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Abstract
Studies have shown that exposure to heavy metals increases the risk of osteoporosis in the elderly population and leads to 
fractures. However, epidemiologic studies focus on combined effects of multiple metals on bone strength among preschoolers 
are scarce. Therefore, this study was conducted to examine associations of multiple metals exposure with the risk of insuf‑
ficient bone strength (IBS) among 1399 children aged 2–6 years in China. Urine concentrations of 23 metals were measured 
using an inductively coupled plasma mass spectrometer, while bone strength was assessed using a quantitative ultrasound 
instrument. The weighted quantile sum (WQS) and Bayesian kernel machine regression (BKMR) models were conducted to 
investigate the associations between exposure to metal mixtures and IBS. In the single metal exposure model, urine cobalt 
and zinc were identified to be negatively associated with IBS, whereas urine lead was positively associated with IBS. Fur‑
thermore, WQS regression and BKMR analyses consistently showed that exposure to metal mixtures was inversely related 
to IBS, and cobalt was the main contributor to the combined effects. Such associations were more evident in children aged 
2–4 years. Our findings suggested that exposure to metal mixtures was associated with bone strength among children, and 
cobalt was the main contributor to the overall effects.
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Introduction

Considerable evidence now exists that childhood and ado‑
lescence, which accumulate 50–80% of bone mass and 
bone strength in a person's life, is a critical period of bone 
development and plays a decisive role in the health of 
bones (Weaver et al. 2016). Low bone strength increases 
the risk of fracture in children, leading to an increased risk 
of osteoporosis (Hans et al. 2017). It is estimated that there 
will be 5.99 million patients with osteoporotic fractures 
by 2050 in China (Si et al. 2015). Although osteoporosis 
symptoms generally manifest in the elderly, the disease is 
thought to have roots at the beginning of childhood (Mag‑
gioli and Stagi 2017). It is essential to explore children's 
bone health and related factors, timely detection of bone 
strength, to reduce the risk of developing bone diseases.

Despite numerous factors, including genetic factors, phys‑
ical activity, and dietary nutrition, are related to the develop‑
ment of bone strength (Di Marcello et al. 2022; Katerina and 
Fernando 2019; Moradi et al. 2018), environmental factors 
are increasingly recognized as significant contributors to 
bone health, especially metal exposure (Li et al. 2018; Rod‑
riguez and Mandalunis 2018). Essential metals, including 
zinc and copper, play a crucial role as cofactors for enzymes 
that regulate bone metabolism. Imbalances in the levels of 
these metals can have adverse effects on bone integrity, as 
noted by Rodriguez and Mandalunis (2018). While heavy 
metals such as lead and cadmium are known to be detrimen‑
tal to bone cells, primarily by impeding osteoblast differen‑
tiation, synthesis activity, and extracellular matrix minerali‑
zation. The imbalance in bone remodeling may potentially 
lead to the emergence of bone ailments, such as osteopenia 
and osteoporosis (Akesson et al. 2006). Additionally, heavy 
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metals can accumulate in the extracellular bone matrix, 
causing severe harm even at low concentrations in cases of 
long-term metal exposure. Epidemiological and experimen‑
tal studies have indicated environmental exposure to metals 
was associated with bone strength, such as Cd (Chung 2022; 
Kim et al. 2021), Cu (Qu et al. 2018), Se (Galvez-Fernandez 
et al. 2021; Wu et al. 2020), Pb (Jalili et al. 2020), Zn (Wang 
et al. 2021).

However, most metal-bone strength studies focused on 
subjects from the general adult population, post-menopausal 
women or men aged ≥ 50 years, and information about chil‑
dren is limited. In addition, existing studies only concerned 
associations of single-metal exposure with bone strength. 
Little is known about the overall health effect of joint expo‑
sure to multiple metals, while simultaneous exposure to vari‑
ous metals is more common than exposure to a single one. 
In recent years, the use of weighted quantile sum (WQS) 
regression and Bayesian kernel machine regression (BKMR) 
models has become widespread in epidemiology to analyze 
the independent and joint effects of multiple correlated 
exposures. These models enable us to dissect the relation‑
ship between exposure to multiple metals and bone strength.

Quantitative ultrasound, a radiation-free method that 
measures the speed of sound (SOS) along cortical bones, 
is increasingly being applied for the direct measurement of 
bone strength and the assessment of bone properties in chil‑
dren (Inose et al. 2006; Lequin et al. 2000). Hence, this study 
was performed to examine the single and overall effects of 
23 heavy metals in urine on bone strength based on a cross-
sectional study in Chinese children. We used the quantitative 
ultrasound method to measure the bone strength and induc‑
tively coupled plasma-mass spectrometry to measure the 
concentration of 23 metals in urine. The generalized linear 
model was conducted to investigate the relationship between 
exposure to single metal and insufficient bone strength 
(IBS). The WQS and BKMR models were applied to inves‑
tigate the overall relationship and non-linear dose–response 
relationship between exposure to metal mixtures and IBS, 
as well as interactions between the meta. Interaction effects 
were conducted to further explore the association between 
exposure to metal mixtures and age on IBS based on a cross-
sectional study in Chinese preschoolers.

Material and Methods

Study Population

We used cluster sampling to investigate 7 kindergartens 
in Shiyan City, Hubei Province, China in 2019. A total of 
1595 preschoolers aged 2–6 years old were included in the 
study. Briefly, an interviewer-administered questionnaire on 
demographic characteristics including basic information for 

children (e. g. sex, age, birth weight, birth status, feeding 
patterns, outdoor time, eating habits (fruit, vegetable, ani‑
mal protein, milk and bean), etc.), parental smoking status 
and family income were gathered by trained interviewers. 
Guardians of children were asked to complete the question‑
naire and provide morning urine specimens (5 mL). Physical 
examination including height and weight was performed by 
qualified physicians. Body mass index (BMI) was calculated 
as body mass / height2 (kg/m2). Overweight and obesity were 
defined by BMI using child growth standards established 
by the World Health Organization. After excluding those 
with unrecovered questionnaires (n = 50, a recovery rate of 
96.87%), missing basic information (n = 110), missing physi‑
cal examination (n = 27), insufficient urine samples (n = 9), 
a total of 1399 children were eligible for further analysis. 
The study was approved by the Ethics Committee of Hubei 
University of Medicine (2019-TH-80), and informed consent 
from guardians of children was obtained before completing 
the questionnaire.

Urinary Metal Measurements

Urinary concentrations of 23 metals (aluminum (Al), tita‑
nium (Ti), vanadium (V), chromium (Cr), manganese (Mn), 
iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), 
arsenic (As), selenium (Se), rubidium (Rb), strontium (Sr), 
molybdenum (Mo), cadmium (Cd), tin (Sn), antimony (Sb), 
barium (Ba), tungsten (W), thallium (Tl), lead (Pb), ura‑
nium (U)) were measured using inductively coupled plasma-
mass spectrometer (ICP-MS, Thermo Fisher, USA) based 
on a previously published protocol for the measurement 
of urinary metal concentrations with minor modifications 
(Heitland and Koster 2006). All the collected samples were 
sent to the laboratory within 4 h, and then stored at − 80 °C 
before further analysis. Before analysis, frozen urine sam‑
ples were thawed at room temperature before centrifugation. 
A total of 200 μL of the supernatant was transferred to 5 mL 
polypropylene tubes and acidified with 40 μL nitric acid 
(Thermo Fisher, USA) at 4 °C overnight. The urine samples 
were allowed to stand at room temperature for 30 min the 
next day, brought to room temperature and diluted to 4 mL 
with butanol, and then centrifuged (3000 r/min, r = 20 cm, 
10 min). The accuracy of ICP-MS was checked by analyzing 
multi-element reserve solution and internal standard liquid 
(United States), urinary sample quality controls (Sero, Bill‑
ingstad, Norway)) and standard reference materials 1640a 
(Trace Elements in Natural Water, National Institute of 
Standards and Technology, Gaithersburg, MD) in every 50 
samples. We further utilized a spiked pooled urine sample 
(100 samples randomly pooled together) as an inter-labora‑
tory comparison to ensure the precise and accurate detec‑
tion of titanium, iron, rubidium, strontium, molybdenum, 
barium, tungsten, uranium (no available certified reference 
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agents). The standard recovery rate was in the range of 
73.51–126.44% and the regression coefficients (r2) of the 
calibration standard solutions were greater than 0.999. The 
limits of detection (LOD) of each element were in the range 
0.10–134.57 ng/L, which have been provided in a previous 
published study (Liu et al. 2022), and values below the LOD 
were given the value LOD/2.

Measurement of Bone Strength

The bone strength was performed by Omnisense7000p quan‑
titative ultrasound instrument (Sunlight Medical Ltd. Israel). 
The middle tibia of the left leg of children under 3 years of 
age and the distal radius of the left upper limb of children 
over 3 years of age were measured by a trained operator. To 
classify bone strength in Asian children, the Sunlight Cor‑
poration has developed a system based on the percentage of 
SOS value. This system divides children into two categories 
based on their age and sex: normal bone strength (NBS, 
the percentage of SOS > 25%) and IBS (the percentage of 
SOS ≤ 25%) including mild (10–25%), moderate (3–10%) 
and severe (< 3%) IBS.

Statistical Analysis

Baseline characteristics were compared using t-tests or Mann 
Whitney U tests for continuous variables and chi-square tests 
for categorical variables. We used Spearman's rank correla‑
tion analysis to explore correlations between urine metal 
concentrations, after natural log-transformation to account 
for their right-skewed distributions. The generalized linear 
model was used to estimate odds ratios (OR) and 95% con‑
fidence intervals (CIs) for IBS among the participants and 
individual urine metals categorized into quartiles accord‑
ing to distributions. The lowest quartile was assigned to be 
the reference groups. Linear trend P-values were derived 
by modeling the median value of each metal quartile as a 
continuous variable in the regression model. Model 1 was 
adjusted for sex (boys, girls), age (continuous), BMI (con‑
tinuous), birthweight (continuous), birth status (term birth 
or not), parents smoking (yes or no), family income(RMB) 
(< 4999, 5000–11,999 and > 12,000), and urine creatinine 
(continuous), and model 2 was further adjusted for out‑
door time (< 2 h/d, ≥ 2 h/d), feeding patterns (breast feed‑
ing, mixed feeding, artificial feeding), calcium supplement 
(yes or no), vitamin D supplement (yes or no), eating habits 
(fruit, vegetable, animal protein, milk and bean) (< 7 times/
week, ≥ 7 times/week).

WQS regression was applied to explore the effects of 
mixed metals exposure on IBS (Carrico et al. 2015). R pack‑
age (“gWQS”) can empirically calculate the WQS index 
comprised of weighted sums of individual metal concentra‑
tions. The WQS index (ranging from 0 to 1) represented 

the mixed exposure level of metals, and the components of 
concern were identified by non-negligible weights. The final 
result was interpreted as the simultaneous effect on IBS of 
a one-quantile increase of mixed metals.

Besides, to account for possible non-linearity and inter‑
actions between multiple metals and IBS, we applied the 
BKMR model, which is a statistical method for a mixture 
of multiple metals and can flexibly simulate the combined 
effects of mixtures (Bobb et  al. 2015). The R package 
“bkmr” (version 0.2.0, Bobb et al. 2018) was used to con‑
duct the BKMR analysis. In the BKMR model, the outcome 
“IBS” denoted by Y, exposures “metals” denoted by X and 
the covariates denoted by Z. Binomial kernel function was 
chosen to establish this model running 10,000 iterations for 
model fit with default priors, of which as follows:

where the function h() is a dose–response function, which 
contains nonlinear and/or interactions between components, 
and Z = Z1,…, Zp are p covariates. Specifically, we computed 
the overall effect of multiple metals, by comparing the esti‑
mated value when other metals are at a particular quantile 
as compared to when all of them are at their 50th percentile. 
Then we summarized the contribution of the individual met‑
als to IBS where all of the other metals are fixed at a par‑
ticular percentile. In addition, we visualized a dose–response 
relationship of each metal with IBS while fixing the other 
metal at their 50th percentile. Finally, we also plotted the 
bivariate exposure–response function for two metals to test 
the possible interaction.

We also stratified the metal concentration by the median 
into low exposure (≤ 50th percentile) and high exposure 
(> 50th percentile) subgroups. Interaction effects between 
metal exposure (Low, high) and age (2–4 years old, 5–6 years 
old) on IBS were conducted after adjusting for all covariates. 
There was statistical significance for P value ≤ 0.05. All data 
were analyzed using R software (3.6.2).

Results

Characteristics of Study Participants

Table 1 showed the characteristics of the study participants. 
Among the 1399 children, 1140 (81.5%) individuals had 
NBS, while 259 (18.5%) individuals had IBS. There were 
no statistical differences between the NBS and IBS group in 
birthweight, birth status, feeding patterns, outdoor time, eat‑
ing habits (fruit, vegetable, animal protein, milk and bean), 
calcium and vitamin D supplement, family income and urine 
creatinine. Compared with the NBS group, children with 
IBS were older, more likely to be girls, had higher body 

Y
i
= h(X) + �TZ

i
+ e

i
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mass index, with a higher percentage of parents smoking, 
and lower percentage of SOS value (all P < 0.05).

Distributions of the Urinary Metals

Concentrations (μg/L) of urine 23 urine metals are presented 
in Table S1. Undetected rates (N% < LOD) of all the met‑
als were < 1.3%. Compared with NBS, children with IBS 
had lower concentrations of Co and Pb (both P < 0.05, see 
Table S2). In Spearman's rank correlation analysis, we found 
positive and significant associations among most metals, 
with rs ranging from 0.05 to 0.92 (P < 0.05) (see Fig. S1).

The Generalized Linear Model to Assess 
the Association Between Metals Exposure and IBS

Associations of the single metal exposure with IBS were 
investigated in the generalized linear model (see Table 2). 
After adjusting for sex, age, body mass index, birthweight, 

birth status, parents smoking, family income, and urine 
creatinine, urine Co, Zn, and Pb concentrations were 
related to IBS (all P < 0.05). Compared with those in the 
lowest quartile, the highest quartile of Co and Zn concen‑
trations appeared a significant inverse association with IBS 
[OR (95% CI): 0.61 (0.39, 0.94), 0.57 (0.34, 0.94), respec‑
tively]. Urine Pb was positively associated with IBS in the 
second quartile compared to the reference group (OR 1.49, 
95% CI 1.02–2.19).

These associations remained unchanged after addi‑
tionally adjusted for outdoor time, feeding patterns, cal‑
cium supplement, vitamin D supplement, eating habits 
(fruit, vegetable, animal protein, milk and bean), and OR 
(95%CI) for extreme quartiles was 0.60 (0.39, 0.94) for 
Co, 0.54 (0.32, 0.90) for Zn, and 1.47 (1.00, 2.18) for Pb, 
respectively. Meanwhile, we observed a significant linear 
dose–response relationship of the single metal (Co, Zn 
and Pb) with IBS (all P for trend < 0.05). There were no 

Table 1   Basic characteristic of the study participants

a Data are presented as means ± SD, median (25th, 75th), or n (%)
b P-Value were derived from Student's t-test or Mann–Whitney U test for continuous variables according to the data distribution, and Chi-square 
test for the category variables

Variablesa Total (N = 1399) Normal bone strength 
(N = 1140)

Insufficient bone strength 
(N = 259)

P valueb

Sex, boys (%) 772 (55.2) 657 (57.6) 115 (44.4)  < 0.001
Age, years 4.43 ± 1.04 4.36 ± 1.04 4.74 ± 0.96  < 0.001
Body mass index (kg/m2) 16.29 ± 1.67 16.20 ± 1.55 16.72 ± 2.06  < 0.001
Birthweight (kg) 3.37 ± 0.61 3.38 ± 0.61 3.33 ± 0.59 0.196
Birth status (%, term birth) 1294 (92.5) 1055 (92.5) 239 (92.3) 0.987
Feeding patterns (%)
 Breast feeding 791 (56.5) 637 (55.9) 154 (59.5) 0.301
 Mixed feeding 483 (34.5) 404 (35.4) 79 (30.5)
 Artificial feeding 125 (8.9) 99 (8.7) 26 (10.0)

Outdoor time (%, >  = 2 h/d) 463 (33.1) 390 (34.2) 73 (28.2) 0.074
Eating habits
 Fruit (%, ≥ 7 times/week) 871 (62.3) 702 (61.6) 169 (65.3) 0.303
 Vegetable (%, ≥ 7 times/week) 916 (65.5) 743 (65.2) 173 (66.8) 0.673
 Animal protein (%, ≥ 7 times/week) 702 (50.2) 575 (50.4) 127 (49.0) 0.735
 Milk (%, ≥ 7 times/week) 806 (57.6) 664 (58.2) 142 (54.8) 0.349
 Bean (%, ≥ 7 times/week) 334 (23.9) 273 (23.9) 61 (23.6) 0.957

Calcium supplement (%, yes) 478 (34.2) 394 (34.6) 84 (32.4) 0.562
Vitamin D supplement (%, yes) 111 (7.9) 97 (8.5) 14 (5.4) 0.123
Parents smoking (%, yes) 535 (38.2) 420 (36.8) 115 (44.4) 0.029
Family Income (RMB) (%) 0.051
  < 4999 872 (62.3) 707 (62.0) 165 (63.7)
 5000–11,999 442 (31.6) 371 (32.5) 71 (27.4)

  > 12,000 85 (6.1) 62 (5.4) 23 (8.9)
Urine creatinine (mmol/L) 1.88 (1.31, 2.68) 1.88 (1.31, 2.70) 1.88 (1.30, 2.59) 0.857
Percentage of SOS value (%) 56.00 (32.00, 80.00) 65.00 (50.00, 84.00) 13.00 (9.00, 19.00)  < 0.001
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Table 2   The associations of 
single metals and mixed metals 
exposure with insufficient bone 
strength

Urine metals Continuous OR (95%CI) by quartiles of urinary metals P trend

Q1 Q2 Q3 Q4

Aluminum
 Crude 0.69 (0.48, 1.00) 1 0.91 (0.63, 1.33) 0.97 (0.67, 1.40) 0.70 (0.47, 1.04) 0.102
 Model 1 0.78 (0.52, 1.16) 1 1.02 (0.69, 1.51) 1.12 (0.75, 1.66) 0.80 (0.53, 1.22) 0.37
 Model 2 0.79 (0.53, 1.18) 1 1.01 (0.68, 1.49) 1.12 (0.75, 1.67) 0.80 (0.52, 1.22) 0.372

Titanium
 Crude 1.04 (0.89, 1.22) 1 0.93 (0.63, 1.36) 1.16 (0.80, 1.69) 0.91 (0.62, 1.34) 0.931
 Model 1 1.05 (0.89, 1.25) 1 1.01 (0.68, 1.51) 1.15 (0.78, 1.70) 0.94 (0.62, 1.42) 0.978
 Model 2 1.06 (0.90, 1.27) 1 1.02 (0.69, 1.53) 1.17 (0.79, 1.73) 0.97 (0.64, 1.47) 0.89

Vanadium
 Crude 0.80 (0.57, 1.11) 1 0.83 (0.56, 1.21) 0.95 (0.65, 1.38) 0.86 (0.59, 1.26) 0.558
 Model 1 0.85 (0.59, 1.22) 1 0.87 (0.58, 1.30) 1.02 (0.68, 1.54) 0.93 (0.62, 1.40) 0.875
 Model 2 0.85 (0.59, 1.23) 1 0.87 (0.58, 1.30) 1.02 (0.68, 1.54) 0.93 (0.61, 1.40) 0.863

Chromium
 Crude 0.89 (0.77, 1.02) 1 1.00 (0.69, 1.45) 0.90 (0.62, 1.31) 0.75 (0.50, 1.10) 0.106
 Model 1 0.92 (0.80, 1.07) 1 1.06 (0.72, 1.55) 0.90 (0.61, 1.33) 0.86 (0.57, 1.30) 0.369
 Model 2 0.93 (0.80, 1.07) 1 1.06 (0.72, 1.57) 0.89 (0.60, 1.33) 0.87 (0.58, 1.31) 0.389

Manganese
 Crude 0.97 (0.83, 1.14) 1 1.19 (0.82, 1.73) 1.11 (0.76, 1.63) 0.85 (0.57, 1.26) 0.358
 Model 1 0.98 (0.82, 1.16) 1 1.18 (0.80, 1.74) 1.06 (0.72, 1.58) 0.83 (0.55, 1.25) 0.296
 Model 2 0.97 (0.82, 1.15) 1 1.18 (0.80, 1.74) 1.06 (0.71, 1.58) 0.81 (0.54, 1.23) 0.259

Iron
 Crude 0.90 (0.78, 1.04) 1 0.68 (0.46, 0.99) 0.84 (0.58, 1.22) 0.72 (0.49, 1.05) 0.189
 Model 1 0.91 (0.78, 1.05) 1 0.66 (0.44, 0.98) 0.85 (0.58, 1.25) 0.70 (0.47, 1.04) 0.187
 Model 2 0.90 (0.78, 1.05) 1 0.67 (0.45, 0.99) 0.84 (0.57, 1.24) 0.70 (0.47, 1.05) 0.186

Cobalt
 Crude 0.79 (0.65, 0.96) 1 0.79 (0.55, 1.14) 0.71 (0.48, 1.03) 0.73 (0.50, 1.07) 0.091
 Model 1 0.71 (0.56, 0.89) 1 0.70 (0.47, 1.04) 0.62 (0.40, 0.94) 0.61 (0.39, 0.94) 0.028
 Model 2 0.70 (0.55, 0.89) 1 0.70 (0.47, 1.04) 0.60 (0.39, 0.92) 0.60 (0.39, 0.94) 0.026

Nickel
 Crude 0.93 (0.73, 1.17) 1 1.18 (0.81, 1.71) 0.80 (0.54, 1.19) 1.02 (0.70, 1.49) 0.669
 Model 1 0.87 (0.66, 1.15) 1 1.07 (0.72, 1.59) 0.71 (0.46, 1.08) 0.89 (0.57, 1.38) 0.324
 Model 2 0.87 (0.66, 1.15) 1 1.04 (0.70, 1.55) 0.69 (0.45, 1.07) 0.90 (0.57, 1.41) 0.362

Copper
 Crude 0.80 (0.62, 1.04) 1 1.21 (0.84, 1.76) 0.91 (0.62, 1.34) 0.80 (0.54, 1.19) 0.135
 Model 1 0.87 (0.64, 1.19) 1 1.28 (0.86, 1.89) 1.10 (0.72, 1.70) 0.92 (0.58, 1.46) 0.556
 Model 2 0.87 (0.63, 1.19) 1 1.28 (0.86, 1.90) 1.11 (0.72, 1.71) 0.91 (0.57, 1.46) 0.541

Zinc
 Crude 0.84 (0.66, 1.07) 1 1.13 (0.78, 1.63) 0.93 (0.64, 1.36) 0.66 (0.44, 0.99) 0.033
 Model 1 0.78 (0.56, 1.09) 1 1.14 (0.78, 1.68) 0.82 (0.54, 1.25) 0.57 (0.34, 0.94) 0.024
 Model 2 0.77 (0.56, 1.08) 1 1.13 (0.77, 1.67) 0.81 (0.53, 1.23) 0.54 (0.32, 0.90) 0.017

Arsenic
 Crude 0.96 (0.78, 1.19) 1 1.04 (0.71, 1.52) 1.04 (0.71, 1.52) 0.91 (0.62, 1.34) 0.637
 Model 1 1.02 (0.79, 1.32) 1 1.05 (0.70, 1.58) 1.04 (0.69, 1.59) 0.97 (0.61, 1.54) 0.895
 Model 2 1.02 (0.79, 1.32) 1 1.05 (0.70, 1.57) 1.03 (0.67, 1.57) 0.97 (0.61, 1.53) 0.873

Selenium
 Crude 0.83 (0.63, 1.08) 1 1.06 (0.73, 1.54) 0.99 (0.67, 1.44) 0.80 (0.54, 1.19) 0.266
 Model 1 0.79 (0.54, 1.16) 1 1.11 (0.74, 1.67) 1.03 (0.66, 1.59) 0.78 (0.45, 1.34) 0.426
 Model 2 0.80 (0.54, 1.18) 1 1.08 (0.72, 1.63) 1.02 (0.66, 1.59) 0.79 (0.45, 1.35) 0.457

Rubidium
 Crude 0.91 (0.72, 1.15) 1 1.05 (0.73, 1.53) 0.85 (0.58, 1.24) 0.81 (0.55, 1.19) 0.183
 Model 1 1.04 (0.78, 1.37) 1 1.04 (0.70, 1.53) 0.90 (0.59, 1.36) 0.95 (0.60, 1.49) 0.691
 Model 2 1.03 (0.77, 1.37) 1 1.03 (0.70, 1.53) 0.89 (0.58, 1.35) 0.93 (0.59, 1.46) 0.629
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Table 2   (continued)

Urine metals Continuous OR (95%CI) by quartiles of urinary metals P trend

Q1 Q2 Q3 Q4

Strontium
 Crude 1.04 (0.85, 1.26) 1 0.91 (0.62, 1.33) 0.91 (0.62, 1.34) 1.02 (0.70, 1.48) 0.973
 Model 1 1.02 (0.82, 1.27) 1 1.00 (0.67, 1.48) 0.92 (0.62, 1.36) 0.98 (0.65, 1.48) 0.822
 Model 2 1.03 (0.83, 1.28) 1 1.01 (0.68, 1.50) 0.91 (0.61, 1.36) 1.00 (0.66, 1.51) 0.852

Molybdenum
 Crude 0.96 (0.79, 1.16) 1 0.96 (0.66, 1.41) 1.16 (0.80, 1.69) 0.87 (0.59, 1.29) 0.691
 Model 1 1.02 (0.82, 1.28) 1 0.93 (0.62, 1.39) 1.21 (0.81, 1.82) 0.95 (0.61, 1.49) 0.922
 Model 2 1.03 (0.83, 1.30) 1 0.93 (0.62, 1.40) 1.21 (0.81, 1.83) 0.96 (0.61, 1.51) 0.884

Cadmiun
 Crude 0.93 (0.75, 1.16) 1 0.81 (0.56, 1.19) 0.77 (0.52, 1.13) 0.93 (0.64, 1.35) 0.655
 Model 1 0.87 (0.66, 1.14) 1 0.77 (0.51, 1.14) 0.70 (0.46, 1.07) 0.84 (0.54, 1.32) 0.421
 Model 2 0.87 (0.66, 1.15) 1 0.75 (0.50, 1.12) 0.69 (0.45, 1.05) 0.86 (0.54, 1.35) 0.459

Tin
 Crude 0.99 (0.86, 1.14) 1 1.06 (0.72, 1.55) 1.23 (0.84, 1.79) 0.87 (0.58, 1.29) 0.771
 Model 1 0.96 (0.82, 1.12) 1 1.07 (0.72, 1.59) 1.28 (0.86, 1.89) 0.83 (0.55, 1.26) 0.686
 Model 2 0.96 (0.82, 1.12) 1 1.08 (0.73, 1.62) 1.26 (0.85, 1.87) 0.83 (0.54, 1.25) 0.65

Antimony
 Crude 1.03 (0.86, 1.23) 1 1.35 (0.92, 1.97) 1.02 (0.69, 1.52) 1.12 (0.76, 1.66) 0.852
 Model 1 1.02 (0.84, 1.23) 1 1.39 (0.94, 2.08) 1.03 (0.68, 1.56) 1.14 (0.76, 1.74) 0.827
 Model 2 1.03 (0.85, 1.24) 1 1.43 (0.96, 2.13) 1.03 (0.68, 1.57) 1.16 (0.76, 1.76) 0.806

Barium
 Crude 1.01 (0.84, 1.23) 1 1.06 (0.73, 1.54) 0.94 (0.64, 1.38) 0.91 (0.62, 1.33) 0.522
 Model 1 1.02 (0.83, 1.25) 1 1.12 (0.76, 1.66) 0.99 (0.66, 1.47) 0.92 (0.61, 1.38) 0.569
 Model 2 1.02 (0.83, 1.25) 1 1.11 (0.75, 1.65) 0.99 (0.66, 1.48) 0.91 (0.60, 1.37) 0.551

Tungsten
 Crude 1.00 (0.89, 1.13) 1 1.04 (0.71, 1.51) 0.88 (0.59, 1.29) 1.00 (0.68, 1.46) 0.843
 Model 1 0.99 (0.87, 1.13) 1 1.00 (0.67, 1.48) 0.85 (0.56, 1.29) 0.94 (0.61, 1.45) 0.674
 Model 2 0.99 (0.87, 1.13) 1 1.00 (0.67, 1.50) 0.86 (0.57, 1.31) 0.95 (0.62, 1.47) 0.718

Thallium
 Crude 0.93 (0.73, 1.18) 1 0.93 (0.64, 1.35) 0.83 (0.57, 1.22) 0.81 (0.55, 1.19) 0.237
 Model 1 1.00 (0.75, 1.32) 1 0.95 (0.64, 1.40) 0.83 (0.55, 1.26) 0.89 (0.58, 1.37) 0.52
 Model 2 0.98 (0.74, 1.30) 1 0.93 (0.63, 1.38) 0.82 (0.54, 1.24) 0.87 (0.57, 1.34) 0.449

Lead
 Crude 0.81 (0.66, 0.99) 1 1.51 (1.05, 2.18) 1.04 (0.71, 1.53) 0.66 (0.43, 0.99) 0.012
 Model 1 0.81 (0.65, 1.02) 1 1.49 (1.02, 2.19) 1.08 (0.71, 1.65) 0.68 (0.43, 1.07) 0.031
 Model 2 0.81 (0.64, 1.02) 1 1.47 (1.00, 2.18) 1.07 (0.69, 1.64) 0.68 (0.43, 1.07) 0.032

Uranium
 Crude 0.90 (0.74, 1.09) 1 0.81 (0.55, 1.19) 1.11 (0.77, 1.61) 0.73 (0.49, 1.08) 0.284
 Model 1 0.90 (0.72, 1.12) 1 0.79 (0.53, 1.17) 1.08 (0.73, 1.61) 0.70 (0.45, 1.09) 0.278
 Model 2 0.90 (0.72, 1.12) 1 0.79 (0.53, 1.18) 1.11 (0.75, 1.65) 0.71 (0.46, 1.11) 0.321

WQS index
 Crude 0.94 (0.88, 1.02) 1 0.68 (0.47, 0.99) 0.79 (0.54, 1.13) 0.62 (0.42, 0.90) 0.026
 Model 1 0.88 (0.80, 0.96) 1 0.61 (0.41, 0.90) 0.64 (0.42, 0.96) 0.49 (0.31, 0.77) 0.004
 Model 2 0.87 (0.80, 0.95) 1 0.60 (0.40, 0.90) 0.61 (0.40, 0.92) 0.48 (0.30, 0.77) 0.004

Ptrend across quartiles of metals were obtained by including the median of each quartile (natural log-trans‑
formed) as a continuous variable in the regression models
Bold values indicate significance at P < 0.05
Model 1: Adjusted for sex, age, body mass index, birthweight, birth status, parents smoking, family 
income, and urine creatinine
Model 2: Based on Model 1 additionally adjusted for outdoor time, feeding patterns, calcium supplement, 
vitamin D supplement, eating habits (fruit, vegetable, animal protein, milk and bean)
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significant associations of other metal exposure with IBS, 
and the detailed data was presented in Table 2.

WQS Regression Model to Assess the Association 
Between Mixed Metals Exposure and IBS

Exposure to mixed metals was statistically associated with 
IBS (Table 2). In the fully adjusted model, a one-quantile 
increase in the WQS index was statistically significantly 
associated with IBS (OR 0.87, 95%CI 0.80, 0.95). The 
association still existed even when the WQS index was 
divided into quartiles, and children in the highest quar‑
tile of WQS index had a 0.48-fold (95% CI 0.30 to 0.77) 
decreased odds of IBS, compared with the lowest quar‑
tile. A negative dose–response relation was observed for 
the WQS index with IBS (P for trend = 0.004). As for the 
estimated metal weight for the three positive metals: the 
highest weighted metal was Co, with a weight of 79.9%, 
followed by Zn (14.6%), and Pb (5.5%).

BKMR Model to Assess the Association Between 
Exposure to Metal Mixtures and IBS

Figures 1 illustrated the estimated joint effect of Co, Zn 
and Pb on IBS among children using BKMR models. First, 
we observed the overall association of mixed metals. In 
particular, compared to when all metals were at their 
median values, the overall association was statistically 
significant when all metals were at or above their 55th 
percentile, and the association increased at higher levels of 
the three joint exposures (Fig. 1a). Then, we estimated uni‑
variate summaries of risk change for IBS associated with 
a change in a single metal at the 75th vs. 25th percentile, 
when all the other metals are fixed at either the 25th, 50th, 
or 75th percentile. The change in Co concentration from 
the 25th to the 75th percentile was negatively associated 
with the risk of IBS, with − 0.16 (− 0.26, − 0.06), − 0.17 
(− 0.26, − 0.08) and − 0.18 (− 0.29, − 0.07) standard 
deviations when Zn and Pb were set at the 25th, 50th, and 
75th percentiles, respectively (Fig. 1b). Figure 1c showed 
the univariate exposure response relationship for each 
metal with the risk of IBS when the other metals fixed 
at the median. The plot suggested there was a linear rela‑
tionship between Co and IBS (P for overall = 0.004, P for 
nonlinear = 0.161), and a nonlinear relationship between 
Pb and IBS (P for overall = 0.007; P for nonlinear = 0.006), 
while we did not find the linear or nonlinear relationship 
between Zn and IBS (P for overall = 0.109, P for nonlin‑
ear = 0.123). Finally, our research indicated that there was 
no interaction between the three metals on the risk of IBS 
(Fig. 1d).

Stratified Analyses and Interaction Effects

The association of metal exposure (continuous) with IBS 
stratified by children’s age was shown in Fig. 2. There was 
a statistically significant relationship between exposure to 
Co, Zn and mixed metals (shown as WQS index) and IBS 
in children aged 2–4 years. The adjusted OR (95%CI) was 
0.51 (0.34, 0.76) for Co, 0.59 (0.34, 1.00) for Zn and 0.43 
(0.26, 0.69) for mixed metals, respectively.

In addition, the interaction effect of age on the associa‑
tions of exposure to single metals and mixed metals with 
IBS was indicated in Table 3(P for interaction < 0.05). For 
children aged 2–4 years, high exposure to urine Co, Zn and 
Pb had a significantly lower risk of IBS than those with 
low exposure. Whereas children aged 5–6  years had a 
significantly higher risk of IBS than those with 2–4 years 
among low exposure to Co, Zn and Pb. A similar relation‑
ship remained when exposed to mixed metals. Compared 
with children combined with low mixed metals exposure 
and aged 2–4 years, children had a 0.47-fold (95% CI 0.29 
to 0.76) decreased odds of IBS among those combined with 
high mixed metals exposure and aged 2–4 years, while had 
a 1.53-fold (95% CI 1.04 to 2.27) increased odds of IBS 
among combined with low mixed metals exposure and aged 
5–6 years.

Discussion

In this study, we explored the relationships of urinary 23 
metals with IBS among children aged 2–6 years in China. 
Overall, we observed negative associations of urine Co and 
Zn with risk of IBS in the single metal model, and a positive 
association of urine Pb. The WQS model and BKMR model 
identified that overall mixed exposure was significantly 
associated with IBS, which was mainly driven by Co. The 
univariate exposure–response function of the BKMR model 
revealed nonlinear relationships of Pb with IBS. Besides, 
there was an interaction effect of exposure to metal mixtures 
and children’s age on the risk of IBS.

Although there are some studies to explore the associa‑
tion between Co levels and the bone health, the association 
was still limited and controversial. For example, continuous 
NHANES survey data including 72,000 participants indi‑
cated no association between cumulative Co burden with 
BMD, which is an important index of bone strength (Park 
and An 2022). Another study among 12,584 U.S. adults 
based on the NHANES data identified Co was positively 
associated with osteoarthritis risk; participants in the high‑
est quartile of Co had a 1.59-fold (95% CI 1.20 to 2.10) 
increased risk of osteoarthritis compared to the lowest quar‑
tile (Chen et al. 2022). Chang et al. found similar associa‑
tions that a high concentration of Co in the bone was closely 
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related to low bone strength (Chang et al. 2018). However, 
the present study observed inverse associations of urine Co 
concentrations with IBS. Therefore, whether the Co concen‑
tration was associated with bone strength needed to be inves‑
tigated in further studies. Additionally, there are substantial 
differences in study design, study populations (e.g., race and 
age groups), metals sample (i.e., blood, urine, or bone), and 

bone strength assessment protocols, which may account for 
the variability observed in the existing literature. Co is an 
essential metal present in the diet as part of vitamin B12 
(Leyssens et al. 2017), whereas in vitro experiments dem‑
onstrated that the ionic form of Co, may be toxic for humans 
(Simonsen et al. 2012). Free Co2 + could affect the human 
body through several molecular mechanisms of action that 

Fig. 1   Associations between urinary metals with IBS among pre‑
school children by BKMR model. The model adjusted for sex, age, 
body mass index, birthweight, birth status, parents smoking, family 
income, and urine creatinine, outdoor time, feeding patterns, cal‑
cium supplement, vitamin D supplement, eating habits (fruit, veg‑
etable, animal protein, milk and bean). a Overall effects of urinary 
multiple metals (estimated value and 95% confidence interval). Com‑
pared with other metals in the 50th percentile, the metals are in a 

specific percentile (X-axis). b The single-metal effect (estimates and 
95% credible intervals). This plot compares the IBS when a single 
metal is at the 75th vs. 25th percentile, when all the other metals are 
fixed at either the 25th, 50th, or 75th percentile. c Univariate expo‑
sure–response functions and 95% confidence bands for each urinary 
metal with the other metals fixed at the median. d Bivariate exposure 
response function of each two metals in IBS
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can have significant effects on the human body. One of the 
most notable mechanisms is the generation of reactive oxy‑
gen species and lipid peroxidation. This can lead to oxida‑
tive stress, which can damage cells and contribute to the 

development of various diseases (Paustenbach et al. 2013). 
And free Co2 + can induce cytotoxic effects on osteoblasts, 
inhibiting their ability to secrete and express type I collagen. 
This can lead to decreased bone density and an increased 
risk of fractures (Chang et al. 2018). Unfortunately, we did 
not detect the valence state of Co in this study. We will fur‑
ther improve the method in the follow-up study.

Zn is an essential component for our body. Over 85 per‑
cent of body Zn total is found in skeletal muscles and bones 
(King and Keen 1999). Zn has many important functions 
in bone formation; it stimulates osteoblast proliferation and 
osteoproteger in activity (Liang et al. 2012), plate during 
long bone growth (Oviedo-Rondón et al. 2006), and gene 
transcription at the growth whereas the deficiency in zinc 
levels significantly affects bone integrity, and reduces colla‑
genase activity and subsequently collagen synthesis and min‑
eralization of bone (Hyun et al. 2004; Starcher et al. 1980). 
An overview included 16 eligible studies indicated that the 
supplementation of zinc in an amount equal to 40–50 g could 
have beneficial effects on bone health in terms of maintain‑
ing bone mineral density and faster healing in the event of 
fractures (Rondanelli et al. 2021). The study of Alghadir 
et al. in older adults found lower levels of Zn in serum sam‑
ples from participants with low bone strength than in normal 
controls (Alghadir et al. 2016). A case–control study in post‑
menopausal women suggested that urine Zn level could be 
considered an appropriate marker for bone absorption, and 
usage of Zn supplements may result in a beneficial incre‑
ment in bone strength (Razmandeh et al. 2014). Also in an 
animal experimental pilot study, it has been shown that zinc 
deficiency initiated during adolescence was associated with 
reduced bone strength (Ryz et al. 2009). Our data provided 
a supporting result on the negative association of urine Zn 
with the risk of IBS, which are in accordance with the previ‑
ous studies. In addition, significant interactions were found 
between the urine Zn concentration and age in our study. 
Urine Zn concentration was more strongly associated with 
IBS in children aged 2–4 years old.

Pb is a widely used industrialized and naturally toxic 
heavy metal, and approximately 90% of Pb is stored in 
bone in the body. Accumulating epidemiological studies 
have demonstrated an increased risk for osteoporosis of Pb 
exposure. A systematic review of 14 eligible studies with 
15,421 adults publishing between 2002 and 2019 demon‑
strated exposure to Pb (OR 1.15; 95% CI 1.00 to 1.32) was 
associated with an increased risk of IBS (Jalili et al. 2020). 
A case control study with 60 participants suggested that 
high Pb was negatively correlated to BMD and increased 
the risk factor for osteoporosis (Banjabi et al. 2021). Sev‑
eral population-based studies showed that elevated Pb levels 
were positively associated with low BMD among children, 
adolescents and adults (Li et al. 2022; Lim et al. 2016; Wang 
et al. 2019; Wei et al. 2021). In line with the above literature, 

Fig. 2   Stratified analysis according to children’s age of the associa‑
tion between metal exposure (continuous) and IBS

Table 3   The interaction effect between urinary metals and age on 
insufficient bone strength

The urinary metal concentration was stratified by the median into low 
exposure (≤ 50th percentile) and high exposure (> 50th percentile)
Adjusted for sex, age, body mass index, birthweight, birth status, 
parents smoking, family income, and urine creatinine, outdoor time, 
feeding patterns, calcium supplement, vitamin D supplement, eating 
habits (fruit, vegetable, animal protein, milk and bean)

Metals Age N OR (95%CI) Pinteraction

Cobalt
 Low 2–4 years 374 1 0.005
 High 2–4 years 358 0.47 (0.29, 0.75)
 Low 5–6 years 332 1.54 (1.04, 2.26)
 High 5–6 years 335 1.50 (0.99, 2.27)

Zinc
 Low 2–4 years 359 1 0.018
 High 2–4 years 373 0.50 (0.31, 0.80)
 Low 5–6 years 341 1.70 (1.16, 2.51)
 High 5–6 years 326 1.35 (0.87, 2.11)

Lead
 Low 2–4 years 345 1 0.0496
 High 2–4 years 387 0.57 (0.36, 0.89)
 Low 5–6 years 355 1.80 (1.23, 2.65)
 High 5–6 years 312 1.42 (0.93, 2.18)

WQS index
 Low 2–4 years 372 1  < 0.001
 High 2–4 years 360 0.47 (0.29, 0.76)
 Low 5–6 years 328 1.53 (1.04, 2.27)
 High 5–6 years 339 1.49 (0.98, 2.28)
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this study showed exposure to Pb was positively associated 
with IBS among children. Additionally, the nonlinear rela‑
tionship between Pb exposure and IBS was also reported in 
Li et al. study, which observed an N-shaped curve associa‑
tion between Pb exposure and total and subtotal BMD for the 
whole population among 13,951 children and adolescents 
aged 8–19 years (Li et al. 2022). The harmful effect of Pb 
on skeletons may be attributable to its function of inhibiting 
vitamin D activity, dietary calcium absorption, and osteo‑
blast functions (Beier et al. 2013; Dowd et al. 2001; Sil‑
bergeld et al. 1988). Pb has been shown to accelerate bone 
turnover and reduce bone mineralization and mineral density 
(Moran et al. 2013). Meanwhile, Pb inhibits the function of 
chondrocytes and osteoblasts and induces osteoblastic apop‑
tosis, thereby altering many aspects of bone cell formation 
(Campbell and Auinger 2007; Rodriguez and Mandalunis 
2018).

In this study, urinary Co and Zn were negatively corre‑
lated with IBS, while urinary Pb was positively correlated 
with IBS. This result could assist governments and public 
health institutions to better formulate and implement rel‑
evant policies and measures, such as strengthening environ‑
mental monitoring and control to reduce children's environ‑
mental exposure to toxic metals. In addition, regular bone 
strength testing could be performed to strengthen monitoring 
and protection of children's bone health. These policies and 
measures can help prevent and control the occurrence and 
spread of accidental injuries such as fractures in children, 
and improve their bone strength and overall health. Although 
our results found that Pb was positively associated with IBS, 
mixed metal exposure showed a negative association with 
IBS in the WQS and BKMR mixed-effect models. It has 
been known for decades that the toxicity of some pollut‑
ants can be affected by nutritional status (Mahaffey and 
Vanderveen 1979). In many cases, the results suggest that 
the positive association between trace elements and certain 
outcomes may be weakened at higher levels of toxic met‑
als (Howe et al. 2021; Liu et al. 2018). However, due to 
variations in mixture composition across different popula‑
tions, study contexts, and timing of exposure assessment, 
comparability across studies can be challenging. Despite 
these challenges, it is still crucial to conduct such studies 
in diverse settings.

However, several limitations should be noticed. Firstly, 
only the relationship between metal exposure and bone 
strength was explored. More parameters of bone property 
should be considered in future studies. Secondly, spot urine 
samples were used to measure the internal exposure levels 
of metals, which might lead to exposure misclassification. 
Additionally, measurements of 23 metals in the same urine 
sample might lead to measurement errors and increase the 
false positive rates. Finally, the current findings were based 
on a cross-sectional study, thus we could not ensure the 

causal relationship of metal exposure with bone strength. 
Further studies with prospective design are required to con‑
firm our findings.

In summary, the WQS regression and BKMR models 
were applied to assess the association between exposure 
to metal mixtures and IBS among children aged 2–6 years 
in China. We concluded that an inverse overall association 
between exposure to the metal mixture (Co, Zn and Pb) and 
IBS, especially in children aged 2–4 years, and Co was the 
main contributor. Further studies are warranted to confirm 
our findings in prospective cohorts and to elucidate the 
underlying biological mechanism.
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