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ARTICLE INFO ABSTRACT
Keywords: Purpose: The potential of spectral images, particularly electron density and effective Z-images, generated by dual-
Lung neoplasms energy computed tomography (DECT), for the histopathologic classification of lung cancer remains unclear. This

x-ray computed tomography
electron density image
adenocarcinoma

study aimed to explore which imaging factors could better reflect the histopathological status of lung cancer.
Method: The data of 31 patients who underwent rapid kV-switching DECT and subsequently underwent surgery
for lung cancer were analyzed. Virtual monochromatic images (VMIs) of 35 keV and 70 keV, virtual non-contrast
images (VNC), iodine content images, electron density images, and effective Z-images were reconstructed for the
following analyses: 1) correlation with the ratio of the lepidic growth pattern in the whole tumor and 2) com-
parisons with the four histological groups: well-differentiated adenocarcinoma (WDA), moderately differentiated
adenocarcinoma (MDA), and poorly differentiated adenocarcinoma (PDA) and squamous cell carcinoma (SCC).
Results: There were significant correlations between the ratio of lepidic growth pattern and 70 keV, 35 keV, VNC,
and electron density images (r=-0.861, P <0.001; r=-0.791, P < 0.001; r=-0.869, P <0.001; r=-0.871,
P < 0.001, respectively). There were significant differences in the 70 keV, 35keV, VNC, and electron density
images in the Kruskal-Wallis test (P = 0.001, P = 0.006, P < 0.001, P < 0.001, respectively). However, there were
no significant differences in iodine content or effective Z-images.

Conclusions: Electron density images generated by spectral imaging may be better indicators of the histopatho-
logical classification of lung cancer.

Clinical relevance: Electron density images may have an added value in predicting the histopathological classi-
fication of lung cancer.

Key points:

e The role of electron density and effective Z-images obtained using dual-energy CT in lung cancer
classification remains unclear.

e Electron density and virtual non-contrast images correlated better with the ratio of lepidic growth
patterns in lung cancer.

¢ Electron density imaging is a better indicator of the histopathological classification of lung cancer
than effective Z-imaging.

Abbreviations/Acronyms: CT, Computed tomography; DECT, Dual-energy computed tomography; DLP, Dose-length product; MDA, Moderately differentiated
adenocarcinoma; MIA, Minimally invasive adenocarcinoma; PDA, Poorly differentiated adenocarcinoma; ROI, Region of interest; SCC, Squamous cell carcinoma;
SCLC, Small cell lung carcinoma; VMI, Virtual monochromatic images; VNC, virtual non-contrast; VOI, Volume of interest; WDA, Well-differentiated
adenocarcinoma.
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1. Introduction

Computed tomography (CT) is one of the essential examinations used
to stage lung cancer [1,2]. Particularly, it is recommended that
contrast-enhanced CT be used to evaluate the extent of lesion invasion
and lymph node metastasis, while plain CT may be omitted to reduce
radiation exposure [1,2]. Various contrast-enhanced CT protocols, sin-
gle- or multi-phase, have been reported from different facilities, but
most seem to include portal-phase CT [3-6].

Lung cancer is a tumor with multiple histologic types and driver
genes, including programmed cell death ligand 1 (PD-L1) molecules
which have been well studied [7]. Reportedly, each histological type of
lung cancer has characteristic findings on CT imaging [8-10]. Adeno-
carcinoma is the most common histological type, with ground-glass,
part-solid, or solid nodules detected by CT [8]. Eriguchi et al. demon-
strated that the positive correlation between CT values determined by
histogram analysis and lung adenocarcinoma tissue grade[11]. Squa-
mous cell carcinoma or other tumors usually appear “solid” with or
without correlations with airways or background lung status, such as
emphysema or interstitial lung disease associated with smoking [8].
However, since a large part of lung cancer appears “solid” on CT, it is
challenging to speculate a histopathological type using only
single-energy CT.

Spectral imaging generated by dual-energy CT (DECT) and photon-
counting detector CT (PCD-CT) have been developed as techniques
that may have the potential to depict changes in the microstructures of
the tissue [4,5,12-16]. Spectral imaging can be classified into energy-
and material-specific imaging [17]. The former, also known as virtual
monochromatic imaging (VMI), reconstructs arbitrary energy images
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[17]. The latter, such as virtual non-contrast (VNC) imaging and iodine
overlay imaging on VNG, can quantify the iodine content within a pixel
and display or hide it [12,13]. The iodine content images enabled us to
quantitatively observe the tissue iodine concentration in lung cancer.
Iwano et al. demonstrated that iodine content is correlated with the
tumor grade of lung cancer [5]. Recently, the usefulness of effective Z for
differentiation of primary lung cancer from lung metastasis [18] and
diagnostic capability of lymph node metastasis of lung cancer by the
electron density imaging have been reported [14]; however, few studies
have compared which of these various contrast images better reflects the
histology of primary lung cancer [12,14,18,19].

Therefore, we hypothesized that one of these contrasts by spectral
imaging, especially effective Z or electron density imaging, may be
useful for the prediction of lung cancer classification using whole-tumor
evaluation. This study aimed to evaluate the spectral images that reflect
the histopathological status of lung cancer.

2. Materials and methods
2.1. Study population

This retrospective study was approved by the institutional review
board of our institution and the need for informed consent was waived
due to the retrospective nature of the study. The initial inclusion criteria
were patients who visited our hospital 1) between January 2022 and
June 2022, 2) aged > 20 years, 3) diagnosed with a surgically resectable
lung tumor, and 4) received no prior treatment for lung tumors. There
were 299 patients who underwent CT before surgical treatment of lung
cancer (Fig. 1). Of them, 238 patients were excluded because they had

‘ 299 patients were performed with CT for surgical treatment of lung cancer from January 2022 to June 2022

.| Excluded
238 patients were performed by single-energy CTs

‘ 61 patients were performed by a fast kVp switching DECT

Excluded
20 patients did not undergo histopathological examination
4 patients were performed with only biopsy

| 37 patients underwent surgery within 3 months and the histopathological diagnosis was confirmed

Excluded due to the small size of number
4 Metastases

18CLC

1 Carcinoid

‘ Study cohort (31 patients) ‘
I

‘25Adenocarcinomas ‘
|2MIA +3WDA |13 MDA | 7 PDA |
\

6 SCCs

J

T

1. Randomly selected 10 cases for interobserver assessment using the Dice score
2. Spectralimages vs ratio of the lepidic growth pattern (n = 31)
3. Multiple comparison of each value amongthe 4 histopathological groups(n = 31)

Fig. 1. Schema of inclusion and exclusion criteria for this studyThe initial inclusion criteria were patients who visited our hospital 1) between January 2022 and
June 2022, 2) aged > 20 years, 3) diagnosed with a surgically resectable lung tumor, and 4) received no prior treatment for lung tumors. There were 299 patients
who underwent CT before surgical treatment of lung cancer. Of them, 238 patients were excluded because they had undergone single-energy CTs. Further, there were
consecutive 61 patients who underwent dual-energy computed tomography (DECT). Of them, 20 patients were excluded since they were scheduled for follow-up
examinations. Four patients were excluded after the biopsy because they did not undergo surgical treatment. Thirty seven patients underwent surgical resection
of lung tumors, and the histopathological diagnosis was confirmed. Four metastatic tumors (1 thyroid cancer, 1 rectal cancer, and 2 esophageal cancers), 1 small cell
lung carcinoma (SCLC), and 1 carcinoid tumor were excluded because of small sample sizes. Therefore, 31 patients were analyzed in this study; 25 of them had
adenocarcinomas, 2 had minimally invasive adenocarcinoma (MIA), 3 had well-differentiated adenocarcinoma (WDA), 13 had moderately differentiated adeno-
carcinoma (MDA), and 7 had poorly differentiated adenocarcinoma (PDA); 6 squamous cell carcinoma (SCC).
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undergone single-energy CTs. Therefore, we recruited 61 consecutive
patients who underwent rapid kV-switching dual-energy CT for preop-
erative evaluation during the period. Twenty patients were excluded
because they were scheduled for follow-up examinations. Four patients
were excluded because they received nonsurgical treatment after the
biopsy was performed. Thirty-seven patients underwent surgery within
3 months (median, 21 days; minimum, 1 day; maximum, 58 days) and
the pathological diagnosis was confirmed.

2.2. Pathological review

According to the WHO classification 5th edition which was updated
in 2021, invasive non-mucinous adenocarcinomas are classified as well-
differentiated adenocarcinoma (WDA), moderately differentiated
adenocarcinoma (MDA), and poorly differentiated adenocarcinoma
(PDA) based on the combination of the predominant and worst subtypes
after histological subtyping in 5-10 % increment [7]. Regardless of the
predominant subtype, PDA was diagnosed by the presence of > 20 % of
a high-grade component in the tumor. A Certified Pathologist (TT) with
10 years of experience in lung cancer reviewed all 37 cases and
confirmed the diagnosis for further evaluation based on the WHO clas-
sification 5th edition. Due to the small sample sizes, four metastases (one
from thyroid carcinoma, one adenocarcinoma from rectal cancer, one
squamous cell carcinoma [SCC] from esophageal carcinoma, one
adenocarcinoma from esophageal carcinoma), one carcinoid, and one
small cell lung cancer were excluded from the analysis. Two patients
were diagnosed with minimally invasive adenocarcinoma (MIA), 3 with
WDA, 13 with MDA, seven with PDA, and six with SCC.

For the analysis, the ratio of the lepidic growth pattern, which is
frequently observed in adenocarcinomas, to the entire tumor was also
recorded. For SCC, the ratios were assumed to be zero. Second, because
MIA mostly includes a lepidic growth pattern, which is histopathologi-
cally similar to WDA, except for the size criteria, the two MIA cases were
integrated into WDA for further analysis. Therefore, in this study, we
compared each value of the spectral images among the four types of
histopathologies (MIA + WDA, MDA, PDA, and SCC).

2.3. CT protocol

DECT examinations were performed using a 320-row area detector
equipped with a rapid kV-switching dual-energy system (Aquilion ONE/
PRISM Edition; Canon Medical Systems). All patients were scanned once
during deep inspiration, 80 s after intravenous injection of contrast
material (Iopamidol 300 [100 mL], Teva Takeda Pharma Ltd). The
following parameters were used for the lung; dual-energy mode, tube
voltage, 80 kVp and 135 kVp; automatic exposure control was used for
tube current; gantry rotation time, 0.5 s; detector collimation, 0.5 mm;
spiral pitch factor 0.813; field of view (FOV), 31.6 + 2.3 cm. Isovoxel
volume spectral images were reconstructed using commercially avail-
able software (Vitrea, Canon Medical Systems). Virtual monochromatic
images (VMIs) of 35 keV and 70 keV, virtual non-contrast images, iodine
content images, electron density, and effective Z-images were recon-
structed at a resolution of 512 x 512 pixels. VMI at 70 keV produces
contrast characteristics close to those of 120 kVp single energy CT[20].
VMI at 35 keV which represents the lowest achievable VMI energy level
on our post-processing workstation can mostly enhance iodine contrast
in the other VMIs due to the close k-edge of iodine at 33 keV[21]. VMIs
at 70 keV and 35 keV were selected as an energy-specific image, and
VNC, iodine content, electron density, and effective Z images were
evaluated as a material decomposition image[12,22,23].

2.4. Image analysis
All volume data were transferred and analyzed using commercially

available software (MATLAB 2023b, MathWorks Inc.). All tumors were
semi-automatically segmented using software (volumeSegmenter) by a
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certified radiologist (TS) with 20 years of experience in chest imaging
for whole tumor based on the 70 keV image. First, a circular region of
interest (ROI) was placed in the axial slice of the center of the tumor,
which covered the entire tumor in the plane (Fig. 2). Second, a cut-off
value of —700 HU or higher was preliminarily defined as a tumor. The
threshold value of —700 HU was determined based on the mean mini-
mum CT attenuation value in preinvasive lesions[11]. Third, the chest
wall or vessels outside the tumor were removed. Fourth, the ROI was
modified using Activecounter [24], expansion, or shrinkage functions in
the software. Finally, this was repeated with a slice containing the
tumor, and the accumulation of the ROIs on each slice was determined
as the volume of interest (VOI) of the entire tumor for further analysis.
For interobserver assessment, another certified radiologist (SO), with 11
years of experience, independently segmented the entire tumor into 10
randomly selected cases in the same manner. The Dice scores of the
segmented whole tumors from the two readers were calculated. The
mean Dice score was calculated of the 10 segmented cases and the score
0.7 or higher was considered enough for acceptable agreement [25-27].
After the VOI was adopted for all spectral images (Fig. 3), the mean
values of the whole tumor measurements for each spectral image were
automatically calculated in addition to the tumor volume.

2.5. Statistical analysis

All statistical analyses were performed using Statistical Package for
the Social Sciences version 25 for Windows (SPSS Inc.). Patient de-
mographics (age, sex, smoking history, tumor volume, and pathological
TNM stage) were compared using the Kruskal-Wallis test or chi-square
test according to the histopathological groups. The mean volume
computed tomography dose index (CTDIvol) and dose-length product
(DLP) were calculated as indicators of radiation dose. For interobserver
assessment, the Dice scores of the VOIs by the two readers were evalu-
ated. The mean value of each spectral image and the ratio of lepidic
growth patterns were evaluated using Pearson’s correlation coefficient.
Furthermore, the mean values of each spectral image were compared to
the histopathological groups using the Kruskal-Wallis test, and multiple
comparisons with Bonferroni corrections were added in case of signifi-
cant differences in the Kruskal-Wallis tests. Post-hoc power test after the
Kruska-Wallis test was conducted to interpret our results with the
sample size. A p-value of 0.05 was regarded the statistical threshold of
significance for all analyses.

3. Results

The patient demographics are presented in Table 1. There were
significant differences in smoking history according to the Kruskal-
Wallis test (P = 0.001). There were no other differences in age, sex,
tumor volume, or TNM stage. The mean CTDIvol was 10.8 + /- 2.1 mGy
and the mean DLP was 673.2 + /- 270.7 mGycm.

3.1. Interobserver assessment using the mean Dice score of the two readers

The mean Dice score of the 10 cases was 0.837 + /- 0.065 and the
minimum of it was 0.702.

3.2. Spectral image vs. ratio of lepidic growth patterns using Pearson’s
correlation coefficient (n = 31)

There were significant correlations between the ratio of lepidic
growth pattern and 70 keV, 35 keV, VNC, and electron density images
(r=-0.861, P < 0.001; r =-0.791, P < 0.001; r = -0.869, P < 0.001;
r =-0.871, P < 0.001, respectively; Table 2, Fig. 3 and S1). However,
there were no significant differences between the ratios of lepidic
growth patterns, iodine content, and effective Z-images (r =-0.114,
P = 0.540; r = 0.048, P = 0.796, respectively; Fig. 4)
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Fig. 2. Workflow of tumor segmentation a) A circular region of interest (ROI) (blue line) covering the whole tumor in each plane is placed at the middle slice. b)
Pixels are highlighted with the value at the —700 HU or higher within the circle ROI (light blue areas). When a vessel or other structure outside of the tumor is also
highlighted, the ROI should be deleted (arrow). Furthermore, the tumor ROI can be automatically modified using expansion or shrinkage function to fit the true
tumor. ¢) Tumor ROI is demarcated in the slice (yellow dotted line) is determined. This is repeated for all slices including a tumor.

Fig. 3. Spectral images for analysisThe six types of spectral images reconstructed in this study: a) virtual monochromatic image at 70 keV (VMI 70 keV) with window
level (WL) —600 HU, window width (WW) 1500 HU. b) VMI at 35 keV with WL —600 HU, WW 1500 HU, c) virtual non-contrast image (VNC) with WL —600 HU,
WW 1500 HU, d) iodine content image, e) electron density image, and f) effective Z-image. The segmented tumor in each image is demarcated by yellow dotted line
in a 62-year-old man with a part-solid nodule in the right upper lobe. G) Histopathological examination shows the tumor mostly consists of 95 % lepidic growth
pattern (arrows) and 5 % acinar pattern (arrowhead), leading to the diagnosis of minimally invasive adenocarcinoma.

3.3. Comparison of each value among the four histopathological groups
(n=231)

There were significant differences in the 70 keV, 35 keV, VNC, and
electron density images in the Kruskal-Wallis tests (P = 0.001,
P =0.005, P < 0.001, P < 0.001, respectively; Fig. 5 and S2), although
there were no differences between the iodine content and effective Z-
images (P = 0.618, P = 0.430, respectively; Figure S2). In the multiple
comparison tests, the MIA + WDA group was significantly different from
the SCC group in the 70 keV, 35 keV, VNC, and electron density images
(P < 0.001, P =0.006, P < 0.001, P < 0.001, respectively; Fig. 5 and
S1). The MIA + WDA group was also significantly different from the
PDA group in the 70 keV, 35 keV, VNC, and electron density images
(P =0.026, P =0.016, P = 0.024, P = 0.020, respectively; Fig. 5 and
S1). Moreover, VNC and electron density of the MDA group were
significantly different from those of the VNC, and electron density

(P = 0.049, and P = 0.038, respectively; Fig. 5 and S1).

Post-hoc power test after the Kruskal-Wallis test under the results
(n = 31).

In the four groups, the number of each was 5, 13, 7, and 6, respec-
tively. The power was achieved at 0.8377, but the effect size was 0.6692.

4. Discussion

Our study demonstrated that our lung tumor semi-auto-
segmentation was in good agreement with further evaluation. Addi-
tionally, our preliminary results demonstrated that the mean CT density
associated with VMI 70 keV and 35 keV images, VNC, and electron
density image showed a good correlation with histopathological lepidic
growth patterns. Furthermore, not only were these quantitative values
correlated with the tumor grades of adenocarcinomas according to the
WHO Classification of the Thoracic Tumors, 5th edition, but they were
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Table 1
Patient demographics according to histopathology.
MIA+WDA MDA PDA SCC
Number 5 13 7 6
Age (years) 71.2+/ 72.6 + /- 61.7 + /- 70.7 + /- 6.3
—-11.4 4.4 14.0
Sex (M) 2 (40 %) 4 (31 %) 5 (71 %) 5 (83 %)
Pack-years 4.0+ /-7.6 5.7 + /- 55.9 + /- 53.5 + /-
12.1 54.9 10.5¢

Tumor volume 22+/-16 4.9+ /-3.6 89+ /-8.0 14.0 + /-
(mL) 12.2
pT
is - - -
1 mi 2 (40 %) - -
la 2 (40 %) 1 (8 %) - -
1b 1 (20 %) 6 (46 %) - 3 (50 %)
1c - 3 (23 %) 5 (71 %) 1(17 %)
2a - 3 (23 %) 1(14 %) -
2b - - - 2 (33 %)
3 - - 1(14 %) -
4 - R -
PN - - - -
0 5 (100 %) 11(85%)  4(57 %) 3 (50 %)
1 - 18 %) 3 (43 %) 2 (33 %)
2 - 1(8%) - 1(17 %)
pM - - - -
0 5 (100 %) 13 (100 %) 7 (100 %) 6 (100 %)

tOthers include small cell lung cancer and carcinoid tumor.
MIA Minimally invasive adenocarcinoma
MDA Moderately differentiated adenocarcinoma
WDA Well-differentiated adenocarcinoma
SCC Squamous cell carcinoma
PDA Poorly differentiated adenocarcinoma

 Significant difference from the MDA group in the multiple comparison with
Bonferroni correction (P = .048)

Y Significant difference from the MDA group in multiple comparisons with
Bonferroni correction (P = .004)

¢ Significant difference from the WDA group in the multiple comparison with
Bonferroni correction (P = .049)

Table 2
Correlation between the mean values in each spectral image and the ratio of the
lepidic growth pattern (n = 31).

Pearson’s correlation coefficient P value
VMI 70 keV —0.861 <.001
VMI 35 keV —0.791 <.001
Iodine content —0.114 .540
VNC —0.869 <.001
Electron density -0.871 <.001
Effective Z 0.048 .796

VMI Virtual monochromatic images
VNC virtual noncontrast

also able to distinguish several adenocarcinomas from SCC. However,
other indicators, such as effective Z and iodine content, did not show any
correlation in this study.

The grading system of invasive adenocarcinoma is based on the
percentage of invasive components on histopathology [7], which is
correlated with solid components on CT [28-30]. Both SCC and other
lung cancers usually appear “solid” on CT. The mean CT values calcu-
lated by VMIs of both 70 keV and 35 keV showed a positive correlation
with lung cancer grades, which is consistent with the previous report on
a single-energy CT study[11]. Furthermore, the VNC and electron den-
sity images provided a better distinction between MDA and SCC. Since
they are a part of the material decomposition images generated by
DECT, they might be superior to VMIs in detecting microscopic differ-
ences, which are similar to CT images on single-energy CT.

Interestingly, the lung cancers in this study were not correlated with
the presence of iodine because the VNC is a theoretical image without
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iodine content based on material decomposition. However, the iodine
content of lung cancer has been reported to be a significant biomarker
[5,31-33]. This discrepancy may be attributable to the differences in the
populations studied. Iwano et al. studied in the patients with only “solid”
lung cancer of median maximal tumor size 27.5 mm [5], and Zhang
et al. studied a population of 10-50 mm lung tumors, not all of which
were surgically confirmed [31]. Therefore, their candidates might be
larger and more advanced than those in our study. Since most patients in
our study had relatively early-stage lung cancer with a pathological T1
stage, the effect of iodine concentration may have been small. In other
words, a change in the electron density may appear even before a change
in the iodine content. To the best of our knowledge, there are no reports
on the correlation between recent tumor grade of adenocarcinoma based
on the WHO 2021 revision and iodine content using spectral imaging.
Furthermore, patients with small peripheral lung cancers determined by
CT size might have been candidates for sublobar surgical resection
rather than lobar resection [34,35]. As indications for sublobar resection
are expected to increase in the future, the importance of imaging anal-
ysis for early lung cancer is also expected to increase.

The electron density image is a new quantitative image generated
from the iodine and water reference images. The electron density image
is assumed to reflect the probability of electron density in the tissue,
which is linearly correlated with the tissue density [14,36]. It is also
estimated to be proportional to the cell density of lung cancer cells. The
lepidic growth pattern of lung adenocarcinoma, which has a preserved
lung architecture surrounded by air space, may have a lower probability
of electron density than other invasive adenocarcinoma components [7].
However, along with the electron density image, the effective Z is
another indicator of X-ray stopping power of the tissue [36]. A rapid
increase in effective Z was observed with increased iodine concentration
compared to calcium in the phantom study [36], which means that the
increase in effective Z might be sensitive to iodine or
higher-atomic-number tissue, according to the photoelectric effect.

For interobserver agreement, the Dice score, which is a metric for
quantifying the similarity between two measurements for tumor seg-
mentation, was used for 10 of the 31 cases in this study [25-27]. The
mean Dice score of the 10 cases was > 0.7, which is high enough for
good agreement [25-27]. Furthermore, a semiautomated segmentation
method showed better agreement than manual tumor segmentation
[37]. Thus, we propose that our methodology for tumor segmentation is
suitable for analysis.

This study had several limitations. First, this was a retrospective
study with a small sample size. However, the power was achieved at
0.8377, exceeding the conventional threshold of 0.80, despite of the
large effect size of 0.6692[38]. Although this study was exploratory and
preliminary in nature, it is significant in proposing electron density
imaging as a potential new indicator for tissue differentiation. Further-
more, the correlation between tissue grades and CT values at both
70keV and 35keV is consistent with previous findings from
single-energy CT studies[11]. This consistency suggests that our study
population was not particularly biased and represents a valid sample for
investigation. Second, there might have been a selection bias for patients
who underwent a rapid kV-switching DECT, because our hospital had
four clinical CT units for evaluating preoperative lung cancer. There was
no consideration of which patients should be assigned to undergo DECT,
which was determined based on laboratory convenience. Third, DECT
was performed once in the portal venous phase without using plain CT.
In clinical lung cancer staging, the guidelines recommend that CT be
performed with intravenous contrast, and it is acceptable to omit plain
CT [1,2]. It is difficult to exclude the effect of a small amount of
intra-tumor iodine contrast agent that might have affected the quanti-
tative values in this study, although the hypothesis was supported by the
results obtained with VNC and electron density imaging. Fourth, we did
not perform other VMIs evaluations using energy-specific imaging,
particularly in the higher electron voltage range. The unit for VMISs is the
Hounsfield unit, which is affected by scan conditions such as voltage.
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Fig. 4. Scatter plots for ratios of lepidic growth pattern and mean values of a) electron density and b) effective Z. a) There is a significant negative correlation
between the mean electron density value and the ratio of lepidic growth pattern (r = -0.871, P < 0.001). b) There is no significant correlation between the mean

effective Z and the ratio of lepidic growth pattern (r = 0.048, P = 0.796).
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The selection of VMIs at 70 keV and 35 keV in this study was reasonable,
as VMI at 70 keV provides contrast comparable to conventional
single-energy CT images at 120 kVp, while VMI at 35 keV achieves
maximum iodine contrast enhancement available in the energy-specific
imaging. On the other hand, material specific images are expected to
play a role as quantitative values such as iodine content and electron
density. Fifth, while our spectral imaging analysis was based on data
obtained from rapid kV switching DECT, it remains uncertain whether
similar results would be achieved using spectral imaging derived from
other DECT techniques, such as dual-source or split-filter approaches.
This technical limitation highlights the need for multi-center validation
studies using different DECT platforms to establish the generalizability
of our findings.

In conclusion, electron density images generated by spectral imag-
ing, as well as VNC and VMIs at 70 keV and 35 keV, correlated well with
the percentage of lepidic growth patterns in lung cancer. Furthermore,
electron density imaging may be a better indicator of histopathological
classification in early lung cancer than effective Z-imaging.

Figure S1a) A 50-year-old man with a solid tumor in the right upper
lobe in the VMI 70 keV image. The tumor also appears “solid” in the b)
electron density image, but it appears to have intermediate signals in the
c) effective Z image. d) Histopathological examination reveals the tumor
consisting of a 50 % solid pattern, 30 % acinar pattern, 10 % papillary
pattern, and 10 % micropapillary pattern, which results in a poorly
differentiated adenocarcinoma (PDA).

Figure S2Box plot graphs for comparison between the 4 histopath-
ological groups by a) VMI 35 keV and b) VNC images. There are sig-
nificant differences in the Kruskal-Wallis test results (P = 0.006, and
P < 0.006, respectively). In the VMI 35 keV image, the mean CT values
of the poorly differentiated adenocarcinoma (PDA) and squamous cell
carcinoma (SCC) are significantly higher than those of the well differ-
entiated adenocarcinoma (WDA) (P =0.016 and P = 0.006, respec-
tively) in the multiple comparison with Bonferroni correction. In the
VNC image, the mean CT values are significantly higher in the PDA and
SCC than those in the WDA (P = 0.024 and P < 0.001, respectively).
Furthermore, the mean CT value of SCC is also significantly higher than
that of the moderately differentiated adenocarcinoma (MDA)
(P =0.049).
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