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Abstract

OBJECTIVES: The aim of this study was to construct a nomogram prediction model for tumour spread through air spaces (STAS) in clinical
stage | non-small-cell lung cancer (NSCLC) and discuss its potential application value.

METHODS: A total of 380 patients with clinical stage | NSCLC in Tianjin Chest Hospital were collected as the training cohort and 285
patients in Fujian Provincial Hospital were collected as the validation cohort. Univariable and multivariable logistic regression analyses
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were performed to determine independent factors for STAS in the training cohort. Based on the results of the multivariable analysis, the
nomogram prediction model of STAS was constructed by R software.

RESULTS: The incidence of STAS in the training cohort was 39.2%. STAS was associated with worse overall survival and recurrence-free
survival (P <0.01). Univariable analysis showed that maximum tumour diameter, consolidation-to-tumour ratio, spiculation, vacuole and
carcinoembryonic antigen were associated with STAS (P<0.05). Multivariable analysis showed that maximum tumour diameter,
consolidation-to-tumour ratio, spiculation sign and vacuole were independent risk factors for STAS (P < 0.05). Based on this, the nomo-
gram prediction model of STAS in clinical stage | NSCLC was constructed and internally validated by bootstrap. The Hosmer-Lemeshow
test showed a y? value of 7.218 (P=0.513). The area under the receiver operating characteristic curve and C-index were 0.724 (95% confi-
dence interval: 0.673-0.775). The external validation conducted on the validation cohort produced an area under the receiver operating
characteristic curve of 0.759 (95% confidence interval: 0.703-0.816).

CONCLUSIONS: The constructed nomogram prediction model of STAS in clinical stage | NSCLC has good calibration and can potentially

be applied to guide treatment selection.

Keywords: Tumour spread through air spaces * Adenocarcinoma + Non-small-cell lung cancer « Nomogram + Predictive model

ABBREVIATIONS

AUC Area under the receiver operating characteris-
tic curve

cT Computed tomography

CTR Consolidation-to-tumour ratio

DCA Decision curve analysis

GGO Ground-glass opacity

NSCLC Non-small-cell lung cancer

(O Overall survival

RFS Recurrence-free survival

STAS Tumour spread through air spaces

Tdmax Maximum tumour diameter

INTRODUCTION

Lung cancer is the leading cause of cancer-related death in humans
[1]. Thanks to the continuous development of imaging technology,
the early detection rate of non-small-cell lung cancer (NSCLC) is
increasing. More and more patients with clinical stage | NSCLC are
being detected and treated. Surgery is currently the primary treat-
ment for early-stage NSCLC, but tumour recurrence remains the
leading cause of treatment failure. To reduce the postoperative re-
currence rate and improve the prognosis, it is essential to under-
stand the risk factors for recurrence in lung cancer fully and to take
appropriate treatment measures for high-risk patients.

Recently, tumour spread through air spaces (STAS) has been
recognized as an aggressive mode of lung cancer, and in 2015,
the World Health Organization formally introduced this concept
in its new classification of lung cancer, defined as the spread of
micropapillary clusters, solid nests and/or individual cancer cells
into the alveolar lumen beyond the margin of the main tumour
in the alveolar cavity of the lung [2]. Many studies now point out
STAS as an essential risk factor for postoperative recurrence in
patients with stage | NSCLC [3, 4]. STAS occurred in residual lung
segments of simulated sublobar resection [5]. Therefore, it is rec-
ommended that patients with STAS-positive stage | NSCLC
undergo lobectomy. However, preoperative identification of
STAS is complex, and the intraoperative frozen section is limited
in detecting STAS [6]. The diagnosis of STAS depends on thor-
ough sampling and examination of pathological specimens.
Sometimes even STAS may not be detected in surgically resected
specimens [7], leading to false-negative results. Conversely, some
STAS may result from the spread of tumour cell masses due to

knife cutting during specimen processing, which is an artificial
false-positive result. In addition, it is controversial whether local
non-surgical therapy without access to complete pathological
specimens is suitable for clinical stage | NSCLC patients with
STAS. Therefore, the construction of accurate predictive models
of STAS in clinical stage | NSCLC patients before treatment is cru-
cial for the choice of treatment and scope of surgical resection.

In this study, we aimed to investigate the risk factors for STAS
in clinical stage | NSCLC and the application value of its nomo-
gram prediction model and to provide a reference for selecting
treatment modalities for clinical stage | NSCLC.

MATERIALS AND METHODS
Study population

We reviewed the clinical data of patients who visited Tianjin
Chest Hospital for surgical treatment between January 2015 and
December 2018 from the hospital database. The following inclu-
sion criteria were applied: (i) patients with a preoperative diagno-
sis of primary clinical stage | NSCLC and (ii) underwent complete
pulmonary lesion resection and pathologically confirmed inva-
sive NSCLC. The exclusion criteria were the following: (i) pre-
operative neoadjuvant therapy; (ii) multiple primary lung cancer
in the same lobe; (iii) missing preoperative chest imaging data;
and (iv) lost to follow-up after surgery. Clinical staging was based
on the 8th edition of the American Joint Committee on Cancer
TNM classification. After screening, a total of 380 cases were
included in the training cohort to analyse the prognostic impact
of STAS and to construct a nomogram prediction model for the
risk of STAS in clinical stage | NSCLC. Patients attending Fujian
Provincial Hospital for the surgical treatment of NSCLC from
January 2019 to June 2021 were also collected, using the same
inclusion and exclusion criteria, except for the exclusion criteria
(iv). A total of 285 cases were enrolled as the validation cohort
for external validation of the model. The selection process for
patients in this study is displayed in Fig. 1.

Ethical statement

This study was approved by the Ethics Committee of Tianjin
Chest Hospital and the Ethics Committee of Fujian Provincial
Hospital. The ethics committee waived the requirement for
informed consent due to the retrospective nature of the study.
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Patients with primary invasive NSCLC who Patients with primary invasive NSCLC who
underwent surgery in Tianjin Chest Hospital underwent surgery in Fujian Provincial Hospital
between January 2015 to December 2018 (n=883) between January 2019 to June 2021(n=671)
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Figure 1: Patient selection process. NSCLC: non-small-cell lung cancer; STAS: tumour spread through air spaces.

Clinical characteristics

The clinical characteristics included the following. (i) General in-
formation includes: gender, age, smoking history, underlying pul-
monary disease and preoperative symptoms. Positive smoking
history was defined as continuous or cumulative smoking for
>6 months. Underlying pulmonary disease included chronic ob-
structive pulmonary disease, interstitial pneumonia, asthma and
previous tuberculosis. Positive symptoms were defined as a chief
complaint of cough, sputum or haemoptysis. (ii) Preoperative
investigations include: chest computed tomography (CT), carci-
noembryonic antigen, preoperative bronchoscopy and puncture
needle biopsy. CT features include: lobular location, tumour loca-
tion, maximum tumour diameter (Tdmax), consolidation-to-
tumour ratio (CTR), spiculation, lobulation, pleural traction, air
bronchogram and vacuole. Vacuole referred to small bubble-like
low-density shadows ranging from 1 to 3mm in diameter in
tumours. Tumours in the main, lobar or segmental bronchi were
defined as central lung cancer and tumours in the subsegmental
bronchi or more peripheral lung parenchyma were defined as
peripheral lung cancer according to CT. The slice thickness of CT
was 1.5mm. CTR was defined as the proportion of solid compo-
nents in mixed ground-glass opacity (GGO) nodule. GGO was
defined as a limited increase in density without obscuring the
bronchovascular structures passing through it in the lung win-
dows (window width: 1,600 HU; window centre: -500 HU).
Tdmax and the maximum diameter of the solid component
(Cdmax) were measured under the lung window on the trans-
verse CT section of the largest diameter of the tumour. CTR =
Cdmax/Tdmax.

Evaluation of tumour spread through air spaces

Haematoxylin and eosin-stained sections of surgical specimens
from all patients enrolled were reviewed by the pathologists who
did not know the clinical information and survival of the patients.
Referring to the 2015 World Health Organization classification of
lung cancer and the study by Kadota et al. [2, 8], we defined a
STAS positivity as single tumour cells or clusters of tumour cells
present in the alveolar spaces at least one alveolar septum away
from the main tumour in the section (Fig. 2A-C). In addition, the
exclusion criteria for STAS, as reported by Kadota et al. [8], were

(i) mechanically separated tumour floaters or rough clusters of
tumour cells randomly distributed or located at the edge of the
section and (ii) cytobands of tumour detached from the alveolar
wall or interstitial lung parenchyma due to poor preservation. In
cases where it is difficult to differentiate from other non-tumour
cells, the results of immunohistochemistry can be consulted to
determine STAS (Fig. 2D).

Follow-up

Prognostic data for patients in the training cohort were collected
through postoperative electronic records and telephone. Overall
survival (OS) was defined as the interval between the date of sur-
gery and the date of death from any cause. Recurrence-free sur-
vival (RFS) was defined as the interval between the date of
surgery and the initial diagnosis of recurrence. Patients without
event were censored at the time of the last follow-up performed
in September 2021.

Statistical analysis

Statistical analyses were conducted using SPSS statistical software,
version 25.0 and R software, version 4.0.5. Normally distributed
data were expressed as mean * standard deviation; skewed dis-
tributed data were presented as median (quartile range) [M
(P25~P75)]. Survival curves were plotted using Kaplan-Meier
method, and comparisons between the groups were made by
the log-rank test. Univariable and multivariable analyses were
analyzed by logistic regression in the training cohort, and those
with P <0.05 in the univariable were included in the multivariable
analysis. Based on the results of the multivariable analysis, the
rms package of R software was applied to construct the nomo-
gram prediction model for STAS. The bootstrap method was
used for internal validation, with the resampling of the original
dataset, training and validation cohort constructed by bootstrap
were the same size as the original dataset, repeating 1000 times
to derive the calibration curve. The consistency index (C-index)
was used to assess the calibration of the model and the Hosmer-
Lemeshow test to assess the goodness-of-fit of the model. The
area under the receiver operating characteristic curve (AUC) was
used to evaluate the predictive power of the nomogram predic-
tion model. Clinical usefulness was evaluated through decision
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Figure 2: Histopathological features of tumour spread through air spaces. (A-C) Diagnosis of tumour spread through air spaces by haematoxylin and eosin staining.
Tumour spread through air spaces (arrowheads) was located within the air spaces in the lung parenchyma, outside the edge (black dashed line) of the main tumour.
The high-powered fields are included in the corresponding coloured dashed boxes. (D) Tumour spread through air spaces was identified by immunohistochemistry.
Spread through air spaces (arrowheads, Napsin A positive) was located within the air spaces in the lung parenchyma, outside the edge of (black dashed line) the main

tumour. STAS: tumour spread through air spaces.

curve analysis (DCA). P<0.05 was considered a statistically sig-
nificant difference.

RESULTS

Status and prognostic impact of tumour spread
through air spaces in clinical stage | non-small-cell
lung cancer

The rate of STAS positivity in the training cohort was 39.2% (149/
380). The clinical characteristics of STAS-positive and negative
patients are shown in Table 1. The median follow-up time of the
380 patients was 45.7 months (range: 1.5, 80.0). As shown in
Fig. 3A, the OS of STAS-negative patients was significantly better
than that of STAS-positive patients (P<0.001). In addition, RFS
was significantly better in patients without STAS than in patients
with STAS (P <0.01), as shown in Fig. 3B.

Analysis of clinical factors associated with tumour
spread through air spaces

Univariable analysis showed that Tdmax, CTR, spiculation, vacu-
ole and carcinoembryonic antigen were associated with STAS in
patients with clinical stage | NSCLC (P<0.05), as shown in
Table 1.

The variables with P<0.05 in the univariable analysis were
included in the multivariable logistic regression analysis. The
results showed that Tdmax, CTR, spiculation and vacuole were in-
dependent risk factors for STAS in clinical stage | NSCLC
(P<0.05), as shown in Table 2.

Construction and internal validation of the
nomogram prediction model

The nomogram prediction model for the occurrence of STAS in
clinical stage | NSCLC was constructed based on the 4 independ-
ent risk factors derived from the multivariable logistic regression
analysis of the training cohort (Fig. 4A). The corresponding points
of each factor can be obtained from the model, which can be
further summed to the total points. The risk corresponding to the
total points is the predicted risk of STAS. The AUC and C-index
were 0.724 (95% confidence interval: 0.673-0.775) and the pre-
diction model had good predictability (Fig. 4B). The model was
internally validated using the bootstrap method, and the calibra-
tion curves showed good agreement between the STAS predicted
probability of the nomogram prediction model and the actual
probability (Fig. 4C). The Hosmer-Lemeshow test result was
%%=7.218 (P=0.513), which showed that the model was well cali-
brated. DCA showed that the nomogram prediction model had
better clinical net benefit from intervention decisions than the
baseline model at a risk threshold of 0.1-0.8 (Fig. 4D).
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Table 1:  Univariable analysis of tumour spread through air spaces in the training cohort (n = 380)

8]

Variable STAS+ (n=149) STAS- (n=231) OR 95% Cl P-Value E
Age(years), mean = SD 63.07 £7.64 62.29 +8.31 1.012 0.986-1.039 0.359 g
Gender, n (%) |:E

Female 60 (40.3) 107 (46.3) 1

Male 89 (59.7) 124 (53.7) 1.280 0.842-1.943 0.246
Smoking history, n (%)

No 92(61.7) 153 (66.2) 1

Yes 57 (38.3) 78 (33.8) 1.215 0.792-1.865 0372
Underlying pulmonary disease

No 135 (90.6) 214 (92.6) 1

Yes 14(9.4) 17 (7.4) 1.305 0.623-2.735 0.480
Preoperative symptoms, n (%)

No 91 (61.1) 161 (69.7) 1

Yes 58 (38.9) 70 (30.3) 1.466 0.951-2.259 0.082
Lobular location, n (%)

Upper lobe 83 (55.7) 144 (62.3) 1

Middle/lower lobe 66 (44.3) 87 (37.7) 1316 0.866-2.001 0.198
Tumour location, n (%)

Peripheral 117 (78.5) 194 (84.0) 1

Central 32(21.5) 37 (16.0) 1.434 0.848-2.426 0.178
Tdmax (cm), mean * SD 2.56+0.80 2.01+0.78 2.352 1.764-3.066 <0.001
CTR, mean £ SD 0.78+0.23 0.65+0.30 6.452 2.836-14.680 <0.001
Spiculation, n (%)

No 33(22.1) 85 (36.8) 1

Yes 116 (77.9) 146 (63.2) 2.046 1.279-3.275 0.003
Lobulation, n (%)

No 51(34.2) 94 (40.7) 1

Yes 98 (65.8) 137 (59.3) 1.318 0.859-2.023 0.205
Pleural traction, n (%)

No 56 (37.6) 110 (47.6) 1

Yes 93 (62.4) 121 (52.4) 1.510 0.992-2.298 0.054
Air bronchogram, n (%)

No 106 (71.1) 180 (77.9) 1

Yes 43 (28.9) 51(22.1) 1.432 0.894-2.294 0.135
Vacuole, n (%)

No 107 (71.8) 200 (86.6) 1

Yes 42(28.2) 31(13.4) 2532 1.505-4.260 <0.001
CEA (ng/ml), M (P25, P75) 3.10(2.01, 4.73) 2.73(1.78,4.02) 1.065 1.013-1.120 0.014
Percutaneous needle biopsy, n (%)

No 136 (91.3) 210(90.9) 1

Yes 13(87) 21(9.1) 0.817 0.463-1.973 0.903
Preoperative bronchoscopy, n (%)

No 71 (47.7) 128 (55.4) 1

Yes 78 (52.3) 103 (44.6) 1.365 0.903-2.064 0.139

CEA: carcinoembryonic antigen; Cl: confidence interval; CTR: consolidation-to-tumour ratio; OR: odds ratio; SD: standard deviation; STAS: tumour spread through
air spaces; STAS+: positive for tumour spread through air spaces; STAS-: negative for tumour spread through air spaces; Tdmax: maximum tumour diameter.

External validation of the nomogram prediction
model

Among the 285 patients in the validation cohort, STAS was
observed in 123 (43.2%) cases of 285 cases. The clinical charac-
teristics of these patients are shown in Supplementary Material,
Table S1. The AUC was 0.759 (95% confidence interval: 0.703-
0.816), suggesting good predictability of the prediction model
(Fig. 5A). External validation using the bootstrap method showed
that the calibration curve was close to the actual probability and
the data were consistent (Fig. 5B).

DISCUSSION

In recent years, STAS has been recognized as an aggressive form
of lung cancer and is closely related to the clinicopathological

features and prognosis of lung cancer. In this study, OS and RFS
were significantly better in STAS-negative patients than in STAS-
positive patients. In addition, previous studies have shown that
patients with STAS-positive stage | NSCLC undergoing lobectomy
have a better prognosis than those undergoing sublobar resec-
tion [9]. Postoperative chemotherapy can also improve the prog-
nosis of patients with STAS-positive stage | NSCLC after sublobar
resection [10]. Therefore, appropriate treatment measures for
patients with STAS or at high risk are important for patient
prognosis.

Currently, there are still no standard criteria for the diagnosis
of STAS, and many pathologists do not even report the presence
of STAS. In addition, some experts still question STAS as an ‘arte-
fact’ resulting from the phenomenon of knife cutting during spe-
cimen processing [7]. This has led to a wide variation in STAS
incidence previously reported by individual centres. The inci-
dence of STAS in stage | NSCLC reported in previous studies
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Figure 3: Overall survival (A) and recurrence-free survival (B) curve for patients with clinical stage | non-small-cell lung cancer according to the spread through air
spaces status. STAS+: positive for tumour spread through air spaces; STAS-: negative for tumour spread through air spaces.

Table 2: Multivariable analysis of tumour spread through air
spaces in the training cohort (n = 380)

Variable p SE Wald > P-value OR 95%Cl

Tdmax 0.663 0.153 18779 <0.001 1.941 1.438-2.619
CTR 1067 0478 4980 0.026 2.905 1.139-7.413
Spiculation  0.625 0.271 5308 0.021 1.869 1.098-3.181
Vacuole 0711 0294 5857 0016 2035 1.145-3.618
CEA 0.032 0026 1528 0.216 1.033 0.981-1.087

CEA: carcinoembryonic antigen; Cl: confidence interval; CTR: consolida-
tion-to-tumour ratio; OR: odds ratio; STAS: tumour spread through air
spaces; Tdmax: maximum tumour diameter.

ranged from 14.8% to 55.4% [4, 11]. As the understanding of
STAS has improved, many studies have shown that STAS is an
in vivo phenomenon rather than an artefact of specimen han-
dling procedures [12, 13]. Therefore, there is a growing interest in
the diagnosis of STAS. In addition to diagnosing the presence or
absence of STAS, a semi-quantitative assessment of STAS has
been proposed. Warth et al. [14] classified STAS according to its
distance from the main tumour as limited STAS (<3 alveolae
away from the main tumour mass) and extensive STAS (>3 alveo-
lae away from the main tumour mass). In that study, survival ana-
lysis showed that the presence of STAS was associated with a
reduction in OS and RFS. However, there was no significant dif-
ference in OS or RFS between patients with limited STAS and
those with extensive STAS. Therefore, we need to focus on diag-
nosing the presence or absence of STAS, and not necessarily the
grading of STAS. In this study, pathologists from both centres
agreed on the diagnosis of STAS by retrospective review of
pathological sections. We constructed a model for the preopera-
tive prediction of STAS through the training cohort, and internal
validation suggested good calibration. At the same time, external
validation also demonstrated good agreement. This indicates the
need for a uniform standard for STAS and that it can be used as a
routine part of pathological diagnosis.

Postoperative pathology is important for STAS diagnosis, but
more critical is preoperative identification and prediction of
STAS, which can guide our choice of early intervention and

treatment options. For patients undergoing surgery, STAS status
influences the current selection of the scope of surgical resection
for patients with stage | NSCLC. Kadota et al. [9] showed that
patients with STAS in the sublobectomy group had a higher risk
of tumour metastasis and recurrence than those without STAS,
while no difference was found in patients in the lobectomy
group. They, therefore, recommend that lobectomy should be
the first choice for patients with STAS, which requires preopera-
tive or intraoperative detection of STAS. However, preoperative
examinations and intraoperative frozen section are currently dif-
ficult for the identification of STAS. Preoperative percutaneous
needle biopsy and bronchoscopic biopsy are difficult to reflect
the spatial structure of the tumour. Medina et al. [15] have dem-
onstrated that preoperative bronchial cytology cannot predict tu-
mour STAS adequately. Furthermore, previous studies have
shown that the sensitivity of identifying STAS on frozen sections
is only 50-71% [16, 17]. Morimoto et al. [18] suggested that the
diagnosis of STAS by intraoperative frozen biopsy is limited by
the current technology, as the lung tissue in frozen sections is not
sufficiently expanded to allow microscopic visualization of tu-
mour cell clusters. Therefore, we cannot get a reliable determin-
ation of STAS during surgery and a reliable preoperative model
for predicting STAS is even more necessary. In addition, some
patients with clinical stage | NSCLC undergo non-surgical local
therapy (e.g., stereotactic body radiation therapy, ablation). They
do not have complete tumour specimens to determine STAS
based on pathological sections. Therefore, the choice of treat-
ment for these patients can only be predicted based on the pre-
treatment clinical information, which reinforces the importance
of constructing pretreatment predictive models for STAS.
Although, to date, no appropriate clinical study has reported the
efficacy of any non-surgical local treatment compared with other
treatments for patients with STAS positive stage | NSCLC, it would
be inappropriate to assume that STAS is not associated with re-
lapse after non-surgical local treatment [19]. Therefore, in this
study, to address the prediction of STAS in stage | NSCLC before
treatment, we developed a predictive model of STAS with ex-
trapolation based on pretreatment clinical data. DCA showed
that this model could lead to a higher clinical net benefit at a risk
threshold of 0.1-0.8. We propose a reference flowchart for the
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model. (B) The calibration curve of the nomogram prediction model. AUC: area under the receiver operating characteristic curve.

selection of surgical and non-surgical therapeutic approaches for
stage | NSCLC based on the STAS prediction model (Fig. 6).

This study showed that Tdmax, CTR, spiculation and vacuole
were independent risk factors for STAS in clinical stage |
NSCLC, which is consistent with some previous studies. STAS in
early-stage NSCLC correlates with tumour size [20], but the
cut-off diameter is controversial. Uruga et al. [21] found a
higher rate of STAS positivity when the tumour diameter was
>1cm, and de Margerie-Mellon et al. [22] found that STAS cor-
related with tumour size when the tumour diameter was >2 cm,
whereas STAS was not correlated with tumour size when
1.5cm was used as the cut-off value. In terms of imaging,

previous studies have shown that STAS is associated with CT
features such as spiculation and vacuole [23]. In addition, Yin
et al. [24] found that CTR was an independent predictor of
STAS, but GGO nodules also had STAS, although the incidence
was low [23, 25]. In this study, we constructed a nomogram
model based on these 4 risk factors for STAS. Compared with
other predictive statistical models, its visualized results can re-
flect the probability of STAS in stage | NSCLC more intuitively
and provide an individualized assessment of STAS for each pa-
tient. At the same time, these 4 above-mentioned indicators
are easily accessible and widely used, making them suitable for
routine application in clinical work.
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Figure 6: Suggested therapeutic approaches by tumour spread through air spaces positivity in clinical stage | non-small-cell lung cancer. NSCLC: non-small-cell lung
cancer; RFA: radiofrequency ablation; SBRT: stereotactic body radiation therapy; STAS: tumour spread through air spaces.

Limitations

There are several limitations to our study. (i) This study is a retro-
spective study, and it is challenging to avoid selection bias. (ii) The
preoperative investigations received by these patients before treat-
ment were not uniform, and many patients did not have pretreat-
ment maximum standardized uptake value, other tumour markers,
etc. Therefore, prospective studies need to be conducted to in-
clude appropriate preoperative investigations to further improve
the prediction model and enhance the predictive efficacy. (iii) This
study only included patients from 2 centres for training and valid-
ation. The inclusion of more centres and patients for training and
validation would also further improve the accuracy of the model.

CONCLUSION

In summary, pretreatment Tdmax, CTR, spiculation and vacuole
signs were independent risk factors for STAS in clinical stage |
NSCLC. The nomogram prediction model for clinical stage |
NSCLC STAS constructed in this way is well calibrated and can be
used as a reference for clinicians to assess the risk of STAS in
patients with clinical stage | NSCLC before treatment and to for-
mulate treatment plans.
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