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Background

Accurate evaluation of lymph node (LN) status is the key factor to determine the treatment and evaluate prognosis for patients with cancer. However, traditional pathological examination resulted in a 30% false-negative rate of detection of metastases in LNs. This study aimed to utilize Lugol’s iodine (I2-IK)-enhanced micro-CT imaging to reveal the 3-dimensional structure of regional LNs and decrease the false-negative rate in pathological examination.



Methods

To explore the feasibility of I2-IK-enhanced micro-CT imaging in locating metastatic lesion in LNs, nonmetastatic and metastatic LNs from mice were used to mimic the imaging process. Then, the LNs from oral squamous cell carcinoma (OSCC) patients were applied to verify the value of I2-IK-enhanced micro-CT imaging in revealing LN structure and locating metastatic lesions in LNs. The glycogen content in nonmetastatic and metastatic LNs was further detected by the use of a glycogen assay kit and periodic acid–Schiff (PAS) staining to explain the imaging differences between them.



Results

In nude mice, 0.5% I2-IK staining for 4 h was the best parameter for normal LN. The metastatic foci in metastatic LNs were also clearly outlined in this condition. For nonmetastatic LNs from patients with OSCC, 1% I2-IK staining for 12 h was the best parameter. However, due to the increased volume of metastatic LNs, the image effect of 3% I2-IK staining for 12 h was superior to 1% I2-IK staining [tumor background ratio (TBR), 3% vs. 1%, 1.89 ± 0.10 vs. 1.27 ± 0.07, p < 0.001]. Compared with subsequent pathological sections, we found the CT intensity of metastatic foci in LNs and muscle tissues was significantly higher than in nonmetastatic regions. Meanwhile, the glycogen content of metastatic foci in LNs detected was also significantly higher than in nonmetastatic region.



Conclusions

I2-IK-enhanced micro-CT imaging could identify the spatial location of metastatic foci in LNs. This will be an effective method to assist in decreasing the LN false-negative rate for cancer pathology.
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Introduction

Metastasis is closely related to the prognosis of patients with malignant cancers (1). Among them, regional lymph node (LN) metastases are more common than distant metastases in many kinds of cancer, such as oral squamous cell carcinoma (OSCC), gastric carcinoma (GC), and melanoma (2–4). According to previous literature, the 5-year survival rate of patient with N+ (the presence of metastatic LNs) was 10–30% lower than in patient with N0 (the absence of metastatic LNs) (1). Meanwhile, the treatment regimens also vary widely depending on the status of regional LNs. Take OSCC as an example; tumors in T1–T2 stages without LNs metastases are often treated with elective neck dissection, while radical neck dissection and postoperative radiotherapy are recommended for tumors with LNs metastases (5, 6). Hence, it is important for treatment plan formulation and prognosis estimation to accurately assess the status of regional LNs.

Imageological examination including CT, MRI, PET/CT, and ultrasound were the routine methods used to determine the status of regional LNs preoperatively (7–10). However, limited by the spatial resolution, small metastatic foci in lymph nodes tended to be missed. For example, the false negative rate of metastatic LNs was up to 20–30% in early tongue cancer (stage I/II) using imageological examination (5). At present, pathological examination is the standard used to evaluate the status of LNs. Subjected to the slicing process, micrometastasis lesions in LNs are often missed by routine sections. Serial sections of whole LNs are considered to be the best way to reduce the possibility of omissions, but it is unrealistic due to the high cost and time consumption in clinical practice (11). Sentinel LNs biopsy (SLNB) offers the benefit of identifying nodes at greatest risk for metastatic spread, decreasing morbidity caused by localized nodal dissection and has become the standard of care in breast cancer and melanoma (12, 13). However, the application value of SLNB still relied on a reliable method to detect the micrometastasis (14). More accurate approaches should be explored to avoid false negative findings.

With the development of technology, the spatial resolution of micro-CT reached the micron scale. It brings the possibility of detecting minute tumor lesions. In the study of scanning breast cancer tissue samples, Tang et al. found that micro-CT could improve the detection number of axillary LNs (15). Moreover, micro-CT imaging also plays an important role in determining the surgical margin status of breast/lung cancer intraoperative (16–18). However, due to the similar tissue density between normal tissue and metastatic tissue in LNs, it is difficult to evaluate the status of LNs and determine the spatial location of metastatic foci with current imaging technology. Due to the low price, Lugol’s iodine (I2-IK) has already been widely used to assist micro-CT to delineate the internal fine anatomic structure of various soft tissue samples (19–23). In oncology, I2-IK-enhanced micro-CT imaging has also been used to provide the 3D structural information in adamantinomatous craniopharyngioma (24) and OSCC (25). However, no study has reported the use of I2-IK enhanced micro-CT imaging to accurately locate the metastatic foci.

In this study, we aimed to explore the value of I2-IK-enhanced micro-CT in evaluating the status of regional LNs in OSCC. First, nonmetastatic LNs from nude mice and metastatic LNs from a murine melanoma model underwent micro-CT imaging stained with 0%–2% I2-IK for 0.5–24 h. The result showed that I2-IK-enhanced micro-CT imaging could outline the spatial position of metastatic foci in LNs. After that, nonmetastatic and metastatic LNs from patients with OSCC were acquired to further evaluate the feasibility in the clinic. In the end, the content of glycogen in metastatic and nonmetastatic LNs was also detected to preliminarily illustrate the proper mechanism of I2-IK-enhanced micro-CT imaging.



Materials and Methods


Nonmetastatic and Metastatic LNs From Mice

Balb/c nude mice (male, 25 g) were purchased from the Comparative Medical Center of Yang Zhou University. Melanoma cell line B16 was a gift from the College of Engineering and Applied Sciences, Nanjing University. B16 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)/high glucose media supplemented with 10% (v/v) bovine serum, 1% (v/v) penicillin, and 1% (v/v) streptomycin. Cells were incubated in a humidified incubator at 37°C with 5% CO2. For the melanoma LNs metastasis model, 1 × 106 B16 cells were injected into the footpad region of the hind limb of 6–7-week-old male Balb/c nude mice. Three weeks later, ipsilateral popliteal metastatic LNs were dissected for further study. For nonmetastatic LNs, 20 popliteal LNs from 10 Balb/c nude mice were dissected. All animal procedures were performed in accordance with the Guidelines for Care and Use of Laboratory Animals of Nanjing University and approved by the Animal Ethics Committee of Nanjing.



Nonmetastatic and Suspected Metastatic LNs From Clinical OSCC Patients

This study was approved by the Medical Ethics Committee of the Institute Affiliated Stomatology Hospital, Nanjing University Medical School. Eight nonmetastatic and eight metastatic LNs were acquired from three cN0 patients and one cN+ patients with OSCC. All four patients were informed and signed the informed consent form. After fixation with formalin 12 h, all LNs were first sampled half by the pathology department to ensure pathological diagnosis, and the residual half were acquired for further study.



I2-IK Staining

I2-IK (w/v, the concentration of iodine was 15%) was purchased from Shandong Lvying Chemical Technology Co. Ltd, China. For mice LNs staining, various concentrations of I2-IK including 0%, 0.5%, 1%, and 2% (w/v, the concentration of iodine) were prepared by diluting Lugol’s iodine mother liquor with 4% formalin solution. For clinical LNs staining, 1% and 3% (w/v, the concentration of iodine) Lugol’s iodine were prepared. All Lugol’s iodine solutions were preserved at room temperature and maintained in the dark.

For staining of nonmetastatic LNs from mice and patients, all LNs were divided into different groups randomly and stained for 24 and 36 h, respectively. During the stain period, LNs from mice were scanned with micro-CT at 0.5, 1, 2, 4, 8, and 24 h, while LNs from patients were scanned with micro-CT at 0, 12, 24, and 36 h. After the optimal I2-IK staining parameters were determined, metastatic LNs from mice were stained with 0.5% I2-IK for 4 h, while those from patients were stained with 1% and 3% I2-IK for 12 h. After the staining, all LNs were scanned with micro-CT.



Micro-CT Scan and Quality Assessment of CT Image

A small animal micro-CT (Hiscan XM, Suzhou Heisfeld Information Technology Co. Ltd., China) was used for all CT imaging. Micro-CT scan parameters were as follows: power, 8 W; voltage, 60 V; electric current, 133.3 μA; detector mode, binging, 2 × 2; slice thickness, 50 μm; and repetition time, 75 ms. All CT image data were processed by SeProcessPro Version.1 software (Version 1.0, Suzhou Heisfeld Information Technology Co. Ltd., China). For imaging quality of nonmetastatic LNs, CT value in the periphery and in the center of LNs and CNR (contrast-to-noise ratio, CNR = CTperiphery/CT center) was adopted (26).



H&E Staining and pan-CK Immunohistochemical Staining

After I2-IK-enhanced micro-CT imaging, all LNs were embedded in paraffin using the standard method. Then, a series of 4-μm sections were prepared according to CT image data. For H&E staining, all sections were stained by an automatic, pathological section staining machine. For pan-CK immunohistochemical staining, paraffin sections were deparaffinized and dehydrated using a series of graded ethanol. For antigen retrieval, the sections were heated in a microwave oven with a 10 mM citrate buffer solution (pH = 6) for 10 min. Endogenous peroxidase activity was quenched by incubating the sections in 0.3% H2O2 for 5 min. After being blocked with 3% bovine serum albumin for 1 h at room temperature, the sections were incubated with anti-pan-CK (1:400, Cat. no. ab80826, Abcam) primary antibodies at 4° overnight and gently washed three times in 1× phosphate-buffered saline (PBS). Sample sections were then incubated with goat-antimouse second antibody (1:10,000, Cat. no. ab205719, Abcam) for 2 h at room temperature. The signal was developed using the horseradish peroxidase (HRP) substrate 3,3′-diaminobenzidine (DAB). Nuclear counterstain was done using hematoxylin.



Glycogen Content

The glycogen content of normal LN tissue and metastatic tumor tissue was detected with the Liver/Muscle Glycogen assay kit (Nanjing Jiancheng Bioengineering Institute, China) according to the product manual and periodic acid–Schiff (PAS) staining. For PAS staining, a series of frozen sections were prepared from the fresh tissue and fixed with ice-cold acetone for 5 min. After natural air drying, the sections were treated with potassium periodate solution for 10 min and rinsed with water for 5 min. Then, Schiff solution was added and stained for 15 min with water rinsed for 10 min. Nuclear counterstain was done using hematoxylin.



Statistical Analysis

Statistical analysis was performed using SPSS statistical software (version 23.0, IBM, Chicago, IL, USA). Values were presented in mean ± standard derivation (SD). Multivariate repeated measures ANOVA was used to compare the value of CT in the periphery and center region of nonmetastatic LNs and CNR. Paired t-test was used to compare the value of CT in normal and tumor tissues in the mice metastatic LNs. Student’s t-test was used to compare the value of CNR in the 3% and 1% groups in the clinical metastatic LNs. p < 0.05 was considered significant.




Results


0.5% I2-IK Staining for 4 h Was the Optimal Parameter for Micro-CT Imaging of Normal LNs From Mice

Before imaging LNs from clinical patients, LNs from Balb/c nude mice were used to pave the way for subsequent clinical studies. After the mice were euthanized, 20 normal LNs were dissected and divided into four groups, followed by formalin fixation for 12 h. Then, the LNs were stained with different concentrations of I2-IK (w/v, the concentration of iodine was 0%, 0.5%, 1%, and 2%) for 24 h. During the staining, micro-CT imaging was performed at 0.5, 1, 2, 4, 8, and 24 h (Figure 1A). CT value in the periphery region, in the center region of LNs and CNR [contrast-to-noise ratio (CNR) = CT periphery/CT center], was adopted as the evaluation index of micro-CT image quality (Figures 1B–D). The CT value in the periphery region and center region of LNs was increased with the increased staining time (p < 0.01) and I2-IK concentration (p < 0.01). However, CNR was increased early time and decreased late in time on the whole. The highest CNR presented at 4 h for 0.5% group (2.03 ± 0.30), at 2 h for 1% group (1.80 ± 0.38), and at 0.5 h for 2% group (1.53 ± 0.15). Obviously, the higher the I2-IK concentration, the shorter the staining time needed for good imaging quality. It was also easy to produce overstaining with high concentration of I2-IK. Therefore, 0.5% I2-IK staining for 4 h was the optimal parameter for micro-CT imaging of normal LNs from mice. To further observe the influence of I2-IK staining in LNs, H&E staining was performed in all LNs after I2-IK enhanced-micro-CT imaging. The results showed that there was no influence in the quality of H&E sections with different concentrations of I2-IK staining (Figure 1E).




Figure 1 | I2-IK-enhanced micro-CT imaging for normal LNs from mice. (A), Micro-CT image of normal LNs stained with different concentration of I2-IK for different time. (B, C), CT value in the periphery region and center region of LNs. (D) CNR of LNs stained with different concentration of I2-IK for different times. (E) H&E staining of normal LNs in the different groups.





I2-IK-Enhanced Micro-CT Image Could Successfully Detect Metastatic Foci in LNs From Melanoma Mice Model

After the optimal parameters of I2-IK-enhanced micro-CT were determined, B16 melanoma LNs metastasis nude mouse model was constructed. Five out of 10 nude mice successfully developed popliteal LNs metastases. Among them, four LNs had partial metastases, and one LN had been replaced by metastasis. Micro-CT imaging was performed on all four partial metastatic LNs after being fixed in formalin for 12 h and stained with 0.5% I2-IK for 4 h. The results showed that the CT images of partial LNs were heterogeneous, while the CT images of normal LNs were homogeneous. The CT value of tumor tissues in LNs was significantly higher than that of normal tissues (CTTumor = 4231.5 ± 104.4, CTnormal = 3068.0 ± 81.3, p = 0.001) (Figure 2). After micro-CT imaging, these LNs underwent further H&E staining, and the results confirmed that the high intensity region in micro-CT image was metastatic tumor tissues (Figure 2).




Figure 2 | I2-IK-enhanced micro-CT image of melanoma metastatic LNs and normal LNs. The left figure is the H&E sections and micro-CT image of melanoma metastatic LNs, while right figure is the H&E sections and micro-CT image of normal LNs. Insert figure the camera image of melanoma metastatic LNs and normal LNs.





I2-IK-Enhanced Micro-CT Image Could Locate Metastatic Foci in LNs From OSCC Patients

To determine the optimal parameter for I2-IK-enhanced micro-CT image of OSCC clinical LNs, eight OSCC clinical normal LNs were acquired. LNs were randomly divided into two groups and fixed in formalin solution for 12 h. Then, the LNs were stained with different concentrations of I2-IK (w/v, the concentration of iodine was 1% and 3%) for 36 h. During the staining period, micro-CT imaging was performed per 12 h (Figure 3A). The evaluation index for micro-CT image quality was the same as above. With the increase in staining time (p < 0.001) and I2-IK concentration (p < 0.001), CT value in the periphery region and center region of LNs were both increased. However, CNR were increased early (<12 h) and decreased later (>12 h) on the whole. Among them, when 1% I2-IK staining for 12 h, CNR of micro-CT image reached the peak (CNR = 2.77 ± 0.18) (Figures 3B–D).




Figure 3 | I2-IK-enhanced micro-CT imaging for clinical OSCC normal LNs. (A), Micro-CT image of normal LNs stained with different concentration of I2-IK for different time. (B, C), CT value in the peripheral region and central region of LNs. (D) CNR of LNs stained with different concentrations of I2-IK for different times. (**p < 0.01, ***p < 0.001).



After I2-IK-enhanced micro-CT imaging for normal LNs, another eight metastatic LNs were acquired to conduct I2-IK-enhanced micro-CT imaging. Among them, four LNs were larger than 2 cm in size, and four LNs were smaller than 2 cm in size. Given that, the volume of suspected metastatic LNs was larger than normal LNs. These LNs were also divided into 1% and 3% I2-IK groups (four LNs per group according to the volume). All LNs underwent micro-CT imaging before paraffin embedding. By comparing the micro-CT image with pathological image, we found that I2-IK-enhanced micro-CT imaging could clearly locate the metastatic foci in LNs (Figure 4). The region of high CT value was highly correlated with tumor tissue. Tumor background ratio (TBR = CTtumor/CTnormal) was adopted to determine the optimal parameter for metastatic LNs. According to the TBR value, 3% I2-IK staining was more valuable in showing metastatic foci than 1% I2-IK staining (TBR3% = 1.89 ± 0.10, TBR1% = 1.28 ± 0.07, p < 0.001). However, we also found that 3% I2-IK staining for 12 h will led to overstaining in the periphery region of LNs and increased the fragility of nonmetastatic LNs (Figure 4).




Figure 4 | I2-IK-enhanced micro-CT imaging before paraffin embedding for clinical OSCC regional metastatic LNs. After comparing the image of I2-IK-enhanced micro-CT with simple micro-CT image, we found that I2-IK could enhance the contrast between metastatic tumor tissues and normal LNs tissues and 3% I2-IK staining acquired better effect then 1% I2-IK. In addition, after comparing the image of I2-IK-enhanced micro-CT with subsequent pathological image, the region of high CT value was highly correlated with tumor tissues.



To observe the influence of paraffin-embedding process in the micro-CT image, all LNs underwent micro-CT imaging again after paraffin embedding. The results showed that after the paraffin-embedding process, I2-IK-enhanced micro-CT imaging could also clearly locate the metastatic foci in LNs (Figure 5). Moreover, the overstaining phenomenon caused by high concentration of I2-IK staining also disappeared (Figure 5).




Figure 5 | I2-IK-enhanced micro-CT imaging after paraffin embedding for clinical OSCC regional metastatic LNs. From the micro-CT image and pathological image, we found that I2-IK-enhanced micro-CT imaging could still clearly locate the metastatic foci in LNs. Moreover, the overstaining caused by high concentration I2-IK was disappeared after the paraffin-embedding process.





The Glycogen Content in Nonmetastatic LNs Tissue and Metastatic LNs Tissues

To further explore the explain the imaging differences between normal LN tissue and metastatic tumor tissue, the glycogen content was detected with the Liver/Muscle Glycogen assay kit. The results showed that the glycogen content of metastatic LNs tissue was significantly higher than nonmetastatic LN tissue (1.49 ± 0.04 vs. 1.22 ± 0.11, p < 0.001) (Figure 6A). For further validation of the content of glycogen in different tissues, metastatic and nonmetastatic LN tissues were also stained with PAS. The results showed that the content of glycogen in metastasis LN tissue were higher than nonmetastatic LN tissue (Figure 6B).




Figure 6 | The content of glycogen in metastatic LNs and nonmetastatic LNs. (A) The quantitative content of glycogen detected by Liver/Muscle Glycogen Assay Kit. (B) PAS staining image of LNs with/without metastasis (***p < 0.001).






Discussion

In the biological fields, I2-IK-enhanced micro-CT imaging was mainly introduced into the research of anatomical structure of various animals including invertebrates and vertebrate embryos (20, 26). The results showed that with the enhancement of I2-IK, micro-CT imaging could reveal with remarkable clarity which epithelial, muscular, and neural anatomy can be visualized in a range of very small specimens. In oncology, I2-IK-enhanced micro-CT imaging has been applied to image primary tumors such as lung cancer, and craniopharyngioma (19, 24, 27). The micro-CT image could clearly show the 3D-structure of tumor tissues, which can be highly correlated with traditional histology and immunohistochemistry. In our study, metastatic LNs were acquired to conduct I2-IK-enhanced micro-CT. Micro-CT image clearly showed that the intensity of tumor tissues was higher than the peripheral normal LN tissue. The area of tumor tissues was highly correlated with H&E staining and pan-CK immunohistochemical staining. Moreover, based on the micro-CT imaging of human LNs, we speculate that the micro-CT image of LN replaced by metastasis would be heterogeneous and the CT value will higher than normal LNs. Hence, there is no doubt that it is of great valuable to examine pathological samples with the assistance of I2-IK-enhanced micro-CT imaging.

As we all know, iodine (I2) could reacted with starch and glycogen and produce blue color and brown color, respectively. Previous studies (22) also indicated that the different affinity of I2-IK for different tissues may be related to the content of glycogen. Moreover, in the micro-CT image, the CT value of muscle around the metastatic LNs was higher than that in the LN tissues. This is in accord with the fact that muscles are rich in glycogen. In addition, in our previous study, we also found that I2-IK has different affinity for OSCC cells in culture with high and low glycogen (25). It reminded us that the glycogen content of tumor tissues maybe richer than that in normal tissue in LNs. In this study, we performed two different methods to detect the content of glycogen in metastatic and normal tissues in metastatic LNs. The results showed that the content of glycogen in metastatic tissue was higher than that in normal tissue in LNs. It provides the physiological basis for the application of I2-IK-enhanced micro-CT imaging for metastatic LNs.

The concentration of I2-IK and staining time were the two most important parameters for micro-CT imaging. According to the literature, staining with low concentrations of I2-IK needed more time for staining and had little contrast between different tissues, while staining with high concentrations of I2-IK may lead to overstaining, which reduces the contrast (23, 26, 28). Therefore, it is necessary to find the best concentration of Lugol’s iodine and staining time. In this study, by setting different concentrations of I2-IK and staining time, we found that staining with 3% I2-IK for 12 h was the optimal parameter for clinical OSCC metastatic LNs micro-CT imaging. However, the volume of metastasis LNs in this study was larger than that of normal LNs, and for small LNs with micro-metastasis, 1% concentration of I2-IK may be more superior to 3%. Moreover, the study was limited by the collection of metastasis LNs; only eight metastasis LNs were acquired for this study. There is still a need for more metastatic LNs samples to further determine the staining parameter for LNs with different volumes.

At present, the intraoperative treatment of regional LNs is blind due to the limitation of preoperative imageological examination such as CT and MRI (7, 29). Although sentinel LN biopsy (SLNB) provides the basis for the lymphadenectomy, the limitation of intraoperative pathological samples still produce a large number of false negative results (12, 30). In this study, we found that I2-IK-enhanced micro-CT image could clearly outline the spatial location of metastatic tissues in LNs. It could provide assistance for SLNs samples, which may decrease the false negative results of traditional pathological examination. However, in this study, the staining time of I2-IK staining was 12 h, which still needs to be shortened for intraoperative application.

There are still many deficiencies in this study. First, limited by the workload, serial section or semi-serial section staining could not be supplemented in this study. Second, we still cannot observe the feasibility of Lugol’s iodine enhanced micro-CT image in locating isolated tumoral cells (0.2 mm). Finally, limited by the LN samples, we have not evaluated the sensitivity and specificity of this technique. Hence, more work needs to be done to further demonstrate the value of Lugol’s iodine-enhanced micro-CT Imaging in locating micro-metastatic foci in LNs in the future.



Conclusion

By enhanced staining with I2-IK, micro-CT imaging could accurately locate the 3D position of metastatic foci in regional LNs of OSCC. This method would make up the shortage of blind sampling of traditional pathological examination, which would be valuable to reduce the rate of missed metastatic LNs. In the future, more efforts still need to be made to shorten the staining time so as to improve its potential intraoperative application value.
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