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Purpose: Papillary thyroid carcinoma (PTC) is the most common thyroid malignancy. Although its mortality rate is low, some
patients experience cancer recurrence during follow-up. In this study, we investigated the accuracy of a novel multimodal model by
simultaneously analyzing numeric and time-series data to predict recurrence in patients with PTC after thyroidectomy.

Patients and Methods: We analyzed patients with thyroid carcinoma who underwent thyroidectomy at the Chungbuk National
University Hospital between January 2006 and December 2021. The proposed model used numerical data, including clinical
information at the time of surgery, and time-series data, including postoperative thyroid function test results. For the model training
with unbalanced data, we employed weighted binary cross-entropy with weights of 0.8 for the positive (recurrence) group and 0.2 for
the negative (nonrecurrence) group. We performed four-fold cross-validation of the dataset to evaluate the model performance.
Results: Our dataset comprised 1613 patients who underwent thyroidectomy, including 1550 and 63 patients with nonrecurrent and
recurrent PTC, respectively. Patients with recurrence had a larger tumor size, more tumor multiplicity, and a higher male-to-female
ratio than those without recurrence. The proposed model achieved an average area under the curve of 0.9622, Fl-score of 0.4603,
sensitivity of 0.9042, and specificity of 0.9077.

Conclusion: When applying our proposed model, the experimental results showed that it could predict recurrence at least 1 year
before occurrence. The multimodal model for predicting PTC recurrence after thyroidectomy showed good performance. In clinical
practice, it may help with the early detection of recurrence during the follow-up of patients with PTC after thyroidectomy.
Keywords: follow-up, malignancy, thyroidectomy, thyroid cancer

Introduction
Thyroid cancer is the most common endocrine malignancy, and papillary thyroid carcinoma (PTC) is the most frequent
thyroid malignancy, accounting for >80% of cases.' The incidence of thyroid cancer has shown an increasing trend in
most countries over the past few decades.? In Korea, the incidence of thyroid cancer has increased rapidly since 1999,
demonstrating the highest incidence worldwide.>* According to a recent investigation, although the increasing tendency
has declined, the prevalence remains the highest among other countries globally for both sexes.’

Despite its high incidence, studies regarding the prognosis of patients with thyroid cancer are fewer than those for
other cancers. This may be attributed to the excellent prognosis of patients with thyroid cancer. Notably, mortality due to
thyroid cancer did not increase during the period of dramatic increase in incidence.” Moreover, the 5-year survival rate of

patients with thyroid cancer in Korea has reached approximately 100%.> Although the mortality rate is low, some
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patients experience cancer recurrence during follow-up. Previous studies showed that the recurrence rate was 8-28%.%’
In one study, the time to recurrence was 8.1 years, and 11% of recurrences occurred after 20 years.” Considering the high
incidence of thyroid cancer in the younger population (ages of 15-34 years) and long follow-up period, recurrence should
not be overlooked. Early detection of recurrence helps improve patient outcomes and reduces socioeconomic burden.

According to the guidelines of the American Thyroid Association, some factors are suggested to assess the risk of
structural disease recurrence in patients without structurally identifiable disease after initial therapy.® These include
clinicopathological features such as Tumor Node Metastasis (TNM) stage, microscopic extrathyroidal extension, cervical
lymph node metastases, vascular invasion, and aggressive tumor histology. In clinical practice, patients are classified as
having a low, intermediate, or high risk of recurrence based on a comprehensive consideration of these factors. However, this
three-category risk stratification system shows various risk ranges depending on specific clinical features, despite sharing the
same risk category. Therefore, ambiguity exists when applied in actual clinical practice, and there is a limit to presenting the
recurrence risk as a specific numerical value by comprehensively considering each risk factor in each patient.

Recently, machine learning and deep learning technologies have been widely used in the medical field, particularly
for the assessment of image data.”'® However, the application of machine learning models to predict PTC recurrence is
rare. Previous studies have predicted the recurrence of PTC using machine learning models consisting of clinicopatho-
logical parameters.'' " In these studies, the prediction accuracy for recurrence varied between 71.4% and 95.0%.
However, a recurrence prediction model that considers continuous changes in clinical data during postoperative follow-
up has not yet been developed.

In this study, we investigated the accuracy of a novel multimodal model by simultaneously analyzing numerical and
time-series data to predict recurrence in patients with PTC after thyroidectomy.

Material and Methods

This research team has previously published results on the Al prediction model. For detailed methodologies, please refer
to the corresponding paper.'*

Study Population

We analyzed patients with thyroid carcinoma who underwent thyroid lobectomy or total thyroidectomy at the CBNUH
between January 2006 and December 2021. Patients were included according to the following inclusion criteria:
underwent surgery owing to thyroid carcinoma, with histopathology reports stored in the CBNUH database; diagnosed
with PTC owing to the postoperative histopathological examination; and a sequential follow-up >5 years after the
surgery.'> The exclusion criteria were as follows: follow-up <5 years after the surgery;'> histopathological examination
results revealing the absence of PTC after the surgery (including mixed cases of different types of thyroid carcinoma);
and follow-up data not continuously acquired, or intermittent (Figure 1).

Predictors
To detect PTC recurrence, we acquired clinical data, including demographic information (sex, age), ultrasonography (US)
reports, pathology reports (histopathology and cytopathology reports), whole-body iodine scan, and thyroid function test
(TFT) results (thyroid-stimulating hormone [TSH], triiodothyronine [T3], free thyroxine [fT4], and thyroglobulin [Tg]).®
Whole-body iodine scan and US were used to confirm recurrence and were excluded from the model input. PTC
recurrence was defined as a new suspicious lesion detected by comparing the previous US results with current US results,
which was confirmed using fine-needle aspiration cytology.'¢™'®

We extracted and analyzed tumor size, tumor multiplicity, extrathyroidal extension (ETE), extranodal extension
(ENE), and TNM stage (T, N classification) from the pathology reports.'> TNM stage was sorted according to the 7th
American Joint Committee on Cancer staging system.®'? Patients whose N classification was evaluated as N_x because
they did not undergo intraoperative neck dissection were labeled as “ENE not occurred.”

TFT results, including the TSH, T3, fT4, and Tg levels, were acquired after PTC surgery."®*° TFT results were
acquired every 6 months (+ 3 months) from the surgery date as time-series data. We used time-dependent linear
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Figure | Flow chart of the data acquisition process.

interpolation and backward-filling to process the missing TFT results. Furthermore, TFT results were used only for the
prior 5 years; in patients with recurrence, results after the recurrence date were not used.

Model Architecture

We proposed a novel multimodal-based deep learning model to predict PTC recurrence. The proposed model used numerical
data, including clinical information at the time of surgery, and time-series data, including postoperative TFT results. Our
model comprised three blocks (Figure 2); first, a multilayer perceptron block, utilizing numerical data as input and comprising
two dense layers (a batch normalization layer and an activation layer [ReLU]). To improve the training speed and alleviate the
fallacy of generalization, we included a batch normalization layer.?' Second, a long short-term memory (LSTM) block
utilizing time-series data as the input, comprised three LSTM models. To sufficiently reflect data from the past, we adopted
the LSTM model, which trains the temporal tendency by dividing the short-term and long-term memory.** Finally, an
ensemble block (using a combined vector of each feature vector as the input) comprised a dense layer, a batch normalization
layer, and an activation layer (ReLU), and calculated a probability value as the output through a sigmoid function.

Model Training
To train the model with unbalanced data, we employed weighted binary cross-entropy with weights of 0.8 for the positive
(recurrence) group and 0.2 for the negative (nonrecurrence) group. The Adam optimizer was used at a learning rate of
1.0e-3. When the area under the receiver operating characteristic (ROC) curve (AUROC) for the validation data did not
increase over 10 epochs, the learning rate was multiplied by 1.0e-1.

The proposed model was implemented using the TensorFlow 2.4.1 library in Python 3.7 and was trained on the CUDA
11.0.3 toolkit using a desktop computer with an NVIDIA GeForce RTX 3080 GPU and Intel Core i7-11700K 3.60GHz CPU.

Evaluation of Model Performance
We performed four-fold cross-validation to evaluate the performance of the proposed model. The dataset was equally divided
into four folds. Three folds (75%) were used for training, and one fold (25%) was used for validation and testing. Four
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Figure 2 The proposed model architecture for predicting papillary thyroid carcinoma recurrence.

validation iterations were performed; within each iteration, a different fold of the data was used for validation and testing,
whereas the remaining three folds were used for training. We used four evaluation metrics: sensitivity, specificity, F1-score,
and AUROC. The AUROC ranged between 0 and 1, with 0.5 indicating a coin flip and 1 indicating a perfect classifier.

Statistical Analysis

Data were presented as 95% confidence intervals (CIs) of the mean in the t-distribution for continuous variables, and as
proportions for categorical variables. To evaluate the association between thyroid cancer recurrence and categorical variables,
Pearson’s  test or Fisher’s exact test was used. All continuous variables satisfied normality according to the central limit
theorem, as the number of samples of each patient according to recurrence was >30.%> Therefore, the association between
continuous variables and PTC recurrence was evaluated using the #-test according to the test of equal variances (F-test). All
statistical analyses were performed using R version 4.1.2. Moreover, p<0.05 was considered statistically significant.

Results

Demographics and PTC Characteristics

Our dataset consisted of 1613 patients — including 1550 patients with nonrecurrent PTC (nr PTC) and 63 patients with
recurrent PTC (r PTC) — who underwent total thyroidectomy or thyroid lobectomy for PTC at the CBNUH. The mean
age of the 1550 patients with nr_PTC was 48.26 £+ 0.57 years; among these patients, 1268 were female (82%). The mean
age of the 63 patients with r PTC was 47.73 £ 3.93 years; among these patients, 42 were female (67%). The mean tumor
size was 1.02 + 0.04 in the nr PTC group and 1.66 + 0.33 in the r PTC group. Tumor multiplicity was 553 (36%) in the
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nr PTC group and 37 (59%) in the r PTC group. Pathological diagnoses of ETE and ENE were observed in 837 (54%)
and 180 (12%) patients with nr PTC, respectively, and in 54 (86%) and 27 (43%) patients with r PTC, respectively.
According to the 7th edition of the American Joint Committee on Cancer/Union for International Cancer Control TNM
staging system, T classification was as follows: 572 (37%), 108 (7%), 21 (1%), 841 (54%), and 8 (1%) patients with
nr_PTC; and 6 (10%), 2 (3%), 0 (0%), 54 (86%), and 1 (2%) patients with r PTC were classified as T la, T 1b, T 2,
T 3,and T 4, respectively. Additionally, N classification was as follows: 887 (57%), 476 (31%), 73 (5%), and 114 (7%)
patients with nr_ PTC; and 7 (11%), 26 (41%), 27 (43%), and 3 (5%) patients with r PTC were classified as N_0, N _1la,
N _1b, N_x, respectively (Table 1).

We analyzed the association between clinical data at the time of surgery and PTC recurrence. Sex, tumor size, tumor
multiplicity, ETE, ENE, T classification, and N classification were significantly different between patients with and

without recurrence.

Performance Evaluation

We performed four-fold cross-validation of the dataset to evaluate the model performance. The ROC curve for the four
folds and average ROC curve are presented in Figure 3A, whereas the sum of the confusion matrix for the four folds is
shown in Figure 3B. The overall sensitivity, specificity, and F1-score for the optimal threshold obtained from the ROC
curve and AUROC are presented in Table 2. The proposed model achieved an average AUROC of 0.9622, F1-score of
0.4603, sensitivity of 0.9042, and specificity of 0.9077.

Table | Demographics and Papillary Thyroid Carcinoma Characteristics of Patients

Total (n=1613) | nr_PTC (n=1550) | r_ PTC (n=63) | p-Value

Age (years) 4824 + 0.57 4826 + 0.57 4773 +3.93 0.7921
Sex, female (n, %) | 1310 (81%) 1268 (82%) 42 (67%) <0.001
Tumor size (cm) | 1.04 + 0.04 1.02 + 0.04 1.66 + 033 <0.001
Multiplicity (n, %) | 590 (37%) 553 (36%) 37 (59%) <0.001
ETE (n, %) 891 (55%) 837 (54%) 54 (86%) <0.001
ENE (n, %) 207 (13%) 180 (12%) 27 (43%) <0.001

T classification

T_la(n, %) 578 (36%) 572 (37%) 6 (10%) <0.001
T_Ib (n, %) 110 (7%) 108 (7%) 2 (3%)

T 2(n, %) 21 (1%) 21 (1%) 0 (0%)

T 3(n, %) 895 (55%) 841 (54%) 54 (86%)

T_4(n, %) 9 (1%) 8 (1%) | (2%)

N classification

N_0 (n, %) 894 (55%) 887 (57%) 7 (11%) <0.001
N_la (n, %) 502 (31%) 476 (31%) 26 (41%)

N_Ib (n, %) 100 (6%) 73 (5%) 27 (43%)

N_x (n, %) 117 (7%) 114 (7%) 3 (5%)

Abbreviations: nr_PTC, nonrecurrent papillary thyroid carcinoma; r_PTC, recurrent papillary thyroid carci-
noma; ETE, extrathyroidal extension; ENE, extranodal extension.
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Figure 3 (A) Receiver operating characteristic (ROC) curve plot of the proposed model evaluated through four-fold cross-validation. (B) Four-fold confusion matrix sum.

Real-Time Prediction

The experimental results showed that the proposed model could predict recurrence at least 1 year before recurrence after
PTC surgery (Figure 4). The left y-axis of the graph represents TSH, T3, and fT4 levels, and the right y-axis represents
the probability of recurrence predicted by the model in a 6-month cycle until the most recent or recurrence date.
Additionally, a recurrence probability value >0.5 was considered PTC recurrence. TSH and Tg levels significantly
affected the probability of recurrence. For patient B, when the TSH value increased from 0.36 to 2.37 ulU/mL and the Tg
value increased from 0.22 to 1.19 ng/mL, the recurrence probability increased from 0.08 to 0.95. For patient C, when the

TSH value increased from 0.09 to 100 ulU/mL and the Tg value increased from 0.83 to 13.06 ng/mL, the recurrence
probability increased from 0.04 to 0.98.

Discussion
In this study, we developed and validated a novel multimodal model to predict recurrence in patients with PTC after
thyroidectomy by simultaneously analyzing numerical and time-series data. Our model showed an average AUROC of
0.9622, Fl-score of 0.4603, sensitivity of 0.9042, and specificity of 0.9077. Moreover, our model exhibited better
prediction accuracy than models in previous studies regarding sensitivity, F1-score, and AUROC.'*!3:24:5

During follow-up in patients with cancer, early detection of recurrence and appropriate treatment are critical for
improving prognosis. PTC has a better prognosis than other cancers; however, a substantial number of patients’

Table 2 Four-Fold Cross-Validation Results of the Proposed

Model
Sensitivity | Specificity | FI-Score | AUROC
Fold I | 0.9375 0.9665 0.6818 0.9812
Fold 2 | 0.8667 0.8711 0.3333 0.9251
Fold 3 | 0.8750 0.8863 0.3784 0.9617
Fold 4 | 0.9375 0.9070 0.4478 0.9808
Mean | 0.9042 0.9077 0.4603 0.9622

Abbreviation: AUROC, area under the receiver operating characteristic

curve.
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experience recurrence. PTC recurrence has a good prognosis, it can increase medical expenses and induce stress in

patients. Moreover, lifelong follow-up is needed, and tests are required at each visit to check for recurrence. Thus,

support programs for predicting recurrence can reduce the burden on clinicians and help in decision-making.
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Some studies have evaluated the use of machine learning-based models to predict the recurrence of PTC. In previous
studies focused on lymph node metastasis,”*>* the AUROCs were 0.75 and 0.86. These studies reported lower AUROCs
than in our study; further, they used limited data, such as computed tomography images or single-point data, at the time
of initial surgical resection. Another study using data from patients and tumor characteristics also demonstrated a lower
predictive value than the present study, including an Fl-score of 0.431.'" A study by Kim et al included patients who
underwent total thyroidectomy and radioiodine therapy, and used laboratory data on Tg levels during follow-up.'* In that
study, the model was able to predict 71.4% (10/14) of recurrences. However, the number of patients was relatively small
compared with that in our study (785 vs 1613). The authors of the study excluded patients who received radioiodine
therapy, whereas our research included patients irrespective of the use of radioiodine therapy. Moreover, the model used
in our study included most of the data that could be obtained during regular follow-up, such as blood and imaging tests.
These data were serially collected at each visit during the follow-up period.

According to the guidelines of the American Thyroid Association and Korean Thyroid Association, the risk of
structural disease recurrence is suggested to be either low, intermediate, or high.®?® There are various clinicopathological
features at the time of initial therapy to assess the risk of recurrence. However, to date, there is no method for evaluating
this risk, which changes over time during long-term follow-up. This study suggests the possibility of evaluating
recurrence at the time of examination by assessing results obtained during the follow-up. The experimental results in
the present study showed that the proposed model could predict recurrence at least 1 year before its occurrence.

This study had several strengths; first, the proposed model exhibited good prediction performance. Second, we used
numerical and time-series data to simultaneously predict recurrence. As mentioned above, different types of data were
collected at various time points during the follow-up, similar to the method used in daily clinical practice. Third, the
sample size was relatively large. The natural characteristics of PTC include a lower recurrence rate than other cancers;
therefore, to increase the number of recurrent cases, we attempted to collect data from a large number of patients with
long follow-up periods after thyroidectomy.

However, this study had some limitations; first, it had a retrospective design and was performed using data from
a single institution; therefore, there was a possibility of bias. Second, we could not include all the initial features of
thyroid cancer, such as gene mutations and detailed treatment or drug compliance information. Some of these factors may
influence the risk of recurrence and cannot be excluded.

Conclusion

In conclusion, this study is the first to attempt to predict thyroid cancer recurrence using a deep-learning model that
utilizes numerical and time-series data from patients with PTC after thyroidectomy. If a robust predictive model for PTC
recurrence is established, high-risk patients can be selected for customized treatment according to risk stratification.
However, further research is required to validate these results.
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