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Predicting lymph node metastasis
in papillary thyroid carcinoma
with Hashimoto’s thyroiditis using
regression and network analysis
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The comprehensive study of the relationship between lymph node metastasis (LNM) and its associated
factors in patients with concurrent papillary thyroid carcinoma (PTC) and Hashimoto’s thyroiditis (HT)
remains insufficient. Building upon the initial investigation of factors associated with LNM in patients
with concurrent PTC and HT, we further analyzed the complex relationships between different severity
indicators of LNM and these associated factors. This study included patients confirmed PTC with

HT who underwent total thyroidectomy at Xiangya Hospital, from January 2020 to December 2021.

A total of 271 patients from 2020 were used as the training set, and 300 patients from 2021 as the
validation set. Univariate analysis and regression modeling were used to identify key factors associated
with LNM. Model reliability was assessed using the area under the receiver operating characteristic
curve (AUC). Network analysis was employed to explore associations between LNM severity and its
related factors. The regression model indicated that age, calcification, free triiodothyronine (FT3), and
tumor maximum diameter (TMD) are independent factors for LNM. The severity model showed free
thyroxine (FT4) and hemoglobin (Hb) are independent protective factors for the region and quantity
of LNM, respectively, while TMD is an independent risk factor for both. Network analysis revealed
TMD has a closer relationship with LNM severity compared to other associated factors. This study
innovatively combined regression models and network analysis to investigate factors related to LNM
in patients with PTC and HT, providing a theoretical basis for predicting preoperative LNM in future
clinical practice.

Highlights

¢ Innovative Methods: First to combine regression models and network analysis for LNM study.

* Risk Factor Identification:ldentified 4 independent risk factors for LNM in PTC with HT.

¢ Detailed Subgroup Analysis:Uncovered specific risk factors for LNM severity and regional spread.

Keywords Papillary thyroid carcinoma (PTC), Hashimoto’s Thyroiditis (HT), Lymph Node Metastasis
(LNM), Biochemical markers, Regression modeling, Network Analysis

Over the past 30 years, the incidence of thyroid cancer (TC) has rapidly increased across various populations
worldwide, with papillary thyroid carcinoma (PTC) being the most prevalent subtype, accounting for
approximately 80-90%!-3. Despite being classified as a low-grade malignancy, about 30-80% of PTC patients
present with lymph node metastasis (LNM), which is strongly associated with higher rates of locoregional
recurrence®’.

Hashimoto’s thyroiditis (HT) is the most common autoimmune thyroid disease and the most frequent benign
comorbidity in PTC patients (10-58% of PTC patients also have HT)5"!%. Although some studies suggest that
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HT may have a protective role against LNM in PTC patients!!"!, there remains a considerable risk of LNM (28-
62%) in patients with concurrent PTC and HT”!>16. The presence of LNM, the number of LNM, and the regions
affected significantly influence the surgical approach and prognosis for PTC patients. Current research suggests
that the factors influencing LNM in PTC patients with concurrent HT may differ from those in PTC patients
without HT'7~!°. While LNM in PTC-only patients has been well-studied, there remains a gap in understanding
the risk factors for LNM in patients with both HT and PTC, primarily due to incomplete inclusion of relevant
variables and the absence of comprehensive criteria for assessing LNM. Additionally, reactive hyperplasia
commonly observed in cervical lymph nodes, particularly in the central compartment, complicates the
preoperative radiological evaluation of metastasis in patients with both PTC and HT®°. Therefore, investigating
the factors contributing to LNM and constructing predictive models is crucial for improving the accuracy of
preoperative diagnosis in this patient population.

Moreover, while the majority of prior clinical studies have employed group-based differential testing methods
to investigate the potential risk factors for LNM, the experimental design based on specific indicators has limited
capacity to exclude the influence of potential confounding factors®!. Furthermore, these studies have failed to
conduct an in-depth exploration of the mutual influences between the key outcome variable and the risk factors.
Therefore, building upon the risk factors for LNM in patients with HT and PTC revealed by regression models,
this study aims to further investigate the intricate interplay between the severity of LNM and the associated risk
factors among patients with concurrent HT and PTC who exhibit LNM, through the employment of robust data-
driven analytical methodologies. The emerging paradigm of symptom network analysis presents an opportune
avenue to address this inquiry.

Network analysis is a data-driven analytical approach grounded in mathematical graph theory, which has been
widely utilized in recent years to conduct in-depth investigations of the interrelationships among different omics
data. In symptom network analysis, variables are represented as nodes within the network, and the correlations
between variables are depicted as edges. Algorithms such as the extended Bayesian information criterion (EBIC)
and the least absolute shrinkage and selection operator (LASSO) are employed to eliminate spurious correlations
within the network, thereby controlling for the potential influence of confounding factors on the associations
between nodes?*?3. Moreover, symptom network analysis not only allows for the visualization of complex
interrelationships among variables but also facilitates the detection of clustering communities within the
network, further elucidating the clustering preferences among variables. By leveraging the novel capabilities of
symptom network analysis and other data-driven techniques, we aim to unravel the intricate interdependencies
between the extent of LNM and the pertinent associated factors in the clinical cohort.

In summary, within this study, we systematically gathered data encompassing age, gender, preoperative
serum autoantibody levels, tumor ultrasound characteristics, and the presence of the BRAFY*%E mutation. The
primary objective was to elucidate the integrated clinical and pathological features of PTC combined with HT
and to explore their correlation with LNM. Furthermore, we employed emerging network analysis methods to
further investigate the complex relationships between the severity of LNM and its associated factors.

Materials and methods

Participants and study design

This study received approval from the Ethics Review Committee of Xiangya Hospital, Central South University
(202211733). All procedures were conducted in accordance with relevant guidelines and regulations, including
the Declaration of Helsinki. Written informed consent was obtained at the time of surgery for general use of
clinical information in future studies.

The study cohort comprised individuals who underwent total thyroidectomy and ipsilateral or bilateral
central LN dissection and other necessary lateral neck LN dissection procedures at Xiangya Hospital, Central
South University, spanning from January 2020 to December 2021. Data from the 2020 cohort were used as the
training set for constructing the predictive model, while data from the 2021 cohort served as the validation
set. Inclusion criteria encompassed pathologically confirmed PTC concomitant with HT. Exclusion criteria
were applied to (i) individuals with mixed thyroid carcinomas, (ii) PTC combined with other head and cervical
malignancies or inflammatory diseases, (iii) a history of cervical surgery, or (iv) incomplete clinical information.
Ultimately, 271 patients in 2020 and 300 in 2021 with both PTC and HT were included in this investigation (Fig.
1).

Variable definition and evaluation

The clinicopathological characteristicsincludingage, gender, results of thyroid function tests [free triiodothyronine
(FT3); free thyroxine (FT4); thyroid-stimulating hormone (TSH)], preoperative level of antithyroglobulin
antibodies (TgAb) and thyroid peroxidase antibody (TPOAD), thyroglobulin (TG), parathyroid hormone (PTH),
complete blood count, serum Ca?* levels, BRAFY®"E mutation. Capsular invasion, extrathyroidal extension and
vascular invasion were determined from postoperative pathological findings. The reference TgAb and TPOAb
ranges were less than 115 IU/mL and less than 34 IU/mL, respectively.

Ultrasound characteristics of thyroid nodules such as tumor maximum diameter (TMD), sum of tumor
diameters, multifocality, tumor location (left, right, isthmus, and bilateral of the thyroid gland), aspect ratio
(the anteroposterior dimension/the transverse diameter: <1 or > 1) and calcification. To ensure the reliability
of ultrasound assessments, all examinations were performed by experienced thyroid radiologists utilizing high-
resolution ultrasound systems, with reports subsequently reviewed and verified by both junior and senior
radiologists. Additionally, preoperative evaluations commonly included follow-up imaging at multiple time
points, allowing for comparison of findings to enhance diagnostic accuracy and reliability.
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Fig. 1. The strobe flow of the inclusion and exclusion criteria for the study.

HT coexistence was ascertained through postoperative sectioning and examination of paraffin-embedded
thyroid tissue specimens. A positive determination entailed the identification of diffuse lymphocytic and plasma
cell infiltrate, oxyphilic cells, the development of lymphoid follicles, and the presence of reactive germinal centers.

LN status was defined based on post-operation pathological results. The LNM status encompasses (1) the
presence of LNM (metastasis or non-metastasis) for all patients, (2) the regions of LNM [central lymph node
metastasis (CLNM) or lateral lymph node metastasis (LLNM)] and (3) the quantity of LNM (According to the
2015 ATA Guidelines for Differentiated TC recurrence risk stratification*, 1-5 nodes are categorized as few
LNM and > 5 nodes as numerous LNM) for patients diagnosed with LNM. Patients were staged according to the
eighth edition of the International Union Against Cancer/American Joint Committee on Cancer TNM staging
system??. All acquired surgical specimens were examined by two or more board-certified pathologists from the
department of pathology of the Xiangya Hospital, Central South University.

Descriptive and regression analysis

Continuous variables were expressed as mean+standard deviation (SD), while categorical variables were
presented as frequencies and percentages (%). Clinicopathologic characteristics were compared among groups
using the t-test for continuous variables and the Pearson x2 test (for expected values > 5) or Fisher’s exact x2 test
(for expected values <5) for categorical variables. Stepwise logistic regression was used to identify independent
factors associated with LNM: Initially, an analysis was conducted across all patients to determine the factors
that influence LNM in individuals with concurrent HT and PTC. Subsequently, for patients diagnosed with
LNM, the investigation was focused on identifying the factors that affect the quantity and regions of lymph node
metastases in this specific patient cohort. A two-tailed P-value of < 0.05 was considered statistically significant
for variable inclusion. Receiver operating characteristic (ROC) curves were constructed, and area under the
curve (AUC) values were calculated to assess the predictive performance of the regression model, with higher
AUC values indicating better predictive accuracy.

Network analysis

Network estimation and visualization

The severity of LNM (regions and quantity of metastases) and their independent associated factors were utilized
in the network construction to explore the complex interrelationships among them. This study employed the
Least Absolute Shrinkage and Selection Operator (LASSO) combined with the Extended Bayesian Information
Criterion (EBIC) to eliminate spurious correlations among variables, thereby making the network easily
analyzable and comprehensible. The detailed process and parameter settings for the network analysis can be
found in Method S1.

Community clustering analysis

The Walktrap algorithm was utilized in community clustering analysis to detect the clustering characteristics
of different nodes within the network, thereby determining the bias of various independent associated factors
towards different severity indicators of LN metastasis. The Walktrap algorithm is based on the concept of random
walks?, identifying communities within the network model through the simulation of random walks. In this
study, the igraph R package was employed to perform the aforementioned steps.
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Network accuracy and stability

To ensure the reliability of edge in the network, this study evaluated both the accuracy of individual edges
and the differences between pairwise edge weights?®. A non-parametric bootstrap method was employed to
construct 95% confidence intervals, which were used to assess edge weight accuracy, with narrower intervals
indicating higher reliability. Additionally, to determine statistical differences between pairwise edge weights,
a bootstrap difference test was conducted using confidence intervals. The presence of statistically significant
differences between compared edges was inferred if the confidence intervals did not contain zero for any pairwise
comparisons. Procedures above were completed with the bootnet (version 1.5) R package.

Results

Descriptive statistics

A total of 271 patients with pathologically confirmed PTC and concurrent HT were included in this study,
comprising 233 women and 38 men (female-to-male ratio: 6.1:1). LNM was found in 122 (45.0%) patients, with
29 patients exhibiting LLNM. In this study, 238 patients (78.7%) were younger than 55 years, and 157 (57.9%)
patients had a TMD <1 cm. Additionally, this study indicated a significantly high prevalence of BRAFV600E
gene mutations and calcification in this patient cohort, at 78.7% (192/244) and 73.8% (200/271) respectively
(Table 1).

Univariate analysis

The presence or absence of lymph node metastasis

Univariate analysis was conducted among 271 patients in2020 with concurrent HT and PTC, aiming to
preliminarily explore the clinicopathological factors affecting the occurrence of LNM within this cohort. We
observed that LNM was significantly correlated with age (P <0.001) with a notably greater number of patients
under the age of 55 in the group exhibiting LNM compared to the group without (92.6% VS 83.9%, P=0.029).
And LNM in PTC patients with HT was significantly correlated with FT3 (P=0.01) and preoperative level
of TgAb (P=0.039). Certain ultrasound characteristics, including TMD (P <0.001), sum of tumor diameters
(P<0.001), and calcification (P<0.001), were also significantly associated with LNM. Meanwhile, while there
was a slightly higher prevalence of BRAF gene mutation positivity among patients with LNM (79.7% vs. 77.9%),
this discrepancy did not reach statistical significance (P=0.734). This suggests that BRAF gene mutation may
not exert an influence on LNM in patients with concurrent HT and PTC (Table 1).

The quantity and regions of lymph node metastases
Table 2 illustrates the correlations between the quantity of LNM and clinicopathological characteristics of PTC
patients with HT, comprising a total of 122 patients diagnosed with LNM. A significant association was found
between tumor diameter and the quantity of LNM, with both TMD (P=0.003) and sum of tumor diameters
(P=0.013) showing statistical significance. Conversely, several variables—FT4 levels (P=0.037), Erythrocyte
count (RBC) levels (P=0.031), hemoglobin (Hb) levels (P=0.027), serum Ca?* levels (P=0.033), capsular
invasion (P=0.041)—previously lacking significant correlation with LNM in Table 1, demonstrated statistical
significance. Of interest, there was no significant correlation between age and quantity of LNM in this cohort.
As demonstrated in Table 2, Significant differences were observed in the TMD (P=0.031), sum of tumor
diameters (P=0.026), FT4 levels (P=0.047), PTH (P=0.020), and serum Ca%* (P=0.049) among groups
divided by regions of LNM.

Multivariate logistic regression analyses

Multivariate logistic regression analyses in all patients with PTC and HT

Among all the PTC patients with HT, we selected statistically significant indicators from Table 1 for logistic
regression analysis. As shown in Table 3, the regression results for following indicators were statistically
significant. The association between age and LNM is significantly negative (p < 0.001). With each additional year
of age, there is a 5% reduction in the likelihood of LNM (odds ratio [OR] =0.950). Elevated serum FT3 levels
(P=0.039, OR=1.448), increased TMD (P=0.049, OR=1.635) and calcification (P=0.024, OR=2.167) are
identified as independent risk factors for LNM. Subsequently, ROC curves were generated for each indicator
and the overall model, with the overall model achieving an area under the curve (AUC) of 0.769, indicating
good predictive accuracy (Fig. 2A). The cut-off values for age, maximum tumor diameter, and FT3 were 47.5
years, 1.15 cm, and 4.825 pmol/L, respectively. Additional data from the ROC curve analysis, including positive
predictive value (PPV), negative predictive value (NPV), and accuracy, are provided in Table SI.

Multivariate logistic regression analyses in patients diagnosed with lymph node metastasis

Based on Table 2, we selected statistically significant variables from each of the two groups for logistic regression
analysis. Table 3 presents the logistic regression results for patients diagnosed with LNM. In assessing the factors
influencing the quantity of LNM, increased TMD (P=0.010, OR=1.796) was identified as an independent risk
factor for extensive LNM in patients with PTC and HT. Conversely, elevated hemoglobin (Hb) levels (P=0.029,
OR =0.967) were found to be a protective factor. For regions of LNM, TMD (P=0.010, OR=1.856) emerged as
an independent risk factor for LLNM. Interestingly, elevated FT4 levels (P=0.008, OR=0.747) were identified as
an independent protective factor against metastasis from the central to the lateral lymph node region. The ROC
curves for the two models, shown in Fig. 2B-C, had AUCs of 0.709 and 0.665, respectively, indicating acceptable
model reliability. Further ROC curve data, including cut-off values, PPV, NPV, and accuracy, are provided in
Table S1.
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Category Total, n (%) Metastasis, n (%) | Non-metastasis, n (%) | P

No. of patients 271 122 (45) 149 (55)

CLNM 93 (76.2)

LLNM 29 (23.8)

1-5LNM 91 (74.6)

>5LNM 31(25.4)

Age (mean+SD, years) 41.72+11.02 38.22+10.44 44.58+10.68 <0.001*
<55 238 (87.8) 113 (92.6) 125 (83.9) 0.029*
>55 33(12.2) 9(7.4) 24 (16.1)

Gender

Male 38 (14) 17 (13.9) 21 (14.1) 0.970
Female 233 (86) 105 (86.1) 128 (85.9)

BRAF V600E mutation

Yes 192 (78.7) 90 (79.6) 102 (77.9) 0.734
No 52(21.3) 23 (20.4) 29 (22.1)

TMD (mean + SD, cm) 1.21+0.78 1.47+0.93 0.99+0.56 <0.001*
<lcm 157 (57.9) 52 (42.6) 105 (70.5) <0.001*
>1cm 114 (42,1) 70 (57.4) 44 (29.5)

Sum of tumor diameters (mean+SD, cm) | 1.46+0.95 1.71+1.03 1.25+0.82 <0.001*
Multifocality

Yes 89 (32.8) 42 (34.4) 47 (31.5) 0.615
No 182 (67.2) 80 (65.6) 102 (68.5)

Tumor location (L/R/1/B)

Left 107 (39.5) 48 (39.3) 59 (39.6) 0.512
Right 105 (38.7) 47 (38.5) 58 (38.9)

Isthmus 6(2.2) 1(0.8) 5(3.4)

Bilateral 53 (19.6) 26 (21.3) 27 (18.1)

Calcification

Yes 200 (73.8) 105 (86.1) 95 (63.8) <0.001*
No 71 (26.2) 17 (13.9) 54 (36.2)

Capsular invasion

Yes 51(18.8) 24 (19.7) 27 (18.1) 0.745
No 220 (81.2) 98 (80.3) 122 (81.9)

Extrathyroidal extension

Yes 6(2.2) 4(3.3) 2(1.3) 0.414
No 265 (97.8) 118 (96.7) 147 (98.7)

Aspect ratio

<1 97 (35.8) 36 (29.5) 61 (40.9) 0.051
>1 174 (64.2) 86 (70.5) 88 (59.1)

Vascular invasion

Yes 10 (3.7) 6(4.9) 4(2.7) 0.353
No 261 (96.3) 116 (95.1) 145 (97.3)

TG (mean +SD, ng/ml) 18.58 +55.16 14.69+50.10 21.75+58.95

TgAb (mean +SD, IU/mL) 593.33+912.61 | 690.00+1031.81 | 515.21+798.64 0.122
Normal 84(31) 30(24.6) 54(36.2) 0.039*
High 187(69) 92(75.4) 95(63.8)

TPOAD (mean +SD, IU/mL) 181.61+192.80 | 184.97 +203.70 178.91+184.27 0.800
Normal 95(35.1) 44(36.1) 51(34.2) 0.752
High 176(64.9) 78(63.9) 98(65.8)

FT3 (mean+SD, pmol/L) 4.89+0.79 5.02+0.74 4.78+0.81 0.010*
FT4 (mean+SD, pmol/L) 16.43 £3.07 16.67 £2.99 16.23+3.14 0.246
TSH (mean+SD, mIU/L) 2.85+£1.96 2.64+£1.92 3.03+1.99 0.102
PTH (mean + SD, pg/ml) 41.86+36.95 37.88+16.35 45.06+47.30 0.132
Leukocyte count (mean +SD, 10A9/L) 578 +1.40 5.83+1.39 5.73+1.42 0.578
Erythrocyte count (mean+SD, 10/12/L) | 4.87+8.02 4.41+0.51 5.26+10.83 0.389
Hemoglobin (mean+SD, g/L) 129.59+15.79 | 129.61+14.86 129.58 +£16.57 0.990
Continued

Platelet count (mean +SD, 10A9/L) 215.27 +58.83 | 214.19+56.47 216.17 +60.89 0.783

Scientific Reports|  (2024) 14:27585 | https://doi.org/10.1038/s41598-024-78179-8 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Category Total, n (%) Metastasis, n (%) | Non-metastasis, n (%) | P
Vitamin D3 (mean + SD, nmol/L) 20.48+7.86 20.57+8.10 20.39+7.67 0.881
Serum Ca?*(mean + SD, mmol/L) 2.32+0.15 2.32+0.12 2.32+0.17 0.954

Table 1. Correlations between LNM and clinicopathological characteristics of patients with concurrent PTC
and HT. Note: Abbreviations: LNM, lymph node metastasis; CLNM, central lymph node metastasis; LLNM,
lateral lymph node metastasis; TMD, tumor maximum diameter; Tumor location (L/R/I/B), tumor location
(left/right/isthmus/bilateral); TG, thyroglobulin; TgAb, antithyroglobulin antibodies; TPOAb, thyroid peroxidase
antibody; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; PTH, parathyroid
hormone. * Means P < 0.05.

External validation of the predictive model

The ROC curves from the external validation of three predictive models for LNM in patients with HT and PTC
are displayed in Fig. 3. The AUC values for the models were 0.765, 0.709, and 0.607, respectively. Although
Model 3 exhibited a decline in predictive accuracy for regions of LNM, the overall performance of the first two
models, especially Model 1, suggests robust clinical utility. Additional clinicopathological information for the
validation cohort can be found in Table S2.

Network of lymph node metastasis severity and associated factors

Based on the results of the regression models, three independent associated factors (TMD, FT4, Hb) and two
indicators of LNM severity (Regions of LNM (RM), Quantitative Grading of LNM (QG)) were incorporated
into the network model, as depicted in Fig. 4A. Consistent with the regression models, TMD exhibited a
positive correlation with both RM and QG, while Hb and FT4 were negatively correlated with RM and QG.
However, with regard to edge weights, the edge weights between TMD and RM, as well as TMD and QG, were
more substantial compared to the edge weights between the other two associated factors and RM and QG.
Furthermore, concerning the internal associations among the associated factors, the only negative correlation
was observed between TMD and FT4, whereas the remaining edges exhibited positive correlations. The detailed
edge weight matrix is provided in the Table S3.

The results of the community clustering are presented in Fig. 4B. The Walktrap algorithm identified two
communities: one comprising TMD, RM, and QG, and the other comprising FT4 and Hb. The community
clustering results suggest that, despite all being independent associated factors, the association between TMD
and both RM and QG may be closer than the association between FT4 and Hb with RM and QG.

The evaluation of edge weight accuracy revealed that the 95% confidence intervals produced by the non-
parametric bootstrap tests were of average width. Additionally, the analysis of edge weight differences showed
that the edge weights were statistically robust. Further details can be found in Figure S1-2.

Discussion

To the best of our knowledge, this study is the first to employ both regression models and network analysis—two
reliable data-driven approaches—to thoroughly investigate LNM in patients with coexistent PTC and HT. Not
only did this study construct and externally validate three predictive models for LNM in patients with coexistent
PTC and HT, but it also delved into the complex interrelations of the severity of LNM and its risk factors.

We identified four key characteristics associated with LNM in patients with HT and PTC: age<47
years, calcifications, serum FT3>4.825 pmol/L, and TMD > 1.15 cm. Consistent with previous studies, age,
calcifications, and tumor size are confirmed independent risk factors for predicting LNM in patients with HT
and PTC or PTC alone. Interestingly, we found that elevated FT3 levels, even within the normal range, increased
the likelihood of LNM.

Few studies have analyzed the relationship between thyroid hormones and LNM in HT combined with PTC.
Wang et al.”’ found a positive correlation between FT3 levels and central LNM in PTC (P<0.001); Diessl et al.?8
suggested higher FT3 levels are associated with worse prognosis in advanced differentiated thyroid cancer. The
relationship between elevated thyroid hormones and the proliferation and invasiveness of various solid tumors,
including thyroid cancer, has been increasingly validated?. This study firstly demonstrated a positive correlation
between FT3 levels and LNM in patients with both HT and PTC, although further verification in larger samples
and exploration of the molecular basis are needed.

The regression model identified distinct independent risk factors in two subgroups of LNM severity. In the
quantitative subgroup, TMD > 1.75 cm and Hb <121.5 g/L are indicators of a higher number of LN metastases
(>5 nodes); while in the regional subgroup, TMD > 1.85 cm and serum FT4 < 18.25 pmol/L were associated
with LLNM.

As expected, TMD emerged as an independent risk factor across subgroups, reinforcing its importance as a
primary predictor of LNM in patients with both PTC and HT. In contrast to the commonly used tumor diameter
threshold (> 10 mm) for predicting LNM in patients with differentiated thyroid carcinoma (DTC)*, we propose
a higher cutoff value specifically to assess whether patients with HT combined with PTC experience more severe
lymph node metastases.

Additionally, our research proposes for the first time that lower Hb levels may serve as an independent risk
factor for increased LNM. Although directly linking hemoglobin levels to LNM in TC remains underexplored,
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Quantity Region

Category Total, n (%) 1-5 LNM, n (%) | >5LNMs, n (%) | P CLNM, 1 (%) LLNM, n (%) P

No. of patients 122 91 (74.6) 31(25.4) 93 (76.2) 29 (23.8)

Age (mean +SD, years) 41.72+11.02 39.12+10.39 35.58+10.30 0.103 | 38.26+10.20 38.10+11.36 0.945

<55 113 (92.6) 85 (93.4) 28(90.3) 0.691 |88 (94.6) 25 (86.2) 0.214

>55 9(7.4) 6.6 3(9.7) 5 (5.4) 4(13.8)

Gender

male 17 (13.9) 15 (16.5) 2(6.5) 0233 | 13(14) 4(13.8) 1.000

Female 105 (86.1) 76 (83.5) 29 (93.5) 80 (86) 25(86.2)

BRAF V600E mutation

Yes 90 (79.6) 70 (83.3) 20 (69) 0.098 |68 (79.1) 22 (81.5) 0.786

No 23(20.4) 14 (16.7) 9(31) 18 (20.9) 5(18.5)

TMD (mean +SD, cm) 1.21+0.78 1.32+0.82 1.88+1.10 0.003* | 1.33+0.74 1.90+1.29 0.031*

<lcm 52 (42.6) 44 (48.4) 8(25.8) 0.028* | 42 (45.2) 10 (34.5) 0.310

>1cm 70 (57.4) 47 (51.6) 23 (74.2) 51 (54.8) 19 (65.5)

Sum of tumor diameters (mean+SD, cm) | 1.46+0.95 1.58+0.97 2.11+1.13 0.013* | 1.57+0.91 2.17+1.28 0.026*

Multifocality

Yes 42 (34.4) 32(35.2) 10 (32.3) 0.769 |32 (34.4) 10 (34.5) 0.994

No 80 (65.6) 59 (64.8) 21(67.7) 61 (65.6) 19 (65.5)

Tumor location (L/R/1/B)

Left 48 (39.3) 34 (37.4) 14 (45.2) 0.832 | 36(38.7) 12 (41.4) 0.948

Right 47 (38.5) 36 (39.6) 11 (35.5) 36 (38.7) 11 (37.9)

Isthmus 1(0.8) 1(1.1) 0(0) 1(1,1) 0(0)

Bilateral 26 (21.3) 20 (22) 6(19.4) 20 (21.5) 6(20.7)

Calcification

Yes 105 (86.1) 78 (85.7) 27 (87.1) 1.000 | 80 (86) 25(86.2) 1.000

No 17 (13.9) 13 (14.3) 4(12.9) 13 (14) 4(13.8)

Capsular invasion

Yes 24 (19.7) 14 (15.4) 10 (32.3) 0.041* | 18 (19.4) 6(20.7) 0.875

No 98 (80.3) 77 (84.6) 21(67.7) 75 (80.6) 23(79.3)

Extrathyroidal extension

Yes 4(3.3) 1(1.1) 3(9.7) 0.050 |2(2.2) 2(6.9) 0.239

No 118 (96.7) 90 (98.9) 28 (90.3) 91 (97.8) 27(93.1)

Aspect ratio

<1 36 (29.5) 30 (33) 6(19.4) 0.151 | 28(30.1) 8(27.6) 0.795

>1 86 (70.5) 61 (67) 25 (80.6) 65 (69.9) 21(72.4)

Vascular invasion

Yes 6(4.9) 3(3.3) 3(9.7) 0.156 |3(3.2) 3(10.3) 0.145

No 116 (95.1) 88 (96.7) 28 (90.3) 90 (96.8) 26 (89.7)

TG (mean +SD, ng/ml) 18.58 +£55.16 9.63+18.97 29.53+93.52 0.065 |10.25+21.23 28.34+93.97 0.321

TgAb (mean +SD, IU/mL) 593.33+912.61 | 642.05+1028.16 | 824.56+1047.04 | 0.400 | 693.65+1033.38 | 678.26+1045.54 | 0.945

Normal 30 (24.6) 24 (26.4) 6 (19.4) 0433 |22(23.7) 8 (27.6) 0.668

High 92 (75.4) 67 (73.6) 25 (80.6) 71(76.3) 21(72.4)

TPOAD (mean + SD, IU/mL) 181.61+192.80 | 205.79+214.10 | 127.23+160.86 | 0.037* | 200.60+212.05 | 135.31+168.36 | 0.140

Normal 44 (36.1) 29 (31.9) 15 (48.4) 0.098 |30(32.3) 14 (48.3) 0.117

High 78 (63.9) 62 (68.1) 16 (51.6) 63 (67.7) 15 (51.7)

FT3 (mean+SD, pmol/L) 4.89+0.79 5.05+0.79 4.96£0.60 0.576 | 5.00%£0.75 5.09+0.74 0.585

FT4 (mean+SD, pmol/L) 16.43+3.07 17.00+3.03 15.70 +2.68 0.037* | 16.97 +3.12 15.71+£2.35 0.047*

TSH (mean +SD, mIU/L) 2.85+1.96 2.58+1.86 2.81+2.10 0.564 |2.61+1.84 2.72+2.17 0.788

PTH (mean + SD, pg/ml) 41.86+36.95 38.78+£16.62 35.15+15.47 0.319 | 39.97+16.92 31.56+12.75 0.020*

Leukocyte count (mean +SD, 10A9/L) 5.78 +£1.40 5.84+1.33 5.79+1.57 0.851 |5.82+1.36 5.85+1.51 0.924

Erythrocyte count (mean+SD, 10012/L) | 4.87+8.02 4.47 +0.50 4.24+0.51 0.027* | 4.44+0.49 4.30+0.57 0.175

Hemoglobin (mean +SD, g/L) 129.59+15.79 | 131.34+14.51 124.52+14.96 0.027* | 130.39+14.82 127.10+14.99 0.301

Platelet count (mean + SD, 10A9/L) 215.27+58.83 | 217.77+57.19 203.68+53.82 0.232 | 219.42+57.93 197.41+£48.72 0.067

Vitamin D3 (mean + SD, nmol/L) 20.48+7.86 21.11+8.04 19.24+8.28 0.365 |20.49+8.55 20.76+7.18 0.890

Serum Ca?* (mean + SD, mmol/L) 2.32+0.15 2.34+0.11 2.28+0.13 0.033* | 2.33+0.11 2.29+0.12 0.049*
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Table 2. Correlations analysis of the quantity or regions of LNM in patients diagnosed with lymph node
metastasis. Note: Abbreviations: LNM, lymph node metastasis; CLNM, central lymph node metastasis; LLNM,
lateral lymph node metastasis; TMD, tumor maximum diameter; Tumor location (L/R/I/B), tumor location (left/
right/isthmus/bilateral); TG, thyroglobulin; TgAb, antithyroglobulin antibodies; TPOADb, thyroid peroxidase
antibody; FT3, free triiodothyronine; FT4, free thyroxine; TSH, thyroid-stimulating hormone; PTH, parathyroid
hormone. * MeansP < 0.05.

95% CI

Indicators | B OR value | lower | Upper | P

Model 1: Multivariate Logistic Analysis of LNM in Patients
with Concurrent PTC and HT

Age (years) | -0.052 | 0.950 0.924 | 0.975 |<0.001*
TMD (cm) 0.491 | 1.635 1.001 |2.669 | 0.049*
Calcification | 0.773 | 2.167 1.108 |4.236 | 0.024*
fgriol/L) 0.370 | 1.448 1.018 | 2.06 0.039*
B,® -1.530

Model 2: Multivariate Logistic Analysis for quantity of LNM
TMD (cm) 0.586 | 1.796 1.153 | 2.799 |0.010*
gij)"gl"bi“ -0.034 | 0.967 0.938 |0.997 |0.029%
B, 2.400

Model 3: Multivariate Logistic Analysis for regions of LNM
TMD (cm) 0.618 | 1.856 1.163 |2.962 |0.010*
f[:rrflol/L) -0.291 | 0.747 0.604 | 0.925 | 0.008*
B,® 2.626

Table 3. Multivariate logistic analysis of LNM in patients with concurrent PTC and HT. Note: Abbreviations:
LNM, lymph node metastasis; TMD, tumor maximum diameter; FT3, free triiodothyronine; FT4, free thyroxine. *

MeansP < 0.05.
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Fig. 2. ROC curve of multivariate logistic regression analysis in papillary thyroid cancer patients with
Hashimoto thyroiditis. (A) ROC forpresence or absence of lymph node metastasis (LNM); (B) ROC for the
quantity of LNM; (C) ROC for the regions of LNM.
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Fig. 3. ROC Curve for External Validation of Logistic Regression Model. Model 1for the presence of LNM;
Model 2for the quantity of LNM; Model 3 for the regions of LNM.

the broader implications of low hemoglobin levels on cancer aggressiveness and outcomes are well-established in
oncology literature®'~33. Generally, reduced hemoglobin levels are correlated with increased malignancy severity
and poorer prognoses across diverse cancer types. This association might suggest similar implications for TC,
where systemic manifestations like anemia could indicate advanced or more aggressive disease states.

The finding that lower serum FT4 levels are linked to lateral LNM suggests a complex interplay of thyroid
hormones affecting tumor behavior. Unlike FT3, lower FT4 appears to reduce LNM risk, potentially due to
interactions within the hypothalamic-pituitary-thyroid (HPT) axis and the conversion of FT4 to the more
active FT3. Typically, FT4 circulates predominantly and converts to FT3 locally. The HPT axis regulates thyroid
hormones through feedforward and feedback mechanisms. Elevated T4 levels or reduced conversion to FT3
decreases TSH, which could influence LNM outcomes. Previous research has identified TSH as a risk factor for
LNM in PTC**3%, although our study did not find significant TSH differences. Further clinical and molecular
investigations are needed to understand these hormone interactions and their effects on LNM.

The results of the network analysis indicate that TMD exhibits a more intimate relationship with LNM
compared to Hb or FT4. Furthermore, TMD is more closely associated with the quantity of LNM than with
region of LNM. Tumors with larger TMD dimensions have an increased surface area for interstitial dissemination
and metastatic spread, rendering them more likely to breach the thyroid capsule and invade adjacent tissues,
consequently elevating the probability of metastasis to regional LN>*%. Furthermore, larger tumors may induce
significant alterations in the local tissue microenvironment, including enhanced angiogenesis, the formation of an
immunosuppressive milieu, and the activation of stromal cells, collectively facilitating cancer cell metastasis®®3.
Although previous studies have identified potential associations between FT4, Hb, and LNM, these connections
are more likely to be indirectly mediated through their effects on tumor cell biochemical metabolism?®4!.

Limitations

This study is subject to certain limitations. Firstly, as a single-center, case-control study, it only reflects the
disease characteristics of patients from one institution, potentially introducing selection bias. Secondly, the data
collection was not exhaustive regarding variables that might influence LNM in patients with HT combined with
PTG, such as family history, behavioral factors, and body mass index (BMI). Therefore, future research should
include multicenter, larger-scale cohort studies to validate and extend the findings presented herein.

Conclusion

This study innovatively employs both regression models and network analysis to explore potential factors related
to LNM in patients with coexisting PTC and HT, as well as the complex associations between these factors and
the severity of LNM. The findings indicate that age, Hb, FT3, FT4, calcification, and TMD are all associated with
LNM in patients with PTC and HT. Specifically, FT4 and Hb correlate with the regions and quantity of LNM,
respectively, while TMD shows a significant association with both, exhibiting a stronger correlation than either
FT4 or Hb. Overall, our results provide a theoretical basis for predicting preoperative LNM in patients with PTC
and HT in future clinical practice.
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Community 1
© TMD: Tumor maximum diameter
© RM: Regions of lymph node metastasis
© QG: Quantitative grading of lymph node metastasis

Community 2
© FT4: Free Thyroxine
© Hb: Hemoglobin

Associated factors
@ TMD: Tumor maximum diameter
FT4: Free Thyroxine
@ Hb: Hemoglobin

Target factors
© RM: Regions of lymph node metastasis
© QG: Quantitative grading of lymph node metastasis

Fig. 4. Network structure and community clustering results of lymph node metastasis severity and associated
factors. (A) Network structure of lymph node metastasis severity and associated factors. (B) Community
clustering results of lymph node metastasis severity and associated factors.
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