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Background: Thyroidectomy is commonly performed for benign or malignant thyroid tumors, often resulting in hypothyroidism.
Levothyroxine (LT4) supplementation is crucial to maintain hormone levels within the normal range and suppress TSH for cancer
control. However, determining the optimal dosage remains challenging, leading to uncertain outcomes and potential side effects.
Methods: We analyzed clinical examination data from 510 total thyroidectomy patients, including demographic information, blood
tests, and thyroid function. Using R, we applied data preprocessing techniques and identified 274 samples with 98 variables. Principal
Component Analysis, correlation analysis, and regression analysis were conducted to identify factors associated with optimal LT4
dosage.

Results: The analysis revealed that only eight variables significantly influenced the final satisfactory dosage of LT4 in tablets: Benign0/
Malignantl (benign or malignant), BQB (electrophoretic albumin ratio), TP (total protein), FDP (fibrin degradation products), TRAB 1
(thyroid-stimulating hormone receptor antibody), PT (prothrombin time), MONO# (monocyte count), and HCVOC (hepatitis C antibody). The
resulting predictive model was: Dose = —0.2656189 + 0.2543759 x Benign0/Malignantl + 0.0727776 «+ BQB + 0.0143673 % TP 4 0
.0102303 * FDP + 0.0074896 * TRAB_1 + 0.0310039 * PT — 0.3862136 * MONO# + 0.0011970 « HCVOC.

Conclusion: Parameters such as benign/malignant status, TRAB_1, and BQB ratio during medication can serve as observational
indicators for postoperative LT4 dosage. The calculated linear model can predict the LT4 dosage for patients after thyroidectomy,
leading to improved treatment effectiveness and conserving medical resources.
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Introduction

The thyroid is an organ in the human body that secretes thyroid hormones. After thyroidectomy, patients experience
insufficient secretion of thyroid hormones and therefore require exogenous supplementation of thyroid hormone to
maintain hormone levels within the normal range.'* Currently, the initial dose of levothyroxine (LT4) (eg, thyroxine) still
cannot be precisely determined, and it is still a time-consuming and labor-intensive method by which the patient returns
to the clinic periodically for thyroid function tests, and the doctor adjusts the dose according to the results to maintain
a stable hormone level. Recent studies have shown that artificial intelligence methods can be used to address this
practical issue.’ By statistically analyzing a large amount of data from traditional methods and screening for relevant

influencing genes, a dosage model can be created to assist clinicians in making predictions.* However, the predictions
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obtained using this approach are not very accurate and cannot completely replace traditional trial and error methods.
Some studies have also suggested that patients with the rs225014 TT and rs225015 GG genotypes should be given lower
doses for higher efficacy and lower toxicity.

After starting the supplementation of LT4, the dosage to be taken next is determined based on the follow-up
examination of thyroid-stimulating hormone (TSH). Due to its relatively long half-life, it is also difficult for doctors
to accurately prescribe based on patient test reports.’ Therefore, the time required to achieve a normal thyroid state
varies. In the first follow-up after thyroidectomy, about 40% of patients successfully reach normal levels of TSH,
tritodothyronine (T3), and thyroxine (T4), while the remaining 60% of patients show doses that are too low or too
high.>® When the LT4 dosage is insufficient, patients may experience symptoms of hypothyroidism, including
fatigue, sensitivity to cold, abnormal limb sensation, weight gain, constipation, and more.>® On the other hand,
when the LT4 dosage is excessive, patients may experience symptoms of hyperthyroidism, such as weakness,
excessive weight loss, heat intolerance, and tachycardia, which can cause significant discomfort until the LT4
dosage is properly adjusted.

Despite appropriate administration methods and patient compliance, there is still a significant proportion of patients
who require longer dose adjustments to achieve normal thyroid function. This longer adjustment period in some patients
is attributed to the development of unfavorable complications post-thyroidectomy, such as dyslipidemia with athero-
sclerosis and impaired endothelial function.”® Therefore, for the convenience of treatment, we studied precise admin-
istration methods, combining genetic testing results as a treatment method for postoperative recurrence of
hypothyroidism, to facilitate doctors’ treatment while providing maximum satisfaction to patients. This study investi-
gated the relationship between relevant clinical indicators and the dose of eugenol taken by patients after thyroidectomy.
By demonstrating the time required for a group of patients undergoing thyroidectomy to achieve normalization of thyroid
function, we used a random forest method to impute the selected clinical data variables and constructed linear regression
models using the Im function to analyze each variable in the training set in relation to the satisfactory dose.

Materials and Methods
Collection of Clinical Information from Patients

This study is a retrospective cohort analysis based on the thyroid surgery database collected from the Seventh People’s
Hospital in Shanghai, China. The cohort includes patients who underwent total thyroidectomy between 2015 and 2021
and gradually achieved normal thyroid function. All patients provided informed consent. Detailed records of various
factors that may affect the dosage of thyroid hormone, such as age, weight, gender, TSH levels, and medical history, were
collected. All patients received LT4 (eg, Synthroid) after surgery, with a dosage of 50ug (1 tablet) for benign patients and
75ug (1.5 tablets) for malignant patients. Outpatient follow-up visits were scheduled for all patients every 3—5 weeks to
perform regular thyroid function tests. Patient physiological indicators and medical conditions were recorded, and the
LT4 dosage was adjusted based on these factors until TSH, T3, and T4 levels remained within the reference range,

indicating the patient’s personalized satisfactory dose of LT4. Our study complies with the Declaration of Helsinki.

Data Preprocessing

The original dataset consisted of 510 samples with 188 variables. Redundant variables from data collection were
removed, and patient information with duplicate hospital numbers was excluded. Variables with missing values exceed-
ing 20% were also excluded. Categorical variables were transformed into dummy variables. For each benign patient, if
T3 and T4 levels were within the reference range during the nth (an unspecified, or variable, number of follow-up
examinations or visits) follow-up, the dosage used during the (n-1)th follow-up was marked as the patient’s satisfactory
dose. For malignant patients, if T3 and T4 levels were within the reference range and TSH < 2 during the nth follow-up,
the dosage used during the (n-1)th follow-up was marked as the patient’s satisfactory dose. If multiple satisfactory doses

existed, the average value was taken. After these processing steps, 274 samples and 98 variables remained.
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PCA Analysis

Select the basic indicators of gender, hypertension, diabetes, surgical location, FT3, and thyrotropin receptor antibody to
group, and perform singular value decomposition on the data after z-scale processing (using prcomp function). We then
use the eigenvalues of the principal components to calculate the contribution of each principal component, and screen out
the two principal components PC1 and PC2 with the highest contribution, which are used as the x-axis and y-axis of the
principal component analysis results for drawing scatter plots. Among them, utilizing the coord in the ggplot2 package
The fixed function sets the scale of the two principal components, PC1 and PC2, to maintain consistency.

Linear Model Construction

Using the random forest method in the mice package to fill in the screened clinical data, and then dividing the filled data
into training set and test set in a ratio of 7:3. The training set is used to build the model, and the test set is used to evaluate
the performance of the model. Using the Im function in R, construct a simple linear regression model for each variable in
the training set with the satisfied dose (dose). Retain variables with p<0.1, and use the leaps package in R for subset
regression to obtain the optimal model.

Model Evaluation

Use the final model to predict the results of the test set. Compare the model prediction results with the actual dose results
of the test set, and use ggplot2 to draw a scatter plot. The closest dose will be replaced with that dose. For example, when
the recommended dose used is a continuous variable (eg, 1.1 tablets), we will round the variable to a discrete variable
(eg, 1 tablet, 1.5 tablets, 2 tablets with an interval of 0.5 tablets).

Results
Clinical Data Analysis and Study Design

In this retrospective cohort study, a total of 510 patients who underwent thyroidectomy and gradually achieved normal
thyroid function at Shanghai Seventh People’s Hospital between 2015 and 2021 were included. The average age of the
patients was 50.88 years. Among the patients, there were 141 males (27.65%) and 369 females (72.35%). 123 patients
(24.12%) had a history of hypertension, and 29 patients (5.65%) had a history of diabetes (Table 1). Prior to participation
in this study, all patients provided written informed consent, and the measurement standards for various clinical
indicators are shown in Table 1. After data preprocessing and screening, a total of 274 samples and 98 variables
remained. The specific analysis process is shown in Figure 1.

PCA Results

Performing PCA analysis to examine the clustering patterns of the groups formed based on several key variables,
including gender, hypertension, diabetes, surgical location, FT3 level, and thyroid-stimulating hormone receptor anti-
body. The results indicate that the samples in each group are not well distinguished from each other (Figure 2),
suggesting that individual variables have no decisive impact on the dosage of thyroid medication.

Model Construction and Validation

The samples are randomly divided into five groups, and 5-fold cross-validation is performed to select the most optimal
model as the final model. Each model undergoes single linear regression and leaps subset regression analysis, resulting in
five models. Four parameters, including R-squared, RMSE, Spearman correlation coefficient between predicted and
actual values, and the percentage of predicted values within £20% of the actual values, are calculated for each model.
Based on the observations of these four parameters and significant variables, the third model is chosen as the final
predictive model. The model includes variables such as Benign0/Malignantl, BQB (electrophoretic albumin-globulin
ratio), TP (total protein), FDP (fibrin degradation products), TRAB 1 (thyroid-stimulating hormone receptor antibody),
PT (prothrombin time), MONO# (monocyte count), and HCVOC (hepatitis C virus antibody), which have statistical
significance (Figure 3A). These variables have a significant impact on the final satisfactory dose (in tablets). Therefore,
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Table | Clinicopathological Data

Feature Number/Average Proportion/SD
Sex
Male 141 27.65%
Female 369 72.35%
Age 50.88 +13.47
Hypertension
Yes 123 24.12%
No 367 71.96%
Missing 20 3.92%
Diabetes
Yes 29 5.69%
No 461 90.39%
Missing 20 3.92%
Pathology
TSH 2.18 +1.47
PT 12.31 +1.10
FT3 5.174 +0.70
LYMPH# 1.93 +0.6
PCT 0.25 +0.06
INR 1.01 +0.09
CG 1.52 +1.42
CER 334.53 +107.22
BHB 0.13 +0.32
TRAB_I 5.14 *16.15

Abbreviations: TSH, Thyrotropin; PT, prothrombin time; FT3, Serum free
triiodothyronine; LYMPH#, Lymphocyte number; PCT, procalcitonin; INR,
International normalized ratio; CG, Glycocholic acid; CER, ceruloplasmin;
BHB, B- Hydroxybutyric acid; TRAB_I, Thyrotropin receptor antibody_1.

the variables BenignO/Malignantl, BQB, TP, FDP, TRAB 1, PT, MONO#, and HCVOC are selected to build the final
satisfactory dose prediction model: Dose = —0.2656189 + 0.2543759  Benign0/Malignant] + 0.0727776 « BQB+
0.0143673 x TP + 0.0102303 « FDP + 0.0074896 « TRAB_1 4 0.0310039 * PT — 0.3862136 * MONO# + 0.0011970
xHCVOC. The relevant code can be seen in Figure 3B.

Model Evaluation

The predictive model was tested using the basis function plot: linearity test, the scattered points in the plot show little
pattern, indicating a good linear relationship (Figure 4A); normality test, the points in the plot are basically distributed
along the diagonal line, satisfying the assumption of normality (Figure 4B); homoskedasticity test, the variance of the
dependent variable does not vary according to the level of the independent variable, and the points around the horizontal
line at the lower left corner are randomly distributed (Figure 4C); information on individual observations, identifying
outliers, high leverage points, and strong influence points (Figure 4D).

Model Validation

The two predictive models are compared with the initial dosage. The results show that among the 335 patients selected
with complete follow-up data, 39 (11.6%) achieved normal stable TSH levels based on the initial medication dose (1
tablet) alone, while 41 (12.2%) reached stable TSH levels with just one dosage adjustment. When the 335 patients are
treated based on the predictive models for the initial dosage, 166 (49.5%) of them achieved normal stable TSH levels
with the initial medication dose alone, and 218 (65%) of them reached stable TSH levels with just one dosage adjustment
(Table 2). A scatter plot of the actual values and model predicted values, created using ggplot2, shows a good correlation
between the model’s predictions and the actual values (Figure 5). In addition, we conducted a retrospective observational
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Figure 2 PCA analysis shows that there is no formation of distinct clusters among the groups. The arrows indicate the variables that contribute significantly to PCA.
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Coefficients of Final Model

call:
TRAB_ I Im(formula y ~ ., data data[, c("y", best_variables)])
- I Residuals:
Min 1Q Median 3Q Max
-0.69108 -0.18543 -0.06957 0.06955 2.48768
PT l
Coefficients:
Estimate Std. Error t value Pr(|t])
$ MONO# _ (Intercept) .2656189 0.4828505 0.550 0.58283
% Benign/Malignant .2543759 0.0500516 5.082 8.23e-07
E ’ 0.0727776 .0229557 3.170 0.00175
> HCvoC .0143673 0.0051687 2.780 . 00594
.0102303 0.0045891 2.229 . 02686 *
0.0074896 .0034305 2.183 .03013
FoR I 0.0310039 0.0213913 1.449 0.14873
-0.3862136 .1647523 -2.344 .02000 *
8aB - 0.0011970 0.0004633 2.583 . 01046
Signif. codes: 0 *x**? (_001 “*%*’ 0_01 “**> 0.05 *.” 0.1 °
Benign/Malignant _
Residual standard error: 0.3604 on 210 degrees of freedom

Multiple R-squared: 0.2584,
F-statistic: 9.146 on 8 and 210 DF,

Adjusted R-squared: 0.2301
p-value: 8.922e-11

0.1 0.2 0.3 04
Absolute value of Coefficent Value

Figure 3 Predictive Model Variables and Key Codes. (A) Seven variables that had a significant effect on the final satisfactory dose (tablet); (B) Predictive Model Key Codes,
model F-test statistic and p-value shown in the last line of the image, were significant.
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Figure 4 Predictive model evaluation. (A) Linearity test, (B) Normality test, (C) Homoskedasticity test, (D) Information on individual observations.
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Table 2 Comparison of the Results of Different Modes of Administration

n=335 Patients with Correct Patients with First Dose Error
First Dose Between 0.5 Tablets

Initial | tablet 39(11.6%) 41(12.2%)

Predictive model 166(49.5%) 218(65%)

analysis comparing the satisfaction levels of subjects receiving dosage instructions from a model-based approach versus
those following physician’s experiential recommendations. The results of our analysis demonstrated a significant
improvement in subject satisfaction with the model-based dosage approach compared to physician’s experiential

recommendations (Table 3).

Discussion

In recent years, the optimal dosage of LT4 administration after total thyroidectomy has been a focal point of research.
Studies have highlighted the importance of determining the correct LT4 dosage to restore euthyroidism and prevent
hypothyroidism or thyrotoxicosis, both of which can lead to various symptoms and complications. While most literature
on LT4 dosage focuses on primary hypothyroidism, limited studies have specifically addressed thyroxin replacement
therapy after total thyroidectomy.” Most commonly, for post-thyroidectomy monitoring and adjustment of thyroid
hormone replacement in benign diseases, LT4 is administered at an empirical dose of approximately 1.6 pg/kg and
subsequently modified based on thyroid function test results and evaluation of patient symptoms.'® Newly developed
approaches often take into account the following parameters: age,10 body weight,11 preoperative TSH concentration, '
gender,'? or body mass index."® Despite researchers’ tremendous efforts to find a treatment plan that can accurately
predict the exact dosage of LT4 for patients after total thyroidectomy, achieving complete precision in dosage remains
elusive.

Our analysis results indicate that it takes an average of nearly 4 months for patients after thyroidectomy to reach
normal thyroid function levels. The levels of TSH, history of diabetes, and dosage adjustments are often related in
patients. The TSH levels and history of diabetes in patients are often related to dosage adjustments. Diabetes is
a significant factor in increasing the incidence of post-thyroidectomy complications, and abnormal preoperative TSH
levels in children indicate potential post-thyroidectomy TSH abnormalities.'*'® The replacement dosage of LT4 may
vary due to reasons such as residual thyroid tissue producing endogenous thyroid hormones.'” To circumvent this
influencing factor, only patients with benign thyroid disease underwent total thyroidectomy were collected for study.
There have been relatively few studies predicting the required LT4 dosage in patients after thyroid surgery for benign

Actual vs Predicted Values
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R
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Figure 5 Actual vs Predicted Values ScatterPlot.
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Table 3 Satisfaction Comparison

Prediction Model (with Final Previous Administration (Satisfied Va P value
Satisfaction 10.25 Tablet) with Both Previous Check-Ups)
Degree of satisfaction 71.9%(197/274) 45.26%(124/274) 40.8 <0.001

Notes: The satisfaction level is determined based on the follow-up measurements of T3, T4, and TSH. For patients with benign tumors, if the follow-up
measurements of T3 and T4 are within normal range, it is considered satisfactory. For patients with malignant tumors, if the follow-up measurements of T3 and
T4 are within normal range and TSH < 2, it is considered satisfactory.

thyroid diseases. In this study, starting with a dose of 100 mcg of LT4, 11.6% of patients received adequate dosage
adjustments, while if our patients started with a baseline dose of 150 pug after surgery, 31% of patients would receive
sufficient dosage adjustment (within 25 pg).

It took almost 4 months for our 510 thyroidectomy patients to achieve normal thyroid function, with 73% of patients
requiring more than one dosage adjustment. 27% of patients had normal thyroid function at the initial follow-up visit.
These findings suggest that a significant portion of patients experience prolonged hypothyroidism or hyperthyroidism
symptoms. Previous work has shown an increased incidence of hypothyroidism with declining renal function, and the
association between renal function and hypothyroidism can also explain why our kidney disease patients require longer
time for LT4 dosage adjustments. When using the new LT4 dose prediction model, 65% of patients will receive
a satisfactory dose (within an error of 0.5 tablets) in the first dosage adjustment, effectively reducing the number of
outpatient follow-up visits and dosage adjustments. However, although this study used 5-fold Cross-Validation for
validation, there was no independent validation set, so the extrapolation ability (representativeness, generalizability,
and robustness) of the model cannot be determined yet.

Previous studies have shown a significant correlation between DIO2 rs225014 and rs225015 genotypes and TSH
levels. However, DIO1, DIO3, UGTI1A, thra, and TSHR are not associated with L-T4 treatment. For patients with
rs225014 (TT) and rs225015 (GG) genotypes, lower doses should be used to provide more effective and less toxic
treatment. In conclusion, the etiology of primary hypothyroidism varies, and differences in gene mutation rates among
ethnic populations, research methods, and detection techniques can lead to different research results. Thus, it is necessary
to formulate more reasonable study designs.

Our study also considers some important limitations. Firstly, the retrospective nature of our analysis introduces the
possibility of information bias and the lack of control over confounding factors. Next, our aim to identify the predictive
factors for dose adjustment prolongation of LT4 is limited by the available variables for each patient. Although we
understand some factors that influence the absorption and metabolism of LT4, such as calcium carbonate, iodine, and
concurrent food intake, there may still be unknown influencing factors that could not be included in the study. For
example, the patient’s gut microbiome or proteome, as well as other variables such as malabsorption syndrome, have not
been reliably encoded and collected. Finally, a limitation is the lack of information on compliance. Although all patients
received the same verbal and written instructions and careful follow-up, it is difficult to determine patient compliance
from retrospective chart reviews. Clearly, compliance affects the time it takes for thyroid dysfunction to manifest.

Conclusion

After thyroidectomy, it takes nearly 4 months for the thyroid function to return to normal. Clinical information such as
Benign0/Malignantl, TRAB 1, and HCVOC are factors that prolong the satisfactory dosage adjustment period. The LT4
dose prediction model can effectively predict the dosage of medication and reduce the dosage adjustment period. This
information is beneficial for establishing individualized medication guidelines for patients before surgery and reducing
the duration of treatment with LT4.

Data Sharing Statement
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request.
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