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Introduction

A worldwide increase in the incidence of thyroid cancer during the last decades is largely due to papillary thyroid microcarcinomas (MPTCs), which are mostly low-risk tumors. In view of recent clinical recommendations to reduce the extent of surgery for low-risk thyroid cancer, and persisting uncertainty about the impact of radiation history, we set out to address whether clinicopathological characteristics and prognosis of post-Chornobyl MPTCs were changing with regard to: i) the latency period, ii) probability of causation (POC) of a tumor due to radiation, and iii) tumor size.



Methods

Patients (n = 465) aged up to 50 years at diagnosis who lived in April, 1986 in six northern, most radiocontaminated regions of Ukraine were studied.



Results

Latency period was statistically significantly associated with the reduction of POC level, tumor size and the frequency of fully encapsulated MPTCs. In contrast, the frequency of oncocytic changes and the BRAFV600E mutation increased. Invasive properties and clinical follow-up results did not depend on latency except for a lower frequency of complete remission after postsurgical radioiodine therapy. The POC level was associated with more frequent extrathyroidal extension, and lymphatic/vascular invasion, less frequent oncocytic changes and BRAFV600E, and did not associate with any clinical indicator. Tumor size was negatively associated with the latency period and BRAFV600E, and had a statistically significant effect on invasive properties of MPTCs: both the integrative invasiveness score and its components such as lymphatic/vascular invasion, extrathyroidal extension and lymph node metastases increased. The frequency of total thyroidectomy, neck lymph node dissection and radioiodine therapy also increased with the larger tumor size. The duration of the latency period, POC level or tumor size did not associate with the chance of disease recurrence.



Discussion

In summary, we did not observe overall worsening of the clinicopathological features or treatment results of radiogenic MPTCs that could be associated with the latency period or POC level, suggesting that radiation history did not strongly affect those in the analyzed MPTC patients. However, the increase in the invasive properties with tumor size indicates the need for individual risk stratification for each MPTC patient, regardless of radiation history, for treatment decision-making.
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Introduction

The increase in the frequency of detection of papillary thyroid microcarcinomas (MPTCs) sized up to 10 mm during the last decades is well-described in different countries (1–6). This growth is largely due to the progress in ultrasound diagnostics, improvement of fine-needle aspiration biopsy, introduction of screenings, and public awareness of facile thyroid imaging (1–3, 5).

An increased risk of radiation-related MPTCs was reported among victims of the atomic bomb explosions in Japan (7), and in children and adolescents of Ukraine affected by the Chornobyl accident in whom the frequency of MPTCs was growing with time after the accident (8–11). Despite a call not to reduce the extent of surgical treatment of patients with low-risk PTC with a history of radiation exposure in the recent recommendations (12, 13), clinical and histopathological studies that would justify such a warning have not been performed until now.

In our previous work, we compared the clinicopathological characteristics of radiogenic and sporadic MPTCs in the groups of young patients from Ukraine aged up to 30 years at the time of surgery, and did not find evidence that Chornobyl radiation (in this case, internal from 131I) affected phenotype of the tumors, increased invasive properties, or worsened prognosis (14).

In the present work, we set out to address whether clinicopathological characteristics and prognosis of MPTCs in patients from Ukraine aged up to 50 years at the surgery who were exposed to internal 131I radiation in childhood changed with increasing latency period (i.e., the period between the Chornobyl accident and operation), probability of causation (POC) of a tumor due to radiation, and tumor size.



Materials and methods


Patients

Radiogenic MPTCs were from 465 patients aged 8.8 to 50.0 years at the time of diagnosis who were operated on at the State Institution “VP Komisarenko Institute of Endocrinology and Metabolism of the National Academy of Medical Sciences of Ukraine” (IEM), Kyiv during the period from 1992 to 2018 when a significant increase in thyroid cancer incidence after the Chornobyl accident was documented (15–17). Given that the high risk of thyroid cancer was observed in persons who were children and adolescents at the time of Chornobyl accident and lived in the six northern, most radiocontaminated regions of Ukraine (18, 19), we defined inclusion criteria as age up to 18 years in April 1986, living in Kyiv, Chernihiv, Zhytomyr, Rivne, Cherkasy regions or Kyiv city at the time of the Chornobyl accident, non-incidental tumor finding, and the absence of screening history in tumor detection.

The study was conducted according to the guidelines of the Declaration of Helsinki and was approved by the IEM Bioethics Committee (protocols N 22-KE of April 26, 2018, and N 31-KE of February 27, 2020), the Chornobyl Tissue Bank (CTB, project N001-2020), and the Ethics Committee of Nagasaki University (protocol 20130401–7 of July 1, 2021, the latest update). Informed consent was obtained from all patients enrolled in the study or their guardians (for minors).



Histopathology

Pathological examination of paraffin sections stained with hematoxylin and eosin was performed by two experienced IEM pathologists (TB and LZ). The pathological diagnosis was based on the 4th edition of the WHO histological classification (20). Most of the cases were also reviewed by the international pathology panel of the CTB project (21, 22). The diagnosis of MPTC was confirmed in all analyzed cases, pTNM categories were determined according to the 8th edition of the TNM Classification (23). Tumors were also classified according to the dominant histological structure (papillary, follicular or solid-trabecular), and the presence of oncocytic changes in tumor cells was also evaluated.

As in our previous works (14, 24–26), in addition to the usual clinicopathological features, we used an integrative variable, the “invasiveness score”, which is an unweighted arithmetic sum of each manifestation of multifocality, lymphatic/vascular invasion, any extrathyroidal extension (i.e., minimal to the adipose or connective tissue, or significant to the muscle), pN1 and M1 (distant metastases to the lung were usually detected on postoperative diagnostic imaging), either isolated or in combination with other(s) for each tumor. The invasiveness score determined in this way ranged from “0” (no sign of invasiveness) to “5” (all the above signs present); the actual highest individual invasiveness score observed in this study was “4”.



Immunohistochemistry

Immunohistochemical (IHC) staining for BRAFV600E and Ki67 was performed in 95 and 92 MPTCs, respectively, for which the additional paraffin sections with tumor tissue were available. IHC staining for BRAFV600E expression was performed as previously described (14, 25, 26): a mouse monoclonal antibody to BRAF (V600E mutated protein) (VE1) ab228461 (Abcam) at a 1:100 dilution and a Novolink Polymer Detection System (250T) (Leica RE7140-K) were used to detect the product of IHC reaction. A positive IHC reaction for BRAFV600E was consistent with the presence of the BRAFV600E mutation (27).

The proliferative activity of tumors was evaluated by IHC using a Ki67 antibody (clone MIB-1; DAKO, Glostrup, Denmark, 1:100 dilution) in a Ventana BenchMark ULTRA instrument. The Ki67 labeling index (Ki67 LI) was determined with the image-analyzing software (CountσCell, Ki67 antigen Semi-Auto Counter, Seiko Tec LTD, Fukuoka, Japan) in a total of approximately 1,000 PTC cells per case (LZ).



Thyroid dosimetry

131І thyroid radiation doses (the absorbed doses in mGy) were calculated for each patient in the Radiation Protection Laboratory of the State Institution “National Research Center for Radiation Medicine of the National Academy of Medical Sciences of Ukraine”, Kyiv using an ecological dosimetric model, which includes the system of ecological iodine transport and biokinetic models of iodine (“TD-CTB”) (28).



Probability of causation due to radiation

The probability of causation (POC) of a tumor by exposure to a known radiation dose of an individual of a given sex and age after a certain period of latency was determined using the US NIH/NCI Division of Cancer Epidemiology and Genetics’ Interactive RadioEpidemiological Program - Probability of Cancer Causation from Radiation Version 5.7.1 software (29)(https://radiationcalculators.cancer.gov/irep). This software, as mentioned in our previous work (26), uses “Personal Information” such as gender, birth year, diagnosis year and a cancer model (here, the “Thyroid (193)”), and “Dose Exposure Information” such as exposure year (here, 1986), exposure rate (here, the acute), radiation type (here, the electrons E > 15keV as 90% of 131I beta-decay has the energy of 606keV), organ dose (here, Constant) and parameter 1 (here, the thyroid dose in cSv; since radiation weighting factor for the beta-particles is 1, the equivalent doses were considered to be numerically equal to the absorbed doses) as input variables. The output are the values of the “Assigned Share (Probability of Causation)” that range from the 1st to the 99th percentile based on 10,000 random-seeded simulations, and the assigned share associated with the expected value of the excess relative risk (ERR). The latter was considered as POC estimate in this study, it is very close to the 50th percentile value. The higher POC value reflects the higher likelihood of cancer development due to radiation exposure.



Statistical analysis

The Fisher’s exact test, Fisher-Freeman-Halton exact test, and Cochran-Armitage test were used for univariate analysis of categorical data; the Mann-Whitney test was used to compare continuous data between any two groups. Logistic regression models were adjusted for age at operation and sex. Models with very small numbers of outcomes (< 5 per cell) were conducted using Firth’s approach to bias-reducing penalized maximum likelihood fit. To plot estimated probabilities obtained in the logistic regression models (SAS PROC LOGISTIC), the PROC LOESS was used for smoothing. Multivariable linear regression models were applied to continuous dependent variables. The Cox proportional hazard models were used to analyze the effect of latency period on recurrence. Recurrence was defined as a tumor newly detected not earlier than six months after the initial treatment.

Calculations were performed using the version 9.4 of SAS (SAS Institute, Cary, NC, USA) or IBM SPSS Statistics Version 24 software (International Business Machines Corp., Armonk, NY, USA). All tests were two-sided; p < 0.05 was considered indicative of statistical significance.




Results


Descriptive characteristics

Radiogenic MPTCs detected by ultrasound and assessed by FNA/cytology as malignant or suspicious for malignancy accounted for 465 cases in the current analysis. All data collected for or generated during the study are presented in Figure 1.




Figure 1 | Baseline and clinicopathological profile of 465 radiogenic papillary thyroid microcarcinomas in the study.



The female/male ratio was 3.7:1, the median age of patients at the time of surgery was 35.0 (8.8-50.0, range) years and 9.2 (0.1-18.3, range) years at the time of the Chornobyl accident, latency period was 26.2 (6.2-32.7, range) years, and tumor size was 7 (3-10, range) mm. MPTCs more commonly had the dominant papillary or solid-trabecular patterns (48.8% and 30.6%, respectively), the median Ki67 LI was 4.6% (0.4-18.7%, range). In 67.4% MPTCs were BRAFV600E-positive, oncocytic changes were noted in 43.2%, multifocal growth in 22.2%, lymphatic-vascular invasion in 24.9%, extrathyroidal extension in 13.8%, metastases to the regional lymph nodes in 19.4%, and distant metastases to the lung in 0.9% (Table 1).


Table 1 | Descriptive characteristics of the 465 radiogenic papillary thyroid microcarcinomas in the study and their associations with patient age and sex.



Total thyroidectomy was performed in 87.1%, and postoperative radioiodine therapy (RIT) in 76.1% of cases. The median follow-up period was 5.2 (0.1-27.0, range) years, during which the recurrences, all to the regional lymph nodes, were detected and operated on in 1.3% of patients.

As seen in Table 1, some characteristics were associated with patient age and sex. While age at exposure, period of latency, radiation thyroid dose, POC and follow-up duration expectedly correlated with age at operation due to their nature or definition (age at operation is highly correlated with age at exposure and latency period, while the two latter parameters do not correlate), the reasons for associations for other (such as e.g. tumor capsule) were not obvious or easily predictable. Therefore, in further analyses we adjusted multivariable regression models for age at operation and sex whenever reasonable.



Effect of the latency period

As shown in Table 2, the increasing latency period expectedly decreased POC (b = -0.029, p = 0.044) due to changes in its components, namely the increase in patient age at the time of surgery (b =8.648, p = 1.09E-69) and reduction of thyroid dose (b = -0.027, p = 0.001). The estimated probability of detecting MPTC with POC of 51-75% 30 years after the Chornobyl accident was about 15%, and that of > 75% was about 5% only (Figure 2A).


Table 2 | Associations of radiogenic MPTCs with the latency period, probability of causation due to radiation, and tumor size.






Figure 2 | Effect of the period of latency on MPTC characteristics. (A) probability of causation (by 25%), (B) tumor size (by groups), (C) histopathological features, (D) histopathological features of tumor invasiveness, (E) the integrative invasiveness score, and (F) clinical parameters. RIT, radioiodine therapy; TTE, total thyroidectomy; LND, lymph node dissection; RAI-R, radioiodine-refractory. * indicate statistical significance, p < 0.05.



The longer latency period was also associated with a decrease in tumor size (b = -0.072, p = 0.019) paralleled by a significant increase in the probability of detecting the smallest MPTCs sized from 3 to 6 mm (Figure 2B), with a higher frequency of tumors with the dominant solid-trabecular structure (OR =1.051, p = 0.015), oncocytic changes (OR = 1.092, p = 9.00E-06), 
BRAFV600E-positivity (OR = 1.138, p = 0.008), as well as with a lower frequency of fully encapsulated tumors (OR = 0.934, p = 0.002) (Figure 2C). At the same time, invasive properties did not significantly change with tumor latency (see Table 2 and Figures 2D–F) except for a higher frequency of pT3b tumors (OR = 1.303, p = 0.036). Among clinical characteristics, the declining frequency of excellent response to RIT (OR = 0.836, p = 0.006, and Figure 2F) was only noted. This was accompanied by a more frequent, but not statistically significant increase in the frequency of radioiodine-refractory (RAI-R) response (OR = 1.305, p = 0.191) and elevated chance of recurrence (HR = 1.070, p = 0.431).

A more detailed examination of MPTCs with morphological signs of extrathyroidal extension to the muscle (the pT3b category) established that such tumors, despite a small number of cases, were statistically significantly associated, in addition to a longer latency period, with the POC level from 50 to 75% (OR = 1.665, p = 0.049), higher frequencies of lymph node metastases (OR = 10.807, p = 0.005), and invasiveness score “3” (OR = 14.813, p = 0.001) (Supplementary Table 1). However, there were no recurrences after a median follow-up of 3.6 years.



Effect of probability of causation due to radiation

The increasing POC (Table 2) was naturally associated with a younger age of patients at the time of the Chornobyl accident (b = -0.158, p = 5.98E-04) and at operation (b = -0.187, p = 8.22E-48), the shorter latency (b = -0.028, p = 2.21E-10), and significantly higher 131I thyroid dose (b = 13.575, p = 2.21E-10). The probability of detecting MPTCs with the highest POC was significantly increasing for the tumors with the latency period from 6 to 20 years and, conversely, it was decreasing for the tumors with the latency period of 21-25 years (Figure 3A). The probability of detecting tumors after the longest latency (26+ years) was slightly declining with POC, yet it remained the highest (50-60%) across POC values.




Figure 3 | Effect of the probability of causation of a tumor due to radiation on MPTC characteristics. (A) latency period (by groups), (B) tumor size (by groups), (C) histopathological features, (D) histopathological features of tumor invasiveness, (E) the integrative invasiveness score, and (F) clinical parameters. RIT, radioiodine therapy; TTE, total thyroidectomy; LND, lymph node dissection; RAI-R, radioiodine-refractory. * indicate statistical significance, p < 0.05.



The higher POC level was positively associated with tumor size slightly smaller than the median (6-7 mm), while the probability of detecting MPTCs of larger size (>7-9 mm) was significantly decreasing (Figure 3B). The increasing POC was also associated with the higher frequency of MPTCs with the follicular dominant growth pattern (OR = 1.010, p = 0.018), and less frequent papillary structures (OR = 0.993, p = 0.049), oncocytic changes (OR = 0.990, p = 0.007) and BRAFV600E (OR = 0.976, p = 0.002) (see Table 2 and Figure 3C). The higher POC level was also associated with more frequent lymphatic/vascular invasion (OR = 1.009, p = 0.041) and extrathyroidal extension (OR = 1.010, p = 0.046), but not with the integrative invasiveness score or any clinical characteristic (see Table 2 and Figures 3D–F).



Effect of tumor size

MPTC size (Table 2 and Figures 4A–F) was negatively associated with the longer latency period (b = -14.219, p = 0.010), especially for latency of more than 26 years, and with POC level from 51% to 75% (OR = 0.839, p = 0.023). MPTCs of larger size more frequently had dominant papillary structure (OR = 1.112, p = 0.045), but tumors with the BRAFV600E mutation among them were found significantly less frequently (OR = 0.678, p = 0.022). In contrast, an increase in tumor size was statistically significantly associated with higher MPTC invasiveness: both the integrative invasiveness score (OR = 1.152, p = 0.005) and its components such as lymphatic/vascular invasion (OR = 1.201, p = 0.003), extrathyroidal extension (OR = 1.214, p = 0.014), lymph nodes metastases (OR = 1.208, p = 0.006). Total thyroidectomy (OR = 1.325, p = 0.013), lymph node dissection (OR = 1.325, p = 0.013), and postoperative RIT (OR = 1.144, p = 0.033) were also performed more frequently for tumors of increasing size. However, the larger size of MPTCs did not significantly affect the chance of disease recurrence (see Table 3 and Figure 4F).


Table 3 | Effects of thyroid dose and tumor size on extrathyroidal extension.






Figure 4 | Effect of tumor size on MPTC characteristics. (A) latency period (by groups), (B) probability of causation (by 25%), (C) histopathological features, (D) histopathological features of tumor invasiveness, (E) the integrative invasiveness score, and (F) clinical parameters. RIT, radioiodine therapy; TTE, total thyroidectomy; LND, lymph node dissection; RAI-R, radioiodine-refractory. * indicate statistical significance, p < 0.05.





Relationships between tumor invasive features, radiation exposure and tumor size

In the course of this work, we found, on the one hand, that lymphatic/vascular invasion and extrathyroidal extension were positively associated with both POC and tumor size (see Table 2). On the other hand, the probability of detecting tumors larger than the median size (7 mm in the current study) significantly decreased, and tumor size in general tended to decrease with increasing POC (see Table 2). That is, a certain controversy could be seen. In order to discriminate between the radiation and tumor size effects on tumor invasive features, we performed additional analyses, considering POC components (gender, age at the time of exposure, latency period, age at the time of surgery, 131I thyroid dose) and tumor size as possible explanatory variables for the lymphatic/vascular invasion and extrathyroidal extension outcomes.

For this purpose, we determined non-adjusted effects (in terms of ORs) of all these parameters and also their effects in multivariable models (avoiding multicollinearity). Table 4 presents the results for lymphatic/vascular invasion. Non-adjusted effects of thyroid dose and of tumor size were statistically significant, OR = 1.270 (p = 0.012) and OR = 1.202 (p = 0.003), respectively. Then we tested models combining different variables, and observed that that radiation dose and tumor size retained statistical significance in all of them (Models 1A, 1B, 2A and 2B). Finally, in the models which included both radiation dose and tumor size (Models 3A and 3B), both of these variables had statistically significant effects. Furthermore, effect sizes in these models (i.e., OR~1.3 for radiation dose and OR~1.2 for tumor size) did not markedly change (<10% as a rule of thumb) as compared to non-adjusted models. Based on these observations, it is plausible to conclude that radiation dose and MPTC size contributed to the risk of lymphatic/vascular invasion independently.


Table 4 | Effects of thyroid dose and tumor size on lymphovascular invasion.



Similar approach was applied to analyze extrathyroidal extension (Table 3). The increase in the frequency of extrathyroidal extension with increasing POC appeared to be due to thyroid dose but not to any other POC components (non-adjusted models, and Models 1A, 2A). MPTC size effect was also statistically significant (non-adjusted model, and Models 1B and 2B). However, the only valid model in which thyroid dose and tumor size could be combined (Model 3A) demonstrated that thyroid dose effect lost its statistical significance, indicating that independent effect of tumor size was stronger. This, however, does not imply that the effect of thyroid dose on extrathyroidal extension does not exist, rather it could not be confirmed in view of the stronger impact of tumor size.

We also clarified that the reduction in the frequency of tumors with a size greater than the median with increasing POC could be ascribed to the effect of latency period but not to radiation dose (Table 5).


Table 5 | Effects of POC or its components on tumor size (greater than median).





Treatment options

In most cases (405 out of 465, 87.1%), total thyroidectomy was performed, and organ-preserving surgery (12.9%), namely hemithyroidectomy and isthmusectomy, were performed in 58 and 2 cases, respectively. MPTCs treated by total thyroidectomy significantly differed from those treated by organ-preserving operation (Table 6). They had larger size (OR = 1.225, p = 0.013, and OR = 2.007, p = 0.017 for the size larger than the median), lower frequency of full encapsulation (OR = 0.223, p = 6.91E-07), more frequent dominant papillary growth pattern (OR = 1.807, p = 0.039) and concomitant chronic thyroiditis (OR = 3.365, p = 0.007), and a higher integrative invasiveness score (OR = 3.026, p = 9.00E-06) and its components, such as multifocality (OR = 3.389, p = 0.011), lymphatic/vascular invasion (OR = 2.175, p = 0.042), extrathyroidal extension (OR = 5.555, p = 0.020). Dissection of both central (OR = 2.412, p = 0.020) and lateral (OR = 11.666, p = 0.016) lymph nodes were also performed more frequently in patients undergoing total thyroidectomy.


Table 6 | Characteristics of the radiogenic papillary thyroid microcarcinomas by thyroid surgery extent.



It should also be noted that distant metastases (4 cases, 1.0%) and recurrent metastases (6 cases, 1.5%) were found exclusively in patients who underwent total thyroidectomy (see Table 6). Distant metastases were associated with the presence of regional metastases (OR = 8.959, p = 0.016), particularly of the lateral lymph node metastases (OR = 12.745, p = 0.004), a higher integrative invasiveness score (OR = 2.076, p = 0.044), namely the scores “3” (OR = 13.066, p = 0.005) and “4” (OR = 54.188, p = 0.001) (Supplementary Table 2). Such patients required more RIT courses (OR = 5.881, p = 0.002) and higher cumulative radioiodine activity (OR = 9.264, p = 0.002). The presence of distant metastases was also associated with the decrease in the frequency of excellent response to RIT (OR = 0.055, p = 0.003), but not with a higher chance of recurrence, including the RAI-R metastases (see Supplementary Table 2).

A higher chance of recurrence (6 cases, Supplementary Table 3), was associated with more frequent Ki67 LI above 10% (HR = 31.066, p = 0.033) in the primary tumor, more frequent primary central lymph node metastases (HR=7.058, p = 0.018), and the highest in this study invasiveness score of “4” (HR=38.268, p = 0.001). Recurrent tumors could also be linked to the higher number of RIT cycles (HR = 3.403, p = 0.003), less favorable RIT response (HR = 0.258, p = 9.3E-04), higher frequency of RAI-R (OR = 312.985, p = 5.84E-04) and less frequent excellent response to RIT (HR = 0.049, p = 6.76E-04).

It is worth noting that among the three recurrent MPTCs for which the additional paraffin sections were available, two primary MPTCs and recurrent metastases were BRAFV600E-positive, and metastases were RAI-R (Figure 5 as an example). This may suggest the mutant BRAF relationship to the mechanism underlying radioiodine refractoriness in radiogenic MPTCs.




Figure 5 | Radiogenic MPTC from male patient aged 11.6 years at the time of the Chornobyl accident and 42 years at the time of the first surgery (estimated (POC=11%), and a RAI-R recurrent metastasis removed 1.6 years after the primary treatment. (A) non-encapsulated primary tumor sized 6 mm with the dominant papillary growth pattern, without extrathyroidal extension (pT1aN0M0 according to the 8th Edition of TNM classification), hematoxylin-eosin, 14.5X magnification. (B) fragment of the primary tumor with papillary structure, hematoxylin-eosin, 200X magnification. (C) primary tumor: positive IHC reaction with anti-BRAF (mutated V600E) antibody, 200X magnification. (D) primary tumor: IHC reaction with Ki67 (Clone MIB-1) antibody (Ki67 LI 2.8%), 200X magnification. (E) RAI-R recurrent metastasis sized 10 mm with some cystic changes; hematoxylin-eosin, 12.0X magnification. (F) fragment of the RAI-R recurrent metastasis: solid-trabecular structure, oncocytic cells, hematoxylin-eosin, 200X magnification. (G) fragment of the RAI-R recurrent metastasis: positive IHC reaction with anti-BRAF (mutated V600E) antibody, 200X magnification. (H) fragment of the RAI-R recurrent metastasis: IHC reaction with Ki67 (Clone MIB-1) antibody (Ki67 LI 2.0%), 200X magnification.






Discussion

This study is the first to assess the effects of the latency period between radiation exposure and MPTC diagnosis, and of the level of the probability of causation of a tumor due to radiation on histopathological and clinical characteristics of MPTCs from internally irradiated patients operated on at the age from 8.8 to 50 years. So far, the only sources of information about radiation-related MPTCs are the report on an increased risk for MPTC in the atomic bomb survivors (7), observations of the growing MPTC frequency with time after the Chornobyl accident (8–11), and the study showing that in young people exposed to Chornobyl radiation at a dose up to 2 Gy, OR/Gy for MPTCs was significantly higher than for tumors larger than 10 mm (OR = 1.20 (95%CI 1.05–1.38), p = 0.004) (30). However, whether radiation exposure may confer higher MPTC aggressiveness, or whether there is a relationship between the latency period and changes in MPTC behavior remained unaddressed. These questions in fact deserve a close attention in view of the increasing frequency of sporadic MPTC worldwide (1–6) and in the individuals exposed to the Chornobyl fallout in childhood (8–11), cautions about treatment approaches to the low-risk PTC in patients previously exposed to radiation (12, 13), and alarming concerns about possible radiation safety violations at nuclear power plants in Ukraine due to Russian military aggression (31).

Our study established that the longer latency period, which is paralleled by the older age of patients at operation, was associated with a decrease in MPTC size without a significant impact on invasive properties (see Table 2 and Figure 2), suggestive that there is no reason to expect worsening of the prognosis after the longer latency. Another favorable prognostic factor, which according to the literature may inhibit tumor progression (32), is the longer latency-related increase in the frequency of concomitant chronic thyroiditis observed in our study.

On the other hand, the longer latency period led to an increase in the frequency of the BRAFV600E mutation, oncocytic changes, and a decrease in the probability of excellent response to RIT (see Table 2 and Figure 2C, F). The increasing with longer latency period/older patient age frequency of the BRAFV600E mutation was described in our previous study of radiogenic PTCs, although no special analysis in the context of tumor size was performed in that work (26). A more frequent BRAFV600E mutation was also found in sporadic PTCs (including MPTCs) in older patients (33–35). Therefore, most likely, it is the older age attained after a longer latency, but not the exposure to Chornobyl fallout that explains the increase in the frequency of BRAFV600E-positive cases.

With regard to the decrease in the probability of a complete remission after RIT (see Table 2 and Figure 2F), it is worth noting that there were isolated RAI-R recurrent cases (see Table 2) that were BRAFV600E-positive in the primary tumor and recurrent metastases (see Figure 5). Our data suggest that recurrent tumors may more likely be RAI-refractory and develop from the primary tumors with Ki67 LI greater than 10% (see Supplementary Table 3). However, RAI-R recurrent metastases were also detected in our previous study (14) in younger patients with sporadic MPTC. In addition, in the current study of radiogenic MPTCs, no statistically significant relationship between the development of recurrences (including the RAIR-R ones) and the latency period or POC was found (see Tables 2, 3 and Figures 2F, 3F). Therefore, the decrease in the probability of a complete remission after RIT in the current MPTC series would unlikely to be due to radiation exposure.

A rather interesting, in our opinion, observation associated with POC level, was an increase in the frequency of lymphatic/vascular invasion (see Table 4 and Figure 3D). We found that among all POC components, the 131I thyroid dose was responsible for this association (see Table 4). As shown in the previous study (9), the more frequent lymphatic/vascular invasion in the Ukrainian-American cohort members exposed to Chornobyl fallouts in childhood was positively associated with gene fusions (OR = 5.85 (1.43-31.75), p = 0.013), and negatively with point mutations (OR = 0.14 (0.01-0.95), p = 0.044). In earlier works, gene fusions, as compared to point mutations, were associated with a higher POC and a shorter latency period of radiogenic PTC (36, 37). Perhaps, these observations also apply to radiogenic MPTCs, in which a statistically significant decrease in the frequency of the BRAFV600E mutation was observed with increasing POC (see Table 2 and Figure 3C). It is important that in radiogenic MPTC, the association of lymphatic/vascular invasion frequency with higher POC (and 131I radiation dose, see Table 4) does not apparently result in its overall higher frequency than in sporadic MPTCs as shown in our study of MPTCs from young patients (14). Perhaps, the effect of radiation, although statistically significant, adds too small excess to the driver oncogene-dependent lymphatic/vascular invasion frequency in the radiogenic MPTCs so that it could not be detected when the radiogenic and sporadic MPTCs groups are directly compared.

The most numerous associations of the indicators of tumor invasiveness (extrathyroidal extension, lymphatic/vascular invasion, lymph node metastases), and the integrative invasiveness score, were with MPTC size (see Table 3 and Figure 4D). Tumor size, in turn, was associated with a shorter latency period (see Tables 2, 5). These invasive features are considered to be unfavorable prognostic factors in sporadic MPTCs (38–43), and also were associated with larger MPTC size (44–47), in line with our study. The tendency for tumor size to decline with longer latency again suggests that radiogenic MPTC prognosis would not be expected to be worsening with time after exposure.

As for the thyroid surgery volume, given the presence of radiation exposure in the patients’ histories, total thyroidectomy was performed in most cases (87%), and neck lymph node dissection in nearly a half of the cases. According to our analysis, the major reasons for surgical decision-making, i.e., before the pathological report is available, were the larger tumor size, the likelihood of the absence of full tumor capsule (seen as irregular tumor margins on ultrasound), multifocality, extrathyroidal extension, and lymph node metastases, that could be detected on preoperative imaging. Such a strategy is fully justified and effective per se. Of importance also, in cases of hemithyroidectomy (13%), no metastases or disease recurrences were recorded. At the same time, the negative prognostic features occurred in about 20% of cases only (among 465 MPTCs) according to the pathological examination, and they were not associated with a higher chance of recurrence. We therefore suppose that in future clinicians should consider a possibility of more frequent organ-preserving surgeries versus total thyroidectomy even for potentially radiogenic MPTCs.

Despite most radiogenic MPTCs in our series were rather indolent, there were several aggressive cases pointing at the need of MPTC stratification into the low-risk and high-risk tumors, as in sporadic MPTC (43, 48, 49). In our opinion, namely such stratification, but not the etiological factor, should be taken into account for decisions on tumor management. Concerning MPTCs, very timely and important changes are expected in the new 5th edition of the WHO Histological Classification of thyroid tumors (50, 51). MPTCs will no longer be just a PTC subtype, but similarly to the tumors of larger size can be considered according to their risk level for personalized treatment protocols.

Summarizing the results, we found no evidence of worsening of the histopathological and clinical features or prognosis of radiogenic MPTCs with the longer latency period or higher POC. The increase in the invasive properties of tumors of a larger size, also well-described in sporadic MPTCs, indicates the need for risk stratification for each MPTC individually regardless of etiology for clinical decision-making.



Data availability statement

The original contributions presented in the study are included in the article. Further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved by IEM Bioethics Committee (protocols N 22-KE of April 26, 2018, and N 31-KE of February 27, 2020), Chornobyl Tissue Bank (CTB, project N001-2020), Ethics Committee of Nagasaki University (protocol 20130401–7 of July 1, 2021, the latest update). Written informed consent to participate in this study was provided by the participants’ legal guardian/next of kin.



Author contributions

TB, SC, LZ, NM, MT, SY, and VAS: study design and methodology. TB, SC, LZ, and MB: clinical and pathological data. LZ, TIR, and MI: investigation and formal analysis. SM: thyroid dosimetry. TB and VAS: statistical analysis, data interpretation, and writing of the manuscript. TB, SC, LZ, TIR, NM, MI, MT, MB, SM, SY, and VAS: revision of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This research was supported in part by the Program of the Network-Type Joint Usage/Research Center for Radiation Disaster Medical Science, intramurally by the Atomic Bomb Disease Institute, Nagasaki University, and the Japan Society for the Promotion of Science (JSPS), KAKENHI Grant Numbers 19K07471, 19KK02670001, and 20KK0217.



Acknowledgments

We gratefully acknowledge the commitment of the staff of the Laboratory of Morphology of Endocrine System and of the Department of Surgery of Endocrine Glands of IEM, who prepared all pathological material and operated on the patients, respectively. The authors gratefully acknowledge the confirmation of Ukrainian diagnoses by the International Pathology Panel of the Chornobyl Tissue Bank, which was supported by NCI grant number U24CA082102: A. Abrosimov, TB, G. Fadda, J. Hunt, MI, V. Livolsi, J. Rosai, E. D. Williams, N. Dvinskyh, and LZ.



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2022.1078258/full#supplementary-material



References

1. Ahn, HS, Kim, HJ, and Welch, HG. Korea’s thyroid-cancer “Epidemic”–screening and overdiagnosis. N Engl J Med (2014) 371:1765–7. doi: 10.1056/NEJMp1409841

2. Ahn, HS, and Welch, HG. South korea’s thyroid-cancer “Epidemic”–turning the tide. N Engl J Med (2015) 373:2389–90. doi: 10.1056/NEJMc1507622

3. Ahn, HS, Kim, HJ, Kim, KH, Lee, YS, Han, SJ, Kim, Y, et al. Thyroid cancer screening in south Korea increases detection of papillary cancers with no impact on other subtypes or thyroid cancer mortality. Thyroid (2016) 26:1535–40. doi: 10.1089/thy.2016.0075

4. Doubi, A, Al-Qannass, A, Al-Angari, SS, Al-Qahtani, KH, Alessa, M, and Al-Dhahri, S. Trends in thyroid carcinoma among thyroidectomy patients: A 12-year multicenter study. Ann Saudi Med (2019) 39:345–9. doi: 10.5144/0256-4947.2019.345

5. Kang, HY, Kim, I, Kim, YY, Bahk, J, and Khang, YH. Income differences in screening, incidence, postoperative complications, and mortality of thyroid cancer in south Korea: A national population-based time trend study. BMC Cancer (2020) 20:1096. doi: 10.1186/s12885-020-07597-4

6. Miranda-Filho, A, Lortet-Tieulent, J, Bray, F, Cao, B, Franceschi, S, Vaccarella, S, et al. Thyroid cancer incidence trends by histology in 25 countries: A population-based study. Lancet Diabetes Endocrinol (2021) 9:225–34. doi: 10.1016/S2213-8587(21)00027-9

7. Hayashi, Y, Lagarde, F, Tsuda, N, Funamoto, S, Preston, DL, Koyama, K, et al. Papillary microcarcinoma of the thyroid among atomic bomb survivors: Tumor characteristics and radiation risk. Cancer (2010) 116:1646–55. doi: 10.1002/cncr.24872

8. Bogdanova, T, Zurnadzhy, L, LiVolsi, VA, Williams, ED, Ito, M, Nakashima, M, et al. Thyroid cancer pathology in Ukraine after Chernobyl. In:  M Tronko, T Bogdanova, V Saenko, GA Thomas, I Likhtarov, and S Yamashita, editors. Thyroid cancer in Ukraine after Chernobyl: Dosimetry, epidemiology, pathology, molecular biology. Nagasaki: IN-TEX (2014). p. 109–35.

9. Bogdanova, TI, Zurnadzhy, LY, Nikiforov, YE, Leeman-Neill, RJ, Tronko, MD, Chanock, S, et al. Histopathological features of papillary thyroid carcinomas detected during four screening examinations of a Ukrainian-American cohort. Br J Cancer (2015) 113:1556–64. doi: 10.1038/bjc.2015.372

10. Bogdanova, T, Ssenko, V, Shpak, V, Zurnadzhy, L, Voskoboynyk, L, Dekhtyarova, T, et al. Long-term analysis of the incidence and histopathology of thyroid cancer in Ukraine in adult patients who were children and adolescents at the time of the Chernobyl accident. In:  S Yamashita, and G Thomas, editors. Thyroid cancer and nuclear accidents: Long term aftereffects of Chernobyl and fukushima. Amsterdam: Elsevier (2019). p. 67–76.

11. Bogdanova, TI, Saenko, VA, Zurnadzhy, L, Rogounovitch, TI, Ito, M, Chernyshov, SV, et al. Pathology of radiation-induced thyroid cancer: Lessons from Chernobyl thyroid cancer study. In:  K Kakudo, editor. Thyroid FNA cytology: Differential diagnoses and pitfalls. 2nd ed. Singapore: Springer (2019). p. 549–64.

12. Merdad, M, Eskander, A, De Almeida, J, Freeman, J, Rotstein, L, Ezzat, S, et al. Current management of papillary thyroid microcarcinoma in Canada. J Otolaryngol Head Neck Surg (2014) 43:32. doi: 10.1186/s40463-014-0032-8

13. Haugen, BR, Alexander, EK, Bible, KC, Doherty, GM, Mandel, SJ, Nikiforov, YE, et al. 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) 26:1–133. doi: 10.1089/thy.2015.0020

14. Bogdanova, T, Chernyshov, S, Zurnadzhy, L, Rogounovitch, TI, Mitsutake, N, Tronko, M, et al. The high degree of similarity in histopathological and clinical characteristics between radiogenic and sporadic papillary thyroid microcarcinomas in young patients. Front Endocrinol (Lausanne) (2022) 13:970682. doi: 10.3389/fendo.2022.970682

15. Likhtarev, IA, Sobolev, BG, Kairo, IA, Tronko, ND, Bogdanova, TI, Oleinic, VA, et al. Thyroid cancer in the Ukraine. Nature (1995) 375:365. doi: 10.1038/375365a0

16. Tronko, MD, Bogdanova, TI, Komissarenko, IV, Epstein, OV, Oliynyk, V, Kovalenko, A, et al. Thyroid carcinoma in children and adolescents in Ukraine after the Chernobyl nuclear accident: Statistical data and clinicomorphologic characteristics. Cancer (1999) 86:149–56. doi: 10.1002/(sici)1097-0142(19990701)86:1<149::aid-cncr21>3.0.co;2-a

17. Saenko, V, Ivanov, V, Tsyb, A, Bogdanova, T, Tronko, M, Demidchik, Y, et al. The Chernobyl accident and its consequences. Clin Oncol (R Coll Radiol) (2011) 23:234–43. doi: 10.1016/j.clon.2011.01.502

18. Jacob, P, Goulko, G, Heidenreich, WF, Likhtarev, I, Kairo, I, Tronko, ND, et al. Thyroid cancer risk to children calculated. Nature (1998) 392:31–2. doi: 10.1038/32076

19. Tronko, MD, Saenko, VA, Shpak, VM, Bogdanova, TI, Suzuki, S, and Yamashita, S. Age distribution of childhood thyroid cancer patients in Ukraine after Chernobyl and in fukushima after the tepco-fukushima daiichi npp accident. Thyroid (2014) 24:1547–8. doi: 10.1089/thy.2014.0198

20. Lloyd, RV, Osamura, RY, Kloppel, G, and Rosai, J. Who classification of tumours of endocrine organs. 4 ed. Lyon: IARC Press (2017).

21. Thomas, GA, Williams, ED, Becker, DV, Bogdanova, TI, Demidchik, EP, Lushnikov, E, et al. Chernobyl Tumor bank. Thyroid (2000) 10:1126–7. doi: 10.1089/thy.2000.10.1126a

22. Thomas, GA. The Chernobyl tissue bank: Integrating research on radiation-induced thyroid cancer. J Radiol Prot (2012) 32:N77–80. doi: 10.1088/0952-4746/32/1/N77

23. Brierley, JD, Gospodarowich, MK, and Wittekind, C. TNM classification of malignant tumours. 8 ed. Oxford: Wiley-Blackwell (2017).

24. Bogdanova, TI, Saenko, VA, Hashimoto, Y, Hirokawa, M, Zurnadzhy, LY, Hayashi, T, et al. Papillary thyroid carcinoma in Ukraine after Chernobyl and in Japan after fukushima: Different histopathological scenarios. Thyroid (2021) 31:1322–34. doi: 10.1089/thy.2020.0308

25. Zurnadzhy, L, Bogdanova, T, Rogounovitch, TI, Ito, M, Tronko, M, Yamashita, S, et al. The BRAF(V600E) mutation is not a risk factor for more aggressive tumor behavior in radiogenic and sporadic papillary thyroid carcinoma at a young age. Cancers (Basel) (2021) 13(23):6038. doi: 10.3390/cancers13236038

26. Zurnadzhy, L, Bogdanova, T, Rogounovitch, TI, Ito, M, Tronko, M, Yamashita, S, et al. Clinicopathological implications of the BRAF(V600E) mutation in papillary thyroid carcinoma of Ukrainian patients exposed to the Chernobyl radiation in childhood: A study for 30 years after the accident. Front Med (Lausanne) (2022) 9:882727. doi: 10.3389/fmed.2022.882727

27. Nakao, T, Matsuse, M, Saenko, V, Rogounovitch, T, Tanaka, A, Suzuki, K, et al. Preoperative detection of the TERT promoter mutations in papillary thyroid carcinomas. Clin Endocrinol (Oxf) (2021) 95:790–9. doi: 10.1111/cen.14567

28. Likhtarov, I, Thomas, G, Kovgan, L, Masiuk, S, Chepurny, M, Ivanova, O, et al. Reconstruction of individual thyroid doses to the Ukrainian subjects enrolled in the Chernobyl tissue bank. Radiat Prot Dosimetry (2013) 156:407–23. doi: 10.1093/rpd/nct096

29. Kocher, DC, Apostoaei, AI, Henshaw, RW, Hoffman, FO, Schubauer-Berigan, MK, Stancescu, DO, et al. Interactive radioepidemiological program (Irep): A web-based tool for estimating probability of Causation/Assigned share of radiogenic cancers. Health Phys (2008) 95:119–47. doi: 10.1097/01.HP.0000291191.49583.f7

30. Bogdanova, TI, Saenko, VA, Brenner, AV, Zurnadzhy, LY, Rogounovitch, TI, Likhtarov, IA, et al. Comparative histopathologic analysis of “Radiogenic” and “Sporadic” papillary thyroid carcinoma: Patients born before and after the Chernobyl accident. Thyroid (2018) 28:880–90. doi: 10.1089/thy.2017.0594

31. Jensen, K, and Vasko, V. Inadvertent radiation exposures in combat zones: Risk of contamination and radiobiologic consequences. Mil Med (2022) 187:303–7. doi: 10.1093/milmed/usac213

32. Batool, S, Das, B, Arif, M, and Islam, N. Frequency of hashimoto thyroiditis in papillary thyroid cancer patients and its impact on their outcome. J Ayub Med Coll Abbottabad (2022) 34:251–5. doi: 10.55519/JAMC-02-9133

33. Romei, C, Fugazzola, L, Puxeddu, E, Frasca, F, Viola, D, Muzza, M, et al. Modifications in the papillary thyroid cancer gene profile over the last 15 years. J Clin Endocrinol Metab (2012) 97:E1758–65. doi: 10.1210/jc.2012-1269

34. Jung, CK, Little, MP, Lubin, JH, Brenner, AV, Wells, SA Jr., Sigurdson, AJ, et al. The increase in thyroid cancer incidence during the last four decades is accompanied by a high frequency of braf mutations and a sharp increase in ras mutations. J Clin Endocrinol Metab (2014) 99:E276–85. doi: 10.1210/jc.2013-2503

35. Vuong, HG, Altibi, AM, Abdelhamid, AH, Ngoc, PU, Quan, VD, Tantawi, MY, et al. The changing characteristics and molecular profiles of papillary thyroid carcinoma over time: A systematic review. Oncotarget (2017) 8:10637–49. doi: 10.18632/oncotarget.12885

36. Efanov, AA, Brenner, AV, Bogdanova, TI, Kelly, LM, Liu, P, Little, MP, et al. Investigation of the relationship between radiation dose and gene mutations and fusions in post-Chernobyl thyroid cancer. J Natl Cancer Inst (2018) 110:371–8. doi: 10.1093/jnci/djx209

37. Morton, LM, Karyadi, DM, Stewart, C, Bogdanova, TI, Dawson, ET, Steinberg, MK, et al. Radiation-related genomic profile of papillary thyroid carcinoma after the Chernobyl accident. Science (2021) 372(6543):eabg2538. doi: 10.1126/science.abg2538

38. Sun, W, Lan, X, Zhang, H, Dong, W, Wang, Z, He, L, et al. Risk factors for central lymph node metastasis in Cn0 papillary thyroid carcinoma: A systematic review and meta-analysis. PloS One (2015) 10:e0139021. doi: 10.1371/journal.pone.0139021

39. Gui, CY, Qiu, SL, Peng, ZH, and Wang, M. Clinical and pathologic predictors of central lymph node metastasis in papillary thyroid microcarcinoma: A retrospective cohort study. J Endocrinol Invest (2018) 41:403–9. doi: 10.1007/s40618-017-0759-y

40. Perez-Soto, RH, Velazquez-Fernandez, D, Arellano-Gutierrez, G, Chapa-Ibarguengoitia, M, Trolle-Silva, AM, Iniguez-Ariza, N, et al. Preoperative and postoperative risk stratification of thyroid papillary microcarcinoma: A comparative study between kuma criteria and 2015 American thyroid association guidelines risk stratification. Thyroid (2020) 30:857–62. doi: 10.1089/thy.2019.0698

41. Zhao, L, Sun, X, Luo, Y, Wang, F, and Lyu, Z. Clinical and pathologic predictors of lymph node metastasis in papillary thyroid microcarcinomas. Ann Diagn Pathol (2020) 49:151647. doi: 10.1016/j.anndiagpath.2020.151647

42. Dirikoc, A, Tam, AA, Ince, N, Ozdemir, D, Topaloglu, O, Alkan, A, et al. Papillary thyroid microcarcinomas that metastasize to lymph nodes. Am J Otolaryngol (2021) 42:103023. doi: 10.1016/j.amjoto.2021.103023

43. Horiguchi, K, Yoshida, Y, Iwaku, K, Emoto, N, Kasahara, T, Sato, J, et al. Position paper from the Japan thyroid association task force on the management of low-risk papillary thyroid microcarcinoma (T1an0m0) in adults. Endocr J (2021) 68:763–80. doi: 10.1507/endocrj.EJ20-0692

44. Gu, JH, Zhao, YN, Xie, RL, Xu, WJ, You, DL, Zhao, ZF, et al. Analysis of risk factors for cervical lymph node metastasis of papillary thyroid microcarcinoma: A study of 268 patients. BMC Endocr Disord (2019) 19:124. doi: 10.1186/s12902-019-0450-8

45. Medas, F, Canu, GL, Cappellacci, F, Boi, F, Lai, ML, Erdas, E, et al. Predictive factors of lymph node metastasis in patients with papillary microcarcinoma of the thyroid: Retrospective analysis on 293 cases. Front Endocrinol (Lausanne) (2020) 11:551. doi: 10.3389/fendo.2020.00551

46. Taskin, OC, Armutlu, A, Agcaoglu, O, Peker, O, Terzioglu, T, Demirkol, MO, et al. Tumor border pattern and size help predict lymph node status in papillary microcarcinoma: A clinicopathologic study. Ann Diagn Pathol (2020) 48:151592. doi: 10.1016/j.anndiagpath.2020.151592

47. Huang, Y, Yin, Y, and Zhou, W. Risk factors for central and lateral lymph node metastases in patients with papillary thyroid micro-carcinoma: Retrospective analysis on 484 cases. Front Endocrinol (Lausanne) (2021) 12:640565. doi: 10.3389/fendo.2021.640565

48. Lu, ZZ, Zhang, Y, Wei, SF, Li, DS, Zhu, QH, Sun, SJ, et al. Outcome of papillary thyroid microcarcinoma: Study of 1,990 cases. Mol Clin Oncol (2015) 3:672–6. doi: 10.3892/mco.2015.495

49. Ciobanu Apostol, D, Giusca, SE, Caruntu, ID, Lozneanu, L, Andriescu, EC, and Moscalu, M. Relationships between clinicopathological prognostic factors in papillary thyroid microcarcinoma: A refined analysis based on 428 cases. Int J Clin Exp Pathol (2017) 10:8944–56.

50. Baloch, ZW, Asa, SL, Barletta, JA, Ghossein, RA, Juhlin, CC, Jung, CK, et al. Overview of the 2022 who classification of thyroid neoplasms. Endocr Pathol (2022) 33:27–63. doi: 10.1007/s12022-022-09707-3

51. Jung, CK, Bychkov, A, and Kakudo, K. Update from the 2022 world health organization classification of thyroid tumors: A standardized diagnostic approach. Endocrinol Metab (Seoul) (2022) 37:703–18. doi: 10.3803/EnM.2022.1553


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Bogdanova, Chernyshov, Zurnadzhy, Rogounovitch, Mitsutake, Tronko, Ito, Bolgov, Masiuk, Yamashita and Saenko. 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.


OEBPS/Images/fendo-13-1078258-g001.jpg
&S ER
S EM o
E © a D
3 Nl = o < =
(@) (0]
x _H_mU 2 @ o m
5 C & o3 £ S
n O Lo
£ n = O Ne Gied
o = U 0 b o
T =235 @ £ 2
uw s [Jas Bm,m
o O o ! o
© Q9 o B c O
2 CW:Ond ap ﬂ
O 2 O € o = <
(nd 5 « O - 5 = ge}
2 2 AZ pd Om
mzZzw N
)
B 5 [ | e
S € = = SEEEE
@ S0 § o > (U SO0 OO
% 2 wssm13 m.m o N DB W
2 5 g88zs5K 8% 228558
= + £ 53 - @
oo & EEE" Ty
e O = s
Q O o ® = ©
LoLog=2 © R
ACNO/CW% < ..nlan
X cosW®codl o — o ®©
L NMO=ocouwoao z ook O
806133... L1 L] |
— — —
Ij . II ] I.
ll -
ll.l
II II
| |

B0 FEV TNV | M Present

| w
[]

_ 0
[ N Y T I M Excellent B RARR

T T IRRIIE 111 TRIBERI U1 R BRI B IRT 111 ) Epresent

1 1 iy  F sy ¥ N I rirreey iy i § WiNy 0] mir NP P INTTNT e 07 N 7 TR W Uiy PPy Pl TF F § MPresent

Concomitantchronicthyroiditis | 01 | HRIWE1l B L i gty it IR0 iEm D EM Il Imlil iRt £ 1]

ke Q o

e — = (7
) S c @ ©
5 c 9 o 2 o
< c 2 - w® S = o cC 2w

= s o > O ©c C B S o
o 2 nEEL® o 2 c ch

£ = Qo ® - C T o T ®©

© 0o o o
..ms o ﬂmpme wrow = 535 °
se323 42 ©5§3% wgzg ¢ 5%E

S "~ S
o c O 0 - = et N o = )
£E258% 88 TESEs ZesS £8ZZ8
S8888. "5z 23538 2828 §5EEE
- N—— =)
SR cENYE 05T o8 25858cicaELEE=E=
000 F"nWE §0o035m200g 0SS I®5EEE
F R ES LSS PEOELE8REEES888¢8
S = 29 = = =

xoe e 8 E S S EEEEEE 8o et
N e e Fr MOS0 lz=sEdl eSO 00





OEBPS/Images/fendo-13-1078258-g003.jpg
>

L Estimated probability o Estimated probabili

Estimated probability

B

07 Latency period
0.9 4
08 :
07
0.6 o
05 - M
044
034
024
014 21-25yrs*
B T S e

0 20 40 60 80 100
1.0 2 . R

Histopathological features
0.9
e WWOE-
07
06
. Papillary \\
04 Oncocytic ~
Sol-trab
03
Follicular*

0.2

Capsule

0.1

F

by Invasiveness score

0.9 4

08-:

07

06:

044

014 InvasS=3

oo o ——————— A

i InvasS=4

0 10 20

Probability of causation, %

30 40 50 60 70 80 90 100

Tumor size

40 60 80 100

Histopathological invasiveness

05
0.4 Lymph/Vasc*

Multifocal

s TTE
07

06 RIT performed
o LND

Recurrence RITRAI-R

80

0 20
Probability of causation, %

40 60 100





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The relationship of the clinicopathological characteristics and treatment results of post-Chornobyl papillary thyroid microcarcinomas with the latency period and radiation exposure

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Patients

          



          		

            Histopathology

          



          		

            Immunohistochemistry

          



          		

            Thyroid dosimetry

          



          		

            Probability of causation due to radiation

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Descriptive characteristics

          



          		

            Effect of the latency period

          



          		

            Effect of probability of causation due to radiation

          



          		

            Effect of tumor size

          



          		

            Relationships between tumor invasive features, radiation exposure and tumor size

          



          		

            Treatment options

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-13-1078258-g004.jpg
Estimated probability

Estimated probability

Estimated probab

B
1.0 4 &
{ Latency period
0.9
08 :
07 :
05
1 6+ yrs
054 Y
04
o 21-25yrs
02:
1 6-20 yrs
014
00 AT T T T T -
3 4 5 L] 7 8 9 10
104 . 5 D
0wl =~ Histopathological features
08 Tt~ R
7] ~“~‘§\BRAFV5°°E'
0s] Tes
3 Papillary*
044 Oncocytic
034 Sol-trab
02] =———— Folicular
o Capsule
L e o IS S Sy e S e S S
3 4 5 6 7 8 9 10
1.0 F
] Invasiveness score
09+
08 -
0.7 —-
06 :
L InvasS=0*
044
034 InvasS=1
02 InvasS=2*
01 M
e —|

0.0

T

3 4 5 6 L

Tumor size, mm

9 10

086

05

04

03

02

01

VPR S S TR W |

Probability of causation

<25%

26-50%
51-75%*

- >75%

10

10

09

08

07

06

05

04

03

PR SPUR PR TP S B SR PR SR S |

3 4 5 6 7 8 9 10

Histopathological invasiveness

Lymph/Vasc*

ini RIT excellent
TTE*

RIT performed*

LND*

RITRAI-R Recurrence

3 4 5 6 7 8 9 10

Tumor size,mm





OEBPS/Images/table6.jpg
Parameters

Sex, F/M (%M, E:M ratio; ref=F)

Age at operation, years
Age at exposure, years

Latency period, years

Radiation dose to the thyroid, mGy

Probability of causation, %
<25%

> 25 - 50%

> 50 - 75%

> 75 - 100%

Tumor size, mm

lesser or equal median
greater than median

Full tumor capsule
Dominant growth pattern
papillary

follicular

solid-trabecular

Ki-67 labeling index, n=92
0-5%

>5 - 10%

>10%

BRAF"**!_positive, n=95
Oncocytic changes
Multifocality

Lymphatic/vascular invasion

Extrathyroidal extension (any)

T category

pTla

pT3b

N category (N1)
pNla

pN1b

M category (M1)
Invasiveness score
0

1

2
3
4
5

Concomitant thyroid cancer

Concomitant nodular disease

Concomitant Graves’ disease
Chronic thyroiditis
LN dissection performed

level > 6
level 1 -5

RIT performed

RIT cycles

Cumulative RI activity, MBq
RIT response

RAI-R recurrence vs other
excellent vs other
Follow-up, years
Recurrence

Time to recurrence, yrs
Recurrent metastases
Dominant growth pattern
papillary

follicular

solid-trabecular

Ki67 labeling index
BRAFV“DE-posi!ivc
Oncocytic changes

Cystic changes

RIT recurrence response
RAI-R recurrence vs other

excellent vs other

Total thyroidectomy, n=405

number or value
(% or IQR or SD)

323/82; 20.2%; 1.8:1
353 (30.1-40.2)
92 (5.0-13.9)
26.1 (22.6-29.2)
46.8 (29.5-110.7)
19.2 (8.7-47.0)
229 (56.5%)

6 (21.2%)

57 (14.1%)

3 (8.1%)

8 (69)

202 (49.9%)
203 (50.1%)

5 (13.6%)

205 (50.6%)

82 (20.2%)

118 (29.2%)
n=85; 4.6 (29-7.2)

48 (56.5%)

31 (36.5%)

6 (7.0%)
n=88; 60 (68.2%)
177 (43.7%)

8 (24.2%)
107 (26.4%)
62 (15.3%)

398 (98.3%)
7 (1.7%)
90 (22.2%)
56 (13.8%)
34 (8.4%)
4 (1.0%)
1(0-1)
178 (44.0%)
129 (31.9%)
67 (16.5%)
26 (6.4%)
5 (1.2%)

0
2 (0.5%)
110 (27.2%)
5 (1.2%)
115 (28.4%)
182 (44.9%)

123 (30.4%)
59 (14.6%)

n=353; 87.2
1(1-1)
3964 (2775-4360)
n=353
3 (0.8%)

332 (94.1%)
53 (24-9.1)

6 (1.5%)

1.2 (1.1-1.6)

n=6

5 (83.3%)
1 (16.7%)
0
n=3; 1.2
n=3; 2 (66.7%)
3 (50.0%)
5 (83.3%)
n=6
3 (50.0%)
3 (50.0%)

“Adjusted for age at operation and sex unless otherwise specified.

®Adjusted for age at operation.
Adjusted for sex.
“Non-adjusted.

“Polytomous logistic regression.
‘Not available.

“The Firth’s-penalized Cox regression.

Numbers in bold indicate statistical significance.

Organ-preserving, n=60

number or value
(% or IQR or SD)

44/16; 26.7%; 2.8:1
34.1 (29.3-36.7)
4(35-13.2)
26.7 (21.7-28.8)
46.0 (26.1-113.7)
18.7 (7.3-44.3)
32 (53.3%)
15 (25.0%)
10 (16.7%)
3 (5.0%)
7 (6-8)
40 (66.7%)
20 (33.3%)
25 (41.7%)

22 (36.7%)
14 (23.3%)
24 (40.0%)
n=7; 4.2 (3.2-6.4)
4(57.1%)
3 (42.9%)
0
n=7; 4 (57.1%)
24 (40.0%)
5 (8.3%)
9 (15.0%)
2(3.3%)

60 (100%)
0
0
0
0
0
0 (0-0)
46 (76.7%)
12 (20.0%)
2 (3.3%)

0
0
0
0
10 (16.7%)
2 (3.3%)
6 (10.0%)

10 (6.7%)

9 (15.0%)
1(1.7%)

0
NA
NA
NA
NA
NA
3.1 (1.2-7.9)

NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

p-value
univariate

0.308
0.074
0.199
0.866
0.487
0.701
0.677
0.505
0.559
0.603
0.013
0018
0.018
1.00E-06
0.106
0.052
0.609
0.099
0.854
1,000
0.707
1,000
0.679
0.676
0.004
0.057
0.008

0.602
0602
2.00E-06
431E-04
0014
1,000
3.68E-06
2.00E-06
0071
0.006
0036
1,000
NA'
1,000
0.113
0.225
0.002
1.90E-05

0.014
0.003

1.18E-44

NA
NA
NA
NA
NA

0.047

1,000
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

OR or HR (95% CI) p-value

multivariate®

0.729 (0.389-1.365)"
1.024 (0.990-1.059)°
1.034 (0.982-1.089)°
1.017 (0.968-1.069)°
1.215 (0.954-1.548)°
1.000 (0.990-1.011)¢
1.138 (0.661-1.961)°
0.899 (0.656-1.233)
0936 (0.732-1.195)¢
1.139 (0.841-1.544)°
1.225 (1.044-1.439)
0.498 (0.281-0.883)
2.007 (1.132-3.559)
0.223 (0.124-0.404)
0.704 (0.516-0.962)°
1.807 (1.029-3.171)
0.878 (0.458-1.683)
0573 (0.325-1.011)
1.042 (0.814-1.333)
1.002 (0.204-4.915)
0.746 (0.153-3.653)
1.349 (0315-5.774)
0972 (0.143-6.623)
1.071 (0.608-1.888)
3.389 (1.316-8.725)
2175 (1.028-4.600)
5.555 (1.317-23.430)

0432 (0.020-9.395)
2314 (0.106-50.308)
37.037 (2.268-500.000)
20.706 (1.264-339.232)
11425 (0.679-192.354)
1.723 (0.063-47.224)
3.026 (1.857-4.932)°
0.235 (0.125-0.443)
1.813 (0.929-3.539)
5.915 (1.407-24.861)
9.950 (0.574-172.596)
1.599 (0.067-38.201)
NA
1.674 (0.040-70.712)
1.715 (0.832-3.537)
0311 (0.058-1.659)
3.365 (1.396-8.111)
4.245 (2.0838.651)

2.412 (1.149-5.064)
11.666 (1.571-86.662)

781.571 (49.263-inf)
NA
NA
NA
NA
NA
1.057 (0.996-1.121)
2.273 (0.100-51.806)®
NA
NA

NA
NA
NA
NA
NA
NA
NA
NA
NA
NA

0.324
0.176
0.200
0.501
0.115
0.934
0.640
0.510
0.594
0.399
0.013
0.017
0.017
6.91E-07
0.028
0.039
0.694
0.054
0.745
0.998
0.718
0.686
0977
0.812
0.011
0.042
0.020

0.593
0.593
0.011
0.034
0.091
0.747
9.00E-06
7.00E-06
0.081
0.015
0.115
0.772
NA
0.787
0.144
0.171
0.007
6.90E-05

0.020
0.016

2.32E-06

NA
NA
NA
NA
NA

0.068

0.607
NA
NA

NA

NA
NA
NA
NA
NA
NA
NA
NA
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OEBPS/Images/table2.jpg
Latency period Probability of causation Tumor size

Parameters OR, b or HR (95%CI)" p-value OR, b or HR (95%CI)* p-value OR, b or HR (95%CI)* p-value
Sex, F/M; %M; F:M ratio (ref=F) 0.956 (().918-().995)h 0.027 1.006 (0,998-1.015)b 0.148 1.026 (0.903-1.164)'> 0.697
Age at operation, years 8.648 (7.843-9.454)° 1.09E-69 -0.187 (-0.209- -0.164)° 8.22E-48 -0.938 (-4.333-2.458)° 0.588
Age at exposure, years 0.033 (-0.035-0.102)¢ 0.339 -0.158 (-0.171- -0.146)° 5.98E-84 0.189 (-0.016-0.395)¢ 0.071
Latency period, years NAY NA -0.028 (-0.048- - 0.009) 0.004 -14.219 (-25.025-3.412) 0.010
Radiation dose to the thyroid, mGy -0.027 (-0.044- -0.011) 0.001 13.575 (9.464-17.658) 2.21E-10 -0.004 (-0.043-0.036) 0.856
Probability of causation, % -0.029 (-0.058- -0.001)° 0.044 NA NA -0.053 (-0.139-0.032)° 0.221
<25% 1.016 (0.982-1.052)¢ 0.359 NA NA 1.104 (0.994-1.226)° 0.064
>25 - 50% 1.053 (1.006-1.102)° 0.027 NA NA 0.968 (0.854-1.097)° 0.608
> 50 - 75% 0.950 (0.907-0.994)° 0.027 NA NA 0.839 (0.722-0.976)° 0.023
> 75 - 100% 0.939 (0.886-0.995)° 0.032 NA NA 1.035 (0.854-1.526)° 0.724
Tumor size, mm -0.072 (-0.133- -0.012) 0.019 -0.009 (-0.022-0.004) 0.177 NA NA
lesser or equal median 1.036 (1.001-1.073) 0.043 1.009 (1.002-1.017) 0.017 NA NA
greater than median 0.965 (0.932-0.999) 0.043 0.991 (0.983-0.998) 0.017 NA NA
Full tumor capsule 0.934 (0.895-0.975) 0.002 1.001 (0.991-1.011) 0.862 0.949 (0.827-1.090) 0.460
Dominant growth pattern 1.044 (().996—1.094)r 0.076 1.004 (0.998-1.01 1)( 0.211 0.900 (0.816—0‘992)' 0.034
papillary 0.970 (0.937-1.004) 0.083 0.993 (0.985-1.000) 0.049 1.112 (1.002-1.234) 0.045
follicular 0.988 (0.948-1.030) 0.565 1.010 (1.002-1.019) 0.018 0.977 (0.860-1.111) 0.724
solid-trabecular 1.051 (1.010-1.094) 0.015 1.000 (0.992-1.008) 0.970 0.897 (0.801-1.005) 0.062
Ki-67 labeling index, n=92 0.019 (-0.014-0.053) 0.259 0.038 (-0.071-0.146) 0.492 0.015 (-0.390-0.420) 0.942
0-5% 0.947 (0.869-1.030) 0.205 0.992 (0.979-1.006) 0.261 0.958 (0.740-1.239) 0.743
>5-10% 1.028 (0.945-1.119) 0.515 1.006 (0.992-1.020) 0.396 0.996 (0.766-1.296) 0.979
> 10% 1.119 (0.910-1.377) 0.286 1.008 (0.982-1.035) 0.549 1.212 (0.719-2.041) 0.470
BRAF"**!_positive, n=95 1.138 (1.035-1.252) 0.008 0.976 (0.962-0.991) 0.002 0.678 (0.486-0.946) 0.022
Oncocytic changes 1.092 (1.050-1.135) 9.00E-06 0.990 (0.982-0.997) 0.007 0.969 (0.872-1.077) 0.561
Multifocality 1.033 (0.989-1.079) 0.148 0.995 (0.986-1.004) 0.286 0.944 (0.833-1.070) 0.366
Lymphatic/vascular invasion 0.975 (0.938-1.013) 0.196 1.009 (1.000-1.017) 0.041 1.201 (1.063-1.358) 0.003
Extrathyroidal extension (any) 1.026 (0.975-1.080) 0.330 1.010 (1.000-1.020) 0.046 1.214 (1.040-1.417) 0.014
T category

pTla 0.768 (0.599-0.983) 0.036 0.980 (0.955-1.005) 0.122 0.916 (0.597-1.405) 0.686
pT3b 1.303 (1.017-1.669) 0.036 1.021 (0.995-1.047) 0.122 1.092 (0.712-1.675) 0.686
N category (N1) 1.020 (0.976-1.067) 0.378 1.004 (0.995-1.013) 0.420 1.208 (1.056-1.382) 0.006
Nla 1.027 (0.973-1.085) 0.326 1.005 (0.995-1.016) 0.320 1.258 (1.067-1.485) 0.006
N1b 1.003 (0.937-1.073) 0.935 1.000 (0.986-1.014) 0.982 1.085 (0.887-1.326) 0.429
M category (M1) 1.010 (0.851-1.198) 0913 1.024 (0.989-1.059) 0.178 0.926 (0.525-1.633) 0.791
Invasiveness score 1.020 (0.973-1.068)" 0.410 1.006 (0.999-1.013)" 0.099 1.152 (1.044-1.269)" 0.005
0 0.990 (0.957-1.025) 0.581 0.996 (0.988-1.003) 0.237 0.884 (0.796-0.981) 0.021
1 0.998 (0.961-1.037) 0.934 0.998 (0.990-1.006) 0.603 1.001 (0.895-1.121) 0.982
2 1.015 (0.966-1.066) 0.561 1.009 (0.999-1.019) 0.066 1.164 (1.004-1.349) 0.044
3 1.022 (0.948-1.101) 0.577 1.006 (0.991-1.021) 0.440 1.206 (0.954-1.524) 0.118
4 0.997 (0.842-1.180) 0.972 0.999 (0.964-1.035) 0.953 1.200 (0.718-2.006) 0.487
5 NA NA NA NA NA NA
Concomitant thyroid cancer 1.029 (0.829-1.276) 0.798 0.969 (0.901-1.043) 0.399 3.234 (0.950-11.004) 0.060
Concomitant nodular disease 1.089 (1.040-1.141) 3.30E-04 0.990 (0.981-0.999) 0.033 0.691 (0.852-1.084) 0.519
Concomitant Graves’ disease 1.010 (0.866-1.179) 0.896 0.990 (0.956-1.024) 0.549 0.741 (0.467-1.176) 0.203
Chronic thyroiditis 1.068 (1.021-1.118) 0.004 0.998 (0.989-1.006) 0.622 1.017 (0.902-1.146) 0.785
Thyroid surgery

total thyroidectomy 1.015 (0.966-1.066) 0.556 1.000 (0.990-1.011) 0.934 1.225 (1.044-1.439) 0.013
organ-preserving operation 0.985 (0.938-1.035) 0.556 1.000 (0.989-1.011) 0.934 0.816 (0.695-0.958) 0.013
LN dissection performed 1.022 (0.986-1.058) 0.235 1.002 (0.994-1.009) 0.639 1.225 (1.044-1.439) 0.013
level 2 6 1.071 (1.027-1.117) 0.001 1.004 (0.996-1.012) 0.277 1.068 (0.952-1.199) 0.259
level 1 -5 0.938 (0.894-0.984) 0.009 0.996 (0.984-1.007) 0.438 1.171 (0.999-1.372) 0.051
RIT performed 1.002 (0.963-1.043) 0.915 0.993 (0.985-1.001) 0.094 1.144 (1.011-1.295) 0.033
RIT cycles 0.984 (0.950-1.019)" 0370 0.999 (0.992-1.007)" 0.866 1.156 (1.038-1.287)" 0.008
Cumulative RI activity, MBq 0.034 (0.017-0.050) 6.60E-05 -0.020 (0.074-0.0340) 0.462 0.026 (-0.024-0.076) 0.312
RIT response, n=354 0.813 (0.692-0.954)" 0.011 0.999 (0.982-1.017)r 0.933 0.973 (0.756-1.253)i 0.834
RAI-R recurrence vs other 1.305 (0.876-1.945) 0.191 0.919 (0.986-1.073) 0.285 0.826 (0.394-1.736) 0.615
excellent vs other 0.836 (0.737-0.949) 0.006 0.999 (0.981-1.017) 0.900 0.954 (0.740-1.230) 0.714
Follow-up, years -0.202 (-0.228- -0.176) 1.51E-43 0.028 (-0.073-0.129) 0.586 0.062 (-0.025-0.150) 0.160
Recurrence 1.070 (0.904-1.266)% 0.431 0.993 (0.959-1.027)% 0.677 1.348 (0.814-2.232)% 0.246
Time to recurrence, years 0.016 (-1.915-1.947) 0.975 -0.447 (-3.630-2.736) 0.717 -1.331 (-5.489-2.827) 0.302

Recurrent metastases, n=6

Dominant growth pattern

papillary 1.217 (0.587-2.523) 0.597 1.000 (0.901-1.110) 1.000 0.405 (0.020-8.017) 0.553
follicular 0.822 (0.396-1.703) 0.597 1.000 (0.901-1.110) 1.000 2.467 (0.125-48.795) 0.553
solid-trabecular NA NA NA NA NA NA
Ki67 labeling index, n=3 NA NA -0.447 (-3.630-2.736) 0.717 NA NA
BRAvaErpositive, n=3 1.394 (0.485-4.010) 0.537 1.000 (0.915-1.093) 1.000 0.361 (0.015-8.634) 0.529
Oncocytic changes 1.349 (0.786-2.313) 0.277 1.004 (0.929-1.086) 0915 1.342 (0.098-18.315) 0.825
Cystic changes 1.045 (0.681-1.603) 0.841 1.000 (0.901-1.110) 1.000 1.467 (0.096-22.347) 0.783
RIT recurrence response

RAI-R recurrence vs other 1.191 (0.456-3.111) 0.721 0.928 (0.813-1.058) 0.263 0.842 (0.054-13.147) 0.903
excellent vs other 0.839 (0.321-2.192) 0.721 1.078 (0.945-1.230) 0.263 1.187 (0.076-18.531) 0.903

“Adjusted for age at operation and sex unless otherwise specified.
®Adjusted for age at operation.

“Adjusted for sex.

“Not available.

Non-adjusted.

fPolytomous logistic regression.

ECox regression.

Numbers in bold indicate statistical significance.
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POC or its components
Non-adjusted

POC

Sex

Age at exposure, years
Latency period, years
Age at operation, years

Thyroid dose, mGy (log)

Sex
Age at exposure, years
Latency period, years

Thyroid dose, mGy (log)

Sex
Age at operation, years

Thyroid dose, mGy (log)

Sex

Age at exposure, years
Latency period, years
Thyroid dose, mGy (log)

Tumor size, mm

*Akaike information criterion.

OR (95% CI)

1.009 (1.000-1.017)
1.535 (0.941-2.506)
0.994 (0.955-1.034)
0.971 (0.935-1.009)
0.983 (0.957-1.010)
1.270 (1.055-1.530)
Model 1A
1.393 (0.843-2.301)
1.033 (0.982-1.086)
0.983 (0.945-1.022)
1.354 (1.061-1.728)
Model 2A
1.449 (0.881-2.383)
1.002 (0.971-1.034)
1.260 (1.013-1.568)

Model 3A
1.395 (0.840-2.315)
1.029 (0.977-1.083)
0.989 (0.950-1.029)
1.365 (1.063-1.752)
1.200 (1.059-1.359)

Numbers in bold indicate statistical significance.

p-value

0.041
0.086
0.754
0.139
0213
0.012

0.196
0.207
0.395
0.015

0.144
0912
0.038

AIC?

522.337
523.567
526.323
524.262
524.886
519.968
521.468

521.884

Tumor size, mm

Sex
Age at exposure, years
Latency period, years

Tumor size, mm

Sex
Age at operation, years

Tumor size, mm

Models combining POC components and tumor size

0.198
0.277
0.588
0.015
0.004

515.101

Sex
Age at operation, years
Thyroid dose, mGy (log)

Tumor size, mm

OR (95% CI)

Tumor size
Non-adjusted
1.202 (1.064-1.358)

Model 1B
1.481 (0.899-2.440)
0.990 (0.951-1.031)
0.980 (0.943-1.020)
1.198 (1.058-1.355)

Model 2B
1.449 (0.881-2.383)
1.002 (0.971-1.034)
1.201 (1.063-1.358)

Model 3B
1.439 (0.870-2.380)
1.004 (0.972-1.037)
1.285 (1.026-1.610)
1.209 (1.069-1.369)

p-value

0.003

0.196
0.636
0.326
0.004

0.144
0.912
0.003

0.157
0.819
0.029
0.003

AIC

517.436

519.473

517.589

514.593
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POC and its components
Non-adjusted

POC

Sex

Age at exposure, years
Latency period, years
Age at operation, years

Thyroid dose, mGy (log)

Sex

Age at exposure, years
Latency, years

Thyroid dose, mGy (log)

Sex
Age at operation, years

Thyroid dose, mGy (log)

Sex

Age at exposure, years
Latency period, years
Thyroid dose, mGy (log)

Tumor size, mm

“*Akaike information criterion.

OR (95% CI)

1.010 (1.000-1.020)
1.721 (0.954-3.105)
0.966 (0.919-1.016)
1.019 (0.968-1.073)
0.993 (0.960-1.027)
1.266 (1.013-1.583)
Model 1A
1.701 (0.930-3.110)
0.992 (0.933-1.055)
1.033 (0.981-1.088)
1.248 (0.942-1.653)
Model 2A
1.636 (0.899-2.978)
1.016 (0.977-1.057)
1.313 (1.005-1.714)

Model 3A
1.705 (0.926-3.138)
0.988 (0.928-1.052)
1.042 (0.988-1.099)
1.251 (0.938-1.668)
1.240 (1.059-1.452)

Numbers in bold indicate statistical significance.

p-value AIC*
0.046 372749 Tumor size, mm
0.071 373,517
0.183 374.819
0473 376.073
0.674 376.425
0.038 372.406
374.353
0.085 Sex
0.795 Age at exposure, years
0214 Latency period, years
0.123 Tumor size, mm
373.399
0.107 Sex
0.424 Age at operation, years
0.046 Tumor size, mm

Models combining POC or its components and tumor size

369.003
0.086
0.703 Sex
0.13 Age at operation, years
0.128 Thyroid dose, mGy (log)
0.008 Tumor size, mm

OR (95% CI)

Tumor size

Non-adjusted

1.215 (1.042-1.417)

Model 1B
1779 (0.972-3.256)
0.961 (0.913-1.011)
1.034 (0.981-2.091)
1.239 (1.060-1.450)

Model 2B
1.699 (0.934-3.090)
0.996 (0.962-1.031)
1.214 (1.040-1.417)

Model 3B
Could not be fitted

p-value

0.013

0.062
0.122
0.21
0.007

0.082
0.829
0.014

AIC

370.264

369.399

371.243
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Parameters

Sex, F/M; %M; F:M ratio (ref=F)

Age at operation, years
Age at exposure, years

Latency period, years

Radiation dose to the thyroid, mGy

Probability of causation, %
<25%

> 25 - 50%

> 50 - 75%

> 75 - 100%

Tumor size, mm

lesser or equal median
greater than median

Full tumor capsule
Dominant growth pattern
papillary

follicular

solid-trabecular

Ki-67 labeling index, n=92
0-5%

>5 - 10%

>10%

BRAF"**!_positive, n=95
Oncocytic changes
Multifocality

Lymphatic/vascular invasion

Extrathyroidal extension (any)

T category

pTla

pT3b

N category (N1)
Nla

Nib

M category (M1)
Invasiveness score
0

1

2

3

4

5

Concomitant thyroid cancer

Concomitant nodular disease
Concomitant Graves’ disease

Chronic thyroiditis

Thyroid surgery
total thyroidectomy

organ-preserving operation
LN dissection performed
level > 6

level 1 -5

RIT performed

RIT cycles

Cumulative RI activity, MBq
RIT response, n=354
RAI-R recurrence vs other
excellent vs other
Follow-up, years
Recurrence

Time to recurrence, yrs
Recurrent metastases, n=6
Dominant growth pattern
papillary

follicular

solid-trabecular

Ki67 labeling index, n=3
BRAFVWE-posi(ive, n=3
Oncocytic changes

Cystic changes

RIT recurrence response
RAI-R recurrence vs other

excellent vs other

“Not available.

number or value

(% or IQR or SD)

367/98; 21.1%; 3.7:1
35.0 (29.5-39.9)
2 (4.7-13.8)
26.2 (26.2 (22.6-29.1)
46.8 (27.7-113.2)
19.1 (8.6-46.9)
261 (56.1%)
101 (21.7%)
67 (14.4%)
36 (7.7%)
7.0 (6-9)
242 (52.0)
223 (48.0)
80 (17.2)

227 (48.8)
96 (20.6)
142 (30.6)
6(29-7.2)
52 (56.5%)
34 (37.0%)
6 (6.5%)
64 (67.4%)
201 (43.2%)
103 (22.2%)
116 (24.9%)
64 (13.8%)

458 (98.5%)
7 (1.5%)
90 (19.4%)
56 (12.0%)
34 (7.3%)
4 (0.9%)
1(0-1)
224 (48.2%)
141 (30.3%)
69 (14.8%)
26 (5.6%)
5 (1.1%)
0
2 (0.4%)
120 (25.8%)
7 (1.5%)
121 (26.0%)

405 (87.1%)
60 (12.9%)
192 (41.3%)
132 (28.4%)
60 (12.9%)
354 (76.1%)
1(1-1)
3964 (2775-4360)

3 (0.8%)
333 (94.1)
52 (22:9.1)
6 (1.3%)
12 (1.1-16)

5 (83.3%)
1(16.7%)
0
1.2 (1.0-1.9)
2 (66.7%)
3 (50.0%)
5 (83.3%)

3 (50.0%)
3 (50.0%)

Numbers in bold indicate statistical significance.

Age

OR, b or HR (95%CI)

0.974 (0.947-1.002)
NA
0.374 (0.341-0.407)

19.114 (17.311-20.918)

-0.043 (-0.051- -0.35)
-0.126 (-0.142- -0.110)
1.200 (1.156-1.246)
0.971 (0.944-0.999)
0.876 (0.845-0.909)
0.867 (0.829-0.907)
-0.008 (-0.050-0.34)
0.999 (0.976-1.022)
1.001 (0.978-1.025)
0.969 (0.940-0.999)
1.016 (0.993-1.039)
0.991 (0.967-1.014)
0.981 (0.953-1.009)
1.028 (1.001-1.056)
-0.003 (-0.021-0.015)
1.023 (0.982-1.065)
0.983 (0.943-1.024)
0.978 (0.904-1.057)
1.119 (1.063-1.177)
1.054 (1.027-1.081)
1.027 (0.997-1.058)
0.983 (0.957-1.010)
0.993 (0.960-1.027)

0.972 (0.876-1.079)
1.028 (0.927-1.141)
1.001 (0.971-1.032)
0.983 (0.948-1.018)
1.033 (0.984-1.085)
0.942 (0.840-1.055)
1.001 (0.979-1.024)
0.995 (0.972-1.019)
1.012 (0.986-1.039)
0.995 (0.962-1.028)
0.988 (0.940-1.039)
1.018 (0.903-1.148)
NA
1.133 (0.928-1.384)
1.059 (1.027-1.091)
1.047 (0.939-1.167)
1.029 (1.000-1.058)

1.026 (0.991-1.061)
0975 (0.942-1.009)
1.000 (0.977-1.025)
1.016 (0.989-1.043)
0975 (0.942-1.008)
1.024 (0.996-1.052)
0997 (0.973-1.022)
0.011 (-0.001-0.023)
0953 (0.803-1.018)
1.174 (0.963-1.425)
0954 (0.894-1.019)
-0.095 (-0.115- -0.074)
1.016 (0913-1.131)
-0.001 (-0.529-0.528)

1.134 (0.870-1.478)
0.882 (0.677-1.149)
NA
0.069 (-0.470-0.608)
1.245 (0.809-1.915)
1.108 (0.901-1.363)
1.049 (0.846-1.302)

1.202 (0.904-1.599)
0.832 (0.626-1.106)

p-value

0.073
NA
8.51E-76
1.79E-68
1.01E-22
1.37E-43
1.62E-21
0.041
1.71E-12
5.49E-10
0.709
0.930
0.930
0.044
0.175
0.438
0.185
0.045
0.781
0.280
0.413
0.569
1.50E-05
7.10E-05
0.081
0.213
0.674

0.597
0.597
0.944
0.334
0.190
0.299
0.900
0.673
0.383
0.750
0.641
0.773
NA
0.219
2.34E-04
0.412
0.049

0.143
0.143
0973
0.254
0.138
0.090
0.809
0.066
0.156
0.103
0.165
8.25E-19
0.767
0.998

0.352
0.352
NA
0.351
0319
0.332
0.660

0.206
0.206

Sex
OR, b or HR (95%CI)

NA®
-10.351 (-25.003-4.301)
-0.221 (-1.111-0.669)
-48.616 (-95.575-1.656)
0.140 (-0.029-0.310)
0.171 (-0.199-0.542)
0.855 (0.546-1.337)
0905 (0.522-1.569)
0987 (0.523-1.866)
1.994 (0.959-4.147)
0.158 (-0.632-0.948)
1.053 (0.674-1.645)
0950 (0.608-1.484)
0924 (0.507-1.683)
1.798 (0.522-1.220)
1118 (0.716-1.746)
1.428 (0.846-2.408)
0639 (0.382-1.070)
-0.199 (-0.605-0.207)
1.396 (0.538-3.626)
0.808 (0.303-2.151)
0.548 (0.061-4.942)
0.353 (0.138-0.902)
0836 (0.531-1.317)
0877 (0.507-1.519)
1,535 (0.940-2.506)
1.721 (0.954-3.105)

0.663 (0.127-3.470)
1,508 (0.288-7.895)
1.710 (1.013-2.885)
1437 (0.759-2.721)
1.891 (0.888-4.028)
3.802 (0.529-27.340)
1451 (0.961-2.190)
0.847 (0.541-1.324)
0693 (0.416-1.154)
1271 (0.698-2.316)
3518 (1.571-7.879)
0936 (0.103-8.467)
NA
0.742 (0.035-15.798)
0.585 (0.334-1.023)
0.244 (0.014-4.370)
0.262 (0.131-0.523)

0.698 (0.375-1.300)
1.432 (0.769-2.666)
1.411 (0.901-2.209)
0.889 (0.538-1.469)
2294 (1.277-4.120)
0.642 (0.391-1.054)
0.908 (0.575-1.434)
0.194 (-0.031-0.418)
0.279 (0.113-0.690)
7.155 (0.921-55.565)
0.285 (0.117-0.697)
0.098 (-0.313-0.509)
3.646 (0.732-18.161)
3.496 (-5.047-12.020)

0.238 (0.004-15.012)
4.199 (0.067-264.725)
NA
-0.450 (-19.157-18.257)
2.999 (0.015-605.350)
1.360 (0.013-9.816)
4.199 (0.067-264.725)

2.777 (0.102-75.720)
0.360 (0.013-9.816)

p-value

NA
0.166
0.626
0.042
0.105
0.364
0.491
0.723
0.969
0.065
0.695
0.820
0.820
0.796
0.297
0.623
0.182
0.089
0.332
0.493
0.669
0.592
0.03
0.441
0.640
0.086
0.071

0.626
0.626
0.045
0.266
0.099
0.185
0.077
0.466
0.159
0433
0.002
0953
NA
0.848
0.060
0.338
1.46E-04

0.257
0.257
0.132
0.646
0.005
0.079
0.679
0.091
0.006
0.060
0.006
0.639
0.114
0.320

0.497
0.497
NA
0.811
0.685
0.545
0.497

0.545
0.545
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“*Akaike information criterion.

Numbers in bold indicate statistical significance.

b (95% CI)

0.991 (0.983-0.998)
0.950 (0.608-1.484)
1.039 (1.003-1.076)
0.965 (0.932-0.999)
1.001 (0.978-1.025)
0.896 (0.762-1.055)
Model 1
0.917 (0.581-1.445)
1.035 (0.993-1.078)
0.961 (0.927-0.995)
0.948 (0.781-1.151)
Model 2
0.969 (0.618-1.520)
0.991 (0.965-1.019)
0.872 (0.724-1.051)

p-value

0.017
0.820
0.032
0.043
0.930
0.188

0.708
0.105
0.027
0.591

0.893
0.535
0.152

AIC*

641.993
647.799
643.192
643.708
647.842
646.086
644.147

649.687
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