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Abstract 

Background Few studies have utilized whole blood samples to investigate the association between metal mixture 
exposure during early pregnancy and spontaneous preterm birth (SPB). We conduct this nested case–control study 
to investigate both the independent and joint effect of each metal, and identify critical metals in the metal mixture.

Results A total of 120 pregnant women with SPB and 120 pregnant women with full-term delivery were selected 
from the prospective birth cohort. We measured 14 metal concentrations in maternal blood collected dur-
ing 10–13 weeks gestation. Conditional logistic regression showed that high concentrations of vanadium (V), magne-
sium, and copper were positively associated with SPB (Adjusted OR = 5.76 (95% CI 2.46–13.53), 3.64 (95% CI 1.64–8.09), 
2.88 (95% CI 1.29–6.41), respectively). Moderate manganese (Mn) concentration (50th–75th percentile) group had 
the lowest estimated OR (Adjusted OR = 0.32 (95% CI 0.13–0.76)). The high level of strontium (Sr) was negatively 
associated with SPB (Adjusted OR = 0.39 (95% CI 0.17–0.91)). The BKMR model showed a significant positive joint effect 
of metal mixture exposure on SPB, while V was the most important metal. The non-linear effects of V and lead (Pb) 
on SPB, and the interaction effects between V–Pb, Sr–Mn were also revealed.

Conclusions Maternal blood metal mixtures in the first trimester were found to be positively associated with SPB, 
with V exhibiting the strongest independent association. Mn had a potential U-shaped association with SPB. Elimina-
tion of metal contamination in the environment has a positive impact on maternal and child health.
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Introduction
Preterm birth (PTB) is a significant public health con-
cern that poses a threat to infant health and is the pri-
mary cause of perinatal mortality [1]. Despite significant 
advancements in medical and nursing care that have 
improved perinatal survival rates, premature infants still 
face increasing medical expenses and a heightened risk 
of social disability in adulthood, leading to significant 
medical and social burdens [2, 3]. Previous studies have 
pointed out that PTB negatively affects the development 
of the respiratory, nervous, and immune systems [4–6]. 
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Compared to the term infants, the risk of cerebral palsy, 
mental retardation, blindness, deafness and other major 
disabilities is significantly increased for premature new-
borns [7, 8]. Clinically, PTBs are defined as live-born with 
a gestational age of less than 37 weeks, and divided into 
several subtypes, of which spontaneous preterm birth 
(SPB) accounts for the majority [9, 10]. The causes of SPB 
are complicated. Both environmental and biological fac-
tors can increase the risk of SPB, and most of these fac-
tors currently have no clear mechanism [10].

Metal exposure widely exists in populations and can 
affect fetuses via placental transfer [11]. Recent stud-
ies have suggested that maternal metal exposure may 
influence the incidence of PTB. However, most of them 
have focused on the association between PTB and single 
metal, especially toxic metals and metalloids including 
lead (Pb), mercury (Hg), cadmium (Cd) and arsenic (As), 
with relatively less research focused on metals such as 
vanadium (V) and calcium (Ca). In addition, to date, the 
associations between many metals and PTB were uncer-
tain, with inconsistent findings across the research. A 
population-based cohort study conducted in Hubei Prov-
ince indicated a significant association between urinary 
V levels and PTB [12], while another population-based 
cohort study conducted in Xiamen found no significant 
relationship between umbilical cord blood V levels and 
preterm birth [13]. Another recent study indicated that 
the essential trace element Zn may increase the risk of 
preterm birth, contrasting with conventional findings 
[14]. The relationship between the toxic metal Pb and 
PTB has also been reported with contradictory results 
across studies [15]. The inconsistency in conclusions 
across studies may be due to variations in the selection of 
biological samples for exposure detection and differences 
in the timing of sample collection, leading to a lack of 
comparability in results. Currently, the common biologi-
cal samples used for exposure measurement in studies 
exploring the health effects of prenatal exposures include 
maternal blood, serum, urine, and umbilical cord blood. 
Although some studies have investigated the relationship 
between multiple metal exposure and SPB, many of these 
studies have used urine or serum samples in the late tri-
mester [16, 17]. For certain metals such as Pb, blood is 
considered to be a better detection sample than urine 
and serum [18], yet studies regarding multi-metal expo-
sure utilizing whole blood samples are relatively limited 
at present. Some studies have used cord blood or other 
samples collected before delivery as the research sample, 
but the conclusions may be subject to potential issues of 
reverse causality [19, 20], and samples collected during 
late pregnancy periods provide limited value in study-
ing the prediction and preventive mechanisms of SPB. 
In addition, metal exposure tends to occur in the form of 

co-exposure rather than single metal exposure in the real 
world, which is also a critical issue in the field of metal 
exposure [21]. The interaction effects between these met-
als can potentially modify their effects on the human 
body. Low concentrations of metals that do not reach 
the threshold for significant effects may be amplified in 
their negative impact due to synergistic interactions with 
other metals [22, 23], hence, it is crucial to determine the 
potential interactions among metals. Currently, Bayes-
ian kernel machine regression (BKMR) is one of the best 
approaches for estimating the joint effects and interac-
tions of multiple exposures [24].

Based on the current state of research, we conducted 
this nested case–control study based on a large prospec-
tive birth cohort in Fujian, aimed to explore the effect of 
multi-metal exposure during early pregnancy on SPB, 
recognize the important metals in the metal mixture, 
and estimate the interactions between metals. The blood 
sample was prospectively collected during the first tri-
mester of pregnancy and participants were followed until 
delivery. We estimated 14 maternal blood metal concen-
trations during the first trimester and employed various 
statistical methods to investigate the individual effects of 
each single metal as well as their independent and joint 
effects in metal mixture. This study aims to provide new 
evidence and insights into the effect of multi-metal expo-
sure during early pregnancy on SPB.

Materials and methods
Study design and subject selection
This study was a nested case–control study based on 
the Birth-Cohort Project of Fujian Maternity and Child 
Health Hospital. During the first trimester prenatal 
check-up, pregnant women were recruited by birth 
cohort investigators. The inclusion criteria were as fol-
lows: (1) Gestational age of less than 13  weeks at first 
assessment; (2) Plan to have regular obstetric exami-
nations and give birth in Fujian Maternity and Child 
Health Hospital; (3) Understand the study and com-
plete informed consent, and are willing to cooperate 
with the investigation and research. After completing 
the informed consent, the participants will conduct the 
first trimester questionnaire and the measurement of 
physical conditions. Pregnant women who suffer from 
mental illnesses thus cannot cooperate with question-
naires or pregnant women with HIV and hepatitis B and 
other infectious diseases were excluded from research. 
Participants were followed until delivery, and their 
clinical information, including prenatal check-up data, 
gestational age of delivery, fetal health condition, and 
discharge diagnosis, were obtained from the electronic 
medical record system.
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PTB was defined as live birth with the gestational age 
of delivery less than 37 weeks [9], and SPB was all PTB 
cases excluding iatrogenic PTBs. To exclude iatrogenic 
PTBs, participants with birth defects, stillbirth, abortion, 
and obstetric complications, including cervical insuf-
ficiency, fetal distress, placental abruption, pregnancy-
induced hypertension and diabetes, placenta previa, and 
eclampsia [25] were excluded from the study. Multiple 
births and participants with baseline chronic hyperten-
sion and diabetes were also excluded. According to the 
above criteria, we included 120 participants with single 
live birth and birth gestational age < 37 weeks in the SPB 
group. The control group was selected from the rest of 
the available participants with a gestational age of deliv-
ery no less than 37  weeks, matched by age, race, body 
mass index (BMI), gravidity, and parity. 120 controls were 
included in this nested case–control study. The detailed 
flow diagram of subject selection is shown in Additional 
file 1: Fig. S1.

Covariates assessment
The baseline characteristics including age, height, and 
weight were assessed via the first trimester body assess-
ments. BMI was calculated by dividing weight by squared 
height. The gestational age was determined through 
ultrasound scans during the first trimester check-up 
[26]. No current smoker was included in this study. 
Further information was collected through the ques-
tionnaire at the first trimester check-up, including the 
mother’s education level, family income, exposure to pas-
sive smoking, and supplementation of folic acid during 
pregnancy. Family income was defined as the sum of the 
monthly income of both parents in Chinese Yuan, and 
passive smoking was defined as self-reported exposure 
to secondhand smoke at home and in the workplace in 
the three months before pregnancy. The sex of fetus and 
delivery mode were obtained from the medical and deliv-
ery records after delivery.

Measurement of the blood metal concentration
The blood sample was collected at the first trimester 
check-up for each participant after 8  h of fasting. The 
blood sample was stored at − 80 ℃ until analysis. Agi-
lent Technologies 7800 inductively coupled plasma mass 
spectrometry (ICP-MS) and Agilent Technologies SPS4 
Autosampler were used to quantify the blood concentra-
tions of 14 metals that may be associated with the risk of 
SPB, including V, Ca, Cd, lithium (Li), magnesium (Mg), 
manganese (Mn), molybdenum (Mo), Pb, As, strontium 
(Sr), iron (Fe), copper (Cu), selenium (Se), and zinc (Zn).

Briefly, 2.5  mL of 75% nitric acid, 0.5  mL of Triton 
X-100 and were pipetted into a 500 mL volumetric flask, 
and filled with ultrapure water to obtain the dilution 

solution. 100 μL of calibration standards, quality control 
and test samples were diluted by 3.9 mL of dilution solu-
tion, shaken 20 times, vortex mixed for 5 min by a multi-
tube vortex mixer, and injected for analysis. ICP-MS 
standard solutions (o2si smart solutions, USA) were used 
as standard reference materials. The recovery rate for 14 
metals ranged from 88.24 to 106.47%, and both the inter-
array coefficients of variations (CVs) and intra-array CVs 
for 14 metals were < 10%. When the concentration of a 
blood metal was below the limit of detection (LOD), it 
was imputed by LOD/√2.

Statistical analysis
Baseline analysis
The Spearman correlation was used to evaluate the 
relationship between the 14 metal concentrations. Chi-
squared test, t-test and Fisher’s exact test were performed 
to analyze the crude difference in baseline characteristics 
between the SPB group and the control group. Subjects 
with missing covariates will be omitted from subsequent 
statistical analysis involving covariate adjustment.

Single metal analysis
Initially, the association between every single metal and 
SPB was analyzed using conditional logistic regression, 
including both a basic model and an adjusted model. 
Common factors that may have effects on SPB were 
included in the adjusted model, including sampling 
gestational age, sex of the fetus, education level of the 
mother, monthly family income, passive smoking and 
folate intake. In the adjusted model, in addition to the 
subjects missing covariates, their paired subjects were 
also omitted accordingly. The blood metal concentrations 
were divided into 4 groups according to the quartiles for 
analysis (Q1 < 25th quantile, Q2: 25th–50th quantile, Q3: 
50th–75th quantile, Q4 > 75th quantile). The trend of 
each concentration quantile was tested by modelling the 
quantiles as continuous variables. The non-linear dose–
response association between single metal concentration 
and SPB was further estimated using RCS regression, 
adjusted for sampling gestational age, sex of the fetus, 
education level of the mother, monthly family income, 
passive smoking and folate intake. The number of knots 
for each metal was selected based on the Akaike infor-
mation criterion (AIC), and the knot was placed on the 
recommended quantiles [27]. The reference value used to 
calculate odds ratios (ORs) was the 50th quantile for each 
metal concentration. As the distribution of blood metal 
concentrations was right-skewed, a  log10 transformation 
was applied to the concentration of each metal in the 
RCS regression. The significance of overall and nonlinear 
associations of each metal in the RCS model were evalu-
ated using the Wald test.
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Multi‑metal analysis
Considering the correlation and interaction effects 
between metals, we utilized BKMR models to investigate 
the importance of each metal in metal mixtures and their 
joint effects on SPB. The BKMR model was a non-para-
metric method used to evaluate the importance of each 
metal in the metal mixture, which has advantages in eval-
uating nonlinear associations and the interaction effects 
of multiple exposures [28]. Since the BKMR model is 
sensitive to extreme values, the concentration of 14 met-
als was  log10 transformed and scaled, and 5 participants 
with extreme concentrations of Mn (> 35.88 μg/L, n = 1), 
Pb (> 60.00  μg/L, n = 2), Sr (> 47.42  μg/L, n = 2) were 
excluded from the BKMR analysis. Covariates including 
sampling gestational age, sex of the fetus, education level 
of the mother, monthly family income, passive smoking, 
and folate intake were also included in the BKMR model. 
50,000 iterations were run by a Markov Chain Monte 
Carlo (MCMC) algorithm in the BKMR model. Posterior 
inclusion probabilities (PIP) were used to evaluate the 
importance of each metal, and PIP = 0.5 was considered 
as the threshold of importance. Considering the effect of 
potential multicollinearity, we further performed a hier-
archical variable selection for metals with PIP > 0.5 in the 
first model, and metals were grouped based on the cor-
relation to further identify the critical metals. Sensitiv-
ity analyses were conducted by performing the BKMR 
model without excluding extreme values and with differ-
ent prior distributions to verify the stability of the statis-
tical results.

All statistical analysis was conducted by R version 
4.2.1. Conditional logistic regression was performed 
using package “survival” (version 3.5–5), RCS regression 
was performed using package “rms” (version 6.7–1) and 
BKMR regression was conducted using package “BKMR” 
(version 0.2.2). Two-tailed P-value < 0.05 and 95% con-
fidence interval (CI) not including null value were con-
sidered statistically significant in this study. This study 
was approved by the Ethics Committee of Fujian Mater-
nity and Child Health Hospital (Approval Number: 
2019–200).

Results
Baseline characteristics of participants
The baseline characteristics of the included participants 
are summarized in Table  1. The average age of the par-
ticipants included in this study was 29.9, with a range 
from 21.6 to 42.1. The characteristics of delivery mode, 
mother education level, family income, passive smoking, 
and folic acid supplementation were similar between the 
two groups. A total of 4 subjects with missing covariates 
were excluded from subsequent analysis with adjustment 
for covariates.

Associations between single critical metals and SPB
The distributions of blood metal concentrations are 
shown in Table 2 For Li, the rate of blood concentration 
higher than the LOD was 85.8%, while for other 13 metals 
was 100%. The LOD of each metal is shown in Additional 
file  1: Table  S1. A significantly higher concentration of 
V, Mg and Cu was found in the SPB group (PV < 0.001, 
PMg = 0.013, PCu = 0.012).

The results of conditional logistic regression estimat-
ing the association between single metal and SPB are 
shown in Table 3. After adjusting for covariates, a posi-
tive association was found between V concentration and 
SPB (Q4 vs Q1: adjusted OR = 5.76 (95% CI 2.46–13.53), 
P < 0.001; Ptrend < 0.001). High blood levels of Mg (Q4 vs 
Q1: adjusted OR = 3.64 (95% CI 1.64–8.09), P = 0.002; 
Ptrend = 0.003) and Cu (Q4 vs Q1: adjusted OR = 2.88 
(95% CI 1.29–6.41), P = 0.010; Ptrend = 0.010) were also 
positively associated with SPB. The moderate blood 
Mn level group (Q3) had the lowest estimated OR com-
pared to other groups (Q3 vs Q1: adjusted OR = 0.32 
(95% CI 0.13–0.76), P = 0.010; Ptrend = 0.095). High blood 
levels of Sr were negatively associated with SPB (Q4 vs 
Q1: adjusted OR = 0.39 (95% CI 0.17–0.91), P = 0.029; 
Ptrend = 0.078). The association between blood Mn level in 
Q2 group and SPB became significant after adjusted for 
covariates (Q2 vs Q1: adjusted OR = 0.42 (95% CI 0.18–
0.96, P = 0.041; Ptrend = 0.095), while other estimates did 
not change significantly. Significant associations were not 
observed between other single metals and SPB.

The results of the dose–response association between 
single metals and SPB are presented in Fig.  1. V and 
Sr showed non-linear associations with SPB (Pnon-

linear = 0.038 and 0.046, respectively). Blood Mg (Pov-

erall = 0.027, Pnon-linear = 0.114) and Cu (Poverall = 0.011, 
Pnon-linear = 0.901) were positively associated with SPB, 
while Mn was negatively associated (Poverall = 0.010, Pnon-

linear = 0.059), and the non-linear effect for the above 
three metals was not significant. Significant associations 
were not observed between other selected metals and 
SPB.

Multi‑metal models
Correlation between multiple metals
The Spearman correlations between blood metal concen-
trations are shown in Additional file 1: Fig. S2. Strong sig-
nificant positive associations were found in the following 
metal pairs: V–Ca (Spearman ρ = 0.46), Mn–Li (Spear-
man ρ = 0.64), Mg–Fe (Spearman ρ = 0.49), Se–As (Spear-
man ρ = 0.51) and Fe–Zn (Spearman ρ = 0.42). Significant 
negative correlations were found in Ca–Cd (Spearman 
ρ = − 0.20), Ca–Fe (Spearman ρ = − 0.34), Ca–Zn (Spear-
man ρ = − 0.30), Fe–Cu (Spearman ρ = − 0.16) and Fe–Sr 
(Spearman ρ = − 0.13).
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BKMR model
In the component-wise variable selection model, 14 met-
als were initially included, and V, Ca, Mg, Mn, Pb, Sr, Fe, 
Cu, and Zn were selected with PIP > 0.5, with V, Ca, Mn, 
and Sr having the highest PIP  (PIPV = 1.00,  PIPCa = 0.99, 
 PIPMn = 0.98,  PIPSr = 0.95). Figure  2A reveals the signifi-
cant joint effect of the metal mixture when the scaled 
 log10 concentration  (log10C) of each metal was higher 
than their 55th percentile. Figure 2B shows the independ-
ent effect of each metal when the concentrations of other 

metals were fixed at the 25th, 50th and 75th percentile. 
The positive effect of V on SPB was significant regardless 
of other metal concentrations. The positive effect of Cu 
was significant when fixing other metal concentrations at 
the 50th and 75th percentiles, while the effect of Sr was 
negative. The negative effects of Ca and Mn were signifi-
cant when fixing other concentrations at the 25th and 
50th quantiles. When the concentration of other met-
als increases, the negative effect of Mn increased while 
the negative effect of Sr decreased, these observations 

Table 1 Statistical summary of baseline characteristics

a Standard deviation
b Calculated by Fisher’s exact test

Variables SPB Group (n = 120) Control Group (n = 120) P
Mean  (SDa) Mean  (SDa)

Age 29.9 (4.3) 29.9 (4.1) –

Body mass index 20.8 (2.7) 20.6 (3.2) –

Gravidity 2.0 (1.1) 2.0 (1.1) –

Parity 0.5 (0.7) 0.5 (0.7) –

Sampling gestational age (weeks) 11.3 (0.64) 11.3 (0.66) 0.677

Race, n (%) –

 Han 118 (98.3) 118 (98.3)

 Others 2 (1.7) 2 (1.7)

Education, n (%) 0.148b

 Elementary school or lower 2 (1.7) 0 (0)

 Junior high school 12 (10.0) 15 (12.5)

 Senior high school 11 (9.2) 18 (15.0)

 Undergraduate 90 (75.0) 78 (65.0)

 Graduate or higher 4 (3.3) 9 (7.5)

 Missing 1 (0.8) 0 (0)

Monthly family income, n (%) 0.060

 < 6000 12 (10) 3 (2.5)

 6000–14999 69 (57.5) 81(67.5)

 15,000–29999 26 (21.7) 29 (24.2)

 < 30,000 11 (9.2) 7 (5.8)

 Missing 2 (1.7) 0 (0)

Passive smoking, n (%)  > 0.999

 Yes 52 (43.3) 53 (44.2)

 No 67 (55.8) 67 (55.8)

 Missing 1 (0.8) 0 (0)

Folate intake, n (%) 0.749

 Yes 79 (65.8) 75 (62.5)

 No 40 (33.4) 43 (35.8)

 Missing 1 (0.8) 2 (1.7)

Delivery mode, n (%) 0.127

 Cesarean 44 (36.7) 32 (26.7)

 Natural 76 (63.3) 88 (73.3)

Fetus sex, n (%) 0.014

 Male 75 (62.5) 55 (45.8)

 Female 45 (37.5) 65 (54.2)
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suggested the potential existence of interactions among 
the metal mixtures Fig. 2.

We further performed a secondary BKMR model with 
hierarchical variable selection for metals with PIP > 0.5 
in the first model. According to the correlation, V 

and Ca were assigned to group 1, Mg, Fe and Zn were 
assigned to group 2, and other metals were assigned to 
each single group individually from group 3 to group 6. 
The summary of the PIPs is shown in Table  4. Group 
posterior inclusion probability (groupPIP) indicated 

Table 2 Statistical summary of blood metal concentration during the first trimester of participants

Metals (μg/L) Median 5th 25th 75th 95th P

Vanadium  < 0.001

 Case 2.90 2.57 2.74 3.04 3.19

 Control 2.74 2.54 2.62 2.86 3.01

Calcium  > 0.999

 Case 56,509.98 50,097.50 53,704.52 59,816.42 68,152.64

 Control 56,910.76 50,899.06 53,704.52 60,117.00 65,747.96

Cadmium 0.889

 Case 0.64 0.32 0.44 0.91 1.32

 Control 0.62 0.33 0.48 0.86 1.36

Lithium 0.844

 Case 0.39 0.14 0.29 0.57 0.76

 Control 0.41 0.14 0.27 0.54 0.86

Magnesium 0.013

 Case 30,867.35 27,950.75 29,409.05 32,082.60 33,832.56

 Control 29,895.15 27,950.75 28,922.95 30,867.35 32,823.90

Manganese 0.792

 Case 6.82 3.00 4.80 12.06 18.78

 Control 9.49 3.61 5.96 12.79 17.59

Molybdenum 0.791

 Case 1.14 0.75 1.00 1.37 2.10

 Control 1.20 0.80 1.02 1.38 1.84

Lead 0.303

 Case 10.00 5.00 8.00 13.25 26.20

 Control 10.00 5.00 8.00 12.00 23.05

Arsenic 0.511

 Case 3.72 1.35 2.38 5.41 11.11

 Control 3.22 1.72 2.57 5.13 11.12

Strontium 0.792

 Case 20.05 12.95 17.09 22.68 29.63

 Control 20.66 14.39 18.07 24.27 28.67

Iron 0.249

 Case 288,439.40 213,579.20 278,108.10 302,540.30 326,274.40

 Control 282,854.90 217,153.30 276,432.80 299,608.40 324,152.30

Copper 0.012

 Case 593.52 460.87 522.82 650.87 760.42

 Control 556.98 444.57 503.76 618.94 750.70

Selenium 0.236

 Case 133.52 100.76 117.51 152.13 187.60

 Control 129.49 100.62 115.30 147.62 185.52

Zinc 0.639

 Case 4397.13 3084.07 4000.77 4598.99 4990.98

 Control 4370.65 2961.42 3781.91 4533.61 5032.53
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Table 3 Association between maternal blood metal concentrations during first trimester with spontaneous preterm birth risk

Variables Preterm birth/Control Model  1a P Model  2b P
n (%) Odds ratio (95% CI) Odds ratio (95%CI)

V

  Q1c 15 (12.5)/46 (38.3)

  Q2d 26 (21.7)/34 (28.3) 2.30 (1.01,5.26) 0.047 2.22 (0.91,5.41) 0.080

  Q3e 35 (29.2)/26 (21.7) 2.99 (1.34,6.65) 0.007 3.36 (1.39,8.13) 0.007

  Q4f 44 (36.7)/14 (11.7) 5.91 (2.63,13.31)  < 0.001 5.76 (2.46,13.53)  < 0.001

 Ptrend  < 0.001  < 0.001

Ca

 Q1 31 (25.8)/31 (25.8)

 Q2 35 (29.2)/32 (26.7) 1.10 (0.55,2.20) 0.791 1.01 (0.48,2.14) 0.975

 Q3 29 (24.2)/31 (25.8) 0.94 (0.47,1.87) 0.860 0.99 (0.44,2.23) 0.973

 Q4 25 (20.8)/26 (21.7) 0.98 (0.46,2.06) 0.948 1.03 (0.50,2.16) 0.930

 Ptrend 0.818 0.996

Cd

 Q1 33 (27.5)/27 (22.5)

 Q2 27 (22.5)/34 (28.3) 0.63 (0.30,1.32) 0.220 0.61 (0.27,1.38) 0.233

 Q3 29 (24.2)/30 (25.0) 0.83 (0.41,1.68) 0.598 0.79 (0.37,1.68) 0.537

 Q4 31 (25.8)/29 (24.2) 0.91 (0.46,1.78) 0.777 0.89 (0.42,1.90) 0.771

 Ptrend 0.867 0.854

Li

 Q1 27 (22.5)/34 (28.3)

 Q2 37 (30.8)/22 (18.3) 1.92 (0.95,3.87) 0.069 1.55 (0.72,3.34) 0.260

 Q3 25 (20.8)/36 (30.0) 0.81 (0.39,1.68) 0.566 0.99 (0.45,2.16) 0.980

 Q4 31 (25.8)/28 (23.3) 1.26 (0.64,2.46) 0.499 1.33 (0.64,2.75) 0.445

 Ptrend 0.913 0.627

Mg

 Q1 28 (23.3)/45 (37.5)

 Q2 25 (20.8)/29 (24.2) 1.38 (0.68,2.77) 0.37 1.45 (0.68,3.09) 0.333

 Q3 28 (23.3)/28 (23.3) 1.50 (0.77,2.94) 0.237 1.54 (0.74,3.20) 0.243

 Q4 39 (32.5)/18 (15.0) 3.27 (1.56,6.85) 0.002 3.64 (1.64,8.09) 0.002

 Ptrend 0.002 0.003

Mn

 Q1 38 (31.7)/22 (18.3)

 Q2 30 (25.0)/30 (25.0) 0.57 (0.27,1.21) 0.141 0.42 (0.18,0.96) 0.041

 Q3 23 (19.2)/37 (30.8) 0.34 (0.16,0.75) 0.008 0.32 (0.13,0.76) 0.010

 Q4 29 (24.2)/31 (25.8) 0.58 (0.29,1.18) 0.133 0.53 (0.24,1.16) 0.111

 Ptrend 0.066 0.095

Mo

 Q1 33 (27.5)/29 (24.2)

 Q2 31 (25.8)/29 (24.2) 0.91 (0.44,1.88) 0.796 0.97 (0.43,2.19) 0.947

 Q3 27 (22.5)/33 (27.5) 0.70 (0.33,1.48) 0.353 0.60 (0.26,1.35) 0.216

 Q4 29 (24.2)/29 (24.2) 0.86 (0.39,1.89) 0.709 0.89 (0.36,2.21) 0.803

 Ptrend 0.536 0.405

Pb

 Q1 42 (35.0)/44 (36.7)

 Q2 20 (16.7)/32 (26.7) 0.66 (0.33,1.33) 0.241 0.46 (0.21,1.02) 0.057

 Q3 28 (23.3)/21 (17.5) 1.41 (0.65,3.02) 0.382 1.57 (0.69,3.59) 0.286

 Q4 30 (25.0)/23 (19.2) 1.37 (0.71,2.66) 0.346 1.27 (0.61,2.64) 0.519

 Ptrend 0.224 0.270
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group importance for each metal group, and condi-
tional posterior inclusion probability (condPIP) indi-
cated the importance of each metal given the group it 
belongs was important. The effect of Ca vanished after 
being assigned to the same group as V. The univariate 

exposure–response curve from the BKMR model is 
shown in Fig.  3. The figure revealed a strong positive 
relationship between SPB and V at moderate concen-
trations, although the confidence interval widened at 
high and low concentrations due to reduced sample 

a The model without adjustment
b The model adjusted for sampling gestational age, sex of the fetus, education level of the mother, monthly family income, passive smoking and folate intake
c < 25th quantile
d 25th–50th quantile
e 50th–75th quantile
f > 75th quantile

Table 3 (continued)

Variables Preterm birth/Control Model  1a P Model  2b P
n (%) Odds ratio (95% CI) Odds ratio (95%CI)

As

 Q1 31 (25.8)/29 (24.2)

 Q2 24 (20.0)/36 (30.0) 0.64 (0.31,1.31) 0.221 0.48 (0.22,1.05) 0.067

 Q3 31 (25.8)/29 (24.2) 0.97 (0.47,2.00) 0.925 0.98 (0.43,2.21) 0.960

 Q4 34 (28.3)/26 (21.7) 1.26 (0.59,2.68) 0.549 1.15 (0.50,2.64) 0.735

 Ptrend 0.349 0.377

Sr

 Q1 36 (30.0)/24 (20.0)

 Q2 27 (22.5)/33 (27.5) 0.50 (0.23,1.08) 0.079 0.54 (0.24,1.22) 0.140

 Q3 35 (29.2)/26 (21.7) 0.96 (0.44,2.07) 0.908 0.99 (0.42,2.32) 0.983

 Q4 22 (18.3)/37 (30.8) 0.39 (0.18,0.84) 0.015 0.39 (0.17,0.91) 0.029

 Ptrend 0.063 0.078

Fe

 Q1 28 (23.3)/38 (31.7)

 Q2 26 (21.7)/30 (25.0) 1.15 (0.57,2.32) 0.692 1.05 (0.49,2.25) 0.907

 Q3 35 (29.2)/23 (19.2) 2.01 (0.99,4.10) 0.054 1.56 (0.75,3.28) 0.236

 Q4 31 (25.8)/29 (24.2) 1.47 (0.70,3.09) 0.304 1.70 (0.78,3.72) 0.182

 Ptrend 0.131 0.116

Cu

 Q1 23 (19.2)/37 (30.8)

 Q2 29 (24.2)/31 (25.8) 1.35 (0.64,2.86) 0.428 1.06 (0.48,2.38) 0.880

 Q3 30 (25.0)/30 (25.0) 1.41 (0.67,2.94) 0.366 1.35 (0.60,3.01) 0.465

 Q4 38 (31.7)/22 (18.3) 2.53 (1.23,5.20) 0.012 2.88 (1.29,6.41) 0.010

 Ptrend 0.015 0.010

Se

 Q1 28 (23.3)/32 (26.7)

 Q2 26 (21.7)/34 (28.3) 0.88 (0.44,1.76) 0.723 0.91 (0.44,1.89) 0.801

 Q3 33 (27.5)/27 (22.5) 1.54 (0.71,3.31) 0.273 1.64 (0.73,3.69) 0.233

 Q4 33 (27.5)/27 (22.5) 1.48 (0.70,3.12) 0.308 1.49 (0.67,3.32) 0.329

 Ptrend 0.187 0.208

Zn

 Q1 28 (23.3)/32 (26.7)

 Q2 29 (24.2)/31 (25.8) 1.09 (0.54,2.21) 0.814 1.12 (0.52,2.41) 0.780

 Q3 26 (21.7)/34 (28.3) 0.90 (0.43,1.90) 0.787 0.86 (0.38,1.92) 0.705

 Q4 37 (30.8)/23 (19.2) 1.98 (0.91,4.33) 0.086 2.30 (1.00,5.28) 0.049

 Ptrend 0.146 0.091
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size. Mn and Sr were negatively associated with SPB. 
Cu, Zn, Fe, and Mg were positively associated with SPB, 
but the associations were not significant. Additional 
file  1: Fig. S3 shows the bivariate exposure–response 
curve and the potential interaction effect between 
metals by fixing the other metal concentrations at dif-
ferent percentiles. The slope of the effect curve of Sr 

changed when the concentration of Mn was fixed at dif-
ferent percentiles, and the slope of the curve of Pb also 
changed with the change of V concentration, indicating 
the potential existence of V-Pb and Sr-Mn interactions. 
Approximately paralleled lines were observed in other 
metal combinations, suggesting that these co-exposure 
effects on SPB were mostly additive without interaction 
effect Fig. 3.

    

    

    

  

Fig. 1 The dose–response association between  log10 transformed maternal blood concentration of each metal and the estimated odds ratio (OR). 
The red shaded area indicated the 95% confidence interval of the estimated odds ratio, and the rug plot on the x-axis indicated the distribution 
of concentration. P-overall and P-nonlinear were estimated by the Wald test
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Sensitivity analysis
Sensitivity analyses were conducted by performing the 
BKMR model without excluding extreme values and with 
different prior distributions, and the results are presented 

in Additional file 1: Fig. S4–6. Excluding extreme values 
did not significantly affect the results, and the effects of 
each metal were generally consistent across the BKMR 
models with different prior distributions, indicating that 
the results from the BKMR model were valid.

Discussion
In general, we selected SPB cases and their paired con-
trols based on the large prospective birth cohort and fur-
ther measured 14 blood metal concentrations for each 
participant during their first trimester. We used multiple 
statistical methods to identify critical metals and esti-
mated the independent and joint effects of metals on 
SPB. V was identified as the most important agent, with 
the highest PIP in the BKMR model, and both condi-
tional logistic regression and RCS regression revealed a 
significant positive association between of V and SPB. Cu 
and Mg were also found to be positively associated with 
SPB. Mn was negatively associated with SPB at moderate 
concentrations, but the estimated OR tended to increase 
at higher concentrations. On the other hand, Sr was a 
potential protective agent for SPB, with a significant neg-
ative association. The results of the BKMR model showed 
a positive association between overall metal mixture 
exposure levels and SPB, and the bivariate exposure–
response curve suggested the potential existence of V-Pb 
and Sr-Mn interactions.

Fig. 2 The association between overall metal mixture exposure and spontaneous preterm birth (A) and the independent effect of each metal (B). 
A The effect was estimated by fixing all scaled  log10-transformed metal concentration(log10C) at the same quantile. B The effects were estimated 
by comparing the effect for each metal at the 75th percentile versus the 25th percentile of scaled  log10C while holding the scaled  log10C for other 
metals fixed at the 25th, 50th, and 75th percentiles

Table 4 The posterior inclusion probabilities (PIP) for each metal

a Estimated by BKMR model without hierarchical variable selection
b The pre-defined metal group categorized by correlation coefficients
c Indicated group importance for each metal group
d The importance of each metal given the group it belongs was important

Metals Variable‑
specific  PIPsa

Groupb Grouped  PIPsc Conditional 
 PIPsd

V 1.00 1 1.00 1.00

Ca 0.99 1 1.00 0

Cd 0.35 – – –

Li 0.38 – – –

Mg 0.86 2 0.83 0.36

Mn 0.98 3 0.88 1.00

Mo 0.21 – – –

Pb 0.88 4 0.85 1.00

As 0.46 – – –

Sr 0.95 5 1.00 1.00

Fe 0.51 2 0.83 0.16

Cu 0.85 6 0.64 1.00

Se 0.26 – – –

Zn 0.67 2 0.83 0.48
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In our study, V exhibited the strongest positive asso-
ciation with SPB, which was consistent with most pre-
vious studies. A study based on a birth cohort from 
Guangdong, China, used cord blood V concentration as 
the indicator and obtained similar results [19]. Another 
study that utilized urine for the exposure measurement 
also indicated that V was the most important element 
in metal mixtures [16]. A birth cohort study in Wuhan, 
China, observed a positive association between uri-
nary V concentration and premature rupture of mem-
branes, which is one of the main factors leading to PTB 
[29]. The above evidence supported the conclusion that 
V exposure during pregnancy increases the risk of PTB, 
and we obtained similar results using blood samples. It is 
worth noting that, for V, while blood samples used in our 
study and urine samples are preferred over hair samples 
for measurement, the measurement can only serve as 
biomarkers for internal exposure and cannot accurately 
quantify external exposure levels [30]. V is a transition 
metal that occurs in the human body as a super-trace 
element and is widely found in nature [31]. Many stud-
ies have demonstrated that one of the toxic mechanisms 
for V is stimulating the production of excessive reactive 

oxygen species (ROS) and further inducing oxidative 
stress, which is closely related to the incidence of SPB 
[32–34]. Oxidative stress intensifies during pregnancy as 
the developing fetus requires more nutrition and oxygen, 
generating more ROS and exacerbating oxidative stress 
[35]. In addition, V also stimulates immune activity, caus-
ing increased production of cytokines and further induc-
ing inflammatory responses, which is a recognized risk 
factor for SPB [1, 36, 37]. The inflammatory response 
and oxidative stress mentioned above may be part of the 
biological mechanisms by which V increases the risk of 
SPB and requires further exploration. China is one of the 
world’s largest producers of V, which brings a more seri-
ous burden of vanadium pollution [38, 39]. Because of the 
mobility through the soil into plants, V can accumulate in 
the food chain and eventually enter the human body [40]. 
Atmospheric and marine pollution is also a pathway for 
human exposure [41]. The treatment of V pollution may 
have positive effects on the prevention of PTBs.

A significant association between blood Mn and SPB 
was observed in RCS regression, and the result from 
logistic regression suggested that individuals with mod-
erate blood Mn levels had the lowest estimated OR. 

Fig. 3 The univariate exposure–response association between each metal and the estimated change of spontaneous preterm birth. The 
concentration of each metal was scaled log10-transformed
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According to the dose–response curve, visually, the 
curve is approximately U shaped. Although the confi-
dence interval at high concentrations has widened and 
lost significance, the estimate was increasing. Mn is an 
essential element and also a toxic metal that is involved 
in the activation and synthesis of multiple enzymes, 
including Mn superoxide dismutase (MnSOD), which 
is a crucial antioxidant component [42]. MnSOD clears 
ROS in mitochondria and is highly dependent on Mn, 
thus Mn deficiency can increase oxidative stress, thereby 
raising the risk of SPB [43]. However, a positive associa-
tion between Mn and PTB was reported in a previous 
study, which reflected the toxicity of Mn [14]. Excessive 
Mn production can also generate free radicals, reactive 
oxygen species, and toxic metabolites, causing oxidative 
balance disruption in cells [44]. As a result, both Mn defi-
ciency and excess can disturb the oxidative balance and 
induce oxidative stress, leading to a U-shaped associa-
tion between Mn concentration and oxidative stress lev-
els, which is consistent with our findings. This U-shaped 
association had also been reported in a previous study 
conducted in Wuhan [45]. Notably, the whole blood Mn 
concentrations in our study were lower than those in the 
North Puerto Rican study [14], thus our finding mainly 
reflected the protective effect of Mn, the negatively cor-
related part of the U-shaped curve, while the North 
Puerto Rican study mainly reflects the toxicity of Mn at 
high blood concentrations.

Cu was found to be positively associated with SPB, 
which was consistent with most of the previous research 
[19, 46, 47]. A potential mechanism could be the catalytic 
activity of free Cu in generating highly reactive hydroxyl 
radicals and inducing oxidative stress [48]. Notably, we 
found a protective association between higher concentra-
tions of Sr on SPB. This nonlinear protective association 
has also been mentioned in previous studies but has not 
been extensively studied [19]. A prospective cohort study 
in Bangladesh also showed that exposure to Sr in early 
pregnancy reduced the SPB risk [49]. Another prior study 
also revealed a significant association between higher 
levels of Sr in serum metal mixtures and reduced risk of 
SPB [17]. These studies, along with our results, suggested 
the potential for Sr to be a protective factor against SPB, 
and a possible mechanism of this effect may also related 
to oxidative stress, as Sr can eliminate lipid peroxidation 
and thereby reduce the level of oxidative stress [50].

Unexpectedly, blood Mg concentration was found 
to be positively associated with SPB in our study, as 
hypomagnesemia is an important precursor to PTB, and 
magnesium sulfate is also used as a tocolytic and neuro-
protection drug for PTB infants [51, 52]. However, many 
studies point out that Mg supplements cannot prevent 
the incidence of PTB or increase the gestational age of 

birth, but only have neuroprotective effects [53, 54]. A 
U-shaped exposure–response relationship between cord 
blood Mg and risk of PTB was identified in the study 
based on the Guangdong Birth Cohort, which suggested 
that not only Mg deficiency, but high exposure to Mg can 
also increase the risk of PTB [19]. Combined with the 
results of our study, it is suggested that high exposure to 
Mg may increase the risk of SPB, which was rarely been 
mentioned in other studies. Higher blood Mg concen-
tration is associated with placental inflammation and 
oxidative stress levels, and further research is needed to 
elucidate the underlying mechanisms [55]. Pb showed 
a non-monotonic nonlinear relationship with SPB in 
BKMR model, which was inconsistent with the recog-
nition of Pb as a toxic metal. However, previous studies 
have also reported non-significant associations between 
Pb and SPB, particularly when Pb concentrations were 
within normal ranges [56, 57]. Besides, Pb was even 
found to be negatively correlated with PTB in a cohort 
study conducted in Guangzhou, China, which the dis-
tribution of blood Pb concentrations was similar to ours 
[58]. These findings may suggest that the effect of Pb on 
SPB was limited when it had not reached the thresh-
old concentration. Besides, we did not observe signifi-
cant correlations between other single metals and SPB, 
although significant correlations between some of these 
metals and PTB have been reported in earlier studies, 
especially toxic metals such as As [15]. The absence of 
significant exposure effects of As may be attributed to the 
unsuitability of blood as a sample for detecting arsenic 
exposure [59].

The results of the BKMR model demonstrated a posi-
tive joint effect of overall metal mixture exposure on SPB. 
Furthermore, our findings revealed potential antagonis-
tic effects between V and Pb, and synergistic protective 
effects between Mn and Sr, which is rarely mentioned 
in other studies. The underlying mechanisms remain 
unclear and require replication experiments to validate 
and further explore comprehensively.

There are still some limitations in this study. First, it 
should be noted that most recruited participants in this 
study were of Han ethnicity and were recruited from the 
same hospital in the provincial capital. Therefore, need to 
be cautious when pushing the results to populations of 
other ethnicities and areas. Second, while blood samples 
have advantages in measuring the exposure of certain 
metals such as Pb, urine samples are more recommended 
for some other metals, such as As. Third, we have iden-
tified associations between several metals and SPB, 
however, the underlying biological mechanisms remain 
unclear. Further investigations including in vitro experi-
ments are necessary to explore the underlying mecha-
nisms. Besides, blood samples were only collected once 
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during the first trimester, which may not fully capture 
the dynamic changes in metal concentrations throughout 
pregnancy, thus we could not explore the critical window 
of metal exposure.

This study had several strengths. First, this nested 
case–control study was based on a prospective cohort, 
where the information collection and specimen acquisi-
tion followed standardized procedures and quality con-
trol processes, ensuring the credibility of the data. The 
SPB group and the control group were selected from 
the same population, the baseline characteristics of par-
ticipants between the two groups were relatively similar. 
Moreover, we performed matching on baseline charac-
teristics including age, BMI, gravidity and parity between 
the SPB and control groups to control for potential con-
founding biases. This matching design effectively reduced 
the influence of common confounders, thereby enabling 
a better exploration of the relationship between metals 
and SPB. Additionally, using blood metal concentrations 
in the first trimester as an indicator had better predictive 
value, the findings may facilitate the early identification 
of high-risk individuals for intervention and reducing 
the risk of SPB. Furthermore, we used multiple statistical 
methods, including conditional logistic regression, RCS 
regression, and BKMR models. By combining the results 
of these statistical methods, we gained a more compre-
hensive understanding of the correlation between metals 
and SPB risk, including linear and nonlinear associations, 
the independent effects of metals, and the interactions 
between metals.

Conclusion
In summary, this study explored the association between 
multiple blood metal concentrations during the first 
three months of pregnancy and SPB based on a large 
birth cohort, identified critical metals, and further inves-
tigated the effects of joint exposure. V, Cu, and Mg were 
positively associated with SPB, with V being the most 
important toxic agent. Pregnant women with moderate 
blood Mn concentration had the lowest SPB risk, and 
the underlying relationship between Mn and SPB could 
be approximately U shaped. Sr was a potential protective 
agent of SPB. Significant non-linear associations were 
observed in the association between V, Sr and SPB, and 
overall metal exposure was positively associated with 
SPB. The study also revealed potential antagonistic effects 
between V and Pb, and synergistic protective effects 
between Mn and Sr. These findings contribute to future 
studies investigating the mechanisms underlying the 
impact of metal exposure on SPB, while also indicating 
the potential positive public health effects that may result 
from reducing environmental metal contamination.
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