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Background: The invasive pattern called spread through air spaces (STAS) is linked to an unfavorable
prognosis in patients with lung adenocarcinoma (LUAD). Using computed tomography (CT) signs alone
to assess STAS is subjective and lacks quantitative evaluation, whereas spectral CT can provide quantitative
analysis of tumors. The aim of this study was to investigate the association between spectral CT quantitative
parameters and STAS in LUAD.

Methods: We retrospectively collected consecutive patients with LUAD who underwent surgical resection
and preoperative spectral CT scan at our institution. The quantitative parameters included CT values at 40,
70, and 100 keV [CT40keVa/v, CT70keVa/v, and CT100keVa/v (a: arterial; v: venous)]; iodine concentration
(ICa/ICv); normalized iodine concentration (NICa/NICv); and slope AHU of the spectral curve (\HUa/
AHUv). Clinical and CT features of the patients were also collected. Statistical analysis was performed to
identify the quantitative parameters, clinical and CT features that were significantly correlated with STAS
status. We evaluated the diagnostic performance of significant factors or models which combined quantitative
parameters and CT features, using the area under the curve (AUC) of the receiver operating characteristic
(ROC) curve.

Results: We enrolled a total of 47 patients, with 32 positive and 15 negative for STAS. The results revealed
that CT100keVa (P=0.002), CT100keVv (P=0.007), pathologic stage (P=0.040), tumor density (P<0.001),
spiculation (P=0.003), maximum solid component diameter (P=0.008), and the consolidation/tumor ratio
(CTR) (P=0.001) were significantly correlated with STAS status. The tumor density demonstrated a superior
diagnostic capability [AUC =0.824, 95% confidence interval (CI): 0.709-0.939, sensitivity =59.4%, specificity
=100.0%] compared to other variables. CT'100keVa exhibited the best diagnostic performance (AUC
=0.779, 95% CI: 0.633-0.925, sensitivity =78.1%, specificity =80.0%) among the quantitative parameters.
Combination models were then constructed by combining the quantitative parameters with CT features.
The total combined model showed the highest diagnostic efficiency (AUC =0.952, 95% CI: 0.894-1.000,
sensitivity =90.6%, specificity =86.7%).

Conclusions: Spectral CT quantitative parameters CT100keVa and CT100keVv may be potentially useful
parameters in distinguishing the STAS status in LUAD.
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Introduction

Lung cancer is among the most prevalent malignant tumors,
with pulmonary adenocarcinoma being its most common
pathological type (1,2). The World Health Organization
(WHO) classification in 2015 recognized the invasion
pattern known as spread through air spaces (STAS) in lung
adenocarcinoma (LUAD), which involves micropapillary
clusters, solid nests, or single cells spreading beyond the
main tumor’s edge into the air spaces (3). The prognostic
importance of STAS was further confirmed by the WHO
classification of 2021 (4).

STAS is a poor prognostic factor in LUAD and has been
linked to reduced disease-free survival (DFS) and overall
survival (OS) (5,6). Minimally invasive sublobar resection
is gaining popularity as a surgical option for treating early-
stage tumors (7,8). However, recent studies (9,10) have
shown that STAS-positive adenocarcinomas have a higher
tendency to relapse after sublobar resection. Therefore, it
is not suitable for such tumors and lobectomy is preferred.
Thus, preoperative determination of STAS status is crucial
for selecting the most suitable surgical method to improve
patient outcomes.

Unfortunately, STAS can only be identified post-
operatively (11). To date, several studies have utilized
preoperative computed tomography (CT) characteristics
to evaluate STAS in LUAD. Studies (12-14) have found
a correlation between STAS and certain CT features,
such as spiculation, lobulation, and pleural indentation.
Nevertheless, these CT features are subjective and lack
quantitative evaluation. Spectral CT imaging can obtain the
density of materials and images at different kiloelectron volt
(keV) levels, which can be used for quantitative analysis of
substances (15). Spectral CT has been extensively utilized
in the analysis of lung cancer, exhibiting its potential
value in distinguishing benign and malignant lung lesions,
identifying lymph node metastasis, and distinguishing
pathological grading of lung cancer (16-18).

Therefore, investigating the correlation between spectral
CT quantitative parameters and STAS may facilitate
preoperative diagnosis of STAS in LUAD. However, this
relationship has yet to be investigated by researchers.
Thus, this study aimed to explore the potential association
between spectral CT quantitative parameters and STAS
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in LUAD. We present this article in accordance with the
STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-984/rc).

Methods
Patients

This retrospective study was conducted in accordance
with the Declaration of Helsinki (as revised in 2013) and
approved by the Ethics Committee of the Affiliated Hospital
of Qingdao University (No. QYFY WZLL 28103); the
requirement for individual consent for this retrospective
analysis was waived. We consecutively collected patients
with LUAD who underwent surgical resection at the
Affiliated Hospital of Qingdao University between January
2021 and October 2022, and they were included in the
study if they met the following conditions: (I) pathology-
confirmed adenocarcinoma and (II) had undergone spectral
CT scan within a month prior to the surgery. The exclusion
criteria were as follows: (I) multiple lesions; (II) preoperative
neoadjuvant therapy; and (III) incomplete pathological data.
Ultimately, 47 patients (22 males and 25 females; age range,
50-71 years; mean age, 60.9+5.8 years) were included in this
study. Figure 1 shows the flow chart of patient selection.

CT examination

The Revolution CT scanner (GE Healthcare, Chicago,
IL, USA) was used to perform CT scans. The scanning
parameters included: tube voltage of 80 and 140 kVp
instantaneous switching (0.5 ms); automatic tube current
modulation was enabled; helical tube rotation time of
0.5 s; pitch of 0.992, scanning field of view of 500 mm;
slice thickness and gap of 5 mm. Intravenous injections of
contrast media (Omnipaque 350, GE Healthcare) were
administered to patients at a rate of 3.0 mL/s, totaling
70-80 mL. Scanning for both arterial phase (AP) and
venous phase (VP) were conducted at 25 and 60 s intervals,
respectively, after injection of contrast media.

CT image analysis

The original data was reconstructed to produce images with
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Patients with pathologically confirmed lung
adenocarcinoma who underwent spectral CT
scanning (n=122)
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¢ Patients had multiple
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(n=32)

STAS negative group
(n=15)

Figure 1 Flow chart of the study. CT, computed tomography;
STAS, spread through air spaces.

a slice thickness of 1.25 mm. The reconstructed images were
sent to an Advantage Workstation (AW4.6, GE Healthcare)
and analyzed by the Gemstone Spectral Imaging (GSI)
Viewer software (GE Healthcare). The images were analyzed
by two radiologists with over 5 years of work experience.
We selected the largest slice of the lesion to identify the
region of interest (ROI), avoiding vessels, necrosis, and
calcification as much as possible. CT values on 40, 70, and
100 keV monochromatic images were measured for the
lesion, along with its iodine concentration (IC) on iodine-
based material decomposition image. The IC of the aorta
on the same slice was also measured. To minimize the effect
of patient variation, the IC of the lesion was normalized
to the IC of the aorta, resulting in the normalized iodine
concentration (NIC). The slope of the spectral curve (AHU)
was calculated as \AHU = (CT40keV - CT100keV)/(100-40).
The CT characteristics of the lesion, including tumor
density, lobulation, spiculation, pleural indentation, and
cavitation, were assessed independently by two radiologists
without prior knowledge of STAS status. Any disagreements
were discussed and resolved. The maximum diameter of
the lesion and its solid component were measured, and the
consolidation/tumor ratio (CTR) was then calculated.

Histopathologic evaluation

The definition of STAS was established as the detection of

tumor cells in the pulmonary air spaces beyond the primary
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tumor margin (4).

Statistical analysis

The software SPSS 26.0 IBM Corp., Armonk, NY, USA)
was used for statistical analysis. Non-normally distributed
continuous variables were described using medians and
interquartile ranges, whereas frequencies and percentages
were used to express categorical variables. Mann-Whitney
U test or independent sample #-test was applied to compare
continuous variables, and the ’ test or Fisher’s exact test
was employed to scrutinize categorical variables. We utilized
the area under the curve (AUC) of the receiver operating
characteristic (ROC) to evaluate the diagnostic efficiency
of significant factors or combined models comprising CT
characteristics and quantitative parameters, derived through
multivariate logistic regression analysis. A two-sided P<0.05
was considered statistically significant.

Results
Patient clinical and CT characteristics

Out of the 47 identified lesions, 32 were STAS positive
and 15 were STAS negative, yielding a positive STAS rate
of 68.1% (32/47) as shown in Table 1. Pathologic stage
(P=0.040), tumor density (P<0.001), spiculation (P=0.003),
maximum solid component diameter (P=0.008), and CTR
(P=0.001) varied significantly between the two groups,
whereas the other characteristics did not demonstrate any
statistically significant differences.

Quantitative parameters analysis

Table 2 displays the correlation between STAS status and
quantitative parameters of spectral CT. The results indicated
that CT100keVa (P=0.002) and CT100keVv (P=0.007)
exhibited significant differences between the two groups.
Specifically, the CT100keV values of AP and VP were
significantly higher in the STAS positive group as compared
to the STAS negative group. Nevertheless, no significant
differences were observed between the two groups in terms

of CT40keV, CT70keV, IC, NIC, and AHU for AP and VP.

Diagnostic efficiency of quantitative parameters and CT
characteristics

Table 3 presents the diagnostic efficiency of each quantitative
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Table 1 Clinical and CT characteristics of patients
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STAS status
Variable P value
Negative (n=15) Positive (n=32)
Age (years), mean + SD 60.5+6.3 61.0+5.6 0.786
Gender, n (%) 0.205
Female 10 (66.7) 15 (46.9)
Male 5(33.3) 17 (63.1)
Smoking status, n (%) 0.503
Non-smoker 12 (80.0) 22 (68.8)
Smoker 3(20.0) 10 (31.3)
T stage, n (%) 0.544
T 12 (80.0) 20 (62.5)
T2 3(20.0) 11 (34.4)
T3 0(0.0) 1(3.1)
N stage, n (%) 0.179
NO 15 (100.0) 25 (78.1)
N1 0(0.0) 5(15.6)
N2 0(0.0) 2 (6.3)
Pathologic stage, n (%) 0.040
I 15 (100.0) 22 (68.8)
Il 0(0.0) 8 (25.0)
1l 0(0.0) 2 (6.3)
Tumor density, n (%) <0.001
pGGN 2(13.3) 0(0.0)
PSN 13 (86.7) 13 (40.6)
SN 0(0.0) 19 (59.4)
Lobulation, n (%) 12 (80.0) 31 (96.9) 0.089
Spiculation, n (%) 5(33.3) 25 (78.1) 0.003
Pleural indentation, n (%) 11 (73.3) 28 (87.5) 0.245
Cavitation, n (%) 2 (13.3) 12 (37.5) 0.170
Maximum tumor diameter (mm), median (IQR) 23.20 (15.80) 22.20 (14.15) 0.349
Maximum solid component diameter (mm), median (IQR) 9.00 (14.00) 19.00 (11.00) 0.008
CTR, median (IQR) 0.45 (0.50) 0.87 (0.20) 0.001

CT, computed tomography; STAS, spread through air spaces; SD, standard deviation; pGGN, pure ground glass nodule; PSN, part solid
nodule; SN, solid nodule; CTR, consolidation/tumor ratio; IQR, interquartile range.
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Table 2 Association between STAS status and spectral CT quantitative parameters.

STAS status

Parameters P value
Negative (n=15) Positive (n=32)

AP
CT40keVa (HU) 147.52 (222.89) 155.44 (80.34) 0.819
CT70keVa (HU) 10.79 (156.34) 53.01 (21.15) 0.068
CT100keVa (HU) -3.66 (145.82) 30.46 (20.40) 0.002
ICa (100 pg/cm®) 24.96+12.13 19.91+8.53 0.106
NICa (100 pg/cm?) 0.27+0.12 0.21+0.09 0.064
AHUa 2.96+1.44 2.35+1.00 0.102

VP
CT40keVv (HU) 196.11 (315.30) 186.53 (66.51) 0.945
CT70keVv (HU) 58.38 (226.79) 67.44 (25.42) 0.091
CT100keVv (HU) 22.56 (211.08) 34.92 (21.15) 0.007
ICv (100 pug/cm?®) 23.53+11.00 21.25+5.85 0.460
NICv (100 pg/cm®) 0.61+0.26 0.54+0.16 0.363
AHUv 2.79+1.31 2.52+0.69 0.455

Data are presented as mean + standard deviation or median (interquartile range). STAS, spread through air spaces; CT, computed
tomography; AP, arterial phase; VP, venous phase; IC, iodine concentration; NIC, normalized iodine concentration; AHU, slope of the

spectral curve; a, arterial; v, venous.

Table 3 Diagnostic efficiency of parameters and CT characteristics

Variables AUC (95% ClI) Cutoff value Sensitivity (%) Specificity (%)
CT100keVa (HU) 0.779 (0.633-0.925) 16.875 78.1 80.0
CT100keVv (HU) 0.746 (0.605-0.886) 39.765 43.8 100.0
Tumor density 0.824 (0.709-0.939) - 59.4 100.0
Spiculation 0.724 (0.560-0.888) - 78.1 66.7
Maximum solid component diameter (mm) 0.743 (0.585-0.901) 15.400 71.9 73.3
CTR 0.802 (0.660-0.944) 0.798 71.9 86.7

CT, computed tomography; AUC, area under the curve; Cl, confidence interval; CTR, consolidation/tumor ratio; a, arterial; v, venous.

parameter and CT characteristic, whereas Figure 2 depicts
their corresponding ROC curves. According to the findings,
the tumor density demonstrated a superior diagnostic
capability (AUC =0.824, 95% confidence interval (CI):
0.709-0.939, sensitivity =59.4%, specificity =100.0%)
compared to other variables. Furthermore, the diagnostic
performance of the quantitative parameter CT100keVa
(AUC =0.779, 95% CI: 0.633-0.925, sensitivity =78.1%,
specificity =80.0%) surpassed that of CT100keVv (AUC

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

=0.746, 95% CI: 0.605-0.886, sensitivity =43.8%), specificity
=100.0%).

Diagnostic efficiency of the combined models

A radiological model was created by conducting the
stepwise logistic regression on the significant CT features,
and the model consisted of tumor density and spiculation.
These significant quantitative parameters, separately
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Figure 3 ROC curves of each combined model. CT, computed
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venous; CTR, consolidation/tumor ratio; ROC, receiver operating characteristic.

characteristic.
Table 4 Diagnostic efficiency of the different combined models.
Combined model AUC (95% Cl) Cutoff value Sensitivity (%) Specificity (%)
Radiological 0.905 (0.821-0.989) 0.444 93.8 66.7
CT100keVa + radiological 0.904 (0.815-0.993) 0.414 100.0 66.7
CT100keVv + radiological 0.921 (0.843-0.999) 0.410 100.0 66.7
CT100keVa + CT100keVv + radiological 0.952 (0.894-1.000) 0.645 90.6 86.7

AUC, area under the curve; Cl, confidence interval; CT, computed tomography; a, arterial; v, venous.

combined with the radiological model, were then used to
develop the combined models. Figure 3 displays the ROC
curves for all combined models. The diagnostic efficiency of
these models was superior to that of individual parameters
and CT features, and the CT100keVa + CT100keVv +
Radiological model showed the highest diagnostic capability
(AUC =0.952, 95% CI: 0.894-1.000, sensitivity =90.6%,
specificity =86.7%) (Table 4). Figures 4,5 display two
examples of spectral CT images.

Discussion

The study findings revealed a significant correlation between
STAS phenomenon and the spectral CT quantitative
parameters CT100keVa and CT100keVv. The STAS-

positive group had significantly higher CT100keVa and

CT100keVv values compared to the STAS-negative group.
Additionally, combining significant quantitative parameters
with CT features demonstrated a good predictive value for
STAS in LUAD (AUC =0.952). This suggests that spectral
CT quantitative parameters are a valuable supplement
to conventional CT features that can aid clinicians in
preoperative determination of STAS status in LUAD.

STAS is a novel invasive modality that serves as
a significant factor contributing to the unfavorable
prognosis of LUAD. Several previous studies (19-21)
have demonstrated that STAS is linked to aggressive
clinicopathological features including pleural invasion,
high-grade histological type, and lymphovascular invasion.
Tumors that exhibit STAS positivity display more invasive
ability and a faster growth rate. These phenomena indicate
that STAS-positive tumors may require a greater blood
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supply to proliferate. The degree of tumor enhancement,
as reflected by the CT value, can be used to measure the
degree of tumor vascularization, thereby reflecting the
blood supply of the tumor. Therefore, the findings of this
study indirectly reflected the blood supply requirement of
tumors exhibiting STAS.

Regarding the conventional CT signs, our study reveals
that STAS-positive tumors were more likely to exhibit
spiculation and a greater number of solid components,
which is consistent with earlier studies (12,13). In contrast
to the previous studies, our study did not observe a
significant correlation between STAS and lobulation or
pleural indentation. This deviation from the prior research
results may be related to the sample size. Nevertheless, our
results still indicated that STAS-positive tumors exhibited a
higher incidence of lobulation and pleural indentation.

In order to quantitatively evaluate the lesions, many studies
have adopted radiomics and achieved good results (22-24).
Radiomics can extract a large number of quantitative features
from images, which can reflect information that cannot be
observed by the naked eye. However, our study provides a
novel approach for clinical application aimed at establishing
a new relationship between spectral CT quantitative
parameters and STAS. Compared with conventional CT,
spectral CT can quantitatively evaluate tumors using multiple
parameters. Our research findings indicate that CT100keVa
and CT100keVv can independently identify STAS status.
"This, to the best of our knowledge, is the first novel discovery
that suggests the potential value of spectral CT quantitative
parameters in identifying STAS in LUAD. Previous
studies (13,25) have built models utilizing CT features to
evaluate STAS in LUAD and achieved moderate predictive
efficiency. In this study, the model based on the combination
of conventional CT features and spectral CT quantitative
parameters showed better discriminative ability, with an
AUC of 0.952, sensitivity of 90.6%, and specificity of 86.7%,
and outperformed their models. Combining qualitative and
quantitative analysis represents a fantastic opportunity for
clinicians to distinguish STAS-positive from -negative cases
of LUAD.

Although the current study presented critical findings, it
has some limitations. First, the sample size of this study was
small, and more cases are necessary to validate our findings.
Second, we did not examine the association between
spectral CT parameters and STAS in various histologic
subtypes of LUAD. Third, our study was restricted to a
limited number of tumor layers and did not consider the
overall characteristics of the lesion. Fourth, our study used a

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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single CT scanner, and the findings need to be validated on
different types of scanners.

Conclusions

Our study demonstrates a correlation between spectral CT
quantitative parameters and STAS status in LUAD, with
CT100keVa and CT100keVv exhibiting the potential for
identifying STAS.
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