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Objective

This study aimed to explore the effectiveness of bioelectrical impedance spectroscopy in the identification of parathyroid glands during thyroid surgeries.



Method

All patients who received thyroid surgeries at our department from January 2018 to February 2020 were recruited for this study. The bioelectrical impedance spectroscopy analyzer was applied to analyze on following tissues: thyroid tissues, lymph nodes, adipose tissues, and the tissues suspected to be parathyroid glands. Postoperative pathological reports were obtained as the golden standard to compare with the characteristic parameters obtained from bioelectrical impedance spectroscopy. The receiver operating characteristic curve analysis was used to assess the diagnostic value and the selection of the optimal threshold of these parameters from bioelectrical impedance spectroscopy.



Results

A total of 512 patients were enrolled in the study and 1898 specimens were measured by the bioelectrical impedance spectroscopy analyzer. There were significant differences in the parameter of fc among parathyroid glands, thyroid tissues, lymph nodes, and adipose tissues (252.2 ± 45.8 vs 144.7 ± 26.1, 491.7 ± 87.4, 602.3 ± 57.3; P<0.001, P<0.001, P<0.001). The area under the receiver operating characteristic curves was 0.993 (95%CI: 0.989-0.996) for fc. When the diagnostic criterion of fc was set at 188.85 kHz~342.55 kHz, the sensitivity and specificity to identify parathyroid glands from lymph nodes and adipose tissues were both 100%. At this fc, the sensitivity and specificity to identify parathyroid glands from thyroid tissues were 91.1% and 99.0%, respectively.



Conclusion

In conclusion, bioelectrical impedance spectroscopy could assist to differentiate parathyroid glands from peripheral tissues during thyroid surgeries.
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Introduction

The incidence of thyroid neoplasm was increased in the past decades (1–6), and thyroid neoplasm ranks in ninth place for incidence and fifth for the most frequently diagnosed cancer in women worldwide (7). Thyroidectomy with central neck dissection has been widely adopted for the treatment of thyroid neoplasm (8–11). However, postoperative hypoparathyroidism is one of the main complications and the incidence ranges from 4.6% to 51.9% (12–14). Although the postoperative transient hypoparathyroidism may recover in a few months, it results in extended hospitalization and a poor experience for patients (15). In more severe cases, permanent hypoparathyroidism may occur and result in low quality of life (15–17).

Hypoparathyroidism is usually caused by parathyroid gland injury from mechanical or thermal trauma, devascularization, or removal (18–20). The surgeons need to do their best to protect parathyroid function by preserving the parathyroid gland in site with sufficient blood supply. Nevertheless, devascularization or accidental removal of parathyroid glands does happen despite of meticulous dissection in surgeries. In such cases, parathyroid gland autotransplantation is important to save the function of those parathyroid glands that could not be preserved in site (21–23). It is indisputable that functional recovery of the autotransplanted parathyroid gland depends on its survival rate (24, 25). Therefore, it is critical to keep the parathyroid glands fresh before transplantation. Because ischemia may denature parathyroid glands, autotransplantation should be performed as soon as possible. Currently, it takes at least 30 minutes for intraoperative frozen biopsy to identify accidentally removed parathyroid glands. Therefore, there is an unmet medical need to find other feasible and reliable methods to identify parathyroid glands in a shorter time during thyroid surgeries.

Electrical impedance is the measurement of resistance that a circuit poses to an alternating current when voltage is applied (26). The electrical properties of biological tissues in various frequency ranges are determined by the cellular components and structures, which generate characteristic impedance spectra (27). It was reported that electrical capacities were different between benign and malignant tumors in the breast (28). Electrical impedance of biological tissues is a complex data that combines resistance and capacitance. It depends on the frequency of the alternating current voltage applied to the tissues and reflects the tissue characteristics of conductivity and charge storage properties (27).

Bioelectrical Impedance Spectroscopy (BIS) had been applied to identify malignant lesions since 1984 (29). This technique had been widely used for the diagnosis of various carcinomas (30–34) and for characterizing various tissues (35, 36). As for thyroid neoplasm, there were several studies focused on the diagnosis of thyroid nodules (37–40). Antakia and colleagues used the BIS technique to identify parathyroid glands in neck central compartment surgeries of a rabbit model (26). In a study of 54 patients, Hillary et al. suggested the feasibility of using the technique to aid parathyroid identification and preservation during thyroid and/or parathyroid surgery (41). In the current study, we included 512 patients to investigate the effectiveness of BIS in the identification of human parathyroid glands from other soft tissues during thyroid surgeries.



Patients and methods


Patients

This study recruited patients who underwent thyroid surgeries for various thyroid diseases at the Department of Thyroid and Breast Surgery of Chengdu Third People’s Hospital from January 2018 to February 2020. The study protocol was approved by the Ethics Committee of Chengdu Third People’s Hospital for the use of human subjects in research. All patients were provided written informed consent.



Methods

Different tissues exhibit different bioelectrical characteristics, thus bioimpedance can be adopted to characterize tissues. One popular method for tissue characterization is to fit spectroscopic data to the Cole-Cole model (42). The Cole equation models the behavior of permittivity and conductivity as a function of frequency:

	

Where Z (f) is the bioimpedance spectrum which is a vector of impedances; f is the spectrum frequency; R∞ is the impedance at infinite frequency; R0 is the impedance at direct current; fc is the characteristic frequency of the tissue under analysis; α is the constant that characterizes the Cole distribution function. Data Z (f) are fitted by nonlinear regression curve fitting. The resulting model parameter vector for each tissue is m = [R0;R∞; fc; α]. The BIS analyzer (MScan1.0B, Sealand Technology, Chengdu, China; Figure 1) was used to measure the impedance of different specimens. The mechanism and measurement method of the BIS analyzer were also introduced by Du Z and Wu J (33, 34) and four parameters (R0, R∞, fc, and α)were included in the analysis. The BIS analyzer was applied to the following tissues within two minutes after being resected during surgeries: thyroid glands, lymph nodes, adipose tissues, and tissues suspected to be parathyroid glands. Suspected parathyroid glands included true parathyroid glands that could not be preserved in site for surgical reasons and possible parathyroid glands confirmed to be lymph nodes and adipose tissues. Postoperative pathological reports were obtained by examining the paraffin sections and served as the golden standard to compare the BIS parameters.




Figure 1 | The Bioelectrical Impedance Spectroscopy analyzer. (A) analyzer. (B) probe. (C) the way of measurement.





Statistical analysis

The statistical analysis was performed with SPSS version 23.0 software (SPSS Inc, Chicago, IL). The results of parameters of BIS were expressed as mean ± standard deviation (SD) Unpaired Student’s t-test was used to compare between groups. The receiver operating characteristic (ROC) curve analysis was used for the judgment of the diagnostic ability of the parameters and the selection of the optimal threshold value for diagnosis. The data of the tissues that were suspected to be parathyroid glands were used to verify the accuracy of the given diagnostic criteria. Statistical significance was set at P<0.05.




Results

A total of 512 patients were enrolled in this study, among which 436 patients underwent thyroid surgeries for carcinoma, 43 patients for thyroid adenoma, and 33 patients for multinodular goiter. During surgeries, 1898 specimens were analyzed by the BIS analyzer, among which 362 specimens were suspected as parathyroid glands and were further examined by the intraoperative frozen section biopsy (Table 1). The results of postoperative pathology examinations and BIS parameters of different tissues were listed in Table 2. There were significant differences in the parameter fc between parathyroid glands and thyroid tissues, lymph nodes, and adipose tissues. Similar differences were obtained in the parameters of R0/R∞ and α between parathyroid glands and thyroid tissues, lymph nodes, and adipose tissues (Table 2).


Table 1 | The relationship between patients and measured tissues.




Table 2 | The parameters of BIS of different tissue.



We further analyzed the distribution of BIS parameters among different tissues. There were significantly different distributions in fc among these tissues (Figure 2). The fc of the parathyroid gland slightly overlapped with that of the thyroid tissues, but there was no overlap between parathyroid glands and lymph nodes or adipose tissues (Figure 2A). The distribution of parameters of R0/R∞ and α of parathyroid glands partly overlapped with that of thyroid tissues as well as that of lymph nodes (Figures 2B, C).




Figure 2 | The distribution of Bioelectrical Impedance Spectroscopy parameters of different tissue. (A) parameter of fc. (B) parameter of R0/R∞. (C) parameter of α. PG parathyroid gland, T thyroid, LN lymph node, AT adipose tissue.



The area under the ROC curves was 0.993 (95%CI: 0.989-0.996; Figure 3A), 0.944(95%CI: 0.934-0.954; Figure 3B) and 0.948(95%CI: 0.938-0.958; Figure 3B) for fc, R0/R∞, and α, respectively. According to these results, fc was selected to further evaluate its diagnostic value. The mean value of fc for parathyroid glands was larger than that for thyroid tissues (252.2 ± 45.8 vs 144.7 ± 26.1, P<0.001; Table 2), but was lower than that for lymph nodes and adipose tissues (252.2 ± 45.8 vs 491.7 ± 87.4, 602.3 ± 57.3; respectively, P<0.001, P<0.001; Table 2). The ranges of fc did not overlap between parathyroid glands, lymph nodes, or adipose tissues (Figure 2A). The upper threshold of fc was 342.55 kHz according to the ROC curve analysis (sensitivity 100%, specificity 100%). The lower threshold of fc was 188.85 kHz (sensitivity 91.1%, specificity 99.0%; Figure 3A). The sensitivity and specificity were both 100% when the diagnostic criterion was used for identification of the tissues suspected to be parathyroid glands.




Figure 3 | ROC curve for the parameters of Bioelectrical Impedance Spectroscopy. (A) parameter of fc. (B) parameter of R0/R∞ and α. ROC receiver operating characteristic.





Discussion

In this study, we confirmed that the bioelectrical impedances were different among the parathyroid glands, thyroid tissues, lymph nodes, and adipose tissues. The fc had some overlap between the parathyroid glands and thyroid tissues, but it had no overlap between parathyroids and lymph nodes or adipose tissues. The R0/R∞ and α of the parathyroid glands were the lowest among those of the four types of tissue.

A possible explanation is that different tissues consist of different types of cells or different proportions of similar cells. The bioelectrical impedances of tissues are determined by the properties of cells, the patterns of how these cells were constructed, and the cellular constituents such as lipid content and nuclear size, etc. Based on a similar theory, a multiparametric imaging approach can help to differentiate the parathyroid gland from the thyroid (43). In this study, the BIS parameters of the parathyroid glands were proved to be significantly different from those of other tissues. The types of cells in tissues might be responsible for the differences in BIS parameters. As described by Antakia et al., a thyroid gland is composed mostly of follicles that store thyroglobulin, lined by a single layer of epithelial cells with calcitonin secreting parafollicular cells scattered between follicles (26). In contrast, a parathyroid gland is composed of densely packed chief and oxyphil cells. Although fine-needle aspiration cytology confirmed that there is significant overlap in the cytomorphologic features of cells derived from the parathyroid and thyroid gland, the parathyroid was significantly associated with vascular proliferation, bare nuclei, intracytoplasmic fat vacuolation, high cellularity, and the absence of colloid (44, 45). Our data suggested that the compositions of lymph nodes and adipose tissue were different from that of the parathyroid gland and thyroid, which manifested in their distinctive BIS parameters.

From the view of thyroid surgeons, the greatest challenge of identifying parathyroid gland is to distinguish the parathyroid glands from the adipose tissue with naked eyes because of their similar appearance. Occasionally, lymph nodes might also be mistakenly identified as parathyroid glands. The use of marking techniques, such as carbon nanoparticle, methylene blue, and near-infrared imaging, provides some degree of help to distinguish these tissues (46–48). However, parathyroid glands are always accompanied or wrapped by adipose tissues, which causes the greatest challenge of identification.

In recent decades, more marking instruments have become available. Pasta and coworkers reported that Technetium (Tc99m)-sestaMIBI was a helpful radiotracer for intraoperative localization of the parathyroid glands (49). Methylene blue was tested as a tracer for parathyroid identification, and the carbon nanoparticle was also used as a marking method (46). Carbon nanoparticle is a lymphatic tracer that stains and distinguishes the thyroid and lymphatic system, while the parathyroid and adipose tissues can be differentiated by being untinged. Near-infrared auto-fluorescence spectroscopy was also reported to be able to identify the parathyroid glands during thyroid surgeries (48). However, such methods still require the experience of surgeons to distinguish parathyroid glands from adipose tissues.

During surgeries, surgeons often preserve the suspected parathyroid glands in site, but the nature of these suspected parathyroid glands may not be verified by pathology examination. In this study, we used a BIS analyzer to analyze those suspected parathyroid glands that could not be preserved in site or found in the intraoperative resected specimens. The natures of these suspected parathyroid glands were verified by intraoperative frozen pathological examination. When the parathyroid glands were confirmed by intraoperative frozen pathological diagnoses, they were transplanted into the sternocleidomastoid muscle. One of the most difficult issues is that intraoperative frozen pathological diagnoses always takes more than 30 minutes to get the reports. In contrast, BIS analyses only took a few minutes, and our results showed that the parameter fc had perfect accuracy in distinguishing the parathyroid gland from lymph node and adipose tissue.

Our study opens new avenues for further research on this line. For example, the bioelectrical impedances could be sensitive to environment temperature and humidity. Whether these environmental changes may affect the cellular constituents such as lipid content and nuclear size needs further investigation. Some multicenter trials with larger samples are necessary to establish more reliable and accurate criteria.



Conclusions

In summary, this study indicates that the bioelectrical impedances vary from tissue to tissue. BIS is a potentially powerful tool to assist in identifying the parathyroid gland during thyroid surgeries. The results of this study would help reduce the incidence of postoperative hypoparathyroidism and thus help the recovery and quality of life of patients.
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