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Abstract
Purpose There is no gold standard method to predict pathological complete response (pCR) in esophageal 
squamous cell carcinoma (ESCC) patients before surgery after neoadjuvant chemoradiotherapy (nCRT). This study 
aims to investigate whether dual layer detector dual energy CT (DECT) quantitative parameters and clinical features 
could predict pCR for ESCC patients after nCRT.

Patients and methods This study retrospective recruited local advanced ESCC patients who underwent nCRT 
followed by surgical treatment from December 2019 to May 2023. According to pCR status (no visible cancer cells 
in primary cancer lesion and lymph nodes), patients were categorized into pCR group (N = 25) and non-pCR group 
(N = 28). DECT quantitative parameters were derived from conventional CT images, different monoenergetic (MonoE) 
images, virtual non-contrast (VNC) images, Z-effective (Zeff ) images, iodine concentration (IC) images and electron 
density (ED) images. Slope of spectral curve (λHU), normalized iodine concentration (NIC), arterial enhancement 
fraction (AEF) and extracellular volume (ECV) were calculated. Difference tests and spearman correlation were used to 
select quantitative parameters for DECT model building. Multivariate logistic analysis was used to build clinical model, 
DECT model and combined model.

Results A total of 53 patients with locally advanced ESCC were enrolled in this study who received nCRT combined 
with surgery and underwent DECT examination before treatment. After spearman correlation analysis and 
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Introduction
Esophageal cancer ranks as the seventh leading cause of 
cancer-related mortality and the eleventh most prevalent 
cancer globally [1]. In China, esophageal squamous cell 
carcinoma (ESCC) is the predominant histological sub-
type of esophageal cancer, and it is typically diagnosed 
at an advanced stage. The CROSS trial has demonstrated 
that neoadjuvant chemoradiotherapy (nCRT) combined 
surgery is effective method for locally advanced ESCC 
(LA-ESCC) compared to surgery alone, adding nCRT 
to surgery resulted in a 13% absolute survival benefit at 
10 years for patients with LA-ESCC [2, 3]. Pathological 
complete response (pCR) is considered the optimal out-
come of nCRT, as it can inform subsequent treatment 
strategies [4]. Patients who achieved pCR tend to have 
longer overall survival (OS), while those not may expe-
rience a shorter OS in the near future [5]. According to 
the CROSS trial, the pCR rate after nCRT is as high as 
one-third (49% for squamous cell carcinoma and 23% for 
adenocarcinoma).

Due to the complexity of surgery after nCRT and poor 
quality of life for LA-ESCC patients postoperatively, some 
studies have demonstrated that patients who achieved 
clinical complete response (cCR) following nCRT may 
not undergo surgery in favor of active surveillance [6, 
7]. These studies have concluded that active monitoring 
offers comparable overall survival to surgical resection, 
while concurrently yielding significantly patients’ quality 
of life [7]. However, pCR can only be confirmed by his-
topathological examination post-surgery. Current strate-
gies rely on the determination of cCR typically through 
medical imaging combined with endoscopic biopsy or 
endoscopic ultrasonography after nCRT to assess the 
treatment response status. This method is invasive, can-
not sample deep tissues, and does not accurately reflect 
the total tumor’s treatment response status. Therefore, 
there is a critical need for a non-invasive and accurate 
method to predict pCR following nCRT in patients with 
LA-ESCC.

Contrast enhanced CT derived extracellular vol-
ume (ECV) were useful in distinguishing between pCR 
and non-pCR patients with rectal cancer patients who 
received nCRT [8]. However, conventional CT is con-
strained by suboptimal soft-tissue resolution and a pau-
city of quantitative parameters, significantly limiting its 
clinical utility in predicting pCR in ESCC patients [9]. 
Wang et al. [10] found that the functional parameters 
(such as total lesion glycolysis and metabolic tumor vol-
ume) of 18 fluorodeoxyglucose positron emission tomog-
raphy/computed tomography (18  F-FDG PET/CT) have 
the excellent performance for predicting pCR after the 
neoadjuvant immunochemotherapy (nICT) in resectable 
ESCC. But, the scanning time of PET/CT is longer, and 
the cost of the examination is higher than CT examina-
tion. A meta-analysis shows that apparent diffusion coef-
ficient (ADC) computed from diffusion weighted imaging 
(DWI) during nCRT might be the predictor to distin-
guish pCR and non-pCR groups in ESCC patients [11]. 
However, MR is not the routine examination strategy for 
ESCC patients. Therefore, developing a non-invasive and 
convenient method to accurately predict pCR status after 
nCRT for ESCC patients remains a major challenge.

Dual-layer dual energy CT (DECT) is a novel imaging 
modality, which provides various forms of quantitative 
images and parameters [12]. Currently, DECT is mainly 
used for judging the clinical staging, pathological grad-
ing, and prediction lymph node metastasis in ESCC 
[13–15]. However, there are fewer studies focused on 
prediction the pCR and prognosis for ESCC patients after 
nCRT by DECT [16, 17]. Liu et al. [16] reported that pre-
operative arterial phase normalized iodine concentration 
(A-NIC) derived from DECT served as a noninvasively 
predictor for early recurrence in patients with ESCC after 
radical esophagectomy. However, whether preoperative 
DECT can predict pCR in ESCC patients after nCRT 
is still unclear. Additionally, to achieve routine clinical 
application and improve the prediction accuracy, more 
meaningful biomarkers need to be incorporated into the 
pCR status prediction, such as neutrophil-to-lymphocyte 
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ratio (NLR), platelet-to-lymphocyte ratio (PLR), and lym-
phocyte-to-monocyte ratio (LMR) [18, 19]. Therefore, 
this study aims to combine quantitative parameters from 
DECT images, clinical characteristics, and hematological 
biomarkers to predict pCR in ESCC patients after nCRT, 
which could provide clinical application value for indi-
vidual treatment.

Methods
Patient recruitment and treatment
This study was approved by the Institutional Review 
Board of Shandong Cancer Hospital according to the 
Helsinki Declaration, and the requirement to obtain 
informed consent from each participant was waived due 
to the retrospective study. The patients were retrospec-
tively recruited from Shandong Cancer Hospital for the 
period December 2019 to May 2023. The inclusion cri-
teria were as follows: (1) histologically confirmed locally 
advanced (T2-4aN+/-M0) ESCC (according to the eighth 
edition of the American Joint Committee on Cancer 
staging system) [20]; (2) all patients treatment with nCRT 
followed by esophagectomy and postoperative pathol-
ogy; (3) the availability of pre-treatment DECT scans 
for parameters analysis; and (4) patients with complete 
documentation of baseline laboratory tests and clinical 
characteristics. The exclusion criteria were as follows: (1) 
patients received the treatment of immunotherapy during 
nCRT; (2) patients failed to complete therapy (radiation 
dose less than 40  Gy) or received concurrent chemora-
diotherapy followed by esophagectomy (radiation dose 
more than 50 Gy); (3) patients experienced severe infec-
tion before nCRT that might influence peripheral blood 
cell counts; and (4) poor image quality, such as significant 
motion artifact. In our study, all patients were treated 
with the intensity-modulated radiation therapy (IMRT) 
technique at a prescription dose of 40, 41.4, or 45 Gy and 
were treated with cisplatin/Paclitaxel (TP) or cisplatin/
fluorouracil (PF) chemotherapy during radiotherapy. Sur-
gery was performed within 4 to 8 weeks after the comple-
tion of nCRT.

Clinical data collection and pathological assessment
Collection the clinical characteristics, such as age, gen-
der, smoking history, alcohol history, tumor location, 
TNM stage, and peripheral hematological parameters 
prior to nCRT, including white blood cell count (WBC), 
neutrophil count (NEU), monocyte count (MO), absolute 
lymphocyte count (ALC), red blood cell (RBC), platelet 
count (PLT), hemoglobin (HGB), and albumin (ALB), 
prealbumin (PAB), hematocrit value (Hct). The NLR was 
defined as the NEU divided by the ALC. The LMR was 
calculated as the ALC divided by the MO. The PLR was 
calculated as PLT dividing by ALC. Since all patients 
had complete pre-treatment hematological testing, there 

were no missing data in the hematological data for any of 
the recruited patients.

Surgical specimens were evaluated by two patholo-
gists specializing in ESCC who were blinded to the clini-
cal information and CT images. All patients underwent 
postoperative restaging according to the 8th AJCC stag-
ing system. The pCR status was defined as the absence of 
residual invasive disease and positive lymph nodes in all 
layers of the esophagus (ypT0N0), if else was defined as 
non-pCR [21].

CT image and quantitative parameters acquisition
Each patient underwent CT scanning prior to nCRT, 
performed by a dual-layer detector DECT scanner with 
64 detector rows (iQon Spectral CT, Philips Health-
care, Best, the Netherlands). Patients were scanned in 
supine position and following scan presets were used: 
tube voltage 120 kVp, tube current modulation (Dose 
Right 3D-DOM, Philips Healthcare, Best, The Neth-
erlands), pitch 0.671, rotation time 0.33  s, collimation 
64 × 0.625  mm, matrix 512 × 512. To monitor radiation 
dose, the volumetric CT dose index (CTD Ivol) was 
recorded.

An automated injection system (Medrad Stellant CT 
injection system, Bayer Healthcare, Leverkusen, Ger-
many) was used for intravenous, body weight adapted 
administration of iodinated contrast media (< 55  kg: 
1mL/kg; 55–120  kg: 100 mL; > 120  kg: 120 mL; Accu-
paque 350  mg/mL, GE Healthcare) and a 30 mL saline 
flush. Flow rate was set to 3.0 mL/s. Bolus tracking tech-
nique was applied to start portal venous phase image 
acquisition during inspirational breath-hold 50s after 
reaching a threshold value of 150 Hounsfield units (HU) 
in the descending aorta. The arterial phase was scanned 
with a delay of 30 s, and the delayed phase was scanned 
with a delay of 60 s.

Two phases contrast enhanced DECT images were 
import into post-processing workstation (ISP version 12, 
Philips). The spectral based images (SBI) of two phases 
were separated into conventional CT images, monoen-
ergetic (MonoE) images (40  keV, 70  keV and 100  keV), 
virtual non-contrast (VNC) images, Z-effective (Zeff) 
images, iodine density (IC) images and electron density 
(ED) images. The region of interest (ROI) was defined 
as the primary tumor, however, areas of necrosis as well 
as intraluminal measurements of air and food residues 
were avoided regarding the esophagus. In addition, the 
circular ROI with the a 10mm2 area (ROI2) was placed 
on abdominal aorta at the same level. The images of all 
patients were independently delineated by two experi-
enced radiologists, each with over 10 years of specialized 
experience. In final, a senior radiologist with 15 years 
experiences rechecked the two different delineation and 
made the final delineation. All quantitative parameters 
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were derived from one SBI database with the same space 
structures. Thus, all quantitative parameters data from 
each SBI recorded by ROI, only IC were additionally 
recorded both on ROI and ROI2. The average of the data 
recorded by the two radiologists was then used for sub-
sequent analysis. In addition to directly obtaining DECT 
parameters, several formulas were used to calculated 
those parameters: Slope of spectral curve (λHU) was gen-
erated using the formula: λHU= (CT 40keV-CT 100keV)/60, 
where CT 40keV and CT 100keV respectively represent the 
CT attenuation at 40  keV and 100  keV MonoE images. 
Normalized iodine ratios (NIC) were obtained by ROI/
ROI2 in IC images. Arterial enhancement fraction (AEF) 
was calculated by formula (1) and DECT-derived extra-
cellular volume (ECV) was calculated by formula (2):

 
AEF = AIC

DIC
 (1)

The AIC and DIC are the tumor’s iodine concentration in 
arterial phase and delayed phase, respectively. The AEF-
NIC is obtained through the NIC in the arterial phase 
dividing the NIC in the delayed phase.

 
ECV = (1 − Hct) × DIC

DROI2
× 100% (2)

Hct stands for hematocrit, which represents the percent-
age of red blood cells in a person’s blood. DROI2 repre-
sents the arterial iodine concentration in delayed phase.

Statistical analysis
SPSS (Version 26.0, IBM), R (Version 4.2.1), and Python 
software (Version 3.7.0) were used for all analyses. The 
differences in continuous variables between the two 
sets were compared using the Mann-Whitney U test or 
independent-samples T test. The differences in categori-
cal variables between the two sets were compared using 
the chi-square test or Fisher’s exact test. Each P value was 
determined using a two-sided test. After that, spearman 
correlation was conducted on DECT multi-parameters. 
DECT quantitative parameters that show significance in 
the difference test and have a correlation coefficient (R) 
less than 0.3 with other parameters are selected. Multi-
variate logistic analysis was used to build clinical model, 
DECT model, and combined model (all selected clinical 
characteristics and DECT quantitative parameters). The 
models’ performance for predicting pCR was evaluated 
by sensitivity, specificity, positive predictive value (PPV), 
negative predictive value (NPV) and the area under the 
curve (AUC) of receiver operating characteristic (ROC) 
curve. Additionally, 1000 bootstrapping techniques were 
used to enhance the stability of the logistic regression 
model and the calibration curve were used to evaluated 

the model’s performance. The optimal cut-off value for 
the predictor was determined using the Youden index 
from the ROC curve analysis. To substantiate these find-
ings, 95% confidence interval (CIs) for each metric were 
calculated. The CIs for each of the above metrics was cal-
culated using the Bootstrap method of the pROC pack-
age in R software. Delong’s test was used for comparing 
the AUC values. Differences with two-tailed P < 0.05 were 
considered statistically significant.

Results
Patient characteristics
This study included 53 patients with locally advanced 
ESCC who received nCRT combined with surgery and 
underwent spectral DECT scanning before treatment. 
The mean age of all patients was 61.28 ± 6.39 years, 
with 44 males (83.02%) and 9 females (16.98%). Middle 
esophageal tumors were present in 32 patients (60.4%) 
and lower esophageal tumors in 21 patients (39.6%). 
Four patients (7.55%) had T2 stage disease, 48 patients 
(90.57%) had T3 stage disease, and 1 patient (1.88%) 
had T4 stage disease. Among all patients, 25 (47.17%) 
achieved pCR after nCRT, while 28 patients (52.83%) 
achieved non-pCR. Table 1 displayed the baseline clinical 
characteristics of all enrolled patients in different groups.

Quantitative parameters and clinical characteristics 
selection
According to the Mann-Whitney U test of DECT quan-
titative parameters in patients, this study found that 
A-NIC (P = 0.003), AEF (P = 0.005), AEF-NIC (P = 0.028), 
ECV (P = 0.024), A-CT (P = 0.001), A-40 (P = 0.003), A-70 
(P = 0.001), A-100 (P = 0.003), A-Zeff (P = 0.007), A-IC 
(P = 0.002), and A-λHU (P = 0.005) were significantly 
difference between pCR and non-pCR group in ESCC 
patients after surgery (Table 2). A correlation analysis was 
performed on quantitative parameters with P < 0.05 in the 
logistic regression analysis (Fig. 1). Considering the cor-
relations between parameters, the study excluded those 
with strong correlations and included only AEF and ECV, 
along with all clinical features, in the multivariate logistic 
regression analysis. Multivariate logistic analysis revealed 
that LMR and RBC were independent predictors in clini-
cal model for predicting pCR. In the combined model, 
the study found that ECV (Odds Ratio [OR]: 1.282, 95% 
confidence interval [CI]: 1.069–1.538, P = 0.007), AEF 
(OR: 1.062, 95% CI: 1.022–1.104, P = 0.002), RBC (OR: 
1.426, 95% CI: 1.103–1.844, P = 0.007), and LMR (OR: 
1.979, 95% CI: 1.176–3.330, P = 0.010) were independent 
predictors of pCR in ESCC patients after nCRT (Table 
S1, see the Additional file 1). The cut off values of com-
bined model of AEF, ECV, RBC and LMR were 0.775, 
26.718, 4.880, 4.195 respectively.
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The pCR status prediction
The AUC values of ROC curves were used to evaluate 
the pCR prediction ability for DECT parameters, clinical 
features, the combination of DECT parameters and clini-
cal features. The ROC curves were shown in the Fig. 2A. 
The AUC values, PPV, NPV were shown in Table 3. The 
AUC values for DECT model which combined AEF and 
ECV was 0.786 (95% CI: 0.649–0.920), for clinical model 
was 0.694 (95%CI: 0.550–0.836), and for the combination 
of DECT parameters and clinical features, the AUC was 

Table 1 Patients baseline clinical characteristics in different 
groups
Baseline clinical 
characteristics

Total (n = 53) pCR group 
(n = 25)

Non-pCR 
group 
(n = 28)

Age, Mean ± SD 61.28 ± 6.39 61.92 ± 6.30 60.71 ± 6.53
Gender
   Female 9 (16.98%) 7 (28.00%) 2 (7.14%)
   Male 44 (83.02%) 18 (72.00%) 26 (92.86%)
Smoking
   No 22 (41.51%) 11 (44.00%) 11 (39.29%)
   Yes 31 (58.49%) 14 (56.00%) 17 (60.71%)
Location
   Middle 32 (60.38%) 15 (60.00%) 17 (60.71%)
   Lower 21 (39.62%) 10 (40.00%) 11 (39.29%)
Alcohol
   No 21 (39.62%) 11 (44.00%) 10 (35.71%)
   Yes 32 (60.38%) 14 (56.00%) 18 (64.29%)
T stage
   T2 4 (7.55%) 1 (4.00%) 3 (10.71%)
   T3 48 (90.57%) 24 (96.00%) 24 (85.71%)
   T4 1 (1.88%) 0 1 (3.58%)
N stage
   N0 19 (35.85%) 9 (36.00%) 10 (35.71%)
   N1 25 (47.17%) 14 (56.00%) 11 (39.29%)
   N2 9 (16.98%) 2 (8.00%) 7 (25.00%)
WBC, Mean ± SD 
(×109/L)

6.79 ± 2.17 6.67 ± 2.08 6.91 ± 2.28

ALC, Mean ± SD 
(×109/L)

1.81 ± 0.58 1.86 ± 0.53 1.76 ± 0.62

NEU, Mean ± SD 
(×109/L)

4.32 ± 1.78 4.16 ± 1.61 4.46 ± 1.95

MO, Mean ± SD 
(×109/L)

0.52 ± 0.24 0.48 ± 0.28 0.55 ± 0.19

RBC, Mean ± SD 
(×1012/L)

4.56 ± 0.41 4.64 ± 0.43 4.49 ± 0.38

HGB, Mean ± SD 
(×109/L)

142.28 ± 12.72 143.68 ± 12.31 141.04 ± 13.17

ALB, Mean ± SD (g/L) 43.99 ± 3.49 44.68 ± 3.46 43.36 ± 3.45
PAB, Mean ± SD (g/L) 0.24 ± 0.05 0.24 ± 0.06 0.24 ± 0.05
Hct, Mean ± SD 0.42 ± 0.04 0.43 ± 0.04 0.42 ± 0.04
PLT, Mean ± SD 244.96 ± 61.58 239.08 ± 59.67 250.21 ± 63.85
NLR, Mean ± SD 2.53 ± 1.13 2.33 ± 0.90 2.71 ± 1.29
PLR, Mean ± SD 145.67 ± 48.26 135.73 ± 40.88 154.55 ± 53.17
LMR, Mean ± SD 3.90 ± 1.77 4.50 ± 1.86 3.37 ± 1.52

Table 2 Quantitative parameters in the pCR and non-pCR 
groups
Quantitative 
parameters

Total (n = 53) pCR (n = 25) Non- pCR 
(n = 28)

P

Arterial phase
   A-CT, M (Q₁, 
Q₃)

62.50 (53.40, 
75.80)

74.20 (61.40, 
82.90)

57.25 (52.57, 
65.23)

0.001

   A-40, M (Q₁, 
Q₃)

124.30 
(103.60, 
165.00)

162.60 
(117.60, 
179.30)

115.35 (98.30, 
126.92)

0.003

   A-70, M (Q₁, 
Q₃)

66.10 (56.60, 
78.70)

77.90 (62.40, 
84.60)

59.40 (54.47, 
67.90)

0.001

   A-100, M (Q₁, 
Q₃)

51.90 (44.90, 
58.60)

56.90 (50.70, 
62.00)

47.45 (42.05, 
53.30)

0.003

   A-λHU, M 
(Q₁, Q₃)

1.29 (0.95, 
1.80)

1.64 (1.05, 
2.00)

1.12 (0.87, 
1.34)

0.005

   A-VNC, M 
(Q₁, Q₃)

40.90 (30.15, 
51.65)

42.16 (37.40, 
47.20)

37.59 (32.65, 
43.10)

0.086

   A-Zeff, M (Q₁, 
Q₃)

7.92 (7.75, 
8.13)

8.06 (7.80, 
8.20)

7.83 (7.74, 
7.94)

0.007

   A-IC, M (Q₁, 
Q₃)

1.06 (0.81, 
1.45)

1.38 (1.07, 
1.61)

0.90 (0.75, 
1.08)

0.002

   A-NIC, 
Mean ± SD

0.13 ± 0.05 0.15 ± 0.05 0.11 ± 0.03 0.003

   A-ED, 
Mean ± SD

104.03 ± 0.80 104.18 ± 0.76 103.90 ± 0.82 0.193

Delay phase
   D-CT, 
Mean ± SD

80.86 ± 15.22 83.98 ± 14.10 78.07 ± 15.88 0.160

   D-40, 
Mean ± SD

181.54 ± 36.86 190.57 ± 31.45 173.48 ± 39.93 0.092

   D-70, 
Mean ± SD

83.48 ± 15.16 86.82 ± 13.79 80.49 ± 15.93 0.130

   D-100, 
Mean ± SD

58.95 ± 12.08 60.04 ± 13.56 57.97 ± 10.76 0.538

   D-λHU, 
Mean ± SD

2.04 ± 0.51 2.18 ± 0.46 1.93 ± 0.52 0.072

   D-VNC, 
Mean ± SD

41.64 ± 8.92 42.26 ± 9.94 41.09 ± 8.05 0.640

   D-Zeff, 
Mean ± SD

8.20 ± 0.18 8.25 ± 0.15 8.16 ± 0.19 0.064

   D-IC, 
Mean ± SD

1.63 ± 0.39 1.73 ± 0.34 1.55 ± 0.42 0.095

   D-NIC, 
Mean ± SD

0.49 ± 0.09 0.51 ± 0.08 0.47 ± 0.09 0.069

   D-ED, M (Q₁, 
Q₃)

104.30 
(103.70, 
104.80)

104.30 
(103.70, 
105.20)

104.40 
(103.70, 
104.60)

0.636

Post-
processing 
parameters
AEF, Mean ± SD 0.71 ± 0.24 0.80 ± 0.26 0.62 ± 0.19 0.005
AEF-NIC, 
Mean ± SD

0.27 ± 0.09 0.29 ± 0.09 0.24 ± 0.07 0.028

ECV, Mean ± SD 28.55 ± 5.19 30.23 ± 4.33 27.04 ± 5.51 0.024
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Fig. 2 The ROC curves (A) and DCA curves (B) of the three predictive model. DECT: dual energy CT; ROC: receiver operating characteristics curve; DCA: 
decision curve analysis

 

Fig. 1 The correlation of the DECT-derived quantitative parameters. Darker colors indicate higher correlations
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0.893 (95% CI: 0.802–0.983). The Delong’s test revealed 
that the combined model’s performance was significantly 
high than clinical model (Z =-2.741, P = 0.006). What’s 
more, the combined model demonstrated the best pre-
dictive performance among the three models, with a pos-
itive predictive value of 0.846 and a negative predictive 
value of 0.889.

Decision curve analysis (DCA) showed that the pre-
dictive models provided net benefits across different 
threshold probabilities, with the combination of DECT 
parameters and clinical features providing the best net 
benefit as shown in Fig. 2B. This suggests that the com-
bination of DECT parameters and clinical features offers 
good potential clinical efficacy in predicting pCR. In Fig-
ure S1, the calibration curves were used to displayed the 
prediction ability of the three models. The ideal calibra-
tion curve indicated the actual treatment response results 
consistence with the predicted results. A curve closer to 
the ideal line demonstrated better predictive accuracy of 
the model. Fig. 3 displayed that the AEF and ECV were 
higher in pCR patients than non-pCR patients.

Discussion
This study demonstrated that DECT derived quantitative 
parameters and clinical characteristics were the signifi-
cant predictors for pCR status in LA-ESCC patients after 
nCRT. Those parameters could be used to help clinicians 
selecting the most benefit ESCC patients from nCRT and 
making personal treatment strategy decision, such as 
organ preserve. To our knowledge, there are fewer stud-
ies exploring the prediction ability of DECT quantita-
tive parameters for prediction pCR status in LA-ESCC 
patients after nCRT. We identify that AEF, ECV, RBC, 
and LMR are independent predictors of pCR and the pre-
diction model integrating those predictors demonstrated 
superior prediction performance of pCR status, with the 
AUC values of 0.893.

AEF is an important parameter, which evaluates tumor 
tissue blood perfusion by analyzing the difference in 
iodine concentration between the arterial phase and 
other time points during contrast-enhanced CT [22]. 
Blood perfusion is closely related to tumor angiogenesis, 
proliferation, and invasion, difference of AEF in different 
time can be used to evaluate tumor response to treat-
ment [23–25]. Mao et al. [23]found that AEF can be used 
to assess tumor response for hepatocellular carcinoma 
patients. Our study also found that increased AEF may 
be associated with the sensitivity of highly vascularized 
tumors to nCRT. The high iodine concentration indicates 
high vascular permeability, which allows chemotherapy 
drugs to penetrate more effectively into the tumor tis-
sue, enhancing the therapeutic response. Previous studies 
have reported similar results, showing a significant corre-
lation between AEF and the efficacy of nCRT in patients 
with rectal cancer [26]. In our investigation, the iodine 
concentration derived AEF as a biomarker reflects tumor 

Table 3 The prediction ability for pCR in three model
Sensi-
tivity 
(95%CI)

Speci-
ficity 
(95%CI)

PPV 
(95%CI)

NPV 
(95%CI)

AUC 
(95%CI)

Clinical model 
(sample 
size = 53)

0.520 
(0.313–
0.722)

0.786 
(0.590–
0.917)

0.684 
(0.434–
0.872)

0.647 
(0.465–
0.803)

0.694 
(0.550–
0.836)

DECT model 
(sample 
size = 53)

0.680 
(0.465–
0.851)

0.857 
(0.673–
0.969)

0.819 
(0.581–
0.946)

0.750 
(0.566–
0.885)

0.786 
(0.649–
0.920)

Combined 
model (sample 
size = 53)

0.880 
(0.688–
0.975)

0.857 
(0.673–
0.960)

0.846 
(0.651–
0.956)

0.889 
(0.708–
0.976)

0.893 
(0.802–
0.983)

Fig. 3 Dual-energy CT quantitative parameters and pathological images of patients with pCR and non-pCR. A–D The CT images, AEF map, ECV map and 
pCR status images of a male patient. E–H The CT images, AEF map, ECV map and non-pCR status images of a male patient. The AEF and ECV values of the 
first patient were higher than the second patient
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blood supply status, which has the clinical values in pre-
dicting the pCR status of ESCC patients after nCRT.

ECV reflects the proportion of extracellular matrix 
(ECM) within the tissue, which is an important param-
eter for assessing tissue fibrosis and changes in stromal 
components [27]. ECV has been widely applied as a non-
invasive imaging parameter to assess treatment response 
in various cancers [8, 28, 29]. Studies have demonstrated 
that an increase in ECV generally indicates an accumula-
tion of non-cellular components, which is closely related 
to tumor cell death induced by chemoradiotherapy [30]. 
Cai et al. [31] found that higher ECV values reflected sig-
nificant tumor cell apoptosis and stromal remodeling in 
pancreatic cancer patients, which was associated with 
better survival rates following neoadjuvant chemother-
apy. This finding aligned with our study. In esophageal 
cancer, chemoradiotherapy reduces tumor volume by 
inducing tumor cell apoptosis, a process accompanied by 
ECM accumulation and tissue fibrosis. Thus, an increase 
in ECV suggests greater ECM deposition within the 
tumor tissue, which may be associated with a favorable 
treatment response.

While both AEF and ECV individually demonstrated 
good predictive performance in forecasting pCR after 
nCRT in ESCC patients, our study revealed that com-
bining these parameters significantly improved predic-
tive accuracy (AUC = 0.786). This suggests that AEF and 
ECV have a complementary relationship, and their com-
bination can reflect the biological characteristics of the 
tumor from different perspectives, providing more com-
prehensive predictive information. By jointly these two 
parameters according to the thresholds, clinicians can 
gain insights into both the hemodynamic properties and 
histological changes within the tumor, providing a more 
holistic basis for evaluating treatment response.

Our study also found that the LMR and RBC have the 
predictive values in determining pCR in ESCC patients 
following nCRT. Lymphocytes and monocytes are key 
components of the immune system, and LMR reflects 
the balance between host immune status and systemic 
inflammation [18]. A low LMR often indicates a reduc-
tion in lymphocytes or an increase in monocytes, which 
may suggest a weakened immune response and corre-
lating with poor prognosis. Therefore, a low LMR may 
represent an immunosuppressive tumor microenviron-
ment, potentially associated with resistance to chemo-
radiotherapy. RBC transports oxygen in blood vessel, 
which will alleviate tumor hypoxia in some extent. Our 
study indicates that an increased RBC count is associ-
ated with achieving pCR in ESCC patients following 
nCRT. This may reflect the role of RBC in improving 
local oxygen supply during treatment, thereby enhanc-
ing the effectiveness of radiotherapy. It is also noteworthy 
that an increased RBC count may reflect better physical 

condition and bone marrow function, both of which are 
critical for tolerating chemoradiotherapy [32].

A recent study [16] found A-NIC can be used to non-
invasively predict preoperative early recurrence (ER), but 
the AUC of A-NIC for predicting ER was only 0.72. Ge 
et al. [33] proved that DECT can be used to evaluate the 
efficacy of CRT for esophageal cancer, but they did not 
integrate clinical characteristic. Moore et al. [34] pro-
posed that optimum tumor SUVmax decrease of FDG 
PET CT can be served as pathological tumor response 
prediction factor, but the AUC value was only 0.714. Xu 
et al. [35] found that combining ADC (Apparent Diffu-
sion Coefficient) and TLG (total lesion glycolysis) can 
effectively predict pCR in ESCC patients after nCRT, with 
an AUC as high as 0.914, although MRI scan combined 
with PET-CT scan increased the physical and economic 
burden on patients. But, DECT was more feasible com-
pared to PET or MR, and demonstrated superior predic-
tive performance compared to conventional CT. In this 
study, a predictive model integrating DECT parameters 
and clinical characteristics was developed to predict pCR 
in ESCC patients undergoing nCRT followed by surgery. 
The model achieved an AUC of 0.893, outperforming 
both standalone DECT parameters and clinical features. 
It’s potential to identify therapeutic-benefit patient sub-
groups and guide future treatment decision-making in 
the standard preoperative evaluation protocols.

However, our study still has some limitations. First, the 
sample size of patient cohort is relatively small. A larger 
cohort or external validation would further enhance the 
robustness and generalizability. Second, this is a retro-
spective study, suggesting a certain selection bias, which 
needs to be further verified in a large-scale prospective 
study. In the future, prospective validation in multicenter 
cohorts is critical to confirm the generalizability of our 
model. Third, despite histopathology is the gold standard 
for pCR evaluation, sampling errors, interobserver vari-
ability and the detectable of microscopic residual disease 
may also affect the accuracy of pCR assessment. Fourth, 
integrating our approach with complementary imag-
ing modalities (e.g., dynamic contrast-enhanced MRI) 
or molecular biomarkers (e.g., circulating tumor DNA 
for longitudinal monitoring) could enable multimodal 
risk stratification. Finally, our quantitative parameters 
are derived solely from baseline DECT images; if DECT 
images following nCRT are available, those images might 
potentially provide more relevant information for organ 
preservation strategies.

Conclusion
DECT derived quantitative parameters, AEF and ECV 
can effectively predict pCR in ESCC patients after nCRT. 
Our study indicates that AEF, ECV, RBC, and LMR are 
all independent predictive factors, integrating the DECT 
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parameters and hematological parameters significantly 
improves the accuracy of predictions. The model com-
bined DECT quantitative parameters and clinical features 
might provide additional information for individualized 
treatment decision of those ESCC patients. This study 
validates the role of DECT in pCR assessment for ESCC 
and a multi-center prospective validation cohort is war-
ranted to further ensure the robustness of the proposed 
DECT evaluation criteria.
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