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Abstract

BACKGROUND

Although surgery remains the primary treatment for gastric cancer (GC), the
identification of effective alternative treatments for individuals for whom surgery
is unsuitable holds significance. HER2 overexpression occurs in approximately
15%-20% of advanced GC cases, directly affecting treatment-related decisions.
Spectral-computed tomography (sCT) enables the quantification of material
compositions, and sCT iodine concentration parameters have been demonstrated
to be useful for the diagnosis of GC and prediction of its invasion depth, angioge-
nesis, and response to systemic chemotherapy. No existing report describes the
prediction of GC HER?2 status through histogram analysis based on sCT iodine
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maps (IMs).

AIM
To investigate whether whole-volume histogram analysis of sCT IMs enables the prediction of the GC HER2 status.

METHODS

This study was performed with data from 101 patients with pathologically confirmed GC who underwent
preoperative sCT examinations. Nineteen parameters were extracted via sCT IM histogram analysis: The minimum,
maximum, mean, standard deviation, variance, coefficient of variation, skewness, kurtosis, entropy, percentiles
(1¢, 5, 10%, 25%, 50t, 75, 90, 95, and 99*), and lesion volume. Spearman correlations of the parameters with the
HER?2 status and clinicopathological parameters were assessed. Receiver operating characteristic curves were used
to evaluate the parameters’” diagnostic performance.

RESULTS

Values for the histogram parameters of the maximum, mean, standard deviation, variance, entropy, and percentiles
were significantly lower in the HER2+ group than in the HER2- group (all P < 0.05). The GC differentiation and
Lauren classification correlated significantly with the HER2 status of tumor tissue (P = 0.001 and 0.023,
respectively). The 99™ percentile had the largest area under the curve for GC HER2 status identification (0.740),
with 76.2%, sensitivity, 65.0% specificity, and 67.3% accuracy. All sCT IM histogram parameters correlated
positively with the GC HER2 status (r = 0.237-0.337, P = 0.001-0.017).

CONCLUSION
Whole-lesion histogram parameters derived from sCT IM analysis, and especially the 99* percentile, can serve as
imaging biomarkers of HER2 overexpression in GC.

Key Words: Gastric cancer; Spectral computed tomography; lodine map; Histogram analysis

©The Author(s) 2024. Published by Baishideng Publishing Group Inc. All rights reserved.

Core Tip: Anti-HER2 receptor is a critical biomarker in gastric cancer (GC). In this study, a total of 101 GC patients
underwent preoperative spectral-computed tomography (sCT) and nineteen parameters were extracted from the iodine maps
of sCT by histogram analysis. The relationship between parameters derived from whole volume histogram analysis of sCT
and HER-2 status of GC were further investigated. Our present results indicated that parameters derived from sCT, partic-
ularly the 99" percentiles, could be utilized as an imaging biomarker in assessing the HER2 overexpression of GC. This
founding would help Gastrointestinal Oncologists to develop an effective treatment strategy for patients with GC.
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INTRODUCTION

Gastric cancer (GC) is among the most prevalent malignancies of the digestive tract and is the fourth leading cause of
cancer-related death worldwide[1]. Although surgery remains the primary treatment for GC, exploration to identify
effective alternative treatments for individuals for whom surgery is unsuitable holds significance. Accurate biomarker
characterization is critical for the development of targeted therapeutic strategies to serve as alternatives or adjuncts to
chemotherapy for GC. Upon its activation through phosphorylation, the epidermal growth factor receptor (EGFR), a
highly expressed cell-surface tyrosine kinase receptor, drives cancer cell proliferation and plays significant roles in the
regulation of various other tumor cell functions, such as migration, differentiation, apoptosis, and adhesion[2]. HER2, a
member of the EGFR family, is a 185-kDa transmembrane tyrosine kinase receptor. It has no ligand and cannot form a
ligand-dependent homodimer. To initiate downstream signaling, HER2 must form heterodimers with other EGFR
proteins upon their ligand binding[3]. HER2 overexpression or amplification occurs in approximately 15%-20% of
advanced GC cases[4,5]. The landmark phase-3 ToGA trial demonstrated that the addition of trastuzumab use to
chemotherapy improved the median overall survival of patients with HER2+ advanced GC[6]. Consequently, this
combination has become the standard first-line treatment for HER2+ GC. However, a small proportion of GC cases is
HER?2+, and the cost of trastuzumab treatment is notably high. Currently, HER?2 status is determined primarily through
immunohistochemical (IHC) or fluorescence in-situ hybridization (FISH) analysis of tissues obtained from surgery or
biopsy, invasive procedures that may hinder the timely provision of treatment options. Hence, a noninvasive means of
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determining the HER2 status of GC cases to identify suitable candidates before treatment initiation is needed. Computed
tomography (CT) is the routine imaging modality for the clinical staging of GC. Spectral-CT (sCT), which involves the
acquisition of attenuation measurements from different energy spectra and the use of known attenuation changes
between spectra, enables the quantification and differentiation of material compositions[7]. sCT iodine concentration (IC)
parameters have been demonstrated to be useful in the diagnosis of GC and prediction of its invasion depth, lymph node
metastasis, angiogenesis, and responses to systemic chemotherapy[8]. Zhao et al[9] explored correlations between these
parameters and the HER?2 status of GC, finding that the normalized venous-phase (VP) IC was a significant predictor of
this status. To date, no report has described the prediction of GC HER2 status through histogram analysis based on sCT
iodine maps (IMs). Given the potential of sCT for tumor evaluation, we investigated whether histogram and texture
analysis of sCT IMs enabled the effective and noninvasive determination of the HER2 status of GC. We hypothesized that
this combined analysis would aid the assessment of GC HER?2 status.

MATERIALS AND METHODS

Patients

Consecutive patients with GC who underwent abdominal contrast-enhanced CT examinations at Fujian Cancer Hospital
between April 2020 and September 2022 were included in this study. The hospital’s research ethics committee approved
the study protocol (No. K2022-152-01). The inclusion criteria were: (1) Histopathological confirmation of gastric adenocar-
cinoma; (2) Performance of abdominal sCT examination before anti-tumor treatment; and (3) Availability of complete
clinicopathological data. The exclusion criteria were: (1) History of chemoradiotherapy or other anti-tumor therapy; and
(2) Poor image quality or inability to measure lesions on CT images. In total, 101 patients (82 males and 19 females) with a
mean age of 63.15 + 10.00 (range, 38-88) years were included in the study. The patients” clinicopathological data are
summarized in Table 1.

Table 1 Clinical characteristics between two sub-groups of patients with gastric adenocarcinoma

Clinical characteristics HER-2 positive (n = 21) HER-2 negative (n = 80) P value
Age (years) 59.33 + 8.534 64.15 +10.152 0.049
Sex 0.221
Male 19 63
Female 2 17
Specimen type 0.007
Gastrectomy 14 72
Biopsy 7 8
Tumor location 0.676
Cardia 10 30
Body 4 16
Antrum 7 34
Differentiation degree 0.001
Poorly differentiated 6 55
Non-poorly differentiated 11 18
Lauren classification 0.023
Intestinal type 8 22
Diffuse type 0 25
Mixed type 5 18

Pathological examination of HER2 status

The cases” HER2 status was assessed through IHC analysis of biopsy specimens or tumor tissues obtained during
resection surgery. For tissues with HER2 scores of 2+, FISH examination was performed to confirm HER2 overexpression.
The patients were allocated to HER2+ (IHC 3+ or IHC 2+ with positive FISH findings) and HER2- (IHC 0, IHC 1+, or IHC
2+ with negative FISH findings) groups.
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Figure 1 Diagram of study flow. CT: Computed tomography.

sCT protocol

All patients underwent bowel preparation to cleanse the gastrointestinal tract and consumed 800-1000 mL water to
distend the stomach 30 minutes before sCT examination. The examinations were performed using a 256-channel sCT
scanner (Revolution CT; GE Healthcare, Milwaukee, WI, United States). The acquisition parameters were: Tube voltage,
80,140 kV; tube current, 355 mA; pitch, 0.992; field of view, 500 mm x 500 mm; image matrix, 512 x 512; rotation speed, 0.8
seconds; slice thickness/gap, 1.25/1.25 mm; and reconstruction slice thickness, 1.25 mm. The nonionic contrast agent
ioversol (320 mg I/mL, 1.5 mL/kg body weight; Hengrui Med, Jiangsu, China) was administered at a rate of 2.8-3.0 mL/
s. Contrast-enhanced images were obtained 30 seconds and 65 seconds after contrast agent injection to capture arterial-
phase and VP data.

Post-processing of sCT images and histogram analysis

The VP-enhanced IC images were converted to DICOM format for further analysis. Histogram analysis was performed
using open-source image analysis software (FireVoxel; New York University, New York, NY, United States). In each case,
two radiologists with 10 and 15 years of gastrointestinal CT diagnostics experience, respectively, manually delineated a
region of interest (ROI) encompassing the entire GC lesion volume, avoiding areas of necrosis, bleeding, and gas. The
software automatically generated a volume of interest for the calculation of whole-lesion histogram parameters, com-
prising the mean, minimum, and maximum; variance and coefficient of variation; SD and percentiles (1%, 5%, 10%, 25*,
50%, 75, 90%, 95, and 99'), lesion volume; and skewness, kurtosis, and entropy.

Statistical analyses

The statistical analyses were conducted using SPSS (version 26.0; IBM, Armonk, NY, United States). The Kolmogorov-
Smirnov test was employed to assess the normality of the distributions of all histogram parameters. Continuous variables
were compared between groups using the Mann-Whitney U test or independent-samples ¢ test. Categorical variables
were compared using the y* test or Fisher's exact test. Receiver operating characteristic curves were generated to evaluate
the parameters’ predictive and diagnostic performance. Areas under the curve (AUCs), sensitivity, specificity, accuracy,
and positive and negative predictive values were calculated. Inter-observer agreement on the sCT histogram measures
was assessed using the intraclass correlation coefficient. P values < 0.05 were considered to be significant.

RESULTS

Sample characteristics and clinicopathological characteristics

The HER2+ group consisted of 21 patients [HER2+++, nn = 16 (76.2%); HER2++ with FISH+, n = 5 (23.8%)] and the HER2-
group comprised 80 patients [HER2-/+, n = 68 (85.0%); HER2++ with FISH-, n = 12 (15.0%)]. Histopathological
examination of surgical specimens revealed 29 cases of moderately to well-differentiated GC (11 HER2+ and 18 HER2-)
and 61 cases of poorly differentiated GC (6 HER2+ and 55 HER2-). Based on the Lauren classification, 30 cases of GC
were of the intestinal type (8 HER2+ and 22 HER2-), 23 cases were of the mixed type (5 HER2+ and 18 HER2-), and 25

cases were of the diffuse type (all HER2-; Figure 1). The clinicopathological features of enrolled patients are presented in
Table 1.
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Parameters HER-2 positive (n = 21) HER-2 negative (n = 80) P value
Min -2.000 (-5.518, 1.000) -0.500 (-7.750, 5.000) 0.143
Max 37.000 (29.500, 40.622) 41.000 (36.000, 50.750) 0.018
Mean 17.429 (14.923,19.341) 21.176 (17.529, 25.899) 0.001
Std 4.383 (3.663, 4.949) 5.037 (4.285, 5.883) 0.015
Variance 19.198 (13.417, 24.489) 25.366 (18.359, 34.604) 0.015
cv 0.269 + 0.067 0.245 +0.071 0.163
Skewness -0.051 (-0.246, 0.020) -0.064 (-0.289, 0.182) 0.569
Kurtosis 0.282 (0.020, 0.683) 0.280 (0.037, 0.617) 0.861
Entropy 2.843 + 0.256 3.012 £ 0.259 0.009
1% percentile 6.037 (3.500, 9.000) 9.000 (6.000, 12.75) 0.007
5% percentile 10.000 (7.000, 12.000) 12.500 (10.000, 16.750) 0.003
10" percentile 11.000 (9.000, 13.500) 14.000 (12.000, 18.750) 0.003
25% percentile 14.086 (12.000, 16.500) 17.000 (14.000, 21.750) 0.002
50" percentile 18.000 (15.000, 19.500) 21.000 (18.000, 25.750) 0.001
75 percentile 20.122 (18.000, 23.000) 24.000 (21.000, 30.500) 0.001
90t percentile 24.000 (19.500, 26.000) 27.000 (24.000, 35.000) 0.001
95" percentile 24.147 (21.000, 28.000) 29.000 (25.000, 37.750) 0.001
99 percentile 28.171 (24.000, 30.500) 32.500 (28.000, 40.750) 0.001
Lesion volume 14.643 (4.214, 41.820) 9.930 (4.418, 21.191) 0.266

CV: Coefficient of variation.

The prevalence of HER2+ GC differed significantly between patients with moderately to well-differentiated malig-
nancies and those with poorly differentiated malignancies (37.9% vs 9.8%, P = 0.001). No significant difference was found
between groups according to sex or the tumor location. However, the Lauren classification and age differed significantly
between groups (P = 0.049 and 0.023, respectively). The proportion of HER2+ GC cases detected in biopsy specimens was
significantly larger than that of cases detected in resection samples (46.7% vs 16.3%, P = 0.007).

Relationships of histogram parameters to the HER2 status

Nineteen parameters were generated from the histogram analysis of the sCT IMs: The minimum, maximum, mean, SD,
variance, coefficient of variation, skewness, kurtosis, entropy, percentiles (1%, 5*, 10%, 25*, 50*, 75*, 90*, 95*, and 99*), and
lesion volume. The maximum, mean, SD, variance, entropy, and percentile values were significantly lower in the HER2+
group than in the HER2- groups (all P < 0.05; Table 2). No significant difference was observed in the minimum, coe-
fficient of variation, skewness, kurtosis, or lesion volume.

Diagnostic performance of histogram parameters

The AUC values for the IM-derived histogram parameters ranged from 0.669 to 0.740, with sensitivities and specificities
ranging from 66.7% to 85.7% and 47.5% to 71.2%, respectively. The AUC for the identification of HER2 status was largest
for the 99" percentile [0.740; 95% confidence interval (CI): 0.631-0.848; 76.2% sensitivity, 65.0% specificity, and 67.3%
accuracy] and smallest for the maximum (0.669; 95%CI: 0.537-0.807; 76.2% sensitivity, 53.7% specificity, and 58.4%
accuracy; Table 3, Figure 2). All histogram parameters derived from sCT images correlated positively with the GC HER2
status (r = 0.237-0.337, P = 0.001-0.017; Table 4, Figure 3).

DISCUSSION

Considering the relatively low prevalence of HER2 expression in GC cases, the identification of a noninvasive imaging
biomarker discriminating individuals most likely to exhibit HER2 overexpression is essential. This study was conducted
to investigate the associations of sCT-derived IM histogram parameters with the GC HER2 status and their discrim-
inatory ability. It showed that these parameters, and especially the 99th percentile, correlated significantly with the GC
HER? status. The rate of HER2 overexpression in our GC cases was 20.8%, consistent with previous findings[5]. Similar to
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Table 3 Receiver operating characteristic curve results of the iodine map histogram parameters to identify HER-2 status

Parameters AUC (95%CI)  Sensitivity (%) Specificity (%) Accuracy (%) Cutoff value ~ Pvalue  Youden index

Max 0.669 76.2 53.7 58.4 40.62 0.018 0.299
Mean 0.734 81.0 61.2 653 19.54 0.001 0.422
SD 0.674 85.7 50.0 57.4 5.05 0.015 0.357
Variance 0.674 85.7 50.0 57.4 25.50 0.015 0.357
Entropy 0.698 85.7 50.7 57.4 3.02 0.005 0.357
1% percentile 0.691 85.7 475 55.4 9.18 0.007 0332
5% percentile 0.708 714 60.0 62.4 11.50 0.003 0314
10% percentile 0713 76.2 57.5 61.4 13.50 0.003 0.337
25" percentile  0.715 76.2 58.7 624 15.50 0.003 0349
50t percentile 0.736 76.2 61.2 64.4 19.50 0.001 0.374
751 percentile  0.731 81.0 55.0 60.4 27.50 0.001 0360
90" percentile ~ 0.733 66.7 71.2 703 24.57 0.001 0.379
95" percentile  0.737 714 67.5 683 26.50 0.001 0389
99" percentile  0.740 762 65.0 67.3 30.50 0.001 0412

AUC: Area under the curve.

Table 4 Correlations between spectral-computed tomography histogram parameters and HER-2 status of gastric cancers

Parameters Correlation coefficient P value
Max -0.237 0.017
Mean -0.329 0.001
SD 0.244 0.014
Variance -0.244 0.014
Entropy -0.278 0.005
1% percentile -0.270 0.006
5t percentile -0.293 0.003
10" percentile -0.300 0.002
25t percentile -0.303 0.002
50t percentile -0.332 0.001
75" percentile -0.325 0.001
90" percentile -0.328 0.001
95 percentile -0.333 0.001
99t percentile -0.337 0.001

previous findings, a larger proportion of HER2+ cases was detected in biopsy specimens than in resection samples. This
difference may be attributed to small sample sizes or the superior fixation of biopsy specimens, as proposed by Wang et al
[10]. Previous studies of the correlation between HER2 overexpression and tumor location have yielded inconsistent
findings[11], and these variables did not correlate in the present study. Additionally, as in the present study, previous
studies have revealed consistent associations of a greater frequency of HER2 overexpression with the intestinal histolo-
gical subtype of GC and moderate to high degrees of differentiation[12-14]. sCT has emerged as a valuable tool in various
clinical studies of cancer[15,16], as it provides information on blood flow and quantitative lesion parameters based on
IMs. sCT enables the assessment of actual iodine deposition in tissues and the indirect quantification of lesion blood-
vessel density and blood volume. Several reports emphasize the diagnostic and predictive potential of sCT for GC,
including the modality’s use for detailed evaluation, histological differentiation, Lauren classification, the prediction of
lymph node metastasis, the assessment of angiogenesis, the determination of the Ki-67 antigen expression level, and the
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Figure 2 Receiver operating characteristic curves of the diagnostic performance of spectral computed tomography histogram
parameters in the identification of HER2 status. The 99" percentile had the best overall area under the curve among parameters (0.740), with 76.2%
sensitivity, 65.0% specificity, and 67.3% accuracy. ROC: Receiver operating characteristic.
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Figure 3 Images from a 43-year-old woman with poorly differentiated gastric adenocarcinoma. A: Portal venous-phase spectral computed
tomography image showing clear (pink) enhancement of the lesion, located at the gastric antrum; B: Histogram of parameter distributions for the whole tumor
(minimum = 14.000, maximum = 50.000, mean = 31.249, standard deviation = 5.567, skewness = 0.123, kurtosis = 0.074, 15-99™ percentiles = 19.000, 22.000,
24.000, 28.000, 31.000, 35.000, 38.000, 41.000, and 45.000, respectively); C and D: Microscopic pathological (HE staining, 200 x) and immunohistochemical images,
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respectively, showing a poorly differentiated adenocarcinoma with a Lauren classification of diffuse type, vascular and neural invasion, and negative HER2 staining.

evaluation of response to neoadjuvant chemotherapy[16-19]. However, assessments of the use of sCT to determine the
HER2 status of GC cases are limited. Zhao et al[9] reported a strong correlation of the tumor and normalized VP ICs with
HER?2 overexpression. Histogram analysis has become a standard tool in the diagnosis and evaluation of differentiation
and treatment response of various cancer types, including GC[19-22]. The analysis of IM histogram parameters enables
the estimation of the iodine distribution, reflecting the spatial distribution of gray values and providing a comprehensive
view of tumor heterogeneity[23,24]. This study is the first in which HER2 overexpression in GC was identified using sCT-
derived histogram features. These histogram characteristics can serve as imaging-based biomarkers that aid the selection
of patients most likely to benefit from anti-HER?2 targeted therapy. In this study, we focused primarily on first-order
histogram parameters, which are considered to be more repeatable and stable than higher-order features. To mitigate
sampling errors stemming from ROI delineation within tumors, we characterized histogram features for entire target
lesion volumes. Values for the variance, skewness, kurtosis, entropy, and percentiles (1, 5%, 10*, 25%, 50, 75, 90*, 95,
and 99*) were significantly lower in the HER2+ group than in the HER2- group. These findings suggest that these
parameters could help clinicians devise more personalized therapeutic strategies for GC cases. This study has several
limitations. First, the sample was small and the study lacked an external validation cohort. Additionally, as the study was
preliminary, a limited number of sCT parameters was examined. The consideration of a more comprehensive set of sCT
parameters and high-throughput radiomics features extracted from sCT images may significantly enhance the predictive
power of this approach.

CONCLUSION

The results of this study suggest that quantitative parameters derived from whole-lesion histogram analysis of sCT IMs
can serve as biomarkers of HER2 overexpression in GC. The use of these biomarkers could help oncologists noninvasively
distinguish cases likely to be sensitive to anti-HER2 therapy and aid in clinical decision making.
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