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Abstract
Papillary thyroid cancer (PTC) has inflicted huge threats to the health of mankind. Metal pollution could be a potential risk 
factor of PTC occurrence, but existing relevant epidemiological researches are limited. The current case-control study was 
designed to evaluate the relationships between exposure to multiple metals and the risk of PTC. A total of 262 histologically 
confirmed PTC cases were recruited. Age- and gender-matched controls were enrolled at the same time. Urine samples were 
used as biomarkers to reflect the levels of environmental exposure to 13 metals. Conditional logistic regression models were 
adopted to assess the potential association. Single-metal and multi-metal models were separately conducted to evaluate the 
impacts of single and co-exposure to 13 metals. The increased concentration of urinary Cd, Cu, Fe, and Pb quartiles was 
found significant correlated with PTC risk. We also found the decreased trends of urinary Se, Zn, and Mn quartiles with the 
ORs for PTC. These dose-response associations between Pb and PTC were observed in the single-metal model and remained 
significant in the multi-metal model (OR25-50th=1.39, OR50-75th=3.32, OR>75th=7.62, p for trend <0.001). Our study sug-
gested that PTC was positively associated with urinary levels of Cd, Cu, Fe, Pb, and inversely associated with Se, Zn, and 
Mn. Targeted public health policies should be made to improve the environment and the recognition of potential risk factors. 
These findings need additional studies to confirm in other population.
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 Introduction

Globally, the past several decades have observed a surge 
in papillary thyroid cancer (PTC) incidence (Kilfoy et al. 
2009; Siegel et al. 2018). PTC is the most common subtype 
of thyroid cancer (TC) and comprises approximately 80% 
of incident cases (Lim et al. 2017). Some authors suggest 
that the increasing trend seems predominantly ascribe to an 
increased detection of small tumors using neck ultrasonog-
raphy and ultrasound-guided fine-needle aspiration biopsies 
(Sanabria et al. 2018). However, accumulating evidence 
reveals that a substantial increase of PTC exists in all sizes 
and stages and a real rise is indeed occurring (Wang and 
Wang 2015). While family history, radiation exposure during 
childhood, and the metabolic syndrome are well-established 
risk factors, little research has focused on the role of other 
environment exposure, such as heavy metal, which may be 
important contributors to the increasing incidence of PTC 
(Almquist et al. 2011; Leux et al. 2012; Taylor et al. 2009).

Normal physiological function and development of the 
thyroid gland rest upon a balanced endocrine system. As 
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ubiquitous ingredients of the natural environment, multi-
ple metals reach the public through dietary intake, drinking 
water, medications, inhalation of ambient air, and frequent 
contact of consumer products. Heavy metals, characterized 
by carcinogenicity and bioaccumulation, irreversibility and 
perform as endocrine disruptors. Excessive exposure to 
heavy metals could produce negative health consequences, 
for example, liver and kidney dysfunction, cardiovascular 
disease, nervous system impairment, and malignant tumor 
(Kim et al. 2015; Rokadia and Agarwal 2013; Zimeri et al. 
2015). Given the relationship between heavy metal exposure 
and endocrine disrupting effects, we hypothesize that chronic 
exposure to toxic heavy metal increase TC risk, in particular 
PTC risk. Indeed, the International Agency for Research on 
Cancer (IARC) has classified Cd as human carcinogen, Hg as 
probable carcinogen, and Pb as suspected human carcinogen.

In the recent years, Japanese epidemiological studies have 
indicated that a high level of Cd is connected with breast 
cancer, a major member of endocrine carcinoma (Itoh et al. 
2014). Meanwhile, the ratio of Cu to Zn is associated with 
head and neck cancer (Kucharzewski et al. 2003). Animal 
evidence indicates that intake of B and Mo enhance rat thy-
roid cell transformation (Luca et al. 2017). All of these stud-
ies suggest that toxic metal that disrupt hormone homeosta-
sis in an important way could lead to cancer risk.

In recent years, the pace of China’s economic develop-
ment has shocked the world. But the degradation of ecologi-
cal environment, especially metals pollution, has been the 
most painful price in the course of Chinese modernization. 
Given China’s 1.3-billion-person population base and drastic 
incidence rate of TC, thus TC has placed a heavy burden on 
the country. Although some researchers have made attempts 
to investigate whether multiple heavy metals were potential 
risk factors for thyroid-related diseases worldwide, most of 
the studies were conducted in a special population, such as 
residents living nearby the volcano and people with occupa-
tional exposure history. Thus, there is insufficient epidemio-
logical study on the environmental exposure to heavy metals 
on the onset of PTC as well as on clinical characteristics of 
PTC in Chinese population. To address this limitation, we 
conducted a case-control study to fills this knowledge gap 
between various heavy metal level and PTC and to evaluate 
a possible link to clinical characteristics of PTC in Chinese.

 Methods

 Study population

Study protocols were reviewed and approved by the Anhui 
Medical University Biomedical Ethics Committee (Approval 
No. 20170305). All procedures performed in studies involv-
ing human participants were in accordance with the 1964 

Helsinki declaration and its later amendments or comparable 
ethical standards. Prior to the research beginning, patients 
completed an informed consent form, containing a detailed 
explanation of the study.

The study population was selected continuously from 
September 2016 to March 2018  in the First Affiliated 
Hospital of Anhui Medical University, Second Affiliated 
Hospital of Anhui Medical University, and Anhui Provincial 
Cancer Hospital. Enrollment activities mainly included a 
urine sample collection and an interviewed-administrated 
questionnaire gathering. Subjects newly diagnosed with 
PTC were approached and invited to participate in this 
study, based on a definitive pathological diagnosis record. 
Cases with critical illness, such as severe hepatic and renal 
dysfunction, malignant anemia, and mental disorder, were 
excluded. We also exclude subjects who had a past history of 
malignant tumor. Pregnant and breastfeeding females were 
also excluded due to the various level of thyroid hormone 
during pregnancy. Ultimately, a total of 262 PTC patients 
were selected and comprised the case group.

The moment the PTC cases were confirmed, patients in 
other departments undergoing routine health care were ran-
domly selected as control participants. Inclusion of controls 
was restricted to individuals free of thyroid diseases, severe 
hepatic and renal dysfunction, malignant anemia, mental dis-
order, and malignant tumor. Individuals who have thyroid 
dysfunction were also excluded, based on the thyroid func-
tion indicators, including free triiodothyronine (FT3), free 
thyroxine (FT4), and thyroid-stimulating hormone (TSH). 
Former studies indicated the correlation of gender and sex 
with PTC (Rago et al. 2010) and control individuals were 
matched to eliminate confounding factors based on sex and 
age (within 2 years of the cases’ age at recruitment). Finally, 
262 healthy controls were enrolled in our study.

 Covariate definition

Data on demographic characteristics, lifestyle, behavior 
habits, radioactive exposure history, and family history of 
thyroid cancer were obtained by trained investigators with 
interviewer-administered questionnaires. Height and weight 
were approached by admission registration information. 
Body mass index (BMI) was calculated by dividing weight 
in kilograms by the square of a person’s height in meters.

People who are current smokers and have a history of 
cigarette smoking for greater than or equal to six consecutive 
months were defined as smokers. World Health Organization 
(WHO) indicates that passive smoking, sometimes, referred 
to as secondhand smoke, was defined as cigarette, cigar, or 
pipe smoke that is inhaled unintentionally for longer than 
15 min once a week by nonsmokers other than intended 
“active” smoker. Alcoholic drinkers were considered as 
having ever drinking at least once a week for 12 months 
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and consuming over 40 g of alcohol on any single week. We 
defined physical activities as at least 30 min of exercises for 
1 day. Frequency of activities were divided into three groups 
(never, 1–4 times, ≥5 times). Information concerning the 
history of radioactive exposure was self-reported during the 
phase of study enrollment.

 Urine metals

Upon enrollment, first-morning urine samples were col-
lected by a 50-ml centrifuge tube and preserved at −80 °C 
until assayed. Urine value of 12 metals, including Fe, Zn, 
Cr, Cu, As, B, Mn, Hg, Pb, Se, Mo, and Mg, in both patients 
and controls were measured by inductively coupled plasma 
optical emission spectrometry (ICP-OES; PerkinElmer 
Optima 7000DV, USA). Prior to analysis, frozen urine sam-
ples were removed from −80 °C refrigerator and thawed 
at room temperature gradually. Twelve sets of calibration 
standards in nitric acid (HNO3) with internal standards were 
adopted to test the concentration corresponding metals in 
urine. An aliquot of 5-ml urine sample was transferred to 
15-ml centrifuge tube, and then diluted with 5 ml 1% (v/v) 
HNO3 (guarantee reagent, GR) and then centrifuged with 
4500 r/min for 8 min to obtain liquid supernatant for sub-
sequent analysis. The element Cd was assayed by graphite 
furnace atomic absorption spectrometry (GFAAS, Analytik 
Jena AG ZEEnit®700P, Germany). Recovery test were con-
ducted to examine the accuracy of experiment in every 10 
urinary samples and the recovery rate ranged from 92 to 
105%. Values of urinary concentrations below the limit of 
detection (LOD) were replaced with LOD. For urinary cre-
atinine assay, colorimetric method was used with a Beckman 
DXC 800 automatic biochemistry analyzer.

 Statistical analysis

Statistical analysis was performed by SPSS software (version 
23.0. IBM Corp., Armonk, NY, USA). Descriptive analysis 
were performed to describe the demographic characteristics 
of study population. Comparisons of means between groups 
were made using paired t test. Chi-square tests were adopted 
for categorical variables. Spearman’s rank correlation test was 
conducted to calculate the correlations between urinary metals.

Wilcoxon signed-rank tests were used to evaluate dif-
ferences of urine concentration in multiple metals between 
PTC and control groups. In addition, all urinary metal levels 
were adjusted by creatinine. The method of correction is 
calculated as the concentration of metals divided by corre-
sponding concentration of creatinine. Geometric mean and 
percentile (5th, 25th, 50th, 75th, and 95th) was used to bet-
ter understand the distribution of elements in each groups.

We used separate conditional logistic regression models 
to estimate adjusted odds ratios (ORs) and 95% confidence 

intervals (CIs) for PTC risk. Individual urinary metals were 
categorized into quartiles according to their distributions 
among the controls and the lowest quartiles were deemed 
to be reference. Mode 1 was adjusted for matching factors 
of age and sex. Mode 2 was additionally adjusted for other 
potential confounders: BMI (continuous), annual house-
hold income (RMB, 10000–30,000; 30,000–60,000; and 
60,000–120,000), smoking status (ever or never), frequency 
of physical activity weekly (0, 1–4, and ≥5), and family his-
tory of thyroid diseases (yes or no). Linear trend p values 
were derived by entering the quartiles of creatinine stand-
ardized urinary metal concentrations into the models as an 
ordinal categorical variable.

Given the interference effects of the co-exposure to mul-
tiple metals on the risk of PTC, we constructed a logistic 
regression model and all the urinary metals and potential con-
founders were considered. Backward elimination procedure 
was used and alpha at 0.10 was set for variables to be retained 
in the final model. Similarly, in the multi-metals model, 
potential covariates were adjusted. Moreover, subgroup analy-
sis was also conducted to examine the associations according 
to gender (male or female), tumor size (≤1 cm and >1 cm) 
and smoking status (never, ever). All p values were test in 
two-sided and p<0.05 was considered statistically significant.

 Results

 Characteristics of study participants

The present study included 262 PTC cases and 262 corre-
sponding non-PTC healthy control subjects. Basic anthropo-
metric and clinical characteristics of the 524 participants are 
presented in Table 1. The mean age was 47.1 years in the 
cases and 46.8 years in the controls, and 67.2% of them were 
women. In comparison with the controls, PTC cases were 
more likely to have an elevated BMI and exercise frequency. 
In addition, they were apt to have a family history of thyroid 
diseases. On average, cases were similar to controls in the dis-
tributions of passive smoking, alcohol consumption, sleeping 
time, hypertension, and family history of malignant tumor. In 
addition, no statistical difference was observed between PTC 
patients and controls concerning regional distribution.

 Concentrations of various metals

The geometric means were 0.22, 4.45, 190.59, 10.46, 3.14, 
30.05, 445.86, 0.30, 12.61, 5.91, 38.28, and 18.83 μg/g cre-
atinine for Cd, Fe, Zn, Cr, Cu, As, B, Mn, Hg, Pb, Se, and Mo 
and 26.02 mg/g creatinine for Mg, respectively. The distribu-
tion of 13 elements in urine of 524 individuals is summarized 
in Table 2. Concentrations of Cd, Cu, Pb, Hg, and Mo were 
significant higher in cases than in controls whereas Zn, Se, and 

1 3

Environ Sci Pollut Res (2019) 26:20560–2057220562



Mn concentrations were significantly lower in PTC patients 
(p<0.05). No significant association was found for Fe, Cr, As, 
B, and Mg between the groups of case and control. Among 
the 13 metals, most of them were significantly but modestly 
correlated with each other. The spearman’s rank correlation 
coefficients ranged from −0.013 to 0.675 (see Table 3).

 Metals exposure and PTC

Conditional logistic regression analyses were performed to 
evaluate the associations between metals exposure level and 

PTC risk in single-metal model, and the results are listed in 
Table 4. After adjusting for potential confounders, the PTC 
cases were significantly associated with elevated urinary 
Cd, Fe, Cu, Hg, and Pb concentrations and these associa-
tions rely on creatinine standardization. Urinary concentra-
tion of Se was negatively associated with risk of PTC. An 
obvious association was observed between Cd exposure 
and PTC in highest quartile (OR=2.90, 95% CI 1.50–5.59). 
As for Cu, notably significant correlation was found in 
the second, third, and highest quartiles (OR25th–50th =2.54, 
95% CI 1.43–4.51; OR50th–75th =1.81, 95% CI 1.01–3.24; 
0R>75th =2.97, 95% CI 1.61–5.47). For Fe, increasing level 
of Fe was observed significant related to PTC risk and the 
OR in the highest quartile was 2.08 (95% CI 1.09–3.95). 
In addition, we observed prominently dose-response rela-
tionships between Pb and Hg and PTC risk (p for trend 
<0.05). Although concentrations of Se were inversely cor-
related with PTC occurrence in each quartile, these signifi-
cant correlations failed to be a dose-response relationship 
(OR25th–50th =0.50, 95% CI 0.29–0.84; OR50th–75th =0.25, 
95% C: 0.13–0.49; 0R75th- =0.58, 95% CI 0.35–0.98). 
Results of the associations of urinary metals with the risk 
of PTC are also depicted in Fig. 1.

In view of the simultaneous effect of shared exposure of 
various metal elements, we further evaluate the associations 
between urinary metals and the risk of PTC in the multi- 
metal model, in which all 13 metals and potential covariates 
were all taken into consideration synchronously (Table 5, 
Fig. 2). Cd, Fe, Se, Mn, Pb, Zn, and Cu were retained in the 
final model. The most results of the multi-metal model were 
in line with those of single-metal model. Increasing Cd, Cu, 
and Pb quartiles remained to be positively related with the 
increased risk of PTC, with the ORs in highest quartile of 
2.60 (95% CI 1.20–5.64), 2.83 (1.27–6.30), and 7.62 (95% 
CI 3.46–16.83). In addition, elevated concentration of Fe 
was observed statistically correlated with PTC in quartiles 
3 and 4 and the ORs were 3.22 (95% CI 1.49–6.95) and 2.86 
(95% CI 1.22–6.70). Of note, Se was constantly retained in 
the model, indicating a protective role in PTC occurrence. 
Meanwhile, Mn and Zn were also presented an inversely 
correlation with the risk of PTC, with the ORs of 0.43 (95% 
CI 0.21–0.88) and 0.35 (95% CI 0.15–0.78), respectively. 
Moreover, mercury was not retained in the final multi-
meta model, while it is significant in single-metal model. 
Moreover, considering the small number of ever smokers in 
this study, we also conduct a multivariate analysis restricted 
to nonsmokers and overall results remain stable (Table S2).

 Subgroup analyses

Subgroup analysis was conducted by gender and tumor 
diameter (see Table 6). When stratified by gender, slight 
difference was found in the present association. Increasing 

Table 1 Selected characteristics of study participants

Characteristics Case Control p value

Age, year, n (%) 0.8081
<42 79 (30.9%) 81 (30.2%)
42–51 84 (34.0%) 89 (32.1%)
≥52 99 (35.1%) 92 (37.8%)
BMI, mean (SD) 23.7913 (3.3438) 23.0003 (3.4233) 0.0074
Women, n (%) 177 (67.2%) 177 (67.2%) –
Household annual income, RMB, n (%) 0.0804
10,000–30,000 42 (16.0%) 61 (23.3%)
30,001–59,999 127 (48.5%) 108 (41.2%)
60,000–120,000 93 (35.5%) 93 (35.5%)
Physical activity, n (%) 0.0377
0 149 (56.9%) 170 (64.9%)
1–4 63 (24.0%) 40 (15.9%)
≥5 50 (19.1%) 52 (19.8%)
Smoking status, n (%) 0.0243
Never 221 (84.4%) 238 (90.8%)
Ever 41 (15.6%) 24 (9.2%)
Passive smoking, n (%) 0.4058
No 169 (64.5%) 178 (67.9%)
Yes 93 (35.5%) 84 (32.1%)
Alcohol consumption, n (%) 0.3541
Never 213 (81.3%) 221 (84.4%)
Ever 49 (18.7%) 41 (15.6%)
Sleeping time, h/day, n (%) 0.8040
<4 8 (3.1%) 10 (3.8%)
4–6 54 (20.6%) 53 (20.2%)
6–8 159 (60.7%) 151 (57.6%)
≥8 41 (15.6%) 48 (18.3%)
History of hypertension, n (%) 0.8118
No 221 (84.4%) 219 (83.6%)
Yes 41 (15.6%) 43 (16.4%)
Family history of thyroid diseases, n (%) <0.0001
No 225 (85.9%) 254 (96.9%)
Yes 37 (14.1%) 8 (3.1%)
Family history of malignant tumor, n (%) 0.1168
No 206 (78.6%) 220 (84.0%)
Yes 56 (21.4%) 42 (16.0%)
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trends of Fe and Cu with the risk of TC were only found in 
female individuals, while increasing trend of Cd quartiles 
with decreased TC risk was only found in male (p for trend 
<0.05). Within the subgroup classified by tumor diameter, 
significant association was exclusively observed between 
papillary thyroid micro-carcinoma (PTMC) and Mn expo-
sure in highest quartile, with the value of OR to be 0.26 
(95% CI 0.10–0.73). In addition, the result was presented in 
Table S1, when stratified by smoking status.

 Discussion

Over the past 50 years, the economy in China has expanded 
more than 80 times, but it was at great ecological cost, espe-
cially metal pollution. Heavy metals could be enriched in the 
process of biological migration, for example, moving from 

soil to plants, bottom mud to aquatic organism, then transfer 
to human beings, resulting in elevated level of exposure (Cui 
et al. 2017). Metallic elements are essential for human health 
due to their unique role in metabolism. Normally, various 
metal elements lie in a homeostatic balance, nevertheless, 
which may be disturbed on account of suboptimal intake of 
one or more elements, contributing to consequences that 
multiple organs are not in the best condition of optimal 
health, including thyroid gland (Vye and Vtyurin 1995). In 
this study, we explored the associations of 13 urine metals 
with PTC risk with a number of noticeable findings fund in 
multiple statistical models. Taken together, urinary concen-
trations of Cd, Cu, Fe, and Pb were positively associated 
with PTC occurrence, whereas urinary Se, Mn, and Zn con-
centrations were inversely associated with PTC risk.

The majority of the subjects included in this study were 
from areas along the Yangtze River in China, which has 

Table 2 Concentrations of urine metals among study participants (n=524)

Elementsa Group Geometric mean (95% CI) P5 P25 P50 P75 P95 p valueb

Cd Case 0.26(0.22-0.31) 0.01 0.11 0.31 0.88 1.85 <0.001
Control 0.18(0.15–0.22) 0.01 0.06 0.20 0.51 1.55

Fe Case 5.62(4.42–7.14) 0.10 2.97 7.97 18.28 77.54 0.3278
Control 3.52 (2.67–4.65) 0.09 0.34 5.35 18.16 103.20

Zn Case 166.04 (142.19–193.89) 31.27 128.34 193.47 304.98 693.68 <0.001
Control 218.73 (195.03–245.30) 38.04 135.86 241.44 406.98 804.81

Cr Case 10.37 (8.86–12.14) < LOD 7.70 14.03 25.11 39.73 0.8921
Control 10.55 (8.95–12.43) < LOD 8.00 15.42 23.17 46.87

Cu Case 3.55 (3.11–4.05) 0.37 1.69 4.58 7.85 14.34 0.0015
Control 2.78 (2.43–3.18) 0.44 1.01 3.65 6.43 12.35

As Case 32.51 (28.22–37.45) < LOD 15.44 46.17 72.03 133.73 0.2562
Control 27.77 (23.91–32.26) < LOD 11.96 41.05 68.01 137.74

B Case 443.92 (392.58–501.96) 69.01 236.08 537.45 1000.00 1387.25 0.7076
Control 447.82 (380.83–526.58) 67.78 250.70 499.72 878.04 2258.30

Mn Case 0.29 (0.25–0.33) < LOD < LOD 0.22 0.65 2.49 0.4236
Control 0.31 (0.27–0.36) < LOD < LOD 0.24 0.74 3.30

Hg Case 14.97 (12.74–17.58) < LOD 6.90 21.38 43.06 75.57 0.0115
Control 10.63 (8.90–12.69) < LOD 2.67 14.89 34.81 74.47

Pb Case 7.66 (6.58–8.92) < LOD 3.11 7.93 16.26 62.86 <0.001
Control 4.57 (3.92–5.32) < LOD < LOD 4.61 11.86 39.21

Se Case 32.91 (29.01–37.33) 7.37 12.63 37.76 74.60 163.38 0.0019
Control 44.44 (39.95–49.44) 7.86 27.06 51.76 77.28 160.51

Mo Case 21.32 (18.54–24.52) 2.63 12.43 25.19 48.13 97.50 0.0272
Control 16.63 (14.08–19.63) < LOD 8.02 24.72 41.85 93.08

Mg Case 24.39 (22.36–26.60) 7.31 16.64 24.80 35.85 70.60 0.0163
Control 27.76 (25.38–30.36) 7.22 19.67 28.63 41.89 100.68

Cd cadmium, Fe iron, Zn zinc, Cr chromium, Cu copper, As arsenic, B boron, Mn manganese, Hg mercury, Pb lead, Se selenium, Mo molyb-
denum, Mg magnesium, LOD limit of detection, CI confidence interval, P5 5th percentile, P25 25th percentile, P50 50th percentile, P75 75th 
percentile, P95 95th percentile
a The units of Mg were milligrams per gram creatinine and others were micrograms per gram creatinine
b p values were derived from Wilcoxon signed-rank tests
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always been polluted by heavy metals. Research conducted 
in residents of rural areas along the Yangtze River suggested 
that environmental level of multiple metals remained high 
(Cui et al. 2017). In this area, the geometric mean concentra-
tion of As was 80.3 μg/g in women, the 95th percentile of 
Cr among women was 111.02 μg/g and the concentrations 
of Cd were in high level, men and women both. Compared 
with our present study, one cohort study carried out in 
Wuhan City presented higher levels of urinary Fe, Cr, Mn, 
Zn, and Cu, but lower levels of As, Hg, Pb, and Se (Wu 
et al. 2018). Previous report indicated highest As level was 
in Japan (114.9 μg/g) (Hata et al. 2007; Wu et al. 2018). 
According to the data from 170 Spanish adults (Castaño 
et al. 2012), except Cd, the median concentration of Pb and 
Hg were both higher than that in our study. In fact, the lev-
els of heavy metals in China were apparently higher than 
developed countries. The level of urinary Pb in Korea and 
Mexican seasonal farmworkers were clearly in a low level 
(Choi et al. 2017; Quandt et al. 2010). Additionally, if PTC 
patients came from more polluted areas than the controls, 
this kind of regional difference may contribute to an unreli-
able result. However, in our statistical analysis, no regional 
difference was observed between the two groups.

In our current study, low-to-moderate Cd exposure, as 
measured in urine, has no association with PTC. However, 
the obvious association was observed in high Cd expo-
sure group. Epidemiological studies about the relation-
ship between Cd and PTC were rare. Research conducted 
in a basaltic volcanic area indicated that TC incidence has 
increased in the volcanic area of high concentration of Cd 
compared with the control area, which was consistent with 
our study conclusion (Malandrino et al. 2016). In experi-
mental studies (Jancic and Stosic 2014), Cd was proved to be 

an endocrine disruptor, supporting the hypothesis that this 
metal element could potentially induce hormone-depend-
ent malignant tumors (Benbrahim-Tallaa et al. 2009). In 
occupational- exposed population (Pollán and Gustavsson 
1999), Cd has been suggested to be associated with 
increased breast cancer incidence and mortality. Endocrine 
toxicity can result in dysfunction of the thyroid gland. The 
effect of Cd exposure on the thyroid can be proposed in most 
studies that presented unchanged T3 levels but decreased 
T4 levels, as the thyroid is the only organ involved in T4 
synthesis (Buha et al. 2018). Possible mechanisms under 
this Cd effect on the thyroid gland may due to oxidative 
stress and its changes in serum levels suggest that Cd influ-
ences the hormone production and secretion by follicular 
cells (Hammouda et al. 2008).

Thyroid hormone levels affect the metabolism of Cu. 
Likewise, abnormal levels of trace elements Cu can interfere 
with the synthesis of thyroid hormone and its physiological 
functions. A meta-analysis of five case-control studies sum-
marized the association between Cu exposure and TC risk, 
indicating that patients with TC had elevated levels of Cu 
than controls (SMD=2.372, p =0.001) (Shen et al. 2015). 
Data from the National Health and Nutrition Examination 
Survey showed levels of Cu were associated with increased 
levels of total triiodothyronine (TT3), FT4 and total thyrox-
ine (TT4) (Jain 2014). Besides, in a population epidemio-
logical study, the researchers found that the urinary copper 
and blood copper concentrations in the goiter group were 
both higher than in healthy people. This study confirmed a 
possible correlation between increased urinary copper lev-
els and the risk of PTC. Studies on mechanisms elucidated 
that normal thyroid function depends on certain nutritional 
status, especially iodine, Se, and tyrosine. Cu is an essential 

Table 3 Correlations between urinary metals among the study participants (n=524)

Cd Fe Zn Cr Cu As B Mn Hg Pb Se Mo Mg

Cd 1 0.019 −0.013 0.021 0.111* 0.017 0.014 0.050 0.016 0.001 −0.055 0.091* 0.021
Fe 1 0.166** 0.159** 0.398** 0.269** 0.265** 0.483** 0.258** 0.483** 0.189** 0.261** 0.033
Zn 1 0.452** 0.365** 0.456** 0.568** 0.193** 0.340** 0.260** 0.460** 0.533** 0.354**
Cr 1 0.432** 0.496** 0.544** 0.196** 0.435** 0.357** 0.310** 0.455** 0.218**
Cu 1 0.488** 0.465** 0.215** 0.468** 0.308** 0.330** 0.441** 0.167**
As 1 0.588** 0.143* 0.675** 0.436** 0.474** 0.430** 0.251**
B 1 0.083 0.504** 0.324** 0.360** 0.611** 0.352**
Mn 1 0.143* 0.321* 0.406** 0.093 0.175**
Hg 1 0.436** 0.358** 0.418** 0.234**
Pb 1 0.347** 0.292** 0.134*
Se 1 0.292** 0.327**
Mo 1 0.263**
Mg 1

Spearman’s rank correlation coefficients were presented in the table
*p<0.05; **p<0.01

1 3

Environ Sci Pollut Res (2019) 26:20560–20572 20565



Table 4 Adjusted ORs (95% CI) for PTC according to quartiles of exposure for urine metals in single-metal model

Quartile 1 Quartile 2 Quartile 3 Quartile 4 p trend

Cd
Range (μg/g creatinine) ≤0.06 0.06–0.20 0.20–0.52 >0.52
Case/control 48/65 50/66 64/66 100/65
Mode 1 1.00 (ref) 1.18 (0.66–2.12) 1.63 (0.92–2.86) 3.04 (1.65–5.61) <0.001
Mode 2 1.00 (ref) 1.15 (0.61–2.15) 1.40 (0.77–2.57) 2.90 (1.50–5.59) 0.0012
Cu
Range (μg/g creatinine) ≤1.01 1.01–3.65 3.65–6.43 >6.43
Case/control 37/65 79/66 62/66 82/65
Mode 1 1.00 (ref) 2.18 (1.28–3.72) 1.71 (1.00–2.93) 2.87 (1.62–5.09) 0.0022
Mode 2 1.00 (ref) 2.54 (1.43–4.51) 1.81 (1.01–3.24) 2.97 (1.61–5.47) 0.0041
Fe
Range (μg/g creatinine) ≤0.34 0.34–5.35 5.35–18.16 >18.16
Case/control 36/65 50/67 111/65 65/65
Mode 1 1.00 (ref) 1.41 (0.79–2.51) 3.47 (1.99–6.05) 2.08 (1.14–3.78) <0.001
Mode 2 1.00 (ref) 1.30 (0.70–2.42) 3.15 (1.71–5.79) 2.08 (1.09–3.95) 0.0023
Zn
Range (μg/g creatinine) ≤135.86 135.86–241.44 241.44–406.98 >406.98
Case/control 68/65 108/66 44/66 42/65
Mode 1 1.00 (ref) 1.62 (0.99–2.66) 0.58 (0.33–1.01) 0.63 (0.36–1.08) 0.0096
Mode 2 1.00 (ref) 1.89 (1.09–3.20) 0.58 (0.32–1.06) 0.64 (0.36–1.56) 0.0147

Cr
Range (μg/g creatinine) ≤8.00 8.00–15.42 15.42–23.17 >23.17
Case/control 67/65 80/66 37/66 78/65
Mode 1 1.00 (ref) 1.26 (0.77–2.07) 0.58 (0.33–1.01) 1.33 (0.74–2.38) 0.9838
Mode 2 1.00 (ref) 1.21 (0.71–2.07) 0.56 (0.30–1.02) 1.40 (0.74–2.63) 0.8592
As
Range (μg/g creatinine) ≤11.96 11.96–41.05 41.05–68.01 >68.01
Case/control 54/65 60/66 65/66 83/65
Mode 1 1.00 (ref) 0.97 (0.60–1.59) 1.17 (0.70–1.94) 1.71 (1.00–2.90) 0.0449
Mode 2 1.00 (ref) 0.99 (0.59–1.68) 1.15 (0.66–1.98) 1.70 (0.96–3.01) 0.0708
B
Range (μg/g creatinine) ≤250.70 250.70–499.72 499.72–878.04 >878.04
Case/control 68/65 49/66 65/66 80/65
Mode 1 1.00 (ref) 0.75 (0.46–1.21) 0.93 (0.57–1.53) 1.44 (0.87–2.39) 0.1480
Mode 2 1.00 (ref) 0.67 (0.40–1.13) 0.88 (0.52–1.51) 1.31 (0.75–2.29) 0.2878
Mn
Range (μg/g creatinine) ≤0.12 0.12–0.24 0.24–0.74 >0.74
Case/control 86/65 47/66 71/66 58/65
Mode 1 1.00 (ref) 0.52 (0.32–0.85) 0.83 (0.50–1.37) 0.70 (0.42–1.17) 0.3163
Mode 2 1.00 (ref) 0.57 (0.33–0.97) 0.76 (0.45–1.31) 0.71 (0.41–1.24) 0.3197
Hg
Range (μg/g creatinine) ≤2.67 2.67–14.89 14.89–34.81 >34.81
Case/control 38/65 57/66 82/66 85/65
Mode 1 1.00 (ref) 1.76 (1.00–3.11) 2.37 (1.37–4.10) 2.98 (1.63–5.43) <0.0001
Mode 2 1.00 (ref) 2.03 (1.10–3.76) 2.54 (1.40–4.60) 3.08 (1.62–5.88) <0.0001
Pb
Range (μg/g creatinine) ≤1.51 1.51–4.61 4.61–11.86 >11.86
Case/control 34/65 53/66 67/66 108/65
Mode 1 1.00 (ref) 1.65 (0.92–2.97) 2.61 (1.40–4.88) 4.88 (2.57–9.29) <0.0001
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trace element in the metabolism of tyrosine. The apoptosis 
of normal thyroid cells is an imbalance outcome between the 
exceed production of oxygen free radicals and H2O2 and the 
body’s ability to neutralize them, which eventually leads to 
be carcinogenesis (Mittag et al. 2012).

Underlying mechanisms for the associations of PTC with 
Fe are not clear. Most of the studies recently suggested that 
Fe deficiency may affect thyroid hormone status (Yavuz 
et al. 2004). An Iran study presented that subjects with 

low serum ferritin had a higher ratio of T3/T4 (Eftekhari 
et al. 2006). A cross-sectional study conducted in Nepalese 
children found that anemic and Fe-deficient children had 
poor thyroid function (Khatiwada et al. 2016). In our study, 
nonetheless, the result was at odds with the above conclu-
sions. The outcome from multi-metal model indicated ele-
vated concentration of urinary Fe could enhance the risk of 
PTC. The discrepancy of the study results may ascribe to the 
difference of study population. Previous studies preferred to 

Table 4 (continued)

Quartile 1 Quartile 2 Quartile 3 Quartile 4 p trend

Mode 2 1.00 (ref) 1.42 (0.76–2.65) 2.64 (1.35–5.16) 4.73 (2.41–9.30) <0.0001
Se
Range (μg/g creatinine) ≤27.06 27.06–51.76 51.76–77.28 >77.28
Case/control 109/65 57/66 31/66 65/65
Mode 1 1.00 (ref) 0.50 (0.31–0.83) 0.24 (0.13–0.44) 0.58 (0.35–0.95) 0.0037
Mode 2 1.00 (ref) 0.50 (0.29–0.84) 0.25 (0.13–0.49) 0.58 (0.35–0.98) 0.0080
Mo
Range (μg/g creatinine) ≤8.02 8.02–24.72 24.72–41.85 >41.85
Case/control 45/65 82/66 53/66 82/65
Mode 1 1.00 (ref) 1.60 (0.95–2.70) 1.11 (0.65–1.88) 2.05 (1.17–3.58) 0.0506
Mode 2 1.00 (ref) 1.83 (1.03–3.24) 1.21 (0.69–2.14) 2.20 (1.20–4.04) 0.0544
Mg
Range (mg/g creatinine) ≤19.67 19.67–28.64 28.64–41.89 >41.89
Case/control 82/65 75/66 61/66 44/65
Mode 1 1.00 (ref) 0.91 (0.57–1.44) 0.82 (0.50–1.35) 0.55 (0.33–0.92) 0.0288
Mode 2 1.00 (ref) 0.98 (0.59–1.62) 0.84 (0.49–1.42) 0.53 (0.31–0.92) 0.0291

Mode 1: Elements were included in the conditional logistic regression models separately (single-metal model) and adjusted for age (continuous 
variable) and gender
Mode 2: additionally adjusted for BMI (continuous variable), household income (<30,000; 30,000–59,999; >60,000), smoking status (ever, 
never), weekly frequency of physical activity (0, 1–4, >5) and family history of thyroid diseases (no, yes)
Linear trend p values were derived by entering the quartiles of creatinine standardized urinary metal concentrations into the models as an ordinal 
categorical variable
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Fig. 1 Adjusted ORs (95% CI) for PTC according to quartiles of exposure for urine metals in the single-metal model
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explore the relationship between thyroid diseases and special 
groups (e.g., pregnant women, adolescents).

Although humans may be widely exposed to Pb in daily 
life, there is very little information on the potential thyroid 
health effects of chronic exposure to Pb. Pb is a chronic toxic 
substance, long-term low-level Pb exposure can cause seri-
ous damage to human organs and tissues. The field epidemio-
logical study in Argentina Pb working population found that 
after long-term exposure to Pb, thyroid function was impaired 
severely, and the level of TSH was in notable high condition 
(López et al. 2000). In the present study, we found a significant 
association between Pb exposure and PTC risk, with a clear 
dose-response curve, indicating that Pb plays an important 
role in the pathogenesis of thyroid disease. The exact biologi-
cal mechanisms that link Pb exposure and PTC risk remained 
uncertain. Rana et al. pointed out that Pb had a certain accu-
mulation in the thyroid gland and disturbed the normal physi-
ological function of the hypothalamic-pituitary- thyroid (HPT) 
axis, which may be the primary explanation (Rana 2014).

Hg threatens human health and can impair many physio-
logical processes. As previously stated, mercury is insidious 
and toxic even at a very low dose of exposure. With respect 
to the association between urinary Hg level and PTC risk, 
we identified a positive relationship in single-metal mode. 
Compared with lowest quartile, the relative risks of second, 
third and highest quartile were 1.76, 2.37, and 2.98, respec-
tively, revealing a strong and significant dose-response rela-
tionship between Hg level and PTC risk. An epidemiologi-
cal study conducted in Ghana supported our finding, which 
found elevated TSH level was associated with boosted blood 
Hg concentration (Afrifa et al. 2018). An existing study on 
zebra fish demonstrated that environmentally relevant con-
centrations of Hg2+ exposure could change the levels of 
thyroid hormone and the transcription of related HPT axis 
genes, interfering with the normal metabolism of thyroid 
hormone (Sun et al. 2018).

Although accumulating evidence has shown a lower TC 
risk associated with high Se level, it is still of considerable 
debate about whether this represent a causal relationship 
or arises from potential confounding (Kohrle and Gartner 
2009; Schomburg and Kohrle 2008). Based on the results 
of multivariate analysis, our research confirmed a promi-
nent inverse association between PTC occurrence and Se. 
A pooled-analysis including six case-control studies sug-
gested that patients with TC had lower levels of Se than the 
healthy controls (Vye and Vtyurin 1995). The thyroid gland 
is the organ with the most abundant Se in the human body. 
Se can be involved in the expression of various enzymes 
in the thyroid tissue. The reason why Se could reduce the 
relative risk of TC is indistinct. The mechanism underlying 
the effects of Se is that everlasting Se deficiency severely 
impairs the biosynthesis of thyroid hormone and enhances 
the destruction of follicular structures and accelerates their 
replacement by fibrotic tissue (Duntas 2010). In addition, 
lack of Se could result in increased TSH level. Thus, chronic 
TSH stimulation was correlated with exacerbated tumor pro-
liferation and aggressiveness.

Zn is a common trace element but also a key component of 
the enzyme superoxide dismutase. Zn is important for normal 
thyroid balance, including effects on hormone synthesis and 
the way it works, but its role is extremely complex and little 
research kept watchful eye on the correlation in between. 
Malfunction of its transporters have been related to chronic 
diseases such as malignant tumors. According to the NIH-
AARP diet and health study, a non-significant protective 
effect was observed in correlation between dietary Zn intake 
and TC risk (O'Grady et al. 2014). A nutrition survey con-
ducted in MTC patients found higher concentration of Zinc 
in MTC groups compared with healthy controls (Emami et al. 
2017). Additionally, data from National Health and Nutrition 
Examination Survey revealed that, for males, levels of zinc 
were associated with decreased levels of FT4 and TT4. In our 

Table 5 Multi-metal logistic regression model for PTC associated with multiple metals and potential confounders

Urinary metals Quartile 1 Quartile 2 Quartile 3 Quartile 4 p for trend

Cd 1.00 (ref) 0.75 (0.35–1.60) 1.22 (0.60–2.47) 2.60 (1.20–5.64) 0.0067
Cu 1.00 (ref) 2.17 (1.12–4.21) 1.63 (0.79–3.38) 2.83 (1.27–6.30) 0.0232
Fe 1.00 (ref) 1.64 (0.80–3.37) 3.22 (1.49–6.95) 2.86 (1.22–6.70) 0.0051
Pb 1.00 (ref) 1.39 (0.70–2.76) 3.32 (1.54–7.16) 7.62 (3.46–16.83) <0.001
Se 1.00 (ref) 0.49 (0.26–0.92) 0.23 (0.10–0.54) 0.39 (0.18–0.86) 0.0089
Zn 1.00 (ref) 1.13 (0.58–2.19) 0.46 (0.21–0.97) 0.35 (0.15–0.78) 0.0025
Mn 1.00 (ref) 0.63 (0.33–1.12) 0.66 (0.34–1.29) 0.43 (0.21–0.88) 0.0271

Quartiles for each metal were defined as shown in Table 4 and conditional logistic regression models were adopted in this analysis
Adjusted for age (continuous variable), BMI (continuous variable), smoking status (ever, never), and family history of thyroid diseases (yes, no) 
and all stratified analysis included left elements in the multiple- metal models
Linear trend p values were derived by entering the quartiles of creatinine standardized urinary metal concentrations into the models as an ordinal 
categorical variable
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study, compared with the lowest quartile group, the highest 
quartile group presented an inversely relationship between 
zinc exposure and PTC. More profound mechanism study 
were warranted to clarify this phenomenon.

Thus far, Mn has been well known for its significant role 
in immunity improvement and CVD prevention, little has 
been known about the association between the urinary level 
of Mn and PTC (Xu et al. 2006). In an in vivo experiment, 
Eder et al. found Mn deficiency could alter thyroid-hormone 
metabolism in rats (Eder et al. 1996). Additionally, research-
ers indicated that Mn concentration was presented with 
downtrend in breast cancer patients (Kilic et al. 2004). Our 
study was consistent with this experiment and indicated that 
deficiency of Mn could eventually develop into PTC. Why 
could Mn be a protective role in cancer occurrence? A 
potential mechanism hypothesis is that Mn can effectively 
change carcinogens into easily excreted metabolites with 
polar gene; meanwhile, it can also significantly enhance the 
ability of detoxification in liver, thus effectively inhibits the 
occurrence of multiple tumors (Mitrunen et al. 2001).

Tobacco smoking was a vital source of contamination of 
heavy metals and has more than 40 kinds of ingredients proven 
to be carcinogenic. Large amounts of studies have confirmed 
the association between smoking and malignant tumors, espe-
cially lung cancer. However, there are complicated but inter-
esting relations taken on between tobacco smoking and TC. A 
meta-analysis indicated that smoking, particularly current 
smoking, may be a protective factor of TC and smoking may 
influence susceptibility to TC and result in a decreased TSH 
level (Cho and Kim 2014). Another cohort study reached a 
non-significant association between former smoking and devel-
opment of TC (Cho et al. 2018). In our study, smoking was 
considered as a risk factor of PTC. Many kinds of heavy metals 
were largely extracted from the soil by tobacco plants. In addi-
tion, due to soil having high ambient heavy metal concentra-
tions, level of heavy metals in tobacco were naturally higher. Of 

note, Cd and Pb were important matters presented in tobacco 
smoke and contribute substantially to cancer risk (Khlifi and 
Hamza- Chaffai 2010). However, because more than two thirds 
of the PTC cases were female and Chinese women has the tra-
dition of non-smoking, only few smokers were included in our 
study, limiting the power of statistical analysis.

To our best knowledge, this study is the first study to eval-
uate the association between internal exposures of multiple 
metals and PTC among Chinese population. As we all know, 
China is probably the fastest developing country the world 
has ever seen. A downside of the economic boom has been 
environmental degradation. China is home to many kinds 
of pollution, among which, discharge of metals is the most 
important concern. For the present research, we focused on 
the effects of non-occupational exposure to multiple metals 
in individual urinary sample on PTC risk in Chinese popula-
tion. This could provide little but valuable suggestion for the 
public health department in China. Moreover, multi-metal 
models were applied in the analysis, examining the inde-
pendent associations between metal elements and PTC risk. 
We performed stringent quality control standards in data 
collection and laboratory detection to reduce the potential 
of systemic bias and measurement error. In addition, an age, 
sex matched, case-control design improve the comparability 
of groups.

However, several limitations need to be noticed. First, 
we did not distinguish metals species among metabolites 
in urine, for example, organic and inorganic Hg and our 
study hence represented the total level of each element. 
Second, due to the mechanisms of homeostasis and regula-
tion, urine sample may not be the most reliable biomarker 
for measuring the status of all metal elements. For exam-
ple, blood serum is most suitable for Fe measurement while 
urine is a better choice for As. However, it was reported that 
there existed a significant correlation between plasma and 
urine concentrations for multiple metals in Chinese adults. 
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Fig. 2 Adjusted ORs (95% CI) for PTC according to quartiles of exposure for urine metals in the multi-metal model
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Table 6 Adjusted ORs (95% CI) for PTC risk in subgroups stratified by gender and tumor size

Variables Gender Diameter

Man (n=85) Women (n=177) ≤1 cm (n=165) >1 cm (n=97)

Cd 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
 Q1 1.31 (0.29–5.87) 0.53 (0.19–1.45) 1.25 (0.47–3.34) 0.21 (0.04–1.08)
 Q3 3.18 (0.82–12.33) 0.76 (0.31–1.87) 1.16 (0.47–2.88) 1.39 (0.27–7.18)
 Q4 17.48 (1.77–172.63) 1.55 (0.58–4.15) 1.75 (0.68–4.53) 15.45 (2.08–114.96)
p trend 0.0080 0.1200 0.2760 0.0067
Cu
 Q1 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
 Q2 1.82 (0.41–8.02) 2.84 (1.29–6.26) 2.01 (0.88–4.61) 4.87 (1.09–21.83)
 Q3 1.45 (0.29–7.14) 1.95 (0.81–4.68) 1.70 (0.67–4.31) 2.07 (0.47–9.04)
 Q4 1.13 (0.21–6.11) 3.85 (1.44–10.27) 2.61 (0.96–7.14) 4.90 (0.95–25.39)
p trend 0.9252 0.0158 0.0768 0.1137
Fe
 Q1 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
 Q2 1.48 (0.35–6.33) 2.18 (0.86–5.54) 2.25 (0.83–6.09) 1.77 (0.49–5.42)
 Q3 2.96 (0.65–13.45) 4.13 (1.57–10.83) 3.12 (1.14–8.52) 6.83 (1.42–32.86)
 Q4 2.96 (0.62–14.14) 3. 26 (1.08–9.81) 2.98 (0.98–9.02) 5.93 (0.98–35.95)
p trend 0.1215 0.0184 0.0590 0.0180
Pb
 Q1 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
 Q2 1.02 (0.28–3.67) 1.57 (0.64–3.90) 1.46 (0.61–3.48) 1.39 (0.33–5.78)
 Q3 1.44 (0.26–8.04) 3.97 (1.50–10.51) 4.09 (1.51–11.07) 3.76 (0.82–17.19)
 Q4 6.76 (1.25–36.52) 8.39 (3.12–22.57) 8.64 (3.19–23.39) 13.90 (2.31–83.59)
p trend 0.0302 <0.001 <0.001 0.0013
Se
 Q1 1.00 (ref) 1.00(ref) 1.00(ref) 1.00(ref)
 Q2 0.22 (0.06–0.76) 0.66 (0.30–1.44) 0.40(0.18–0.89) 0.60(0.18–2.03)
 Q3 0.05 (0.00–0.52) 0.34 (0.13–0.92) 0.27 (0.10–0.78) 0.16(0.03–0.98)
 Q4 0.32 (0.04–2.47) 0.46 (0.18–1.19) 0.39 (0.15–0.99) 0.40(0.07–2.2)
p trend 0.0226 0.0845 0.0344 0.2391
Zn
 Q1 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
 Q2 1.32 (0.33–5.21) 1.09 (0.48–2.48) 1.26 (0.57–2.80) 0.51 (0.11–2.32)
 Q3 0.37 (0.07–1.97) 0.46 (0.19–1.17) 0.46 (0.18–1.22) 0.29 (0.07–1.21)
 Q4 0.86 (0.15–4.87) 0.24 (0.09–0.66) 0.34 (0.13–0.91) 0.14 (0.02–1.06)
p trend 0.4800 0.0022 0.0144 0.0313
Mn
 Q1 1.00 (ref) 1.00 (ref) 1.00 (ref) 1.00 (ref)
 Q2 0.30 (0.06–1.43) 0.80 (0.37–1.74) 0.38 (0.15–0.94) 1.10 (0.34–3.56)
 Q3 0.68 (0.17–2.74) 0.65 (0.29–1.47) 0.60 (0.24–1.52) 0.56 (0.16–1.92)
 Q4 0.20 (0.04–1.06) 0.52 (0.22–1.21) 0.26 (0.10–0.73) 0.59 (0.14–4.66)
p trend 0.1108 0.1270 0.0166 0.3636

Quartiles for each metal were defined as shown in Table 4 and conditional logistic regression models were adopted in the subgroup analysis
Adjusted for age (continuous variable); BMI (continuous variable); smoking status (ever, never); family history of thyroid diseases (yes, no); and 
all stratified analysis included left elements in the multiple- metal models
Linear trend p values were derived by entering the quartiles of creatinine standardized urinary metal concentrations into the models as an ordinal 
categorical variable
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Therefore, urine sample could accurately reflect the load 
of various metals in human body. Third, as a result of the 
nature of a retrospective study, the ability of causal inference 
was limited. Finally, due to the characteristic of a hospital-
based case-control design, selection bias, especially admis-
sion rate bias, may exist in the process of investigation.

 Conclusion

In summary, we observed significant associations between 
urinary concentrations of several metals and PTC in 
Chinese. Our findings could require further clarification 
but have crucial implications for public health, given the 
high burden of PTC, both in China and the rest of the world.
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