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Aim: This study investigates the use of dual-energy computed tomography

(DECT) quantitative parameters to assess Ki-67 expression levels in esophageal

squamous cell carcinoma (ESCC).

Methods: A total of 57 ESCC patients who underwent dual-phase DECT scans

were included. Key parameters measured were iodine concentration (IC), water

concentration (WC), normalized iodine concentration (NIC), spectral Hounsfield

unit curve slope (lHu), and effective atomic number (Zeff). Univariate and

multivariate analyses identified factors associated with Ki-67 expression levels.

Results: Results showed that high Ki-67 expression correlated with significantly

higher Zeff and IC values in the venous phase (VP) (P = 0.047 and P = 0.049,

respectively; AUC = 0.67 for both), and lower WC in the arterial phase (AP) (P =

0.021; AUC = 0.70). Multivariate analysis revealed that IC in VP andWC in AP were

independent predictors of Ki-67 overexpression. The combination of these two

parameters yielded an AUC of 0.78 for predicting Ki-67 overexpression, with

68.3% sensitivity, 87.5% specificity, and 73.7% accuracy.

Conclusions: DECT parameters demonstrate potential for non-invasive Ki-67

status detection in ESCC, offering valuable insights for clinical diagnosis

and prognosis.
KEYWORDS

quantitative parameters, Ki-67 expression, dual-energy CT (DECT), esophageal
squamous cell carcinoma, nomogram
Introduction

Esophageal cancer (EC) is one of the most prevalent malignancies globally, ranking

seventh in terms of incidence and sixth in terms of mortality (1), with approximately

604,000 new cases and 544,000 deaths in 2020 (1, 2). Esophageal squamous cell carcinoma

(ESCC) is the most common histological subtype of EC (3–5). Although the global
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incidence of ESCC has generally declined, challenges remain due to

its insidious onset and the absence of typical symptoms in the early

stages. As a result, most patients are diagnosed at advanced stages,

which complicates treatment and leads to poorer prognosis (6).

Ki-67 is a nuclear protein widely used as a marker for active

cellular proliferation (7). It is expressed throughout the major

phases of the cell cycle (G1, S, G2, and M phases) while remains

inactive during the resting phase (G0) (8). Therefore, the presence

of Ki-67 reflects the proliferative activity of cells. Elevated Ki-67

expression was significantly associated with poorer overall survival

and disease-free survival in patients with ESCC (9, 10). Currently, in

clinical practice, Ki-67 detection is primarily performed using

immunohistochemistry (IHC), wherein antibodies against Ki-67

label its expression in tissue sections (11). This technique cannot

monitor dynamic Ki-67 expression in real time, and due to tumor

heterogeneity, small tissue samples may not accurately reflect

overall Ki-67 expression, limiting its clinical applicability.

Consequently, there is a clinical need for a reliable and non-

invasive approach to assess Ki-67 expression in patients with ESCC.

Recent advancements in DECT imaging have enabled both

quantitative and qualitative analysis of tissue, thereby introducing a

novel dimension to CT imaging (12, 13). These images include

substance-specific iodine concentration (IC) images, virtual non-

contrast images, effective atomic number (Zeff) images, and energy-

specific virtual monoenergetic images (VMIs). Multiple quantitative

parameters derived from dual-energy computed tomography (DECT),

such as normalized iodine concentration (NIC), spectral Hounsfield

unit curve slope (lHu), and effective atomic number (Zeff), have been

increasingly applied to predict Ki-67 expression in various tumors (12,

14–16). DECT imaging may provide potential value in the

preoperative assessment of Ki-67 expression levels in ESCC.

This study aimed to explore the potential application of DECT-

derived quantitative parameters in distinguishing Ki-67 status

in ESCC.
Material and methods

Participants

This study was a retrospective single-center study conducted at

hospital. The study protocol was approved by the Institutional

Review Board, and the requirement for written informed consent

was waived. The procedures performed in this study was in

accordance with the Declaration of Helsinki. Between October

2019 and December 2020, 72 patients were diagnosed with ESCC

through endoscopic biopsy, and underwent DECT scans and

received surgical treatment within two weeks of diagnosis.

Patients’ demographic data and histopathological diagnoses

including Ki-67 were extracted from the hospital’s electronic

medical records. Of these, 15 patients were excluded: 2 cases with

poor image quality or unclear lesions, and 13 cases lacking Ki-67

index immunohistochemical results. There were 57 patients

included in the final statistical analysis. encompassing clinical

information and pathological data such as sex, age, tumor
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location, pathological T stage, lymph node involvement, and

differentiation grade. The Ki-67 index was assessed to categorize

tumors into low and high proliferative groups using a 50%

threshold (17, 18).
DECT image acquisition

All examinations were performed using a Revolution CT

scanner (GE Healthcare, Milwaukee, USA) in DECT acquisition

mode. The acquisition parameters included tube voltage (80–140

kV), tube current (355 mA), field of view (500 × 500 mm), image

matrix (512 × 512), rotation speed (0.8 s/rotation), and slice

thickness/gap (1.25/1.25 mm, reconstructed slice thickness 1.25

mm). Patients were positioned in the supine position, and chest

dual-energy plain and dual-phase enhanced scans were sequentially

obtained in the cranio-caudal direction. A non-ionic contrast agent

(ioversol, 320 mgI/mL, Hengrui Medicine, China) was administered

at a rate of 3.0 mL/s and a total dose of 1.5 mL/kg body weight.

Contrast-enhanced images were acquired at 30 seconds and 65

seconds post-injection, representing the arterial phase (AP) and

venous phase (VP), respectively.
DECT image postprocessing

DECT images were uploaded to a commercial workstation

(Advantage Workstation 4.6, GE Healthcare) and analyzed using

GSI Viewer software (version 2.0, GE Healthcare). Two radiologists,

with 6 and 10 years of experience in esophageal CT diagnostics,

performed standardized measurements and analyses using a

blinded and randomized approach. The standardized region of

interest (ROI) measurement approach involved selecting a single

axial slice that displayed the tumor’s maximum cross-sectional area

and quantitatively measuring this area, along with the adjacent

upper and lower planes. The average of these three measurements

was used as the final data value. Three circular ROIs were placed in

the solid area of the tumor on three consecutive slices, avoiding

necrotic, vascular, calcified, and cystic regions. The size, shape, and

location of the two-phase ROIs were kept consistent. On the same

slice, ROIs of identical size were copied to obtain the normalized

iodine concentration (NIC) for each phase. The slope (lHU) of the

spectral curve was calculated as the CT attenuation value: lHU =

(CT40keV - CT70keV)/30, where CT40 keV and CT70 keV

represented tumor attenuation in 40 keV and 70 keV single-

energy images, respectively. The final quantitative index included

NIC, lHU, IC, WC, and Zeff for both the AP and VP.
Statistical analyses

Statistical analyses were conducted using IBM SPSS Statistics

version 26.0 and MedCalc Statistics Software version 20.0.14.

Continuous variables with a normal distribution were expressed

as mean ± standard deviation, while non-normal distribution
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continuous variables were presented as median with range.

Categorical variables were reported as counts and percentages.

Between-group comparisons of continuous data were performed

using t-tests or Mann-Whitney U tests, depending on the

distribution, while categorical data were compared using chi-

square tests or Fisher’s exact tests. The Ki-67 index was

categorized into low and high expression groups by median.

Univariate and multivariate logistic regression analyses were

conducted to identify risk factors for high Ki-67 expression. All

variables with p-values < 0.1 in the univariate analysis were

considered eligible for inclusion in the multivariate analysis.

Multicollinearity was tested using the variance inflation factor

(VIF). A VIF > 5 indicates the presence of multicollinearity.

Backward stepwise selection method was applied in variable

selection. The diagnostic performance of individual and combined

parameters was assessed by calculating the area under the receiver

operating characteristic curve (AUC). Optimal cutoff values were

determined based on Youden’s index. A two-tailed p-value < 0.05

was considered statistically significant in all statistical tests.
Results

Patient characteristics

This study enrolled 57 patients with ESCC, consisting of 46

males and 11 females. The average age of the patients was 61.8 ±

8.98 years, with a range of 43 to 79 years. The lesions were located at

the middle segment of esophagus in 24 cases, the upper segment in

4 cases, and the lower segment in 29 cases. Among the patients, 13

had highly differentiated tumors, while 44 had moderately or poorly

differentiated tumors. Referring to the pathological TNM staging of

ESCC (AJCC 8th edition), 13 patients were classified as stage pT1, 9

patients as stage pT2, 32 patients as stage pT3, and 3 patients as

stage pT4. Regarding regional lymph node metastasis, 32 patients

had no metastasis, 11 patients had metastasis involving fewer than 3

nodes (pN1), 6 patients had metastasis involving 3 to 6 nodes

(pN2), and 8 patients had metastasis involving 7 or more nodes.

The patients’ characteristics are shown in Table 1.
Interobserver agreement

The measurements made by the two radiologists were

consistent, demonstrating strong interobserver agreement. All

ICC values > 0.750. The ICC values of quantitative variables for

inter-observer measurements ranged from 0.782 (95% CI: 0.616–

0.875) to 0.893 (95% CI: 0.855–0.965).
DECT and clinicopathological parameters
in different Ki-67 statuses

Univariate analysis demonstrated that, compared to the low-

expression state of Ki-67, the high-expression state of Ki-67 was
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significantly associated with higher Zeff in the VP (ZeffVP) and IC

in the VP (ICVP), as well as lower WC in the AP (WCAP) (P <

0.05). Although the high Ki-67 expression state exhibited slightly

higher iodine concentration (ICAP) and effective atomic number

(ZeffAP) in the AP, as well as slightly lower WC in the VP (WCVP)

compared to the low Ki-67 expression state, these differences did

not reach statistical significance. Similarly, there were no significant

differences in the lHU and NIC values for the AP and VP phases

between the two groups. Detail information is shown in Table 2.

Representative DECT images of ESCC with low Ki-67 expression

are shown in Figure 1.
Multivariate analysis of DECT parameters
and Ki-67 expression

Following univariate analysis (P < 0.10), candidate variables were

identified. Variables exhibiting multicollinearity (VIF ≥ 5) were

subsequently excluded. Consequently, the final multivariable model

retained only the most clinically meaningful and statistically

significant predictors: ICVP and WCAP. The results showed that

ICVP(odds ratio [OR]: 2.278; 95% confidence interval [CI]: 1.114–

5.648) andWCAP(OR: 0.375; 95% CI: 0.147–0.775) were independent

predictors of high Ki−67 expression in ESCC. The model constructed

was as follow: Logit (P) = 1.215 + 0.823×ICVP−0.981×WCAP.
TABLE 1 Patient characteristics.

Characteristic Ki67- Low
expression
(n=16)

Ki67-High
expression
(n=41)

P value

Age (years) 61.06 ± 10.53 62.12 ± 8.42 0.693

Sex 0.154

Female 1 (9.1%) 10 (90.9%)

Male 15 (32.6%) 31 (67.4%)

Tumor location 1.000

Upper 1 (25%) 3 (75%)

Middle 7 (29.2%) 17 (70.8%)

Lower 8 (27.6%) 21 (72.4%)

Lymph node
metastasis

1.000

Negative 9 (28.1%) 23 (71.9%)

Positive 7 (28.0%) 18 (72.0%)

Pathological T stage 0.366

I-II 8 (36.4%) 14 (63.6%)

III-IV 8 (22.9%) 27 (77.1%)

Histological
differentiation

Poor 2 (15.4%) 11 (84.6%) 0.313

Moderate or high 14 (31.8%) 30 (68.2%)
fr
ontiersin.org

https://doi.org/10.3389/fonc.2025.1561256
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org


Sun et al. 10.3389/fonc.2025.1561256
Diagnostic value of DECT parameters for
Ki-67 status

ROC analysis demonstrated that the optimal thresholds for single

variable WCAP, ICVP, and ZeffVP in discriminating Ki-67 status

were 1028.52, 19.03, and 8.72, with AUCs of 0.70, 0.67, and 0.67 (95%

CI: 0.55–0.85, 0.51–0.82, and 0.52–0.82, respectively), sensitivities of
Frontiers in Oncology 04
65.9%, 80.5%, and 80.5%, specificities of 68.8%, 56.2%, and 56.2%,

and accuracies of 66.7%, 73.7%, and 73.7%, respectively. The

combined WCAP + ICVP model for predicting Ki-67 status had

an AUC of 0.78 (95% CI: 0.64–0.92; P < 0.001), with a cutoff value of

0.74, sensitivity of 68.3%, specificity of 87.5%, and accuracy of 73.7%

(Figure 2). Subsequently, a DECT based nomogram was developed

using the final factors and derived regression coefficients to predict
TABLE 2 DECT parameters between low and high Ki-67 expression status.

Parameters Ki67-Low
expression (n=16)

Ki67-High
expression (n=41)

P value AUC (95% CI) cut-off
value

Sensitivity Specificity

AP

lHU 2.30 ± 0.91 2.50 ± 0.79 0.413

IC (mg/mL) 12.21 ± 4.77 13.26 ± 4.15 0.412

WC (mg/mL) 1029.76 (1027.53,1036.20) 1027.44 (1024.08,1030.24) 0.021 0.70 (0.55-0.85) 1028.520 0.659 0.688

Zeff 8.33 ± 0.28 8.40 ± 0.24 0.384

NIC 0.11(0.10,0.15) 0.14 (0.12,0.20) 0.063

VP

lHU 3.55 (3.19, 4.11) 4.00 (3.65, 4.48) 0.050

IC (mg/mL) 18.85 (16.88,21.76) 21.20 (19.38,24.52) 0.049 0.67 (0.51-0.82) 19.030 0.805 0.562

WC (mg/mL) 1034.95 ± 7.87 1032.91 ± 7.34 0.359

Zeff 8.74 ± 0.17 8.87 ± 0.23 0.047 0.67 (0.52-0.82) 8.715 0.805 0.562

NIC 0.45 ± 0.09 0.47 ± 0.09 0.599
Data are mean ± SD or median with interquartile range in parentheses. lHU, the slope of the spectral curve; IC, Iodine concentration; WC, Water concentrations; Zeff, Effective atomic number;
NIC, Normalized iodine concentration; AP, Arterial phase; VP, Venous phase.
FIGURE 1

A 74-year-old male patient with esophageal squamous cell carcinoma (ESCC) exhibiting low Ki-67 expression, grade 2, without neurovascular
invasion or lymph node metastasis. Panels (A–D) show the 70-keV monochromatic contrast-enhanced CT image, iodine-based map, effective
atomic number (Zeff) map, and spectral curve derived from the arterial phase (AP) scans. Panels (E–H) display the same imaging parameters derived
from the venous phase (VP) scans.
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the Ki67 expression status (Figure 3). To ensure the robustness and

clinical relevance of our model despite the fixed cohort, we have

conducted rigorous validations including Bootstrap resampling

(1,000 iterations) showing AUC 95% CI of 0.64–0.92 with key

indicators’ confidence intervals exceeding random levels, and

sample adequacy verification indicating events per variable at 16:1

> 10:1 to meet logistic regression standards. The clinical value is

assured by high specificity (87.5%, 95% CI: 0.81–0.79) to avoid over-

treatment in low-risk patients. The decision curve analysis showed a

net benefit across predicted probability thresholds ranging form0.12–

0.99 (Figure 4). The Hosmer-Lemeshow test indicated good model

calibration (p = 0.12). Together with the calibration curve generated

by the bootstrap method, these results demonstrate that

the predictive model performs stably and fits well in this

dataset (Figure 5).
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Discussion

Ki-67, a well-established cellular proliferation marker, is widely

utilized in both experimental and clinical contexts to assess tumor

cell proliferation and predict patient prognosis. Elevated Ki-67

expression has been consistently associated with poor clinical

outcomes in patients with EC, particularly ESCC. This pilot study

aimed to explore the potential role of DECT-derived parameters in

predicting Ki-67 status in ESCC patients.

In DECT imaging, iodine-water pairing in the material

decomposition technique is considered the most stable strategy.

Iodine contrast agents, which are the primary agents used for

enhancing tumor vasculature during imaging, serve as key

indicators of blood supply. Mao et al (19) observed a positive

correlation between Ki-67 expression levels and NIC and IC in
FIGURE 2

ROC curve of the combined parameters for predicting Ki-67 expression in ESCC. IC, Iodine concentration; WC, Water concentrations; Zeff, Effective
atomic number; AP, Arterial phase; VP, Venous phase.
FIGURE 3

The Dual-energy CT (DECT) nomogram for evaluating the Ki-67 expression in ESCC. IC, Iodine concentration; WC, Water concentrations; AP,
Arterial phase; VP, Venous phase.
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gastric cancer. They suggested that higher Ki-67 expression within

tumors is indicative of increased tumor proliferation and growth

activity, which is associated with enhanced blood supply, leading to

elevated IC and NIC. Similarly, Fan et al (20) reported a positive

correlation between Ki-67 expression levels and NIC in rectal cancer.

Our study found significant differences in IC between Ki67-

High expression and Ki67-Low expression groups. Specifically, in

the VP, both the Zeff and IC were higher in the Ki-67-positive group

compared to the Ki-67-negative group. Conversely, in the AP, the

WC was lower in the Ki-67-positive group. Previous research has

demonstrated that higher iodine concentrations in DECT images

correlate with increased tumor blood supply and a more aggressive

tumor phenotype, with a greater likelihood of early recurrence in
Frontiers in Oncology 06
ESCC cases (21). The distribution of iodine in tissues is closely

linked to local blood volume and vascular density, with elevated IC

values reflecting greater blood supply to the tumor (22, 23). Some

studies have suggested that NIC reduces the impact of circulatory

variability on iodine content, providing a more accurate

representation of the tumor’s blood supply (24). However, NIC

can be influenced by factors such as the enhancement of the aorta,

and for tumors with insufficient blood supply, NIC may not

accurately reflect the true iodine concentration of the lesion (25,

26). Our findings suggest that IC, rather than NIC, may be a more

reliable indicator of proliferative activity in tumors, aligning with

previous reports on the utility of IC in assessing tumor blood supply

and proliferation (23, 27).
FIGURE 4

Decision curve analysis of the nomogram model. The nomogram demonstrated good calibration performance and provided the highest clinical net
benefit across a wide range of threshold values, particularly demonstrating a positive net benefit within the threshold ranges of 0.12–0.99.
FIGURE 5

Calibration curve of the nomogram model. The curve was generated using bootstrap resampling (B = 200). The dashed blue line represents the ideal
calibration line where predicted probabilities perfectly match observed outcomes. The Hosmer-Lemeshow test showed no significant lack of fit (p =
0.12), indicating good agreement between predicted and observed probabilities.
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Eff-Z, which indicates the atomic configuration of compounds

or mixtures, is another key parameter in spectral CT that can

differentiate tissues with similar attenuation properties (19, 28, 29).

Our results showed significant differences in Eff-Z between the two

groups, with Ki-67-high expression tumors exhibiting higher Eff-Z

values. The increased Ki-67 expression is often associated with

tumors possessing complex internal structures, high protein

content, abnormal nuclear-to-cytoplasmic ratios, and compact

extracellular spaces (30). This suggests that Eff-Z may reflect

the structural and biochemical complexity of highly

proliferative tumors.

Additionally, WCAP provides complementary information to

IC, especially in VP, in DECT imaging. Previous studies have

demonstrated that WC is less affected by the beam hardening

effect, and can reliably depict the lesion characteristics for tumor

differentiation (31–33).Our findings indicate that WCAP and

ICVP, when used together, can provide robust evaluation metrics

for Ki-67 expression in ESCC.

However, several limitations should be considered. First, this

was a retrospective study with a relatively small sample size, which

may affect the stability of the model. Nevertheless, we have ensured

the reliability of the results within the constraints of the current

sample size through rigorous internal validation: A 1,000-iteration

Bootstrap resampling analysis showed that the model’s AUC had a

95% confidence interval (CI) of 0.64–0.92, with the original AUC

value (0.78) located in the middle of the interval, indicating no

significant bias. The lower bound of the interval (0.64) remained

above the random level (0.5), confirming the model’s stable

discriminative ability. Validation results for other key indicators

also demonstrated good stability, including accuracy (73.7%, 95%

CI: 0.68–0.79), sensitivity (68.3%, 95% CI: 0.61–0.75), specificity

(87.5%, 95% CI: 0.81–0.94), and F1 score (78.9%, 95% CI: 0.73–

0.84). Sample size adequacy assessment revealed that the ratio of

high Ki-67 expression events to predictors was 16:1, significantly

exceeding the 10:1 standard recommended for logistic regression,

effectively reducing the risk of overfitting. Second, the study focused

exclusively on ESCC, limiting its generalizability to other types of

esophageal lesions. Future prospective studies with larger sample

sizes and multi-center designs are warranted to further validate the

model’s robustness and enhance its external validity. Additionally,

expanding the scope to include a broader range of esophageal

lesions (such as adenocarcinoma or pre-malignant lesions) would

help clarify the generalizability of our findings across different

pathological subtypes.
Conclusion

In conclusion, DECT imaging parameters—particularly IC and

Zeff in the VP, and WC in the AP—can provide valuable

supplementary information for assessing Ki-67 status in ESCC.

This approach may be particularly useful in clinical settings where

biopsy or surgery is not feasible, offering a non-invasive method for

prognosis and treatment planning.
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