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ARTICLE INFO ABSTRACT
Keywords: Rationale and objectives: We constructed a dual-energy computed tomography (DECT)-based
Dual-energy computed tomography model to assess cervical lymph node metastasis (LNM) in patients with laryngeal squamous cell

Laryngeal squamous cell carcinoma
Lymph node metastasis

Prediction model

Nomogram

carcinoma (LSCC).

Materials and methods: We retrospectively analysed 164 patients with LSCC who underwent
preoperative DECT from May 2019 to May 2023. The patients were randomly divided into
training (n = 115) and validation (n = 49) cohorts. Quantitative DECT parameters of the primary
tumours and their clinical characteristics were collected. A logistic regression model was used to
determine independent predictors of LNM, and a nomogram was constructed along with a cor-
responding online model. Model performance was assessed using the area under the curve (AUC)
and the calibration curve, and the clinical value was evaluated using decision curve analysis
(DCA).

Results: In total, 64/164 (39.0 %) patients with LSCC had cervical LNM. Independent predictors of
LNM included normalized iodine concentration in the arterial phase (odds ratio [OR]: 8.332, 95
% confidence interval [CI]: 2.813-24.678, P < 0.001), normalized effective atomic number in the
arterial phase (OR: 5.518, 95 % CI: 1.095-27.818, P = 0.002), clinical T3-4 stage (OR: 5.684, 95
% CI: 1.701-18.989, P = 0.005), and poor histological grade (OR: 5.011, 95 % CI: 1.003-25.026,
P = 0.049). These predictors were incorporated into the DECT-based nomogram and the corre-
sponding online model, showing good calibration and favourable performance (training AUC:
0.910, validation AUC: 0.918). The DCA indicated a significant clinical benefit of the nomogram
for estimating LNM.

Conclusions: DECT parameters may be useful independent predictors of LNM in patients with
LSCC, and a DECT-based nomogram may be helpful in clinical decision-making.
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Abbreviations

AUC area under the receive operating characteristic curve
AP arterial phase

CI confidence interval

DCA decision curve analysis

DECT dual-energy computed tomography

ICC interclass correlation coefficients

IC iodine concentration

LNM lymph node metastasis

LSCC laryngeal squamous cell carcinoma

MRI magnetic resonance imaging

NIC normalized iodine concentration

NZesf normalized effective atomic number

OR odds ratio

PET/CT positron emission tomography/computed tomography
ROC receiver operating characteristic

ROIL region of interest

AU slope of the spectral Hounsfield unit curve

VP venous phase

Zett effective atomic number

1. Introduction

Laryngeal squamous cell carcinoma (LSCC) is one of the most common malignancies of the head and neck, and the morbidity and
mortality rates associated with this cancer are increasing annually [1]. In 2020, 180,000 new cases of LSCC and almost 100,000
LSCC-related deaths were reported globally [2]. The current comprehensive treatment for LSCC depends primarily on surgical
intervention and radiotherapy. However, despite recent improvements in techniques and the emergence of new anticancer medica-
tions, a significant number of patients still have poor prognosis and short survival times, notably those with cervical lymph node
metastasis (LNM) [3,4]. The effect of LNM on the curability of LSCC is more significant than that of the primary lesions. LNM failure is
the most likely cause of treatment failure [5-7]. Therefore, the accurate preoperative identification of cervical LNM in patients with
LSCC is essential for selecting an optimal treatment plan that can improve prognosis.

Currently, imaging methods such as ultrasonography, magnetic resonance imaging (MRI), positron emission tomography/
computed tomography (PET/CT), and CT are widely used to evaluate LNM before treatment initiation [8]. Ultrasound is economical
and convenient; however, the thyroid cartilage limits the accurate determination of LNM in the posterior laryngeal cavity, and image
quality is influenced by the operator’s skill. MRI has good contrast for soft tissues but has a low spatial resolution, long scan time, and
artefacts that can appear due to swallowing and respiratory movement. PET-CT combines anatomical and functional metabolic in-
formation and facilitates the accurate diagnosis of lesions. However, studies have shown that it has low sensitivity for cervical LNM
diagnosis in LSCC [9]. Because of its high efficiency and large imaging range, CT is the most widely used imaging method for eval-
uating LSCC before treatment initiation. However, identifying cervical LNM based on morphology is very challenging, with a previ-
ously reported diagnostic accuracy of only 60-80 % [10,11].

Dual-energy CT (DECT) technology can reconstruct various spectral images, including virtual monoenergetic, iodine concentration
(IC), effective atomic number (Zf), and virtual non-contrast (VNC) images, without increasing the radiation dose [12,13]. Compared
to conventional CT, DECT provides more comprehensive information for the differential diagnosis of tumours [14]. In addition to
assessing the morphological characteristics, DECT can be used to quantitatively analyse lesions. In recent years, DECT has shown
potential for preoperative assessment of LNM in oral [15], thyroid [16], breast [17], and colorectal [18] cancers. However, only a few
studies have predicted LNM in patients with LSCC [19]. In this study, we evaluated a DECT-based nomogram that combined multiple
DECT parameters of the primary tumour with clinical risk factors to predict cervical LNM before surgery in patients with LSCC.

2. Materials and methods
2.1. Patient selection

This study was approved by the Institutional Review Board and the Human Ethics Committee of XXXX (No. 2023-508). The
requirement for informed consent was waived because of the retrospective nature of the study. From May 2019 to May 2023, 405
consecutive patients with LSCC who underwent DECT were selected from XXXX. Patients were enrolled if they met the following
inclusion criteria [1]: confirmed LSCC diagnosed by surgery or biopsy [2], curative open surgery and lymphadenectomy performed
with complete pathology results, and [3] DECT performed within 2 weeks before surgery with satisfactory image quality. The
exclusion criteria were as follows [1]: prior history of surgical or radiotherapy treatment of the neck [2]; presence of distant metastases
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before surgery [3]; concomitant head and neck tumours at other sites, such as thyroid cancer [4]; LSCC lesions not identified on
DECT-derived images; and [5] incomplete clinical data and demographic information. A total of 164 patients met the inclusion criteria
and were included in this study. They were randomly divided into training (n = 115) and validation (n = 49) cohorts at a ratio of 3:1.
The patient screening pathway is shown in Fig. 1.

2.2. Surgical procedure

All patients underwent partial or total laryngectomy according to the extent of the primary tumour, as determined by preoperative
examination, as recommended by the National Comprehensive Cancer Network guidelines [20]. All patients underwent elective neck
dissection. Bilateral neck sweeps were performed when the tumour approached or crossed the sagittal midline. Unilateral neck
dissection was performed for the unilateral primary tumours. Patients who underwent unilateral dissection were closely followed. All
dissected lymph nodes (LNs) were examined using haematoxylin-eosin staining. According to the postoperative pathology results, all
patients in our study were classified as either LNM (+) or LNM ().

2.3. Image acquisition and postprocessing

A third-generation 192-slice DECT scanner (Somatom Force; Siemens Medical Solutions) was used for plain and enhanced neck
scans. To reduce motion artefacts, the patients were instructed to avoid swallowing during the scan. All patients were scanned in the
supine position, with their hands above their heads. Scanning was performed from the base of the skull to the thoracic entrance level.
After a flat scan, enhanced scanning was performed in the dual-energy mode with a current of 50 mA and a voltage of Sn 140-kVp for
Tube A, and a current of 100-mA and voltage of 80-kVp for Tube B. The tube current was adjusted with the CARE Dose 4D enabled,
with 1.0 pitch, 0.5 s/r rack speed, 192 x 0.6 mm collimator width, and a high and low tube voltage fusion factor of 0.5. A model-based
iterative reconstruction algorithm was used to improve the image quality. Reconstruction was performed using a convolution kernel
(Qr40, Siemens) with a slice thickness of 1.0 mm and an interval of 1.0 mm. The contrast agent iopromide (370 mg/mL, Shering) was
injected through the elbow vein at a flow rate of 3.0 mL/s using a double-tube high-pressure syringe (total dose 1.0 mL/kg), followed
by 30 mL of saline. Arterial and venous phase scanning was performed 30 s and 70 s after injection of the contrast medium [18].

2.4. Image analysis

All the data were transmitted to a post-processing workstation (Syngo VA10B, Siemens Healthcare) for analysis. DECT parameters
were independently measured by two radiologists (Y.H.F. and Y.Y.J., with 12 and 15 years of head and neck imaging experience,
respectively), both of whom were blinded to the patients’ clinical history and pathology. The IC and Z.¢ of the tumour were measured
in ‘Live VNC’ and ‘Rho/Z’ modes, respectively, and placed the region of interest (ROI) at the same level as the internal carotid artery.
To reduce differences between patients, the normalized iodine concentration (NIC) and normalized effective atomic number (nZeg)
were calculated using the following formulas:

Patients diagnosed with LSCC and underwent DECT examinations
between May 2019 and May 2023 (N=405)

Exclusion criteria (N=71):

Inclusion criteria (N=235):  Prior history of surgical treatment or radiotherapy

* Confirmed LSCC diagnosed by surgery or treatment of the neck (N=25);
biopsy; * Presence of distant metastases before surgey (N=22);

« Curative open surgery and lymphadenectomy * Concomitant head and neck tumors in other sites,
performed with complete pathology results; such as thyroid cancer, etc (N=13);

*  DECT scan performed within two weeks before e LSCC lesion not identified on DECT-derived images
surgery with satisfactory image quality. (N=6);

Incomplete clinical data and demographic
information (N=5)

164 patients were finally enrolled in this study
[64 pathologically LNM (+)+100 pathologically LNM (-)]

Training cohort Validation cohort
Eligible Patients Eligible Patients
(S (=20
Pathologically LNM (+)  Pathologically LNM (-) Pathologically LNM (+)  Pathologically LNM (-)
(N=45) (N=70) (N=19) (N=30)

Fig. 1. Patient screening procedure. DECT, dual-energy computed tomography; LNM, lymph node metastasis; LSCC, laryngeal squamous
cell carcinoma.
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NIC = ICtumor : nZeff _ Zefftumor
artery Zeffartery

The energy spectrum attenuation curve of the tumour was obtained using ‘Monoenergetic Plus’ mode, and the slope of the spectral
curve (Agy) was calculated using the following formula:

by _ (CT4O kev_CT70 kev)
HU 30

To ensure the accuracy of the ROI measurement, the following standards were set [1]: the ROI was measured at the maximum
cross-section of the visible tumour, and calcification, necrosis, blood vessels, and lesion edges were avoided as much as possible [2];
the ROI within the tumour was controlled within approximately 70-80 % of the total area of the largest slice [3]; the size, shape, and
position of the ROI were consistent during different modes and phases of measurement; and [4] all images were measured three times
and averaged.

2.5. Clinical and pathological information

Demographic information and clinical histories were retrospectively collected from the patients’ medical records. These included

Table 1
Comparison of clinical and conventional CT characteristics in pathological LNM (+) and LNM (—) patients with laryngeal squamous cell carcinoma in
the training cohort.

Characteristic Training cohort (n = 115) P value Validation cohort (n = 49) Pvalue
Pathologically LNM Pathologically LNM Pathologically LNM Pathologically LNM
€] =) €] =)
(n = 45) (n=70) (n=19) (n =30)
Age (years) 0.595 0.761
<65 24 (53.3) 43 (61.4) 12 (63.2) 18 (60.0)
>65 21 (46.7) 27 (38.6) 7 (36.8) 12 (40.0)
Sex 0.734 0.739
Female 4(8.9) 5(7.1) 1(5.3) 1(3.3)
Male 41 (91.1) 65 (92.9) 18 (94.7) 29 (96.7)
Cigarette smoking 0.683 0.515
No 7 (15.6) 9(12.9) 0 (0.0) 2(6.7)
Yes 38 (84.4) 61 (87.1) 19 (100.0) 28 (93.3)
Alcohol drinking 0.724 0.729
No 14 (31.1) 24 (34.3) 5(26.3) 6 (20.0)
Yes 31 (68.9) 46 (65.7) 14 (73.7) 24 (80.0)
Histological grade 0.003 0.028
Well 8(17.8) 19 (27.1) 2(10.5) 7 (23.3)
Moderate 15 (33.3) 38 (54.3) 7 (36.8) 18 (70.0)
Poor 22 (48.9) 13 (18.6) 10 (52.7) 5 (16.7)
Tumour size 2.57 £0.73 2.38 + 0.54 0.146 2.45 £+ 0.61 2.35 +0.48 0.543
Tumour location 0.019 0.023
Supraglottic 26 (57.8) 22 (31.4) 11 (57.8) 8 (26.6)
Glottic 17 (37.8) 44 (62.9) 7 (36.8) 22 (73.49)
Subglottic 2(4.49) 4(5.7) 1(5.49) 0(0.0)
Clinical T stage < 0.014
0.001
T1-2 14 (31.1) 48 (68.6) 8 (42.1) 23 (76.7)
T3-4 31 (68.9) 22 (31.4) 11 (57.9) 7 (23.3)
Tumour depth 0.029 0.018
Muscular layer 21 (46.7) 47 (67.1) 9 (47.3) 24 (80.0)
Mucosa or submucosa 24 (53.3) 23 (32.9) 10 (52.7) 6 (20.0)
Resection margin 0.321 0.635
Negative 4(8.9) 3(4.3) 2(10.5) 2(6.7)
Positive 41 (91.1) 67 (95.7) 17 (89.5) 28 (93.3)
Thyroid cartilage invasion 0.016 0.030
Absent 16 (35.6) 41 (58.6) 6 (31.6) 19 (63.3)
Present 29 (64.4) 29 (41.4) 13 (68.4) 11 (36.7)
Pre-epiglottic space 0.197 0.362
involvement
Absent 32 (71.1) 57 (81.4) 13 (68.4) 24 (80.0)
Present 13 (28.9) 13 (18.6) 6 (31.6) 6 (20.0)
CT-reported LNM status 0.118 0.221
Negative 19 (42.2) 40 (57.1) 8 (42.1) 18 (60.0)
Positive 26 (57.8) 30 (42.9) 11 (57.9) 12 (40.0)

Abbreviations: CT, computed tomography; LNM, lymph node metastasis.
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age, sex, cigarette smoking, alcohol consumption, tumour size, location, histological grade, clinical T stage, depth, resection margin,
thyroid cartilage invasion, pre-epiglottic space involvement, and CT-reported LNM status. Patients were divided into two groups
according to age (<65 and >65 years) [21]. The histological grade was based on the biopsy results, and cancer was staged according to
the eighth edition of the 2017 International Union Against Cancer [22]. The lymphadenectomy site for each patient was based on a
comprehensive assessment of tumour size, location, and important clinical or imaging findings, in line with the American Society of
Clinical Oncology clinical practice guidelines [23]. A positive CT report for LNM should meet at least one of the following criteria [1]: a
short diameter of >10 mm [2]; marked enhancement similar to that of the pharyngeal mucosa [3]; uneven enhancement [4]; cystic
degeneration, necrosis, or calcification; and [5] extranodal extension, poorly defined borders, or invasion of adjacent tissues.

2.6. Statistical analysis

Statistical analyses were performed using SPSS (version 26.0) and R software (version 4.1.0). Categorical variables were expressed
as numbers (proportion, %) and compared using y? or Fisher’s exact tests. Continuous variables were expressed as mean + standard
deviation or median (interquartile range) and compared using Student’s t-test or Mann-Whitney U test. The intraclass correlation
coefficient (ICC) with a 95 % confidence interval (CI) was used to evaluate the inter-reader reproducibility of the DECT-derived pa-
rameters. An ICC >0.75 was considered to indicate good agreement. Univariate and multivariate logistic regression analyses were
performed to identify independent predictors of LNM. Significant variables (P < 0.10) in the univariate analyses of the training cohort
were included in multivariate analysis using forward stepwise variable selection. Tolerance and variance inflation factors (VIFs) were
used to evaluate the multicollinearity in the multivariate model. Based on the results of the multivariate analysis, a prediction model
and corresponding nomogram were constructed to predict LNM in patients with LSCC in the training cohort and were then tested in the
validation cohort. Additionally, an internet browser model based on the nomogram was programmed using the ‘DynNom’ package in R
software. To assess the nomogram fit, the predictive performance was evaluated through discrimination and calibration. Model
discrimination was assessed using receiver operating characteristic (ROC) curves, and the areas under the ROC curves (AUCs),
sensitivity, specificity, and accuracy were calculated. The DeLong test was used to compare the differences in AUC between the DECT-
based nomogram, the DECT model, and the clinical model. Model calibration was evaluated using the Hosmer-Lemeshow test with
1000 bootstrap samples and its visualised calibration curves. Decision curve analysis (DCA) was performed to verify the clinical value
of the model by estimating the net benefit to patients under different threshold probabilities. Statistical significance was defined as a
two-tailed P value < 0.05.

3. Results
3.1. Clinical and conventional CT characteristics

The baseline patient characteristics are presented in Table 1. The number of patients in the two cohorts was similar at baseline
(Table S1). According to the pathology results, 45 (39.1 %) patients in the training cohort were LNM (+) and 70 (60.9 %) were LNM
(—), while in the validation cohort, 19 (38.8 %) were LNM (+) and 30 (61.2 %) were LNM (—). In the entire cohort, there were 79
clinically LN-positive and 85 clinically LN-negative patients based on CT evaluation. Among them, 42.2 % (27/64) of pathological
LNM (+) patients were understaged as CT-reported LNM (—), and 42.0 % (42/100) of pathological LNM (—) patients were overstaged
as CT-reported LNM (+). There was no significant difference between the two cohorts (P = 0.966). The histological grade and

Table 2
Comparison of dual-energy CT parameters in pathological LNM (+) and LNM (—) patients with laryngeal squamous cell carcinoma and the per-
formance of each parameter for predicting LNM.

Parameter Pathologically LNM (+) Pathologically LNM () Pvalue  AUC (95 % CI) Sensitivity Specificity Accuracy (%)
(N =64) (N =100) (%) (%)

NIC
In the arterial 0.30 (0.24-0.40) 0.22 (0.17-0.27) <0.001  0.804 92.2 52.0 67.7

phase (0.735-0.862) (88.1-96.3) (44.4-59.6) (60.5-74.9)
In the venous 0.52 (0.38-0.64) 0.45 (0.35-0.53) <0.001  0.663 35.9 93.0 70.7

phase (0.585-0.735) (28.6-43.2) (89.1-96.9) (63.7-77.7)
au (HU/keV)
In the arterial 4.68 (3.92-5.70) 4.03 (3.42-5.19) 0.020 0.608 48.4 71.0 62.2

phase (0.529-0.683) (40.8-56.1) (64.1-77.9) (54.8-69.6)
In the venous 4.22 (3.11-5.00) 3.79 (3.08-4.30) 0.089 0.579 48.4 81.0 68.3

phase (0.499-0.655) (40.8-56.1) (75.0-87.0) (61.2-75.4)
NZeff
In the arterial 0.78 (0.75-0.82) 0.73 (0.71-0.76) <0.001  0.756 78.1 62.0 68.3

phase (0.682-0.819) (71.8-84.4) (54.6-69.4) (61.2-75.4)
In the venous 0.91 (0.86-0.93) 0.88 (0.85-0.91) 0.087 0.610 54.7 71.0 64.6

phase (0.531-0.686) (47.1-62.3) (64.1-77.9) (57.3-71.9)

Abbreviations: AUC, area under the curve; CT, computed tomography; CI, confidence interval; LNM, lymph node metastasis; NIC, normalized iodine
concentration; Ayy, slope of the spectral Hounsfield unit curve; nZ.s, normalized effective atomic number.
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conventional CT characteristics of the primary lesion, including tumour location, clinical T stage, tumour depth, and the presence of
thyroid cartilage invasion, were significantly correlated with LNM (+4) pathology in the training and validation cohorts (all P < 0.05).
However, other demographic and clinical variables such as age, sex, history of cigarette smoking and alcohol consumption, tumour
size, resection margin, and pre-epiglottic space involvement were not significantly associated with LNM (+) pathology in either cohort
(all P > 0.05).
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Fig. 2. Box plots showing NIC, Ayy, and nZe in the training (A) and validation (B) cohorts. Heatmaps showing the correlation between DECT
quantitative parameters and LN pathology in the training (C) and validation (D) cohorts. DECT, dual-energy computed tomography; LN, lymph
node; NICAP, normalized iodine concentration in arterial phase; NICVP, normalized iodine concentration in venous phase; nZ.xAP, normalized
effective atomic number in the arterial phase; nZ.VP, normalized effective atomic number in the venous phase; AyuAP, slope of the spectral
Hounsfield unit curve in the arterial phase; AyyVP, slope of the spectral Hounsfield unit curve in the venous phase. *P < 0.05, **P < 0.01, ***P
< 0.001.




J. Tu et al. Heliyon 10 (2024) 35528

3.2. DECT quantitative parameters

Quantitative DECT parameters were obtained from primary tumours. As shown in Table S2, excellent inter-reader agreement was
observed for the measurement of DECT parameters, with ICC values ranging from 0.908 to 0.962. NIC in the arterial phase (NICAP) and
in the venous phase (NICVP), nZ in the arterial phase (nZegAP), and Ayy in the arterial phase (AgyyAP) were slightly higher in patients
with LNM (+4) pathology than in those who were LNM (—) in the entire cohort (all P < 0.05) (Table 2). In addition, patients who were
LNM (+) had significantly higher NICAP, NICVP, and nZ.gAP than those who were LNM (—) in both the training and validation cohorts
(all P < 0.05) (Fig. 2A, B and Table S3). Correlation analyses of DECT quantitative parameters and LNM status are shown in Fig. 2C and
D, and Table S4. ROC curve analysis showed that AUC values for NICAP, NICVP, nZ.gAP, nZg in the venous phase (nZegVP), AgquAP,
and Ayy in the venous phase (AgyVP) that could allow differentiation between patients who were LNM (+) and LNM (—) were 0.804,
0.663, 0.756, 0.610, 0.608, and 0.579, respectively. The detailed results are presented in Table 2.

3.3. Predictors of LNM (+) pathology and development of the prediction model

All significant variables (P < 0.1) found in the univariate logistic regression analyses of the training cohort were included in the
multivariate analysis (Table S5). The VIF for each variable in the prediction model was <10, and the tolerance was >0.1 (Table S6).
Multivariate analyses showed that the clinical T3-4 stage (OR: 5.684, 95 % CI: 1.701-18.989, P = 0.005), poor histological grade (OR:
5.011, 95 % CI: 1.003-25.026, P = 0.049), NICAP (OR: 8.332, 95 % CI: 2.813-24.678, P < 0.001), and nZAP (OR: 5.518, 95 % CIL:
1.095-27.818, P = 0.002) were independent predictors of LNM (+) status in patients with LSCC (Fig. 3). A DECT-based nomogram
model that included these four independent predictors was constructed, as shown in Fig. 4A. Each variable is assigned a score on a
point scale. The probability of LNM (+) status was determined by adding the scores of each variable to obtain a total and then drawing
a vertical line. As shown in Fig. 4B, a free browser-based version of the model was developed, which can be accessed at https://
Inmpredictmodel.shinyapps.io/LNM Prediction Nomogram/. In parallel, the clinical and DECT models were constructed using
multivariate regression analyses, as shown in Fig. S1.

Characteristics Total (N) OR (95% ClI) P value
¢ Clinical characteristics

Histological grade : 0.044
Well 27 Reference :
Moderate 53 0.944 (0.224-3.986)  th— 0.938
Poor 35 5.011(1.003-25.026) '—aA— 4 0.049
Tumor location : 0.352
Supraglottic 48 Reference !
Glottic 61 0.379 (0.098-1.473) 0.161
Subglottic 6 0.330 (0.018-6.021)  A—s 0.454
Clinical T stage :
T1-2 62 Reference 1
T3-4 53 5.684 (1.701-18.989) : —aA——,  0.005
Tumor depth 1
Muscular layer 68 Reference !
Mucosa or submucosa 47 2.646 (0.774-9.047) :-A—- 0.121
Thyroid cartilage invasion 1
Absent 57 Reference :
Present 58 1.262 (0.298-5.342)  — 0.751
e DECT quantitative parameters !
NIC :
In arterial phase 115 8.332(2.813-24.678) | ——A——» <0.001
In venous phase 115 1.171 (0.005-2.037) v 0.803
Avu 1
In arterial phase 115 1580 (08203.081) ke 0.170
In venous phase 115 1423 (0.7002.894) 't 0.330
NZest :
In:arterial phase 115 5518 (1.095-27.818) 1—a&—w  0.002
In venous phase 115 4330 (0.77024.34) —A——— w0163
0 5 10 15 20

Fig. 3. Forest plot showing multivariate analysis of independent predictors of LNM (+) pathology in patients with LSCC in the training cohort. A
logistic regression model was used to estimate ORs and 95 % CIs. CI, confidence interval; DECT, dual-energy computed tomography; LNM, lymph
node metastases; LSCC, laryngeal squamous cell carcinoma; NIC, normalized iodine concentration; Ayy, slope of the spectral Hounsfield unit curve;
nZegr, normalized effective atomic number; OR, odds ratio.
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Fig. 4. Nomogram model (A) and online free browser-based model (B) for predicting the probability of LNM (+) pathology in LSCC patients. LNM,
lymph node metastases; LSCC, laryngeal squamous cell carcinoma; NICAP, normalized iodine concentration in the arterial phase; nZ.gAP,
normalized effective atomic number in the arterial phase.

3.4. Performance evaluation and clinical applicability

The DECT-based nomogram had good performance for predicting the probability of LNM, with AUCs of 0.910 (95 % CIL:
0.850-0.969) in the training cohort and 0.918 (95 % CI: 0.803-0.977) in the validation cohort (Fig. 5A and B, Table 3). The diagnostic
efficacy of the nomogram was significantly better than that of the clinical model based on the clinical T stage and histological grade in
both the training (Z = 3.160, P = 0.002) and validation cohorts (Z = 2.212, P = 0.027) (Table 4). Although there were no significant
differences in the AUCs between the nomogram and the DECT model based on NICAP and nZ.gAP in the two cohorts, the nomogram
showed better sensitivity, specificity, and accuracy, with respective values of 82.2 %, 94.3 %, and 89.6 % in the training cohort, and
89.5 %, 83.3 %, and 85.7 % in the validation cohort (Table 3). The calibration plot of the nomogram had a good fit and showed good
agreement between predictions and observations in both cohorts, with mean absolute errors of 0.025 and 0.020, respectively (Fig. 5C
and D).

Based on the DCA, the DECT-based nomogram had the highest curve within the risk threshold range of 8-91 % in the training
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Table 3
Performance of three proposed models (clinical model, DECT model, and DECT-based nomogram) for predicting pathological LNM (+) of laryngeal
squamous cell carcinoma in the training and validation cohorts.

Models Cohorts AUC (95 % CI) Sensitivity (%) Specificity (%) Accuracy (%)
Clinical model Training 0.788 (0.698-0.879) 66.7 (51.0-80.0) 84.3 (73.6-91.9) 77.4 (69.8-85.0)
Validation 0.764 (0.624-0.904) 73.7 (48.8-90.9) 70.0 (50.6-85.3) 71.4 (58.7-84.1)
DECT model Training 0.893 (0.835-0.950) 84.4 (70.5-93.5) 80.0 (68.7-88.6) 81.7 (74.6-88.8)
Validation 0.856 (0.726-0.940) 78.9 (54.4-93.9) 83.3 (65.3-94.4) 83.6 (73.2-94.0)
DECT-based nomogram Training 0.910 (0.850-0.969) 82.2 (67.9-92.0) 94.3 (86.0-98.4) 89.6 (84.0-95.2)
Validation 0.918 (0.803-0.977) 89.5 (66.9-98.7) 83.3 (65.3-94.4) 85.7 (75.9-95.5)

Abbreviations: AUC, area under the curve; CI, confidence interval; DECT, dual-energy computed tomography; LNM, lymph node metastasis.

Table 4
Comparisons of AUCs between the clinical model, DECT model, and DECT-based nomogram in the training
and validation cohorts.

Comparisons AUC

zZ* P value

Training cohort

DECT model vs. Clinical model 2.024 0.043
DECT-based nomogram vs. Clinical model 3.160 0.002
DECT-based nomogram vs. DECT model 0.742 0.458
Validation cohort

DECT model vs. Clinical model 0.967 0.333
DECT-based nomogram vs. Clinical model 2.212 0.027
DECT-based nomogram vs. DECT model 1.669 0.095

Abbreviations: AUC, area under the curve; DECT, dual-energy CT.

cohort (Fig. 5E) and 19-100 % in the validation cohort (Fig. 5F), suggesting that the nomogram was more likely to predict LNM in
patients with LSCC than the DECT or clinical models. In real-world clinical applications, users can enter information related to in-
dependent risk factors in a free browser-based model, and the probability of LNM is automatically generated and displayed. Two
examples of the clinical application of this easy-to-use model are shown in Figs. 6 and 7.

3.5. Subgroup prediction performance of the nomogram

Subgroup analyses, separately stratified by tumour location, were conducted across the entire patient population. In the training
cohort, the DECT-based nomogram yielded an AUC of 0.909 (95 % CI: 0.825-0.993) in the supraglottic group and 0.897 (95 % CIL:
0.800-0.994) in the glottic-subglottic group. In the validation cohort, the DECT-based nomogram had an AUC of 0.875 (95 % CI:
0.708-1.000) in the supraglottic group and 0.926 (95 % CI: 0.809-1.000) in the glottic-subglottic group. The DeLong test showed no
statistically significant differences among the subgroup analyses in the training (Z = 0.186, P = 0.853) and validation (Z = 0.491, P =
0.626) cohorts. The subgroup prediction performance and AUCs are presented in Table S7 and Fig. S2.

4. Discussion

To our knowledge, this is the first study to develop a DECT-based prediction model that combines DECT parameters and clinical
factors to predict LNM in patients with LSCC. The combined model performed better and was more clinically useful than the models
based solely on clinical or DECT findings. In addition, the free browser-based version of the model is an easy-to-use individualised tool
for evaluating LNM status, which may help in clinical decision-making for personalised treatment.

The larynx has a high concentration of lymphoid tissue, making patients with LSCC highly vulnerable to cervical LNM. Once LNM
develops, the tumour is classified as intermediate to advanced, and the 5-year survival rate is significantly reduced [3,24]. LNM has a
greater impact on the cure rate of LSCC than primary lesions, with metastatic LNs being a major cause of treatment failure [25,26].
Therefore, the preoperative determination of LN status is critical to determine the need for neck dissection or other adjuvant treat-
ments [7,23,27]. Several methods have been proposed to predict LNM in patients with LSCC, including clinical models, molecular
markers, and sentinel LN biopsy [28-30]. However, their effectiveness and practicality have been unsatisfactory. In recent years, DECT
has shown excellent capabilities for predicting the histopathological characteristics of head and neck cancers [31,32]. A previous study
analysed 399 cervical LNs from 103 patients using DECT (15). Although the results showed impressive performance, this study pri-
marily focused on analysing LN images, requiring a one-to-one correspondence with the pathology results. Previous studies have
shown a correlation between DECT parameters of primary tumours and LNM [33,34]. Thus, we hypothesised that DECT image analysis
of primary tumours could be a reasonable method for predicting LNM in LSCC.

Prior studies have reported that the risk of cervical LNM in patients with LSCC is associated with disease factors such as T stage,
tumour location, and histological grade [35-38]. Our study suggests that the risk of LNM increases with higher clinical T stage, which
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Fig. 6. A 67-year-old male with hoarseness for 6 months. Pathology results revealed well-differentiated LSCC with no metastasis in the cervical
lymph nodes. A: Iodine map showing NIC of 0.23 in the arterial phase; B: Effective atomic number diagram showing nZ. of 0.71 in the arterial
phase; C: The free browser-based model provides a corresponding probability of LNM (+) pathology of 3.3 %; D, E: Pathological pictures ( x 100)
proved LSCC (D) and no metastatic lymph nodes (E). LNM, lymph node metastasis; LSCC, laryngeal squamous cell carcinoma; NIC, normalized
iodine concentration; nZ.s, normalized effective atomic number.

is in agreement with the results of previous retrospective studies [35,39]. Clinical decisions regarding neck treatment are usually based
on a comprehensive analysis of T stage, tumour location, and CT reports [40]. However, although patients with supraglottic tumours
may be more prone to LNM because of the extensive submucosal lymphatic plexus, we did not observe a significant association be-
tween tumour location and LNM, possibly due to the small number of patients with supraglottic disease in our study [41]. Generally,
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Fig. 7. A 73-year-old male with recurrent hoarseness for 4 years and dyspnea for 2 months. Pathology results revealed poorly differentiated LSCC
with metastasis in the cervical lymph nodes. A: Iodine map showing NIC of 0.37 in the arterial phase; B: Effective atomic number diagram showing
nZe of 0.74 in the arterial phase; C: The free browser-based model provides a corresponding probability of LNM (+) of 97.1 %; D, E: Pathological
pictures ( x 100) proved LSCC (D) and metastatic lymph nodes in the level IV region (E). LNM, lymph node metastasis; LSCC, laryngeal squamous
cell carcinoma; NIC, normalized iodine concentration; nZ.g, normalized effective atomic number.

poorly differentiated tumours are considered highly malignant. Consistent with previous studies, we found that patients with poorly
differentiated tumours had a higher incidence of LNM [21,42]. Furthermore, multivariate analysis revealed that clinical T stage and
histological grade were independent risk factors for LNM in patients with LSCC. However, based on the clinical model, the AUCs for
these two variables were only 0.788 and 0.764 in the training and validation cohorts, respectively. These findings suggest that
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assessing the LN status based solely on clinical characteristics is likely to be unreliable, and more objective quantitative indicators must
be identified to compensate for these deficiencies.

Following tumour cell infiltration of LNs, metastasis is a developmental process driven by pathological tumour angiogenesis and a
continuous blood supply [43]. Previous studies have shown a significant positive correlation between IC and microvascular disease,
suggesting that IC can be used as an indirect quantitative indicator of tumour blood perfusion [44]. The NIC is the corrected IC value
that reduces individual circulatory differences [32]. Our results showed that NIC values of primary tumours were significantly higher
in patients who were LNM (+) than in those who were LNM (—), which is similar to findings from Geng’s study [19]. As the tumour
grows, neovascularization increases significantly, whereas the basement membrane remains underdeveloped, resulting in vascular
endothelial dysfunction. This, in turn, leads to increased iodine accumulation within the tumour [16]. Furthermore, patients with
LSCC have a higher NIC in the arterial phase than in the venous phase. One possible reason for this is that the ROI was initially
delineated in the most enhanced region in the arterial-phase image, followed by the same region in the venous-phase image. This is
because most of the dynamic enhancement curves of head and neck tumours are of the rapidly rising plateau type, reaching a peak
within 14-42 s [45]. Therefore, NICAP can reflect the characteristics of LSCC more accurately than NICVP.

The slope of the curve, which reflects the magnitude of the mass absorption coefficient with energy for various lesions and tissues,
can be used to quantitatively evaluate the difference between energy spectrum curves [32]. In our study, Ayy was not confirmed as an
independent predictor for assessing LNM in patients with LSCC; however, Ay values of patients in the LNM (+) group still tended to be
higher than those in the LNM (—) group. This difference can be explained by the effects of tumour cell migration on cell proliferation.
Anomalous proliferation of tumour cells is one of the causes of tumour heterogeneity [46]. Thus, various tumour components or tissues
result in distinct energy spectrum curves. Another important parameter for distinguishing the different components is nZe¢. When the
tumour density is higher, nZ.¢ values increase. We found that higher nZ.¢ values were more likely in the LNM (+) group, which may be
due to the greater volumes of nuclei and cytoplasm, and higher macromolecular protein content in tumour tissues undergoing
metastasis, subsequently leading to an increase in cell density. Our findings are further supported by a recent study showing that the
apparent diffusion coefficient for quantifying the diffusion of water molecules in tissues was significantly lower in patients who were
LNM (+) than in those who were LNM (—) (P < 0.001), and this value was negatively correlated with cell density within the tissue [47].

By constructing a nomogram, we were able to develop an easy-to-use, free, browser-based model for the objective assessment of the
risk of pathological LNM, thereby providing a reliable reference tool for clinicians deciding on different interventions. For patients
without clinical evidence of LNM, recommendations have included elective neck dissection, radiation treatment, and ‘wait-and-see’,
with therapeutic dissection if metastasis develops during follow-up [48]. Neck dissection is recommended if the risk of occult neck
metastasis is > 15-20 % [49]. However, if the risk of occult LNM is low, neck overtreatment should be avoided to reduce compli-
cations, such as recurrent laryngeal nerve palsy, haematoma, and chyle leakage [50]. The prediction model integrated DECT quan-
titative parameters, T stage, and histological grade and showed a more accurate estimation of pathological LN status than the clinical
model. This suggests that the DECT parameters can generate more predictive information than the clinical features. Nevertheless, in
real-world clinical settings, the final treatment decision should be made only after a comprehensive evaluation of the model results, as
well as preoperative, intraoperative, and postoperative evaluations of patients with LSCC.

This study had several limitations. First, this was a single-centre retrospective study, which should be validated with larger cohorts
from multiple centres and prospective studies. Second, the ROI was drawn manually in this study, which was time- and labour-
intensive and increased the potential risk of selection bias. This could be resolved using semi-automatic/automatic analysis based
on whole-tumour ROI in the future. Third, owing to the limited sample size, we did not perform subgroup analyses according to the
different subsites or stages of LSCC. Previous studies have reported that LNM is likely to occur in supraglottic carcinoma but is rarely
encountered in early tumours [51]. Thus, a larger sample size is required for the subgroup analyses. Finally, images were acquired
using a DECT scanner from Siemens Medical Solutions, and further research clarifying the influence of different DECT platforms is
needed.

5. Conclusions

Our research has significant implications for treatment guidelines as the approach towards treating patients with LSCC remains
controversial. The early detection and accurate assessment of cervical LNM are crucial for improving patient prognosis. DECT pa-
rameters (NICAP and nZ.gAP) were used as imaging biomarkers to evaluate cervical LNM in patients with LSCC. By constructing a
nomogram combining DECT parameters and clinical features (clinical T stage and histological grade), we developed an online pre-
diction tool to assess LNM probability quickly and objectively. This can help clinicians select appropriate clinical treatment options and
reduce neck overtreatment in these patients.
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