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Simple Summary: The pivotal criterion for choosing the active surveillance strategy for papillary 
thyroid microcarcinoma (PTMC) is the absence of any signs of lymphogenic or distant metastases. 
The purpose of our retrospective study was to evaluate the possibility of predicting the presence of 
metastases based on the molecular profile of preoperative cytological samples. We confirmed that 
the presence of lymphogenic metastasis in PTMC patients can be predicted based on the expression 
of miR-146b, miR-7, HMGA2, and miR-148b. The use of molecular markers can complement existing 
systems for assessing the risk of PTMC progression. 

Abstract: Objective. The strategy of active surveillance for papillary thyroid microcarcinoma (PTMC) 
is currently becoming more popular in the global medical community. The pivotal criterion for 
choosing the active surveillance strategy is the absence of any signs of lymphogenic or distant 
metastases. In the present work, we assessed the diagnostic accuracy of molecular genetic markers in 
predicting the metastatic potential in patients with PTMC. Methods. The expression level of 33 
molecular genetic markers in cytology samples from 92 patients with PTMC with the known 
histological diagnosis, including 32 with metastases to regional cervical lymph nodes, was assessed. 
The list included 22 genes and 11 microRNAs. The presence of the somatic BRAF V600E mutation 
was investigated separately. Results. In patients with metastatic PTMC, the HMGA2 gene, the TIMP1 
gene, and the FN1 gene were more active, and microRNA-146b expression was upregulated. 
Downregulated expression of microRNA-7 and -148b was also detected in metastatic tumors, which 
is indicative of their tumor suppressor role. Metastatic tumors were characterized by on average 11-
fold lower activity of DIO1, eightfold lower expression of the TFF3 gene, fourfold lower expression 
of TPO. All the markers, except for BRAF mutation, have high sensitivity (84.5–90.6%) for detecting 
metastatic PTMC but low specificity (~ 50%). Conclusions. Application of molecular markers for 
predicting lymphogenic metastatic spread in patients with PTMC can possibly supplement the 
existing risk grading systems. These studies are relatively simple to conduct and available as early as 
at the preoperative stage. 
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1. Introduction 

Papillary thyroid microcarcinoma (PTMC) is one of the most frequently diagnosed forms of 
thyroid cancer. There has been an increasing trend in its incidence over the past decades. Over the 
period between 1990 and 2017, the global annual age-standardized incidence rate (ASIR) of thyroid 
cancer rose from 2.1 to 3.15; the annual increase was 1.59% [1]. Advances in diagnostic procedures 
and higher frequency of using fine-needle aspiration biopsy are among the key reasons behind the 
increasing number of diagnosed cases. The modern imaging techniques and diagnostic approaches 
allow one to detect even minute lesions in the thyroid gland, thus resulting in larger number of 
diagnosed PTMC cases [2]. 

Specialists often perform fine-needle aspiration biopsy of even small thyroid lesions, although 
clinical guidelines do not always find it necessary [3]. Nevertheless, physicians perform a biopsy at 
the slightest suspicion of malignancy, which in turn increases the number of detected PTMC cases. 
Physicians often rely on the results of fine-needle aspiration biopsy when making a decision whether 
a surgical intervention is needed, so the number of surgeries of the thyroid rises [4]. Controversy 
exists among specialists about this approach, since many of detected microcarcinomas remain stable 
and do not progress over a long time [2]. The strategy of active surveillance (AS) for PTMC is 
currently becoming more popular in the global medical community [5]. 

Studies demonstrated that only 5% of all papillary microcarcinomas progress and require active 
interventions [6]. However, even this small percentage is rather significant, since tumor progression 
can jeopardize patient health. Therefore, the AS strategy requires tight control and regular 
examination to timely detect any potential changes in tumor condition and take respective measures. 
There currently exist certain criteria for active surveillance of patients: tumors < 1 cm in diameter, 
located at a distance from the trachea, esophagus, and laryngeal nerves [7]. 

Patient’s psychological readiness for active surveillance is also very important. The patient 
should be informed about the possible risks and benefits of this approach, as well as the need to 
undergo regular monitoring and examinations [8]. 

Despite the significance of the aforementioned criteria for choosing a strategy for active 
surveillance of papillary thyroid microcarcinoma, one should admit that they are relative and 
subjective. Each case of papillary thyroid microcarcinoma is unique, and its progression can be 
affected by numerous factors [9]. 

The pivotal criterion for choosing the active surveillance strategy is the absence of any signs of 
lymphogenic or distant metastases. If metastases emerge during AS, more aggressive treatment 
(thyroidectomy and lymphadenectomy; radioiodine therapy) is required than therapy that could 
have been used for a newly diagnosed microcarcinoma when hemithyroidectomy is usually a 
sufficient option [4]. Searching for new markers that can predict the aggressiveness of PTMC as early 
as at the preoperative stage remains an urgent problem that still needs to be solved. Attempts to 
predict the aggressiveness of papillary thyroid cancer (PTC) based on molecular genetic alterations 
have been made in various studies [10–12], and molecular risk groups (MRGs) were formed. In 
particular, the low-risk MRG involved RAS-like alterations, and the intermediate-risk MRG involved 
BRAF alterations. The high-risk profile included the presence of mutations in the TERT, TP53, AKT1, 
and PIK3CA genes. Studies have shown that the molecular profile can rather accurately predict the 
risk of distant metastases based on the presence of TERT, TP53, AKT1 and PIK3CA mutations [13,14] 
and generally improve the accuracy of estimating the risk of recurrence according to the ATA 
guidelines [15]. However, it was impossible to predict the emergence of metastases in the cervical 
lymph nodes based on the data on mutations. 
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The revealed associations between the presence of regional metastases in patients with PTC and 
the microRNA + mRNA expression levels in tumor tissue are of particular interest. However, the 
chances for detecting these molecular genetic alterations in FNAB specimens have not been assessed 
in these studies [16–19]. 

In our previous paper, we investigated the diagnostic potential of several types of molecular 
markers, such as expression of various miRNAs and protein-coding genes, for preoperatively 
predicting such characteristics of PTC as lymphogenic metastasis and extrathyroidal invasion. The 
results of these studies have already been published [20]. In the present work, we assessed the 
diagnostic accuracy of molecular genetic markers in predicting the metastatic potential in patients 
with PTMC. 

2. Materials and Methods 

Over the period between 2021 and 2023, 92 patients were chosen from 1804 patients diagnosed 
with PTMC on a random basis; 32 of them had metastases to regional cervical lymph nodes. The 
study design was approved by the Ethics Committee of the South Ural State Medical University dated 
18 April 2019 (protocol No. 3). 

Choosing a set of molecular markers. The set of mRNAs for analysis was primarily selected 
according to the available literature. Protein-coding genes were chosen so that their exon–intron 
structure enabled detection of mRNA without preliminary removal of genomic DNA. The list of 
mRNAs included 22 genes: FN1, Geminin (GMNN), CDKN2A, TIMP1, CITED1, TPO, SLC26A7, 
HMGA2, CPQ, RXRG, SPATA18, APOE, ASF1B, AFAP1L2, CLU, ECM1, DIO1, NIS, SERPINA1, 
TFF3, TMPRSS4, and TSHR. 

The microRNA set was chosen based on our own data [21], as well as analysis of literature data. 
A total of 11 microRNAs were included in experimental analysis: miR-146b-5p, miR-199b-5p, miR-
221-3p, miR-223-3p, miR-31-5p, miR-375, miR-451a, miR-551b-3p, miR-148b-3p, miR-21-5p, and miR-
125b-5p. Hence, a total of 33 molecular genetic markers were studied in this work. The presence of 
the somatic BRAF V600E mutation was investigated separately. 

Semi-quantitative assessment of messenger RNA level. Semi-quantitative assessment of mRNA 
level was conducted by real-time RT-PCR using specific primers and fluorescent-labeled probes to 
detect mRNAs of respective genes and the phosphoglycerate kinase (PGK1) housekeeping gene, 
which was used as a normalization gene. The RT-PCR protocol was as follows: incubation at 45 °C 
for 30 min; heating at 95 °C for 2 min, 50 cycles: denaturation at 94 °C for 10 s, annealing and 
elongation at 60 °C for 20 s. The relative expression level was calculated using the 2−ΔCq method [22]. 

Detection of microRNAs. Real-time RT-PCR detection of 16 miRNAs was conducted for all the 
types of tumors and lesions. Mature miRNAs were detected by stem-loop RT-PCR [23]. Real-time 
reverse-transcription PCR was conducted according to the procedure described in ref. [21]. Reverse 
transcription reaction followed by real-time PCR was carried out individually for each miRNA. A 
single replicate of analysis was performed for each sample. The miRNA level was normalized to the 
geometric mean of the levels of three reference miRNAs (miR-197-3p, -23a-3p, and -29b-3p) using the 
2-ΔCq method. 

Detection of somatic BRAF mutation. All the samples were analyzed to detect somatic 
mutations: V600E, V600K, and V600R in the BRAF gene. Somatic mutations were detected by allele-
specific PCR with a hydrolyzable probe. The PCR protocol was as follows: pre-heating at 95 °C for 2 
min, 50 cycles: denaturation at 94 °C for 10 s; annealing and elongation at 60 °C for 15 s. 

Statistical data analysis was conducted using the SPSS Statistics 23 (IBM, USA) and Excel 
software (Microsoft, USA). The data are presented as the mean and median values, as well as the first 
(Q1) and third (Q3) quartiles. Comparative analysis of two independent groups for quantitative traits 
was performed using the Mann–Whitney U test. Comparative analysis of two independent groups 
for quantitative traits was conducted using the Mann–Whitney U test. The multiple hypothesis 
testing problem was solved using the family-wise error rate (FWER) with Bonferroni correction. The 
significance level p was calculated as 0.05 divided by the number of features being compared; 33 
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features were compared in our study. Therefore, differences at significance level p <0.05/33 = 0.0015 
were considered statistically significant. The odds ratio (OR) with 95% confidence interval (CI) were 
calculated to assess associations between two binary characteristics. 

ROC analysis was conducted to objectively assess the predictive power of expression levels of 
various microRNAs and genes and predict the risk of detecting lymphogenic metastases of PTMC. 
The operating characteristics of the following parameters were calculated: sensitivity (SEN), 
specificity (SPC), positive predictive value (PPV), and negative predictive value (NPV). Test 
comparison was carried out with allowance for the area under the ROC curves (AUC). The expert 
scale used to assess model performance was as follows: 0.9–1.0—excellent; 0.8–0.9—very good; 0.7–
0.8—good; 0.6–0.7—fair; and 0.5–0.6—unsatisfactory. 

Machine learning algorithms were used to build classification models: logistic regression 
analysis (LR) and light gradient-boosting machine (LightGBM). The models were built using the data 
development and machine learning software packages (Numpy v1.24.3, Pandas v2.0.3, Scikit-learn 
v1.3.0, and LightGBM v4.3.0) for Python programming language (v3.11.5). The data were randomly 
divided into the training and test samples (at a ratio of 0.8:0.2 from the original sample), with 
interclass correlations left unchanged. Values in the training and test samples were normalized. 
Hyperparameters were selected using the grid search procedure and fivefold cross-validation. 
Accuracy (prognostic accuracy), Precision (correctness of positive predictions), Recall (completeness 
of prognosis), F1 score (the harmonic mean of the Precision and Recall metrics), ROC AUC score (area 
under the ROC curve), and Specificity were used as prognostic performance metrics. The Recall 
metric, corresponding to classifier sensitivity, was chosen to be the target metric for training. The 
results of comparison using the Mann–Whitney U test and the Mutual Information function (a 
nonparametric test indicating the relationship between two random variables, which is used in 
machine learning for feature selection) were used for feature selection. 

3. Results 

Females predominated (81.5%) among the 92 patients included in the study; the percentage of 
males was 18.5% of the total number of patients. The mean age of patients at surgery was 47 years 
(range: 18–76 years). PTMC was most frequently located in the right thyroid lobe (70%) and less 
frequently, in the left thyroid lobe (30%). In accordance with the standardized European Thyroid 
Imaging Reporting and Data System (EU-TIRADS), six (6.5%) patients had EU-TIRADS category 3; 
19 (20.7%) patients, EU-TIRADS category 4; and 67 (72.8%) patients, EU-TIRADS category 5. 
According to the Bethesda System for Reporting Thyroid Cytopathology (TBSRTC, 2023), the 
analyzed group of patients was distributed as follows: Atypia of Undetermined Significance (AUS), 
in 2 (2.2%) patients; Follicular neoplasm (FN), in 13 (14.1%) patients; Suspicious for Malignancy (SM), 
in 43 (46.7%) patients; and Malignant (M), in 34 (37%) patients. Hemithyroidectomy was conducted 
in 60 (65.2%) cases; thyroidectomy, in 32 (34.8%) cases; of those, the intervention involved central 
lymphadenectomy in 27 patients; central and lateral lymphadenectomy, in 5 patients. Metastases 
verified by ultrasound imaging or thyroglobulin measurement in FNAB washout fluid at the 
preoperative stage was an indication for lymphadenectomy (prophylactic lymphadenectomy was not 
performed). The mean tumor nodule size was 7 mm (the minimal size, 4 mm; the maximal size, 9 
mm). 

Statistically significant differences were detected for 11 out of 33 analyzed molecular genetic 
markers: microRNAs miR-146b, miR-7, and miR-148b; messenger RNAs FN1, TIMP1, TPO, SLC26A7, 
HMGA2, DIO1, TFF3, and the BRAF mutation (Table 1). 
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Table 1. Comparative analysis of patients with metastatic spread (N = 32) and without metastatic spread (N = 
60) of PTMC. 

Parameter 
M, ME (Q1–Q3) p, Mann–

Whitney U test N1a-b N0 
miR-146b 10.6, 9.4 (7.4–13.1) 6.1, 5.5 (1.3–9,1) 0.0013 

miR-7 0.03, 0.05 (0.03–0.1) 0.06, 0.12 (0.04–0.27) 0.0044 
miR-148b 0.39, 0.42 (0.29–0.52) 0.7, 0.58 (0.38–0.96) 0.0052 

FN1 80.6, 54.7 (32.6–110.7) 64.4, 27.6 (1.6–103.1) 0.049 
TIMP1 5.1, 3.3 (2.3–6.1) 3.5, 1.9 (0.9–4.9) 0.013 
TPO 1.9, 0.6 (0.2–3.7) 7.6, 1.3 (0.6–8.3) 0.026 

SLC26A7 0.5, 0.3 (0.1–0.7) 1.3, 0.5 (0.2–1.4) 0.022 
HMGA2 0.5, 0.4 (0.2–0.6) 0.3, 0.2 (0.1–0.4) 0.002 

DIO1 0.01, 0.01 (0.002–0.02) 0.11, 0.01 (0.005–0.08) 0.018 
TFF3 0.12, 0.04 (0.01–0.11) 1.0, 0.1 (0.03–0.3) 0.017 

ME—median value; Q1, Q3—the first and third quartiles; M—mean value. 

In patients with metastatic PTMC, the HMGA2 gene (transcriptional regulation factor), the 
TIMP1 gene (matrix metalloproteinase inhibitor), and the FN1 gene (fibronectin) were more active, 
and microRNA-146b expression was upregulated. Downregulated expression of microNRA-7 and -
148b was also detected in metastatic tumors, which is indicative of their tumor suppressor role. 
Metastatic tumors were characterized by on average 11-fold lower activity of iodothyronine 
deiodinase (DIO1), eightfold lower expression of the TFF3 gene, fourfold lower expression of the 
thyroid peroxidase (TPO) gene, and 2.6-fold lower expression of the SLC26A7 (the sulfate anion 
transporter) gene. 

With allowance for multiple hypothesis testing with Bonferroni correction, the significance level 
p of 0.05/33 = 0.0015 was achieved only for miR-146b (p = 0.013). 

The BRAFV600E mutation was detected in 24 out of 32 patients with metastases and 34 out of 
60 patients without metastases. The odds ratio with 95% confidence interval was 4.6 (1.8–11.9), p = 
0.0016. 

The areas under ROC curves (AUC) were calculated for all these 11 markers. Good outcomes 
(AUC > 0.7) were achieved for miR-146b (AUC = 0.75), miR-7 (AUC = 0.75), HMGA2 (AUC = 0.72), 
and miR-148b (AUC = 0.7) (Figure 1). 

(miR-146b) (miR-7) 
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(HMGA2) (miR-148b) 

Figure 1. ROC analysis of molecular genetic markers of metastatic PTMC. 

The diagnostic capability was assessed for each of these four markers and the BRAF mutation 
(Table 2). Detected BRAFV600E mutation, miR-146b expression level ≥ 5.4, miR-7 expression level ≤ 
0.13, HGMA2 expression level ≥ 0.17, and miR-148b expression level ≤ 0.67 were regarded as 
diagnostic factors of metastatic PTMC. 

Table 2. Diagnostic characteristics of molecular genetic markers for detecting metastatic PTMC. 

Parameter 
Number of observations; parameter value 

miR-146b miR-7 HMGA2 miR-148b BRAF 
FP 30 31 32 35 34 
FN 4 4 3 5 8 
TP 28 28 29 27 24 
TN 30 29 28 25 26 

SEN, % 87.5 87.5 90.6 84.5 75 
SPC, % 50 48.3 46.7 41.6 43.3 
PPV, % 8.4 8.2 8.2 7.1 6.5 

NPV*, % 98.7 98.7 98.9 98 97 
FP—false positive; FN—false negative; TP—true positive; TN—true negative; SEN—sensitivity; SPC—
specificity; PPV—positive predictive value; NPV—negative predictive value. 

All the markers, except for BRAF mutation, have high sensitivity for detecting metastatic PTMC 
but low specificity (~50%). In other words, expression levels of microRNA and mRNA were typical 
of metastatic carcinoma in almost every other patient without metastases. 

Different machine learning algorithms were used to build prognostic models. Training involved 
two stages. At the first stage, feature selection procedure was employed using the Mutual 
Information function implemented in sklearn for the training dataset (Figure 2). Features with the 
Mutual Information value of zero were excluded from further analysis. 
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Figure 2. Importance of the Mutual Information function for each feature. 

At the second stage, classification models were built using the selected features (Table 3). The 
models were also built for the features selected using the Mann–Whitney U test according to 
statistical significance (Table 4). 

Table 3. Performance metrics of the models selected using the Mutual Information function. 

 Logistic Regression Random Forest LGBoost 
Metric Train Test Train Test Train Test 

Accuracy 0.79 0.53 1 0.68 0.86 0.68 
Precision 0.66 0.43 1 0.6 0.72 0.55 

Recall 0.84 0.86 1 0.43 0.96 0.71 
F1 0.74 0.57 1 0.5 0.83 0.63 

ROC AUC 0.9 0.58 1 0.77 0.92 0.72 
Specificity 0.77 0.33 1 0.83 0.81 0.66 

Table 4. Performance metrics of the models selected using the Mann–Whitney U test. 

 Logistic Regression Random Forest LGBoost 
Metric Train Test Train Test Train Test 

Accuracy 0.66 0.58 1 0.58 0.75 0.58 
Precision 0.5 0.46 1 0.43 0.6 0.44 

Recall 0.76 0.86 1 0.43 0.8 0.57 
F1 0.6 0.6 1 0.43 0.69 0.5 

ROC AUC 0.78 0.65 1 0.7 0.84 0.64 
Specificity 0.76 0.41 1 0.66 0.73 0.58 

The LGBoost model built based on the features selected using the Mutual Information function 
had the most robust prediction results in the training and test datasets (up to 71% sensitivity and 66% 
specificity for the test sample). 
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4. Discussion 

The ATA recurrence risk stratification system assesses the likelihood of PTMC persistence to be 
low. Unifocal papillary microcarcinomas located inside the thyroid gland and having no aggressive 
histological signs are believed to be characterized by recurrence risk of <1% [5]. According to the 
same guidelines, the recurrence risk is associated with the presence of cervical lymph node 
metastases. When assessing the recurrence risk, one should take into account the number and size of 
metastases, the number of affected lymph nodes with extracapsular invasion and their localization 
(the central or lateral cervical region). Therefore, it is possible to identify the histological variant and 
the stage of the neoplastic process depending on existing capsular invasion, multifocality and cervical 
lymph node metastases only after the final histological examination is performed. It is the major 
problem faced by advocates for active surveillance for PTMC. 

The largest observational study of active surveillance in patients with PTMC was conducted at 
the Kuma Clinic upon suggestion of Akira Miyauchi [6]. The authors of the study followed up 3222 
patients with microcarcinomas and compared the data to the outcomes of surgical treatment in 2424 
patients. The rate of metastatic spread to cervical lymph nodes within the 20-year follow-up was 
statistically significantly higher in the AS group (1.7% vs. 0.7% in the group of operated patients). 
Nevertheless, the authors inferred that the likelihood of metastatic spread is low, and active 
surveillance is justified. Researchers mentioned that young age (<30 years), male sex, and tumor size 
≥6 mm are factors increasing the risk of metastatic spread [6,24]. 

The Memorial Sloan Kettering Cancer Center (MSKCC), in cooperation with Kuma Hospital 
group, has elaborated the clinical scheme to assess whether active surveillance is suited for a certain 
patient [7]. The “ideal” candidates are patients older than 60 years, with a tumor not adjoining the 
thyroid capsule. A “suitable” candidate should be younger and have a multifocal tumor with the 
potentially aggressive molecular phenotype (BRAF, TERT-positive; PDT-positive); the tumor can be 
adjoining the thyroid capsule but should not lie in the risk zones; it may also have other imaging 
features that may hamper further surveillance (e.g., thyroiditis or other benign thyroid nodules). An 
“ill-suited” candidate has tumors in risky locations (e.g., near the trachea or the recurrent laryngeal 
nerve) or has signs of extrathyroidal invasion. The authors of these recommendations indicate that 
many of these characteristics are rather relative and strongly depend on the expertise of the clinic and 
medical personnel. Experts agree that molecular genetic studies are the future of identifying 
indications for using the active surveillance approach; however, they are currently not available in 
routine practice, especially in developing countries [25]. 

The presence of BRAF mutation is currently the best-studied and widely available molecular 
genetic marker. According to the large-scale meta-analysis data [26], PTMC patients carrying a 
BRAFV600E mutation had a 43% higher risk of developing metastasis in cervical lymph nodes (OR = 
1.43, 95% CI = 1.19–1.71). According to our data, the OR was 4.6 (CI = 1.8–11.9), which is probably 
related to the higher occurrence of this mutation (63%) in the study group. However, if we rely 
exclusively on this marker, 63% of PTMC patients a priori should not remain under active 
surveillance. 

The potential role of microRNA-146b in oncogenesis of papillary thyroid cancer was reported in 
a meta-analysis back in 2017 [27]. Its increased expression level was associated with the more 
aggressive course of the disease. According to our data, prediction of metastatic spread using this 
marker was more accurate than prediction based on BRAF mutation (87.5% sensitivity; 50% 
specificity). The other two microRNAs (miR-7 and miR-148b) and the HMGA2 gene showed a 
comparable accuracy. Nonetheless, the ~50% specificity implies that surgical treatment should be 
planned instead of active surveillance, whereas the total percentage of PTMC patients with 
lymphogenic metastases estimated by us was as low as 5.6% (102 out of 1804). We believe that each 
of these markers should not be decisive and can be viewed exclusively as a supplementary method 
in doubtful cases when a choice between active surveillance and surgical treatment needs to be made 

Machine learning models assess the potential of analyzed markers for predicting metastatic 
spread in patients with PTMC. A combination of several markers improves prognostic performance. 
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A promising approach is to combine the detected molecular parameters and clinical instrumented 
data to build more accurate models. Further data collection will significantly improve performance 
of the created models. 

5. Conclusions 

Application of molecular markers for predicting lymphogenic metastatic spread in patients with 
PTMC can possibly supplement the existing risk grading systems. These studies are relatively simple 
to conduct and available as early as at the preoperative stage. Machine learning algorithms provide 
more accurate outcomes than each individual marker. To create higher-accuracy models, experience 
needs to be gained and parameters being analyzed need to be expanded by using clinical 
instrumented data and larger patient samples. 
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