frontiers in Oncology | www.frontiersin.org 6114
explain why the cohorts included in this review were mostly
Asian. Among all the reported genetic alterations analyzed in
this review, EGFR mutation was clearly the most validated and
highest incidence genetic alteration, which is similar to
previous studies (41). Some researchers had mentioned in
their study (42) that EGFR functioned in tumor genesis, and
also played an important role in tumor processing (41, 43). To
the best of our best knowledge, this review is the first meta-
analysis for the EGFR mutation rate especially in GGOs, which
shows that with the progression in radiological, there is no
significant difference in the rate of EGFR mutation (p ≥ 0.05),
suggesting that EGFR mutation, as a driver mutation for lung
cancer, count for tumorigenesis in a relatively early stage,
and maintain consistency in the progression of tumors. In
addition, though relatively low, there were still early-stage GGOs
harboring T790M mutations, indicating that T790M might play a
role in tumorigenesis, which is known to associate with
chemotherapy resistance.

Transforming from gGGOs to sGGOs have always been
considered as a sign of tumor progression and is widely used
in daily clinical work. So, we defined such transformation as
tumor progression in our meta-analysis. Researchers have a
heated discussion about the factors distinguishing between the
easy-to-progress GGOs and indolent GGOs for a long time with
no consensus, which mainly lie in a large size, the presence of a
solid portion, old age, gene alterations, and so on (44–46).
Unfortunately, our findings indicated that EGFR mutation has
a little impact on tumor progression. Statistically, there is no
difference between the distribution of gGGOs and sGGOs
whether in the EGFR mutation group or in the wild type
group. Whether some other signaling pathways can and under
what conditions they will regulate the progression of GGOs, and
whether there were any signs besides genetic alterations such as
genetic heterogeneity or chromosome instability require more
studies to confirm, which may help us get a deeper
understanding of the biological behavior of GGOs.

When taking KRAS mutation as one of the earliest discoveries
of genetic alterations in lung cancers (41, 47) and reported as
very important for tumor progression (48) into account, there
seemed to bear discrepancy at different stages of tumor
progression. Though not statistically different, the frequency of
KRAS mutation seems to increase with the increasing G/T ratio,
suggesting a relationship between KRAS mutation and tumor
progression, resulting in a higher frequency in more progressed
lung nodules presenting with GGOs.

Using antibodies targeting the PD-1 pathway is a promising
and effective option of immunotherapy, a newly developed
treatment of NSCLC (49, 50), where PD-L1 is used as a
biomarker to predict the immunotherapy response (51). We
clearly showed that the incidence of PD-L1 expression was much
lower in GGOs than pure-solid tumors in several articles, which
was verified by Suda et al. in a clinical experiment including 124
qualified patients (4% vs. 25%, p < 0.01) (32). Wu et al. also
found in a small-size cohort that even for the same patient, the
volume of synchronous GGOs showed no significant change
before and after treatment (4,160.2 vs 4,185.5 mm3, p = 0.6050)
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https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Wei et al. Molecular Alterations in GGOs
than solid nodules (52). Therefore, it is predictable that PD-1
treatment is less effective for patients with GGOs.

When compared to lung cancer presenting as solid nodule(s),
Zhao et al (9) reported that the EGFR mutation rate was higher
in solid nodules than in GGOs, especially the subtype mutation
of 19 del, agreeing with previous studies (14). They also reported
that in patients with GGOs, there are significantly more frequent
HER2 mutations (p = 0.033), while less frequent ALK
translocations (p = 0.014) and PIK3CA mutations (p = 0.012),
compared to patients with solid nodules (GGOs/Solid
Frontiers in Oncology | www.frontiersin.org 7115
nodules = 529/718). However, contrary to other studies in our
analysis, Hong et al. (30) find that EGFR mutations were
significantly more frequent in tumors with GGOs than in solid
tumors, which may be caused by the different cohort sizes,
regions of the cohorts, and the methods used to detect the
mutations, suggesting that more researches are needed to
elucidate the difference in the rates of mutations between
GGOs and solid nodules.

Despite PCR, WES, and WGS which are used in the studies
included in our study, with the development of molecular
TABLE 3 | Gene mutations in synchronous multiple ground-glass nodules (SMGGNs).TABLE 3A Data extracted from four articles which showed the gene alterations
among multicentric SMGGNs.

Author (year) Gene_targeted Amount Leision_1 Leision_2 Leision_3 Leision_4 Leision_5

Liu, M (16). EGFR 10 EGFR 19del wild#

10 EGFR L858R wild
8 EGFR L858R EGFR 19del
1 EGFR 19del wild
1 EGFR 19del EGFR L858R
1 EGFR 19del EGFR G719S
1 EGFR S768I wild
1 EGFR L858R EGFR 19del
1 EGFR L861Q wild
1 EGFR L858R EGFR L858R/19del

Chung, J. H (19). EGFR、KRAS 9 EGFR 19del wild
6 wild wild
4 EGFR 19del EGFR L858R
1 EGFR 19del/

KRAS
wild

1 EGFR 19del/
F712L

wild

1 EGFR L858R wild
1 EGFR L858R G724S/L861Q
1 KRAS wild

Chen, K (23). EGFR、KRAS、BRAF、TP53、ALK、ROS1、RET 1 EGFR others/TP53 wild
1 EGFR L858R BRAF
1 EGFR L858R wild
1 EGFR L858R/19del wild
1 KRAS wild
1 ROS1 wild

Li, Y (25). EGFR、KRAS、BRAF、TP53、ALK* 4 others others
3 KRAS others
3 others others others
2 EGFR others
2 EGFR EGFR
2 EGFR/TP53 EGFR
1 EGFR/TP53 others
1 EGFR/TP53 ALK
1 EGFR ROS1
1 others others others others others
1 EGFR EGFR others
1 EGFR EGFR EGFR
1 EGFR/TP53 others others

*whole exosome sequencing was used and the data showed only some specific gene alterations.
#wild means no target gene alteration was found in the research.
Septembe
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TABLE 3B | Three cases confirmed by Li, Y (25). which applied WES to analyze gene alterations in their research.

Author(year) Method Gene Gene_alterations

Li, Y (25). WES patient_1 EGFR/others
patient_2 EGFR/TP53/others
patient_3 EGFR/TP53/others
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diagnostic technology, the field of liquid biopsy has gradually
developed a lot. Analyzing circulating tumor DNA (ctDNA) at
the genomic level, a newly-emerged non-invasive approach, is
proposed to have the ability to distinguish between malignant
and benign disease (53, 54) and at the same time detect the
molecular alterations carried by the nodules, and then guide
targeted therapy and immunotherapy. However, it has been
shown that indolent GGO-predominant lung cancers shed
lower-level ctDNA, which is less detectable to help identify
cancer in patients (55). Therefore, for very early lesions, such
as GGOs, it is difficult to achieve an early diagnosis by ctDNA
SNV testing under the current technology limitations with a
low sensitivity.

Two studies reported independently that different
pathological lesions could share identical mutations even in
pre-invasive LUADs, such as AAH and AIS lesions (56, 57).
This review also points out that different GGOs could share the
same mutation in patients with SMGGNs, shows that SMGGNs
might have an intrapulmonary spread, despite the multicentric
regions. Detecting the mutation status of a specific gene by PCR
is only a small fragment of the whole genome and does not
represent the expression status of the whole genome, so using
whole exon sequencing (WES) or whole-genome sequencing
(WGS) to determine an intrapulmonary metastasis of GGO
sounds more convincing. In the 26 cases with SMGGNs
reported by Li et al. (25) using WES, 3 cases (11.54%) were
confirmed to have an intrapulmonary spread. Despite the articles
analyzed in our review, we noted that Li et al. (58) reported
another two cases to be an intrapulmonary spread by WES in a
case report. Though EGFR mutations were found in four of the
five confirmed cases, it is still too early to come to a conclusion
that specific molecular alterations are associated with the
intrapulmonary spreading of GGOs. We need to be concerned
that though GGO is usually considered an early-stage lesion, it
has a certain probability of metastasis. However, the exact
mechanism of metastasis in GGOs, non-invasive cancer, is still
unclear. We noted that these GGOs were all in a close proximity
which might result in dissemination along the airway.
Furthermore, whether these multiple GGOs sharing the same
mutation affects the prognosis needs to be explored by an in-
depth longer follow-up clinical and mechanistic analysis.

With the development of an immune checkpoint inhibitor
treatment, especially the inspiring results of neoadjuvant
immune therapy, a series of studies have focused on the
immune-environment of early-stage lung cancer patients. The
TRACEx cohort reported that sparsely infiltrated tumors
exhibited a waning of neoantigen editing during tumor
evolution, compared with immune-infiltrated tumor regions
exhibiting an ongoing immunoediting, with either loss of
heterozygosity in human leukocyte antigens or depletion of
expressed neoantigens (59).Recently, some researchers have
used single-cell tumor sequencing to map the tumor
microenvironment and have found that GGO has less
endothelial cell angiogenesis, downregulated EGR1 expression,
upregulated KLF6 expression, a significantly higher proportion
of NK cells, and showing a marked metabolic disorder and
Frontiers in Oncology | www.frontiersin.org 8116
immune response stress, compared to an advanced lung cancer
(60, 61). These studies, although with a limited sample size,
initially revealed distinct immune mechanisms in GGOs from
non-GGO lung adenocarcinomas, helping us to further
understand the essence of the inert progression of GGO and to
identify the nodules with a poorer prognosis at an early stage.
CONCLUSION

Our research revealed that EGFR mutation is not associated with
the radiological progression of GGOs, which means EGFR
mutation was a driver mutation for lung cancer in a fairly
early stage, and maintains consistency in the progression of
tumors. On the contrary, the frequency of KRAS mutation was
higher in progressed lung nodules, indicating a position for
KRAS mutation in tumor progression. Immunotherapy, as one
of the recently discovered effective therapies for advanced lung
cancer, is less effective against GGOs, which may be due to the
low expression level of PD-L1 in early-stage lung cancer, found
by our research. Though GGOs are usually considered early-
stage lesions, there does have a possibility for SMGGNs to have
an intrapulmonary spread, the mechanism behind which is still
unclear. The limitation of our meta-analysis lies in its
retrospective design; postsurgical follow-up or treatment plans
at recurrence would differ among attending surgeons. Also, the
high heterogeneity between the methodologies and results of
researches is another limitation of our research. Overall, this
review summarizes the published estimates of the rates of
molecular alterations in lung nodules presenting as GGOs,
which may help clinical treatment decisions for GGOs and
provide a novel insight in revealing the molecular alterations
behind GGOs.
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Objective: This study aims to compare the clinical and pathological characteristics
between patients undergoing surgery for extremely multiple ground-glass nodules
(GGNs) and those for single GGN.

Methods: We defined extremely multiple GGNs as follows: (i) number of GGNs ≥3, (ii)
GGN diameter between 3 and 30 mm, and (iii) no less than three nodules that were
surgically removed and pathologically diagnosed. Patients with extremely multiple GGNs
and single GGNs who underwent surgery at the same time were retrospectively analyzed.
The patients were divided into three groups according to the number of nodules:
exceedingly multiple nodules (EMN) group (>10), highly multiple nodules (HMN) group
(three to 10), and single nodule (SN) group. The clinical and pathological characteristics,
surgical methods and prognosis were analyzed.

Results:Ninety-nine patients with single nodules and 102 patients with extremely multiple
nodules were enrolled. Among the patients with extremely multiple nodules, 43 (42.2%)
had >10 nodules. There were no significant differences in demographic characteristics,
such as age, sex, and smoking history, between the groups, but there were differences in
tumor characteristics. All patients with >10 nodules showed bilateral pulmonary nodules
and presented with both pure and mixed GGNs. The single GGNs were smaller in
diameter, and the proportion of mixed GGNs and pathologically invasive adenocarcinoma
was lower than that of the primary nodules in the exceedingly multiple GGNs group (p <
0.05). However, the proportion of both mixed GGNs and malignant nodules decreased
significantly with the increasing number of total lesions. During postoperative follow-up,
one patient in the highly multiple nodules group had a local recurrence, and 16 (15.7%)
patients in the extremely multiple GGNs group and 10 (9.8%) patients in the single GGN
group had enlarged unresected GGNs or additional GGNs.

Conclusions: Our study revealed the clinical and pathologic characteristics, surgical
methods, and prognosis of patients with extremely multiple GGNs and compared them
with those of patients with a single GGN. Although the primary nodules in extremely
multiple GGNs may have higher malignancy than those in the single nodule group, the
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proportion of both mGGNs and malignant nodules decreased significantly with the
increasing number of lesions, and the prognosis of patients with extremely multiple
GGNs was satisfied.
Keywords: ground-glass nodule, clinical characteristics, prognosis, lung cancer, multiple
INTRODUCTION

Ground-glass nodules (GGNs) are nonspecific radiologic
findings showing hazy opacity, without blocking the
underlying pulmonary vessels or bronchial structures, on high-
resolution computed tomography (HRCT) (1) and are classified
as either pure ground-glass nodules (pGGNs) or mixed ground-
glass nodules (mGGNs) according to the absence or presence of
solid components. The pathology of GGNs can be malignant or
benign and be associated with conditions such as inflammation,
focal interstitial fibrosis, and hemorrhage (2).

The detection rate of GGN has steadily increased in recent
years due to the widespread use of low-dose computed
tomography, ranging from 2.7 to 95.5% in some lung cancer
screening trials (3–7). In addition, GGNs frequently appear as
extremely multiple nodules (≥3), which has made the diagnosis
and treatment of extremely multiple GGNs a research hot spot
(8, 9). Previous research has confirmed that GGNs are more
likely to be detected in young female non-smokers (8) and more
likely to be malignant (10). However, no scholars have reported
the characteristics of extremely multiple nodules and compared
these nodules with single GGNs. Furthermore, there exists some
controversy about how to treat patients with GGNs.

We collected the clinical and pathology data of 201 patients
who were diagnosed with extremely multiple GGNs (≥3) or
single GGNs who underwent surgery in recent years for
retrospective analysis. The objective of this study was to
understand the characteristics, surgical method, and prognosis
of patients undergoing surgery for extremely multiple GGNs.
METHODS

Patients
From September 2010 to March 2020, 1,556 patients with single
GGNs and 149 patients with extremely multiple GGNs
underwent surgery in our center. A total of 156 of the 1,556
(one out of 10) patients with single GGNs were randomly
selected as the sample to match the number of patients with
extremely multiple nodules in a ratio of 1:1. The data of the 156
patients with single GGNs and all the patients with extremely
multiple GGNs was collected. The inclusion criteria for the single
nodule (SN) group were as follows: (i) only one GGN was found
on preoperative imaging and (ii) the GGN diameter was between
3 and 30 mm. The inclusion criteria for the extremely multiple
nodules group were as follows: (i) number of GGNs ≥3, (ii) GGN
diameter between 3 and 30 mm, and (iii) no less than three
nodules were surgically removed and pathologically diagnosed.
The patients in the extremely multiple nodules group were
2121
divided into two subgroups according to the number of
nodules: the exceedingly multiple nodules (EMN) group (>10)
and the highly multiple nodules (HMN) group (three to 10)
(Figure 1). The primary nodule in the group with extremely
multiple GGNs was defined as the main tumor to be surgically
resected as decided upon by the surgeons, which primarily
depended upon its radiologic invasiveness, the percentage of
solid components, and the tumor size. All patients were regularly
evaluated by HRCT scans from the day of surgery; the intervals
were at the discretion of the attending physician. Generally, the
patients were reviewed every 3 months within 2 years after
surgery, every 6 months starting in the third year, and
annually starting in the fifth year. The components of the
follow-up review included chest CT, abdominal ultrasound and
tumor markers, and brain magnetic resonance imaging. Whole-
body bone scan imaging was considered according to the
condition of the patient.

This study was reviewed and approved by the Institutional
Review Board of Peking University People’s Hospital.

Radiologic Evaluation
All CT scans were performed on 16-detector CT scanners and
obtained at 120 kVp and 40–60 mA, with rotation times of up to
1 s. Images were reconstructed at 1.0-mm slice width with the use
of the standard mediastinal (width, 350 HU; level, 40 HU) and
lung (width, 1,500 HU; level, 600 HU) window width and
window level settings. The diameter of the tumor was defined
as the largest axial diameter of the nodule in the lung window
setting. All image data were extracted independently by two
thoracic radiologists.

Surgical Approach
With reference to corresponding guidelines and literature,
different treatment strategies (follow-up or resection) were
performed according to the characteristics of the pulmonary
nodules (11–13). Our basic surgical strategies for multiple
pulmonary nodules were as follows: (1) preliminary assessment
of the location and the size of the nodules, imaging features, and
estimation of postoperative respiratory function; (2) when the
nodules were all pure GGNs, sublobar resection (wedge and
segmental resection) was preferred, while in cases of subsolid
nodules, lobectomy of the main solid nodules and sublobar
resection of other scattered nodules were performed as per the
usual practice. All palpable ipsilateral nodules were resected
simultaneously. Unless GGNs were deeply embedded, they
could not be resected by wedge resection; and (3) for
contralateral tumors, two-stage surgery was generally
recommended. If all contralateral lesions were small pure
GGNs, a wait-and-see approach was adopted, and growth and
September 2021 | Volume 11 | Article 725475
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invasion were monitored. Similarly, for single GGNs, sublobar
resection was preferred when a sufficient margin could be
assured, especially for peripheral ground glass opacity-
dominant nodules smaller than 2 cm (14, 15).

Histologic Evaluation
All clinical specimens were examined and recorded by two
pathology specialists. Lung adenocarcinoma was analyzed
according to the World Health Organization classification (16),
and each nodule was reviewed for size, location, pleural invasion,
and lymphatic invasion according to the International
Association for the Study of Lung Cancer (IASLC) (17).

Statistical Analysis
For most variables, we calculated descriptive statistics, such as
medians with interquartile ranges (for data with skewed
distribution) and proportions (percentages). Statistical
comparisons between groups were evaluated by t-test, analysis
of variance, Mann–Whitney U-tests, and Kruskal–Wallis tests
when appropriate. To explore the variation of the variable with
the increasing number of nodules, the Loess method was used for
smoothing curve fitting. Data for the interval between surgical
resection and the last follow-up visit were analyzed via the
Kaplan–Meier method using confirmed recurrence deaths to
calculate the recurrence-free survival and the overall survival.
P-values less than 0.05 were considered to be statistically
significant. The statistical analyses were performed using R,
version 3.5.3.
Frontiers in Oncology | www.frontiersin.org 3122
RESULTS

Clinical Characteristics
Ninety-nine patients with single nodules and 102 patients with
extremely multiple nodules were enrolled in the study (Figure 1),
and the median number of nodules in the group with extremely
multiple nodules was 10 (range, 3–82). Fifty-nine (55.6%) patients
were in the HMN group, and 43 (44.4%) were in the EMN group.
The characteristics and a comparison among the three groups are
summarized in Table 1. There was a greater proportion of female
patients in the HMN and EMN groups than in the SN group,
although the difference between the two groups was not yet
significant (p = 0.06). The mean age of the HMN group patients
was 55.2 ± 8.9 years, while that of the EMN group patients was 57.1
± 9.8 years (p = 0.29). Most patients had no complaints, no positive
tumor markers, and no family history or smoking history, and these
characteristics did not differ significantly among the three groups.

A total of 1,344 GGNs were detected in the HMN and EMN
groups, including 1,078 pure GGNs and 266 mixed GGNs. Most of
the nodules were located in the upper lobe of the right lung and the
upper lobe of the left lung (32.7 and 29.1%, respectively), among
which 68.6% were in the apical and posterior segments (Table 2).
The median diameters of the primary nodules in the SN group,
HMN group, and EMN group were 11.0 mm (range, 4.0–29.0 mm),
12.8 mm (range, 6.6–30.0 mm), and 17.2 mm (range, 10.2–30.0
mm), respectively. The proportions of mGGNs in the primary
nodules were 56.6, 62.7, and 83.7% for the SN, HMN, and EMN
groups, respectively. There were significant differences in the size
FIGURE 1 | Enrollment flow chart of the study.
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and the type of the primary nodules between the SN group and the
EMN group (p < 0.01), while the differences in the other pairwise
comparisons (the SN group vs. the HMN group and the HMN
group vs. the EMN group) were not significant after Bonferroni
correction (Bonferroni-adjusted significance threshold, p <0.017)
(Table 3). However, the proportion of mGGNs decreased
significantly as the number of total lesions increased (correlation
coefficient, r = -0.28, Figure 2). In the EMN group, all patients
presented with bilateral nodules, with both pGGNs and mGGNs
showing a wider distribution (100 vs. 85%, p = 0.03) and higher
imaging heterogeneity (100 vs. 75%, p = 0.004) than the HMN
group. Interestingly, in four patients, the nodules were clustered,
and no less than 10 GGNs were concentrated in a single segment
(Figure 3). The other characteristics did not differ significantly
between the two groups.

Surgical Approach
All patients had the primary nodule excised, while only eight
patients with three to five GGNs had all the lesions excised in the
Frontiers in Oncology | www.frontiersin.org 4123
extremely multiple nodules group. The nodule resection rate in the
EMN group was significantly lower than that in the HMN group
(median, 33.3 vs. 75.0%, p < 0.01). More sublobar resection for
primary nodules was performed in the SN group than in the HMN
(p = 0.02) and EMN (p < 0.01) groups, and the difference between
the SN group and the EMN group was significant after Bonferroni
correction (Table 3). As shown inTable 1, in the extremelymultiple
GGNs group, 60 (58.8%) patients underwent sublobar resection
(segmentectomy and wedge resection) only, 13 (12.7%) patients
underwent lobectomy only, and 29 (28.4%) patients underwent
lobectomy combined with sublobar resection. There was no
significant difference in the choice of surgical method between the
HMN and EMN groups (p = 0.77). In 51 patients who presented
with bilateral pulmonary nodules, 26 (44.1%) underwent a two-
stage bilateral surgery, with a median interval of 4 months
(interquartile range, 4–6 months). Only 25.6% of patients in the
EMN group had bilateral surgery, which was less than that in the
HMN group (44.1%), although the difference between the two
groups was not yet significant (p = 0.06).
TABLE 1 | Clinical characteristics of the patients.

Variable Extremely multiple ground-glass nodules (GGNs) SN group (N = 99) Pb

HMN group (N = 59) EMN group (N = 43) Pa Overall (N = 102)

Sex (%) 0.64 0.06
Female 44 (74.6) 34 (79.1) 78 (76.5) 63 (63.6)

Complaint (%) 0.47 0.73
Yes 11 (18.6) 11 (25.6) 22 (21.6) 19 (19.2)

Age 0.29 0.83
Mean (SD) 55.2 (8.9) 57.1 (9.8) 56.0 (9.1) 55.7 (9.5)

Family history (%) 0.72 0.35
Yes 4 (6.8) 4 (9.3) 8 (7.8) 12 (12.1)

Smoking history (%) 1.00 0.31
Yes 10 (16.9) 7 (16.3) 17 (16.7) 11 (11.2)

Emphysema (%) 0.70 0.79
Yes 5 (8.5) 2 (4.7) 7 (6.9) 8 (8.1)

Positive tumor markers (%) 0.03 0.61
Yes 9 (15.3) 15 (34.9) 24 (23.5) 20 (20.2)

Nodule distribution (%) 0.02 NA
Bilateral 51 (86.4) 43 (100.0) 66 (91.7) NA

Nodule type (%) <0.01 NA
pGGN only 13 (22.0) 0 (0.0) 13 (12.7) 43 (43.4)
mGGN only 4 (6.8) 0 (0.0) 4 (3.9) 56 (56.6)
Both pGGN and mGGN 42 (71.2) 43 (100.0) 85 (83.3) NA

Bilateral surgery (%) 0.06 NA
Yes 26 (44.1) 11 (25.6) 23 (34.8) NA

Operation method (%) 0.77 NA
Sublobar resection 36 (61.0) 24 (55.8) 60 (58.8) 77 (77.8)
Lobectomy 8 (13.6) 5 (11.6) 13 (12.7) 22 (22.2)
Both 15 (25.4) 14 (32.6) 29 (28.4) NA

Lymph node (%) 0.27 0.87
No intervention 4 (6.8) 3 (7.0) 7 (6.9) 9 (9.1)
Dissection 21 (35.6) 22 (51.2) 43 (42.2) 40 (40.4)
Sampling 34 (57.6) 18 (41.9) 52 (51.0) 50 (50.5)

Operation interval 0.27 NA
Median (IQR) 5.0 (4.0, 7.0) 4.0 (4.0, 4.5) 4.0 (4.0, 6.0) NA

Resection rate <0.01 NA
Median (IQR) 75.0% (57.1%, 100.0%) 33.3% (25.8%, 46.3%) 50.0% (33.3%, 77.7%) NA
September 2021
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HMN, highly multiple nodules; EMN, exceedingly multiple nodules; SN, single nodule; SD, standard deviation; IQR, interquartile range.
aComparison between the HMN group and the EMN group.
bComparison between patients with extremely multiple GGNs and those with a single GGN.
NA, not available.
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Pathological Characteristics
The proportion of invasive adenocarcinoma in the primary nodules
of the SN group (44.4%) was less than those in the HMN (61.0%,
p = 0.04) and EMN groups (69.8%, p < 0.01), and the difference
between the SN group and the EMN group was significant after
Bonferroni correction (Table 3). Among the resected nodules of the
EMN and HMN groups, the malignant proportion was 73.7%, and
Frontiers in Oncology | www.frontiersin.org 5124
the proportions of atypical adenomatoid hyperplasia,
adenocarcinoma in situ (AIS), micro-invasive adenocarcinoma
(MIA), and invasive adenocarcinoma were 7.0, 13.2, 27.8, and
33.7%, respectively. There was no significant difference in the
incidence of invasive adenocarcinoma between the two groups
(Table 4). The proportion of malignant nodules had no
significant relationship with the age, sex, or smoking history of
the patients but decreased with the increase in the number of
nodules (Figure 4). Systematic lymph node dissection or lymph
node sampling was performed in 94.4% of the patients, and no
lymph node invasion was observed, neither in the patients with pure
TABLE 2 | Percentage distribution of the pulmonary nodules.

Right superior lobe Right middle lobe Right inferior lobe Left superior lobe Left inferior lobe P

Total nodules EMN 31.96% 8.68% 16.67% 30.44% 12.26% 0.147
HMN 32.94% 7.45% 18.04% 26.67% 14.90%
SN 39.39% 4.04% 23.23% 19.19% 14.14%

Malignant nodules EMN 29.27% 9.76% 30.49% 13.41% 17.07% 0.233
HMN 29.81% 8.65% 18.27% 26.92% 16.35%
SN 37.80% 4.88% 21.95% 23.17% 12.20%
September 2021
 | Volume 11 | Article 7
TABLE 3 | Analysis of the characteristics of primary nodules.

Single nodule group
(n = 99) n (%)

Highly multiple nodules
group (n = 59) n (%)

Exceedingly multiple nodules
group (n = 43) n (%)

P Pa

Distribution 0.45 NA
Superior lobes 58 (58.6) 37 (62.7) 30 (69.8)

Type <0.01 <0.01
mGGN 56 (56.6)a 37 (62.7) 36 (83.7)a

Size <0.01 <0.01
Median (IQR) 11.0 (8.0, 17.5)a 12.8 (12.8, 18.5) 17.2 (17.2, 23.3)a

Operation method 0.01 0.01
Sublobar resection 77 (77.8)a 36 (61.0) 24 (55.8)a

Pathological pattern 0.01 0.01
IA 44 (44.4)a 36 (61.0) 30 (69.8)a
IA, invasive adenocarcinoma.
aThe two groups were considered significantly different, with a P-value below 0.017 after Bonferroni correction for multiple pairwise comparisons (a = 0.05, n = 3), whereas in the other
pairwise comparisons, there was no significant difference.
FIGURE 2 | The correlation between the proportion of mixed ground-glass
nodules and the total number of nodules.
FIGURE 3 | Spatial location information of the multifocal samples of a patient
was reconstructed in three-dimensional.
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ground-glass nodules nor in those with mixed ground-
glass nodules.

Prognosis
A total of 4/201 patients were lost at the end of the follow-up
period. The median follow-up period was 37 months (range, 13–
120 months). No serious postoperative complications or
perioperative deaths were observed in any group. Ten patients
in the SN group had additional GGNs during postoperative
follow-up, and none of them underwent intervention.
Nine patients in the HMN group and seven patients in the
Frontiers in Oncology | www.frontiersin.org 6125
EMN group had enlarged unresected GGNs or additional GGNs
during postoperative follow-up, nine of whom had a second
operation on the contralateral side, and the others had no
intervention. There was no significant difference in the rate of
nodule progression between the HMN group and the EMN
group (15.3 vs. 16.3%, p = 0.88). Three nodules from the three
patients who underwent the second surgery were pathologically
confirmed to be invasive adenocarcinoma, with no lymph node
invasion. One patient in the HMN group who presented
preoperatively with a mixed ground-glass nodule with a solid
component ratio greater than 50% was found to have a local
recurrence 34 months after wedge resection. The pathology of
the recurrent nodules was papillary adenocarcinoma. None of
the other 200 patients experienced a recurrence and no death was
recorded either during the follow-up period.
DISCUSSION

In this study, 76.5% of the patients in the HMN and EMN groups
were female, a slightly higher percentage than that in the SN group
(63.6%) and other studies (63.8–71.8%) on single nodules (18, 19).
TABLE 4 | Pathological analysis of ground-glass nodules.

Highly mult
iple nodules group
(n = 220) n (%)

Exceedingly multiple
nodules group
(n = 278) n (%)

P

Benign (except AAH) 44 (20.0) 47 (16.9) 0.375a

AAH/AIS/MIA 108 (49.1) 132 (47.5) 0.391b

IA 68 (30.9) 99 (35.6)
AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma in situ; MIA, minimally
invasive adenocarcinoma.
aComparison between benign lesions and malignant lesions.
bComparison between IA and AAH/AIS/MIA.
A B

C D

FIGURE 4 | Risk factor analysis of malignant rate. (A) Gender, (B) smoking history, (C) age, and (D) number of nodules.
September 2021 | Volume 11 | Article 725475
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Most patients had no chief complaint, no family history of lung
cancer, and no positive tumor markers, which did not differ
significantly among the SN group, the EMN group, and the
HMN group and was consistent with studies on single GGNs (18,
19). Since our study participants were from the surgical population,
a higher proportion of patients had mixed ground-glass nodules. In
our study, the proportion of both mGGNs and malignant nodules
decreased significantly with the increasing number of nodules,
which indicated that patients with extremely multiple GGNs may
not have higher malignancy or stronger invasiveness due to the
increasing number of GGNs. However, among the primary nodules,
compared with the SN group, the proportion of both mGGNs and
invasive adenocarcinoma was higher in the HMN and EMN groups,
especially in the EMN group. Furthermore, the size of the primary
nodules in the EMN group was larger than that in the SN group.
Therefore, the primary nodules in the extremely multiple nodules
group may have higher malignancy than those in the single nodule
group, and patients with extremely multiple GGNs should be
assessed mainly for the primary nodules rather than the number
of nodules.

Multiple GGNs are considered multiple primary lung cancers
and at the early stage of tumorigenesis rather than metastatic
tumors, according to the statements from the Fleischner Society
and IASLC Staging and Prognostic Factors Committee (20).
However, in some patients, most nodules are concentrated in a
single segment. Previous studies have shown that four patients
had two lesions that shared the same rare mutation (21, 22)
identified by whole-exome sequencing. The exact metastatic
routes remain unexplored, but metastasis possibly occurred via
the airway. Therefore, in patients with clustered GGNs, attention
should be given to the possibility of metastasis.

The scope of surgery for patients with multiple ground-glass
nodules has always been controversial, and it is generally
considered that sublobar resection is more appropriate than
lobectomy for smaller GGNs and pGGNs. Miller and
colleagues compared the outcomes of lobectomy and sublobar
resection for tumors ≤10 mm, and they found that there was no
significant difference in survival rate or local recurrence rate (23).
Lee and colleagues suggested that the surgical approach of pGGN
with pathological types of AIS and MIA is recommended to be
sublobar resection rather than lobectomy (24). There are also
reports in the literature that, for multiple GGN patients with
surgical resection, the prognosis is satisfactory; even
sublobectomy does not affect the prognosis (25, 26). Compared
with the abovementioned studies that only focused on one or two
GGNs, our study indicates that sublobar resection for pure
GGNs and nonmain lesions also does not affect the prognosis
for patients with extremely multiple GGNs, while the study of
Nakao found that marginal or primary recurrence occurred in
four of 26 GGN patients 5 years after local resection (27).
Notably, in our study, a patient with mixed ground-glass
nodules relapsed 34 months after sublobar resection. The main
lesion in this patient had a few high-risk characteristics, such as a
larger size (2.3 cm), worse pathological subtype (papillary
adenocarcinoma), and a higher proportion of solid
components (>50%). The other four patients with papillary
Frontiers in Oncology | www.frontiersin.org 7126
adenocarcinoma underwent lobectomy. In summary, for pure
GGNs and nonmain lesions in extremely multiple GGNs,
sublobar resection may be a priority, while the clinical imaging
characteristics and rapid freezing pathology during the operation
are important factors in determining the surgical approach of the
main lesions, especially for larger-sized and subsolid nodules.

Regarding whether to remove all nodules at the same time,
according to IASLC guidelines, the nodules resected in patients with
multiple ground-glass nodules should be considered as having a
high probability of malignancy (20), which was confirmed by our
study, showing an overall malignant rate of resected nodules at
73.7% and an even higher malignant rate of 89% for mixed ground-
glass nodules, consistent with those studies of single GGNs (28). For
multiple GGNs, some studies suggest that the main lesion be
removed first and that the prognosis will not be affected whether
other lesions are removed (25, 29). However, for extremely multiple
GGNs, it remains uncertain whether excision of the main lesion
alone is sufficient. In our study, the majority of patients (84.3%) did
not experience an enlargement of the unresected nodules during
postoperative follow-up, consistent with studies on multiple GGNs
(84%) (30). The patients with nodule enlargement were treated with
continued observation or secondary surgery, while their survival
was not affected. Therefore, the survival rate of patients with
extremely multiple GGNs may not be affected when the number
of resected nodules is appropriately reduced to improve the quality
of life. For the remaining GGN lesions, regular follow-up can be
recommended; once the solid component of the lesion increases or
the volume increases, repeat surgery can be considered.

Previous studies showed that the incidence of lymph node
metastasis in GGNs with solid components greater than 50% was
10–26% (31–36). However, Suzuki et al. analyzed the data of 545
patients and proposed that, for adenocarcinoma with a diameter
≤3 cm and solid component ratio ≤50%, the specificity for the
diagnosis of pathologically non-invasive adenocarcinoma
reached 98.7% (37). Hattori et al. also reported that systemic
lymph node dissection in patients with GGNs did not improve
the survival rate (38). In our study, for extremely multiple GGNs,
none of the patients had a lymph node invasion, which indicates
that the risk of lymph node invasion does not increase with the
increasing number of GGNs. Therefore, systematic lymph node
dissection may not be necessary for extremely multiple GGNs,
especially if with a solid component of less than 50%.

Our study has some limitations and shortcomings. First, the
surgical intervention indications and intervention methods of
multiple GGNs are still controversial and inconsistent, and the
treatment strategy of our center may be different from that of
other centers in the world. Second, the median follow-up time
was short, and longer follow-ups are needed to further determine
whether multiple unresected GGNs will progress in the future.

To the best of our knowledge, this study is the first to reveal
the clinical and pathologic features, surgical methods, and
prognosis of patients with extremely multiple GGNs and
compare them with those of patients with single GGNs. The
result shows that, although the primary nodules in extremely
multiple GGNs may have higher malignancy than those in the
single nodule group, which should be of concern to clinicians, the
September 2021 | Volume 11 | Article 725475
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proportion of both mGGNs and malignant nodules decreased
significantly with the increasing number of lesions, and the
prognosis of patients with extremely multiple GGNs was
satisfactory. Systematic lymph node dissection may not be
necessary for extremely multiple GGNs, which will provide
insights for the treatment strategy of such patients.
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