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Editorial on the Research Topic 


Radiofrequency Ablation (RFA) as an Alternative to Conventional Treatment


Ultrasound (US)-guided radiofrequency ablation (RFA) is a minimally invasive treatment modality that may be an alternative to surgery in patients with benign thyroid nodules. In addition, it may serve as an alternative treatment for carefully selected papillary microcarcinomas (PMC) and recurrent thyroid cancers.

In a systematic review on 17 retrospective studies, Monpeyssen et al. provided evidence for the effectiveness of RFA in reducing nodular volume and compressive and cosmetic symptoms in benign thyroid nodules, without causing thyroid dysfunction or life-threatening complications. Indeed, RFA is a percutaneous treatment that results in thermal tissue necrosis and ultimately fibrosis within the target nodule. As a result of this process, the nodules shrink with a 12-month volume reduction rate ranging from 67 to 75% for those lesions undergoing a single procedure. Thermal ablation, however, is an operator-dependent technique and should be performed in centers with RFA specific expertise. Two single center, retrospective studies (Bernardi et al., Bisceglia et al.) found that efficacy should always be evaluated at specific time points (1, 3, 6 and 12 months), with the one-year follow-up visit being generally considered optimal for assessing final outcome. In these cohorts of patients, there was a good association between initial ablation ratio and volume reduction ratio (VRR) 1 and 5 years after the procedure. Proper selection of the patients appears to be a key step with the nodule size (<25ml) and the echotexture (i.e., macrocystic pattern) being the parameters that positively predict the outcome of the treatment.

Moreover, two reviews (Cesareo et al., Pace-Asciak et al.) demonstrated that RFA can be successfully used to treat autonomously functioning thyroid nodules displaying signs or symptoms of compression to adjacent structures, hyperthyroidism, and in pretoxic nodules. Such an approach represents a valuable alternative to therapies that may complicate pre-existing chronic disorders in elderly patients, or that are controversial in young women, like radioactive iodine therapy. Even in these cases, patient selection is essential to optimize treatment efficacy in terms of volume reduction and thyroid function normalization.

Indications for RFA in treating small primary differentiated thyroid cancers is a hot topic now. Benefits on health-related quality of life (HRQL) have been reported in a large cohort of patients with nonaggressive thyroid malignancies not amenable to surgery due to the presence of co-morbidities (Lan et al.) Mauri et al. reported promising data in properly selected, very low risk thyroid cancer patients, especially in PMC, T1 N0, in whom RFA turned out to be a safe alternative to either surgery or active surveillance. RFA could contribute to reduce the treatment burden of surgery and/or the psychological burden of active surveillance for these patients.

The purpose of discussing these issues in the Research Topic of Frontiers in Endocrinology session is to highlight the current and possible future utility of RFA as an alternative therapeutic approach in treating benign and malignant thyroid diseases.
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Objective: Papillary thyroid microcarcinoma (PTMC) has a good prognosis and a long survival time. Health-related quality of life (HRQoL) is vital for PTMC patients during their survivorship. Ultrasound (US)-guided radiofrequency ablation (RFA), which has high efficacy and safety, is recommended as an alternative treatment to surgery for the patients with low-risk PTMC. However, the assessment of QoL of patients with PTMC has not been specially reported. The purpose of our study was to compare the HRQoL of patients with PTMC who underwent RFA and those who underwent surgery.

Methods: From October 2019 to December 2019, 88 PTMC patients were enrolled in our study, including 54 in RFA group and 34 in surgery group. We used three questionnaires which included the 36-item short form health survey (SF-36), thyroid cancer-specific quality of life (THYCA-QOL), and Fear of Progression Questionnaire-Short Form (FoP-Q-SF) for each patient to evaluate their scores of HRQoL. The scores were compared after adjusting for age, sex, medical expense, and follow-up time.

Results: According to the SF-36, the scores of the domain for the role limitation due to physical problems and emotional problems (RP, RE) as well as Physical Component Summary (PCS) showed a significant negative linear association between the RFA group and surgery group: RP coefficient [coef]−22.613 [confidence interval (CI) −33.504 to −11.723], p < 0.001, RE (coef: −21.901 [CI −36.737 to −7.064], p = 0.004), and PCS (coef: −8.312 [CI −13.694 to −2.930], p = 0.003). The THYCA-QOL showed that the scores of the surgery group were higher than that of the RFA group regarding scars (coef: 10.246 [CI 1.330 to 19.162], p = 0.025 according to the multivariate analysis), suggesting a higher level of complaint in the surgery group. There was no statistically significant difference in the scores of FoP-Q-SF between the two groups.

Conclusions: In patients with PTMC, US-guided RFA offers advantage over surgery in terms of HRQoL, which supports the role of RFA as an alternative strategy to surgery.

Keywords: papillary thyroid microcarcinoma (PTMC), ultrasound, radiofrequency ablation (RFA), surgery, quality of life


INTRODUCTION

Papillary thyroid microcarcinoma (PTMC), which is papillary thyroid carcinoma (PTC) with a maximum diameter of ≤ 1 cm (1, 2), has high incidence, low mortality rate, and over 90% 10-year survival rate (3–6). Although it is often referred to as the “good cancer,” health-related quality of life (HRQoL) is often reduced by sleep disorders, fatigue, and limited daily activity compared with general people (7, 8). Studies showed that HRQoL of thyroid cancer survivors is negatively affected for up to 20 years after treatment (9). Thus, more attention should be paid to the HRQoL of patients when choosing treatment strategy (10).

The recent American Thyroid Association (ATA) Guidelines also emphasize that physicians should consider long-term quality of life outcomes when making treatment decisions, and recommend active surveillance (AS) for PTMC (2). However, patients who worry about untreated tumors or tumor metastases may experience significant psychological stress (11). Although surgery is a general recommendation of treatment (2, 12–14), it may cause some complications such as permanent recurrent laryngeal nerve paralysis, hypothyroidism, hypoparathyroidism, or an ugly scar (15–19), which may decrease QoL of thyroid cancer survivors and negatively affect their psychological well-being and social function (7, 20).

Ultrasound (US)-guided thermal ablation has become a new treatment strategy for thyroid nodules (21–25). The efficacy and safety of microwave ablation and radiofrequency ablation (RFA) in the treatment of thyroid microcarcinoma have been demonstrated in previous studies (26–28). However, the comparative study of the quality of life for thyroid cancer patients between undergoing surgery and thermal ablation has not been reported yet.

In this study, we sought to make the comparison of HRQoL between the low-risk PTMC patients who underwent US-guided RFA and surgery by using three different and validated questionnaires.



MATERIALS AND METHODS


Patients

The comparative study was approved by the Institutional Review Board at General Hospital of Chinese PLA (S2019-211-01). Informed consent for treatment and questionnaire procedures was obtained from each participant. From October 2019 to December 2019, 88 patients (15 male and 73 female with an average age of 42.09 years ± 10.02 years ranging from 23 years to 64 years) who had undergone RFA or open surgery in our hospital were enrolled in our study (Figure 1A).


[image: Figure 1]
Figure 1A. The flow chart of inclusion and exclusion of the RFA and surgery group. PTC, papillary thyroid carcinoma; PTMC, papillary thyroid microcarcinoma; US, ultrasound.


For the RFA group, patients were enrolled in this study if they fulfilled the following criteria: (1) a solitary suspicious thyroid nodule with a maximum diameter of less than 1 cm was detected by US; (2) low-risk PTMC, which is defined as patients without any evidence of nodal or distant metastases, extrathyroidal extension, or history of radiation exposure (2, 12); (3) core needle biopsy (CNB) confirming PTMC without aggressive histological type (except hobnail, poorly differentiated, or tall cell variants) (29); (4) patients refused surgery or were poor candidates for surgery; and (5) more than 1 month's follow-up.

For the surgery group, patients had undergone surgery and were included in this study if they fulfilled the following criteria: (1) a solitary suspicious thyroid nodule with a maximum diameter of ≤ 1 cm detected by pre-operative US; (2) low-risk PTMC, which is defined as patients without any evidence of nodal or distant metastases, extrathyroidal extension, or history of radiation exposure (2, 12); (3) surgical pathology confirming PTMC without aggressive histological type and no other aggressive features; and (4) more than 1 month's follow-up.

A total of 54 PTMC patients underwent RFA, two of whom were poor candidates for surgery due to chronic cardiac insufficiency, and 52 of whom subjectively refused open surgery or active surveillance. 34 PTMC patients underwent surgery, with 16 patients who underwent total thyroidectomy and 18 patients who underwent unilateral lobectomy.

All PTC patients who underwent surgery or RFA came to our department for review and filled in the questionnaire, and the questionnaire screening process was completed by the investigator (Y.L.) alone. The characteristics of tumors and surgical methods of the patients were obtained from the electronic medical record system of our hospital, and the questionnaires of the patients meeting the inclusion criteria were enrolled in this study (Figure 1B).


[image: Figure 1]
Figure 1B. The flow chart of follow-up process.




Ablation Procedure

In our study, all patients underwent routine US and contrast-enhanced ultrasonography (CEUS) examination before ablation by using a 15L8W linear array transducer and a real-time US System (Siemens ACUSON Sequoia 512, Siemens, Mountain View, CA), a L12-5 linear array transducer and a real-time US System (Philips EPIQ7, Philips Healthcare, Bothell, WA), or a L12-4 linear array transducer and a real-time US System (Mindray M9, Mindray, Shenzhen, China). Routine US characteristics of lesions including location, composition, echogenicity, shape, margin, and echogenic foci (Table 1) were assessed and recorded according to the ACR TI-RADS (30). All RFA procedures were performed by the same sonographer (K.Y.L.), who has 20 years' clinical experience in routine and interventional US.


Table 1. Tumor characteristics of RFA and surgery group.

[image: Table 1]

Patients lay in the supine position with their necks extended. Skin sterilization was performed and 1% lidocaine was used for local anesthesia at the intended puncture site. The hydrodissection technique was used with a mixture of 1% lidocaine injected into the anterior capsule space and normal saline injected into the posterior capsule space to protect vital structures (cervical artery, trachea, esophagus, recurrent laryngeal nerve) to prevent thermal injury when the distance between the lesion and the surrounding vital structures was <5 mm. Moving-shot ablation technique was used to perform the RFA. (22, 25). The RFA extends beyond the edge of the lesion to prevent local residue and recurrence. When all the target areas become transient hyperechoic zones, the ablation stops. During the procedure, more attention would be paid to protecting the surrounding vital structures to prevent serious complications such as hematoma formation or nerve injury. After RFA, all patients were observed for 1 to 2 h and were evaluated for any complications during or immediately after RFA operation.



Surgery Procedure

Patients in the surgery group were operated on by surgeons (W.T. or Z.Q.) with more than 20 years of experience in thyroid surgery. They complete more than 1,000 surgical procedures each year. Surgical procedures are performed according to the ATA guidelines (2), including unilateral lobectomy or total thyroidectomy with or without cervical lymph node dissection and iodine therapy.



Demographic and Clinical Characteristics

Demographic characteristics, such as age, sex, height, weight, marital status, education level, employment status, source of medical expenses, and place to live, were collected. Clinical characteristics such as data regarding levothyroxine (LT4) supplementation, comorbidity, and family history of thyroid cancer were collected.



HRQoL Questionnaires
 
Short-Form Survey

The SF-36 (Chinese version) is a multi-purpose short form survey, a well-validated and standardized questionnaire measuring HRQoL that is used in many publications (31–35). It consists of 36 questions measuring eight domains: physical functioning (PF), role-physical (RP), bodily pain (BP), general health (GH), vitality (VT), social functioning (SF), role-emotional (RE), and mental health (MH). Two total scores can be calculated: physical component summary (PCS) and mental component summary (MCS) representing the physical wellbeing and emotional wellbeing, respectively. All scores of domains are transformed to scales of 0 to 100. The higher scores on the domains indicate lower disability and better HRQoL.



Thyroid Cancer-Specific Quality of Life Questionnaire (THYCA-QOL)

The Chinese version of THYCA-QOL was used to assess the thyroid-specific symptoms resulting from the thyroid cancer itself or its treatment (36). It includes 24 questions measuring seven symptom domains (neuromuscular, voice, attention, sympathetic, throat/mouth, psychological, and sensory symptoms), as well as six single scales (scar, feeling cold, tingling sensation, weight gain, headache, and reduced sexual interest) (7, 37). The questionnaire has a strict time scale (4 weeks for the sexual interest item, 1 week for the other items). All items are classified into four levels (1 = “not at all,” 2 = “a little,” 3 = “quite a bit,” and 4 = “very much”) and are counted as 1 to 4 points. A higher score represents more complaints and worse HRQoL caused by that symptom (37).



Fear of Progression Questionnaire

This questionnaire was developed by Mehnert et al. (38) and has been applied to patients with systemic sclerosis (39) and cancer (40) with high reliability and validity. It consists of 12 items measuring two domains (physiological health dimension and social family dimension). The Likert 1 to 5 score method is adopted. Each item is scored from 1 to 5: “never” to “often.” The scale is self-rated by patients with a total score of 12 to 60 points. A higher score indicates a greater level of anxiety about disease progression.

All questionnaires in this study were sent and received by the investigator (Y.L.), who explained the method of filling in the questionnaires. The three questionnaires mentioned above were completed after obtaining the patients' informed consent. The researcher checked whether the questionnaire was wrongly written or omitted and corrected in time.




Statistical Analysis

Categorical variables were expressed as numbers, and continuous variables were presented as the mean and standard deviation. Continuous variables were compared using t-test. By using univariate and multivariate regression analyses, we compared the differences in scores between RFA group and surgery group. The age, sex, medical expense, and interval time were adjusted in multivariate model. All p-values were two-sided, and p < 0.05 was considered as statistically significant difference. The SPSS statistical software (version 24.0; IBM, Inc., Chicago, IL) was used to perform all statistical analyses, and the figures were generated using Graph Pad Prism 8.0 (Graph Pad Software, Inc., San Diego, CA).




RESULTS


Baseline Characteristics of the Patients

Baseline characteristics had no difference between the RFA group and surgery group in age, sex, BMI, marital status, education level, employment status, comorbidity, family history of thyroid cancer, place to live, and LT4 supplementation. However, in comparison to the patients in the RFA group, patients who underwent surgery were more likely to be patients who can receive medical reimbursement. The time interval from operation to questionnaires completion was also significantly different (5.57 months vs. 20.29 months, p < 0.001; Table 2). Meanwhile, there was no significant difference in the baseline characteristics of patients in the unilateral lobectomy group and the total lobectomy group (all p > 0.05, Table 2).


Table 2. Baseline characteristics of papillary thyroid microcarcinoma patients in RFA group and surgery group.

[image: Table 2]

Among the 34 patients who underwent open surgery, two experienced postoperative hoarse voice. One patient recovered 1 month after surgery and another one was still not recovered at the time of questionnaire completion (3 months after surgery). No complications occurred in the RFA group in this study.

In order to find out the factors related to the HRQoL of PTMC patients, univariate analysis was performed. Both sex and medical expense as categorical variables, as well as age and follow-up duration as continuous variables, are associated with many HRQoL parameters (Table 3). Thus, in order to control the interference of confounding factors, the variables for age, sex, medical expenses, and follow-up time were adjusted during the multivariate analysis.


Table 3. Factors related to the quality of life of papillary thyroid microcarcinoma patients.

[image: Table 3]



SF-36 Questionnaire Scores

The RP, BP, SF, RE, and PCS scores of patients in the RFA group were clearly higher than that in the surgery group (Figure 2). In both univariate and multivariate analyses, the RP, RE, and PCS scores showed a significant negative linear association between RFA group and the surgery group: RP (coefficient [coef] −22.613 [confidence interval (CI) −33.504 to −11.723], p < 0.001, RE (coef: −21.901 [CI −36.737 to −7.064], p = 0.004), and PCS (coef: −8.312 [CI −13.694 to −2.930], p = 0.003). The results suggested that the physical wellbeing of patients in the RFA group was better than in the surgery group (Table 4). In addition, RP, SF, and PCS scores of patients in the unilateral lobectomy group were clearly higher than that in the total thyroidectomy (Table 5).


[image: Figure 2]
FIGURE 2. SF-36 score comparison between patients with PTMC in the RFA group and in the surgery group: the patients in the RFA group showed significantly higher scores than the surgery group in 4 domains of HRQoL (*p < 0.05).



Table 4. Comparison of quality of life in patients with papillary thyroid microcarcinoma who underwent ablation vs. those who underwent surgery.

[image: Table 4]


Table 5. Comparison of quality of life in patients with papillary thyroid microcarcinoma who underwent unilateral lobectomy vs. those who underwent total thyroidectomy.

[image: Table 5]



THYCA-QOL Questionnaire Scores

The “problems with scarring” and “less interest in sex” scale scores of patients in the RFA group were lower than in the surgery group, indicating a lower level of complaint relating to symptom in the RFA group (Table 4, Figure 3). In both univariate and multivariate analyses, the “problems with scarring” scale score showed a significant positive linear association between groups (coef: 10.246 [CI 1.330 to 19.162], p = 0.025 according to the multivariate analysis). The “less interest in sex” scale score showed a significant difference between the two groups in the univariate analysis but in the multivariate analysis there was no significant difference (Table 4). Psychological scores were clearly higher in the unilateral lobectomy group than in the total thyroidectomy (Table 5).


[image: Figure 3]
FIGURE 3. THYCA-QoL score comparison between patients with PTMC in the RFA group and in the surgery group: the patients in the RFA group showed significantly lower scores than the surgery group in 2 domains of HRQoL (*p <0.05).




FoP-Q-SF Questionnaire Scores

Neither physical health nor social family domain had significant differences in FoP-Q-SF questionnaire scores between the two groups in all analyses (p > 0.05) (Table 4).




DISCUSSION

With the development of medicine, the definition of health has been changing (41), which is defined as a combination of physical, emotional, and social potential, not simply the absence of disease. Additionally, HRQoL reflects personal satisfaction or happiness with their life, and to some extent it may affect or be affected by a certain aspect of the “health” definition mentioned above. Thus, HRQoL has been introduced as an assessment of an individual's health status. The recent ATA Guidelines also emphasize the importance of long-term HRQoL outcomes when physicians make treatment decisions (2).

Our study evaluated the HRQoL of patients with PTMC under different treatment strategies. Several significant differences were found in parameters of the SF-36 questionnaires between the RFA group and the surgery group. After adjusting for age, sex, medical expense, and follow-up duration, the surgery group reported more problems associated with PCS, RP, and RE than the RFA group. RP and RE represent restrictions on daily activities or work due to physical and emotional effects, respectively. PCS represents the overall physical health of the patients. Therefore, patients in the surgery group suffered more adverse effects than those in the RFA group, especially for those who underwent total thyroidectomy. The result is consistent with the results of Lubitz CC et al., which reported that the domain of RE remained decreased years after surgery even without the recurrence of PTC (42).The cause may be due to surgical trauma or complications (43). In general, the greater the surgical trauma, the more likely it is to cause complications (44, 45). According to research reports, the probability of permanent recurrent laryngeal nerve injury after surgery is 0 to 12%, and the probability of permanent hypocalcemia is 0 to 7% (46–48). However, RFA seems to present fewer complications (48). In our study, no patients in the RFA group reported complications. Therefore, we believe that the smaller the trauma, the lower the possibility of complications and the higher the quality of life in patients with PTMC.

In addition, the THYCA-QoL questionnaire used in our study had an item about scarring problems. The problem of scarring was more common in patients who underwent surgery than those who underwent RFA. This was one of the major causes of quality of life decline in the surgery group. Previous studies had revealed that an obvious scar may negatively affect the HRQoL of PTC patients (49) because of the majority of women with thyroid cancer and a good prognosis, a significant number of patients are concerned about permanent and unsightly scars. Although surgery was recommended, the concerns about scarring may affect the HRQoL of survivors from seemly minor problems such as difficulties in choosing clothes to more significant problem such as avoiding communicating with others and developing an inferiority complex, even influencing their career development (50). Additionally, quite a lot of patients may think that the apparent scar may have caused damage to their body image, which is a definition of an individual's subjective view of their own body and has to do with self-esteem and self-perception, closely related with HRQoL.

Some studies had revealed that patients with post-treatment thyroid cancer are constantly concerned about recurrence and metastasis during long-term follow up (51). Hedman et al. reported that only 7% of patients actually experience disease recurrence, but up to 48% of thyroid cancer patients are under pressure to worry about recurrence, which has seriously affected their quality of life (52). The perceptions of the disease from thyroid cancer survivors are often subjective and emotional, and may be inconsistent with the actual severity of the disease. However, in our study, it had no significant difference between the RFA group and the surgery group in the analysis of anxieties and fears associated with disease progression using the FoP-Q-SF questionnaire. This reveals that the patients in the RFA group were not more concerned about the progression of the disease although ablative therapy was only localized to the lesion, which was one of the main concerns during the follow-up of patients who underwent RFA. However, the patients in the RFA group reported less interest in sexual activity with no statistical significance after adjustment in the multivariate analysis, which may be associated with some anxiety resulting from cancer itself (53).

The three questionnaires used in this study have been demonstrated by previous studies to be validated in evaluating patients' HRQoL. Among them, SF-36 is considered to be a commonly used and sensitive instrument in measuring HRQoL in thyroid cancer in previous studies (54). Gou J et al. reported that RP, RE, and PCS of SF-36 were the factors associated with the HRQoL of patients with PTMC (43). These results are consistent with our study. It indicates that SF-36 is an appropriate tool to evaluate HRQoL of thyroid cancer survivors. However, the SF-36 cannot evaluate all aspects of HRQoL such as disease symptoms or treatment side effects. Thus, the THYCA-QoL questionnaire and FoP-Q-SF were included as a reasonable complement to evaluate important aspects regarding thyroid cancer-specific symptoms (7) and fear of disease progression, which may be the strong determinants of the quality of life after thyroid cancer.

Since the strategy of RFA was first introduced in patients with PTMCs, many studies reported its safety and efficacy for treating low-risk PTMCs (26, 55). Our study suggests that RFA may have advantages in improving the HRQoL of patients with no relationship to anxiety or fear associated with disease progression.

This study has several limitations. First, the baseline characteristics of patients between the two treatment groups were not all matched even though the multivariate analysis was adjusted for patients' follow-up duration, which was a key factor in the assessment of HRQoL (56) as well as medical expense (57). Thus, the results of this study can be biased. Second, the number of patients included in our study was limited. Third, the follow-up time is not long enough, which may overestimate the negative impact of surgery to HRQoL (58), since the HRQoL of cancer patients may improve over time after surgery (7). Last, preoperative quality of life was unknown in both groups. Thus, prospective studies with large samples and longer-term follow-up are proposed.

In conclusion, our study suggested that US-guided RFA offers advantage in terms of HRQoL and supports the role of ablation as an alternative strategy for patients with PTMC except for surgery.
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Background: Thyroid nodules are an extremely common occurrence, as their prevalence in the general population is estimated to range between 50 and 70%. Some of these nodules are autonomously functioning such that they can cause hyperthyroidism over time. In this case, surgery and radioiodine represent the standard of care. Nevertheless, patients might have contraindications or be unwilling to undergo these treatments. Minimally-invasive ultrasound-guided techniques, such as laser and radiofrequency ablation (RFA), have been recently introduced into clinical practice as an alternative treatment for symptomatic benign thyroid nodules. Due to their efficacy and tolerability, these techniques have become increasingly available and their usage has been extended also to autonomously functioning thyroid nodules (AFTN).

Methods: In this narrative review, we will describe the studies reporting the therapeutic effects of RFA on AFTN, the studies reporting how RFA compares to the other treatment modalities, as well as the current indications for the use of RFA in patients with AFTN. For this purpose, a comprehensive literature search was independently conducted by three investigators on PubMed, EMBASE, and the Cochrane Library from inception up to February 2020 to identify published articles concerning the effects of RFA on AFTN.

Results and Conclusions: Current consensus statements and guidelines support the notion that RFA should be regarded as a first-line therapy for non-functioning benign thyroid nodules, while it remains a valid second-line option for AFTN treatment in case of contraindications or patient unwillingness to undergo surgery or radioiodine.

Keywords: radiofrequency ablation, AFTN, benign thyroid adenoma, guideline, thyroid


INTRODUCTION

Thyroid nodules are an extremely common occurrence. Some of them are autonomously functioning thyroid nodules (AFTN), which are characterized by the production of a greater amount of thyroid hormones, causing hyperthyroidism over time. The prevalence of AFTN varies according to the geographical area and iodine intake. In the general population, it is estimated that their prevalence ranges from 2.7 to 4.4% (1), but moving from iodine sufficient to iodine deficient areas such as South America and Europe, AFTN can account for as much as 30% of cases of hyperthyroidism (2). Iodine deficiency, which impairs thyroid hormone synthesis and stimulates cellular growth, is the major risk factor for thyroid nodule autonomy development (2). In addition, many AFTN exhibit a somatic point mutation in the TSHR gene leading to a constitutive activation of TSHR (3), with subsequent tissue enlargement and thyroid hormone overproduction. Although AFTN can produce greater amounts of thyroid hormones, causing hyperthyroidism over time, many do so slowly, as shown in a study on euthyroid patients with AFTN, who became hyperthyroid at a rate of 4% per year (4). Nevertheless, nodules with a maximum diameter >3 cm (or with a volume >5 ml) are more likely to cause hyperthyroidism over time (5).

Given that antithyroid drugs can reduce thyroid hormones but can not cure AFTN, surgery and radioactive iodine represent the standard of care for this condition (6), particularly when AFTN become symptomatic (7). Nevertheless, patients might have contraindications or be unwilling to undergo these procedures. Recently, minimally-invasive ultrasound-guided techniques, such as laser and radiofrequency ablation (RFA), have been introduced into clinical practice as an alternative treatment for symptomatic benign thyroid nodules (8), including AFTN (9–11).

Focusing on RFA, this is an outpatient procedure, which is generally performed under local anesthesia. It requires the ultrasound-guided insertion of an electrode needle generating an alternating electric field into the nodule. Then, the electrode tip is sequentially moved from the deepest to the superficial parts of the nodule, inducing rapid heating of the target zones. Treatment is accompanied by the formation of coagulative necrosis, and, over time, by fibrotic changes with progressive nodule shrinkage (12, 13). The use of RFA to treat symptomatic thyroid nodules is supported by robust evidence of efficacy and tolerability (14), with a risk of major complications lower than 1% (15).

Here, we will review the therapeutic effects of RFA on AFTN, how this technique compares to the other existing procedures (surgery and radioiodine) in terms of efficacy, complications, and cost, as well as the current indications to RFA in patients with AFTN. For this purpose, a comprehensive literature search was independently conducted by three investigators on PubMed, EMBASE, and the Cochrane Library from inception up to February 2020 to identify published articles concerning the effects of RFA on AFTN. The term radiofrequency was matched with the following terms: thyroid, hyperthyroidism, thyrotoxicosis, autonomous, or toxic or hyperfunctioning adenoma, or autonomously functioning thyroid nodules. We searched for articles published in English and those involving human participants. Additional exclusion criteria for full texts included pediatric populations and case reports. Three investigators independently searched papers, screened titles, and abstracts of the retrieved articles, reviewed the full-texts and selected articles for their inclusion.


Therapeutic Effects of Radiofrequency Ablation on AFTN

Since the first report on the efficacy of RFA in reducing benign thyroid nodules (16), several works have evaluated whether RFA could normalize thyroid function as well (Table 1) (17–24). Overall, in these works, despite the average volume reduction was always >50%, the rate of thyroid function normalization at last follow-up was extremely heterogeneous, ranging from 24 to 86%. This variability has been ascribed to technical reasons given that in the first studies (17, 19, 20) the procedure was carried out with the multiexpandable needle, while in the most recent ones it was carried out with the moving shot technique and the 18-G needle. In addition, in some of these studies, patients underwent more than one RFA session (18, 19, 22). Moreover, these studies had a retrospective design, a short follow-up period, a small sample size, and they included AFTN together with non-functioning thyroid nodules.


Table 1. Summary of studies evaluating RFA efficacy on AFTN.

[image: Table 1]

To overcome these limitations, our groups designed two separate prospective studies. The first study (21) aimed at evaluating the 12-month efficacy of a single session of RFA performed with the moving shot technique. In this work, RFA was performed on 30 AFTN, with an average volume of 17 mL. After 12 months, RFA reduced thyroid nodule volume by 75%, leading to thyroid function normalization in 50% of patients. Interestingly, in this study, patients went into remission when their nodules were reduced on average by 81% after 12 months from the procedure. Patients who improved, in comparison, had their nodules reduced by 68%. The second study aimed at comparing the response to RFA of small AFTN (<12 mL) to that of medium size AFTN (>12 mL) (23). Interestingly, in this work, the rate of thyroid function normalization significantly increased in small nodules (whose average volume was 5 mL) as compared to medium size nodules (whose average volume was 18 mL). Specifically, the rate of thyroid function normalization was 86% in small nodules vs. 45% in medium size nodules. This was consistent with the rate of nodules converting from hot to cold at the scintiscan, which was 86% in small nodules as compared to 16% in medium size nodules. In addition, small size nodules exhibited a greater volume reduction, as they were reduced by 82 and 84% after 12 and 24 months, as compared to medium size nodules, which were reduced by 67 and 68% after 12 and 24 months. These data indicate that small AFTN have a more favorable outcome. In addition, also in this study there was a higher probability of symptom resolution and thyroid function normalization when the volume ablation was >80%, which is in line with the concept that the greater the baseline volume the higher the likelihood to undertreat hyperfunctioning areas, leading to hyperthyroidism/symptom relapse.

Most of these studies (17–24) have been included in a recent metanalysis (25) evaluating the efficacy of RFA in AFTN in terms of TSH normalization, scintiscan changes, and volume reduction rate. Overall, this metanalysis included 8 articles and 205 AFTN treated with RFA. Five studies used a single session of RFA. Follow-up ranged from 6 to 24 months. This metanalysis showed that the pooled rate of TSH normalization was 57%, the pooled rate of scintiscan changes was 60%, and the pooled volume reduction at 1 year was 79%. Interestingly, also in this metanalysis baseline nodule volume was associated with the rate of TSH normalization.



Comparison Between Radiofrequency Ablation and the Other Techniques for the Treatment of AFTN

Only a few studies comparing RFA to surgery or to radioiodine have been published so far. In addition, the studies comparing RFA to surgery either included AFTN together with non-functioning nodules (26–28), or did not specify the functional status of the nodules (29). In the first study comparing RFA to surgery (hemithyroidectomy) (26), there were no differences between the techniques in terms of improvement of nodule-related symptoms and cosmetic concerns, while RFA was significantly less effective than surgery in terms of thyroid function normalization in the subgroup of patients with AFTN. Surgery was not as well tolerated as RFA, and the cost of one session of RFA was €1,661.50 as compared to conventional hemithyroidectomy whose cost was €4,556.30 and short-stay hemithyroidectomy whose cost was €4,139.40, which is consistent with the costs reported by other Authors (30). In 2017, the same group conducted a telephone survey in 115 patients treated with RFA and 68 patients treated with hemithyroidectomy to enquire about their satisfaction after 12 months from either procedure. While in the subgroup of patients with non-functioning nodules these techniques did not differ, in the subgroup of patients with AFTN, RFA was not as fully satisfactory as surgery in terms of resolution of nodule-related symptoms (27).

As mentioned above, other groups have compared RFA to surgery. In particular, Che et al. (28) reported that RFA had lower postoperative medication use, lower hypothyroidism, and lower complication rate than surgery. Nevertheless, this is a study where both lobectomy and total thyroidectomy were included in the surgery group, which might not be the appropriate comparison group for RFA, given that the ideal candidate of RFA is a patient with a single benign thyroid nodule (31), who should be generally treated with lobectomy (and not thyroidectomy). In the study of Yue et al., where RFA was compared to lobectomy, the Authors found that RFA was associated with a significantly better health-related quality of life (HRQoL) scores in terms of mental general health, vitality, and mental health after 6 months from the treatment. Nevertheless, it has to be taken into account that surgery requires at least 1 year for a full recovery. On the other hand, RFA was found more expensive than surgery, possibly because all patients were hospitalized (29).

Traditionally, radioiodine is the main alternative to surgery for AFTN treatment, due to its efficacy and low cost (32). So far, only one study has compared RFA to radioiodine in AFTN (33). In this retrospective study, nodule volume was reduced by 76% after 12 months from RFA, and by 68% after 12 months from radioiodine. Interestingly, euthyroidism restoration was achieved in 90.9% of patients with RFA and 72% of patients with radioiodine. These percentages of thyroid function normalization are higher than those reported by other authors (21). This could be ascribed—at least in part—to the baseline volume of the nodules (23), which was 14 mL.

Besides RFA, the ultrasound-guided technique that has been recently used for AFTN is laser ablation (34). Although there are no studies comparing RFA to laser ablation in terms of AFTN management, the direct comparison of the two techniques has been the focus of recent studies reaching different conclusions (35–39). In this context, the only randomized clinical trial comparing RFA to laser ablation showed that technique efficacy was achieved in 86.7% of patients treated with RFA as compared to 66.7% of patients treated with laser ablation, and that RFA was associated with a significantly greater nodule volume reduction after 6 months from the procedure (38).



Consensus Statements and Guidelines on the Use of Radiofrequency Ablation for the Treatment of AFTN

The first recommendations on RFA for treating benign thyroid nodules were released by the Korean Society of Radiology in 2012. In these recommendations, the indications to RFA included symptoms, cosmetic concerns, and thyrotoxicosis due to a benign thyroid nodule (9). A few years later, in 2015, a panel of several Italian scientific societies advised the use of RFA in case of either large non-functioning benign thyroid nodules or AFTN, when surgery and radioiodine were contraindicated or declined (10). Interestingly, in this consensus statement, the Authors put forward the potential usefulness of combining RFA with radioiodine for the treatment of large toxic goiters, based on the promising results obtained combining laser therapy with radioiodine (40), as this would increase nodule volume shrinkage and allow for a reduction of the radioiodine dose.

Then, in 2016, the AACE updated its guidelines on thyroid nodule and it included RFA as a treatment option for solid or complex nodules that progressively enlarged, were symptomatic, or caused cosmetic concern (8). Likewise, also the European Federation of Societies for Ultrasound in Medicine and Biology (EFSUMB) produced a set of recommendations on the use of ultrasound-guided procedures, highlighting the concept that RFA should be considered as an alternative to surgery or radioiodine for symptomatic benign thyroid nodules (41).

It is only recently that consensus statements and guidelines have differentiated the indications to RFA between patients with non-functioning nodules and patients with AFTN, suggesting that RFA should be a first-line option for non-functioning nodules and a second-line option for AFTN. In particular, in the last revision of the Korean Society of Radiology recommendations (11), benign thyroid nodules causing local symptoms or cosmetic concerns were considered as a strong recommendation to the procedure, while AFTN only a weak recommendation. In addition, this guideline differentiated the number of cytology reports of benignity requested prior to the procedure, because in case of non-functioning nodules the panel recommended two benign cytology reports, while in case of AFTN only one report, due to the fact that AFTN are generally considered benign lesions (6). However, given that AFTN show a wide morphologic spectrum of follicular neoplasms (42) and they may fall into the cytological category of indeterminate/follicular lesions, it remains to be clarified if, in such case, they can be equally treated with RFA. Recently, the Italian Minimally-Invasive Treatment of the Thyroid (MITT) group has produced a consensus statement, which is in line with the 2017 Korean guidelines. In particular, in case of AFTN, before the procedure it is required only one cytology report of benignity. In addition, RFA can be proposed as a first-line treatment for non-functioning thyroid nodules, while in case of AFTN it represents only a therapeutic option when conventional treatments are refused or contraindicated. Moreover, as compared to the Korean guidelines, the MITT group consensus statement has introduced the concept that, when advising patients, it is important to consider that the best responses have been observed in small size AFTN, and that the highest probability of symptom resolution and thyroid function normalization is when the nodule is reduced by 80% (43).




DISCUSSION/CONCLUSIONS

In conclusion, the literature shows that RFA normalizes thyroid function in 45–50% of medium size AFTN and in more than 80% of small size AFTN. This is associated with a significant nodule volume reduction after 24 months from the treatment, ranging from 68 to 84%. Only a few low quality studies have compared RFA to other techniques. However, if RFA does not seem to perform as well as surgery, at least in terms of symptom control in patients with AFTN, the comparison between RFA and radioiodine showed promising results.

Consistent with the available literature, current consensus statements, and guidelines support the notion that RFA effectively reduces thyroid nodule volume and improves local symptoms, while it does not always normalize thyroid function. In particular, while RFA is regarded as a first-line therapy for non-functioning benign thyroid nodules, it remains a valid second-line option for AFTN treatment in case of contraindications or unwillingness to undergo surgery or radioiodine. In addition, it has to be taken into account that AFTN are more likely to respond in terms of volume reduction and function normalization, when their baseline volume is <12 mL and when volume is reduced by at least 80% after 12 months from the treatment.

Prospective studies with larger sample sizes to evaluate RFA effects and randomized controlled trials comparing RFA to surgery and radioiodine are needed to confirm and improve our current understanding of RFA on AFTN.
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Background: Ultrasound-guided radiofrequency ablation (RFA) of thyroid nodules (TNs) is a minimally invasive procedure that has been widely used to induce volume reduction in symptomatic solid benign TNs. The goal of this study was to investigate a novel therapeutic approach for single-session ablation of large thyroid nodules (LTNs, vol > 20 ml).

Methods: We performed a pilot cohort study of 21 patients with symptomatic solid benign LTNs (vol > 20 ml), who accepted ultrasound-guided RFA treatment between September 2018 and November 2019. RFA was performed using an 18-gauge internally cooled electrode with ultrasonographic guidance in a single session combined with intraoperative hydrodissection and immediate contrast-enhanced ultrasound (CEUS) to optimize safety and efficacy. Nodule volume was evaluated before ablation and at 1, 3, and 6 months after initial ablation, and all patients were asked to assess the cosmetic score (from 1 to 4) and symptom score (from 0 to 10) before ablation and at every follow-up after ablation.

Results: At the 6 month follow-up, there was significant nodule volume reduction, from 27.49 ml ± 7.9 (standard deviation) to 3.82 ml ± 5.02 (p = 0.001). Cosmetic signs (p = 0.001) and pressure symptoms (p = 0.001) were significantly improved. All patients underwent RFA without any major complications, and very few patients developed a change in voice (2/21). However, the changes subsided within 1 month. Almost half of the patients received an additional RFA (11/21) treatment to achieve complete ablation on the intraoperative immediate CEUS evaluation.

Conclusion: RFA is effective for treating LTNs (vol > 20 ml) and controlling clinical symptoms with a low complication rate. Patients were satisfied with cosmetic sign and pressure symptom improvement. The intraoperative hydrodissection and immediate CEUS represent a novel therapeutic approach for single-session ablation of LTNs.

Keywords: ultrasound-guided ablation, radiofrequency ablation, hydrodissection, benign thyroid nodule, CEUS (contrast-enhanced ultrasound)


INTRODUCTION

Recently, thyroid nodules (TNs) have become a more common clinical problem, with a high incidence resulting from increased use of thyroid ultrasonography (US) (1). Epidemiologic studies have shown that palpable prevalence of TNs is very high in the iodine-sufficient parts of the world, especially for women and the elderly (2, 3). Most TNs are benign, but the vast majority of palpable TNs require treatment for the compressive symptoms and for cosmetic reasons (4, 5).

Thyroid surgery is the main treatment for symptomatic TNs, but it has several drawbacks (6). Radiofrequency ablation (RFA) is a non-surgical, minimally invasive procedure that was introduced for TN treatment in 2006 and has been proven to be an effective and safe procedure for treating benign TNs by many recent studies (7, 8). Consequently, RFA has also been recommended by several mainstream guidelines, such as those of the American Association of Clinical Endocrinologists, the American College of Endocrinology, Associazione Medici Endocrinologi (AACE/ACE/AME), and the Korean Society of Thyroid Radiology (KSTR) (9, 10).

As TNs are a benign disease, the major goals of treatment are to effectively reduce TN volume, as well as to relieve the compressive symptoms, cosmetic problems, and related anxiety. According to the current literature, RFA for benign TNs can reach this goal effectively, with a volume reduction rate (VRR) from 33 to 58% after 1 month and 51 to 85% after 6 months, indicating its ability to resolve most nodule-related clinical symptoms (8, 11–14).

BTNs with a large initial volume (vol > 20 ml) rarely achieve complete ablation during only one RFA treatment session. The large nodule occupies vast space, and if situated close to vital structures, ablation difficulty is increased, even for skillful doctors. US-guided ablation for large nodules is most likely to leave some unablated residual, which can result in failure to resolve clinical symptoms (15). Then, additional ablation sessions must be performed, resulting in increased medical costs and pain to subjects. A prospective randomized controlled study has proven that single-session RFA could achieve a satisfactory clinical response in most patients, but not for those patients with a large nodule (vol > 20 ml) (16). A 4-year follow-up study showed that the complete ablation of BTNs is important for preventing regrowth after RFA (17). All recurrent nodules come from the untreated residual left by the previous RFA (18).

Therefore, a new strategy of single-session treatment for large benign TNs is needed to ensure maximal ablation without impacting safety. Two key technologies of this strategy include hydrodissection and intra-procedural contrast-enhanced ultrasound (CEUS), which not only can protect critical structures from conducted heating but also can identify the unablated portion in the same treatment session. Therefore, we combined standard RFA procedure with this strategy to treat large TNs and summarized its clinical outcomes and safety. This study aimed to provide a feasible and effective strategy to resolve the shortcomings of single-session RFA for large TNs.



METHODS


Patients

All patients were selected with the following inclusion criteria: (a) volume of the TN > 20 ml; (b) confirmation of benignancy (Bethesda Class II) with fine-needle aspiration (FNA) cytology; (c) reports of pressure symptoms or cosmetic problems; (d) anxiety about malignancy; (e) serum levels of thyroid hormone thyrotropin, platelets, blood counts, and blood coagulation tests within normal limits; and (f) patient underwent one single-session RFA treatment.

The exclusion criteria were as follows: (a) substernal nodules or nodules that were difficult to monitor during the RFA procedure; (b) nodules showing malignant features (i.e., taller than wide, speculated margin, marked hypoechoic, or microcalcifications) during US; (c) the patient underwent other treatments for the TN within 6 months before the procedure; and (d) pregnancy.

There were 21 patients with 21 nodules meeting the inclusion criteria from September 2018 to November 2019. This study population consisted of 18 females and 3 males, aged 27–68-years (mean age, 46.1-years).



Pre-treatment Assessment

Before the procedure, conventional US, US-guided FNA, CEUS, and the laboratory and clinical results were evaluated. Two radiologists (T.W. and J.R. with thyroid US experience of 10 and 18-years, respectively) performed US, US-guided FNA, and CEUS using a Logiq E9 US machine (GE Medical Systems, Milwaukee, WI, USA) equipped with a ML6-15 liner transducer with a center frequency of 7 MHz (frequency range: 2–8 MHz). The US examination included characterization of the position, size, volume, solid/cystic proportions, echogenicity, localization, internal vascularity, and peripheral flow of each nodule. The nodule volume was calculated using the equation: V = π × (a × b × c/6) (V: volume; a, b, c: three diameters of the nodule).

The machine was equipped with CEUS imaging technology. The installed contrast-specific imaging (CSI) mode was coded phase inversion (CPI) at a low mechanical index (<0.2). The contrast agent used in this study was SonoVue (Bracco, Milan, Italy), which contains sulfur hexa?uoride microbubbles. The agent was injected as an intravenous bolus of 2.4 ml into the antecubital vein, followed by a 5-ml 0.9% saline solution flush. The TNs were observed continuously for 2 min to examine the enhanced status and coagulation zone of the nodule with the hybrid contrast visualization mode.

Laboratory tests included the levels of thyroid-stimulating hormone (TSH), thyrotrophin, free triiodothyronine (FT3), and free thyroxin (FT4); a complete blood count; and a coagulation test (prothrombin time, activated partial thromboplastin time). Additionally, all patients underwent vocal cord function assessment performed by an experienced laryngologist before the ablation procedure.

We categorized symptom and cosmetic scores as defined in a previous consensus statement (10). All patients were asked to grade their neck compression discomfort on a scale ranging from 0 to 10 as a symptom score. A cosmetic score was obtained using the following scale: (1) no palpable mass; (2) a palpable mass with no cosmetic problem; (3) a cosmetic problem on swallowing only; (4) readily visible TN.



Ablation Procedure

All RFA procedures were performed by one radiologist (J.R.) with 3-years of experience in an RFA outpatient clinic. We used an RF generator (Viva RF System®, Starmed, Gyeonggi-si, South Korea) and an internally cooled 18-gauge, 70-mm length, 7- or 10-mm active tip electrode (Star RF Electrode®, Starmed, Gyeonggi-si, South Korea). Local anesthesia with 2% lidocaine was applied to the puncture site. Under US guidance, hydrodissection technique was applied: 5% glucose and norepinephrine were mixed and injected into the surrounding thyroid capsule, which provide a safe distance (>3 mm) between needle tip and adjacent critical structures (Figure 1).


[image: Figure 1]
FIGURE 1. Hydrodissection technique: this technique consists of a pressurized injection of 5% glucose between the danger triangle and the thyroid to reduce possible nerve injury caused by RFA hyperthermia.


During the procedure, we paid special attention to the preservation of surrounding important structures to prevent significant complications. Therefore, two essential techniques, trans-isthmic or lateral cervical approach and moving-shot technique, were applied. The RFA was performed in transverse US view. Ablation was suspended when the index nodule was covered by hyperechoic zones. After that, initial treatment efficacy was evaluated by CEUS 5–10 min after RFA, until the hyperechoic zones disappeared.

When the nodule showed persistence of enhancement after treatment and viable residual tissue on CEUS, CEUS-guided additional ablation was carried out to ablate the enhanced areas, aiming to destroy as much viable residual tissue as possible, while at the same time, treatment safety was the foremost consideration. CEUS was performed again to assess unablated residual tissue after additional RFA (Figure 2).


[image: Figure 2]
FIGURE 2. Intraoperative CEUS evaluation: A 38-year-old female had a predominantly solid nodule in the left lobe of the thyroid. The nodule was close to the trachea, carotid artery, and danger triangle area. (A) US examination showed that the baseline volume of the nodule was 26.48 ml, and the largest nodule diameter was 4.3 cm. (B) CDU showed nodule vascularity was defined as type 1. (C) CEUS after initial RFA: the nodule showed non-enhancement during the phase.


During treatment, patients' vital signs were continuously monitored (19). The procedure was ended when the nodule presented prevalent devascularization with an unenhanced pattern, the patient exhibited discomfort, or the patient had a high risk of complications that not only interfered with continuation of the procedure but also endangered the patient's life.



Post-Procedural Follow-Up

Post-procedural follow-up was carried out at 1, 3, and 6 months after treatment. In each follow-up, US examination, CEUS, and thyroid serum tests were performed, symptom score and cosmetic score were evaluated, and VRR of the treated nodule was calculated based on the formula: VRR = [(initial volume – final volume) × 100%]/initial volume. During the follow-up period, any specific complaints or concerns were also recorded.



Complications and Side Effects

The major complications, minor complications, and side effects are defined by the Society of Interventional Radiology (20). Major complications are defined as events that lead to substantial morbidity and disability, increase the level of care, result in hospital admission, or substantially lengthen the hospital stay. All other complications were considered minor complications. Side effects are defined as untoward consequences that do not require therapy or prescription medications and undesired consequences of the procedure.



Statistical Analysis

Continuous variables were expressed as means ± standard deviations, and chi-squared tests were used to compare categorical variables. Groups were compared using the Mann–Whitney U-test. All statistical analyses were performed using IBM SPSS Statistics 20.0 (Armonk, NY, USA). A p-value of 0.05 or less was considered statistically significant.




RESULTS


Baseline Characteristics of the Patients and Nodules

The baseline characteristics of the patients and nodules are summarized in Table 1. The mean nodule volume of 27.49 ml corresponds to the mean largest nodule diameter of 4.88 cm. As expected, due to the large nodule volume, TNs were adjacent to at least two important structures, such as the trachea, carotid artery, danger triangle area, thyroid capsule, esophagus, and vagus nerve (Table 1).


Table 1. Baseline characteristics of the patients and nodules.

[image: Table 1]



Nodule Treatment Characteristics

The treatment characteristics of the nodules are presented in Table 2. During the procedure, initial treatment efficacy was evaluated by CEUS. Eleven of the 21 TNs underwent additional ablation in the same session.


Table 2. Nodule treatment characteristics.

[image: Table 2]



VRR

The changes in TN volume at each follow-up are summarized in Figure 3. The mean VRRs of all nodules were 60.86 ± 23.25%, 74.71 ± 16.57%, and 83.41 ± 13.96% at the 1, 3, and 6 month follow-ups, respectively (p < 0.05) (Figure 3).


[image: Figure 3]
FIGURE 3. Graphs show mean thyroid nodule volume change during follow-up (FU) and individual nodule volumes. Error bars = standard deviation; *p < 0.05.




Cosmetic Score and Symptom Score

Before RFA, all patients had a readily visible TN. At the 6 month follow-up, this percentage decreased to 5% (p < 0.01). Patients with a symptom score of ≥1 (47.6%) at baseline also decreased to 0% at the 6 month follow-up (p < 0.01). Patient percentages for cosmetic and symptom scores are provided in Figure 4.


[image: Figure 4]
FIGURE 4. Graphs show (A) cosmetic and (B) symptom scores at enrollment and at 1, 3, and 6 months after initial RF ablation. Error bars = standard deviation; *p < 0.05; **p < 0.01.




Complications and Side Effects

Complications and side effects are summarized in Table 3. The overall complication rate was 9.5% (2/21). No patient experienced a life-threatening or delayed complication during follow-up.


Table 3. Complications and side effects after RFA.
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Representative Typical Cases

A 38-year-old woman who had a 43-mm-sized predominantly solid nodule (75% solid component) complained of a foreign body sensation and neck appearance. The nodule in the left lobe of the thyroid was in contact with the lateral wall of the trachea. This patient underwent the procedure with a maximum output of 55 W. After the initial procedure, intra-operative CEUS indicated the presence of residual nodule components. We then performed an additional ablation treatment to achieve complete ablation in a single session (Figure 5).


[image: Figure 5]
FIGURE 5. A 38-year-old female had a predominantly solid nodule in the left lobe of the thyroid with a cosmetic score of 4. (A) US examination showed that the baseline volume of the nodule was 26.48 ml with the largest nodule diameter of 4.3 cm, and CDU showed nodule vascularity was defined as type 1. (B) Ultrasonically guided RFA of thyroid nodule was performed. (C) CEUS after initial RFA: some tissue showed enhancement within the nodule, indicating residual tissue. CEUS-guided additional ablation was carried out to ablate the enhanced areas. (D,E) At 6 months after ablation, US examination showed that the volume of the nodule decreased to 8.84 ml (the volume reduction rate was 66.6%) and there was no enhancement within the nodule on CEUS.


Finally, the initial foreign body sensation dissolved completely after 6 months of follow-up (Figure 6).


[image: Figure 6]
FIGURE 6. The appearance of neck complaint resolved completely after one session of US-guided RFA. (A) The appearance of the neck had a cosmetic score of 4 pre-operation. (B) The patient had a good cosmetic score at 6 months after ablation.





DISCUSSION

Recently, lots of minimally invasive treatment modalities, such as ethanol ablation (EA), percutaneous laser ablation (PLA), microwave ablation, and RFA have proven their efficacy and safety as viable TN treatment alternatives to thyroidectomy (21–23). EA is the first-line choice for treating benign cystic nodules (4) but is less effective for solid ones (18). Compared with laser ablation, RFA has shown a superior effect in reducing benign solid TN volume (24) and has a low rate of side effects (25). Since most of the 21 nodules enrolled in this study were solid nodules, RFA was the better option according to some research and guidelines (9, 10).

Despite the fact that these minimally invasive procedures are effective and safe methods of nodule treatment, large TNs (initial volume > 20 ml) consistently influence treatment efficacy and require additional ablation. Del Prete et al. (26) found that EA can be a very effective treatment for thyroid cystic nodules with a 10-year follow-up. However, for TNs with a volume >40 ml, a limited number of sessions (2.7 ± 0.75 sessions) should be performed in order to treat large TNs completely. Cesareo et al. (27) reported that the large nodule subgroup accepting PLA treatment can reach a 60% volume reduction that could be satisfactory, but they still cannot exclude that a second procedure may be necessary considering the large size of these nodules. Huh et al. (16) showed that single-session RFA is effective on most TNs, but for the subgroup with a mean initial volume > 20 ml, additional ablation cannot be avoided if clinical symptoms are to be resolved. Frequently, this subgroup required more than one additional ablation session; in fact, some retrospective studies with long-term follow-up have found that most larger TNs underwent repeated RFA sessions, with some cases requiring as many as seven sessions (17).

Repeat ablation can cause many clinical problems and also has non-medical influence. First, the primary ablation can induce adhesions around the residual tissue, which may cause failure of local anesthesia to prevent pain as well as critical nerve injury caused by conducted heating. Second, the tissue around the residual can become so hard that it inhibits the smooth insertion of the electrode and increases the difficulty of the procedure. Third, the tissue next to the residual can become fibrotic and calcified, a sign of malignancy. These signs may confuse the decision-maker and give rise to some unsatisfactory and unwanted medical disputes, especially in China.

For large TNs, there are two factors associated with the single-session ablation strategy to avoid re-ablation. Safety is the premise of this strategy. The thyroid is a superficial and small organ located in the central neck that is adjacent to several critical structures, such as the common carotid artery, recurrent laryngeal nerve, and vagus nerve. Therefore, despite the nodule location, a large TN will inevitably be close to these vital vessel or nerves (28), and more importantly, a large TN could alter the vagus nerve location, making it closer to the nodule (29). Hereby, we introduce US-guided large volume hydrodissection as a means of protecting the critical structures during our procedure. Hydrodissection has been applied widely in various procedures and surgeries to protect the peripheral nerve (30, 31), and a study has proven the effectiveness of large volume hydrodissection strategy for orthopedics surgery (32). Our research applied continuous D5W (5% dextrose in water) injection to surround the large nodule during the procedure. We found that there were no major complications from injecting as much as 200 ml in the space of the neck, which indicates that large volume hydrodissection can be a feasible approach to protect vital nerves during RFA of large TNs.

Furthermore, incomplete ablation is a common problem for large TNs. The “moving shot” principle is recommended by KSTR guidelines (10) and is more feasible and powerful than fixed electrode techniques (33). Consequently, when multiple ablation units overlap the whole nodule, a complete ablation has occurred. However, it is difficult to avoid leaving a small margin of residual in large TNs monitored only by conventional US surveillance, because the anterior ablation unit with tiny bubble would interfere with the residual definitely. Undoubtedly, the residual will cause regrowth. Lim et al. (17) reported that the overall regrowth rate was 5.6% (7/126) with regrowth defined as a >50% increase in nodule volume compared with the previous follow-up volume. That often means some extent of treatment failure and unsolved clinical problems.

Complete ablation of the periphery of the nodule is the most important factor to prevent marginal regrowth and avoid re-ablation. Therefore, we used intra-procedural CEUS to evaluate the initial treatment response, which facilitated quick decision-making for whether to perform additional ablation in the same session or to finish the procedure and proceed to follow-up. Recently, Zhao et al. (34) reported that some TN factors, including proximity to danger triangle area, proximity to carotid artery, and peripheral blood flow on color-Doppler US, can cause an incomplete ablation; intra-procedural CEUS can be used to avoid this incomplete ablation. Another similar study showed that CEUS could increase the single-session complete ablation rate of US-guided PLA on benign TNs (35). In our research, we found that intra-procedural CEUS can increase the detecting rate of marginal residual after the initial RFA (11/21, 52.4%); consequently, the VRR in this study of large TNs was 60.86 ± 23.25%, 74.71 ± 16.57%, and 83.41 ± 13.96% at 1, 6, and 12 month follow-ups, respectively. To our knowledge, this is a higher VRR for large TN ablation, and more importantly, no major complications occurred in this study. Recently, both Xiaoyin et al. (36) and Cui et al. (19) proved that the strategy of hydrodissection combined with intra-procedural CEUS is safe and effective for relatively large BTNs (diameter > 2 cm). Though the nodules are smaller than our research, it still supports our perspective in some extent.

There were several limitations to the current study. First, this is a retrospective study that may cause some selection bias. Additional prospective studies should be performed in the near future. Next, the case numbers enrolled in this study are relatively small, indicating a need for further research with large case series. In addition, the operator's experience can be a very important factor for the success of this strategy on large TNs, and thus, the operator's level of experience should also be evaluated carefully. Finally, this study's relatively short follow-up period may not be sufficient to assess the real efficacy of this strategy.



CONCLUSION

The strategy for single-session complete ablation of large TNs combining RFA with large volume hydrodissection and intra-procedure CEUS, as well as an additional RFA, should be performed in one session. Therefore, large TNs treated with this strategy could achieve a better outcome in terms of VRR compared with the regular method.
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Benign thyroid nodules are exceedingly common in the adult population. Only a small percentage of nodules are toxic or autonomously functioning thyroid nodules (AFTNs). The options clinicians have for treating the symptoms of hyperthyroidism include anti-thyroidal medications, radioactive iodine, or surgery. Depending on the patient population treated, these options may not be suitable or have inherent risks that are undesirable to the patient. On the other hand, untreated hyperthyroidism can lead to osteoporosis, atrial fibrillation, emotional lability, and neurological consequences. Thus, we present a review of two novel safe and effective approaches for treating AFTN; one surgical (transoral endoscopic thyroid surgery) and one non-surgical (radiofrequency ablation), as a means for expanding our treatment armamentarium.
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Introduction

Benign thyroid nodules (BTNs) are generally asymptomatic but can cause symptoms due to size or autonomous function. The frequency of incidental nodules is common in the adult population and can be found on high resolution ultrasound anywhere from 19 to 68%, with a higher proportion in females and the elderly (1). Over time, about 5–10% thyroid nodules can undergo progressive development to become autonomously functioning thyroid nodules (AFTNs) and secrete an abnormally higher amount of thyroid hormone. This may be more common in iodine deficient parts of the world (2, 3). AFTN is the second most common cause of hyperthyroidism, which occur more commonly in older women as these nodules degenerate with age (2).

Accompanying symptoms of hyperthyroidism can be overt or mild depending on the severity and include anxiety, emotional lability, weakness, tremor, palpitations, heat intolerance, increased perspiration, and weight loss despite a normal or increased appetite (4). Untreated hyperthyroidism can have deleterious effects on the cardiovascular and neurologic system, while also increasing the risk of osteoporosis and fractures (3, 4).

For decades, clinicians have treated the symptoms of hyperthyroidism with anti-thyroid drugs (ATDs) such as Methimazole or Propylthioruacil, Radioactive iodine ablation (RAI), or Surgery (4). Each treatment has unique risks, and the treatment therefore should be tailored to meet the needs of the patient population being treated. ATDs are commonly used to decrease thyroid hormone production and are useful in the short term, but they are not as definitive as surgery or radioactive iodine ablation (RAI) (3). Moreover, RAI may not be suitable in young women of child-bearing age, or patients who may not wish to endure the possibility of hypothyroidism (3). Surgery is a definitive intervention, but not all patients with AFTN are eligible for thyroid surgery or want surgery. While each of these strategies is appropriate for some patients, the inherent risks and limitations of each leave some patients seeking a more definitive option with more limited risks. In an age where there is a push towards ‘personalized medicine’, we review two recent advancements for the treatment of AFTN which may potentially broaden the surgical and non-surgical options for patients.



Transoral Endoscopic Thyroid Surgery Vestibular Approach

For decades, surgical resection of the affected lobe or the whole thyroid using a mid-transcervical incision has been the primary surgical approach for AFTNs. Surgery is rarely the first option offered to patients in the Western Hemisphere (3). However, surgery is recognized as a safe and definitive option for the treatment of AFTN (3). Surgical removal of an AFTN is effective in alleviating the pressure from the trachea while also normalizing thyroid function. However, surgery is not without risk, and may be elevated in older patients (5). Potential surgical complications include the presence of a life-long visible scar despite having benign disease, recurrent laryngeal nerve injury, and temporary or permanent hypocalcemia (6, 7). Additionally, thyroid lobectomy has the 5–49% chance of leading to postoperative hypothyroidism (8–11).

Novel minimally invasive techniques have emerged over the years to avoid the need for a traditional mid-cervical scar. Transoral endoscopic thyroidectomy vestibular approach (TOETVA) has gained favor because it allows remote access to the thyroid through an incision in the mucosa of the lower lip, avoiding the need for any kind of visible scar in the neck (12). Other remote access techniques include the retroauricular approach, trans-axillary technique, and bilateral axillo-breast approach (13–16). To date, none of these other approaches have become common in the West, while TOETVA is becoming relatively popular due to broad operative indications, wide eligibility and applicability for patients with benign or malignant disease, and even with a BMI greater than 30 (17–19). Although TOETVA has longer operative time when compared to the conventional open technique, patient satisfaction and cosmesis are superior with TOETVA (20, 21).

TOETVA evolved from a sublingual incision to a small incision in the oral vestibule (12, 18). In the initial series of TOETVA, Anuwong et al. found TOETVA to be safe, efficacious, with quick recovery and a superior cosmetic outcome (12). The momentum for this novel approach gained favor among international circles, and several trials have reproduced the safety and efficacy of TOETVA in Asia, Europe, and the United States (18, 22–29). When compared to open surgical approaches, TOETVA has reliably demonstrated similar rates of postoperative infection, reduced pain, safety, and a similar complication profile to open techniques (recurrent laryngeal nerve injury and hypoparathyroidism) (17, 22, 25, 26, 30)

Surgical removal of AFTN is a recognized indication for TOETVA (31). Due to the novelty of this approach and low incidence of AFTN, the data regarding resection for AFTN is limited. There are no published studies specifically looking at the outcome of TOETVA in AFTN alone; rather toxic nodules are likely grouped into ’benign thyroid disease’ in the literature (23, 25, 32, 33) or TOETVA is compared to the open approach in patients with Graves disease (34). Given that one of the largest published series demonstrated a similar safety and complication rate for TOETVA compared to the traditional open approach, one can assume that the rate of success for treatment in AFTN would be similar to the open surgical open (22, 34). Luo et al. describe their case series of 204 patients; however, only one patient in their series demonstrated hyperthyroidism secondary to a secreting nodule as part of the ’benign nodule’ category (35). Future studies would need to address this aspect directly.

TOETVA has been shown to be a safe approach with minimal complications. Russell et al.’s analysis of literature yielded 689 cases whereby TOETVA outcomes were evaluated, and articles using robotic or floor of mouth techniques were excluded. Of the 689 cases that underwent TOETVA, there were no published cases of RLN injury or permanent hypoparathyroidism, and only one report of a hematoma (0.1%) (32, 36). Technique-specific complications, such as mental nerve injury and related hypoesthesia, CO2 embolism, and neck infection were extremely limited, with no cases of permanent mental nerve injury or CO2 embolism and only one case of neck infection (0.1%). Given that access is through an intraoral incision, perioperative antibiotic treatment is recommended to avoid potential infection. Furthermore, surgeons should be aware of the rare but potential complication of CO2 insufflation. CO2 embolism has been reported in four other cases where other transoral techniques were employed as well (two via a floor of mouth technique and two via the transoral vestibular approach) (37–39). Finally, 683/689 (99%) cases were completed via TOETVA without conversion to another technique. Five cases reported excessive bleeding that could not be controlled via TOETVA, and one case reported excessive tumor size with evidence of pretracheal nodal metastasis (32, 36).

Other smaller technique-specific complications are related to thinning of the skin or perforation of the skin flap in three cases (0.4%) resulting in a skin burn. In terms of postoperative pain control, some reports show TOETVA to be superior compared with the open thyroidectomy, but in our experience, pain control is relatively equal (22, 32, 34, 36).

For benign thyroid disease, the benefits of TOETVA may not be limited to cosmesis alone. From a surgical point of view, the birds-eye view magnifies the operative view and gives excellent visualization of the RLN and its insertion site. This allows for access to a favorable dissection plane centrally and bilaterally, providing a view that is familiar to most endocrine surgeons (25). The magnified view also enhances visualization of the parathyroid glands, allowing for their preservation and may reduce the risk of temporary postoperative hypocalcemia that can occur 14–40% of patients when accessing the central neck (40). Furthermore, even though the endoscopic approach affords a narrow working space, TOETVA provides a birds-eye view that enables the surgeon to have meticulous control of bleeding (12). While these theoretical benefits remain unproven, early evidence suggests that TOETVA is not inferior to the traditional surgical approach while offering improved cosmesis.

As with any new technique, there is a learning curve associated with implementing and refining the endoscopic approach which leads to longer operative times. Various authors have noted similar learning curves (22, 35, 41). As this technique becomes readily available at institutions, and surgeons become facile with this approach, it will likely become more available. There are very few barriers to adopting this technique since laparoscopic equipment is readily available at most institutions. Utilizing this novel approach adds very little extra cost making this approach accessible to motivated surgeons that wish to add TOETVA to their surgical armamentarium (42).



Non-Surgical Approach: Radiofrequency Ablation

Radiofrequency ablation (RFA) is a novel minimally invasive approach that is a potential alternative to surgery for treating symptomatic benign nodules (43) as well as AFTN (44). This approach eliminates the need for a general anesthetic, an incision, radioactive iodine, or prolonged ATD treatment, making it an attractive non-surgical option. With the use of local anesthesia, the RFA probe is introduced into the midline of the anterior neck at the level of the isthmus, and the nodule is approached using the moving shot technique under ultrasound guidance (45). This causes tissue necrosis and fibrosis by introducing a high frequency alternating current, which raises tissue temperatures to 60 to 100 C (46). Over time, there is progressive shrinkage of the ablated nodule. In benign nodules, the volume of the nodule is thought to decrease between 50 and 80% for most patients, although this is operator and tumor dependent (47, 48).

RFA has been offered to patients internationally since 2000 and has been used to treat primary and metastatic tumors of the liver, lung, bone, and kidney and to ablate aberrant conduction pathways in the heart (49–53). More recently, RFA has been applied to the head and neck, particularly for thyroid nodules. While the early results have been promising internationally, there is little North American data (47, 48, 54–61). The current international recommendations for treating benign thyroid nodules include patients who are symptomatic or those who have a disfiguring goiter or a nodule that exceeds 2 cm, or if an AFTN is present (43, 44, 57). Prior to RFA treatment of AFTN, confirmation that the nodule is benign on at least one US-guided FNA or core biopsy is recommended, unless there are concerning features on ultrasound in which case two biopsies should be obtained (43, 44). Nodules that are benign on FNA but that have suspicious US features (EU-TIRADS 5), the latest European Thyroid Association Guidelines strongly recommend (moderate quality evidence) against thyroid ablation to avoid potential delay in treatment of a malignant lesion (62).

RFA has shown excellent efficacy and safety in the management of cosmesis related concerns and pressure symptoms (47, 48, 54–61, 63, 64). In a systematic review and meta-analysis of RFA in benign nodules, a pooled proportion of 2.38% for overall RFA complications was noted (95% CI: 1.42–3.34%), with 1.35% for major complications (95% CI: 0.89–1.81%) and no evidence of any life-threatening complications. The most common complaint post treatment was transient or rarely permanent voice changes (35/2,421). Nodule rupture, permanent hypothyroidism 6 months after treatment, and transient brachial plexus injury was only found in one patient out of 2,421 patients (65). Minor complications included pain during or after the procedure (16/2421), hematoma which disappeared after 1–2 weeks (25/2,421), vomiting (9/2,421), skin burns (six patients had first degree burns and 1 patient had second degree burn which recovered after a month) and transient thyroiditis (one patient three months after the treatment) (65). Furthermore, various studies have shown that the volume of a benign symptomatic thyroid nodule can be reduced by more than 50%, and up to 75–97% in long-term follow-ups (60, 66, 67).

The American Thyroid Association Guidelines outline that surgery or radioactive iodine (RAI) are effective for the treatment of AFTN (1, 3). These two options are not always acceptable for patients since RAI involves receiving radiation which is controversial in women of childbearing age, or for patients reluctant to endure the long-term risks associated with radiation (3). Additionally, both treatments have potential complications such as hypothyroidism. Even with lobectomy, surgery confers roughly a 30% chance of hypothyroidism, which is generally avoided in RFA-treated patients (10, 11, 68). RFA may gain favor with patients wishing to avoid developing hypothyroidism (55, 57, 58, 69–71).

Many trials have demonstrated the efficacy and safety of treating AFTN with RFA (55, 57, 58, 69–71). In a large multicenter trial, Sung JY et al. demonstrated improved symptoms of hyperthyroidism along with normalized TSH levels in 81.8% of study patients without the development of hypothyroidism post RFA (35, 69). In a systematic review, more than 50% of patients after RFA could discontinue their anti-hyperthyroid medications after RFA (44, 46). Additionally, patients that received RFA found significant improvement in their compressive symptoms due to the reduced nodule volume (mean volume reduction ratio, 81.7% during the mean follow-up period of 19.9 months). No major complications were reported in this trial; however, in previous trials, the most common complication reported was temporary pain (55, 57, 58, 63). Progression of hypothyroidism, if any, after treatment may be better explained by the progression of autoimmune thyroiditis associated with preexisting thyroid antibodies.

In a recent systematic review and meta-analysis, Cesareo et al. demonstrated moderate efficacy of RFA in AFTN (72). The overall rate of patients with TSH normalization or scintigraphically proven efficacy was about 60%, with a volume reduction of 79% found 1 year later in RFA treated AFTN (72). Bernardi et al. demonstrated that 50% of patients with AFTN treated with RFA withdrew their ATD after 12 months (70), which is similar to Deandrea (55) and Faggiano (73) who reported normalized thyroid function in 40% of patients after 12 months. However, Cervelli et al. demonstrated a greater volume reduction rate of 76% with a 91% TSH normalization at 12-month follow-up in AFTN treated with RFA (74). Even though there is heterogeneity between studies, and patients were only followed for 12 months, longer follow-up is warranted as well as how to achieve a predictable response rate with discontinuation of ATD after one session of RFA. It is also possible that these findings represent technical differences in the procedure, as it may be assumed that there is a learning curve with this procedure. Nevertheless, it is apparent that, while many patients benefit in the short term, a sizeable component may need additional treatment.

The success rate of RFA is greater when the volume of the AFTN is relatively small in size. Cesareo et al. compared the reduction between medium sized nodules (18 ml) and smaller sized nodules (5 ml), euthyroidism was achieved 86% in small nodules vs. 45% in medium size nodules (75). Similarly, Cappelli et al. report a volume reduction rate of 73% with TSH normalization in 94% of patients treated with RFA with nodules an average of 7 ml (76). An earlier study by Lim et al. confirmed that larger nodules (>20 ml) required repeat RFA treatment compared with smaller nodules to achieve a similar volume reduction in during 4 year follow-up (77). This work has improved our understanding of how to counsel patients with AFTN.

Since the Korean Guidelines in 2012, the consensus for RFA of AFTN has evolved. In line with the Korean Guidelines, the Italian Minimally Invasive Treatment of the Thyroid (MITT) group have advised clinicians to offer RFA as first line treatment in non-functioning nodules. However for AFTN, RFA is best reserved as second line treatment in patients who refuse conventional therapy or when it is contraindicated (75, 78). RFA can be considered as primary treatment for small sized AFTN (average 5 ml) since an optimal response (symptom improvement and TSH normalization) is noted when the nodule is reduced in size by more than 80% (72, 75).

Key factors that affect the therapeutic response of RFA on AFTN have been debated. Baek et al., demonstrated the importance of nodule vascularity on ultrasound for normalization in TSH and volume reduction (67), while Bernardi et al. found the percentage of volume reduction at 12 months correlated with the therapeutic response (70). Whereas, Cesareo et al.’s work demonstrates the importance of the size of nodule prior to RFA and the volume reduction after 12 months (75).

Localization of the nodule with ultrasound is also key in determining whether partial or complete ablation can be achieved, particularly if the nodule is adjacent to the trachea or recurrent laryngeal nerve. Ideally, complete ablation is preferred to avoid nodule regrowth. The moving shot technique is the standard approach that is used in conjunction with ultrasound for real time surveillance of nearby structures (43, 45). As with any awake technique, patient comfort is key in order to avoid patient movement which could result in injury to one of the neighboring structures. Light sedation can overcome this potential risk and ease patient comfort along with local anesthetic. Finally, the proficiency of the operator is important since there is a learning curve associated with complete removal of tissue to avoid recurrence of an untreated remnant. Tracing the residual viable area of the nodule by ultrasound (usually isoechoic and on the periphery of the ablation zone) can be helpful to predict regrowth and the area to target for reablation (79).

Single-session RFA has shown significant volume and symptom reduction (43, 45, 47, 48, 55–57, 66, 70, 72, 73, 76). Progressive reduction in the volume of treated nodules occurs incrementally over time, with reports ranging from 50 to 80% after 6 months and 79 to 90% after 2 years follow-up (55, 57, 70, 72). Previous studies report a mean number of RFA treatment sessions to be 1.8–2.2 (one to six sessions) for AFTN (58, 66). Previous reports show that single session RFA allowed withdrawal of ATD in 22–57% of patients (55, 70, 72), with one report showing 100% in pre-toxic nodules and 53% in toxic nodules (57). Other reports show a reduced dose of Methimazole after RFA in 78% of patients (55). The improvement in thyroid function is seen over time after RFA treatment, with up to 57% remission 12 months after the procedure (70, 72). However, other studies have demonstrated a tendency for regrowth after 2 to 3 years follow-up in non-functioning nodules (77, 79). The number of required treatments or how often nodules require RFA treatments still needs to be determined, especially when treating AFTNs. However, the pre-treatment nodule volume seems to play a key role in volume reduction and discontinuation of ATD. Currently, the Korean Guidelines suggest that follow-up should be based on TSH post RFA treatment of the AFTN. This will determine whether the patient’s antithyroidal medications can be stopped or if they require another treatment with RFA.

Imaging such as ultrasound examination and a thyroid scan with scintigraphy can also be helpful to know whether RFA was successful. Previous studies show post-treatment, scintigraphy demonstrated the majority of hot nodules (45–80%) became cold or normal, while 20.4–56% nodules had decreased uptake but still remained as hot nodules (58, 66). After treatment, evaluation via ultrasound should be done to ensure the absence of potential early complications from the procedure, such as an evolving hematoma, burns or damage to the thyroid capsule (62). On ultrasound, changes in the size, volume, intranodular vascularity and echogenicity are assessed (43). On ultrasound, the ablated area appears as a mildly hypoechoic and inhomogenous zone, with scattered hyperechoic spots due to tissue vaporization compared with the non-treated tissue (43, 62, 80). Color Doppler mapping of the treated areas are devoid of vascular signals (62, 80). If a patient is still symptomatic, the nodule can be assessed for persistent vascularity as a potential source for regrowth (81). The wide range of therapeutic effects of RFA may be attributed to remaining thyroid tissue left at the margin of the nodule. The best modality for detecting intranodular vascularity is contrast-enhanced ultrasound since color-Doppler is not as sensitive to detect small vessels and slow blood flow (43). Repeat RFA can be considered after 3 months from the first treatment because the most change is seen within the first 3 months (43, 69).

Given the potential for long-term cardiovascular mortality in the setting of untreated hyperthyroidism, the need for multiple treatments for patients treated with RFA does pose a theoretical risk that must be discussed appropriately (3, 57, 58, 70, 82). As newer evidence emerges, hopefully RFA will become standard of care. However, currently the Korean guidelines as well as the Italian MITT group discussed above take a more cautious tone when discussing the role of RFA in managing AFTN (43).



Conclusion

AFTN are benign nodules with multiple treatment options. TOETVA and RFA are two novel treatments that may be safe and effective in the treatment of symptomatic benign thyroid nodules and could be applied to AFTN. TOETVA offers a surgical approach with the removal of the thyroid gland which avoids a cervical scar and is definitive, whereas RFA offers a non-surgical approach for patients who wish to avoid surgery altogether or are poor surgical candidates. Because there is risk associated with multiple rounds of treatment, it may not be appropriate for all patients and international guidelines suggest exercising caution (43). Each of these approaches may be appropriate in the right clinical setting.
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Purpose

To report the results of our preliminary experience in treating patients with papillary thyroid microcarcinoma (PTMC) with image-guided thermal ablation, in particular estimating the feasibility, safety and short-term efficacy



Materials and Methods

From 2018 patients with cytologically proven PTMC < 10 mm were discussed in a multidisciplinary team and evaluated for feasibility of image-guided thermal ablation. In case of technical feasibility, the three possible alternatives (i.e., image-guided thermal ablation, surgery, and active surveillance) were discussed with patients. Patients who agreed to be treated with image guided thermal ablation underwent radiofrequency (RFA) or laser ablation under local anesthesia and conscious sedation. Treatment feasibility, technical success, technique efficacy, change in thyroid function tests, side effects, minor and major complications, patients satisfaction and pain/discomfort perception during and after treatment, and disease recurrence during follow-up were recorded.



Results

A total of 13 patients were evaluated, and 11/13 (84.6%) patients (9 female, 2 male, mean age 49.3 ± 8.7 years) resulted suitable for image-guided thermal ablation. All 11 patients agreed to be treated with image-guided thermal ablation. In addition, 3/11 (27.3%) were treated with laser ablation and 8/11 (72.7%) with RFA. All procedures were completed as preoperatively planned (technical success 100%). Technique efficacy was achieved in all 11/11 (100%) cases. Ablated volume significantly reduced from 0.87 ± 0.67 ml at first follow-up to 0.17 ± 0.36 at last follow-up (p = 0.003). No change in thyroid function tests occurred. No minor or major complications occurred. All patients graded 10 the satisfaction for the treatment, and mean pain after the procedure was reported as 1.4 ± 1.7, and mean pain after the procedure as 1.2 ± 1.1 At a median follow-up of 10.2 months (range 1.5–12 months), no local recurrence or distant metastases were found.



Conclusions

Image guided thermal ablations appear to be feasible and safe in the treatment of PTMC. These techniques hold the potential to offer patients a minimally invasive curative alternative to surgical resection or active surveillance. These techniques appear to be largely preferred by patients.





Keywords: papillary thyroid microcarcinoma, radiofrequency ablation, laser ablation, thermal ablation, complications, recurrence, thyroidectomy



Introduction

Thyroid cancer is the most common malignant neoplasm of the endocrine system, representing the 3.1% of all cancers (1). In the last three decades, its incidence has increased worldwide due to the real increase onset and mostly to the increased detection (2). The most common malignancies arising in the thyroid gland are differentiated thyroid cancers, deriving from follicular cells. They include ﻿papillary thyroid carcinoma (PTC) and follicular thyroid carcinoma (FTC) (3). PTC is the most common subtype of thyroid malignancy accounting for 85% of thyroid cancer (4). The 50% of PTC is papillary thyroid microcarcinoma (PTMC), defined, according to the World Health Organization Classification of Thyroid Tumors, as a PTC less than 10 mm in maximum diameter (5). Most of these tumors remain clinically silent, have a bright prognosis, and a disease-specific mortality under 1% (2, 6).

Surgery is recommended as the first line-treatment for PTMC by current guidelines, the standard treatment modality being lobectomy (3, 7). However, surgery has some drawbacks, such as potential recurrent laryngeal nerve paralysis, hypothyroidism, hypoparathyroidism, need for lifelong medication, scarring, and risks connected with general anesthesia (6, 8). Moreover, it is not suitable for all patients because there are some ineligible patient due to systemic diseases, or others that refuse surgery (9, 10). Another therapeutic option, recommended by the American Thyroid Association, is active surveillance. Nevertheless, there is a low-risk of disease progression with this strategy (2%–6%) and this option is sometimes not well accepted by some patients (6, 9). Ito et al. analyzing data of 1,253 patients with PTMC under active surveillance, found that no one died or had distant metastasis during the observation period which ranged from 1.5 to 19 year (11). However, 58 (4.6%) had size enlargement, 19 (1.5%) had appearance of lymph-node metastasis, and 43 (3.5%) showed progression to clinical disease. Thus, patients with disease progression under active surveillance might require a much more aggressive surgical management than at the moment of the initial diagnosis.

Image-guided thermal ablations have been successfully applied in the treatment of several type of tumors, and have been recently proposed as a potential alternative to surgery also in patients with thyroid diseases (4, 12–14). These minimally invasive treatments, compared to surgical treatment have similar efficacy, fewer complications, better quality of life, and better cosmetic outcomes (15–17). These procedures allow precise delivery of the heat locally to the lesion, sparing the surrounding thyroid tissue, and thus minimizing the invasiveness of the treatment and the impact on thyroid function. However, even if first application of image-guided thermal ablations to treat a patient with PTMC has been reported in Italy in 2011 (18), experiences in literature are still limited, the majority of series having been reported by Chinese groups. At our center, we started to propose image-guided thermal ablation as a potential therapeutic option to patients with PTMC from 2018. Thus, this study aimed to report the results of our preliminary experience in treating patients with PTMC with image-guided thermal ablation, in particular estimating the feasibility, safety and short-term efficacy.



Materials and Methods

Our Institutional Review Board approved this retrospective study. Patients included in this study provided written consent for anonymized data usage for research purpose. Institutional Review Board accepts this consent as informed consent for the present study.

Data of patients treated with image-guided thermal ablation for PTMC was retrieved from our prospectively collected database. All cases were discussed in our internal multidisciplinary tumor board. Image-guided thermal ablation was considered as a therapeutic option in patient with a single cytologically confirmed PTMC measuring <10 mm, with no contact with the thyroid capsule, and no ultrasound evidence of metastatic disease in the neck. All possible options, including image-guided thermal ablation, surgery or active surveillance were carefully discussed with the patient before treatment choice. Before treatment, a careful analysis by the interventional radiologist performing ablation was performed, evaluating the feasibility of the treatment, and the best path and technique for treating the patient. Exclusion criteria for image-guided thermal ablation were patients with clinically apparent multicentricity confirmed by ultrasound, with other type of thyroid malignancies, with cervical or distant metastasis revealed by ultrasound or other image techniques, with family history of thyroid cancer and/or history of radiation therapy, with contralateral vocal cord dysfunction, or with blood coagulation disorders.


Ablation Technique

All procedures were performed with ultrasound (US) guidance under local anesthesia and conscious sedation. In all cases, a preoperative US evaluation was performed, to assess the nodule size and shape, proximity with critical structures, and to establish the best path to the target nodule. In case the nodule is located close to the periphery of the gland, or in a critical area, hydrodissection with the injection of sterile water was performed through a 21G needle. Contrast-enhanced US (CEUS) was always performed before ablation to assess nodule vascularization. At the end of the ablation CEUS was performed in order to immediately evaluate the result of the ablation. At our center, both radiofrequency ablation (RFA) and laser ablation are available for thyroid interventions. Decision of the best technique to be used is taken on a case by case basis by the interventional radiologist performing the procedure. For laser ablation one or two 21G introducer needles (depending from nodule size and shape) were inserted into the target nodule. Subsequently, a 300 micron quartz bare optic fiber was introduced into each introducer needle that was subsequently slightly withdrawn to expose the distal portion of the fiber. The optic fibers were connected to a multi-source laser system operating at 1.064 nm (EchoLaser X4, Elesta srl, Calenzano, Italy). A support planning tool device (ESI, Echolaser Smart Interface, Elesta srl, Calenzano, Italy), can be connected to a general US scanner and used for treatment planning. A fix power protocol (3 watts) was used, changing application time case by case, in order to maintain the power of each single application between 1,200 and 1,800 Joules.

For RFA an internally cooled, 18G electrode available with and 0.5 to 1.5-cm active tip (RFT-RFTS, RF Medical, Seoul, South Korea) was used. The free-hand technique was applied in all cases. Short ablations were performed with 30–50 watts power and eventually the electrode was repositioned in a different area in order to cover with subsequent ablations the entire volume of the target.

Two cases of patients treated with RFA and laser ablation for a PTMC are shown in Figures 1 and 2.




Figure 1 | A patient with a PTMC treated with image-guided radiofrequency (RFA) ablation. (A) US image showing an 8-mm hypoechoic nodule in the right thyroid lobe (arrow). (B) Preoperative contrast-enhanced US demonstrating vascularization of thyroid lesion (arrows). (C) Hydrodissection with injection of 5% glucose solution (asterisks) to achieve separation of thyroid from vessels (C, carotid artery; J, jugular vein) and trachea (T). (D) Hyperechoic foci (arrowhead) due to gas formation during ablation around the thyroid nodule (asterisks = radiofrequency electrode). (E) Hyperechoic area (arrowhead) due to gas formation encompassing the whole thyroid nodule at the end of the ablation (asterisks = radiofrequency electrode). (F) Contrast-enhanced US image at the end of ablation, demonstrating lack of enhancement in the ablated area (arrows).






Figure 2 | A female patient with PTMC treated with image-guided laser ablation. (A) US image demonstrating a 6 mm hypoechoic nodule with irregular margins (arrow). (B) Preoperative contrast US image demonstrating vascularization of thyroid lesion (arrows). (C) ﻿Hyperechoic areas (arrows) resulting from tissue heating and vaporization observed during laser ablation. (D) ﻿Contrast-enhanced US after ablation showing lack of enhancement in the treated area (arrows). (E) Nine-month follow-up: US image showing the residual ablated area decreased in size (arrow) and contrast-enhanced US demonstrating lack of enhancement in the ablation area (arrow).





Study Endpoints

Treatment feasibility, technical success, technique efficacy, change in thyroid function tests, change in ablated area volume, side effects, minor and major complications, disease recurrence during follow-up and patients’ satisfaction and pain/discomfort during and after procedure were recorded. Standard definitions and reporting criteria were followed (19, 20).

Particularly, technical success was defined as the ability to complete the treatment that was preoperatively planned.

Technique efficacy was evaluated with US and CEUS at 6 weeks from the treatment.

Patients are followed with serum test evaluation of thyroid function, US and CEUS at 6 weeks, 6 months, and 12 months after treatment.

Patients were contacted by phone and were asked to grade on a scale from zero to ten the overall satisfaction regarding the procedure, the pain/discomfort perceived during the procedure and the pain/discomfort after the procedure.




Results

A total of 13 patients were discussed for potential image-guided thermal ablation from 2018 and send to the interventional radiologist for evaluation of feasibility of the procedure. At the US examination, 2 cases demonstrated contact or invasion of the thyroid capsule, and so finally 11/13 (84.6%) patients (9 female, 2 male, mean age 49.3 ± 8.7 years) resulted suitable for image-guided thermal ablation. Patients’ characteristics are shown in Table 1. After discussion of all the three possible alternatives (i.e., image-guided thermal ablation, surgery, and active surveillance), all 11 patients agreed to be treated with image-guided thermal ablation. All patients had normal thyroid function before treatment.


Table 1 | Characteristics of 11 patients with papillary thyroid microcarcinoma treated with image-guided thermal ablation.



Of the 11 tumors treated, 3 (27.3%) were treated with laser ablation and 8 (72.7%) with RFA. All procedures were completed as preoperatively planned (technical success 100%). Technique efficacy was achieved in all 11/11 (100%) cases at 6 weeks control. 2/11 (18.1%) patients experienced a transient dysphonia beginning immediately after the local anesthetic injection around the thyroid capsule, before the ablation, that resolved few hours after treatment. 3/11 (27.3%) patients experienced mild discomfort and pain immediately after the procedure, which resolved in few days with only use of painkillers, and were regarded as side effects (19). No minor or major complications occurred. At a median follow-up of 10.2 months (range 1.5–12 months), no local recurrence or distant metastases were found. No change in thyroid function tests occurred. Ablated volume significantly reduced from 0.87 ± 0.67 ml at first follow-up to 0.17 ± 0.36 at last follow-up (p = 0.003). All patients graded 10 the satisfaction for the treatment, and mean pain after the procedure was reported as 1.4 ± 1.7, and mean pain after the procedure as 1.2 ± 1.1 (mean ± standard deviation).



Discussion

The results of our preliminary experience show that image-guided thermal ablation can be safely applied in the treatment of PTMC, offering a potentially curative, minimally invasive treatment to patients in alternative to surgical resection or active surveillance.

Image-guided thermal ablations have been introduced in the treatment of cancer as an alternative to surgery in patients not suitable for surgical treatment several years ago (21, 22). Nowadays, indications have expanded, and image guided thermal ablations are applied in the treatment of a large variety of cancers (23–28), and in some cases represent the first suggested therapeutic option instead of surgery, as for the treatment of small hepatocellular carcinoma (29). Deriving from experience in other organs, and thanks to technological advancements with the creation of small dedicated ablative devices, image-guided thermal ablations have been applied also to the treatment of thyroid disease (30–35). Initially, image-guided thermal ablations have been used in the treatment of benign thyroid nodules, and then their use have been expanded to thyroid cancers not suitable for surgery and even metastatic disease (34, 36–40). Thus, in the large debate regarding the best management of indolent PTMC, were imaging derived overdiagnosis can drive a not negligible overtreatment, image-guided thermal ablations have been introduced with the rationale of providing a curative treatment to patients minimizing the invasiveness of treatment itself (41–44). Some series have been reported, mainly from Chinese and Korean authors, on the application of image guided thermal ablations in the treatment of PTMC with favorable results (45–47).

In our center, we included image-guided thermal ablation among the possible treatment option for PTMC starting from 2018. In our experience, 84.6% of patients sent for feasibility evaluation resulted finally suitable for treatment. This highlight the critical relevance of an accurate US evaluation before treatment, as selection of proper patient is of paramount importance for a successful procedure. Furthermore, of the suitable 11 patients, all agreed to be treated with image-guided thermal ablation over surgery or active surveillance. This highlights the potential impact of this technique for patients, which seems to prefer a treatment over active surveillance and is favorable to a minimally invasive approach. By taking into account results of a previous study assessing patient satisfaction for RFA or surgery for benign thyroid nodules (17), we might speculate that image-guided thermal would be preferred over surgery because of its lower invasiveness and higher cosmetic results. Simultaneously, ablation could be preferred over active surveillance because of anxiety and negative emotion likely related with receiving a cancer diagnosis without receiving active treatment and thus living with untreated cancer (48, 49). However, future research is essential to further assess patient preferences for image-guided thermal ablation, surgery, and active surveillance and identify main treatment attributes (e.g., clinical outcomes, aesthetic aspects, expected QoL, invasiveness, etc.) that might explain patient preferences for ablation over other therapeutic options for PTMC. Assessing patient’s perceptions and preferences for available treatments is becoming every day more important in decision making in oncology. Specifically, in recent years, there has been a shift toward a more patient-centered care and a growing emphasis on the relevance of involving patients in the clinical decision-making (50–53), as well in the evaluation of competing treatment options or health interventions (54, 55). For example, as highlighted by the P5 medicine approach (56, 57), each patient has a peculiar set of psychological and cognitive factors, such as preferences and needs and, as well as hopes, fear, beliefs and cognitive dispositions. The effective consideration of this psychological uniqueness and its integration with biological and clinical information is crucial to empower cancer patients and support their involvement in the clinical decision-making process as active decision-makers instead of merely passive recipients. Finally, the P5 medicine approach underlines the relevance of informing patients about all the available treatments in order to foster their participation in the treatment decision-making process. Thus, future efforts might be required to develop supportive and reliable tools that, such as patient decision aids (58, 59), provide patients with evidence-based health information about main therapies for PTMC.

From a clinical perspective, image-guided thermal ablation resulted feasible in all the selected cases, with a technical success of 100%. Also, no major or minor complications occurred in our experiences, while only a small percentage of patients referred side effects, which were mainly mild discomfort or pain after the procedure. This could be explained also with the large application of adjunctive procedures such as hydrodissection in our experience, which are crucial to preserve the surrounding structures, minimize the potential complications, and allow for an adequate safety margin for ablation (60–62). Immediate dysphonia after injection of local anesthesia around the thyroid capsule, can be due to the transient anesthesia of the recurrent laryngeal nerve, and is not regarded as a complication of the thermal ablation. Notably, no patients had change in their thyroid function after image-guided thermal ablation. Finally, during follow-up, no evidence of recurrence or disease progression was found in our patients. In a recent meta-analysis, thermal ablation techniques have shown efficacy in the treatment of PTMC, as noted by the pooled proportion of disappearance, the recurrence, and the volume reduction rate of PTMC which have been respectively of 57.6%, 0.4%, and 98.1% (9). Moreover, the pooled proportion of major complications was extremely low (0.7%), being represented by non-life-threatening voice change (9). In a recent series of 74 patients treated with RFA for 84 PTMC and followed for at least 5 years Cho et al., showed a disappearance rate of 100% at 60 months, no local tumor progression, no lymph node or distant metastasis, and no need for delayed surgery (47). Additional ablations were performed in 13 of 84 tumors. The major complication rate was 1.4% (1/74), and no procedure related death occurred.

Some limitations of our paper should be taken into account. First, this is a single center retrospective study, thus the number of patients is limited. However, this is the first experience in Europe on clinical application of image-guided thermal ablation in the multidisciplinary management of PTMC and highlights the potential of a larger application of these techniques in our countries. Second, the follow-up of patients is limited, in a disease with known slow progression. Thus, results on long-term clinical effectiveness cannot be derived from our results, which should be regarded as preliminary. Multicentric studies, evaluating larger samples and with longer follow-up are needed to better evaluate the potential role of image-guided thermal ablations in the treatment of patients with PTMC. Finally, we did not make comparisons with patients treated with surgery or who underwent active surveillance. As with thermal ablation, as with active surveillance, small foci of microcarcinoma or small central lymph node can be missed, it is of paramount importance to evaluate in the future long term follow-up in comparison with surgery.

In conclusion, image guided thermal ablations appear to be feasible and safe in the treatment of PTMC. These techniques hold the potential to offer patients a minimally-invasive curative alternative to surgical resection or active surveillance. Also, image-guided thermal ablations appear to be largely preferred by patients. Further studies on larger patient’s cohort are necessary to further address this issue.
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Background

Radiofrequency ablation (RFA) has gained ground as an effective and well-tolerated technique to treat benign thyroid nodules. Most of the available studies have described the short-term outcomes of RFA, whereas there is a limited number of studies evaluating long-term issues, such as regrowth and the likelihood of retreatments. In addition, risk markers of regrowth and retreatment remain to be defined. The initial ablation ratio (IAR) is an index that measures the amount of ablation after RFA, which has been associated with technique efficacy (i.e. volume reduction >50% after 1 year from the procedure). This study aimed at evaluating i) IAR reproducibility and ii) IAR predictive value for RFA 5-year outcomes.



Materials and Methods

This is a retrospective single center study on patients with benign thyroid nodules treated with RFA and followed for 5 years after initial treatment. IAR interobserver reproducibility was evaluated with Bland-Altman method and Lin’s concordance correlation coefficient (ρc). IAR predictive value for RFA 5-year outcomes was evaluated with linear and logistic regression models, as well as with Cox models, while receiver operating characteristic (ROC) analyses were used for cut-offs.



Results

We selected 78 patients with 82 benign thyroid nodules. The procedure significantly reduced nodule volume and this reduction was generally maintained over time. Technique efficacy was achieved in 92% of patients, while 23% of nodules regrew and 12% of nodules were retreated. Median IAR was 83%. Lin’s concordance and Pearson’s correlation coefficients suggested a good interobserver reproducibility of this index, consistent with the limits of agreement of the Bland-Altman plot. IAR was significantly associated with technique efficacy, 1- and 5-year volume reduction ratio, and with the likelihood of a retreatment, but not with nodule regrowth. ROC analyses showed that IAR cut-off was 49% for technique efficacy and 73% for retreatment.



Conclusions

Our results show for the first time that IAR is reproducible and that it predicts the volume reduction and the likelihood of a retreatment after 5 years from RFA.





Keywords: radiofrequency ablation (RFA), initial ablation ratio (IAR), efficacy, regrowth, retreatment, 5 years, thyroid



Introduction

In the last decade, thermal ablation has gained ground as an effective treatment for symptomatic thyroid nodules (1, 2), particularly in patients refusing or having contraindications to standard treatment modalities, as well as in patients with recurrences of differentiated thyroid cancer (3). Thermal ablation refers to a group of techniques, whose operating principle is to induce nodule shrinkage by rapid heating and destruction of the target zone. These techniques include laser, radiofrequency, and microwave ablation, as well as high-intensity focused ultrasound (4). Among them, laser and radiofrequency ablation (RFA) are the most thoroughly assessed techniques.

Focusing on the use of RFA to treat benign thyroid nodules, this technique has been proven effective and well-tolerated. Several studies have demonstrated that RFA significantly reduces nodule volume, with improvement of local symptoms (5, 6). In addition, large retrospective series have demonstrated that RFA carries an extremely low risk (<1%) of major complications (recurrent laryngeal nerve injury or damage to cervical structures) (7), and that it does not impair thyroid function (8, 9), or subsequent thyroid surgery (10).

Most of the available studies have described the short-term outcomes of RFA, whereas there is a limited number of studies evaluating long-term issues, such as nodule regrowth and the likelihood of retreatments (11–13). We have recently shown that even though RFA induces a clinically significant and long-lasting volume reduction of benign thyroid nodules, 20% of patients experience nodule regrowth and 12% of patients are retreated over time (14). Nevertheless, risk markers of regrowth and retreatment are still limited and remain to be fully defined.

Recently, the ratio between the ablated volume and the total volume of a nodule, i.e. the initial ablation ratio (IAR), has been proposed as a semi-quantitative index that predicts technique efficacy and might predict long-term outcomes, such as regrowth and retreatment (15). In particular, the IAR was correlated with nodule reduction, and when the IAR exceeded 70%, nodules were reduced by more than 50% (15).

Thus, this retrospective study aimed at evaluating i) IAR reproducibility and ii) IAR predictive value for RFA 5-year outcomes, including regrowth and retreatment.



Materials and Methods


Study Design

This is a retrospective single center study, whose aims were to evaluate IAR reproducibility and IAR predictive value for 5-year outcomes of thyroid RFA, such as efficacy, volume reduction, regrowth and retreatment. For this purpose, we screened all the patients treated with thyroid RFA in the Hospitals of ASUGI (Azienda Sanitaria Universitaria Giuliano Isontina) in Trieste (Italy). Patient inclusion criteria were as follows: i) benign cytology before RFA (diagnostic category Thy2/Tir2 or Bethesda II, as assessed by FNAB and cytologic examination); ii) no prior thyroid treatment (radioiodine, ethanol injection); iii) follow-up of 5 years after the first ablation; and iv) availability of B-mode US scan images to calculate IAR. All patients were asked to give their written informed consent before inclusion. This study is part of the project 268_2019FYTNAB, whose protocol was approved by the local Ethics Committee (CEUR-2020-Os-039), and which was conducted in accordance with the declaration of Helsinki.

The following parameters were collected: age, sex, year of treatment, baseline nodule volume (ml), nodule structure, nodule function (non-functioning/autonomously functioning nodules), nodule volume (ml) after 1, 2, 3, 4, 5 years from the treatment. Technique efficacy, regrowth and retreatment were recorded as binary variables (yes/no). Nodule volume was measured by US examination, which was generally performed with linear transducers except for very large nodules, whose volume was quantified with convex transducers. Volume reduction ratio (VRR) was defined as the percentage reduction in volume and it was calculated as follows: VRR = [(initial volume – final volume)/initial volume] x 100. Nodule structure was classified as solid if the fluid component was ≤10%, predominantly solid if the fluid component was between 11%–50%, predominantly cystic if the fluid component was between 51%–90%, and cystic if the fluid component was >90%. Nodule function was assessed with laboratory examination as well as thyroid scintigraphy, which was performed in case TSH was <0.4 microU/ml. Technique efficacy was defined as a volume reduction ≥ 50% after 1 year from the treatment. Regrowth was defined as a ≥50% increase compared to the previous smallest volume at US examination (14, 16).



Initial Ablation Ratio Measurement

The initial ablation ratio (IAR) is a semi-quantitative index that measures the amount of ablation, which has been associated with technique efficacy (15). IAR measurement is based on the concept that the total volume (Vt) of a nodule can be divided into an ablated (Va) and a vital portion (Vv), i.e. Vt=Va+Vv, as shown in Figure 1. The IAR is the ratio between the ablated volume (Va) and the total volume (Vt), and it is calculated as follows: IAR=(Va/Vt) x 100. Of note, the Vt that should be taken into account is the one measured prior to RFA. In this study, in order to evaluate the interobserver variability of IAR measurement, IAR was assessed by two Radiologists (GC and AZ) on B-mode US scan images that had been recorded at baseline and 1-month after RFA. All the B-mode US scans were performed in the same Institute by two Radiologists (MC and FS). All RFA procedures were performed by one Radiologist (FS).




Figure 1 | Representative B-mode US image of a thyroid nodule 1 month after RFA, showing that total volume (arrows) can be divided into an ablated volume (Va) and a vital volume (Vv). In particular, the ablated volume (which corresponds to the treated area) appears hypoechoic and avascular.





Statistical Analyses

All statistical analyses were carried out in R system for statistical computing (Ver. 3.5.0; R Development Core Team, 2018). Statistical significance was set at p<0.05.

Shapiro-Wilk test was applied to quantitative (continuous) variables to check for distribution normality. Continuous variables were reported as median with range (minimum-maximum). Qualitative (categorical) variables were reported as absolute frequencies and/or percentages (rates of technique efficacy, regrowth and retreatment). Continuous variables were compared by student’s t test (and ANOVA) or by Mann–Whitney test (and Kruskall Wallis test), depending on data distribution and number of groups. Categorical variables were compared by Chi-square test or Fischer’s exact test whenever appropriate. Variations over time of nodules’ volume were evaluated with non-linear mixed-effects models (NLME) for repeated measures. Multiple comparisons of nodules’ volume with respect to different follow-up periods (baseline vs 1, 2, 3, 4, and 5 years) were performed with Friedman test for repeated measures and p-values adjusted with Bonferroni post-hoc test.

The interobserver variability of IAR was evaluated by assessing the agreement and reliability of IAR measurements performed by two operators. The Bland-Altman plot was used for analyzing the IAR interobserver agreement: the mean difference and the limits of agreement were calculated. In addition, IAR interobserver reliability was assessed with Lin’s concordance correlation coefficient (ρc) (17). This coefficient evaluates the reproducibility in measuring a continuous variable. In particular, ρc contains a measurement of precision (how close the data are about the line of best fit) and a measure of accuracy (how far the best-fit line deviates from the 45° line through the origin, this 45° line representing perfect agreement). This coefficient is used as a complementary approach to the Bland-Altman analysis. Like a correlation, ρc ranges from -1 to 1, with perfect agreement at 1 while values near to 0 indicates no agreement. The value of ρc can be interpreted with the Landis and Koch scale (0.2–0.4: fair; 0.4–0.6: moderate; 0.6–0.8: substantial; 0.8–1.0: almost perfect).

To evaluate if IAR was associated with nodule volume reduction, we conducted a univariate linear regression analysis. Statistically significant variables with a p value <0.10 on univariate analysis were then selected for multivariate linear regression analysis. To evaluate if IAR could be a risk marker of technique inefficacy, regrowth, and retreatment we conducted a univariate logistic regression analysis and calculated the odds ratio of IAR as well as of age, sex, baseline volume, nodule structure and function. Given the small numbers of technique inefficacy (n=7), regrowth (n=19), and retreatment (n=10), the multivariate logistic regression analysis could not be performed. Moreover, given that retreatment is a time-dependent occurrence, a univariate Cox proportional hazards regression model was performed to verify if IAR was associated to retreatments (results reported as Hazards Ratios (HR) with 95% confidence interval (95%CI).

Receiver operating characteristic (ROC) analyses were used to calculate the accuracy of IAR as predictor of technique efficacy and retreatment. Area under the (ROC) curves with 95% confidence interval, were interpreted according to Sweets criteria, and were used to identify a cut-off value of IAR that best predicted technique efficacy and retreatment. Specificity and sensitivity were also calculated (95% confidence interval, CI). The best possible cut-off point was defined as the highest Youden Index [(specificity + sensitivity) – 1 (R package “OptimalCutPoints”)]. DeLong method was used to test the statistical significance of the difference between the areas under the curve.




Results


Study Population

Inclusion criteria were met by 78 patients (82 benign thyroid nodules), who were selected for this study. All patients were treated between 2012 and 2015 with RFA, which was performed with the moving shot technique and a monopolar 18-G needle (18). Table 1 shows the clinical and US characteristics of the study population. Median age was 60 years (18–86); there were 59 females (76%) and 19 males (24%). Median baseline thyroid nodule volume was 11.3 ml (0.44–54.6). Nodule structure was solid in 44% of cases, predominantly solid in 35% and predominantly cystic in 21% of cases. The majority of nodules were non-functioning (66%), while the remaining were autonomously functioning thyroid nodules (34%).


Table 1 | Characteristics of study population.





Nodule Volume Reduction

Nodule volume was significantly reduced by RFA (p<0.001 for repeated measures). In particular, the nodules’ volume was 11.3 ml (0.5–54.6) at baseline, 2.8 ml (0.02–52.6) after 1 year from the procedure, 2.6 ml (0.008–59.9) after 2 years, 2.07 ml (0.001–70.23) after 3 years, 2.26 ml (0.001–25.02) after 4 years, and 2.29 ml (0.001–23.44) after 5 years. In other words, the volume decreased by 76%, 76%, 77%, 79%, and 79% at 1, 2, 3, 4, and 5 years after RFA. Predominantly cystic nodules were associated with greater volume reduction after 1 year, while volume reduction did not differ between predominantly cystic and predominantly solid or solid nodules after 5 years from the treatment (Table 2).


Table 2 | Linear regression models for 1- and 5-year VRR.





Interobserver Reproducibility of Initial Ablation Ratio

Median IAR was 83% (-48%; 100%), as shown in Table 1. To measure IAR interobserver reproducibility and reliability, we compared the IAR values measured by two operators on the same nodules. The Bland-Altman analysis (Figure 2A) showed that the average discrepancy between the two operators was small, being 8.4 with 95% limits of agreement ranging between -23.4 and 40.1. Lin’s concordance correlation coefficient provided additional information, confirming a good interobserver reproducibility (Figure 2B). In particular, Pearson’s correlation (ρ) and Lin’s concordance (ρc) coefficients were respectively ρ=0.80 (95%CI; 0.68–0.86) and ρc=0.74 (95%CI: 0.62–0.82), indicating good reproducibility, with a bias corrector factor Cb of 0.94 (no systematic bias). It has been suggested that IAR reproducibility could further increase on contrast-enhanced US scans (19).




Figure 2 | (A) Bland-Altman plot showing interobserver agreement of IAR measurements on B-mode US images. The x-axe shows the mean of IAR measurements, the y-axe shows the difference between the measurements. Orange line = 0; blue line = mean difference between operators, red lines = ± 95% ( ± 1.96 SD) limits of agreement. (B) Scatter plot of the Lin’s concordance (interobserver concordance) coefficient, showing how far the fitted relationship between x and y deviates from the 45° concordance line through the origin. The graph shows good precision (ρ=0.80), almost no systematic bias (Cb), and a substantial interobserver concordance (ρc=0.74).





Initial Ablation Ratio and Volume Reduction Ratio

There was a good correlation between IAR and VRR after 1 and 5 years from the procedure (Figures 3B–C), whereas there was an inverse correlation between IAR and baseline volume (Figure 3A). On linear regression model analyses, IAR was independently associated with 1- and 5-year volume reduction (Table 2).




Figure 3 | Linear correlations between IAR and baseline volume (A), IAR and 1-year volume reduction ratio (B), IAR and 5-year volume reduction ratio (C). Box plots representing median IAR (min -max) in cases of technical efficacy vs inefficacy (D); presence or absence of regrowth (E); retreatment vs no retreatment (F).





Initial Ablation Ratio and Technique Efficacy, Regrowth, and Retreatment

Technique efficacy was achieved in 92% of nodules. Regrowth was observed in 23% of nodules. Retreatment was performed in 12% of nodules, as shown in Table 1. Causes of retreatment were: not reaching technique efficacy (40%), regrowth (40%), and symptom persistence (20%).

Figure 3 shows that the amount of ablation (i.e. IAR) was significantly higher in the nodules that shrunk by more than 50% (Figure 3D) and that did not require any retreatment (Figure 3E), while IAR did not change between the nodules that regrew or not (Figure 3F). On logistic regression model analyses (Table 3), IAR was significantly associated with technique efficacy and the likelihood of not being retreated, but not with regrowth. Likewise, IAR was significantly associated with the likelihood of not being retreated over time as assessed by Cox regression model analysis (Table 4).


Table 3 | Univariate logistic regression models for technique inefficacy, regrowth, and retreatment.




Table 4 | Cox proportional hazard regression model.





Initial Ablation Ratio Cut-Offs

On ROC curve analysis, when looking at technique efficacy, we found that IAR had an AUC of 0.87 (95%CI:0.71–1.00) and the cut-off best predicting technique efficacy was 49% (sensitivity = 0.71; specificity =0.92). When looking at retreatments, IAR had an AUC of 0.84 (95%CI: 0.73–0.94) and the cut-off best predicting no retreatment over time was 73% (sensitivity = 0.80; specificity =0.72). ROC curves are shown in Figure 4.




Figure 4 | ROC curves showing predictive accuracy of IAR for technique efficacy (A) and for retreatment (B).






Discussion

It has been largely demonstrated that RFA is an effective treatment for benign thyroid nodules. In randomized controlled trials, the volume reduction induced by RFA ranged from 69% to 78% after 1 year from the procedure (5, 6). Smaller baseline volume (20), spongiform US appearance (20), and higher amount of energy delivered (21) have been associated with this outcome. Consistent with these data, in this study, we found that volume reduction was 76% after 1 year from thyroid RFA and that it was significantly associated with nodule structure, as predominantly cystic nodules were reduced more than predominantly solid or solid nodules in the short term.

The IAR is a semi-quantitative index that measures the amount of ablation induced by radiofrequency. This index has been associated with technique efficacy (15). This study confirms that the amount of ablation, which was 83% was significantly associated with technique efficacy (i.e. 1-year VRR >50%), regardless of baseline volume and nodule structure. In particular, the IAR cut-off best-predicting technique efficacy was 49%. In other words, when more than 49% of the nodule is ablated, it is likely that the nodule will shrink by at least 50% after 1 year from the procedure. In addition, this study shows for the first time that IAR was significantly associated not only with 1-year but also with 5-year volume reduction.

As compared to the works by Sim (15) and Schiaffino (19), here we decided to ascertain if IAR measurement was reproducible. Our data show that IAR measurement, as assessed on B-mode US scans, was reproducible. In particular, despite the fact that the Bland-Altman plot showed that the 95% limits of agreement were wide for interobserver variability, the mean difference among observers was only 8.4%, suggesting that it is more likely that observers’ readings were closer to the reference measurement than to the extremes of the 95% limits of agreement. In addition, Lin’s concordance correlation coefficient was 0.74, indicating that there was substantial agreement.

It has been shown that thyroid RFA is effective in reducing nodule volume, and that the reduction achieved may remain stable for years. Nevertheless, in a minority of patients, regrowth may occur and patients may need a second treatment. To date, only a few papers have reported the 5-year outcomes of RFA. Most of them are limited by incomplete patient follow-up and variable number of treatment sessions (11–13, 22). In these studies, 5-year VRR ranged from 67% to 93.5%, whereas regrowth rate ranged from 4 to 24%, depending on the definition that was used. By contrast, in a study that followed a group of 216 patients for 5 consecutive years after thyroid RFA, nodule volume reduction was 77% at last follow-up, 20% of patients had nodule regrowth and 12% of patients underwent further treatments (14). In line with these figures, in this study, we found that after 5 years from RFA, nodule volume was reduced by 79%, 23% of nodules regrew, and 12% were retreated.

Unfortunately, the parameters that could help predict the risk of regrowth and/or retreatment over time remain to be fully identified (14). In a study evaluating the response of 206 nodules to RFA during a mean follow-up time of 22 months (range: 6–68 months), Yan showed that regrowth rate was 13% and that residual vital ratio, initial volume, location, and vascularity were all independent factors associated with regrowth (22). By contrast, in the study following 216 patients for 5 consecutive years after thyroid RFA, the only variable significantly associated with regrowth was the quantity of energy delivered, which turned out to be a poor predictor of regrowth, but a good predictor of retreatment (14). Consistent with these data, in this study, IAR was significantly associated with the likelihood of being retreated after 5 years from RFA but not with nodule regrowth. In particular, IAR cut-off best predicting no need of retreatments was 73%. In other words, when more than 73% of the nodule is ablated further treatments are unlikely. To translate it into clinical practice, an IAR value <73% might identify those patients who will benefit from a closer follow-up, as they are more likely to be retreated.

Our data suggest that predictors of technique efficacy and retreatment, such as IAR, are not necessarily predicting regrowth. The underlying reasons might include the fact that the current definition of regrowth is quite broad, and—for instance—it might fail to differentiate subclinical from clinical regrowths. Most importantly, it has to be taken into account that retreatments are due not only to regrowths but also to unsatisfactory volume reduction or symptom persistence, indicating that regrowth and retreatment are not exactly the two sides of the same coin.

Strengths and limitations of the study. The strengths of this study include the fact that it addresses for the first time the issue of IAR reproducibility and its predictive value for regrowth and retreatment over 5 years of follow-up. In addition, there was no patient loss during the follow-up, and being a single-center study we limited biases due to too many operators performing RFA and US scans. On the other hand, the limitations of this study include its retrospective design, and the low number of events (technique inefficacy, regrowths, and retreatments), such that we could not perform any logistic multivariate analysis.

In conclusion, this study shows that IAR is an index that is reproducible, and that it correlates not only with 1-year volume reduction and technique efficacy, but also with 5-year outcomes of RFA, such as 5-year volume reduction and the likelihood of being retreated over time. For this reason, the IAR is an index that might help clinicians in patient management. In particular, when more than 73% of the nodule is ablated, the need of further treatments is unlikely for—at least—5 years after thyroid RFA. Further studies with larger cohorts of patients are needed to confirm and extend our data, in order to identify markers of regrowth.
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Induced radiofrequency thermal ablation is the cytoreductive treatment of symptomatic benign thyroid nodules, metastatic and recurrent thyroid tumors and papillary thyroid microcarcinomas. It is a safe and effective alternative to surgery and it allows to obtain satisfactory results in terms of volumetric reduction of the nodule with significant improvement in the quality of life. The trans-isthmic approach and the moving shot technique are the two basic techniques; however, an advanced technique, artery-first feeding radiofrequency ablation, has been developed and validated. We have prospectively included 29 consecutive patients who have undergone radiofrequency ablation (Group A) or artery- first vRFA (Group B). All included patients had a diagnosis of benign nodular goiter and they underwent a single session of radiofrequency ablation. All patients followed a follow-up program at 1 month, 3 months, and 6 months. Continuous variables (age, TSH value, basal volume of nodule, used Joule, time in second of the procedure, nodules’ volume at 1-, 3-, and 6- months of follow-up and percentage of volume reduction at 1-, 3-, and 6- months of follow-up) were described as mean, standard deviation and range, while categorical variables (gender, nodule structure and nodule vascularization) were described as number of cases and percentage. Independent samples t-test were performed to compare the continuous variables. A Test of Proportions was applied to the categorical variables. The Fisher’s exact test was used to analyze the gender. Statistical significance was considered in case of p-value <0.05. Solid structure and spongiform structure showed statistic differences with p-values of 0.022 and 0.023 respectively between two groups. The percentage of reduction at 1 month did not show a significant difference between two groups; instead, the percentage of volume reduction was decreased mostly in the Group B at 3 months and 6 months of follow-up with a p-value of 0.003 and 0.013, respectively. The Joules/energy used showed a statistically significant difference (p-value=0.05), more energy must be used in vascular radiofrequency ablation. These data allow us to hypothesize that vRFA may improve the effectiveness of the procedure, allowing for a reduction in volume more quickly. They were preliminary but promising results, clearly a larger series of cases and prolonged follow-up are needed to clarify and confirm our observations.
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Introduction

Induced radiofrequency thermal ablation (RFA) is a minimally invasive technique developed to treat the symptoms and aesthetic outcomes of benign thyroid nodules. Thyroid nodules are the most common pathology of the thyroid gland, in most cases they are asymptomatic, stable over time and incidental; in a low percentage of cases, however, they have rapid growth associated with compression symptoms and unsightly outcomes (1). Until the last decade, these pathologies, when symptomatic, could only be treated with surgery. Recently, with the progress of minimally invasive techniques, thyroid nodules can be treated with various minimally invasive techniques including RFA (2).

RFA, performed by expert hands can be considered a safe and effective alternative to surgery for the treatment of selected pathologies. The RFA technique allows to obtain satisfactory results in terms of volumetric reduction of the nodule with a significant improvement in the quality of life. Patients treated with RFA ablation refer reduction of compression symptoms and discomfort, previously related to the presence of a mass in the neck. The trans-isthmic approach and the moving shot technique are the two basic techniques validated in many studies; however, an advanced technique, vascular radiofrequency ablation (vRFA), has been developed and validated (3).

Various International guidelines, indeed, consider RFA treatment a valid alternative to surgery in the case of symptomatic benign thyroid nodularities. Moreover, RFA may be an indication in the treatment of microcarcinoma, in recurrent thyroid cancers, in lymph node metastases and in cases where surgery is contraindicated or rejected by the patient (2–9). Especially in the treatment of papillary thyroid carcinoma recent data suggest the use of RFA as an alternative treatment to surgery (3, 4, 10–12).

The aim of this study is to evaluate the percentage of nodular volume reduction at 1 month, 3 months, and 6 months in patients treated with RFA and in patients treated with vRFA. The goal is to evaluate the difference between the two techniques in the time of reduction of the nodular volume and to identify the superiority of one technique compared to the other.



Materials and Methods

We have prospectively collected data of 29 consecutive patients who underwent RFA or artery- first vRFA at Department of Endocrine and Ultrasound-guided Surgery of “Ospedale del Mare”, Naples, Italy. All patients had a diagnosis of nodular goiter and underwent radiofrequency ablation of thyroid nodule between January 2018 and August 2019.

We included patients aged over 18 years and not pregnant with: single thyroid nodule of the thyroid lobe with benign cytological diagnosis (Thy2/TIR2 or Bethesda II) to two consecutive fine needle cytology (FNC) (13, 14); complete medical history, complete preoperative blood tests and complete follow-up. We excluded patients with: presence of multiple thyroid nodule in a thyroid lobe; cystic nodules or predominantly cystic nodules on ultrasound (cystic portion >50% of the nodule); cytological diagnosis of TIR1c, TIR3a, TIR3b, TIR4 and TIR5; non diagnostic cytological report (TIR1) to one FNC; autoimmune thyroid disease; TSH <0.15 mU/L or TSH >3.5 mU/L; previous thyroid radiofrequency ablation or ethanol injection; neck surgery within 5 years; previous radiation therapy; previous cancers. The flow chart (Figure 1) shows the patients enrolled according to the inclusion and exclusion criteria.




Figure 1 | Flow chart of eligible patients.



We divided the population in two groups based on RFA technique used. Group A included RFA patients. Group B included, on the other hand, patients subjected to vRFA. All patients underwent coagulation index and blood cells count sample, thyroid function samples, thyroid antibody samples, twice FNC, thyroid and later cervical lymph nodes B-mode US examination and fiberoptic-laryngoscopy tests in the 30 days prior to ultrasonographic ablation techniques. Clinical and demographic data (age, gender, baseline nodule volume, nodule structure, nodule vascularization, nodule function and a complete anamnesis) were obtained at first examination and were collected in an electronic database.

The US examination was conducted with a 7.5–12 MHz linear probe or with a convex probe in very large nodules equipped with CD and PD nodules (MyLab™ClassC and MyLab™9 Platform, Esaote Biomedica, Genova Italy) and assessing the volume of the nodule, the structure and the vascularization. The basal volume of the nodule was automatically calculated with ellipsoid equation by the software with the measurements of depth, width and length in longitudinal and transverse scans. The structure was defined as solid (fluid component was less than 10% of volume), spongiform (cystic areas occupied less than 50% of the nodule’s volume) and predominantly solid (solid component was more than 50% of the volume). The vascularity was studied by CD examination and classified as peri-nodular, intra-nodular and both peri- and intra- nodular. Cytology findings, according to SIAPEC-IAP classification, were collected and we included patients with twice TIR2 at two consecutive FNCs.

The examined variables, relating to the technique, were the Joules (energy used to deliver the power of one watt for one second) used and the time expressed in seconds. Radiofrequency ablation was performed with the M-3004 generator and the RFT-TIP 0710N, 7 cm length, 1cm exposed tip (RF Medical Co., South Korea) inserted with US guidance.

The patients were submitted to a single RFA session, in supine position, in neck hyperextension and with a skin and pericapsular anesthesia. The skin local anesthesia was done in the needle insertion site in the midline. During the treatment, all patients had a feeling of compression at the neck’s level, which did not require the interruption of the procedure. All patients were discharged 3 h after the procedure, after ultrasound examination. No cases of major or minor complications were observed.

The trans-isthmic approach and the moving shot technique are performed under ultrasound (US) guidance. The trans-isthmic approach allows the treatment of the left and right thyroid nodules by inserting the RFA electrode in the neck midline to lateral direction. It shows advantages over other approaches. Before reaching the target, the electrode crosses much of the thyroid parenchyma limiting involuntary excursions of the needle-electrode due to patients’ involuntary movements (speaking, swallowing or coughing). It prevents the leakage of hot material from the thyroid parenchyma during the procedure. This approach also allows continuous ultrasound monitoring to minimize the risk of complications or side effects due to thermal injuries in surrounding structures (recurrent laryngeal nerve, carotid artery, internal jugular vein, trachea and esophagus) (5–7, 15–17). Moreover, the use of Color Doppler (CD) and/or Power Doppler (PD) prevents serious bleeding, identifying the blood vessels along the path of the electrode.

A radiofrequency generator (M-3004, RF Medical Co., Ltd., South Korea), connected to the needle-electrode, produces an alternating electric current (between 200 and 1,200 kHz) which causes ions movement in adjacent tissues of the tip. The ions vibrate rapidly producing energy that is transformed in heat, raising local temperature between 60°C and 100°C. The high temperature induces a protein denaturation of cell membrane and the irreversible death of the cells of the tissues around the tip. The energy decreases exponentially in the length of the needle and the remote tissues are heated due to thermal conduction. This needle protection mechanism prevents tissues away from the target from undergoing coagulation necrosis due to the heat generated (18). At the beginning of the procedure, the temperature necroses all around the tip. US transient hyperechoic area is displayed and to the touch a vibration is perceived, described as a “shot”.

The RFA has benefited from the moving shot technique as the thyroid nodules mainly have an ellipsoidal appearance and it is difficult to treat them with the fixed technique. The periphery of the thyroid nodules is undertreated or overtreated with the fixed technique. Using the moving shot technique, instead, the nodule is ideally divided into multiple smaller units, each to be ablated separately. The subunits are smaller on the periphery and larger in the central area and in regions far from critical structures. The procedure begins with the treatment of the deeper and more peripheral areas, as the heat generated causes the appearance of transient hyperechoic air bubbles that reduce the acoustic window for ultrasound monitoring, moreover, saving the “dangerous triangle” (the nodular periphery area close to trachea) to avoid thermal injury to the recurrent laryngeal nerve. It continues with the treatment of superficial areas of the nodule. The moving shot technique allows to obtain an ellipsoidal ablation area, similar to the morphology of the frequent thyroid nodules. The treatment ends when the entire nodule appears completely replaced by transient hyperechoic areas (3, 5, 10, 19–22).

The anesthetic infiltration of skin and pericapsular tissue is performed before the RFA: the needle is inserted at the midline of the anterior neck to anesthetize the skin. Once the skin has infiltrated, the needle is pushed in lateral direction, depending on the right or left position of the nodule, up to the virtual space between the strap muscles and the thyroid capsule. A solution with lidocaine 2% is injected and appears as an anechoic band, which gradually disappears deeply into antero-superior mediastinum, and laterally tools the main vessels of the neck. The risk of major complications decreases with local anesthesia, because the operator can monitor the pain, an early indicator of heat propagation, while a moderate sedation or a general anesthesia prevent the patients’ active collaboration and the early manifestation of complications such as changes in tone of voice, cough or pain (10, 15, 23).

The thyroid upper polar nodules are usually vascularized by arterial branches of the upper thyroid artery that derives from the external carotid artery and mainly supplies the upper and anterior part of the thyroid gland. The nodules of the lower pole of the thyroid are vascularized by the lower thyroid artery, which derives from the thyrocervical trunk and provides the postero-inferior parts of the gland.

The vRFA is a technique used to treat the hypervascular thyroid nodule. The artery-first vRFA is used in hypervascularized nodules that show an evident feeding artery. Authors propose this technique to reduce the dispersion of the generated heat, in the nodules with important vascularization (24). The feeding artery is detected with a CD and PD study (Figure 2) and the use of artery-first vRFA decreases the complications and increases the techniques efficiency. Intranodular linear echogenicities appear in the target nodule when the feeding artery is ablated due to air microbubbles in the arterioles (Figure 3). In a few cases, it’s possible to have wedge-shaped hypoechoic area after the ablation due to the infarction of the area vascularized by the ablated feeding artery (25).




Figure 2 | Right lobe nodule, intraoperative transverse ultrasound (US) scan. (A) Power Doppler (PD) evaluation of the nodule to be treated with vascular radiofrequency ablation (vRFA). (B) Identification at PD and PWD of the main afferent artery.






Figure 3 | Right lobe nodule, intraoperative transverse ultrasound (US) scan. (A) Insertion of the electrode (white arrows) in the identified arterial afferent pole. (B) Power Doppler (PD) evaluation at the end of the procedure, absence of peri- and intranodular vasculartization.



We carried out the thermo-ablative treatment of an afferent arterial branch of nodule as a first step of RFA treatment, improving the moving shot technique, in order to obtain a better ablation of nodular tissue, amplifying the volume of the induced necrosis (Figure 4) (3, 22, 25).




Figure 4 | Right lobe nodule, longitudinal ultrasound (US) scan at 3 months follow up after vascular radiofrequency ablation (vRFA). (A) The nodule shrunk from 18.5 to 7 ml in 3 months, strongly hypoechoic, solid. (B) at Color Doppler (CD) evaluation, absence of peri- and intranodular vascular signal.



In the follow-up program we assessed the nodule volume and its percentage of reduction at 1 month, 3 months and 6 months. We assessed the volume with the ultrasound examination, evaluating the 3 diameters studied in the two projections. The reduction percentage was calculated comparing the follow-up volume with the basal volume.

Statistical analysis was performed with SPSS version 23 (SPSS©, Chicago, IL, USA). Continuous variables were described as mean, standard deviation (SD) and range, while categorical variables were described as number of cases and percentage. The population was divided in patients who underwent RFA and patients who underwent vRFA. Independent samples t-test were performed to compare the continuous variables (Joule, procedure’s time in second, basal volume, volume at 1 month, % of volume reduction at 1 month, volume at 3 months, % of volume reduction at 3 months, volume at 6 months and % of volume reduction at 6 months). A Test of Proportions was applied to the categorical variables (number of patients, nodule structure and vascularization). The Fisher’s exact test was used to analyze the gender. Statistical significance was considered in case of p-value <0.05.

Written informed consent was obtained from all participants. All procedures were performed in accordance with the Helsinki Declaration.



Results

Twenty-nine patients (10 males and 19 females) with a single benign thyroid nodule were enrolled in the study for the treatment with radiofrequency ablation. Patients were divided into two groups based on the treatment they were subjected to, Group A treated with RFA (12 cases) and Group B treated with vRFA (17 cases). Population’s mean age was 55.03 years (± 10.9 SD) without a statistical difference between two groups. Patients included were euthyroid and they had normal values of Thyroglobulin Antibody (TgAb), Thyroperossidase Antibody (TPOAb) and calcitonin (Table 1). In a case of subclinical hyperthyroidism (TSH 0.12 mU/L) thyroid scintigraphy was performed prior to treatment and it identified a non-functioning nodule. The mean Thyroid-stimulating hormone (TSH) value was 1.03 mU/L (± 0.49 mU/L SD) and showed no significant differences between the two populations (Table 1).


Table 1 | Baseline demographic and clinical data of the study population.



Ultrasound nodule structure was summarized in Table 1. Nodules with solid, spongiform and predominantly solid structure were selected. Solid structure and spongiform structure showed statistically significant differences with p-values of 0.022 and 0.023 respectively. The solid structure nodules were treated more with RFA (seven cases with RFA versus two cases with vRFA), while the spongiform nodules were treated more with vRFA (four cases with RFA versus 14 cases with vRFA).

Baseline nodule vascularization characteristics are summarized in Table 1 and do not show significant difference.

At baseline, the nodule volume ranged 1.60 to 74 ml with a mean of 26.90 ± 19.09 ml (Table 1). Considering the two groups separately, the Group A’ mean volume was 21.15 ± 20.34 ml, in the other hand, Group B’ mean volume was 30.96 ± 17.65 ml with a p-value=0.178. The variables of the ablative techniques are illustrated in Table 2. The Joules/energy used showed a statistically significant difference between the two techniques, with a mean of 29663.83 ± 21040.14 J/s in Group A and a mean of 48275.47 ± 26029.28 J/s (p-value=0.05), showing that more energy must be used in vRFA. The execution time expressed in seconds showed no significant difference. Both techniques were conducted by two skilled operators of a tertiary thyroid center.


Table 2 | Radiofrequency ablation characteristics (SD, standard deviation).



After radiofrequency ablation treatment the mean volume of nodule decreased progressively (Table 3, Figure 5): it was 14.15 ± 11.37 ml 1 month after treatment; 9.26 ± 8.48 ml 3 months after treatment and 6.41 ± 6.53 ml 6 months after treatment (p-value of 0.279, 0.784 and 0.451, respectively). The nodule volume decreased gradually during 1 month of follow-up with a mean of 14.15 ml versus 26.9 ml at baseline. The percentage of reduction at 1 month was 47.26% in study population without a significant difference between Group A and Group B (p-value= 0.369). Subsequently, percentage of volume reduction was decreased mostly in the Group B at 3 months and 6 months of follow-up with a p-value of 0.003 and 0.013, respectively. At 3 months of follow-up, Group B showed a mean percentage reduction of 72.71 ± 8.99% compared to the Group A’s mean percentage reduction of 56.28 ± 14.55%. Moreover, at 6 months follow-up, Group B showed a mean percentage reduction of 83.01 ± 5.04% compared to Group A’s mean percentage reduction of 70.04 ± 15.04%. Data showed that the percentage of nodule reduction was not dissimilar between the two groups after one month from the ablative treatment. At 3 months, instead, there was a significant percentage of major reduction in patients treated with vRFA. This statistical significance remained unchanged at 6 months, registering a greater volume reduction percentage in patients treated with vRFA than in patients treated with RFA.




Figure 5 | Profiles of thyroid volume assessed by B-mode ultrasound (US) at baseline and at 1-, 3-, and 6-month follow-up (A) in patients treated with radiofrequency thermal ablation (RFA) (Group A) and (B) in patients treated with vRFA (Group B).




Table 3 | Thyroid nodule volume in follow-up (SD, standard deviation).





Discussion

Numerous studies have shown that radiofrequency ablative treatment is an effective and safe treatment in symptomatic benign nodules of the thyroid (1, 12, 16, 19, 21, 26). International guidelines show that radiofrequency is effective in the treatment of microcarcinomas and recurrent carcinomas of less than 2 cm in diameter, not only in the treatment of symptomatic benign nodules (2, 10). Any study has shown the difference in the efficacy of RFA versus vRFA with artery-first step ablation techniques. The aim of our study was to evaluate the difference in the effectiveness of RFA and vRFA with a 6-month follow-up in symptomatic benign thyroid nodule.

Effective cytoreduction occurs when large volumes of necrosis are rapidly obtained with ablative treatments (22). In our population study, the percentage of volume reduction was similar between the two groups at 1-month follow-up, but it’s statistically different in Group B at 3- and 6-months follow-up. The percentage of reduction at 1-month is not different in the two groups due to infarction of the nodule treated with vRFA. The infarction is due to a reduction in the vascularization of the nodule and to a reduction in venous drainage (3). This scenario changes at 3 and 6 months of follow-up, in which there is a reduction in inflammation due to necrosis and a resumption of venous drainage with the removal of the necrotic cells from the treated nodule. Some Authors suggest that a volumetric reduction of treated nodule is from 50 to 80% after 6 months and from 70 to 90% after two years. In our cases we had a volume reduction of 43.45%, 56.28%, and 70.04% at 1-, 3-, and 6- months in Group A and a volume reduction of 49.95%, 72.71%, and 83.01% at 1-, 3-, and 6-months in Group B. The percentage of volume reduction is in line with the Literature data with a reduction of more than 50% of the volume already after 3 months of treatment in both techniques (21). In the future we will publish a study with a wider case history and a longer follow-up, to evaluate the percentage of reduction over the years and a possible regrowth of the nodule, comparing the two methods. The long-term efficacy of the treatment is assessed by observing the absence of nodular vital tissue regrowth, which can be demonstrated during ultrasound examinations carried out in the period following the treatment. Nodular regrowth, in the other hand, has been associated with the presence of inadequately treated nodular margins (21, 26–28).

In our population study, the nodules’ feeding artery is ablated with RFA before starting the ablative treatment. The rational of RFA is to increase the local temperature in order to induce tissue necrosis. Many benign thyroid nodules are hyper-vascularized. The adjacent vascular structures can dissipate the heat generated during the procedure reducing the treatment’s effectiveness. The early ablation of afferent artery reduces the vascularization of the nodule and the heat dissipation. Moreover, the afferent artery ablation reduces the risk of bleeding and of hematomas. The hemorrhage, during the RFA, leads to increase of volume and to obstacle the thermal conduction (3, 22). Our population shows a difference compared to the structure of the nodule. In Group A we have 58% of the population with a solid echostructure of the nodule, while in the Group B we have 82.4% with a spongiform echostructure of the nodule. The significant difference is affected by the choice of technique. vRFA can be used in the treatment of nodules with a feeding artery visible and nodules with a spongiform echostructure are nodules of greater size and intensely vascularized. Deandrea et al. suggest that spongiform nodule and cystic nodule have a greater reduction volume compared to solid nodules (21). Deandrea et al. hypothesize that in the nodules with a greater fluid component and in the more vascularized ones, the heat induced by the electrode produces more steam and the steam improves the thermocoagulation process (21). These data are in line with the ones observed in our study population. The energy utilized (J/s) shows significant difference. In vRFA group we have utilized increased energy (29663.83 vs 48275.47 J/s) as the method foresees two treatment steps: a first phase in which the nutritious artery is ablated and a second phase in which the nodule is ablated.

Park et al. describe an US hyperechoic linear streak at the nodule periphery after the afferent artery ablation. The US image is due to overheating which induces the appearance of microbubbles inside the arterioles. In some cases, on the other hand, it’s possible to view a wedge-shaped hypoechoic area due to ischemia. The ischemic area is a rare finding especially in hypervascularized nodules due to the presence of several collateral circles (3).

Our preliminary experience, conducted on symptomatic thyroid nodules, shows that the radiofrequency treatment is a safe and an effective treatment. The method allows to reduce the compression symptoms, to obtain high percentages of reduction of the volume of the nodule even with just one treatment, to treat the nodule with the most effective technique based on the anatomical conditions and is squeezed to a risk of complications absent when performed by expert hands.

We achieved a significant percentage of greater volume reduction in the vRFA group compared to patients treated only with RFA. At follow-up, peripheral vascularization appears less evident on CD, in patients undergoing vRFA than in those treated only with RFA. These considerations allow us to hypothesize that vRFA may improve the effectiveness of the procedure, allowing for an improvement in symptoms and a reduction in volume more quickly. They were preliminary but promising results, clearly a larger series of cases and prolonged follow-up are needed to clarify and confirm our observations.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by Ethics Committee Campania Center Prot. no 375/C.E 18-2020 oss of 09/15/2020. The patients/participants provided their written informed consent to participate in this study.



Author Contributions

All authors contributed significantly to the present research and reviewed the entire manuscript. CO participated substantially in conception, design and execution of the study and in the analysis and interpretation of the data; also participated substantially in the drafting and editing of the manuscript. SG participated substantially in conception, design and execution of the study and in the analysis and interpretation of the data; also participated substantially in the drafting and editing of the manuscript. GA participated substantially in conception and design of the manuscript and in the analysis and interpretation of the data. ME participated substantially in conception and design of the manuscript and in the analysis and interpretation of the data. UB participated substantially in conception and design of the manuscript and in the analysis and interpretation of the data. CM participated substantially in conception and design of the manuscript and in the analysis and interpretation of the data. ED’A participated substantially in conception and design of the manuscript and in the analysis and interpretation of the data. DP participated substantially in conception and design of the manuscript and in the analysis and interpretation of the data. SS participated substantially in conception, design and execution of the study and in the analysis and interpretation of the data; also participated substantially in the drafting and editing of the manuscript. All authors contributed to the article and approved the submitted version.



Abbreviations

CD, Color Doppler; FNC, fine needle cytology; PD, Power Doppler; RFA, radiofrequency ablation; SD, standard deviation; TgAb, thyroglobulin antibody; TPOAb, Thyroperossidase antibody; TSH, thyro-stimulating hormone; US, ultrasound; vRFA, vascular radiofrequency ablation.



References

1. Papini, E, Gugliemi, R, and Pacella, CM. Laser, radiofrequency, and ethanol ablation for the management of thyroid nodules. Curr Opin Endocrinol Diabetes Obes (2016) 23(5):400–6. doi: 10.1097/MED.0000000000000282

2. Haugen, BR, Alexander, EK, Bible, KC, Doherty, GM, Mandel, SJ, Nikiforov, YE, et al. 2015 American Thyroid Association Management Guidelines for Adult Patients with Thyroid Nodules and Differentiated Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid (2016) 26(1):1–133. doi: 10.1089/thy.2015.0020

3. Park, HS, Baek, JH, Park, AW, Chung, SR, Choi, YJ, and Lee, JH. Thyroid Radiofrequency Ablation: Updates on Innovative Devices and techniques. Korean J Radiol (2017) 18(4):615–23. doi: 10.3348/kjr.2017.18.4.615

4. Wu, R, Luo, Y, Tang, J, Yang, M, Li, J, Zhang, Y, et al. Ultrasound-guided radiofrequency ablation for papillary thyroid microcarcinoma: a retrospective analysis of 198 patients. Int J Hyperthermia (2020) 37(1):168–74. doi: 10.1080/02656736.2019.1708480

5. Lee, J, Shin, JH, Hahn, SY, Park, KW, and Choi, JS. Feasibility of Adjustable Electrodes for Radiofrequency Ablation of Benign Thyroid Nodules. Korean J Radiol (2010) 21(3):377–83. doi: 10.3348/kjr.2019.0724

6. Pacella, CM, Bizzarri, G, Spiezia, S, Bianchini, A, Guglielmi, R, Crescenzi, A, et al. Thyroid tissue: US-guided percutaneous laser thermal ablation. Radiology (2004) 232(1):272–80. doi: 10.1148/radiol.2321021368

7. Spiezia, S, Garberoglio, R, Di Somma, C, Deandrea, M, Basso, E, Limone, PP, et al. Efficacy and safety of radiofrequency thermal ablation in the treatment of thyroid nodules with pressure symptoms in elderly patients. J Am Geriatr Soc (2007) 55(9):1478–9. doi: 10.1111/j.1532-5415.2007.01306.x

8. Rosato, L, Avenia, N, Bernante, P, De Palma, M, Gulino, G, Nasi, PG, et al. Complications of thyroid surgery: analysis of a multicentric study on 14,934 patients operated on in Italy over 5 years. World J Surg (2004) 28(3):271–6. doi: 10.1007/s00268-003-6903-1

9. Kim, JH, Baek, JH, Sung, JY, Min, HS, Kim, KW, Hah, JH, et al. Radiofrequency ablation of low-risk small papillary thyroidcarcinoma: preliminary results for patients ineligibe for surgery. Int J Hyperthermia (2017) 33(2):212–9. doi: 10.1080/02656736.2016.1230893

10. Kim, JH, Baek, JH, Lim, HK, Ahn, HS, Baek, SM, Choi, JY, et al. 2017 Thyroid Radiofrequency Ablation Guideline: Korean Society of Thyroid Radiology. Korean J Radiol (2018) 19(4):632–55. doi: 10.3348/kjr.2018.19.4.632

11. Zhang, M, Tufano, RP, Russell, JO, Zhang, Y, Zhang, Y, Qiao, Z, et al. Ultrasound-Guided Radiofrequency Ablation Versus Surgery for Low-Risk Papillary Thyroid Microcarcinoma: Results of Over 5 Years’ Follow-Up. Thyroid (2020) 30(3):408–17. doi: 10.1089/thy.2019.0147

12. Papini, E, Pacella, CM, Solbiati, LA, Achille, G, Barbaro, D, Bernardi, C, et al. Minimally-invasive treatments for benign thyroid nodules: a Delphi-based consensus statement from the Italian minimally-invasive treatments of the thyroid (MITT) group. Int J Hyperthermia (2019) 36(1):376–82. doi: 10.1080/02656736.2019.1575482

13. Nardi, F, Basolo, F, Crescenzi, A, Fadda, G, Frasoldati, A, Orlandi, F, et al. Italian consensus for the classification and reporting of thyroid cytology. J Endocrinol Invest (2014) 37:593–9. doi: 10.1007/s40618-014-0062-0

14. Cibas, ES, and Ali, SZ. The Bethesda System for Reporting Thyroid Cytopathology. Thyroid (2009) 7(1):1159–65. doi: 10.1089/thy.2009.0274

15. Barile, A, Quarchioni, S, Bruno, F, Ierardi, AM, Arrigoni, F, Giordano, AV, et al. Interventional radiology of the thyroid gland: critical review and state of the art. Gland Surg (2018) 132–46. doi: 10.21037/gs.2017.11.17

16. Jung, SL, Baek, JH, Lee, JH, Shong, YK, Sung, JY, Kim, KS, et al. Efficacy and Safety of Radiofrequency Ablation for Benign Thyroid Nodules: A Prospective Multicenter Study. Korean J Radiol (2018) 19(1):167–74. doi: 10.1530/EJE-18-0685

17. Lim, HK, Cho, SJ, Baek, JH, Lee, KD, Son, CW, Son, JM, et al. Guided Radiofrequency Ablation for Low-Risk Papillary Thyroid Microcarcinoma: Efficacy and Safety in a Large Population. Korean J Radiol (2019) 20(12):1653–61. doi: 10.3348/kjr.2019.0192

18. Beak, JH, Lee, JH, Valcavi, R, Pacella, CM, Rhim, H, and Naet, DG. Thermal ablation for benign thyroid nodules: radiofrequency and laser. Korean J Radiol (2011) 12(5):525–40. doi: 10.3348/kjr.2011.12.5.525

19. Hong, J, Baek, JH, Choi, YJ, Lee, JH, Lim, HK, Shong, YK, et al. Radiofrequency ablation is a thyroid function-preserving treatment for patients with bilateral benign thyroid nodules. J Vasc Interv Radiol (2015) 26(1):55–61. doi: 10.1016/j.jvir.2014.09.015

20. Xiaoyin, T, Ping, L, Dan, C, Min, D, Jiachang, C, Tao, W, et al. Risk Assessment and Hydrodissection Technique for Radiofrequency Ablation of Thyroid Benign Nodules. J Cancer (2018) 9(17):3058–66. doi: 10.7150/jca.26060

21. Deandrea, M, Trimboli, P, Garino, F, Mormile, A, Magliona, G, Ramunni, MJ, et al. Long-Term Efficacy of a Single Session of RFA for Benign Thyroid Nodules: A Longitudinal 5-Year Observational Study. J Clin Endocrinol Metab (2019) 104(9):3751–6. doi: 10.1210/jc.2018-02808

22. Mauri, G, Gennaro, N, Lee, MK, and Baek, JH. Laser and radiofrequency ablations for benign and malignant thyroid tumors. Int J Hyperthermia (2019) 36(2):13–20. doi: 10.1080/02656736.2019.1622795

23. Piccioni, F, Poli, A, Templeton, LC, Templeton, W, Rispoli, M, Vetrugno, L, et al. Anesthesia for Percutaneous Radiofrequency Tumor Ablation (PRFA): A Review of Current Practice and Techniques. Local Reg Anesth (2019) 12:127–37. doi: 10.2147/LRA.S185765

24. Pillai, K, Akhter, J, Chua, TC, Shehata, M, Issan Al-Alem, NA, and Morris, DL. Heat sink effect on tumor ablation characteristics as observed in monopolar radiofrequency, bipolar radiofrequency, and microwave, using ex vivo calf liver model. (2015) 94(9):e580. doi: 10.1097/MD.0000000000000580

25. Ha, EJ, Baek, JH, and Lee, JH. Ultrasonography-Based Thyroidal and Perithyroidal Anatomy and Its Clinical Significance. Korean J Radiol (2015) 16(4):749–66. doi: 10.3348/kjr.2015.16.4.749

26. Feldkamp, J, Grünwald, F, Luster, M, Lorenz, K, Vorländer, C, and Führer, D. Non-Surgical and Non- Radioiodine Techniques for Ablation of Benign Thyroid Nodules: Consensus Statement and Recommendation. Exp Clin Endocrinol Diabetes (2020) 128(10):687–92. doi: 10.1055/a-1075-2025

27. Sim, JS, Baek, JH, Lee, J, Cho, W, and Jung, SI. Radiofrequency ablation of benign thyroid nodules: depicting early sign of regrowth by calculating vital volume. Int J Hyperthermia (2017) 33(8):905–10. doi: 10.1080/02656736.2017.1309083

28. Vuong, NL, Dinh, LQ, Bang, HT, Thuy, TTM, Bac, NH, and Vy, TT. Radiofrequency Ablation for Benign Thyroid Nodules: 1-Year Follow-Up in 184 Patients. World J Surg (2019) 43(10):2447–53. doi: 10.1007/s00268-019-05044-5



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Offi, Garberoglio, Antonelli, Esposito, Brancaccio, Misso, D’Ambrosio, Pace and Spiezia. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




CASE REPORT

published: 29 March 2021

doi: 10.3389/fendo.2021.566362

[image: image2]


Radiofrequency Thermal Ablation for a Small Papillary Thyroid Carcinoma in a Patient Unfit for Surgery: A Case Report


Francesca Maletta 1*, Sara Garberoglio 2, Alessandro Bisceglia 2, Alberto Ragni 3, Francesca Retta 3, Marco Gallo 3,4, Roberto Garberoglio 2 and Mauro Papotti 5


1 Pathology Unit, Department of Laboratory Medicine, Città della Salute e della Scienza Hospital, Turin, Italy, 2 Division of Endocrinology, Diabetology and Metabolism, Department of Medical Sciences, Città della Salute e della Scienza Hospital, University of Turin, Turin, Italy, 3 Oncological Endocrinology Unit, Department of Medical Sciences, Città della Salute e della Scienza Hospital, University of Turin, Turin, Italy, 4 Endocrinology and Metabolic Diseases Unit, AO S.S. Antonio e Biagio e Cesare Arrigo, Alessandria, Italy, 5 Pathology Unit, Department of Oncology, University of Turin, Turin, Italy




Edited by: 
Antonino Belfiore, University of Catania, Italy

Reviewed by: 
Agnese Barnabei, Azienda Sanitaria Locale Roma 1, Italy

Mingbo Zhang, PLA General Hospital, China

*Correspondence: 
Francesca Maletta
 francesca.maletta@libero.it

Specialty section: 
 This article was submitted to Cancer Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 27 May 2020

Accepted: 11 March 2021

Published: 29 March 2021

Citation:
Maletta F, Garberoglio S, Bisceglia A, Ragni A, Retta F, Gallo M, Garberoglio R and Papotti M (2021) Radiofrequency Thermal Ablation for a Small Papillary Thyroid Carcinoma in a Patient Unfit for Surgery: A Case Report. Front. Endocrinol. 12:566362. doi: 10.3389/fendo.2021.566362



Ultrasound-guided radiofrequency thermal ablation has been proposed as an effective and safe procedure for treating patients who have low-risk papillary thyroid microcarcinomas and/or are unfit for surgery. We present the case of a 72-year old male patient with a small thyroid nodule diagnosed as papillary carcinoma after fine needle aspiration. Since the patient had other serious comorbidities, priority was given to other therapies and the malignant thyroid nodule was submitted to active surveillance. After detecting at a follow-up examination a slight dimensional increase of the nodule, the possibility of a radiofrequency thermal ablation was proposed to our patient, who accepted. The procedure was safely and effectively carried out. Follow-up examinations with ultrasonography (or contrast enhanced ultrasound), conducted after 1, 3, 6, and 12 months, demonstrated a progressive reduction of size and loss of vascularization in the treated area. The fine needle aspiration was repeated after 6 months: the sample revealed a very poor cellularity composed of inflammatory cells and thick colloid; no residual neoplastic cells were observed. Our experience confirmed what already demonstrated by previous reports: radiofrequency ablation can effectively eliminate small papillary carcinomas, with a very low complication rate. It may be an alternative strategy for the treatment of low-risk, indolent papillary thyroid microcarcinomas, thus avoiding the potential side-effects of surgery in patients at risk for relevant comorbidities.
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Introduction

Surgery represents the first approach for the treatment of papillary thyroid carcinoma (PTC). However, considering the overall good prognosis of this neoplasm, extensive radical resection may not be indicated for some patients due to the risk of surgical complications and impaired quality of life in the postoperative period (1, 2). For years, radiofrequency ablation (RFA) has been considered a safe and effective method for the treatment of benign thyroid nodules and recurrent thyroid tumors. Currently, several guidelines recommend RFA treatment for symptomatic benign thyroid nodules, while indications for the treatment of malignant nodules are limited to palliative treatment in recurrent thyroid tumors or metastatic lymph nodes, when surgery is contraindicated or refused by the patient (1–5). RFA has also been recently suggested as an alternative treatment modality for primary thyroid microcarcinomas (1–3, 6) and in 2017, the RFA guidelines of the Korean society of thyroid radiology proposed the use of RFA for patients with primary thyroid cancer who refuse or are unfit for surgery (7).



Case Description

A 72-year old male patient was referred to our clinic after the diagnosis of a left axillary lymph node metastasis from Merkel cell carcinoma (MCC) with high mitotic activity and proliferation index. A dermatologic evaluation showed no sign of a primary skin lesion. A 18F-fluoro-2-deoxy-d-glucose Positron Emission Tomography (18FDG-PET)/Computed Tomography (CT) scan was performed for initial tumor staging and revealed an uptake in the left axilla (site of the known lymph node lesion) and a focal uptake in the left thyroid lobe. The subsequent thyroid ultrasound (US) showed, in the medial third of the left thyroid lobe, an 8x8x7 mm markedly hypoechoic, solid, subcapsular nodule with irregular margins and microcalcifications (high-risk category according to the 2016 AACE/ACE/AME US classification system) (8). No suspicious cervical lymph-nodes were detected. TSH and calcitonin levels were normal. Given the suspicious US features and the 18FDG-PET uptake, a US-guided fine needle aspiration cytology (FNAC) was performed, being consistent with PTC (Tir 5 according to SIAPEC/IAP classification of thyroid cytology or category VI according to the Bethesda System) (9, 10) (Figure 1).




Figure 1 | FNAC before RFA. 4 µm-thick H&E stained sections from the cell-block show a highly cellular sample, with a typical papillary architecture; thyrocytes show irregular, large and clear nuclei. A diagnosis of Papillary Thyroid Carcinoma (TIR5 according to the Italian SIAPEC-IAP classification of thyroid cytology) was formulated (A, magnification x200; B, x400).



In consideration of the clinical aggressiveness of MCC and its staging, priority was given to the treatment of MCC and a strategy of active surveillance for the small malignant thyroid nodule was chosen.

Subsequently, patient underwent external beam radiotherapy treatment to the axillary lesion (50 Gy/25 fractions), and, after detection of metastatic liver lesions and peri-pancreatic lymph node metastases, multiple cycles of systemic Carboplatin/Etoposide chemotherapy were administered. After a further disease progression, the patient was switched to an immunotherapy-based, second-line systemic treatment regimen with avelumab. The following restaging CT scans showed progressive reduction in the size of known liver metastases, confirming a partial response to the immunotherapy regimen, which was then discontinued after 18 months due to stable disease.

During the US follow-up exams, the malignant thyroid nodule showed a slight dimensional increase, reaching the size of 11x9x8 mm of maximum diameter. Taking into consideration patient’s age, performance status, the overall clinical situation and surgical risk, a less invasive treatment approach was preferred, and after obtaining patient’s informed consent, a procedure of RFA of the malignant thyroid nodule was performed.



Description of the Procedure

The treatment of RFA was carried out in day hospital regimen. A peripheral vein was cannulated in the forearm with a venous catheter. During the procedure, 500 ml saline and 50 mg of Ranitidine were administered. The patient was connected to a monitor which allowed to check peripheral oxygen saturation, electrocardiogram, respiratory rate and blood pressure during the whole duration of the procedure. He was placed supine with his neck extended, in order to allow a better exposure of the jugular region.

The nodule was assessed by ultrasound: it was sub-capsular and localized in the left thyroid lobe, in the para-isthmic region; its diameters were 11x9x8mm. The echostructure was solid, irregular, hypoechoic, with slightly spiculated margins and with microcalcifications (Figure 2). At the Echo Color Doppler (ECD) investigation, vascularization was mainly endonodal; on strain elastosonography it appeared mainly rigid. The investigation was completed with the contrast-enhanced US (CEUS) (SonoVue Bracco, Milan) which allowed the complete visualization of the nodule vascular micro-network: it appeared mainly endonodal but irregular, with a scarcely vascularized central nucleus.




Figure 2 | Ultrasound features of the nodule before and after RFA. Before RFA (A), the nodulation has a solid, irregular, hypoechoic structure, with slightly spiculated margins and microcalcifications. At control 12 months after RFA only a small nodular, hypoechoic and homogeneous area is appreciable (B); it is in contact with the thyroid capsule that appears slightly retracted but with no signs of extra-thyroidal extension.



The procedure was carried out by RG, a collaborator of our group with at least 30 years of diagnostic and interventional ultrasound experience, especially of the neck region. After disinfecting the skin and setting up the sterile field, the suitable point was identified by US to proceed with local anesthesia with 2% lidocaine: the anesthetic was injected at the site of the skin puncture and in the space between the thyroid capsule and the fascia of the peri-thyroid muscles (strap muscles), where the algogenic endings of the sensory nerves are located.

The needle for RFA (needle used RFT-0710N RF, Medical Co.Ltd) was then inserted, under US guidance, with a trans-isthmic approach, always displaying the needle along its major axis. This type of approach allows to constantly monitor the needle in the context of the nodule, keeping it away from the recurrent laryngeal nerve, in order to reduce the risk of thermal injury (1–3). For the RFA procedure, a maximum power of 50 Watts was used.

As a rule, the technique of ablation consists in ideally dividing the nodule into smaller units that are independently treated using the “moving shot” technique: the tip of the electrode is initially positioned in the deeper portion with subsequent retractions towards the more superficial portions.

Given the small size of the nodule, the procedure was carried out quickly, with a duration of 5’11’’.

At the end of the procedure, before removing the needle, another CEUS examination was performed to assess the extension of the ablated area and compare it to the pre-treatment situation: the ablation proved complete and the ablated area was clearly wider than the edge of the previously assessed neoplasm.

After the procedure, the observation period lasted about 6 hours, with infusion of Methylprednisolone (125 mg), Acetaminophen (1 g) and Ranitidine (50 mg) in 500 ml saline solution. A last US exam of the anterior cervical region was performed to assess the absence of complications and then the patient was discharged home.



Follow-Up

The patient was reassessed with the US at 1, 3, 6, and 12 months after the procedure, making a multiparametric US evaluation and adding the CEUS in the 3rd and 6th month controls.

At the examination performed after 1 month, the nodule had an oblong shape, measured approximately 13 x 22 x 9 mm (respectively, transverse, lateral and antero-posterior diameters) (T x L x AP) and had a solid, hypoechoic, slightly inhomogeneous echostructure, with regular margins. In the control performed after 3 months, the nodule had a slightly oblong shape, with a substantially unchanged volume from the previous exam, with measurements of approximately 12 x 18 x 8 mm (T x L x AP). The nodule had a solid, slightly irregular and hypoechoic structure. CEUS assessed, the described area appeared clearly avascular.

In the control performed after 6 months, the nodule had clearly reduced dimensions, always oblong in shape with dimensions of approximately 8 x 12 x 6 mm (T x L x AP), with a hypoechoic, uneven echostructure, with a small anterior marginal hyperechoic area.

When investigated by CEUS, the nodular area appeared to be totally avascular with less clear vascular margins compared to the previous examination. During this evaluation, FNAC with thin needle (22 Gauge) was performed. The sample was partly smeared on two slides, of which one was immediately alcohol-fixed and stained with Hamatoxylin and Eosin (H&E) for rapid on site evaluation while the other was air-dried and stained with Giemsa afterwards; the remaining sample in the syringe was collected and alcohol-fixed in a test tube. From this material, a paraffin-embedded cell-block was obtained, from which 5-µm thick sections were cut and stained with H&E.

The FNAC (both smears and cell-block) yielded a poorly cellular sample containing inflammatory cells (histiocytes and multinucleated cells), necrotic debris, fibrotic tissue, thick colloid and scattered thyrocytes, the latter showing no significant nuclear atypia (regular nuclear margins without groovings or pseudoinclusions) (Figure 3). If compared with the pre-RFA procedure FNAC, cellularity was considerably reduced and the typical signs of papillary carcinoma were totally absent.




Figure 3 | FNAC after RFA H&E (A) or Giemsa (B) stained smears and H&E stained section from cell-block (C) exhibit a poorly cellular sample with sparse inflammatory elements or multinucleated giant cells in a background of thick colloid and fibrosis (magnification x400).



After 12 months, only a small nodular area in the site of the previous treatment was appreciable, with a maximum size of about 4 mm, hypoechoic, homogeneous, without significant vascularization under ECD investigation (Figure 2). The nodule was in contact with the thyroid capsule that appeared slightly retracted, but seemed confined within the thyroid parenchyma, with no sign of extra-thyroidal extension. No pathological cervical lymph-nodes were found.

Nowadays, two years after the diagnoses of MCC and thyroid cancer, the patient is alive and well, substantially free of disease.



Discussion

Since the first reported series in 2006 (11, 12), a number of studies showed the efficacy and safety in treating benign ‘cold’ and ‘hot’ thyroid nodules with RFA. Currently, several guidelines recommend RFA for generally benign thyroid nodules for symptomatic or cosmetic reasons and until recent years, recommendations for malignant diseases were restricted to palliative treatment for recurrent thyroid cancers or metastatic lymph nodes when surgery was contraindicated or declined by the patient (13–15).

However, several previous studies also showed that image-guided RFA is safe and effective in the treatment of primary thyroid microcarcinoma (PTMC) (16, 17) and this procedure was included in the 2017 RFA Guidelines of the Korean Society of Thyroid Radiology as an alternative to surgery for patients who refuse it or who cannot undergo an operation (7). Satisfactory results of image-guided thermal ablation for primary thyroid cancer were also reported using means other than radiofrequency, like laser and microwave (18, 19) but whether there is a difference among the efficacy of different techniques remains unclear and should be investigated with further studies.

As previously reported, after about two years of follow up, no sign of PTC recurrence was seen in our patient. This, together with the anatomo-pathological findings 6 months after the procedure, with no evidence of typical PTC cells, testifies the effectiveness of RFA in the treatment of malignant thyroid nodules. However, it should be considered that the patient was concomitantly taking avelumab; even if nowadays there are no data about the use of this drug in PTC treatment, there is a growing evidence regarding the efficacy of immunotherapy, and in particular of pembrolizumab, in the field of advanced thyroid cancer treatment (20). Therefore, we cannot exclude that this factor may also have contributed to the successful control of PTC in this patient)

The present case report recaps on some topics about RFA. As described elsewhere (1), the procedure starts by positioning the electrode into the deepest conceptual ablation unit of the nodule and under continuous US guidance and using the “moving shot” technique, the output RF power is administered until all conceptual units of the nodule have been covered. Our experience highlights an important concept about the technique of RFA: when treating a malignant nodule, thermoablation-induced necrosis must be extended beyond the borders of the nodule, even if it is in contact with the capsule, in order to be sure of the total ablation of the nodule. The US (morphological and contrast-enhanced) checks carried out in our case showed a tissue necrosis wider than the area of the tumor, thus testifying a positive result of the procedure. The tumor area was totally ablated and, at the end of the treatment, it appeared very small and avascular. However, attention must be paid not to damage the surrounding noble structures and in some cases it may be useful to interpose some liquid between the muscle band and the capsule. In the event that the nodules are in a position very close to the thyroid capsule or to the trachea, esophagus or arterial vessels, it is possible to perform a local infusion of liquid (saline solution, or 5% glucose), in order to create a liquid barrier between the nodule to be treated and the surrounding anatomical structures to protect the noble structures of the neck (the so-called “hydrodissection technique”). In our case, due to the position of the target nodule, it was not necessary to recur to this technique.

Contrary to the growing experience in using non-surgical procedures for thyroid nodule treatment (ethanol ablation, laser ablation, RFA, high-intensity focused ultrasound), morphological changes produced by ablation are rarely investigated apart from occasional descriptions of minimally-invasive techniques such as core needle biopsies (CNB) on residual nodule detected during follow-up after these procedures. In 2016, Branovan et al. (21) analyzed the gross and microscopic alterations in human thyroid tissue induced by RFA: the experiment was conducted on 37 thyroid glands surgically removed for follicular adenoma or adenomatous colloid goiter. After dividing the nodules into two parts, one was a subject for histological routine processing, the other one was used for the RFA procedure. On the half nodule treated with RFA, pathological examination revealed destructive and diffuse alterations in shape and size of parenchymal structures (follicles), stroma and vessels. Moreover, extensive necrotic areas, wrinkling of the tissue, swelling and blurring of cell details were observed. Also, larger vessels (venules) appeared spastic, while smaller ones (small lymphatics) were dilated.

Valcavi et al. (19) investigated the pathological effects of US-guided thermal laser ablation in three papillary microcarcinomas. The patients underwent percutaneous laser ablation and, subsequently, total thyroidectomy: conventional histology showed destructured and carbonized tissue, with no viable cells in the ablated area and in the rim of normal tissue surrounding the tumor. Similar results were obtained by Piana et al. (22) who evaluated the histopathological effects on 22 benign nodules treated with laser ablation and compared the cytological findings before and after the treatment with the histological features on surgical specimens.

Moreover, Zhang et al. (23) reported a case series of 98 patients treated with RFA on low-risk PTC. The follow-up CNB was performed in all patients after 3 months from the procedure, both in the ablation area and in the surrounding parenchyma and it showed degeneration of follicular epithelial cell, fibrosis with hyaline degeneration of interstitial collagen fibers and inflammatory lymphocytic infiltration at the center and at the edge of the ablation area. No residual or recurrent tumors were detected, which confirmed complete elimination of the PTMC lesions. These data were confirmed by a larger cohort of the same group (1), with CNBs showing degenerative changes such as edema, inflammation and sclerosis. Recently, Xiao et al. (24) evaluated the efficacy and safety of US-guided RFA for treating low-risk T1bN0M0 PTC. US-guided CNB was routinely performed at the center and edge of the ablation zone as well as in the surrounding thyroid parenchyma 3 or 6 months after ablation; among the ablation zones that did not disappear (28 cases on a total of 66 patients), CNB revealed no viable neoplastic cells in 26 cases, while two patients were found to have malignant cells on CNB at the edge of their ablation zones after 6 months of follow-up; these patients successfully underwent a second RFA session. A metastatic lymph-node was detected at ipsilateral level IV in one patient 3 months after ablation and this lymph-node was successfully treated with RFA. No distant metastases were detected during follow-up.

To our knowledge, our case is the first report on a FNAC (instead of a core biopsy) on a PTC nodule treated with RFA: results are similar to those shown in CNBs by Zhang et al. (23) and Wu et al. (1), namely a sample showing prevalent sclerosis, inflammation and absence of residual neoplastic cells. Thus, traditional FNAC may prove as effective as CNB in order to assess complete response to RFA or to detect a possible residual disease. Moreover, it has the advantage of being a less invasive procedure than CNB: CNB needles in fact are larger in caliber than FNAC needles and they should be used only by experienced operators; less-experienced operators may have difficulties in tracking the needle tip under US, thus increasing the possibility of complications (25).

In conclusion, image-guided thermal ablation of low risk PTC is becoming a widely accepted procedure: with the advantage of minimal invasiveness, it might be chosen as first line treatment for patients unfit for surgery or to avoid its complications. Some authors even suggest that image-guided thermal ablation might be a good option to compensate for image-derived cancer overdiagnosis (26), with PTCs being more and more often detected in their very initial stage due to improved imaging techniques.

However, so far, some limitations to the widespread use of RFA for treating PTMC still exist: first of all, available data are based on retrospective studies only, with inevitable sample bias (1). Moreover, considering the good prognosis of PTC, definitive conclusions about the efficacy of RFA might be drawn only after longer term follow-up, not yet available at the present moment.
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Purpose

To confirm the efficacy of ultrasound (US) guided radiofrequency ablation (RFA) in the treatment of benign thyroid nodules, we evaluated as primary outcome the technical efficacy and clinical success in a single center dataset. The secondary outcome was to find a correlation between nodules’ pre-treatment features and volume reduction rate (VRR) ≥75% at 12 months after RFA and during follow-up period.



Methods

This retrospective study included 119 consecutive patients (99 females, 20 males, 51.5 ± 14.4 years) with benign thyroid nodules treated in our hospital between October 2014 and December 2018 with a mean follow-up of 26.8 months (range 3–48). Clinical and US features before and after RFA were evaluated by a US examination at 1, 3, 6, 12 months and annually thereafter up to 48 months.



Results

The median pre-treatment volume was 22.4 ml; after RFA we observed a statistically significant volume reduction from the first month (11.7 ml) to the last follow-up (p < 0.001 for all follow-up times). The median VRR was 47.1, 55.3, 61.2, 67.6, 72.8, 71.3, and 62.9% at 1, 3, 6, 12, 24, 36, and 48 months of follow-up respectively, showing a progressive significant improvement up to 24 months (VRRs 1 vs 3 months, 3 vs 6 months and 6 vs 12 months p < 0.001, 12 vs 24 months p = 0.05) while no differences at 24 vs 36 and 36 vs 48 months were observed. Symptoms improved significantly (complete resolution 64.35%, partial resolution 35.65%), and neck circumference was reduced as compared to pre-treatment (p < 0.001). Lower pre-treatment neck circumference (37.5 vs 36.0 cm, p = 0.01) was a positive predictor of VRR ≥75% at 12 months. Macrocystic echostructure (HR 2.48, p 0.046) and pre-treatment volume >22.4 ml (HR 0.54, p 0.036) were found to be independent positive and negative predictors of VRR ≥75% respectively. One-month post RFA VRR ≥50% represented the best positive predictor of technical success.



Conclusions

This study confirmed the efficacy of RFA in the treatment of benign thyroid nodules. In particular we show that by selecting macrocystic nodules smaller than 22.4 ml better long-term response can be achieved, which is predicted by an early shrinkage of the nodule.





Keywords: predictive factors, efficacy of radiofrequency ablation, radiofrequency ablation (RFA), benign thyroid nodules, volume reduction



Introduction

Thyroid nodules are a relatively common clinical condition that affects up to 65% of the general population with large variability mostly originating from geographical heterogeneity and sensitivity of diagnostic methods (1). The incidence seems to be related to gender, insufficient iodine intake (2), and particularly, age (3). In most cases, these lesions are not symptomatic and, therefore, are diagnosed incidentally during instrumental examinations performed for some other reasons (4–6). Less frequently, thyroid nodules are diagnosed due to the presence of a palpable nodule in the cervical region or related symptomatology (i.e. compression trouble linked to the position and/or size) or thyroid hyperfunction (7, 8).

Although most thyroid nodules are benign, treatment could be required in the case of excessive size enlargement, compressive and/or cosmetic symptoms (9), or anxiety for the possibility of turning malignant (10, 11).

In these cases, the surgical approach represents the treatment to be preferred for thyroid nodules with compressive symptoms, even if it is known that neck surgery could lead to serious complications, i.e. hypocalcemia and dysphonia (12, 13).

For these reasons, in the last two decades, image-guided ablation procedures have been proposed. These procedures are minimally invasive and are also applicable to patients with contraindications to major surgery, or in patients who refuse it. The most consolidated alternative are percutaneous ethanol injection (PEI) (5, 14–16), laser ablation (LA) (17–20) and radiofrequency ablation (RFA) (21–26); more recently, micro-wave ablation (MW) and then high-intensity focused ultrasound (HIFU) have been proposed (27, 28).

In particular, RFA has been recommended as a treatment to be preferred for benign thyroid nodule by several guidelines (15, 29–32).

RFA of benign thyroid nodules have shown good results in volume reduction rate (VRR), ranging from 33 to 58% one month after treatment, and 51–85% up to six months, improving most of nodule-related clinical symptoms (21, 23, 24, 33–37).

However, the way of predicting the outcome of RFA treatments is still not well understood (38).

This study aimed to confirm the efficacy of RFA in the treatment of benign thyroid nodules in a single center dataset and to detect a significant correlation between pre-treatment features, including clinical and ultrasonographic features, and volume reduction rate (VRR) ≥75% at 12 months after the procedure and then during all follow-ups.



Materials and Methods

This retrospective observational study included 119 consecutive patients referred to our Centre (Città della Salute e della Scienza University Hospital in Turin) for RFA of thyroid benign nodules from October 2014 to December 2018.

The inclusion criteria were: (a) patients aged 18 years or older; (b) confirmation of benignity (Tir2, SIAPEC-IAP) (39) or indeterminate lesions at low risk of malignancy (Tir3A) (39, 40) at two fine-needle aspiration cytology without echographic features suspicious for malignancy and normal level of serum calcitonin; (c) compressive or cosmetic symptoms in patients with refusal or ineligibility for surgery; (d) patient underwent one single-session RFA.

The exclusion criteria were: (a) malignant (Tir5) or suspicious of malignancy (Tir3b-Tir4) thyroid nodules, (b) pregnancy.

The Institutional Review Boards of our hospital approved this study, and patient consent was obtained in all cases.


Pre-Treatment Assessment


Clinical Evaluation

We categorized symptom and cosmetic scores as defined in a previous consensus statement (41). Subjective compression symptoms were assessed by a visual analogue scale (grades 0–10) where 0 indicates the absence of compression-related disorders and 10 indicates the maximum tolerable discomfort; the cosmetic assessment was performed based on a four-point scale: 1 = absence of palpable mass; 2 = palpable but not visible mass; 3 = cosmetic problem during swallowing alone; 4 = easily identifiable visible mass.

Neck circumference, expressed in centimeters (cm) and measured by placing the tape measure in the middle of the neck of the patient, was evaluated.



Biochemical Evaluation

Laboratory tests included: thyroid stimulating hormone (TSH), serum free thyroxine (fT4), calcitonin, complete blood count, coagulation tests, dibucaine number and cholinesterase, hepatic and renal function. Additionally, all patients underwent baseline electrocardiogram and vocal cord function assessment performed by an otorhinolaryngologist before the ablation procedure.



Ultrasound Evaluation

Both transverse and longitudinal sonograms were obtained by real-time imaging of the thyroid nodules using an Esaote MyLab Twice real-time US system with a linear multifrequency (7–14 mHz) probe. Still and video clip sonographic images were evaluated by two board-certified radiologists (RG and SG) and two endocrinologists (RR and LP) with >10 years of experience.

The sonographic findings were analyzed based on the current guidelines (5, 15, 42) and reported as defined in a previous consensus statement (41).

Diameters (anteroposterior, transverse, and longitudinal) of each thyroid nodule were measured in centimeters (cm); the nodular volume, expressed in milliliters (ml), was calculated by the ultrasound machine on the basis of the diameters using the ellipsoid volume formula (length × width × depth × 0.524).

The nodular echostructure was classified as solid (≤10% of fluid component), microcystic (predominantly solid, 11–50% of fluid component), macrocystic (predominantly cystic, 51–90% of fluid component), cystic (>90% of fluid component), and spongiform (nodules containing multiple small cysts smaller than 5 mm interspersed within the solid tissue component for nearly all the volume).

The nodules echogenicity was classified as hypoechoic, isoechoic, or hyperechoic compared to the adjacent strap muscles of the neck. Regarding nodular shape, nodules were divided into regular or taller than wide. Nodular margins were categorized as smooth or irregular. Calcifications were reported as present or absent. Perinodular or intranodular vascularization was assessed by color and power Doppler examination; stiffness was evaluated by qualitative elastography (strain Elastosonography): the pressure is exerted freehand through the ultrasound transducer. An elastographic image (elasto-gram) is then produced, represented as a color-coded image superimposed on the image in mode B (43, 44); in our study, we used the classification proposed by Rago et al. (45). We defined the nodules with patterns 1 and 2 as soft; the nodules corresponding to pattern 3 were classified as intermediate elasticity and finally the nodules with patterns 4 and 5 were considered hard.




RFA Procedure

Access to the procedures was carried out on a day hospital basis. RFA procedures were performed by an operator with an experience of >10 years (RG).

A single session of RFA was performed with the patient in a supine position with mild neck extension. Patients underwent treatment in a state of conscious sedation and were managed with 0.75% ropivacaine around the thyroid gland for puncture site anesthesia, always with ultrasound guidance.

We used an internally cooled electrode: 18 gauge, 7 or 10 cm length with a 10 mm active tip (RFT(S) Tip/RFTP(S) RF Medical Co.Ltd.) connected to a radiofrequency generator (Mygen M-3004).

A transisthmic approach method with the ‘moving shot technique’ (29, 46) was adopted; the insertion of the needle-electrode took place under freehand ultrasound guidance with a mid-lateral path, in such a way as to direct the flow of energy towards the lateral regions of the neck and away from areas at risk due to contiguity of thermal injury, such as the inferior laryngeal nerve and tracheoesophageal structures. The target nodule is ideally divided into several ablation units prior to the procedure. Starting from the deepest portion, the treatment is carried out unit after unit by moving the needle towards the most superficial portions. Due to the heat, necrosis is obtained and a hyperechoic area is formed on the tip of the needle-electrode; the generator shuts down power and impedance increases (47). The needle is then gradually brought back along the electrode axis in order to reach another tissue unit still to be treated. The procedure ends when all the ideal units of the nodule have been treated, which therefore appears completely hyperechoic.

The applied power and the actual time of treatment were recorded at the end of each session; the mean power used during the treatment was 55 Watt (W) and the treatment time about 15 min (49,500 J).

The procedures were monitored under the control of the B-mode ultrasound method in real time to assess the correct positioning of the needle-electrode within the lesion to be treated. A transient and complete hyperecogenicity of the target nodule, linked to heat-induced changes, represents the parameter that identifies the end of the procedure (48). Before removing the electrode, we performed an examination with Contrast Enhanced Ultrasound (CEUS), SonoVue (Bracco, Milan, Italy) to evaluate the extent of the necrosis area: ablation was considered complete when the total volume of the nodule appears not-vascularized. Once the needle-electrode was extracted, a new ultrasound evaluation was performed to exclude intra or extranodular complications.

The patients were observed for at least 3 h and were finally discharged, in some selected cases with the prescription of oral analgesic therapy.



Follow-Up

Post-RFA, patients were followed up by US and clinical evaluations at 1, 3, 6 and 12 months after treatment and annually thereafter up to 48 months. In each follow-up, US examination, symptom and cosmetic score were evaluated while thyroid hormonal function was assessed every year. Thyroid nodule volume was assessed, and the volume reduction rate (VRR) of the treated nodule was calculated based on the formula: VRR = [(initial volume − final volume) ×100]/initial volume (26).



Study Outcome

The primary outcome was the therapeutic efficacy in terms of volume reduction, VRR, and clinical success (41), defined as the ability of the treatment to resolve the condition itself (compression symptoms or cosmetic concerns); it was classified as complete (i.e., complete resolution of presenting symptoms), partial (i.e., symptom improvement but still present), or absent (i.e., no symptom improvement) and by modification of cosmetic score.

The secondary outcome was to find a significant correlation between pre-treatment features of the nodules and technique efficacy, defined as a volume reduction ≥75% at 12 months after RFA and then during all follow-up period.



Statistical Analyses

According to the descriptive statistics, continuous variables with normal distribution are expressed as mean ± standard deviation, while non-parametric data as median with interquartile range.

Statistical differences between continuous variables were evaluated with the Wilcoxon test for paired data or paired sample T-test.

To investigate the existence of an association between the technique efficacy of RFA (VRR ≥ 75%) and the clinical and pre-treatment ultrasound variables, a univariate analysis was conducted: Fisher’s χ2 test was used for binary and categorical variables, while, for the continuous variables, in consideration of the non-normal distribution of the data despite the good number of the sample under study, the Mann–Whitney U test was assessed.

Secondly, for the comparison between multiple groups, the Kruskal–Wallis H test was performed.

Finally, a multivariate logistic regression model was constructed to confirm the existence of independent variables.

A dynamic analysis was then carried out, considering for each subject the time, expressed in months, between the RFA treatment and a volume reduction rate ≥75%, considered as the technical success, or the time between treatment and the last follow-up, in case of a volumetric reduction <75%. It was possible to evaluate the cumulative incidence of success (VRR ≥ 75%) by constructing the Kaplan–Meier curves, for a maximum follow-up period of 48 months; by using the Log Rank test, the Kaplan–Meier curves were then compared to evaluate the existence of possible predictors. For continuous variables, this test was performed by dividing the subjects into two categories based on the median of distribution of the variable itself.

Finally, a multivariate Cox regression model was constructed to confirm the presence of independent predictors.

The results were considered statistically significant if the p-value was less than 0.05.

All statistical analyses were performed with STATA IC 10 (STATACORP, LP, Texas, USA) analytic software.




Results


Demographic and Sonographic Characteristics of Thyroid Nodules

In this study, 99 out of 119 patients were females (83.20%); the mean age at treatment was 51.5 ± 14.4 years with a mean follow-up of 26.8 months (range 3– 48) after RFA. All patients had normal TSH value. As regards the echostructural ultrasound pattern, out of a total of 119 nodules, 29 (19.33%) were solid, 62 (52.1%) microcystic, nine (7.56%) macrocystic, and finally 11 (9.24%) spongiform. No cases of pure cystic nodules were treated. Regarding the nodules with the first cytological result of TIR3A, they were TIR2 at the second fine-needle aspiration cytology in four out of five cases; only one case was confirmed as TIR3A, GALECTIN 3 negative for immnocytochemistry. In this case, the intermediate ultrasound risk nodule (15) with a size >3 cm created tracheal compression. The patient refused surgery. The baseline clinical and ultrasound characteristics of the patient and nodules are summarized in Tables 1 and 2 respectively.


Table 1 | Pre-treatment clinical features of 119 thyroid RFA-treated nodules.




Table 2 | Ultrasonographic features of 119 thyroid RFA-treated nodules.





Volume and VRR

The median pre-treatment volume was 22.4 ml; after RFA we observed a statistically significant volume reduction from the first month (11.7 ml) to the last follow-up (p < 0.001 for all follow-up times). The median VRR was 47.10% (range 31.30–56.50), 55.30% (range 46.70–68.80), 61.20% (range 52.0–73.60), 67.60% (range 53.90–79.20), 72.80% (range 56.60–83.20), 71.30% (range 56.10–84.40), 62.90% (range 50.50–87.90), at 1, 3, 6, 12, 24, 36, and 48 months of follow-up respectively, showing a progressive significant improvement up to 24 months of follow-up (VRRs 1 vs 3 months, 3 vs 6 months and 6 vs 12 months p < 0.001, 12 vs 24 months p = 0.05), while no significant differences between VVRs at 24 vs 36 months and 36 vs 48 months were observed (Figure 1).




Figure 1 | Nodules’ volume (A) and VRR (B) by time after RFA.



Stratifying the study sample into three categories based on the pre-treatment volume (41) (nodules ≤ 10, 10–30, and >30 ml), a significant volume reduction was confirmed for each category (p <0.001) (Figure 2). Furthermore, a significant improvement in VRR was confirmed for each category (p < 0.001), and in the comparison between the three groups, nodules with volume ≤10 ml had a higher VRR although in a non-statistically significant way (Figure 3).




Figure 2 | Nodules’ volume by time after RFA stratified by pre-treatment volume (A) and echostructure (B).






Figure 3 | Nodules’ VRR by time after RFA stratified by pre-treatment volume (A) and echostructure (B).



These results were also observed dividing the study sample into four categories by pre-treatment echostructure (41); a significant and progressive reduction in volume (p <0.001) and improvement in VRR (p <0.001) were confirmed for each echo pattern (Figure 2) and the nodules with macrocystic and spongiform echostructure showed a higher VRR compared to the other groups, but not statistically significance (Figure 3).



Clinical Success

Compressive symptoms (complete resolution 64.35%, partial resolution 35.65%) and cosmetic score improved significantly (p <0.001); a statistically significant reduction in neck circumference was obtained at 6, 12, and 24 months post-treatment (p <0.001). The mean pre-treatment neck circumference was 37.59 ± 3.57 cm and decreased to 36.02 ± 3.43, 35.94 ± 3.02, and 35.79 ± 2.92 cm respectively at 6, 12, and 24 months post-treatment.



Technical Success (VRR ≥75% at 12 Months) of Predictors’ Analysis

At the end of the global follow-up, 108 out of 119 patients reached a VRR ≥50%.

The patients were divided into two groups in relation to the percentage of volumetric reduction obtained 12 months after treatment: BR (Best Responders) group in case of VRR ≥75% (36 cases) and MR (Mild Responders) group in case of VRR <75% (75 cases); subsequently, variables associated with VRR (predictors) were analyzed.

The two groups did not show gender (p = 0.645) or age (p = 0.731) differences regardless of the cytological result.

Regarding neck circumference before treatment, the BR group showed significantly lower values (p = 0.012) than the MR group.

In terms of volume, the BR group had lower nodular volumes than the MR group, with a difference close to statistical significance (p = 0.063).

Analyzing nodular echostructure, the microcystic (p = 0.037) and macrocystic (p = 0.022) nodules were associated with a VRR ≥75% at 12 months.

Finally, we analyzed as a possible positive predictor of response a VRR ≥50% at 1 month (VRR1m), considered the minimum percentage of RFA success by recent literature (41); this binary parameter was able to differentiate the two groups (p < 0.001), and specifically, the BR group presented a greater VRR1m than the MR group (56.30 vs 40.30%).

At multivariate logistic regression analysis, only VRR1m ≥50% was confirmed as an independent predictor of a VRR ≥75% at 12 months after treatment (p = 0.001; OR: 6.91; CI: 2.23–21.45).



Time-Dependent Predictors’ Dynamic Analysis

The cumulative incidence of the technical success curve showed that most of the RFA technical success was achieved within 12 months (36%) with a progressive and clear improvement up to 24 months (48%). After 24 months, although there was a slight effectiveness improvement, it was significantly lower than the effectiveness obtained within 24 months.

By comparing the Kaplan–Meier curves, we observe that gender, older age (over the median value, 50 year), and larger neck circumference (over the median value, 37.5 mm) do not significantly affect the final outcome.

The pre-treatment volume is found to be a good predictor of treatment efficacy (p = 0.01). The group of patients with a nodular volume ≤22.4 ml (median) responded to the treatment better than the others; on the contrary, a pre-treatment volume >22.4 ml represented a negative predictor of success with an overall efficacy that never exceeds 40%, Figure 4.




Figure 4 | Kaplan–Meier curves of cumulative incidence of technical success (VRR ≥ 75%) by median volume (A) and three volume categories (B).



The pre-treatment volume was confirmed as a good predictor of technical success even when stratified into three categories, as proposed by the recent literature (p = 0.037), Figure 4.

In fact, a clear divergence of the three curves is observed; in particular, the effectiveness of the treatment is found very low (≤30%) in nodules >30 ml, while the technical success of RFA is rapidly increasing in nodes <30 ml, especially if ≤10 ml (52% at 12 months, 60% at 24 months).

The comparison of the Kaplan–Meier curves shows that pre-treatment echostructural patterns are able to separate the curves with good reliability (p = 0.015). In particular, it shows how the macrocystic echostructure positively modifies the outcome of the treatment with an efficacy of over 75% at 12 months and almost total at 24 months, Figure 5.




Figure 5 | Kaplan–Meier curves of cumulative incidence of technical success (VRR ≥ 75%) by echostructure (A) and VRR at 1 month (B).



Finally, taking into consideration the post-treatment variables, Kaplan–Meier curves highlight that an early volumetric reduction, as evidenced by a VRR ≥50% at 1 month after treatment, was an excellent predictor of the achievement of a VRR ≥75% during the whole follow-up (p = 0.0000), Figure 5.

At multivariate Cox regression model (p = 0.037, χ2: 13.41), macrocystic echostructure (HR 2.48, IC: 1.02–6.07 p 0.046) and pre-treatment volume >22.4 ml (HR 0.54, IC: 0.31–0.96, p 0.036) were found independent positive and negative predictors of VRR ≥75% respectively.

One-month post RFA VRR>50% represented the best positive predictor of technical success (HR: 2.48; CI: 1.40–4.39, p = 0.002).




Discussion

RFA treatment of benign thyroid nodules aims at obtaining a sufficient reduction of nodule volume for the regression of the compressive symptoms and cosmetic disorder, keeping it as stable as possible over time (15, 29, 30).

Our retrospective study confirmed the efficacy and safety of RF ablation in a single large cohort of patients. Particularly, the nodular volume showed a notable reduction as early as 1 month post-RFA, with a median VRR of 47.10% at 1 month of follow-up and 72.80% at 24 months, according to the literature (49–52).

RFA treatment of benign nodules has been introduced into clinical practice for a few years, so it still has a time-limited follow-up (51, 53, 54). To this purpose, this study is expected to provide additional information on the long-term result (up to 48 months) in terms of volume reduction (VRR) and the possible correlation between pre-treatment features and volume reduction rate.

First of all, our results (VRR at 3 months: 55.30%; VRR at 6 months: 61.20%) agree with some studies reporting that the achievement of a VRR ≥50% is detectable already at 6 months follow-up (52, 55). Then, in the literature, the technical success is usually identified in a VRR ≥50% at 12 months (41) which, at best, was achieved by 97.8% of patients (50). In our study, the achievement of RFA technical success, defined as a VRR ≥75%, was found in 36% of cases, with progressive improvement up to 24 months follow-up (48%) and beyond, although less significant, achieving a VRR ≥75% overall in the majority of treated nodules (57%).

Furthermore, according to our results, clinical success of the treatment was complete in most cases within 12 months post-RFA (64.35%); in the other cases the reduction was partial (35.65%), indicating that none of the patients undergoing RFA had an unsuccessful treatment, as highlighted by other authors (51, 52, 55). However, evaluation of symptoms and clinical success deriving from the volumetric reduction is subjectively expressed, and the results are not completely reliable as indicators of the success of the technique.

To date in the literature, some characteristics (47, 54), such as a spongiform echostructure, a liquid component, a smaller initial pre-treatment volume, an intense peripheral and intranodal pattern vascularity of the nodule, have been found positively correlated with a better result in terms of volumetric reduction, but no predictive pre-treatment factors of RFA success have been identified definitely. For this reason, we conducted a specific analysis to identify the differences between clinical and ultrasound parameters in best responder and mild responder patients.

Between the two groups, the indicative factors of a better technical success proved to be:

	- the echostructural pattern: in our series, the best technical success was observed in macrocystic nodules (p = 0.015), in agreement with the literature (47, 56). The possible explanation for this is that, as is known, the heating of a tissue with a large fluid component, (be it colloid or blood) produces a greater amount of vapor and a higher temperature which favors the thermocoagulation process in the treated nodule;

	- the pre-treatment neck circumference, lower in the best responder group, indicates that a larger neck is associated with a worse response to the treatment. This data, never considered in the literature, would deserve further prospective studies in our view. Since there are no other systems beyond the ultrasound to assess the goodness of the result, we have tried to insert a linear dimensional parameter such as the circumference of the neck in its maximum diameter. This parameter, never considered in the literature, could offer further important prospective studies. Certainly, this parameter is associated with some confounding factors, as weight changes; however, the measurement of the neck circumference pre-treatment and during the follow-up allows us to hypothesize that the volumetric reduction of a nodule in the thyroid induces a remodeling of the anatomical structures contained in the neck.

	- the pre-treatment nodular volume: in best responding patients, the nodules with volume ≤22.4 ml had a substantially better response (p = 0.01). This result reinforces the hypothesis that the greater volume reduction in nodules with lower basal volume is probably due to reduced energy deposition during RFA within large ones, which therefore results in a lower response (32, 51).



In addition, in our cohort, we have pointed out that VRR1m is a good predictor of technical success (reaching 50% in 56.30% of responding patients; p = 0.0000); however, it should be emphasized that this parameter, not mentioned in the literature, although reliable, can only be evaluated after treatment and, therefore, does not fall within the definition of predictor of technical success.

Our study also highlights a progressive improvement in technical success up to 24 months (48%) which remains stable in the following months without however showing further significant volume reductions. This data allows us to hypothesize therefore a stability of the effectiveness of the technique over a long period.

In clinical practice of management of symptomatic thyroid nodules, these data could strengthen the indication of using RFA on nodules with small volumes, without waiting for a volumetric increase that could make this treatment less effective.

In addition, we observe that the measurement of the neck circumference, despite possible confounding, combined with the ultrasound evaluation, could provide important information on the outcome of the procedure.

Finally, the strong correlation detected between VRR1m and technical success shows the importance of monitoring the nodular volumetric reduction during the first month post-RFA. This parameter could be considered as an important indicator of a successful outcome of the procedure (VRR1m >50%), or, on the contrary, it can hypothesize a poor success of the procedure, suggesting for example, to plan a second RFA or surgery treatment in accordance with the patient’s opinion.

The major limitation is the retrospective nature of the study, which however, has the strength of having been conducted in a single center by the same personnel, thus lowering the risk of interobserver bias.

With the limit of a retrospective study, regarding the neck circumference as a factor to control in the follow-up, we have reported only data on cases of changes in body weight, but we have not adjusted the neck circumference for this parameter. However, looking at these cases, we can state that in this study the reduction in neck circumference occurred regardless of the change in body weight.

Unfortunately, in this retrospective study we did not collect data on thyroid autoantibodies. Further prospective studies should consider the role of thyroiditis in structural changes of the nodule after RFA.

An interesting future development could be the evaluation of the energy delivered during RFA procedures in order to identify energy values to be used for improving the final outcome.



Conclusion

Based on current findings, the selection of nodules for pre-treatment allows for better long-term responses, especially for nodules with a lower pre-treatment volume (≤22.4 ml) and/or a macrocystic echostructure; early shrinkage of the nodule, as observed by a VRR1m ≥50% at one-month follow-up, is shown to be a good predictor of positive RFA responses. Therefore, these factors represent the best positive predictors of the radiofrequency thermal ablation technique on benign thyroid nodules.

In conclusion, these parameters should always be evaluated before considering any treatment with RFA to estimate the probability of success or failure of the therapeutic method that is targeted for each case. This result has important implications from a clinical point of view: (i) patients can be made more confident on the resolution of reported symptoms, and (ii) it provides a valid alternative to the surgical approach while permitting to gain relevant information on the need of repeated treatment sessions, if these factors are absent.
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Objective

To evaluate the safety and efficacy of radiofrequency ablation (RFA) for metastatic lymph nodes (LNs) in children and adolescents with papillary Thyroid Carcinoma (PTC).



Materials and Methods

From December 2014 to March 2018, 10 metastatic LNs(mean volume 0.30 ± 0.38 ml, range 0.06-1.23ml) in 5 children and adolescents (3 females, 2 males; mean age 15.60 ± 2.97 years, range 12-19 years) with PTC treated by RFA were evaluated in this study. The mean number of surgical procedures performed before RFA was 1.2 (range 1-2) and the mean number of treated metastatic LNs per patient was 2 (rang 1-3). RFA was performed with an 18–gauge bipolar RF applicator under local anesthesia. Follow-up consisted of US and serum thyroglobulin (Tg) level at 1, 3, 6, 12 months and every 12 months thereafter.



Results

All the patients were well tolerant to RFA procedure and no procedure-related complications occurred. During a mean follow-up time of 52.00 ± 21.44 months, the initial volume of LNs was 0.30 ± 0.38 ml, which significantly decreased to 0.01 ± 0.03 ml (P = 0.005) with a mean VRR of 99.28 ± 2.27%. A total of 9 metastatic LNs (90.00%) completely disappeared. After RFA, 2 patients developed newly metastases. One patient had additional RFA. The other one with multiple LN metastases underwent total thyroidectomy with central neck dissection.



Conclusion

As a less invasive and effective technique, RFA may provide another alternative to the existing therapeutic modalities for cervical metastatic LNs in children and adolescents with PTC.
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Introduction

Differentiated thyroid cancer (DTC) is the most common pediatric endocrine malignancy, accounting for 1% of all cancers in prepubertal children and up to 7% in adolescents, with a rising incidence in the pediatric population over the last decade (1). The most common subtype of DTC in pediatric patients is papillary thyroid carcinoma (PTC). It is generally agreed that the clinical presentation of PTC in pediatric patients is different from that in adults (2). The prognosis is excellent, but pediatric patients usually present in the advanced stage with a large size at diagnosis and the incidence of local or distant recurrence is much higher than their adult counterparts (2–5). The majority of recurrence is identified in cervical lymph node (LN) (2). The American Thyroid Association (ATA) guideline for children with thyroid nodules and DTC recommended three treatments for cervical metastatic LNs, which were repeat surgery, thyroid-stimulating hormone (TSH) suppression and 131 I therapy (2). Although repeat surgery was preferable to other treatments for the macroscopic cervical disease, finding a lesion in the neck intraoperatively could be difficult (6). For patients with small-volume cervical tumor, observation with TSH suppression could be considered, but there were no data to weigh the potential benefits against the potential risks of long-term suppression therapy for children and adolescents (2). 131 I therapy was another option for small-volume cervical tumor. Unfortunately, it could increase the risks of complications and secondary malignancies (6). Accordingly, in children and adolescents, it may be reasonable or appropriate to consider less invasive alternatives than repeated surgery and 131 I therapy.

Radiofrequency ablation (RFA), as a minimally invasive treatment, has been used as an alternative to surgery for various solid tumors in adults (7–9). It has been recommended as a safe and effective treatment for benign thyroid nodules and recurrent thyroid cancers (10). However, for children and adolescents, RFA was only considered as a treatment of choice for osteoid osteoma (11–13). There were limited experiences of thermal ablation in other organs or tissues (11, 14–18). Nevertheless, as less invasive and feasible treatments, thermal ablation techniques were promising alternatives for pediatric tumors (19). To date, there have been no studies on the clinical application of RFA for metastatic LNs in children and adolescents with PTC.

Therefore, the aim of this study was to evaluate the safety and efficacy of RFA for metastatic LNs in children and adolescents with PTC.



Materials and Methods

The study was approved by the Institutional Review Board of Chinese PLA General Hospital. Written information consent was obtained from all the patients’ parents prior to RFA procedure.


Patients

Between December 2014 to March 2018, 5 patients (3 females, 2 males, mean age 15.60 ± 2.97 years, range 12-19 years) with 10 metastatic LNs from PTC were treated by RFA in our institution. Inclusion criteria were: (1) age ≤ 20 years; (2) prior resection of primary tumor with pathological PTC confirmation; (3) patients with metastatic LNs confirmed by ≥ 2 separate fine-needle aspiration (FNA) or core needle biopsy (CNB); (4) the number of metastatic LNs was ≤ 3; (5) LNs deemed technically treatable based on US imaging and patient’s condition.



Pre-Ablation Assessment

US examinations before and after RFA, as well as during follow-up were performed using a Siemens Acuson Sequoia 512 Ultrasound System (Siemens, Mountain View) with a 15L8W linear array transducer or a Philips iU22 Ultrasound System (Philips Healthcare) with a L12-5 linear array transducer or a Mindray M9 Ultrasound System (Mindray) with a L12-4 linear array transducer.

Before RFA, all the metastatic LNs were evaluated by US including the location, size, echogenicity, component and vascularity. For each metastatic LN, the diameters in three dimensions (the largest diameter and two perpendicular diameters) were recorded. The volume was calculated with the equations (10):

	

V is the volume, while a is the largest diameter, b and c are the other two perpendicular diameters.



Ablation Procedures

All RFA procedures were performed by an experienced US physician with more than 20-year experience in thyroid US and interventional US. A bipolar RFA generator (CelonLabPOWER, Olympus Surgical Technologies Europe) and an 18–gauge bipolar RF applicator with 0.9 cm active tip was used (CelonProSurge micro 100-T09, Olympus Surgical Technologies Europe) in this study. During the application of RF energy, the generator continuously measured the electric impedance of the tissue between the two electrodes at the tip of the RF applicator. The power was automatically adjusted based on the change of tissue impedance.

RFA was performed in outpatient department. Patients were supine with the neck extended during the procedure. An IV line was introduced via the antecubital vein. Before RFA, in order to design the best insertion way, US and CDFI were performed by the operator to evaluate the relationship between metastatic LNs and cervical critical structures such as trachea, vessels, esophagus and recurrent laryngeal nerves. Local anesthesia with 1% lidocaine was injected at the subcutaneous puncture site and the periphery of metastatic LNs. RFA was performed using hydrodissection technique. Normal saline was injected using another needle (23 gauge) to separate the metastatic LN from critical structures in order to prevent thermal injury. The RFA power was 3 W, if a transient hyperechoic zone did not form at the electrode tip within 5–10 s, the radiofrequency power was increased to 5-8 W. The ablation was terminated when all portions of the target ablation area had changed to transient hyperechoic zones.

During the procedure, we gave special attention to the preservation of critical cervical structures in order to prevent significant complications such as hematoma or nerve injury. After ablation, each patient was observed for 1–2 hours in the hospital while any complication occurring during and immediately after ablation was carefully evaluated according to the clinical signs and symptoms.



Post-Ablation Assessment

Clinical follow-up consisted of US and serum thyroglobulin (Tg) levels at 1, 3, 6 and 12 months and every12 months thereafter. The ablated volume, the largest diameter, vascularity and the development of new metastatic tumors were evaluated during the follow-up. The percentage volume reduction ratio (VRR) was calculated as follows:

	

Complications during follow-up were assessed using the reporting standards of the Society of Interventional Radiology (20, 21). The development of cervical metastatic LNs was evaluated by using criteria from ATA guideline for children with thyroid nodules and DTC (2), and suspicious lesions were submitted to biopsy.



Statistical Analysis

Statistical analysis was performed using the SPSS statistical software (Version 25.0). Continuous data was expressed as mean± SD (range). Changes of the mean volume and diameter were compared using Wilcoxon signed rank tests before RFA and at the last follow-up visit. A difference with P < 0.05 was considered as statistically significant.




Results


Clinical Characteristics

Clinical characteristics of the 5 patients (3 females and 2 males) before RFA are summarized in Table 1. The mean age was 15.60 ± 2.97 years (range 12-19 years). All the patients had prior surgical history for PTC. Patient 1 had right lobectomy with isthmectomy. Patient 2 had subtotal thyroidectomy. Patient 3 had left lobectomy with isthmectomy initially and then central neck dissection because of cervical metastatic LNs. Patient 4 and Patient 5 had total thyroidectomy with central neck dissection and subsequent 131 I therapy. The mean number of surgical procedures performed before RFA was 1.2. The mean interval time between initial surgery and RFA was 3.20 ± 1.64 years (range 2-6 years). The mean number of treated metastatic LNs per patient was 2. The locations of metastatic LNs were as followed: 2 at right level IV, 5 at left level III, 2 at left level IV and 1 at right level VI. The mean of largest diameter of metastatic LNs was 1.16 ± 0.52 cm. The mean initial volume was 0.30 ± 0.38 ml.


Table 1 | The clinical characteristics of the pediatric patients before RFA.





RFA Procedure and Complications

A power of 3W was used in 4 patients and 6W was used in 1 patient. The mean ablation time was 158.80 ± 65.13s (range 98-263s), and the mean energy was 522.00 ± 211.59 J (range 290-760J). All the patients were well tolerable the RFA procedure. None of the patients experienced any life-threatening or delayed complications related to RFA during the follow-up.



Follow-Up

The outcomes of RFA for metastatic LNs in patients with PTC are summarized in Table 2. The mean follow-up time was 52.00 ± 21.44 months (range 15-70 months). The mean largest diameter of the metastatic LNs decreased significantly from 1.16 ± 0.52 cm to 0.07 ± 0.22 cm(P=0.005). The mean volume of the metastatic LNs decreased significantly from 0.30 ± 0.38 ml (range 0.06-1.23 ml) to 0.01 ± 0.03 ml (range 0-0.09ml) (P=0.005) with a mean VRR of 99.28 ± 2.27% (range 92.82-100%) (Figures 1 and 2). A total of 9 metastatic LNs (90.00%) completely disappeared at the last follow-up. The Tg level was decreased from 25.10 ± 15.20 ng/mL (range 11.40-43.40 ng/mL) to 12.27 ± 11.96 ng/mL (range 0.03-30.20 ng/mL) (P=0.042).


Table 2 | Outcomes of RFA for metastatic LNs in pediatric patients with PTC.






Figure 1 | The volume changes of ablated LN after RFA at follow-up.






Figure 2 | A 17-year-old male patient (Patient 4) with metastatic LN (LN 7) at left level IV. (A, B) The transverse and longitudinal US shows a 2.0-cm-sized hypoechoic mass (arrow) near the internal jugular vein (IJV) at left level IV. (C, D) At 15 months after RFA, the transverse and longitudinal US shows the ablated LN is decreased in size (arrow).



After RFA, there was no evidence of recurrence at the initial treatment location. A total of 2 patients developed newly metastases. Patient 3 had multiple LN metastases at 2 years after RFA. This patient underwent total thyroidectomy with central neck dissection. During the surgery, no adhesion with strap muscle by RFA was found. After histopathological examination, metastases were detected in 8 out of 10 resected LNs. Patient 4 had one newly metastatic LN (largest diameter 1.3cm, volume 0.44ml) at right level IV at 15 months after RFA and underwent additional RFA. A power of 6W was used. The ablation time was 77s, and the energy was 390J. This newly metastatic LN was ablated successfully with no complications.




Discussion

This study is the first to demonstrate the efficacy and safety of RFA for cervical metastatic LNs in children and adolescents with PTC. Our study showed that after a mean follow-up time of 52.00 ± 21.44 months, the VRR of metastatic LNs was 99.28 ± 2.27% and 90.00% of the ablated LNs completely disappeared. After RFA, a total of two patients developed LN metastases. One patient underwent total thyroidectomy with central neck dissection and the other one chose additional RFA. All the patients were well tolerable the RFA procedure. No complications were encountered. These results showed that RFA might be effectively applied in children and adolescents without increasing technical difficulties by former surgery.

The incidence of pediatric DTC has been rising in recent years and PTC accounts for over 90% (2). The overall survival remains excellent with a low rate of mortality even in advanced stage, however, pediatric patients have a high rate of recurrence (2, 22). Perry et al. (23) reported that with a median follow-up time of 11 years, 34% of the children and adolescents experienced a recurrence and the mean time to first recurrence of disease was 5.3 years. Among them, 50% were LN metastases and 29% were lung metastases. Hay et al. (3) showed that by 40-year follow-up for 215 children and adolescents with PTC, 32% of patients had experienced a recurrence within the neck or at distant sites. Moreover, 73% of the first postoperative recurrences had been localized to the regional neck nodes. Spinelli et al. (22) found that multifocality, vascular invasion, infiltration of the thyroid capsule, minimal extrathyroidal extension, diffuse sclerosing variant of PTC and present of LN metastases in the lateral compartment were significantly associated with LN metastases in central compartment in children and adolescents. The predictive factors for LN metastases in lateral compartment were infiltration of the thyroid capsule, massive extrathyroidal extension, distant metastases, PTC, and the presence of LN metastases in the central compartment. Pediatric patients with those predictors might need a stricter follow up after PTC diagnosis and treatment. According to the ATA guideline, the decision to treat or to observe structurally identifiable cervical recurrent disease should be individualized (2). Repeat surgery was recommended for cervical disease > 1cm in size (2). However, the scar formation and normal tissue plane distortion by former surgery could bring technical challenges for repeat surgery (1, 24). It could also cause psychological trauma and serious complications, including hypoparathyroidism, recurrent laryngeal nerve damage and Horner syndrome (1, 2, 25). For patients with small-volume cervical disease, there were two options. One was observation with TSH suppression. However, there were no data in pediatric patients with which to compare the potential benefits with the potential risks of various TSH suppression strategies (2). The other one was 131I therapy, which might reduce future recurrence risk but was unlikely to improve mortality (2). Given the increased risks of secondary malignancies and complications including short-term side effects and delayed toxicities, the use and dosage of 131I therapy should be chosen in a thoughtful manner to avoid potential disease far worse than the one being treated (26–28). In addition, some patients were not suitable for 131I therapy, because they only underwent thyroid lobectomy, not total thyroidectomy. Therefore, finding an alternative less invasive than repeat surgery and 131I therapy might be helpful.

RFA, as a minimally invasive technique, can induce irreversible cell injury and ultimately tumor apoptosis and coagulative necrosis (29). It has been recommended as a safe and effective treatment for benign thyroid nodules and recurrent thyroid cancers in adults (10). However, its application in children and adolescents with thyroid disease was uncertain. Recently, Hong et al. (30) reported the application of RFA for nonfunctioning benign thyroid nodules in 14 children and adolescents. During a mean follow-up time of 36.9 ± 21.7 months, the volume was decreased from 14.6 ± 13.1 ml to 1.7 ± 4.4 ml with a mean VRR of 92.1 ± 11.4%. Both cosmetic and compressive symptoms improved significantly. It suggested that RFA had potential application in cervical thyroid-related disease of children and adolescents. This study showed that after a mean follow-up time of 52.00 ± 21.44 months, the VRR of metastatic LNs was 99.28 ± 2.27% and 90.00% of the ablated LNs completely disappeared. Although the object of this study was children and adolescents, similar results were observed in adults. Guang et al. (31) demonstrated that with a mean follow-up time of 21 ± 4 months after RFA, the VRR was 94.9 ± 5.3% and 61.1% of the metastatic LNs completely disappeared. Chung et al. (32) reported after a long-term follow-up time of 80 ± 17.3 months, the volume of metastatic LNs decreased from 0.25 ± 0.42ml to 0.01 ± 0.08ml with a VRR of 99.5 ± 2.9% and the complete disappearance rate was 91.3%. These results indicated that the efficacy of RFA could not be affected by the age of patients.

The complications of RFA was various, but none of them was life-threatening. Some patients only had various degrees of pain or a sensation of heat during RFA for treating benign thyroid nodules (30). In this study, all the patients were tolerant to RFA procedure and no procedure-related complications occurred. We used three treatment strategies to reduce the rate of complications. First, the RFA procedure was performed by an experienced US physician. It was very important because the anatomical structures of pediatric patients were not developed completely and were distorted by former surgery. Second, in order to prevent thermal injury, hydrodissection technique was used to separate the target LN from critical structures. Meanwhile, real-time US imaging could also allow the physician to monitor the RFA electrode tip and adjacent critical structures (10). Third, careful lidocaine injection around the target LN could reduce the patient’s pain and allow sufficient ablation. Furthermore, as a minimally invasive technique, RFA only needed local anesthesia in the outpatient department without scars and hospitalization, which could avoid operative-related risks and relieve long-term distress and psychological trauma in children and adolescents.

The recurrence rate after RFA for adults with metastatic LNs was from 1.9% to 12.5% (24, 31, 33, 34), however, the result in this study was relatively high. Similarly, previous studies reported the recurrence rate was 33-60% after RFA for solid tumors in pediatric patients (11, 14, 15, 19). There were two possible explanations. First, the incidence of PTC recurrence was much lower in adults than in pediatric patients (2). Bilimoria et al. (35) published a series of 52,174 adult patients with PTC from the National Cancer Database and found that the overall recurrence rates were 5.7% at 5 years and 9.4% at 10 years. In another study of 1088 adult patients with PTC, the recurrence rate was 4.8% at a median follow-up period of 17.6 years (36). However, the recurrence rates of pediatric PTC at 5, 10, 20 and 30 years were 20%, 22%, 27%, and 30%, respectively (3). Second, the risk of recurrence disease from pediatric PTC was associated with the initial surgical approach. Hay et al. (3) reported that during 40-year follow-up, the recurrence rates after bilateral lobar resection and lobectomy were 25% and 65%, respectively (3). The local and regional recurrence rates after lobectomy (35%, 60%) were significantly higher than after bilateral lobar resection (6%, 13%) (3). In this study, most patients (3/5) did not have total thyroidectomy and they may have a higher underlying burden of disease and an increased risk for recurrence. During the follow-up of RFA, a total of two patients developed newly metastases. One patient chose additional RFA. The other one underwent total thyroidectomy with central neck dissection and multiple microscopic metastases were found after histopathological examination. Because the sensitivity of US to detect central metastatic LN and microscopic metastases was low, malignancy could only be confirmed after surgical dissection. Therefore, repeat surgery was undoubtedly a definitive curative treatment for children and adolescence. However, RFA could be used as a safe and effective local control of cervical metastatic LNs and may provide another alternative to the existing therapeutic modalities for children and adolescents with multiple surgery or surgical ineligibility.

This study has some limitations. First, it was a single-center retrospective study. Further prospective multicenter studies are needed. Second, the number of cases included was small and the follow-up period was relatively short. Considering the rarity of pediatric PTC, it was difficult to accumulate more cases. According to a systematic review of ablation techniques for children, only 28 patients were identified to be treated by ablation (19). Based on the available data, this study seemed to have an acceptable sample size to summarize and evaluate our experience.



Conclusion

As a less invasive and effective technique, RFA may provide another alternative to the existing therapeutic modalities for cervical metastatic LNs in children and adolescents with PTC.



Data Availability Statement

The datasets presented in this article are not readily available because of patients’ privacy. Requests to access the datasets should be directed to gemma-y@163.com.



Ethics Statement

The studies involving human participants were reviewed and approved by Institutional Review Board of Chinese PLA General Hospital. Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author Contributions

LY interpreted the patient data and drafted the manuscript. YKL performed RFA procedure, conceived of the study and coordination. YZ and JB collected and analyzed the patient data. All authors contributed to the article and approved the submitted version.



Funding

This study is supported by Beijing Municipal Science & Technology Commission (No. Z181100001718017), National Natural Science Foundation of China (No. 81771834), and the Research of Healthcare Big Data f Chinese PLA General Hospital (2019MBD-040).



References

1. Tracy, ET, and Roman, SA. Current Management of Pediatric Thyroid Disease and Differentiated Thyroid Cancer. Curr Opin Oncol (2016) 28(1):37–42. doi: 10.1097/cco.0000000000000250

2. Francis, GL, Waguespack, SG, Bauer, AJ, Angelos, P, Benvenga, S, Cerutti, JM, et al. Management Guidelines for Children With Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid (2015) 25(7):716–59. doi: 10.1089/thy.2014.0460

3. Hay, ID, Gonzalez-Losada, T, Reinalda, MS, Honetschlager, JA, Richards, ML, and Thompson, GB. Long-Term Outcome in 215 Children and Adolescents With Papillary Thyroid Cancer Treated During 1940 Through 2008. World J Surg (2010) 34(6):1192–202. doi: 10.1007/s00268-009-0364-0

4. Sugino, K, Nagahama, M, Kitagawa, W, Shibuya, H, Ohkuwa, K, Uruno, T, et al. Papillary Thyroid Carcinoma in Children and Adolescents: Long-Term Follow-Up and Clinical Characteristics. World J Surg (2015) 39(9):2259–65. doi: 10.1007/s00268-015-3042-4

5. MacFarland, SP, Bauer, AJ, Adzick, NS, Surrey, LF, Noyes, J, Kazahaya, K, et al. Disease Burden and Outcome in Children and Young Adults With Concurrent Graves Disease and Differentiated Thyroid Carcinoma. J Clin Endocrinol Metab (2018) 103(8):2918–25. doi: 10.1210/jc.2018-00026

6. Haugen, BR, Alexander, EK, Bible, KC, Doherty, GM, Mandel, SJ, Nikiforov, YE, et al. 2015 American Thyroid Association Management Guidelines for Adult Patients With Thyroid Nodules and Differentiated Thyroid Cancer: The American Thyroid Association Guidelines Task Force on Thyroid Nodules and Differentiated Thyroid Cancer. Thyroid (2015) 26(1):1–133. doi: 10.1089/thy.2015.0020

7. Heimbach, JK, Kulik, LM, Finn, RS, Sirlin, CB, Abecassis, MM, Roberts, LR, et al. AASLD Guidelines for the Treatment of Hepatocellular Carcinoma. Hepatology (2018) 67(1):358–80. doi: 10.1002/hep.29086

8. de Baere, T, Auperin, A, Deschamps, F, Chevallier, P, Gaubert, Y, Boige, V, et al. Radiofrequency Ablation Is a Valid Treatment Option for Lung Metastases: Experience in 566 Patients With 1037 Metastases. Ann Oncol (2015) 26(5):987–91. doi: 10.1093/annonc/mdv037

9. Finelli, A, Ismaila, N, Bro, B, Durack, J, Eggener, S, Evans, A, et al. Management of Small Renal Masses: American Society of Clinical Oncology Clinical Practice Guideline. J Clin Oncol (2017) 35(6):668–80. doi: 10.1200/JCO.2016.69.9645

10. Kim, JH, Baek, JH, Lim, HK, Ahn, HS, Baek, SM, Choi, YJ, et al. 2017 Thyroid Radiofrequency Ablation Guideline: Korean Society of Thyroid Radiology. Korean J Radiol (2018) 19(4):632–55. doi: 10.3348/kjr.2018.19.4.632

11. Hoffer, FA, Daw, NC, Xiong, X, Anghelescu, D, Krasin, M, Yan, X, et al. A Phase 1/Pilot Study of Radiofrequency Ablation for the Treatment of Recurrent Pediatric Solid Tumors. Cancer (2009) 115:1328–37. doi: 10.1002/cncr.24158

12. Torriani, M, and Rosenthal, DI. Percutaneous Radiofrequency Treatment of Osteoid Osteoma. Pediatr Radiol (2002) 32(8):615–8. doi: 10.1007/s00247-002-0727-2

13. Rosenthal, DI, Hornicek, FJ, Torriani, M, Gebhardt, MC, and Mankin, HJ. Osteoid Osteoma: Percutaneous Treatment With Radiofrequency Energy. Radiology (2003) 229(1):171–5. doi: 10.1148/radiol.2291021053

14. Liu, B, Zhou, L, Huang, G, Zhong, Z, Jiang, C, Shan, Q, et al. First Experience of Ultrasound-guided Percutaneous Ablation for Recurrent Hepatoblastoma After Liver Resection in Children. Sci Rep (2015) 5:16805. doi: 10.1038/srep16805

15. Yevich, S, Calandri, M, Gravel, G, Fresneau, B, Brugieres, L, Valteau-Couanet, D, et al. Reiterative Radiofrequency Ablation in the Management of Pediatric Patients With Hepatoblastoma Metastases to the Lung, Liver, or Bone. Cardiovasc Intervent Radiol (2019) 42(1):41–7. doi: 10.1007/s00270-018-2097-7

16. Yevich, S, Gaspar, N, Tselikas, L, Brugieres, L, Pacquement, H, Schleiermacher, G, et al. Percutaneous Computed Tomography-Guided Thermal Ablation of Pulmonary Osteosarcoma Metastases in Children. Ann Surg Oncol (2016) 23(4):1380–6. doi: 10.1245/s10434-015-4988-z

17. van Laarhoven, S, van Baren, R, Tamminga, RY, and de Jong, KP. Radiofrequency Ablation in the Treatment of Liver Tumors in Children. J Pediatr Surg (2012) 47(3):e7–12. doi: 10.1016/j.jpedsurg.2011.10.075

18. Ilaslan, H, Schils, J, Joyce, M, Marks, K, and Sundaram, M. Radiofrequency Ablation: Another Treatment Option for Local Control of Desmoid Tumors. Skeletal Radiol (2010) 39(2):169–73. doi: 10.1007/s00256-009-0807-6

19. Gómez, FM, Patel, PA, Stuart, S, and Roebuck, DJ. Systematic Review of Ablation Techniques for the Treatment of Malignant or Aggressive Benign Lesions in Children. Pediatr Radiol (2014) 44(10):1281–9. doi: 10.1007/s00247-014-3001-5

20. Goldberg, SN, Charboneau, JW, Dodd, GD,3, DE, D, DA, G, AR, G, et al. Image-Guided Tumor Ablation: Proposal for Standardization of Terms and Reporting Criteria. Radiology (2003) 228(2):335–45. doi: 10.1148/radiol.2282021787

21. Sacks, D, McClenny, TE, Cardella, JF, and Lewis, CA. Society of Interventional Radiology Clinical Practice Guidelines. J Vasc Interv Radiol (2003) 14(9 Pt 2):S199–202. doi: 10.1097/01.RVI.0000094584.83406.3e

22. Spinelli, C, Tognetti, F, Strambi, S, Morganti, R, Massimino, M, and Collini, P. Cervical Lymph Node Metastases of Papillary Thyroid Carcinoma, in the Central and Lateral Compartments, in Children and Adolescents: Predictive Factors. World J Surg (2018) 42(8):2444–53. doi: 10.1007/s00268-018-4487-z

23. Grigsby, PW, Gal-or, A, Michalski, JM, and Doherty, GM. Childhood and Adolescent Thyroid Carcinoma. Cancer (2002) 95(4):724–9. doi: 10.1002/cncr.10725

24. Kim, JH, Yoo, WS, Park, YJ, Park, DJ, Yun, TJ, Choi, SH, et al. Efficacy and Safety of Radiofrequency Ablation for Treatment of Locally Recurrent Thyroid Cancers Smaller Than 2 Cm. Radiology (2015) 276(3):909–18. doi: 10.1148/radiol.15140079

25. Lamartina, L, Borget, I, Mirghani, H, Al Ghuzlan, A, Berdelou, A, Bidault, F, et al. Surgery for Neck Recurrence of Differentiated Thyroid Cancer: Outcomes and Risk Factors. J Clin Endocrinol Metab (2017) 102(3):1020–31. doi: 10.1210/jc.2016-3284

26. Thompson, GB, and Hay, ID. Current Strategies for Surgical Management and Adjuvant Treatment of Childhood Papillary Thyroid Carcinoma. World J Surg (2004) 28(12):1187–98. doi: 10.1007/s00268-004-7605-z

27. Iyer, NG, Morris, LG, Tuttle, RM, Shaha, AR, and Ganly, I. Rising Incidence of Second Cancers in Patients With Low-Risk (T1N0) Thyroid Cancer Who Receive Radioactive Iodine Therapy. Cancer (2011) 117(19):4439–46. doi: 10.1002/cncr.26070

28. Almeida, JP, Vartanian, JG, and Kowalski, LP. Clinical Predictors of Quality of Life in Patients With Initial Differentiated Thyroid Cancers. Arch Otolaryngol Head Neck Surg (2009) 135(4):342–6. doi: 10.1001/archoto.2009.16

29. Chu, KF, and Dupuy, DE. Thermal Ablation of Tumours: Biological Mechanisms and Advances in Therapy. Nat Rev Cancer (2014) 14:199. doi: 10.1038/nrc3672

30. Hong, MJ, Sung, JY, Baek, JH, Je, MS, Choi, DW, Yoo, H, et al. Safety and Efficacy of Radiofrequency Ablation for Nonfunctioning Benign Thyroid Nodules in Children and Adolescents in 14 Patients Over a 10-Year Period. J Vasc Interv Radiol (2019) 30(6):900–6. doi: 10.1016/j.jvir.2018.10.034

31. Guang, Y, Luo, Y, Zhang, Y, Zhang, M, Li, N, Zhang, Y, et al. Efficacy and Safety of Percutaneous Ultrasound Guided Radiofrequency Ablation for Treating Cervical Metastatic Lymph Nodes From Papillary Thyroid Carcinoma. J Cancer Res Clin Oncol (2017) 143(8):1555–62. doi: 10.1007/s00432-017-2386-6

32. Chung, SR, Baek, JH, Choi, YJ, and Lee, JH. Longer-Term Outcomes of Radiofrequency Ablation for Locally Recurrent Papillary Thyroid Cancer. Eur Radiol (2019) 29(9):4897–903. doi: 10.1007/s00330-019-06063-5

33. Baek, JH, Kim, YS, Sung, JY, Choi, H, and Lee, JH. Locoregional Control of Metastatic Well-Differentiated Thyroid Cancer by Ultrasound-Guided Radiofrequency Ablation. AJR Am J Roentgenol (2011) 197(2):W331–6. doi: 10.2214/ajr.10.5345

34. Wang, L, Ge, M, Xu, D, Chen, L, Qian, C, Shi, K, et al. Ultrasonography-Guided Percutaneous Radiofrequency Ablation for Cervical Lymph Node Metastasis From Thyroid Carcinoma. J Cancer Res Ther (2014) 10(7):C144–9. doi: 10.4103/0973-1482.145844

35. Bilimoria, KY, Bentrem, DJ, Ko, CY, Stewart, AK, Winchester, DP, Talamonti, MS, et al. Extent of Surgery Affects Survival for Papillary Thyroid Cancer. Ann Surg (2007) 246(3):375–84. doi: 10.1097/SLA.0b013e31814697d9

36. Matsuzu, K, Sugino, K, Masudo, K, Nagahama, M, Kitagawa, W, Shibuya, H, et al. Thyroid Lobectomy for Papillary Thyroid Cancer: Long-Term Follow-Up Study of 1,088 Cases. World J Surg (2014) 38(1):68–79. doi: 10.1007/s00268-013-2224-1



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Yan, Zhang, Jiang and Luo. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




SYSTEMATIC REVIEW

published: 26 May 2021

doi: 10.3389/fendo.2021.622996

[image: image2]


Long-Term Results of Ultrasound-Guided Radiofrequency Ablation of Benign Thyroid Nodules: State of the Art and Future Perspectives—A Systematic Review


Hervé Monpeyssen 1, Ahmad Alamri 2 and Adrien Ben Hamou 1,3*


1 American Hospital of Paris, Thyroid Unit, Neuilly-sur-Seine, France, 2 Department of Endocrinology, Diabetology and Nutrition, Paris Saint-Joseph Hospital, Paris, France, 3 Thyroid and Endocrine Tumors Department, Institute of Endocrinology, Pitié-Salpêtrière Hospital, Paris, France




Edited by: 
Terry Francis Davies, Icahn School of Medicine at Mount Sinai, United States

Reviewed by: 
Giorgio Radetti, Ospedale di Bolzano, Italy
 Marco Kulcsar, Institute of Cancer of São Paulo, Brazil

*Correspondence: 
Adrien Ben Hamou
 adrien.benhamou@hotmail.fr
 orcid.org/0000-0002-4986-8658

Specialty section: 
 This article was submitted to Thyroid Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 29 October 2020

Accepted: 26 April 2021

Published: 26 May 2021

Citation:
Monpeyssen H, Alamri A and Ben Hamou A (2021) Long-Term Results of Ultrasound-Guided Radiofrequency Ablation of Benign Thyroid Nodules: State of the Art and Future Perspectives—A Systematic Review. Front. Endocrinol. 12:622996. doi: 10.3389/fendo.2021.622996




Background

Nearly 20 years after the first feasibility study, minimally invasive ultrasound (US)-guided therapeutic techniques are now considered as a safe and effective alternative to surgery for symptomatic benign thyroid nodules. Radiofrequency ablation (RFA) is one of the most widely used treatment in specialized thyroid centers but, due to the relatively recent introduction into clinical practice, there are limited long-term follow-up studies. Aim of our work was to review the outcomes of RFA on solid nonfunctioning and on autonomous thyroid nodules (AFTN) on a long-time period for assessing the results in term of efficacy, complications, and costs and to compare them to the current indications of RFA.



Methods

A systematic review was performed using EMBASE and Medline library data between 2008 and 2021. Seventeen studies evaluated RFA for the treatment of benign solid (nonfunctioning or autonomous) thyroid nodules, with an at least 18 months of follow-up. Data extraction and quality assessment were performed by two endocrinologist according to PRISMA guidelines. Anthropometric data, safety and efficacy parameters were collected.



Results

The majority of the studies was retrospective study and reported 933 nodules, mostly solid. Baseline volume ranged between 6.1 ± 9.6 and 36.3 ± 59.8 ml. Local analgesia was used and the time duration of the treatment was between 5 ± 2 and 22.1 ± 10.9 min. The volume reduction rate at 12 months ranged from 67% to 75% for the nodule treated with a single procedure and reached to 93.6 ± 9.7% for nodules treated with repeat ablations. The regrowth rate at 12 months ranged from 0% to 34%.



Conclusion

All the studies under examination consistently validated the long-term clinical efficacy and the substantial safety of RFA for the treatment of benign thyroid nodules. Thermal ablation, however, is an operator-dependent technique and should be performed in centers with specific expertise. The selection of the patients should be rigorous because the nodule size and the structural and functional characteristics influence the appropriateness and the outcomes of the treatment. Future perspectives as the treatment of micro-papillary thyroid cancer or cervical recurrence need further investigations.





Keywords: benign thyroid nodule, non-functioning thyroid nodule, minimally invasive treatment, thermal ablation, ultrasound-guided radiofrequency ablation



Introduction

Thyroid nodules (TN) are palpable in 4% to 7% of the general population and are identifiable by ultrasound (US) in 67% of cases (1, 2). If thyroid fine-needle aspiration (FNA) provides the cytological diagnosis of a benign thyroid nodule (Bethesda Category II), various therapeutic options are now available for symptomatic patients. The American Thyroid Association suggests surgical lobectomy if the long-axis of the nodule is >4 cm while European Guideline recommendations (3) consider as an alternative therapeutic option the treatment of symptomatic nodules with US-guided thermal ablation (TA) techniques (4). During the last years, a mounting evidence demonstrated the efficacy of radiofrequency ablation (RFA) (5), laser ablation (LTA) (6), high-intensity focused ultrasound [(HIFU) (7), and microwave (MWA) (8)]. This increasing interest in nonsurgical procedures is due to the present excess of thyroid surgery for benign lesions. Surgical management, indeed, is expensive, may be complicated by dysphonia and hypocalcemia (9, 10), and is followed in the majority of cases by need of lifelong replacement therapy (11, 12).

Nearly 20 years after the first publications, mini invasive ultrasound (US)-guided techniques are now considered as a safe and effective alternative treatment to surgery for symptomatic benign nodules. RFA is one of the most widely used procedures in specialized centers (13–16) as may be applied to all types of nodules (solid or partially fluid, autonomous or “cold”). The results in term of volume reduction rate (VRR) are satisfactory (>50% of nodule volume reduction) and are paralleled by the improvement of pressure symptoms and cosmetic concerns. In most of the available prospective and retrospective studies follow-up (FU) is up to 12 months, a time period insufficient to prove the real effectiveness of the technique in preventing late nodule regrowth. On the basis of a robust evidence (17–19), TA is now proposed as a possible first-line treatment option for selected patients by the Korean Health Authorities (20), the American Association of Clinical Endocrinologists, the American College of Endocrinology, the Italian Association of Clinical Endocrinologists (AME) (21), and, more recently, by the European Thyroid Association (ETA) (3).

The aim of our work was to review the therapeutic effects of RFA on solid nonfunctioning or autonomously functioning (AFTN) thyroid nodules on a long-time period setting the minimum FU at 18 months. A comprehensive literature search was conducted by consulting the PubMed, EMBASE, and the Cochrane Library data bases on original articles published in English concerning the effects of RFA on nonfunctioning thyroid nodules and AFTN between 2008 and 2021. Full texts were reviewed to exclude articles concerning systematic review and case reports. A dedicated systematic review of the literature assessed the frequency of nodule regrowth after RFA in the long term.



Methods


Literature Search

By consulting the PubMed, EMBASE, and the Cochrane databases, we selected articles in the period between 2008 and 2021. We searched by the following algorithm “thyroid nodule’/exp AND (‘radiofrequency thermal ablation’/exp OR ‘radiofrequency thermal ablation’ OR rfa OR (‘radiofrequency’/exp AND (‘thermal ablation’/exp OR (thermal AND ablation)))) NOT (‘thyroid nodule’/exp AND (‘radiofrequency thermal ablation’/exp OR ‘radiofrequency thermal ablation’ OR rfa OR (‘radiofrequency’/exp AND (‘thermal ablation’/exp OR (thermal AND ablation)))) AND (‘case report’/de OR ‘meta-analysis’/de)) AND [embase]/lim NOT ([embase]/lim AND [medline]/lim)” (Figure 1). Two endocrinologists, ABH and HM, with 5 and 31 years of experience in thyroid imaging, respectively, independently performed the literature search and selection.




Figure 1 | Flowchart of the study selection process.





Inclusion Criteria

Articles fulfilling the following criteria were included: (1) patients with a benign thyroid nodule that has not been treated with a different method TA, surgery, RIA, or PEI and, (2) FU data for more than 18 months after RFA.



Exclusion Criteria

The following criteria were excluded (Table 1): (1) age <15 years or >80 years; (2) women who were pregnant or lactating; (3) patients who were incapable to maintain a stable position while the neck is in hyperextension; (4) history of irradiation on the neck; (5) preexisting vocal cord palsy; (6) tattoos, skin moles, or scars on the neck area; (7) suspicion of malignancy (US or cytological); (8) if macro calcification or fluid collection are present; (9) if the lesion is in contact with the trachea, the esophagus or the carotid artery; (10) case reports or case series including fewer than 20 patients; (11) articles written in a language other than English; (12) articles lacking reference standards based on cytological test; (13) articles with overlapping populations; (14) letters, editorials, conference abstracts, systematic reviews or meta-analyses, consensus statements, guidelines, and review articles.


Table 1 | Inclusion and exclusion criteria in patients with thyroid nodules before RFA procedure.





Patient Assessment Before RFA Procedure

Nodules were classified according to the Thyroid Image Reporting and Data System (TI-RADS) classification, and the vascularization of the nodules were assessed by color flow Doppler, with the vascularization classified using a four-grade scale (grade 0: no vascularity; grade 1: perinodular vascularity only; grade 2: intranodular vascularity <50%; and grade 3: intranodular vascularity >50%). Two fine needle aspiration cytology (FNA) guided by US were performed with a minimum interval of 90 days, according to the described technique. Before the procedure, US imaging was performed by high frequency linear US transducer. All of the nodules treated were predominantly or even completely solid (≤10% of fluid component) (22). Five series included autonomous or even toxic nodules (4.1% to 100% of the treated nodules). Some series report several nodules treated in the same session. The mean volume of the nodules was between 6 and 37 ml. The biological tests performed before the procedure were: complete blood count, blood calcium level (mg/L), calcitonin (pg/ml), TSH (µIU/ml), fT3 (pg/ml), fT4 (ng/dl), anti-TPO antibodies (IU/L). Patients that had a TSH level in the low normal range were tested by I123 nuclear imaging to eliminate the presence of hyper functioning nodules. A clinical examination was performed to assess pressure symptoms or cosmetic damage (on visual analogic scale); pressure symptoms were defined as a persisting dysphagia or cervical constriction, while cosmetic damage was defined as the by physicians using a four-grade score (1. no palpable nodule; 2. palpable nodule without cosmetic damage; 3. the presence of a cosmetic problem on swallowing; 4. easily detected cosmetic problem).

We proposed an algorithm for the treatment of solid benign symptomatic thyroid nodules, based on the 2020 ETA guidelines (Figure 2).




Figure 2 | Algorithm for the treatment of symptomatic benign thyroid nodules, based on the 2020 European Thyroid Association (ETA) guidelines. FNAC, fine-needle aspiration cytology; CNB, core needle biopsy; RFA, radiofrequency ablation. TSH expressed as µUI/ml.





The Procedure

All procedures were outpatient, with the use of US guidance. Patients were placed in supine position, while the extension of the neck was determined by the nodule localization. The electrodes used were monopolar, except in the study by Guang et al. (22) (bipolar) and in one of the older publications, Spieza used a HOOK (umbrella-like) electrodes (23). For TA, we used different generator and an electrode cooled by a 0.9% sodium chloride solution bag at 4°. The electrode was inserted using a trans-isthmic approach starting from the deepest part of the nodule, and a moving-shot TA technique was performed (successive treatment of small parts of the nodule). In two-thirds of the studies, only local anesthesia was used. Four series reported using conscious sedation, while some studies specified the use of Midazolam. The number of procedures was very variable, Sim (24), Dobrinja (25) and Valcavi (26) performed a single procedure. Lim et al. (16) has treated some of his patients seven times. In Ben Hamou’s publication (27), one nodule received two treatments. The same is observe for Valcavi: the first procedure was stopped prematurely due to a vasovagal syncope. The power delivered during the procedure varies between 20 and 120 Watts. In the series treated as bipolar, the power used is much lower. The processing time is reported by nine teams. The duration varies between 8 and 22 minutes. In almost half of the studies, the energy delivered per milliliters of tissue treated is not available. The others use the energy delivered by nodule. Complications were evaluated during and immediately after the procedure (symptoms or clinical signs). Patients were observed for 2 to 6 h after the procedure.




Results


Eligibility

The initial systematic search showed 958 articles. Fifty-seven duplicates were then removed, and following that the remaining 907 articles were screened (by looking through titles and abstracts), and 104 potentially eligible articles were found. The 19 publications were then assessed for eligibility: 17 publications in which the post-treatment FU was equal to or more than 18 months. Out of the seventeen publications, four of them were prospective studies. We ruled out studies where another therapy method (surgery, RIA, percutaneous ethanol injection (PEI) or other TA techniques) had been used or had preceded RFA. At the end of the assessment 7 out of the 19 articles were excluded (1 case report/series, 2 articles with overlapping data and 4 articles with no data more than 3-year follow up). Almost half of the studies come from the same team (Asan Medical Center, Seoul). The data extracted from the selected articles are shown in Table 2.


Table 2 | Characteristics of the included studies.




The following data were extracted using standardized forms according to the PRISMA guidelines (35).

The primary outcome of the current systematic review was the serial VRRs of ablated nodules over 18 months or more. A secondary outcome was a description of the adverse effects of ablation, including the rates of complications and surgery during FU after ablation.



The Patients

The total number of patients in the cohorts included between 16 and 345 patients. One thousand seven-hundred and thirty-seven patients had a FU for more than 18 months for certain studies, some of which were multi-centric (6 studies) for a total of 1943 nodules treated. The majority of the population in all cohorts were females, the mean age ranged between 41 and 72.5 years, with two studies with patients in the seventh decade, and another in the eighth decade (72.5 years) (23) and one in children/adolescent (32).

All of the nodules treated were predominantly or even completely solid (≤10% of fluid component) (22). Five series included autonomous or even toxic nodules (4.1% to 100% of the treated nodules). Some series report several nodules treated in the same session. The mean volume of the nodules was between 6 and 37 ml.



Endpoints of Efficacy

The Volume Reduction Ratio (VRR) is used in all series. It is calculated with the formula: initial volume (ml) - Final volume (ml) x 100/initial volume (ml). Technical efficacy (TE) (4) was defined as a VRR ≥50% at 6 months (intermediate follow-up). In the early days of TA of TN, we considered a therapeutic success in case of a reduction in volume ≥50% at one year. With the multiplication of experiments and publications, the target has clearly increased and in our review, the VRR in all of the studies (mainly from Asian and European population) is between 67% and 93.6%. If we position the cutoff at 75%, 11 studies are above and 6 are below. In the main series (≥100 patients), we observed a VVR of 84.1 ± 14.93% (1 to 41 months of FU) (28), 79.4 ± 2.5% (24 months of FU) (23), 93.6 ± 9.7% (49.4 ± 13.6 months of FU) (16), 80.3 ± 13.7% (12 months of FU) (13), 72.3 to 98.7% (16.3 ± 5.6 months of FU) (22), 75% (64.6 – 83.3) (18 months of FU) (27), 69.8% (35 (24–60) months of FU) (33) and 77.1% (60 months of FU) (17). Notice that Bernardi et al. (17) proposes to perform another FNAC for the nodules that failed the treatment. However, TE was achieved in 85% of patients and regrowth occurred in 20% of patients in their study.

The second endpoint of effectiveness is the percentage of volume regrowth after treatment. The terms used are “regrowth”, “marginal regrowth”, “partial regrowth”, “recurrence” (4). A nodule is considered to be recurrent if there is a volume recovery of 50% from the observed nadir. Other authors speak of regrowth when the volume exceeds the procedural volume. This relatively recent data was very little developed in the previous studies. A recent review by Sim (24) have summarized the data and have shown that for 54 patients who underwent RFA treatment, the mean FU period was 39.4 ± 21.7 months, the vital volume increases occurred in 31 nodules (57.4%) and there was regrowth in 13 nodules (24.1%). Cervelli (5) introduces the notion of “residual vital tissue” which, when it is too large, will establish the indication of a second early treatment. Future studies should integrate these data. In our review, the proportion of regrowth ranges from 0 to 34%.

The third endpoint of assessment is the re-treatment of the nodule. In most of the studies, it is not possible to know whether these retreatments are due to a failure of the first treatment or to tissue regrowth, nor the objective criteria which prompted the proposal of a new therapeutic sequence. In Hong’s study (30) given the bilateral nature of the lesions, two procedures were required. He reports that some large nodules were treated in several stages. Deandrea’s study shows a re-treatment rate of 13.6% (RFA or surgery) with a re-growth rate of only 4.1% (33). Bernardi et al. in his recent publication (17) reported a re-treatment rate of 12% with surgery (3.9% non-benign lesion).

The fourth endpoint relates to the quality of life (QOL) indices. Data from the literature indicate that at 12 months, a very significant improvement in QOL and cosmetic score is noted in all studies. Beyond 12 months, a few publications report the maintenance of this improvement or even an improvement in the QOL.

The last endpoint is the evolution of thyroid function in patients treated for a pretoxic or toxic nodule. In the Spieza study (23), 28 patients presented with hyperthyroidism treated with anti-thyroid drugs. Twenty-two recovered their thyroid function without treatment, the other six required a lower dose of anti-thyroid drugs compared to the pre-TAT period. In the Sung study (29), all the patients became euthyroid after treatment, but 8/44 had a relapse of hyperthyroidism despite multiple treatments (up to six for one of them). In Ben Hamou study (27), 10/13 patients treated with RFA for hyperthyroidism became euthyroid. Finally, the toxic nodule in Aldea’s study (34) reacted well initially but fell again and had to be treated with RAI. In a recent series, Dobnig (36) proposed RFA for the treatment of autonomous and toxic nodules under certain conditions (volume in particular). The treatment of pretoxic or toxic nodule has finally be validated by the European Thyroid Association (3), and notably for pregnant women.



Safety

In all the previous studies, early adverse events are mainly well-described. In Ben Hamou (27), five (3%) major adverse events (two transient recurrent laryngeal nerve palsy, one compressive hematoma and one sub-cutaneous abscess), 25 (15.1%) minor adverse events (seven transient dysphonia, two nodule ruptures with conservative treatment and sixteen benign hematomas), and 101 side effects (60.8%) occurred during the early FU (1 month). Cervelli (5) have shown two transient minor injury of the laryngeal nerve complete recovery after 2 weeks of corticosteroid therapy). In a recent retrospective study (37), one transient vocal cord palsy, one nodular rupture (which was detected one month after RFA as a red cervical lump with a fluid collection), and one vaso-vagal reaction forcing to interrupt the procedure, were observed. In the majority of the studies, early major adverse events occurred in less than 1% to 3% of cases.

The occurrence of hypothyroidism or hyperthyroidism during FU (>18 months of FU) has never been reported in any previous studies.

None of the publications has reported any complications occurring after 12 months of FU. In the article of Aldea Martinez (34), one patient retained the recurrent paralysis that was noticed earlier after the intervention (direct approach, not trans-isthmic).



Predictive Factors

Valcavi (26) shows that the predictive factor of success is the total energy deposited correlated with the initial volume (negative correlation). On the other hand, no relationship was found with age, sex and volume. In the very recent Italian multicenter study (17), a correlation was found between insufficient results and regrowth, and the low amount of energy deposited [low-energy delivery (optimal cutoff was 918 J/ml for RFA)], young age, large volumes, low VRR at one year. Jung et al. (13) have found that the solidity of the nodule and the energy delivered were independent predictive factors of the final volume reduction. However, many studies lack the information regarding the energy delivered. Very few data concerning the learning curve were mentioned. However, some studies report a higher success rate when the RFA procedure is performed by an experienced physician, with a suggested cutoff of 50 cases. Two recent studies (37, 38) have demonstrated that only baseline volume, total energy, and energy per volume were independently associated to a VRR >50% (p = 0.001, p = 0.0178, p<0.001, respectively) and that delivering 756 and 2670 J/ml gave a probability of VRR >50% in 50% and 99% of patients, respectively. Besides, Russ et al. evokes possible explicative factors: energy applied per volume was positively correlated to VRR and ablation ratio (AR) but not to TE. Ablation duration was associated with a greater reduction of AR but there was no significant correlation with TE and VRR. Lastly, time trend correlation showed a significant increase in delivered energy per volume and ablation duration with experience.



The Follow-Up

The lower limit was set in this review of the literature at 18 months. Intermediate data are most often taken at 3, 6, and 12 months. In most of the studies, 5% to 15% of the patients are lost to FU. The most important FU was 8 years (Ha) (31): the authors have decided to FU their patients annually [FU period of more than 5 years (mean, 5.8 years; range, 38–98 months)] and have shown a volume reduction rate of 81.3% ± 5.8% (p<0.0001).

US was performed, as long as the clinical examination (clinical signs and symptoms) to evaluate late complications (i.e., complications appearing after one month following the treatment). The 2020 ETA guidelines have recommended in recommendation 8: “early-term (e.g., 3 months) and intermediate-term (e.g., 6 and 12 months) clinical, biochemical, and US evaluations; long-term FU monitoring is suggested, in the absence of symptoms every 1 to 2 years, in order to reveal regrowth,” but finally, physicians do not know clearly how long the patients should be followed up (probably more than 2 years).




Discussion


Efficacy and Safety

Radiofrequency ablation is now considered as an effective technique, safe, reproducible from one team to another, as an alternative to surgery as part of the management of benign TN, whether solid, mixed (solid/cystic), functional or non-functional (Figure 3). Large prospective and retrospective series carried out by Asian (20), European (3) and American (39) teams have demonstrated a significant volumetric reduction of treated thyroid nodules of 60 to 85% or even beyond 85% depending on the series, associated with a significant reduction in the symptomatology attributable to the thyroid nodule (compressive symptoms, cosmetics). RFA is widely used (more than LTA, microwaves and HIFU) probably because of its greater simplicity and reproducibility. However, treatment by thermal-ablation must be carried out within an expert center and requires indisputable ultrasound and anatomical expertise. This minimally invasive technique justifies an expert clinical, biological and ultrasound evaluation before its realization. In fact, several series have highlighted numerous factors predicting success such as the initial size of the nodule, its vascularization, the percentage of residual viable zone (40, 41). It should not be put in competition with surgery but should be presented as an additional therapeutic option which could be positioned as a first-line option depending on (i) the nodular characteristics and its clinical application, (ii) the patient’s decision. In the current economic context, and to the extent that surgical treatment appears more expensive, it appears justified to propose an alternative which will make it possible to limit the economic impact of the treatment of nodules (which represents the most frequent endocrinopathy). The cost of the HIFU device is around 250,000 euros (€) vs. 30,000 € for LTA, 17,000 to 25,000 € for RFA and 20,000 to 25,000 € for MWA; and the cost of disposables is about 500 € vs. one fiber 300 to 500 € for LTA, one electrode 700 to 900 € for RFA and one antenna 900 to 1,000 € for MWA. But, also to limit the impact of surgery on the patient with all the risks that this implies (hemorrhage, recurrent paralysis, secondary hypocalcaemia, compressive hematoma) (11, 42) and to preserve thyroid function (20% of patients benefiting from lobectomy require hormone replacement therapy and the vast majority of patients undergoing thyroidectomy require lifelong hormone replacement therapy (43). In the majority of studies, a serious adverse event rate of <3% is reported (this prevalence tends to decrease with the experience of the operators). Treatment with TA involves regular clinical and ultrasound monitoring in order to assess the long-term nodular development (VVR) and whether or not it requires a new session. Finally, there are very few series in the literature for which long-term FU (beyond 18 months) is available. It is accepted in its series the need to reprocess the nodules, sometimes twice, three times or even more than three times (Table 1). It is therefore advisable, before the procedure, to inform the patient of the possibility of nodular regrowth with the possibility of new TA sessions.




Figure 3 | Radiofrequency ablation (RFA): physiology, equipment and ablation. Ionic agitation (A) and formation of frictional heat. Monopolar: Using a 40W RF power, and an active-tip of 10 mm, the diameter of the action zone is 13 mm. Bipolar RFA electrode with two tips (D). Internally cooled electrode (active-tip 5 and 10 mm) receives cold fluid (B) perfusing by a peristaltic pump (E). The generator (F) supplies RF power through the active-tip of the electrode. Grounding pads (C) act to disperse electricity in the RF circuit. Using ultrasound guidance (G), the electrode is inserted into the nodule. A trans-isthmic approach (H) and a moving shot technique are recommended. A cloudy effect (I) and an increase of the impedance (red circle) indicate the moment to change ablation zone. CEUS confirms (J) the complete treatment of the nodule (“vascular desert”).





Optimization of Treatment Methods

Since the first rat trials for the treatment of hyperthyroidism (44) and the first representative series by Jeong et al. (28), techniques and technology have not stopped to improve in order to optimize the management of thyroid nodules. If we go back to the genesis, it is true that in Asia the preservation of the axis of fertility “head-genitals” motivated the development of alternative techniques such as TA but also surgical techniques with alternative approach (in particular axillary) robot assisted (45). From now on, TA is widespread throughout the world and carried out in reference centers which benefit from an accreditation by the Korean learned societies, pioneers in TA techniques. The suppliers and generator developer are constantly improving, with the help of the physicians, the technical methods. There are currently retractable radiofrequency electrodes making it possible to optimize the treatment of the treated zone; in particular in posterior zones and zones that are very close to the capsule. Lee et al. (46) have shown that an adjustable electrode for RFA of benign TN was effective and safe. This will most likely limit the viable residual area after treatment; therefore limiting nodular regrowth (47). Moreover, recent Chinese series have shown a reduction in procedural time when radiofrequency was coupled with prior ethanol injection, with a mean treatment time of 441.30 ± 243.31 seconds vs. 790.70 ± 349.82 seconds; t=4.403, p=0.000; that prior ethanol injection is effective in reducing nodule volume, relieving compressive symptoms, and cosmetic discomfort (48). Randomized trials will be needed to validate this new combined procedure. Procedures combined with the administration of iodine 131 (in particular in the context of solid AFTN) have already demonstrated their effectiveness (49), extend to develop in particular for large AFTN. Moreover, the achievement of about fifty RFA is necessary to obtain good clinical and ultrasound results (significant reduction of the initial symptomatology and significant reduction of the nodular volume) corresponding to the learning curve (27). It is notably correlated to the power used and to the energy deposited on the nodule which are associated with the appraisal of the operator training.



Comparison With Other Techniques

Regarding the procedure itself, whether for RFA or LTA, it takes place in a mini-intervention room or in the operating room in the presence or not of an anesthesiologist, more or less with sedation, the patient placed in dorsal decubitus, neck in hyper extension, under ultrasound guidance in aseptic conditions. The approach is trans-isthmic with the radiofrequency electrode with the possibility of using the ‘moving-shot’ technique, for the laser, the laser fiber (s) is (are) positioned using a fixator/trocar. Several studies have focused on the long-term FU of patients treated with laser. The efficiency of the laser in terms of volume reduction is comparable to that of the RFA (50–52). Several comparative studies have been carried out between LTA and RFA over a period of less than 2 years. Other series with a longer FU [18 months for Ben Hamou et al. (27) and 60 months for Bernardi et al. (17)] did not show a difference between the two techniques (VVR between 60 and 85%). However, the risk of nodular regrowth is lower in patients treated with RFA than in those treated with laser. Few studies have focused on percutaneous microwave ablation (PMWA), in the treatment of benign TN. Liu et al. (53) has shown that PMWA is an effective and safe technique in 474 benign solid TN with a mean 90% decrease in volume at 12 months after the treatment. Yue et al. (54) have also concluded the efficacy of PMWA with a signification volume reduction at 12 months after treatment (12.6 ± 15.1 to 3.2 ± 5.7 ml). A single-center retrospective study comparing the efficacy and safety of RFA (40 patients), PMWA (40 patients) and HIFU (14 patients), has shown a slight superiority of RFA, with a mean volume reduction of nodules of 50% vs. 44% for MWA and 48% for HIFU at three months after treatment (short period of time). Finally, in a recent series, the authors compared RFA and MWA (53). The RFA group achieved higher VRR than MWA group at 6 and 12 months (77.9 ± 21.0% vs. 68.7 ± 19.1% (p=0.038), and 85.4 ± 18.9% vs. 75.8 ± 19.4% (p=0.029), respectively).



Future Perspectives

The optimization of care and technical innovation is a fundamental point in the management of these patients. Benign thyroid nodules do not represent a priori any particular threat for the patient but when they become compressive and/or they increase in size (15% of the nodules progress in volume during the FU), then it is necessary that the patient can benefit from the best therapeutic option. A recent survey (55) by the members of the European Thyroid Association suggested that TA was the preferred option only for a 4-cm benign nodule in old patients with comorbidities. The objective is therefore to improve the diffusion and the access to these new minimally invasive techniques. Recent studies concerning patient satisfaction (QOL questionnaire) after treatment have all mainly shown patient satisfaction (22) concerning the technique. It has also been recently shown that there is no risk of cancer after treatment of a benign thyroid nodule by TA. In fact, Ha et al. (31) showed that at five years after RFA, no atypical cells nor neoplastic transformation were detected in the undertreated peripheral portion of treated benign nodules on the CNB specimen, concerning 16 nodules. On histo-pathological examinations, 81.2% of acellular hyalinization was observed.

The indications for thyroid RFA are now broadening with the treatment of papillary thyroid micro-cancers (PTMC) and the treatment of cervical lymph node recurrence. Indeed, Cho et al. (56) have shown the efficacy and safety of RFA in the management of low-risk papillary cancers (84 PTMC from 74 patients) with complete disappearance rates of 98.8% and 100% achieved at 24 and 60 months respectively after the treatment. No occurrence of local tumor progression, lymph node, or distant metastasis were reported, and no delayed complications, procedure-related death, or delayed surgery occurred over the 72-month mean FU period. In patients with PTMC (57), RFA appears to have an advantage over surgery in terms of QOL, supporting the role of RFA as an alternative strategy to surgery. Another study (58) showed the efficacy and safety of RFA in the treatment for low-risk PTMC after a long-term FU period (42.1 ± 11.8 months); with a mean VRR of 98.8 ± 6.4%. After RFA 366 tumors (88.4%) completely disappeared. One patient had a residual cancer, four have developed metastatic lymph nodes, and ten patients had recurrent PTMC. Thirteen of those patient were retreated by RFA, with a complete disappearance of 11 lesions during FU. Moreover, RFA is considered as an effective and safe minimally invasive therapy of locally recurrent papillary thyroid cancer since a mean volume reduction of 99.5% ± 2.9% was observed and that 46 treated tumors (91.3%) had completely disappeared by the final evaluation (59). Lim HK et al. have shown similar results suggesting the efficacy of RFA treating low-risk PTMC in patients who are of high surgical risk or refuse surgery. They finally observed a complete disappearance of ablated tumors found in 91.4% (139/152) (60).




Conclusion

Thermal ablation is a safe and effective method for the treatment of benign thyroid nodules and radiofrequency seems to be one of most efficient techniques. The volume reduction rate can reach 80% of the initial nodule volume in most studies but the patient should be informed that a re-treatment may be needed in case of huge nodules or incomplete ablation. Minor adverse events are frequent but usually reversible while major complications are rare (<3% of cases). So, these findings represent a clear advantage versus the incompressible rate of surgical complications and the duration of sick-leave (about 10 to 21 days for surgery).

All the studies under examination consistently validated the long-term clinical efficacy and the substantial safety of RFA for the treatment of benign thyroid nodules. Thermal ablation, however, is an operator-dependent technique and should be performed in centers with specific expertise. The selection of patients should be rigorous because the nodule size and the structural and functional characteristics influence the appropriateness and the outcomes of the treatment. Future perspectives as the treatment of micro-papillary thyroid cancer or cervical recurrence need further investigations.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Author Contributions

HM and ABH wrote the first version of the manuscript. ABH, HM, and AA contributed to the review of the literature. All authors contributed to the article and approved the submitted version.



References

1. Al Dawish, MA, Alwin Robert, A, Thabet, MA, and Braham, R. Thyroid Nodule Management: Thyroid-Stimulating Hormone, Ultrasound, and Cytological Classification System for Predicting Malignancy. Cancer Inform (2018) 17:1176935118765132. doi: 10.1177/1176935118765132

2. Stanicić, J, Prpić, M, Jukić, T, Borić, M, and Kusić, Z. Thyroid Nodularity–True Epidemic or Improved Diagnostics. Acta Clin Croat (2009) 48:413–8.

3. Papini, E, Monpeyssen, H, Frasoldati, A, and Hegedüs, L. 2020 European Thyroid Association Clinical Practice Guideline for the Use of Image-Guided Ablation in Benign Thyroid Nodules. ETJ (2020) 9:169–82. doi: 10.1159/000508484

4. Mauri, G, Pacella, CM, Papini, E, Solbiati, L, Goldberg, SN, Ahmed, M, et al. Image-Guided Thyroid Ablation: Proposal for Standardization of Terminology and Reporting Criteria. Thyroid (2019) 29:611–8. doi: 10.1089/thy.2018.0604

5. Cervelli, R, Mazzeo, S, and Napoli, L. Radiofrequency Ablation in the Treatment of Benign Thyroid Nodules: An Efficient and Safe Alternative to Surgery. J Vasc Interv Radiol (2017) 28(10):1400–8. doi: 10.1016/j.jvir.2017.07.009

6. Achille, G, Zizzi, S, Di Stasio, E, Grammatica, A, and Grammatica, L. Ultrasound-Guided Percutaneous Laser Ablation in Treating Symptomatic Solid Benign Thyroid Nodules: Our Experience in 45 Patients. Head Neck (2016) 38:677–82. doi: 10.1002/hed.23957

7. Chung, SR, Baek, JH, Suh, CH, Choi, YJ, and Lee, JH. Efficacy and Safety of High-Intensity Focused Ultrasound (HIFU) for Treating Benign Thyroid Nodules: A Systematic Review and Meta-Analysis. Acta Radiol (2020) 61(12):1636–43. doi: 10.1177/0284185120909339

8. Geary, AD, and Drake, FT. Percutaneous Microwave Ablation for Benign, Symptomatic Thyroid Nodules: Wave of the Future? World J Surg (2020) 44:2280–1. doi: 10.1007/s00268-020-05464-8

9. Chen, K-C, Iqbal, U, Nguyen, P-A, Hsu, C-H, Huang, C-L, Hsu, Y-HE, et al. The Impact of Different Surgical Procedures on Hypoparathyroidism After Thyroidectomy: A Population-Based Study. Med (Baltimore) (2017) 96:e8245. doi: 10.1097/MD.0000000000008245

10. Marcinkowska, M, Sniecikowska, B, Zygmunt, A, Brzezinski, J, Dedecjus, M, and Lewinski, A. Postoperative Hypoparathyroidism in Patients After Total Thyroidectomy—Retrospective Analysis. Neuro Endocrinol Lett (2017) 38:488–94.

11. Ahn, D, Sohn, JH, and Jeon, JH. Hypothyroidism Following Hemithyroidectomy: Incidence, Risk Factors, and Clinical Characteristics. J Clin Endocrinol Metab (2016) 101:1429–36. doi: 10.1210/jc.2015-3997

12. Vaiman, M, Nagibin, A, Hagag, P, Kessler, A, and Gavriel, H. Hypothyroidism Following Partial Thyroidectomy. Otolaryngol Head Neck Surg (2008) 138:98–100. doi: 10.1016/j.otohns.2007.09.015

13. Jung, SL, Baek, JH, Lee, JH, Shong, YK, Sung, JY, Kim, KS, et al. Efficacy and Safety of Radiofrequency Ablation for Benign Thyroid Nodules: A Prospective Multicenter Study. Korean J Radiol (2018) 19:167–74. doi: 10.3348/kjr.2018.19.1.167

14. Bernardi, S, Stacul, F, Zecchin, M, Dobrinja, C, Zanconati, F, and Fabris, B. Radiofrequency Ablation for Benign Thyroid Nodules. J Endocrinol Invest (2016) 39:1003–13. doi: 10.1007/s40618-016-0469-x

15. Garberoglio, R, Aliberti, C, Appetecchia, M, Attard, M, Boccuzzi, G, Boraso, F, et al. Radiofrequency Ablation for Thyroid Nodules: Which Indications? The First Italian Opinion Statement. J Ultrasound (2015) 18:423–30. doi: 10.1007/s40477-015-0169-y

16. Lim, HK, Lee, JH, and Ha, EJ. Radiofrequency Ablation of Benign non-Functioning Thyroid Nodules: 4-Year Follow-Up Results for 111 Patients. Eur Radiol (2013) 23(4):1044–9. doi: 10.1007/s00330-012-2671-3

17. Bernardi, S, Giudici, F, Cesareo, R, Antonelli, G, Cavallaro, M, Deandrea, M, et al. Five-Year Results of Radiofrequency and Laser Ablation of Benign Thyroid Nodules: A Multicenter Study From the Italian Minimally Invasive Treatments of the Thyroid Group. Thyroid (2020) 30(12):1759–70. doi: 10.1089/thy.2020.0202

18. Aysan, E, Idiz, UO, Akbulut, H, and Elmas, L. Single-Session Radiofrequency Ablation on Benign Thyroid Nodules: A Prospective Single Center Study : Radiofrequency Ablation on Thyroid. Langenbecks Arch Surg (2016) 401:357–63. doi: 10.1007/s00423-016-1408-1

19. Bernardi, S, Stacul, F, Michelli, A, Giudici, F, Zuolo, G, de Manzini, N, et al. 12-Month Efficacy of a Single Radiofrequency Ablation on Autonomously Functioning Thyroid Nodules. Endocrine (2017) 57:402–8. doi: 10.1007/s12020-016-1174-4

20. Kim, J-H, Baek, JH, Lim, HK, Ahn, HS, Baek, SM, Choi, YJ, et al. 2017 Thyroid Radiofrequency Ablation Guideline: Korean Society of Thyroid Radiology. Korean J Radiol 2018) 19:632–55. doi: 10.3348/kjr.2018.19.4.632

21. Gharib, H, Papini, E, Garber, JR, Duick, DS, Harrell, RM, Hegedüs, L, et al. American ASSOCIATION of CLINICAL Endocrinologists, AMERICAN College OF Endocrinology, AND Associazione MEDICI Endocrinologi MEDICAL Guidelines FOR Clinical PRACTICE for THE Diagnosis AND Management OF Thyroid NODULES – 2016 UPDATE: Appendix. Endocrine Pract (2016) 22:1–60. doi: 10.4158/EP161208.GL

22. Guang, Y, He, W, Luo, Y, Zhang, H, Zhang, Y, Ning, B, et al. Patient Satisfaction of Radiofrequency Ablation for Symptomatic Benign Solid Thyroid Nodules: Our Experience for 2-Year Follow Up. BMC Cancer (2019) 19:147. doi: 10.1186/s12885-019-5338-5

23. Spiezia, S, Garberoglio, R, and Milone, F. Thyroid Nodules and Related Symptoms are Stably Controlled Two Years After Radiofrequency Thermal Ablation. Thyroid (2009) 19(3):219–25. doi: 10.1089/thy.2008.0202

24. Sim, JS, Baek, JH, Lee, J, Cho, W, and Jung, SI. Radiofrequency Ablation of Benign Thyroid Nodules: Depicting Early Sign of Regrowth by Calculating Vital Volume. Int J Hyperthermia (2017) 33:905–10. doi: 10.1080/02656736.2017.1309083

25. Dobrinja, C, Bernardi, S, Fabris, B, Eramo, R, Makovac, P, Bazzocchi, G, et al. Surgical and Pathological Changes After Radiofrequency Ablation of Thyroid Nodules. Int J Endocrinol (2015) 2015:576576. doi: 10.1530/endoabs.37.EP960

26. Valcavi, R, and Tsamatropoulos, P. Health-Related QUALITY of LIFE After PERCUTANEOUS Radiofrequency ABLATION of COLD, Solid, BENIGN Thyroid Nodules: A 2-Year FOLLOW-UP Study IN 40 Patients. Endocr Pract (2015) 21:887–96. doi: 10.4158/EP15676.OR

27. Ben Hamou, A, Ghanassia, E, Espiard, S, Abi Rached, H, Jannin, A, Correas, JM, et al. Safety and Efficacy of Thermal Ablation (Radiofrequency and Laser): Should We Treat All Types of Thyroid Nodules? Int J Hyperthermia (2019) 36:666–76. doi: 10.1080/02656736.2019.1627432

28. Jeong, WK, Baek, JH, Rhim, H, Kim, YS, Kwak, MS, Jeong, HJ, et al. Radiofrequency Ablation of Benign Thyroid Nodules: Safety and Imaging Follow-Up in 236 Patients. Eur Radiol (2008) 18:1244–50. doi: 10.1007/s00330-008-0880-6

29. Sung, JY, Baek, JH, Jung, SL, Kim, J, Kim, KS, Lee, D, et al. Radiofrequency Ablation for Autonomously Functioning Thyroid Nodules: A Multicenter Study. Thyroid (2015) 25:112–7. doi: 10.1089/thy.2014.0100

30. Ji Hong, M, Baek, JH, Choi, YJ, Lee, JH, Lim, HK, Shong, YK, et al. Radiofrequency Ablation is a Thyroid Function-Preserving Treatment for Patients With Bilateral Benign Thyroid Nodules. J Vasc Interv Radiol (2015) 26:55–61. doi: 10.1016/j.jvir.2014.09.015

31. Ha, SM, Shin, JY, Baek, JH, Song, DE, Chung, SR, Choi, YJ, et al. Does Radiofrequency Ablation Induce Neoplastic Changes in Benign Thyroid Nodules: A Preliminary Study. Endocrinol Metab (Seoul) (2019) 34:169–78. doi: 10.3803/EnM.2019.34.2.169

32. Hong, MJ, Sung, JY, Baek, JH, Je, MS, Choi, DW, Yoo, H, et al. Safety and Efficacy of Radiofrequency Ablation for Nonfunctioning Benign Thyroid Nodules in Children and Adolescents in 14 Patients Over a 10-Year Period. J Vasc Interv Radiol (2019) 30:900–6. doi: 10.1016/j.jvir.2018.10.034

33. Deandrea, M, Trimboli, P, Garino, F, Mormile, A, Magliona, G, Ramunni, MJ, et al. Long-Term Efficacy of a Single Session of RFA for Benign Thyroid Nodules: A Longitudinal 5-Year Observational Study. J Clin Endocrinol Metab (2019) 104:3751–6. doi: 10.1210/jc.2018-02808

34. Aldea Martínez, J, Aldea Viana, L, López Martínez, JL, and Ruiz Pérez, E. Radiofrequency Ablation of Thyroid Nodules: A Long-Term Prospective Study of 24 Patients. J Vasc Interv Radiol (2019) 30:1567–73. doi: 10.1016/j.jvir.2019.04.022

35. Tricco, AC, Lillie, E, Zarin, W, O’Brien, KK, Colquhoun, H, Levac, D, et al. Prisma Extension for Scoping Reviews (PRISMA-Scr): Checklist and Explanation. Ann Intern Med (2018) 169:467–73. doi: 10.7326/M18-0850

36. Dobnig, H, and Amrein, K. Value of Monopolar and Bipolar Radiofrequency Ablation for the Treatment of Benign Thyroid Nodules. Best Pract Res Clin Endocrinol Metab (2019) 33:101283. doi: 10.1016/j.beem.2019.05.007

37. Russ, G, Ben Hamou, A, Poirée, S, Ghander, C, Ménégaux, F, Leenhardt, L, et al. Learning Curve for Radiofrequency Ablation of Benign Thyroid Nodules. Int J Hyperthermia (2021) 38:55–64. doi: 10.1080/02656736.2021.1871974

38. Deandrea, M, Trimboli, P, Mormile, A, Cont, AT, Milan, L, Buffet, C, et al. Determining an Energy Threshold for Optimal Volume Reduction of Benign Thyroid Nodules Treated by Radiofrequency Ablation. Eur Radiol (2021). doi: 10.1007/s00330-020-07532-y

39. Hamidi, O, Callstrom, MR, Lee, RA, Dean, D, Castro, MR, Morris, JC, et al. Outcomes of Radiofrequency Ablation Therapy for Large Benign Thyroid Nodules: A Mayo Clinic Case Series. Mayo Clin Proc (2018) 93:1018–25. doi: 10.1016/j.mayocp.2017.12.011

40. Cesareo, R, Naciu, AM, Iozzino, M, Pasqualini, V, Simeoni, C, Casini, A, et al. Nodule Size as Predictive Factor of Efficacy of Radiofrequency Ablation in Treating Autonomously Functioning Thyroid Nodules. Int J Hyperthermia (2018) 34(5):617–23. doi: 10.1080/02656736.2018.1430868

41. Baek, JH. Factors Related to the Efficacy of Radiofrequency Ablation for Benign Thyroid Nodules. Ultrasonography (2017) 36:385–6. doi: 10.14366/usg.17034

42. Sajid, T, Qamar Naqvi, SR, Qamar Naqvi, SS, Shukr, I, and Ghani, R. Recurrent Laryngeal Nerve Injury in Total Versus Subtotal Thyroidectomy. J Ayub Med Coll Abbottabad (2016) 28:559–61.

43. Lee, DY, Seok, J, Jeong, W-J, and Ahn, S-H. Prediction of Thyroid Hormone Supplementation After Thyroid Lobectomy. J Surg Res (2015) 193:273–8. doi: 10.1016/j.jss.2014.07.003

44. Mallery, KF, Pollard, RE, Nelson, RW, Hornof, WJ, and Feldman, EC. Percutaneous Ultrasound-Guided Radiofrequency Heat Ablation for Treatment of Hyperthyroidism in Cats. J Am Vet Med Assoc (2003) 223:1602–7. doi: 10.2460/javma.2003.223.1602

45. Paek, SH, Kang, KH, and Park, SJ. Expanding Indications of Robotic Thyroidectomy. Surg Endosc (2018) 32(8):3480–5. doi: 10.1007/s00464-018-6067-6

46. Lee, J, Shin, JH, Hahn, SY, Park, KW, and Choi, JS. Feasibility of Adjustable Electrodes for Radiofrequency Ablation of Benign Thyroid Nodules. Korean J Radiol (2020) 21:377–83. doi: 10.3348/kjr.2019.0724

47. Yan, L, Luo, Y, Zhang, M, and Xiao, J. Vital Volume Increase Versus Clinical Evaluation as the Indication of Additional Radiofrequency Ablation for Benign Thyroid Nodule: A Single Center Retrospective Study. Int J Hyperthermia (2020) 37:777–85. doi: 10.1080/02656736.2020.1778197

48. Zhu, Y, Jin, Z, Zhang, Y, Jiang, B, Yan, L, Tian, X, et al. [Anhydrous Ethanol Improves Efficiency of Radiofrequency Ablation for the Treatment of Benign Thyroid Nodules:A Prospective Randomized Controlled Trial]. Zhongguo Yi Xue Ke Xue Yuan Xue Bao (2020) 42:331–7. doi: 10.3881/j.issn.1000-503X.11512

49. Mader, A, Mader, OM, Gröner, D, Korkusuz, Y, Ahmad, S, Grünwald, F, et al. Minimally Invasive Local Ablative Therapies in Combination With Radioiodine Therapy in Benign Thyroid Disease: Preparation, Feasibility and Efficiency - Preliminary Results. Int J Hyperthermia (2017) 33:895–904. doi: 10.1080/02656736.2017.1320813

50. Pacella, CM, Mauri, G, and Cesareo, R. A Comparison of Laser With Radiofrequency Ablation for the Treatment of Benign Thyroid Nodules: A Propensity Score Matching Analysis. Int J Hyperth (2017) 33(8):911–9. doi: 10.1080/02656736.2017.1332395

51. Cesareo, R, Pacella, CM, Pasqualini, V, Campagna, G, Iozzino, M, Gallo, A, et al. Laser Ablation Versus Radiofrequency Ablation for Benign non-Functioning Thyroid Nodules: Six-Month Results of a Randomized, Parallel, Open-Label, Trial (Lara Trial). Thyroid (2020) 30:847–56. doi: 10.1089/thy.2019.0660

52. Baek, JH, Lee, JH, Valcavi, R, Pacella, CM, Rhim, H, and Na, DG. Thermal Ablation for Benign Thyroid Nodules: Radiofrequency and Laser. Korean J Radiol (2011) 12:525–40. doi: 10.3348/kjr.2011.12.5.525

53. Hu, K, Wu, J, Dong, Y, Yan, Z, Lu, Z, and Liu, L. Comparison Between Ultrasound-Guided Percutaneous Radiofrequency and Microwave Ablation in Benign Thyroid Nodules. J Cancer Res Ther (2019) 15:1535–40. doi: 10.4103/jcrt.JCRT_322_19

54. Yue, W-W, Wang, S-R, Lu, F, Sun, L-P, Guo, L-H, Zhang, Y-L, et al. Radiofrequency Ablation vs. Microwave Ablation for Patients With Benign Thyroid Nodules: A Propensity Score Matching Study. Endocrine (2017) 55:485–95. doi: 10.1007/s12020-016-1173-5

55. Hegedüs, L, Frasoldati, A, Negro, R, and Papini, E. European Thyroid Association Survey on Use of Minimally Invasive Techniques for Thyroid Nodules. Eur Thyroid J (2020) 9:194–204. doi: 10.1159/000506513

56. Cho, SJ, Baek, SM, Lim, HK, Lee, KD, Son, JM, and Baek, JH. Long-Term Follow-Up Results of Ultrasound-Guided Radiofrequency Ablation for Low-Risk Papillary Thyroid Microcarcinoma: More Than 5-Year Follow-Up for 84 Tumors. Thyroid (2020) 30(12):1745–51. doi: 10.1089/thy.2020.0106

57. Lan, Y, Luo, Y, Zhang, M, Jin, Z, Xiao, J, Yan, L, et al. Quality of Life in Papillary Thyroid Microcarcinoma Patients Undergoing Radiofrequency Ablation or Surgery: A Comparative Study. Front Endocrinol (Lausanne) (2020) 11:249. doi: 10.3389/fendo.2020.00249

58. Yan, L, Lan, Y, Xiao, J, Lin, L, Jiang, B, and Luo, Y. Long-Term Outcomes of Radiofrequency Ablation for Unifocal Low-Risk Papillary Thyroid Microcarcinoma: A Large Cohort Study of 414 Patients. Eur Radiol (2021) 31(2):685–94. doi: 10.1007/s00330-020-07128-6

59. Chung, SR, Baek, JH, Choi, YJ, and Lee, JH. Longer-Term Outcomes of Radiofrequency Ablation for Locally Recurrent Papillary Thyroid Cancer. Eur Radiol (2019) 29:4897–903. doi: 10.1007/s00330-019-06063-5

60. Lim, HK, Cho, SJ, Baek, JH, Lee, KD, Son, CW, Son, JM, et al. Us-Guided Radiofrequency Ablation for Low-Risk Papillary Thyroid Microcarcinoma: Efficacy and Safety in a Large Population. Korean J Radiol (2019) 20:1653–61. doi: 10.3348/kjr.2019.0192



Conflict of Interest: HM has previously consulted for THERACLION and STARMED (oral conference communication).

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Monpeyssen, Alamri and Ben Hamou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 10 June 2021

doi: 10.3389/fendo.2021.575565

[image: image2]


Radiofrequency Thermoablation On Ex Vivo Animal Tissues: Changes on Isolated Swine Thyroids


Paola Pregel 1*, Elisa Scala 1,2, Michela Bullone 1, Marina Martano 1,3, Linda Nozza 1, Sara Garberoglio 4, Roberto Garberoglio 4, Enrico Bollo 1 and Frine Eleonora Scaglione 1


1 Dipartimento di Scienze Veterinarie, Università degli Studi di Torino, Torino, Italy, 2 Evidensia Specialisthästsjukhuset, Strömsholm, Sweden, 3 Dipartimento di Scienze Medico-Veterinarie, Università di Parma, Parma, Italy, 4 Dipartimento di Scienze Mediche, Università degli Studi di Torino, Torino, Italy




Edited by: 
Cosimo Durante, Sapienza University of Rome, Italy

Reviewed by: 
Giacomo Rossi, University of Camerino, Italy

Loredana Pagano, University of Turin, Italy

*Correspondence: 
Paola Pregel
 paola.pregel@unito.it

Specialty section: 
 This article was submitted to Thyroid Endocrinology, a section of the journal Frontiers in Endocrinology


Received: 23 June 2020

Accepted: 25 May 2021

Published: 10 June 2021

Citation:
Pregel P, Scala E, Bullone M, Martano M, Nozza L, Garberoglio S, Garberoglio R, Bollo E and Scaglione FE (2021) Radiofrequency Thermoablation On Ex Vivo Animal Tissues: Changes on Isolated Swine Thyroids. Front. Endocrinol. 12:575565. doi: 10.3389/fendo.2021.575565



The use of Radiofrequency thermoablation (RFA) for treating large thyroid nodules is limited by the modest efficiency of the available systems in terms of volume of the ablation zones (AZs). This increases the risk of incomplete ablation of the nodule. Systems employing perfused electrodes have been developed to increase the volume of the AZ. Aim of this study is to compare the size of the AZ induced by RFA systems using internally cooled perfused vs. non-perfused electrodes in swine thyroids. RFAs were performed on 40 freshly isolated swine thyroids using both systems. The perfused system was tested using 0.9% saline, 7% and 18% hypertonic saline solutions. Energy delivery to the tissue was stopped when tissue conductivity dropped (real life simulations) and after an established time of 20 seconds (controlled duration). Following RFA, thyroids were transversally and longitudinally cut. Photographs were taken for macroscopic morphometry of the ablated zones before and after formalin fixation, to evaluate tissue shrinkage. Microscopic morphometry was performed on PAS stained sections. In real life simulation experiments, gross morphometry revealed that AZs produced with electrodes perfused using 7.0% saline are larger compared to isotonic saline. Microscopically, all the conditions tested using the perfused system produced larger AZs compared to non-perfused system after 20 seconds of RFA. In conclusion, the perfusion with 7.0% NaCl solution increased the electrical conductivity of the tissue in real life simulations, resulting in larger ablated areas compared to the use of isotonic saline.
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Introduction

In the last thirty years, minimally invasive techniques have been consistently raising in importance in human medicine. Radiofrequency ablation (RFA) is the most extensively studied and widely applied technique in human clinical practice (1), largely used to treat malignant and benign tumors in several organs (1, 2). It consists on the direct placement of one or more radiofrequency (RF) electrodes into the tumor tissue under ultrasound (US), computed tomography (CT) or magnetic resonance (MR) guidance (2). RF electrodes apply thermal energy (hyperthermia) through the passage of high-frequency alternating current through the electrode, producing tissue necrosis of the tumor, without the need for surgical removal. Among other organs, the application of RFA has been extended in the last decade to the treatment of thyroid neoplasia and nodular thyroid disease, with a proven efficacy in terms of reduction of thyroid nodule mean volume and improvement of the patient symptoms (3–7). To date, RFA is considered a safe alternative to surgery for benign thyroid nodules, and it is proposed for treatment of primary thyroid carcinomas and recurrent thyroid cancer (8–16).

Nodular thyroid disease refers to the presence of abnormal masses in the thyroid gland. It is a very common finding in clinical practice, with a good prognosis (17–19). Thyroid nodules are most frequently asymptomatic, stable or slow-growing over time, and require no treatment. Clinicians’ concerns in these cases are imputable mainly to the space-occupying effect of such lesions, as well as to the associated endocrine disorders, such as hyperthyroidism and hypothyroidism. Large thyroid nodules may cause compression to the surrounding structures, neck discomfort, cosmetic complaints, and decreased quality of life. To date, the possible treatments include surgery, radioiodine therapy, TSH-suppression therapy, ethanol injection, and hyperthermic methods (18). The main limit of the latter is the small size of the induced AZ, considered adequate for treating lesions up to 5 cm2 (2).

Tissue perfusion with saline has been shown to improve the performances of RFA systems in terms of volume of the AZs (20). The aim of this study was to compare the performances of RFA systems employing internally cooled and perfused vs. internally cooled and non-perfused electrodes in terms of AZ size, using ex-vivo swine thyroids. Moreover, we sought to determine whether using solution with increased osmolarity produced any effect on the size of AZs. Anatomic and physiologic characteristics of swine make them useful models in certain areas of surgical research (21). In particular, swine thyroid glands have an adequate size and a fine tissue structure resembling those of humans.



Materials and Methods


Thermal Ablation Procedures

Forty freshly isolated swine thyroids from a pig slaughterhouse were stored at refrigerated temperature until RFA exposure, and then ablated using the fixed-shot technique. The moving shot technique, usually applied in thyroid treatment, was not evaluated in this work, since results are dependent on the number of passages and the tilt angles of the electrode. The single passage allowed a better measurement of the parameters obtained by a single ablation treatment.

Radiofrequency ablation procedures were performed using either a perfused or non-perfused system, with internally cooled and perfused (RFTS 1010N, RF Medical Co. Ltd., Korea) or internally cooled and non-perfused electrodes (RFT 1010N, RF Medical Co. Ltd., Korea), respectively. A high frequency alternating current generator specific for radiofrequency thermal ablation (RF Generator M-3004, RF Medical Co. Ltd., Korea), equipped with a peristaltic pump, was used to power the system.

A starting power output of 80 Watt was used. Ground pads were placed under each organ to close the RT circuit, placing a swine liver between the ground pads and the thyroid, to ensure an adequate distance and obtain a correct electrical conduction. Procedures were stopped using an impedance-based system. All electrodes used were monopolar, 10 cm in length, and 18G in diameter, with an exposed electrode of 10 mm. Internally cooled and non-perfused (IC) electrodes are provided with an internal cooling system pumping cold (5°C) sterile saline solution. This prevents the electrodes to reach temperatures above 100°C, which could induce tissue carbonization. Internally cooled and perfused (wet tip, WT) electrodes have a second system for instillation of liquids into the tissues while RFA is performed by means of a peristaltic pump. Cold (5°C) sterile isotonic solution 0.9% NaCl, hypertonic 7.0% NaCl solution, and hypertonic 18.0% NaCl solution were used in our study to perfuse thyroid parenchyma.

Energy delivery to the tissue was stopped when tissue conductivity dropped (real life simulations) and after an established time of 20 seconds (controlled duration).



Morphometric Analysis

The criteria proposed by Mulier and colleagues (22) were adopted for standardized description of the AZ size. At the end of the ablation procedure, the RF electrode was left in situ in order to easily identify the treated area. The organ was cut along the shaft of the RF electrode (axial plane of the AZ) obtaining the two orthogonal planes of the lesion. Then both halves of the AZ were cut in the transverse plane, perpendicular to the electrode, at the site of the largest transverse diameter of the coagulation zone.

Morphometric analysis of the macroscopically visible AZs was performed with the software ImageJ 1.51j8 (National Institutes of Health, USA) on pictures taken from both faces of each plane (axial and transversal), including a calibrator in each picture. Thyroids were then individually fixed in buffered formalin (10%) and pictures and measurements of the parameters to assess the degree of tissue shrinkage were taken a second time. Area and perimeter of the AZ were calculated for each image. Both faces of each plane were measured, and mean data used for analyses. The volume of the rotation solid (lesion volume, calculated as:  , where a, b and c were halves of each axis, assuming that it is ascribable to the area of a rotation (23) ellipsoid) and the equivalent diameter (diameter that a round section would have with the same proportion of Perimeter P and Area A) were estimated from the former parameters. The semiaxes of the lesion were also measured.

Microscopic morphometry of the AZs was performed using an Olympus BX40 microscope and the software NIS-Elements F 2.30 (Nikon Corporation, Japan) on Periodic Acid Schiff (PAS) stained sections (20x magnification), following paraffin-embedding and 4µm cut. The parameters measures were the same already described for macroscopic morphometry. A 20x magnification was selected, allowing a general view of the lesion area, taking multiple pictures of the same slide when necessary, to include the whole lesion. Pictures were assembled with the software Adobe Photoshop CC 2018 (Adobe Systems Incorporated, USA).



Statistical Analysis

The statistical analysis of the morphometric values was performed using the software GraphPad Prism (vers. 6; GraphPad Software, California, USA). The Kolmogorov and Smirnov test was used to analyze data distribution. For the morphometric measurements, when the effect of a single variable was assessed among multiple groups, one-way ANOVA test was used, followed by Dunnett’s post-tests, if the distribution was parametric; otherwise the Kruskal-Wallis test and Dunn’s post-tests were employed. When the effect/interaction of two variables was evaluated among multiple groups, the two-way ANOVA test was used, followed by Tukey post-tests, with the Sidak correction. Paired Student’s T-test was used for the comparison between lesions on unfixed and formalin-fixed (FF), whereas the non-parametric Wilcoxon test was applied for the comparison between the two semi-axis of the rotation solid on unfixed thyroids. In order to compare differences in measurements between the same lesion parameters analyzed on gross unfixed thyroids images and on the corresponding microphotographs, Paired Student’s T-test or the non-parametric homologous Wilcoxon test were used. The coefficient of variation was evaluated to highlight the difference between repeated measurements, such as Area and Equivalent Diameter, available only in gross morphometric analysis, for both longitudinal and transverse views. All the results with a p-value<0.05 were considered statistically significant.




Results


Macroscopic Investigations on Unfixed Thyroids

The macroscopic investigation of the thyroids treated with RFA revealed an area clearly identifiable from the surrounding, normal tissue. The area could be roughly described as an ovoid, even though it was often irregular. In the unfixed thyroids, the ablated area was divided in a brown centre, in which the tissue was in direct contact with the electrode, surrounded by a pale pink area. Minimal or non-existent hemorrhagic transitional zone between ablation and normal tissue was noticed. This partition was evident in some samples more than in others, and the type of applicator seemed to slightly influence it. In fact, when the IC electrode was used, the partition was evident, and the ablation had a definite outline (Figure 1A). In the case of WT electrode, independently from the solution used, the outline of the lesion appeared vanishing (Figure 1B). The thyroid was entirely or almost interested by the coagulation area in case a WT was used, especially when 7.0% NaCl solution was injected (Figure 1C).




Figure 1 | Longitudinal section of unfixed thyroids: (A) treated with IC electrode, 20 seconds fixed time of treatment; (B) treated with WT electrode, 0.9% NaCl solution, 20 seconds fixed time of treatment; (C) treated with WT electrode, 7.0% NaCl solution, variable time of treatment (4 minutes and 30 seconds).



In thyroids treated with IC electrode, the treatment was fixed at 20 seconds. Regarding WT electrodes, when applying a variable time (real life simulations), RF electrode was left to work until the impedance was enough high to automatically turn the generator off.

As a result, some organs were totally thermally ablated before the generator turned off, so that it had to be manually interrupted. In these groups of organs, the potential of WT electrode was evident, but the size of the lesion was strongly influenced by the size and margins of the thyroid. In order to determine the effects of saline solution on ablation size, a procedure at fixed time was also implemented. In this case, the duration of treatment was fixed at 20 seconds, forcing the generator to stop, independently from the completion of ablation. The latter procedure was implemented due to the small size of thyroids and following the finding that many of them were completely necrotized, thus interfering with a precise measurement of the ablation (being the size of the lesion strongly dependent from the margins and size of the thyroid). This procedure was not meant to be applied in clinic but to better understand the potential of saline use.


Macroscopic Morphometric Data From Unfixed Thyroid

The morphometric analysis data obtained from unfixed thyroids are stated in Table 1, reporting mean values and standard deviation for each group.


Table 1 | Unfixed thyroids morphometric data.





Effects of Time of Treatment and Solution on WT Electrode Performances

The performance of WT electrode on unfixed thyroids was analyzed through a comparison based on the used solution (0.9% or 7.0% NaCl) and the duration of treatment (variable or 20 seconds/fixed time).

The transverse area was influenced by both the solution used (p<0.0004) and the duration of treatment (p<0.0001) (Figure 2A). In the groups where the time of treatment was variable, a significant increase of ablation area was revealed when the 7% solution was used in comparison to 0.9% NaCl solution (p<0.05). No difference was observed in fixed time groups (p=0.8694). The groups treated for a fixed time both with 0.9% and 7% NaCl solution showed a significant reduction of ablation area in comparison to the groups treated with the same solutions for a variable time (p<0.0001).




Figure 2 | Comparison of different parameters among the groups treated with WT, with variable and fixed time of treatment, and 0.9% and 7.0% NaCl solution on thyroids. In details, (A) transverse area; (B) longitudinal area; (C) transverse equivalent diameter; (D) longitudinal equivalent diameter; (E) volume; (F) semi-axis “a”; (G) semi-axis “b”; (H) semi-axis “c”. VT, Variable Time treatment; FT, Fixed Time treatment; 0.9%= solution perfused into the tissue at 0.9% NaCl; 7.0%= solution perfused into the tissue at 7.0% NaCl; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.



In addition, also the longitudinal area was influenced by the solution (p<0.0001) and the time of treatment (p<0.0001) (Figure 2B). As for the transverse area, the groups treated for a variable time enlightened a significantly greater area of ablation with 7.0% NaCl solution (p<0.0001). No significant difference was observed in fixed time groups (p=0.9782). In the groups treated for a fixed time the area of ablation was significantly smaller than the corresponding groups treated for a variable time (respectively, p<0.01 for 0.9% NaCl and p<0.0001 for 7.0% NaCl).

The same findings were obtained for the other parameters evaluated. The transverse equivalent diameter (Figure 2C) was influenced both by the solution (p=0.003) and the time of treatment (p<0.0001). Within Variable Time treatment (VT) groups, a significantly longer equivalent diameter was measured with 7.0% NaCl solution (p<0.0001). No significant difference was observed in fixed time groups (p=0.6008). In the groups treated with 0.9% NaCl solution, a significantly shorter equivalent diameter was detected for Fixed Time treatment (FT) in comparison to the corresponding VT group (respectively, p<0.05 for 0.9% NaCl, p<0.0001 for 7.0% NaCl treated groups).

The longitudinal equivalent diameter (Figure 2D) was influenced by the solution (p=0.0016) and the duration of treatment (p<0.0001), too. In the VT groups a significantly longer equivalent diameter was reported along with the use of 7.0% NaCl solution (p=0.0001). No difference was revealed in fixed time groups (p=0.9994). In the two VT groups a longer equivalent diameter was calculated when compared to the corresponding fixed time groups (respectively, p<0.01 for 0.9% NaCl and p<0.0001 for 7.0% NaCl).

The volume (Figure 2E) was influenced by the solution (p<0.0001) and the duration of treatment (p<0.0001). In the groups where the time of treatment was variable, a significant difference according to the use of 0.9% or 7.0% NaCl solutions (p<0.0001) was detected. No difference was observed in fixed time groups (p=0.9903). In the groups treated with 0.9% NaCl solution, a significant difference between variable and fixed time (p<0.05) was observed, as for the groups treated with 7.0% NaCl (p<0.0001).

The semiaxis “a” (Figure 2F) was influenced by the solution (p=0.0036) and the time of treatment (p<0.0001). In the groups where the time of treatment was variable, a significant increase of volume was detected according to the use of 7.0% NaCl solution when compared to 0.9%NaCl (p=0.0005). No difference was revealed in fixed time groups (p=0. 9995). In the groups treated with 0.9% NaCl solution, a significant difference between variable and fixed time (p<0.01) was detected, as for the groups treated with 7.0% NaCl (p<0.0001).

Similarly, the semiaxis “b” (Figure 2G) was influenced by the solution (p=0.0003) and the time of treatment (p<0.0001). Again, in VT groups a significant increase of semiaxis b length was detected when 7.0% NaCl solution was used instead of 0.9% (p<0.0001). No difference was observed in fixed time groups (p=0. 8206). In both the VT groups the semiaxis “b” was longer than in the corresponding FT groups (p<0.001 for 0.9% and p<0.0001 for the 7.0% NaCl, respectively).

The semiaxis “c” (Figure 2H) was influenced by the solution (p=0.0091) and the time of treatment (p<0.0001). In the groups where the time of treatment was variable, a significant difference related to the use of 0.9% or 7.0% NaCl solutions (p<0.0001) was detected. No difference was revealed in fixed time groups (p=0.1704). The time of treatment influenced the semiaxis “c” only in the groups treated with 7.0% NaCl solution (p<0.0001). No significant difference between variable and fixed time was found in the groups treated with 0.9% NaCl.



Comparison of IC and WT Electrodes Performances

The performance of WT electrodes (with 0.9%, 7.0% and 18.0% NaCl) was compared to IC electrode (control group) at fixed duration of treatment of 20 seconds.

For the transverse area (Figure 3A) a significant difference was shown among groups (p=0.0339) (in particular, between the control group IC and WT using 0.9% NaCl solution, p=0.014). No differences were found between the control group IC and other WT groups. For the longitudinal area no differences were observed using IC or WT electrodes (p=0.232) at 20 seconds fixed time treatment (Figure 3B). The transverse equivalent diameter (Figure 3C) and the longitudinal equivalent diameter (Figure 3D) were not affected by the use of either IC or WT electrodes at 20 seconds fixed time treatment (p=0.0991 and p=0.2239, respectively). The volume (Figure 3E) was not affected by the use of either IC or WT electrodes (p=0.2669) at 20 seconds fixed time treatment. The semiaxis “a” was not affected by the use of either IC or WT electrodes (p=0.6584) at 20 seconds fixed time treatment (Figure 3F). The semiaxis “b” was found not to be affected by the use of either IC or WT electrodes (p=0.0797) at 20 seconds fixed time treatment (Figure 3G). Regarding the semiaxis “c” (Figure 3H), a significant difference among groups was shown (p=0.0071). In particular, a significant longer measure was noticed in WT 0.9% NaCl solution (p=0.0215) and in WT 18.0% NaCl (p=0.0122) in comparison to IC control group. No differences were found between the control group IC and WT 7.0% (p=0.8493).




Figure 3 | Comparison of different parameters among the groups treated with IC electrode and WT electrode with different saline solutions on unfixed thyroids. In details, (A) transverse area; (B) longitudinal area; (C) transverse equivalent diameter; (D) longitudinal equivalent diameter; (E) volume; (F) semi-axis “a”; (G) semi-axis “b”; (H) semi-axis “c”. IC, Internally cooled tip; WT, Internally cooled wet tip; WT 0.9%-7.0%-18.0%= solutions at 0.9%-7.0%-18.0% NaCl perfused into the tissue by the WT electrode; *P < 0.05.





Comparison of the Semiaxes of the Rotation Solid

The two semi-axes of the rotation solid “a” and “c” are considered equivalent.

In the comparison between the two semi-axes of the rotation solid “a” and “c” of all the unfixed thyroids belonging to fixed time groups no significant difference was detected (p=0.4939) (Figure 4).




Figure 4 | Comparison between the two semi-axis “a” and “c” of ablated area in fresh thyroids, 20 seconds fixed time of treatment.






Macroscopic Investigations on Formalin-Fixed Thyroids

The ablated tissue was clearly detectable in FF thyroids as a pale, yellowish area, with no evident internal subdivision. Sometimes the lesion margins were more clearly evident compared to unfixed organs, even though the outline of the lesion in the thyroids treated with WT electrode was still vanishing (Figure 5).




Figure 5 | View of a longitudinal section of a FF thyroid: (A) treated with IC electrode, 20 seconds fixed time of treatment; (B) treated with WT electrode, 0.9% NaCl solution, 20 seconds fixed time of treatment; (C) treated with WT electrode, 7.0% NaCl solution, variable time of treatment (4 minutes and 30 seconds).





Macroscopic Morphometric Data From Formalin-Fixed Thyroids

The morphometric analysis data reporting mean values and standard deviation for each group, obtained from FF thyroids are conveyed in Table 2.


Table 2 | FF thyroids morphometric data.





Comparison Between Unfixed and Formalin-Fixed Thyroids

The pictures of unfixed thyroids were compared to the corresponding ones of formalin-fixed thyroids. Only fixed time groups were considered to lower the variability.

The compared measurements analyzed are reported in Table 3.


Table 3 | Morphometric data of macroscopic images from unfixed thyroid and corresponding formalin-fixed ones.



The transverse area (Figure 6A) and the longitudinal area (Figure 6B) were not significantly different between unfixed and FF thyroids (p=0.3392, p=0.3822, respectively). Similarly, the transverse equivalent diameter (Figure 6C) and the longitudinal equivalent diameter (Figure 6D) were not significantly different between unfixed and FF thyroids (p=0.0808, p=0.3446, respectively).




Figure 6 | Comparison of different parameters between unfixed and FF thyroids. In details, (A) transverse area; (B) longitudinal area; (C) transverse equivalent diameter; (D) longitudinal equivalent diameter; (E) volume; (F) semi-axis “a”; (G) semi-axis “b”; (H) semi-axis “c”. *P < 0.05.



Similarly, the volume (Figure 6E) was not significantly different between unfixed and FF thyroids (p=0.3303). The semiaxis “b” was the only one to be significantly different between the two groups (p=0.0239) (Figures 6F–H).

During the morphometric analysis of gross thyroids, two halves of the lesion originated from transverse and longitudinal cuts, obtaining two values for the area and the equivalent diameter referred to the same view. The coefficients of variation of these measurements of gross unfixed thyroids were compared with the ones of FF thyroids. No statistically significant differences were detected in the distributions of the coefficients of variation for the transverse area (p=0.0587), for the longitudinal area (p=0.8615), for the transverse equivalent diameter (p=0.3038), and for the longitudinal equivalent diameter (p=0.6556). Generally, the ablated area showed shrunk and darker colloid in follicular tissue, creating an empty space between the follicular wall and the colloid.

Since the colloid is PAS-positive, the ablation area was easily recognizable in the sections stained with PAS, easily allowing the morphometric analysis (Figure 7). No difference was noticed between thyroids treated with IC or WT electrode, apart from larger ablated areas in the latter treatment group.




Figure 7 | Swine thyroid treated with Wet Tip electrode, 0.9% NaCl solution, variable time of treatment; longitudinal view PAS; the dotted line outlines the ablated areas, showing shrunk and darker colloid in follicular tissue, with empty spaces between the follicular wall and the colloid: (A) 20X; (B) 100X.





Microscopic Morphometric Data

The histological morphometric data are reported in Table 4.


Table 4 | Morphometric data of histological sections of treated thyroids.





Effects of Time of Treatment and Solution on WT Electrode Performances

The measurements of the transverse section were not considered, since the entire view of the lesion was not available due to the trimming procedure.

The longitudinal area (Figure 8A) was influenced by the solution (p=0.0001) and the duration of treatment (p<0.0001). In the VT groups, a significant larger area of ablation was detected when 7.0% NaCl solution was applied, in comparison to 0.9% (p<0.0001). No statistically significant difference was revealed in fixed time groups (p=0.6334). The longitudinal area in the groups treated with 7.0% NaCl solution was significantly larger in the group treated for a variable time in comparison to the fixed time’s one (p<0.0001). No difference was observed between the groups treated with 0.9% NaCl. The longitudinal equivalent diameter (Figure 8B) was influenced by the solution (p=0.0018) and the duration of treatment (p=0.0002).




Figure 8 | Comparison of the different parameters among the groups treated with WT, with variable and fixed time of treatment, and 0.9% and 7.0% NaCl solutions in histological morphometric analysis. In details, (A) longitudinal area; (B) longitudinal equivalent diameter; (C) volume; (D) semi-axis “a”; (E) semi-axis “b”. VT, Variable Time treatment; FT, Fixed Time treatment; 0.9%= solution perfused into the tissue at 0.9% NaCl; 7.0%= solution perfused into the tissue at 7.0% NaCl; *P < 0.05; ****P < 0.0001.



In the groups where the duration of treatment was variable, a significant difference according to the use of 0.9% or 7.0% NaCl solution (p<0.0001) was detected. No significant difference was revealed in fixed time groups (p=0.559). The time of treatment influenced the longitudinal equivalent diameter in the groups treated with 7.0% NaCl solution, where a significant difference between variable and fixed time (p<0.0001) was detected. No difference was found in the groups treated with 0.9% NaCl.

Also the volume (Figure 8C) was influenced by the solution (p<0.0001) and the duration of treatment (p<0.0001). In VT groups, a significant difference depending on the use of 0.9% or 7.0% NaCl solution (p<0.0001) was detected. No difference was observed in fixed time groups (p=0.9515). The time of treatment influenced the volume only in the groups treated with 7.0% NaCl solution, where a significant difference between variable and fixed time (p<0.0001) was detected. No difference was found in the groups treated with 0.9% NaCl.

The semi-axis “a” (Figure 8D) was influenced by the solution (p=0.0009) and the time of treatment (p<0.0001). In the group where the time of treatment was variable, a significant difference related to the use of 0.9% or 7.0% NaCl solution (p<0.0001) was detected. No significant difference was observed in fixed time groups (p=0.787). The variable time of treatment influenced the semi-axis “a” in the groups treated with 7.0% NaCl solution, revealing a significantly longer “a” semiaxis, in comparison to the homologous treatment at fixed time (p<0.0001). No difference was found in the groups treated with 0.9% NaCl.

The semi-axis “b” (Figure 8E) was influenced by the solution (p=0.0165) and the duration of treatment (p=0.0002). In the groups where the time of treatment was variable, a significant difference related to the use of 0.9% or 7.0% NaCl solution (p=0.001) was detected. No significant difference was revealed in fixed time groups (p=0.8144). The time of treatment influenced the semi-axis “b” only in the groups treated with 7.0% NaCl solution, where a significant difference between variable and fixed time (p<0.0001) was detected. No difference was found in the groups treated with 0.9% NaCl.



Comparison of IC and WT Electrodes Performances

The performances of IC (control group) and WT electrodes (0.9% and 7.0% NaCl) on unfixed thyroids were compared at 20 seconds fixed time of treatment, analyzing microscopic measurements. The transverse section was not considered, since the entire view of the lesion was not available due to the trimming procedure.

The longitudinal area was affected by the use of either IC or WT electrodes (p<0.0001) at 20 seconds fixed time treatment (Figure 9A). In particular, a significant increase of longitudinal area was revealed with WT, in comparison to the control group IC, both using 0.9% NaCl (p<0.0001), and 7.0% NaCl (p=0.0094) solution. The longitudinal equivalent diameter was affected by the use of either IC or WT electrodes (p=0.0014) at 20 seconds fixed time treatment (Figure 9B). A significant difference was detected between the control group IC and WT using 0.9% NaCl solution (p=0.0007), and between the control group IC and WT with 7.0% NaCl (p=0.0287). The volume was affected by the use of either IC or WT electrodes (p=0.0002) at 20 seconds fixed time treatment (Figure 9C). In particular, a significant increase of the lesion volume was detected in comparison with the control group IC using WT both with 0.9% NaCl solution (p=0.0009), and with 7.0% NaCl (p=0.0243). The semi-axis “a” was affected by the use of either IC or WT electrodes (p=0.0031) at 20 seconds fixed time treatment (Figure 9D). In particular, a significant difference was detected between the control group IC and WT using 0.9% NaCl solution (p=0.0025), and between the control group IC and WT with 7.0% NaCl (p=0.0069). Also the semi-axis “b” was affected by the use of either IC or WT electrodes (p=0.0007) at 20 second fixed time treatment (Figure 9E). A significant difference was detected between the control group IC and WT using 0.9% NaCl solution (p=0.0015), and between the control group IC and WT with 7.0% NaCl (p=0.0466).




Figure 9 | Comparison of different parameters among the groups treated with IC and WT electrodes, and solutions in histological morphometric analysis. In details, (A) longitudinal area; (B) longitudinal equivalent diameter; (C) volume; (D) semi-axis “a”; (E) semi-axis “b”. IC= Internally cooled tip; WT, Internally cooled wet tip; WT 0.9%-7.0%= solutions at 0.9%-7.0% NaCl perfused into the tissue by the WT electrode; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.





Comparison Between Macroscopic and Microscopic Morphometric Analysis

The parameters calculated on macroscopic images from unfixed thyroids were compared to the corresponding data obtained from histological images (Table 5). The comparison was related to groups where the time of treatment was fixed at 20 seconds.


Table 5 | Morphometric data of macroscopic images from unfixed thyroid and corresponding histological sections.



The longitudinal area (Figure 10A) was significantly larger in pictures from gross unfixed thyroids compared to the corresponding histological images (p=0.0466). The calculated longitudinal equivalent diameter (Figure 10B) was significantly longer in gross unfixed pictures compared to histological images (p<0.0001). The calculated volume (Figure 10C) was not significantly different between gross unfixed and histological lesions (p=0.1424). The semi-axis “a” (Figure 10D) and the semi-axis “b” (Figure 10E) were significantly longer in gross unfixed thyroids compared to their histological images (p=0.0046 and p=0.0113, respectively).




Figure 10 | Comparison of different parameters between gross unfixed and histological morphometric analysis in groups with 20 seconds fixed time treatment. In details, (A) longitudinal area; (B) longitudinal equivalent diameter; (C) volume; (D) semi-axis “a”; (E) semi-axis “b”. *P < 0.05; **P < 0.01; ****P < 0.0001.






Discussion

Minimally invasive image-guided thermal ablation has become common since the advent of modern imaging (2). Among all, RFA is becoming extremely popular in human medicine. It is the first commercially viable ablation device, it is currently widely available and it is relatively cost effective, compared to other newer devices (24). Moreover, RF is a versatile technique of thermal ablation, used in the treatment of small tumors of multiple organs, but also in cardiac diseases or denervation. The electrodes are usually of small size, and the safety profile is acceptable, especially in the treatment of thyroid nodules. RFA has also a hemostatic effect, helpful in periprocedural bleeding. In addition, the interactions with the immune system, together with its synergy with immunotherapy and conventional therapy, are interesting advantages in tumor treatment (24). Surgery is the primary strategy of therapy for patients with medullary thyroid cancer and differentiated thyroid cancer (DTC). In DTC patients, radioactive iodine is administered after thyroidectomy, but the iodide uptake ability of DTC cancer cells may be lost, with a negative impact on the prognosis (25). Recently, several drugs have been developed, and tyrosine kinase inhibitors play an important role in the molecular pathways of DTC, modulating several pathways involved in angiogenesis, lymphangiogenesis, cell proliferation, local and distant spread of cancer cells (26).

RFA main limitations are the lack of consistency when attempting to obtain larger homogenous tumor ablations, as well as the time needed to deliver sufficient energy with RF ablation (24). The main reasons of limited ablation are related to heat loss and inefficient thermal conduction.

The heat loss is mainly due to the hyperthermia dissipation effect caused by flowing blood or air. Many possible solutions have been developed in the last few years, such as vascular ablation techniques (3) and pharmacological agents (2). The inefficient thermal and electrical conduction is correlated with the intrinsic characteristics of the tissue (i.e. fibrous mass, bone), and by the development of desiccated and carbonized tissue around the electrode. The use of IC electrode may prevent temperatures above 100°C to develop, and the consequent tissue carbonization, leading to this insulating area. However, in this context, also WT electrodes have been developed, which combine the internal cooling system of IC electrodes with the injection of a solution in the tissue through side holes.

Studies on animal livers revealed that WT electrodes have the potential to generate larger, but less reproducible, AZs than IC. The larger size of the AZs may be attributed to the lower impedance resulting from a small amount of spilled saline (20). A study conducted on humans confirmed these results (27). However, no study was conducted on thyroids yet. Hence, the current study compared the performances of IC and WT electrodes on ex-vivo swine thyroids. Pigs were the selected species, like in other similar studies (23, 28), since swine thyroid glands have an adequate size and a fine tissue structure resembling that of humans.

In order to have an objective comparison, in this study morphometric analysis was conducted on thyroids, which were unfixed and formalin fixed, and on the corresponding histological sections. Particular attention was paid to the solution used with WT electrodes, and to the duration of treatment.

Thyroid radiofrequency ablation guidelines of the Korean Society of Thyroid Radiology recommended the moving-shot technique as the standard procedure for RFA of benign thyroid nodules (27, 28). However, the moving-shot approach was not considered suitable in this study, intended to perform morphometry and to obtain the more precise measurement and repeatability. In fact, moving-shot technique results are dependent on the number of passages and the tilt angles of the electrode, less replicable than a single passage. The latter allowed a more precise measurement of the parameters obtained by the ablation through the different electrodes and saline solutions.

To determine the effects of saline solution on ablation size, a fixed time procedure was also implemented, stopping energy deliver, independently from the completion of ablation, after 20 seconds, also for perfused electrodes. The procedure was implemented due to the small size of thyroids and following the finding that many of them were completely necrotized with the automatic procedure, thus interfering with a precise measurement of the ablation. The fixed time procedure was intended to better clarify the performances of WT electrodes in terms of ablation size and it is not to be considered for clinic purposes, since the benefit of WT electrodes is that they make larger ablations, but they require longer time. In fact, WT electrodes delay the impedance roll off and surely limiting time to 20 seconds annul the advantage of their use. However, in many cases measurements were not available on variable time treatments with WT electrodes, since the entire pig thyroid was ablated.

During the treatment, the ablation process was visible by sonography as an expanding hyperechoic area into the normal, surrounding tissue.

In unfixed thyroids, the coagulated areas were clearly distinguishable from the normal tissue, with a defined outline in IC treated thyroids, whereas the one obtained with WT electrode appeared to be vanishing. This may be ascribable to the increased thermal and electrical conduction of the tissue caused by the saline solution provided by WT electrode, which let the heat expand more easily and not to be focused in a restricted area, as in IC.

All the measurements, except the “c” semi-axis, carried out with the WT electrode were positively influenced by the use of 7.0% compared to 0.9% NaCl solution in the case of variable time treatments and positively influenced by the duration of treatment. In fact, the variable time treatment achieved significantly larger lesions than the fixed time technique, independently from the solution used (0.9% or 7.0% NaCl). The “c” semi-axis was also significantly longer with 7.0% than 0.9% NaCl solution at variable time of treatment. However, the variable time of treatment achieved higher values of “c” only when 7.0% NaCl was used.

At fixed time of treatment, the transverse area was significantly larger when the thyroid was treated with WT electrode and 0.9% NaCl solution compared to IC electrode and the “c” semi-axis was significantly longer if the WT electrode was used with 0.9% or 18% NaCl solution compared to IC electrode. Therefore, the type of electrode and solution used greatly influenced the measurements obtained on transverse sections. All the other measurements were not significantly different among the groups, even though it could be often noticed a gradual increase of each measurement from IC to WT 18% NaCl solution.

The “a” and “c” semi-axes are considered interchangeable in many studies (23, 29) and this study confirms the literature reports. This means that, even though the use of measurements from transverse section may guarantee more precise results, they are not strictly necessary for comparing performances of different electrodes.

In gross morphometric analysis on FF thyroids, the ablated area was usually better distinguishable than the one of corresponding unfixed thyroids. Usually, the formalin fixation causes a shrinkage effect on tissues. This would mean that the morphometric measurements should have evidently lower values in fixed than unfixed thyroids. When both variable and fixed time groups were included, longitudinal area, longitudinal equivalent diameter and volume were significantly lower in FF than unfixed thyroids. However, the measurements from variable time groups may affect the results, due to their wide variability. In fact, considering only groups with fixed duration of treatment, only the “b” semi-axis was significantly shorter in FF thyroids. Therefore, the effect of formalin fixation on the thermal lesion induced on thyroids seems to be inconstant. It may be influenced by the coagulation and the presence of water.

Moreover, results showed that connective tissue does not influence gross morphometric analysis.

The 18% NaCl solution caused some technical problems during the experiment, such as obstruction of the cooling system of the electrodes. These conflict with the clinical applications.

The coagulated area was clearly recognizable on histological sections, showing follicular tissue with colloid shrinkage and accumulation. However, it shall not be excluded that the parenchyma that is really ablated could be larger than the area histologically detected, due to a delayed damage induced by thermal stress in the following hours and days. In our study, the evaluation was performed on ex vivo tissues obtained soon after slaughtering, and samples were collected immediately after RFA, with no subsequent evaluation planned. The evaluation of a subsequent shrinkage, delayed in time, could require a time lapse collection of thermo ablated tissues, which could be the target of a future study, once established the best performances and conditions for RFA.

Moreover, our study on ex vivo tissues did not allow to investigate possible mechanisms of cell death, since vital processes are not active in explanted tissues. Evaluation of apoptosis could be worth of interest in future in vivo experiments.

The performances achieved by the WT electrode with the 7.0% NaCl were consistently higher than 0.9%, confirming results of gross morphometric analysis. Moreover, the variable duration of treatment allowed to achieve larger lesions only when the 7.0% NaCl solution was used, partially confirming the results of gross analysis. Further studies should be conducted to better clarify this finding.

WT electrode with 0.9% NaCl solution achieved larger lesions than IC at fixed time of treatment, moreover, WT electrode with 7.0% NaCl solution produced larger ablation than IC. Differently from results on gross morphometric data, even though each measurement appeared to gradually increase its values from IC to WT electrode and 0.9%, 7.0%, and 18% NaCl solutions, only the measurements taken on transverse section revealed a statistical relevance.

Comparing the longitudinal area and equivalent diameter, the volume, and “a” and “b” semi-axis in groups with fixed time duration of treatment, all the measurements on histological sections were significantly lower than on gross unfixed images, except for the volume. However, the thicker half of the lesion was usually selected for trimming the transverse face of the lesion, which makes the “c” semi-axis, and consequently the volume of the rotation solid, probably overestimated.

The reason of lower values in measurements taken on histological analysis may be the sectioning of the specimen. In fact, during the sectioning, the cut margin of the lesion could be broken, even partially, and lost. Another explanation could be the tissue shrinkage caused by the slide processing.

The present study showed that the duration of treatment definitely influences the performance of the WT electrode. Therefore, the perfusion with 7.0% NaCl solution does increase the electrical conductivity of the tissue, resulting in larger ablated areas, compared to the use of 0.9% NaCl solution, but the effect is evident only when the electrode works until the generator spontaneously turns off (as in the variable time) and not visible with short duration of 20 seconds. Moreover, the macroscopic analysis revealed that fixed time treatments usually generate smaller lesions compared to variable time treatments, as opposed to the histological analysis, underlining that this is relevant only when 7.0% NaCl solution is used. However, values of the measurements on thyroids treated with variable time and 0.9% NaCl solution are more different than expected and hence probably affected by some errors. More trials should be done to better clarify this finding.

The performances of WT electrode seem higher than the one obtained with IC at fixed time of 20 seconds. In fact, the histological analysis revealed a clear difference between IC and WT 0.9% NaCl, and a lower difference when 7.0% NaCl solution was used. This scenario is similar in gross thyroid analysis, since 0.9% NaCl seems to have a better performance than IC electrode and WT electrode with 7.0% NaCl at fixed time, although the difference is not statistically significant.

This fact may be attributable to two causes. The former is the lower statistical power of the analysis conducted on gross thyroids, where the comparison involved four groups (IC, WT 0.9% NaCl, WT 7.0% NaCl, and WT 18.0% NaCl), instead of the three groups of histology (where WT 18.0% NaCl was not included). The latter is the usually more precise outline of the ablated area boundary in the case of histology, which is less subjected to subjectivity, compared to gross analysis. The results indicate that the performances of different electrodes evaluated on gross unfixed lesions and on microphotographs agree.

In conclusion, the histological evaluation seems to be the best approach for morphometric analysis of RF ablated area on ex-vivo thyroids, showing a high potential. The WT electrode performances on thyroid are superior compared to IC. A similar finding was already reported for liver treatments (20, 22, 27).

Therefore, WT electrodes demonstrated to give larger AZs, if they are correctly used at their best, i.e. at a variable time. The advantage could be transposed in the clinical procedures, allowing treatments with a fewer number of shots in large thyroidal nodules. Moreover, WT electrode performances seem to depend on the solution used. In particular, the injection of 7.0% NaCl solution may be advantageous, because it achieves larger ablation in variable time procedures, such as the one usually adopted in clinical practice in the treatment of thyroid nodule as well as diseases in other organs in human medicine.

Percutaneous energy-based techniques have an expanding role, especially in the treatment of neoplasms (2). Hopefully, the current work will contribute to broaden the clinical indications of RFA in both human and veterinary medicine, where the ablation size has limited its use so far.
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Objective

To investigate the long-term clinical results of radiofrequency ablation (RFA) for bilateral papillary thyroid microcarcinoma (PTMC).



Materials and Methods

From October 2014 to February 2018, 47 patients (37 females, 10 males, mean age 43.39 ± 9.26 years) with 100 bilateral PTMC (mean volume 75.22 ± 73.87 mm3) treated by RFA were included in this retrospective study. Bilateral PTMC was defined as at least one tumor located in the contralateral lobe. Patients were followed up at 1, 3, 6, 12 months and every 6–12 months thereafter. Volume, volume reduction ratio (VRR) and local tumor recurrence were evaluated during the follow-up period.



Results

After a mean follow-up period of 47.77 ± 11.54 months, the mean volume of bilateral PTMC decreased from 75.22 ± 73.87 mm3 to 0.09 ± 0.44 mm3. The mean VRR was 99.94 ± 0.28% and the complete disappearance rate was 92.00%. During the follow-up, one patient (2.13%) developed lymph node metastasis and two patients (4.26%) had recurrent PTMC. All the recurrent lesions underwent additional RFA and two of them disappeared completely. No life-threatening or delayed complications occurred.



Conclusions

With sufficient preoperative evaluation, RFA might be a promising alternative for bilateral PTMC patients who were unsuitable for surgery or refused surgery.
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Introduction

The incidence of thyroid cancer has increased worldwide, ranking in ninth among all cancers (1–4). Approximately 50% of the increase was attributed to the detection of papillary thyroid microcarcinoma (PTMC), which is a form of papillary thyroid cancer with a maximum diameter of 1 cm, with or without high-risk features (5). Bilateral lesions are very common in PTMC with an incidence of approximately 10–30% (6). It was previously correlated with a higher risk of locoregional recurrence. However, some studies have shown that tumor bilaterality was not associated with an increased risk of recurrence/persistence (7). According to the 8th AJCC/TNM risk of mortality system and American thyroid guideline (ATA) risk stratification, intrathyroidal bilateral PTMC was classified stage I with a low-risk of recurrence (8, 9). Surgery is the first-line treatment for bilateral PTMC. However, its drawbacks include invasiveness, cosmetic problems and life-long thyroid hormone replacement, which affect the quality of life (10). Moreover, the incidence of transient vocal fold paralysis and transient hypocalcemia after surgery were 5.5 and 4.3%, respectively (11). Radiofrequency ablation (RFA) as a minimally invasive technique, might be a potentially alternative for bilateral PTMC who were unsuitable for surgery or are contraindicated for surgery.

RFA is a commonly used thermal technique, has been reported as an effective and safe treatment for low-risk PTMC patients who refuse surgery or active surveillance (12–19). After ablation, the pooled proportion of volume reduction rate (VRR) was 98.1% (20) and the pooled proportion of complete disappearance rate was 57.6–76.2% (20, 21). However, the results were based mainly on the clinical outcomes of RFA for unifocal PTMC. To the best of our knowledge, no study has reported the long-term clinical outcomes of ablation for bilateral PTMC.

Therefore, the purpose of this study was to evaluate the efficacy and safety of RFA for bilateral PTMC.



Materials and Methods

The Institutional Review Board of our institution approved this retrospective study. All the patients were provided written information consent before RFA. The RFA informed consent emphasized that surgery was the routine treatment recommended by guidelines.


Patients

Bilateral PTMC was defined as at least one tumor located in the contralateral lobe (11). The inclusion criteria were: (1) PTMC lesions were confirmed by core-needle biopsy(CNB) or fine-needle aspiration(FNA); (2) no evidence of extrathyroidal extension(ETE) or lymph node(LN)/distant metastasis on US and chest CT; (3) patients who were unsuitable for surgery or refused surgery; (4) no neck irradiation history; (5) follow-up period was ≥24 months. The exclusion criteria of patients were: (1) no convincing evidence of aggressive disease by biopsy (9); (2) the maximum diameter of the tumor was ≥10 mm; (3) ETE was found; (4) LN metastasis or distant metastasis was detected; (5) patients with conscious disturbance or coagulation disorder or serious primary disease; (6) follow-up period was <24 months.

From October 2014 to February 2018, 468 patients with bilateral PTMC underwent treatment in this institution. Among them, 76 patients who were unsuitable for surgery or rejected surgery underwent RFA. Among them, patients with follow-up period less than 24 months (N = 29) were excluded. At last, a total of 47 patients with 100 low-risk PTMC were evaluated.



Pre-Ablation Evaluation

Before RFA, patients all underwent thorough examinations, including complete blood count, thyroid function tests, coagulation tests and imaging evaluation, including ultrasound and chest CT (12–14). The volume of PTMC was calculated with the equations:

	

V is the volume, while a is the largest diameter, b and c are the other two perpendicular diameters.

US were performed using a Siemens Acuson Sequoia 512 Ultrasound System (Siemens) or a Philips iU22 Ultrasound System (Philips Healthcare) or a Mindray M9 Ultrasound System (Mindray). CNB and RFA were all performed using a Siemens Acuson Sequoia 512 Ultrasound System. Contrast-enhanced ultrasound (CEUS) was used to assess the tumor before and immediately after RFA procedure. The ultrasound contrast agent was sulfur hexafluoride (SonoVueR). After injection of 2.4 ml SonoVue followed by a 5 ml of normal saline flush, CEUS was applied to observe the real-time microbubble perfusions within the tumor and the surrounding thyroid tissues.



Ablation Procedures

All RFA procedures were performed by an experienced US physician. A bipolar RFA generator (CelonLabPOWER) and an 18-gauge bipolar RF applicator with 0.9 cm active tip (CelonProSurge micro 100-T09) were used.

Patients lay on an operating table in the supine position with the neck hyperextended. The targeted tumor was evaluated by multi-angle scanning to determine a practical and proper approach. Doppler ultrasound was used to access the detailed vascular anatomy along the approach route to prevent bleeding. Local anesthetic (1% lidocaine) was injected at the subcutaneous puncture site and the thyroid anterior capsule. During the RFA procedure, the smaller lesion was ablated first.

RFA procedure was performed using trans-isthmic approach and moving-shot technique. To prevent thermal injury, hydrodissection technique was performed by injection of normal saline to separate the target tumor from critical structures (trachea, carotid artery, jugular vein, esophagus and recurrent laryngeal nerve). Normal saline was injected using another needle (23 gauge) to form at least 1 cm distance between the tumor and the critical structure (13, 14).

The initial RFA power was 3 W and was increased to 5 to 9 W if a transient hyperechoic zone did not form at the electrode tip in 10 s. To prevent marginal residue and recurrence, we enlarged the ablation area which exceeded the tumor edge (at least 3–5 mm) (21, 22). CEUS was performed immediately after the RFA procedure to assess the ablation area. If any enhancement existed, a complementary RFA should be applied.



Post-Ablation Assessment

Patients were followed up at 1, 3, 6 months and every 6–12 months thereafter by US, CEUS and chest CT. At 3 or 6 months after RFA, the ablated area was evaluated by CNB, which was performed to the central zone, the peripheral zone and surrounding thyroid parenchyma (22–24). The development of metastatic LNs and the suspicious new lesions were submitted to biopsy. The volume reduction rate (VRR) was calculated by the equations:

	

RFA was considered to successful when one of the criteria were met (25): (1) the ablated tumor was completely disappearance; (2) the ablated tumor remained as scar-like on US but absence of enhancement on both arterial and venous phase on CEUS; (3) If the ablation area still existed, no malignant cells was confirmed by CNB. Local tumor recurrence was defined to include two situations (26): (1) new lesion was confirmed to be PTMC after CNB; (2) cervical LN metastasis was confirmed after biopsy. Distant metastasis was diagnosed by CT, positron emission tomography or bone scan when there were suspicious symptoms. Delayed surgery is defined as that patients received surgery due to tumor progression or anxiety during the follow-up.



Statistical Analysis

Statistical analysis was performed using the SPSS statistical software (Version 25.0). Continuous data were presented as mean ± SD (range). Non-parametric Wilcoxon signed-rank tests were used to compare the pre-ablation with post-ablation volume as each follow-up period. A P <0.05 was considered as statistically significant.




Results

Clinical characteristics of patients before RFA are shown in Table 1. Among the 47 patients, 41 had two tumors and six had three tumors. The mean diameter was 4.82 ± 1.57 mm and the mean volume was 75.22 ± 73.87 mm3. The volume of dominant tumor was 108.77 ± 87.08 mm3.


Table 1 | Clinical characteristics of patients.



For each tumor, the mean power was 3.92 ± 0.98 W. The mean RFA time was 224.09 ± 156.68 s and the mean energy was 853.64 ± 614.39 J.


Efficacy

The changes of volume and VRR after RFA at each follow-up visit are presented in Table 2. The mean follow-up period was 47.77 ± 11.54 months (range 24–76 months). The mean volume of the ablation areas was significantly larger than the initial volume at first 3 months (P <0.001) because of the enlarge ablation, which was gradually decreased from 6 months after RFA (Figure 1). The mean VRR was 99.94 ± 0.28% (Figure 2) and the overall complete disappearance rate was 92.00% (92/100). The numbers of completely disappearance were 1 (1.00%), 12 (12.00%), 21 (21.00%), 26 (26.00%), 18 (18.00%), 10 (10.00%) and 4 (4.00%) at 1, 3, 6, 12, 18, 24, and 36 months after RFA, respectively. A representative case underwent RFA is presented in Figure 3.


Table 2 | Changes of the volume and VRR after RFA at each follow-up.






Figure 1 | Changes of volume at each follow-up period after RFA.






Figure 2 | Changes of VRR at each follow-up period after RFA.






Figure 3 | The US and CEUS images of a 32-year-old female with bilateral PTMC during the follow-up. (A) Before RFA, two PTMC lesions were confirmed by CNB. One tumor was located in the left lobe with an initial volume of 78.54 mm3 (arrow) and the other one was in right lobe with an initial volume of 65.45mm3 (arrowhead). (B) At 1 month after RFA, the volume of left tumor (arrow) was 898.47 mm3 and the volume of right tumor (arrowhead) was 234.57 mm3. (C) At 3 months after RFA, the volume of left tumor (arrow) was 226.19 mm3 and the volume of right tumor (arrowhead) was 78.54 mm3. (D) At 6 months after RFA, the volume of left tumor (arrow) was 50.26 mm3 and the volume of right tumor (arrowhead) was 12.57 mm3. (E, F) At 12 months after RFA, these two ablated tumors both disappeared.





Local Tumor Recurrence

Because 13 tumors disappeared in the first 3 months and another six tumors disappeared at 6 months, a total of 81 tumors underwent post-ablation CNB and the results were all negative.

The incidence of LN metastasis and of recurrence PTMC was 2.13% (1/47) and 4.26% (2/47), respectively. No distant metastasis was detected. No patient underwent delayed surgery during the follow-up. The clinical characteristics and outcomes of PTMC patients with local tumor recurrence are showed in Table 3. One patient developed LN metastasis in the central compartments at 12 months after RFA with a volume of 100.53 mm3. Two patients had recurrent PTMC and the volume was 18.85 mm3 and 153.93 mm3, respectively. All of these three patients underwent additional RFA. Two recurrent PTMCs were completely disappeared during the follow-up. The metastatic LN shrunk to 37.70 mm3 after 1-year follow-up. This lesion underwent CNB and demonstrated no malignancy.


Table 3 | The clinical characteristics and outcomes of patients with local tumor recurrence.





Safety

All the 47 patients were tolerable to RFA. Four patients underwent local pain or discomfort and they all resolved spontaneously within 3 days. No patients had major or delayed complications.




Discussion

To date, no study has been evaluated the clinical application of RFA for bilateral PTMC. In this study, after a mean follow-up period of 47.77 ± 11.54 months, the mean volume of bilateral PTMC decreased from 75.36 ± 73.86 mm3 to 0.09 ± 0.43 mm3 with a mean VRR of 99.94 ± 0.28%. A total of 92 tumors disappeared completely. The incidences of LN metastasis and of recurrent PTMC were 2.13 and 4.26%, respectively. All recurrent lesions were successfully treated with an additional RFA. No major complications or sequelae were observed.

Bilaterality has been observed in approximately 10–30% of patients with PTMC (6). It refers to the presence of multiple synchronous primary tumors, arising from independent clones, instead of intraglandular metastasis from a single primary tumor via intraglandular lymphatics (27, 28). However, the prognostic value of bilateral PTMC remains controversial. Studies recommended more aggressive treatments such as total thyroidectomy with central neck dissection and subsequent radioactive iodine ablation therapy for bilateral PTMC, which has an increased loco-regional recurrence rate (29, 30). In contrast, Choi et al. (7) found that bilateral PTMC was not an important prognostic factor in PTMC patients, but in the non-PTMC patients. Zhou et al. (6) also reported that bilateral PTMC was significantly associated with central LN metastasis on the univariate analysis. However, this was not an independent risk factor after multivariate logistic regression analysis. The conflicting results were likely due to the early detection and treatment of bilateral lesions, which did not fully exhibit its biological behavior.

Although thermal ablation is not the first-line treatments for PTMC, it has been applied to unifocal low-risk PTMC patients concerned about active surveillance or complications after surgery (17, 25, 31–38). A few patients with multifocal or bilateral PTMC were also treated with ablation, but the clinical outcomes were not reported separately (14–16, 39). The viability of RFA as an alternative for bilateral PTMC patients who refuse surgery or are unsuitable for surgery is unknown. This study included 100 bilateral PTMC lesions in 47 patients who were unsuitable for surgery or refused surgery. This was the first study to evaluate the clinical results of RFA for bilateral PTMC. After a mean follow-up period of 47.77 ± 11.54 months, the VRR was 99.94 ± 0.28% and 92% of tumors completely disappeared. This was consistent with previous studies on RFA for unifocal PTMC, which reported a VRR of 90–100%, with a complete disappearance rate of 15.22–100% (17, 25, 31–38). This demonstrated that the efficacy of RFA for bilateral PTMC was comparable to that of unifocal PTMC.

In terms of safety, a meta-analysis reported that the pooled proportion of overall complications after thermal ablation was 3.1% and major complications occurred in 0.7% (20). The pooled proportion of complications after RFA was 1.7% (21). In this study, only four patients experienced local pain or discomfort. None of the patients experienced major complications. Several strategies were related to the low incidence of complications. First, RFA was performed by an experienced physician. A detailed preoperative evaluation and adequate knowledge of neck anatomy on US could minimize the incidence of complication (40). Second, during the RFA procedure, smaller lesion was usually treated first and the needle tip was monitored continuously and cautiously via US. Third, safe precautions against thermal injuries, such as the moving-shot technique, trans-isthmic approach and hydrodissection technique, were also performed during the RFA procedure (40).

The local tumor recurrence rate after ablation for unifocal PTMC is low. A previous study showed that the incidence of LN metastasis and recurrent PTMC following unifocal PTMC ablation were 0.84–2.98 and 1.19–2.78%, respectively (25, 34–38). A similar incidence of LN metastasis (2.13%) was observed in this study. However, the incidence of recurrent PTMC for bilateral PTMC was 4.26%, which was higher than that for unifocal PTMC. This was likely due to the low sensitivity of US in detecting multiple tumors. Thus, occult tumor foci may have been missed by preoperative evaluation. Although all recurrent lesions were successfully treated by additional RFA, sufficient preoperative evaluation was crucial in identifying the number and location of tumors and formulating an appropriate treatment strategy. Surgery remains the first-line treatment for bilateral PTMC. However, patients who refuse or are ineligible for surgery can opt for RFA for palliative purposes, with fully informed consent and thorough follow-up management.

This study had some limitations. First, it was a single-center retrospective study. Second, the sample size of bilateral PTMC cases was relatively small. Third, the follow-up period was relatively short. Given the good prognosis of PTMC, further studies with a larger number of bilateral PTMC patients and a more extended follow-up period are needed. Fourth, this study did not compare RFA with surgery for the treatment of bilateral PTMC.

In conclusion, with sufficient preoperative evaluation, RFA might be a promising treatment for bilateral PTMC patients who were unsuitable for surgery or refused surgery.
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Electrode Solution Time of Transverse section Longitudinal section a (mm) b (mm) ¢ (mm) Volume (mm?3)
treatment
Area (mm?) Equivalent Area (mm?) Equivalent
diameter diameter
(mm) (mm)
Internally - 20-sec 512+83 78+0.6 69.4+216 75+21 34+08 6.2+09 37+06 351.6 + 146.1
cooled fixed time
Wet tip 0.9%  Variable 1082+50.7 10415 133.6 £ 29.5 103+ 1.1 47 +06 9.0+2.1 5417 1010.9 + 536.8
NaCl  time
Wet tip 7% NaCl Variable 2956 +7.4 149+ 06 540.4 +160.2 20.1 4.5 9.7 +0.9 17.7+ 3.5 9.3+0.9 6777.0 + 2585.5
time
Wet tip 0.9%  20-sec 89.6 + 23.1 93+1.8 108.1 £ 53.1 99+3.0 45+14 7314 49+09 754.8 + 525.4
NaCl  fixed time
Wet tip 7% NaCl 20-sec 822 +21.5 92+1.2 133.3+42.5 105+ 0.4 49+05 86+1.8 4407 793.1 £ 365.9
fixed time
Wet tip 18%  20-sec 96.9 9.0 135.1 13.7 4.5 9.6 5.4 969.0
NaCl  fixed time

Overview of the mean values of Area and Equivalent diameter for both transverse and longitudinal sections, a, b, and ¢ semiaxes, and lesion volume.
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Measurement Unfixed thyroids FF thyroids

VT+FT FT VT+FT FT

Transverse area (mm?) 1000+ 71.7 70.22 +25.5 1020+ 727 728 £242
Longitudinal area (mm?) 178.4 £ 1915 102.1 + 36.3 145.5 + 138.6 96.9 + 43.2
Transverse equivalent diameter (mm) 9.7+3.0 83+1.1 96+23 86+1.3
Longitudinal equivalent diameter (mm) 1148+ 50 9420 10.3 +4.0 90+25
Volume (mm?3) 1596.0 + 2624.0 630.3 +359.3 1247 £ 1925 588.5 + 377.8
a (mm) - 4107 - 39x0.8

b (mm) = 76+16 = 7115

¢ (mm) - 44+08 - 42 +0.6

Overview of the mean values of Area and Equivalent diameter for both transverse and longitudinal sections, a, b, and ¢ semiaxes, and lesion volume. The values refer to both variable and
fixed time of treatment (VT+FT), and only fixed time groups (FT).
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Electrode  Solution Time of Transverse Longitudinal section a (mm) b (mm) ¢ (mm) Volume (mm3)

treatment section
Area T/2 Area (mm?)  Equivalent diameter
(mm?) (mm)

Internally = 20-sec fixed 16.7 +5.7 33.1 £20.1 48+20 23+1.2 38+1.3 32+08 130.5+97.8
cooled time
Wet tip 0.9%  Variable time 99.5 +81.3 149.7 + 119.9 79+52 45+23 95+55 72+47 1987.0 + 2407.3

NaCl
Wet tip 7% NaCl Variable time ~ 183.2 + 38.8 543.8 +171.2 19.1+45 9.3+1.0 184 +4.8 12123 8465.5 + 1999.4
Wet tip 0.9%  20-sec fixed 43.0 +18.7 131.7 +28.3 85+09 4.4+09 79+05 56+20 846.2 + 430.8

NaCl  time
Wet tip 7% NaCl 20-sec fixed 39.2 + 16.0 87.2 +£43.8 6.7+17 39+1.0 6.7+27 47+1.6 615.5 + 530.8

time

Wet tip 18%  20-sec fixed 19.3 74.5 6.9 3.6 8.0 3.4 406.3

NaCl  time

Overview of the mean values of Area and Equivalent diameter for both transverse and longitudinal sections, a, b, and ¢ semiaxis, and lesion volume. Only one sample was available for wet
tio with 18% NaCl solution.
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Measurement Gross morphometric Histological

analysis; unfixed thyroids morphometric analysis
Longitudinal 102.9 + 35,5 83.7 £ 50.0
area (mm2)
Longitudinal 9619 6.7 2.1
equivalent
diameter (mm)
Volume (mm3) 634.1 + 352.0 529.0 + 478.4
a (mm) 43+09 36+13
b (mm) 96+1.9 6.7 £2.1

Overview of the mean values of Longitudinal Area and Equivalent diameter, lesion volume,
a and b semiaxes. The values refer to groups with 20 seconds fixed time of treatment.
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Electrode Solution

Internally
cooled
Wet tip
Wet tip
Wet tip
Wet tip

Wet tip

Overview of the mean values of Area and Equivalent diameter for both transverse and longitudinal sections, a, b, and ¢ semiaxes, and lesion volume.

0.9%
NaCl
7.0%
NaCl
0.9%
NaCl
7.0%
NaCl
18.0%
NaCl

Time of
treatment

20-sec
fixed time
Variable
time
Variable
time
20-sec
fixed time
20-sec
fixed time
20-sec
fixed time

Transverse section Longitudinal section a (mm)
Area Equivalent Area Equivalent
(mm?2) diameter (mm?) diameter
(mm) (mm)
50.5+8.9 74+05 88.1+19.7 86+1.7 39+0.6
1428 +764 116+23 300.2+169.6 156.3+4.7 69+24
306.8+41.7 17.3x16 699.7 + 1126  23.7 +3.0 10.7 +1.0
82.8 +22.6 9.0+13 99.3 + 38.6 97+22 4412
709 +28.7 81+20 109.7 + 35.7 97 x1:2 4.4+07
71.2+£123 77+086 137.0 + 65.4 11.3+33 46+15

b (mm)

72+14
132+43
208+ 1.6
7112
79+1.6

9117

¢ (mm)

38+0.3
6.1+1.4
95+0.7
5109
41 +141

53+0.8

Volume (mm3)

448.6 + 121.8
2665.0 + 1997.0
8916.0 + 1660.0

704.4 +368.8

620.5 + 317.3

1006 + 551.7
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Author Studydesign Mean patient ~ No.AFTN Electrode  No.of Previous Therapy Noduletype ~ Meaninitial Follow-up Meanvolume Percentage of patients
(references) age (AFTN/total  type  sessions treatments with volume  duration  reductionrate  with thyroid function
(vears) nodules) (no. of pts) ATD (ML)  (months) atlast follow-up normalization
at last follow-up

Deandrea  Prospective 67 23/31 14-G 1 - Al Solid/mixed 277 6 50.7% 24%
etal. (17)
Baek Retrospective 47 9/9 17-G 1-4 - 2/9 Solid/mixed/cystic 149 6 70.7% 56%
etal. (18) and

18G
Spiezia Prospective 725 28/94 14-G 13 Surgery (9) Al Solid 245 24 79.4% 79%
etal. (19) Radioiodine (12)
Faggiano  Prospective 58 10/20 14G 1 Sugery(d) Al Solid 133 12 86% 40%
etal. (20) Radiciodine (2)
Sung Retrospective 43 44/44 18-G 1-6 - 5/44 Solid/mixed 185 6 74.5% 82%
etal. (22)
Bernardi Prospective 69 30/30 18G 1 - Al Solid/mixed 17.4 12 75% 50%
etal. (21)
Cesareo Prospective 51 20/29 18G 1 - None  Solid 508 24 84% (A) 86% (A)
etal. (23) 18(8) 68% (B) 45% (B)
Dobnig Prospective 52 /277 18G 1 - 17/32  Solid/mixed Not specified 312 NA 84.3%
and Amrein (24) for AFTN

Nodle volume (V) and Volume reduction (Vreduction) were calculated by the following formulas: V = xabc/6 (where V is the volume, a s the maximum diameter, and b and ¢ are the other two perpendiculer diameters) and Vreduction
= (iitiel-finalV/initalV) * 100. Thyroid function normalzation was defined as TSH normalization (within reference ranges) without anti-thyroid drugs.
(A) is for small AFTN group; (B) is for medium size AFTN group; N/A is for not applicable.
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Time

initial

After RFA
1 month
3 months
6 months
12 months
18 months
24 months
36 months
48 months

NA, not applicable.

Volume (mm?)

Mean = SD range
75.22 +73.87 4.19-424.10
664.13 + 410.00 109.95-1,858.20
314.35 + 331.09 10.47-2,205.33
114.02 + 231.45 0-1,910.03
44.31 £ 105.58 0-680.66
2111 £ 64.77 0-376.98
9.76 + 37.86 0-241.90
329+ 11.97 0-75.40
0.25 + 1.42 0-9.42
0.09 £ 0.44 0-2.09

p value (Vs initial volume)

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

VRR (%)

Mean = SD

NA
NA
-511.78 + 569.06
-76.40 + 227.17
43.01 £ 123.00
77.85+ 62.28
84.97 + 62.85
96.97 + 12.84
98.78 + 1.28
99.94 + 0.28

range

-2,600-100
-985.71-100
-5685.71-100
-2556.56-100
-350.00-100

3.567-100
91.43-100
98.64-100
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Ablation group  Surgery group  p-value

Coef

SF-36 (THE HIGHER SCORE, THE BETTER QUALITY OF LIFE)

PCS 88.48 + 8.21 81.18+£ 1306  0.005" —7.295
PF 96.57 + 4.84 94.71 £7.17 0.186 -1.868
RP 9583 £ 1058  80.88 + 32.01 0.012*  -14.951
BP 8942+ 1187 8315+ 1700 0045°  —6270
GH 7209+ 1924 6600+ 16.18 0128  —6.093
mcs 8092 £ 13256  80.92 + 12.08 0.780 -0.787
vT 7491 £ 1549 7279 £ 18.76 0.568 -2.113
SF 90.74 £ 1029  85.30 + 14.66  0.044" —5.448
RE 9200 + 1824 7647 £37.18  0.029° -15.505
MH 76.00 £ 13.70  70.12 £ 13.58 0.053 -5.882
THYCA-QoL (THE LOWER SCORE, THE BETTER QUALITY OF LIFE)
Neuromuscular 1070 £ 11.00 12421015  0.464 1719
Voice 8.02 + 12.43 5.88 + 11.62 0.420 —2.142
Concentration 5.86 + 10.81 7.35 £ 13.10 0.564 1.448
Sympathetic 1358 + 13.76  16.67 + 1589  0.337 3.086
Throat/mouth 1296+ 11.37 1636+ 1095  0.332 2.396
Psychological 1543 + 1368  20.83 + 13.33 0.072 5.401
Sensory 13.89 £ 14.01 18.63 £ 14.66 0.133 4.739
Problems with scar 556+ 1254  13.72+£2030 0.022" 8.170
Felt chilly 2160 £2258  25.49 + 2850 0.480 3.885
Tingling hands/feet 4.32 + 11.30 5.88 + 12.90 0.552 1.561
Gained weight 1234 £ 1625  19.61 + 1856 0.057 7.262
Headache 088+ 1536  12.74 £20.12 0.452 2.869

Lessinterestinsex 1728 £21.22 294142430 0.016" 12.128
FoP-Q-SF (THE LOWER SCORE, THE BETTER QUALITY OF LIFE)

Physical health 1.82 + 0.68 200+ 0.74 0.285 0.165
Social family 154 + 0.59 1.72 £ 0.64 0.185 0177

*p < 0.05.

Univariate analysis

cl

[~11.795 to —2.795]
[-4.412100.676)
[~24.309 to ~5.593]
[~12.407 to —0.132)
[-13.983 10 1.798]
[-6.363104.788)
[-9.434 10 5.208)
[~10.736 510 ~0.156]
[~27.308t0 ~3.701]
[-11.826 10 0.061]

[-2.929 10 6.366)
[-7.404 103.119)
[-3.623 10 6.599)
[-8.275 t09.448)
[(~2.482 t0 7.274]
[~0.495 to 11.297)
[~1.470 10 10.948)
[1220 0 15.119]
[-7.002to 14.772]
[-3.635 10 6.757)
[-0.21210 14.735)
[-4.68010 10.418)
[2.357 10 21.899]

[-0.140t0 0.471)
[~0.086 t0 0.441)

p-value

0.002*
0.148
0.002*
0.045%
0.128
0.780
0.568
0.044*
0.011*
0.053

0.464
0.420
0.564
0337
0.332
0.072
0.133
0.022"
0.480
0552
0.057
0.452
0.016*

0.285
0.185

Coef

-8.312
-1.981
—22.613
3918
—5.524
—2.429
—2.881
-3.730
—21.901
—2.995

0.786
0.070
0.651
4.660
2.235
3.439
2571
10.246
1.205
—-0.012
5.803
4.543
10.764

0.145
0.108

Multivariate analysis

cl

[~13.694 to —2.930]
[~5.194 10 1.282]
[-33.504 to —11.723]
[=11.411 10 8.575)
(~15.087 10 4.038)
[-9.601 t0 4.743]
[~12.129 0 6.366)
[-10.435 t0 2.976)
[~36.737 to ~7.064]
[~10.489 0 4.500]

[~4.937 10 6.509]
[-6.577 0 6.716]
[-5.913t07.214]
(~8.542 10 12.861)
[~4.089 to 8.558]
[-391210 10.790)
[-5.189 10 10.332)
138010 19.162)

[-12.774 0 15.184]
[-6.651 10 6.626]
[-3.842 10 15.449)
[-5.1811t0 14.217)
[-1.2651022.773)

[-0.227 10 0.518]
[~0.224 10 0.439]

p-value

0.003*
0.224
<0.001*
0.301
0.254
0.502
0.537
0.272
0.004*
0.429

0.785
0.983
0.844
0.262
0.484
0.355
0512
0.025*
0.864
0.997
0.235
0.353
0.079

0.440
0.520
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No. of

patients
LN 1
metastasis
(N=1)
Recurrent 1
PTMC
(N=2) 2

Data are represented as the volume at last follow-up (mme).

Sex/
age

F/34

F/43

F/32

No. of PTMC
lesions

2

Dominant tumor
Location/Volume

(mm?)

Isthmus/150.79

Left/43.33

Right/53.33

Developed
Time
(months)

12

12

Location

Right,
Level VI

Right lobe

Right lobe

Volume
(mm?)

100.53

18.85

153.93

Treatment

RFA

RFA

RFA

Outcomes

37.70*

Disappeared at 12-month after
additional RFA
Disappeared at 12-month after
additional RFA
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THYCA-QoL
Neuromuscular
Voice
Concentration
Sympathetic
Throat/mouth
Psychological
Sensory

Problems with scar
Felt chily

Tingling hands/feet
Gained weight
Headache

Less interest in sex
FoP-Q-SF
Physical health
Social famiy

*p < 0.05.

Lateral
lobectomy
(=18

86.15 £ 8.55

95.83 +5.75

95.83 + 12.86
84.72 + 18.89
68.22 + 15.05
79.68 + 14.27
78.33 + 17.06
90.12 + 1257
87.04 +23.26
71.33 £ 14.34

10.49 £ 11.09
9.26 + 14.26
4.63 +£9.58

12.96 + 12.20

16.67 £ 12.78

14.81 £ 10.13

16.67 £ 128
9.26 & 19.15

25.93 + 35.34
3.70 + 10.78

16.67 £ 17.15

11.11 & 19.80

31.48 £ 24.18

1.86 £ 0.75
1.60 £ 0.60

Total
thyroidectomy
(n=16)

76,59 + 15.14
93.44 + 851

64.06 + 38.70
81.38 + 15.22
63.50 + 17.52
80.63 + 9.46

66.56 + 19.12
79.86 + 15.30
64.59 + 46.30
68.75 £ 13.00

14.58 + 8.81
208 + 569
10.42 £ 15.96
20.83 + 18.76
13.89 + 8.61
27.60 + 1351
20.83 + 16.67
18.76 & 20.97
25.00 + 19.24
833 + 14.91
22.92 + 20.07
14.58 & 20.97
27.08 + 25.00

214 £0.72
1.86 £ 0.68

p-value

0.022%
0.339
0.006*
0577
0.404
0.822
0.067
0.040"
0.004
0.588

0.247
0.062
0.219
0.165
0.469
0.004*
0.416
0177
0.924
0.314
0.335
0.623
0.606

0.287
0.255
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Characteristics Data

No. of patients 47
No. of tumors 100

Patients with two tumors, n (%) 41 (87.23)

Patients with three tumors, n (%) 6 (12.77)
Age (years) 43.39 + 9.26 (23-63)
Female (%) 37 (78.72)
Mean diameter (mm) 4.81 +1.57 (0.20-0.93)
Mean Volume (mm®) 75.22 + 73.87 (4.19-424.10)
Volume of dominant tumor (mm?) 108.77 + 87.08 (8.12-424.10)

Data are expressed as mean + SD (range).
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