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Abstract: Background: Rare earth elements (REEs) are emerging contaminants. Previous studies
reported the association between REEs and active smoking, but little is known about the effects of
passive smoking on this condition. In China, female passive smoking is widespread, particularly in
rural areas. Objective: This study aimed to estimate the relationship between REEs accumulation
and passive smoking among rural housewives. Methods: We recruited 385 subjects in Shanxi
Province of northern China, of whom 117 housewives were exposed to passive smoking, and 268
were not. We analyzed 15 REEs in the hair of housewives with ICP–MS, including lanthanum, cerium,
praseodymium, neodymium, samarium, europium, gadolinium, terbium, dysprosium, holmium,
erbium, thulium, ytterbium, lutetium, and yttrium. Results: The results indicated higher levels of
14 REEs except for Sm in both the univariate and adjusted models among the housewives exposed
to passive smoking. The increasing linear trend of adjusted odds ratios of 15 REEs supported their
association. The Bayesian kernel machine regression (BKMR) models showed that 15 REEs had a
significant overall effect, and Eu had a single-exposure effect with passive smoking. Conclusion:
We concluded that passive smoking might be associated with increased exposure to REEs among
rural housewives.

Keywords: rare earth elements; emerging contaminant; passive smoking; biomarker; housewives

1. Introduction

Passive smoking has been commonly observed in multinomial categorical distributions
pertaining to smoking status [1]. Many studies have shown that women have a lower active
smoking rate but a higher risk of exposure to environmental tobacco smoke than men [2,3].
Women may be less cognizant of the damage caused by passive smoking and therefore
may be less inclined to avoid smokers [4]. Women are the major recipient of secondhand
smoke in China, and nearly 70% of rural women are exposed to passive smoking [3].
A survey in 2013 showed that the rate of passive smoking was 40.4% among women
in central and Western China (including Shanxi Province) [5]. The majority of women,
particularly those in rural areas, remain unaware of the detrimental health effects of passive
smoking. Secondhand smoke has been associated with female sexual dysfunction, cervical
carcinoma, breast cancer, and other gynecological diseases [6–8]. For pregnant women,
passive smoking is a risk factor for adverse birth outcomes [9,10]. Although some studies
have revealed that tobacco smoke has more than 60 kinds of hazardous substances [11], the
degree of exposure to some pollutants through passive smoking is still unclear.
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Rare earth elements (REEs), a class of trace metals with similar physicochemical
properties, have attracted increasing attention due to their applicability in fields such as
agriculture (e.g., lanthanum and cerium in corn and mungbean cultivation) and indus-
try [12–14]. China also has rich, rare earth mine resources, and it has been found that
REEs can enter the human body through air, food, and other sources [15,16]. Many studies
have shown that REEs as emerging contaminants may lead to health impacts. Lanthanum
(La) and neodymium (Nd) in the umbilical cord of pregnant women are risk factors for
orofacial clefts [17]. Prenatal exposure to REEs might also overweigh an added risk of
premature rupture of membranes [18]. In addition, it has been reported that all kinds
of REEs can be detected in tobacco and rolling paper [19], and higher concentrations of
lanthanum and cerium can be found in the indoor air of smokers’ homes and the hotels
with environmental tobacco smoke [20], which both indicate that cigarettes may be a source
of REEs exposure. A previous study reported the concentrations of serum REE among
active cigarette smokers [21]; however, the association between REEs and passive smoking
is still unclear.

We previously found that passive smoking had significant associations with rural
housewives’ hypertension and influenza-like illness in Shanxi Province of China [4,22], and
15 REEs might bring negative effects to their health [23]. Therefore, these findings enable
us to further explore the relationship between 15 REEs’ concentrations in housewives’ hair
and passive smoking.

2. Methods
2.1. Study Design and Population

We conducted a cross-sectional study in Pingding County Hospital in Shanxi Province
of northern China from August 2012 to May 2013, with the aim of assessing the effects
of indoor air pollution on the health of local women. Detailed information on the study
protocol was reported elsewhere [4]. The women were invited to participate in our study
if they were (1) nonimmigrant residential status of Pingding County; (2) had no marked
change in their living situation in the past 10 years; and (3) were aged 30 or over. In
addition, our subjects were recruited in the countryside far from the REE mining area and
mainly engaged in housework.

The characteristics of these recruited subjects were collected by a questionnaire, mainly
including passive smoking status, age, occupation, education, menopause status, and the
frequencies of hard drink (“baijiu” in Chinese) and weak drink (beer, red wine, or rice
wine) intake, and physical activity. Physical examinations, such as measurements of height
and weight, were performed by local physicians according to standard protocols. BMI
(kg/m2) was computed as the value of weight divided by the square of height to be a
possible confounding variable. This study was approved by the Institutional Review Board
of Peking University. All participants were informed and signed the consent form.

Passive smoking in this study was defined as nonsmoking women who continued to
stay in an environment with tobacco burning for more than 30 min. Excluding subjects
with ongoing active smoking, the remaining subjects exposed to passive smoking at least
once per week were considered the exposed group; otherwise, they were considered the
control group.

2.2. Sample Collection and Analysis

Each included subject provided a strand of hair sample for analysis, which was sheared
as near as possible to the scalp from the occipital part of the head. These samples were kept
in closed labeled polyethylene zip-lock bags until analysis in the laboratory. The specific
analysis method was detailed in our previous study [24]. In brief, we assumed that the
growth rate of hair was 1 cm per month; thus, hair close to 24-cm long could indicate a
woman’s 2-year exposure to REEs. Then, the eligible hair was cut into 1-cm segments
and weighed to 80 mg. These samples and the blank vials were sequentially washed
with 1 mL Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) 1 time, 1 mL deionized
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water 3 times, and 1 mL acetone (J.T. Baker®, Center Valley, PA, USA) 3 times. All of the
above washes were under vortex for 5 min each time. Subsequently, these samples were
digested with 1 mL nitric acid in a 15-mL quartz digestion tube in a microwave digester
(Ultra WAVE, Milestone, Italy) for 50 min. The concentrations of REEs were detected using
inductively coupled plasma–mass spectrometry (ICP–MS; ELAN DRC II, PerkinElmer,
Billerica, MA, USA).

The 15 REEs and their limits of detection (LODs, ng/mL) were as follows: lanthanum
(La), 0.006; cerium (Ce), 0.0004; praseodymium (Pr), 0.0001; neodymium (Nd), 0.003; samar-
ium (Sm), 0.0004; europium (Eu), 0.001; gadolinium (Gd), 0.002; terbium (Tb), 0.0004;
dysprosium (Dy), 0.001; holmium (Ho), 0.002; erbium (Er), 0.012; thulium (Tm), 0.007; ytter-
bium (Yb), 0.001; lutetium (Lu), 0.0001; and yttrium (Y), 0.001. Each sample corresponded
to three procedural blanks and one reagent blank, and the concentration was calculated by
subtracting the means of the corresponding blanks from the detected concentration. The
analysis results were finally converted to values in the unit of ng/g hair. When lowered to
a certain blank or the LOD, the REE content was considered a value of zero.

2.3. Statistical Analysis

The demographic information between the exposed and control groups was shown
as the mean ± standard deviation (SD) and tested using the t-test for normal-distributed
continuous variables or as the number (percentage) and tested using the chi-square test for
categorical variables. Since the concentrations of REEs were not normal-distributed, they
were described as the median (interquartile range (IQR)), and the differences between the
two groups were determined using the Wilcoxon signed-rank test. The correlation of any
two REEs was expressed by Spearman’s rank correlation coefficient.

We performed both univariate and adjusted logistic regression analyses to study
the associations between the single element and passive smoking. Because the possible
dose thresholds of REEs in hair were unavailable, we bisected the concentrations of the
individual REEs into two levels according to their respective median. Then, we calculated
the odds ratio (OR) with its 95% confidence interval (CI) to estimate their association.
The covariates involved age, BMI, occupation, education, menopause status, and the
frequencies of wine drinking, weak drink intake, and physical activity. In addition, we
examined the linear trend of the adjusted ORs under four different concentration levels,
which were cut off by the corresponding 25th percentile (P25), 50th percentile (P50), and
75th percentile (P75).

Considering that 15 REEs may have multicollinearity (for significant correlations
between any two REEs, see in Appendix A Figure A1), the conventional logistic regression
cannot meet the simultaneous analysis of multiple exposures. As a consequence, we
implemented the Bayesian kernel machine regression (BKMR) model to evaluate the mixed
risk of 15 REEs, which is an emerging approach for estimating the joint effect of the
simultaneous mixture of multipollutant [25] and has been widely applied in other similar
studies [26]. The principle of BMKR is based on a model of Y = h(Zi) + βXi + ei. In the
above equation, Y is the dependent variable, h(Zi) is the exposure-response function of
independent variables, βXi is the covariate with its effect, and ei means residual values.
BKMR can visualize both cumulative and single-exposure effects. The cumulative effect
is defined as the change of the posterior mean estimate (and its 95% CI) of the exposure-
response function, which is compared at the different percentiles to at the P50 of mixture
components. The single-exposure effect is the value calculated by comparing the posterior
mean estimate when a specific exposure is at its P75 to the one at its P25 at the same time
when the other exposures are fixed at their P25, P50, or P75. Because the variable Y (passive
smoking) was binary, we used the probit-BKMR to calculate the crude and adjusted models.
The involved covariates were the same as in the adjusted logistic regression.

All of the data were analyzed with R software (version 4.0.2; R Development Core
Team), and the BKMR was supported by the R package bkmr (version 0.2.0). Two-sided
probability was used in all statistical tests. The criterion for significance was p value <0.05.



Int. J. Environ. Res. Public Health 2022, 19, 559 4 of 12

3. Results
3.1. Study Population Characteristics

A total of 405 housewives with 398 independent hair samples were involved in our
study. After excluding 13 housewives with active smoking, 385 cases were finally analyzed,
which included 117 in the exposed group and 268 in the control group. The characteristics
of these housewives are shown in Table 1. No significant difference was observed except
in the frequency of physical activity. Housewives exposed to passive smoking had more
physical activities than the controls. The overall similar characteristics indicated that the
two groups were comparable.

Table 1. Characteristics of included subjects.

Characteristics
Exposed Group (n = 117) Control Group (n = 268)

p
No. (n%) No. (n%)

Age (years) a 51.88 ± 10.58 52.99 ± 10.35 0.337
BMI (kg/m2) a 24.86 ± 3.21 24.91 ± 2.94 0.879
Occupation
Farmer 95 (81.2) 205 (76.5)
Nonfarmer 22 (18.8) 63 (23.5) 0.374
Education
Junior high school or lower, or
unknown 54 (46.2) 147 (54.9)

High school or higher 63 (53.8) 121 (45.1) 0.144
Drinking wine (>50 g)
(times/week)
Never 106 (90.6) 256 (95.5)
>1 11 (9.4) 12 (4.5) 0.101
Weak drinks (>50 mL)
(times/week)
Never 110 (94.0) 261 (97.4)
Ever 7 (6.0) 7 (2.6) 0.184
Physical activity (times/week)
Never 60 (51.3) 192 (71.6)
1–3 45 (38.5) 56 (20.9)
>3 12 (10.3) 20 (7.5) <0.001
Menopause status
Yes 67 (57.3) 155 (57.8)
No 50 (42.7) 113 (42.2) 1.000

Abbreviations: BMI, body mass index. Values for certain characteristics may not be equal to 100 because of
rounding. a Mean ± standard deviation shown for continuous variables.

3.2. Association of Hair REEs with Passive Smoking

We found that rather than the controls, the exposed group had significantly higher
concentrations of 15 REEs in hair, and the overall order of medians was Ce > La > Nd > Y >
Pr > Gd > Sm > Dy > Eu > Er > Yb > Tb > Ho > Lu = Tm. The concentrations of REEs as
well as each detection rate (DR) are shown in Table 2.

The logistic regression results for dichotomized variables of 15 REEs are shown in
Table 3, which suggested that except for Sm, the other 14 REEs had significant associations
with passive smoking regardless of the univariate or adjusted model. The univariate and
adjusted ORs of 14 REEs were all between 1 and 3, which denoted housewives with passive
smoking had 1–3 times the risk of being exposed to the higher concentrations of 14 REEs
than those without any passive smoking.
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Table 2. Concentrations (ng/g hair) of the fifteen rare earth elements (REEs) in the exposed group
and control group.

REEs
Exposed Group (n = 117) Control Group (n = 268)

p
DR (%) Median [IQR] DR (%) Median [IQR]

La 100.00 15.21 [8.50, 22.54] 100.00 11.04 [6.11, 19.13] 0.008
Ce 100.00 30.67 [15.75, 45.96] 100.00 23.18 [13.69, 37.95] 0.015
Pr 100.00 3.55 [1.89, 5.35] 100.00 2.66 [1.58, 4.43] 0.010
Nd 100.00 12.56 [6.72, 18.69] 100.00 9.11 [5.05, 16.33] 0.007
Sm 99.15 2.29 [1.18, 3.49] 99.25 1.64 [0.94, 2.95] 0.036
Eu 99.15 1.06 [0.72, 1.55] 99.25 0.90 [0.57, 1.29] 0.006
Gd 99.15 3.27 [1.52, 4.57] 99.25 2.23 [1.24, 3.80] 0.010
Tb 99.15 0.35 [0.19, 0.56] 99.25 0.24 [0.14, 0.49] 0.008
Dy 99.15 1.87 [1.03, 3.20] 99.25 1.44 [0.82, 2.74] 0.041
Ho 99.15 0.33 [0.18, 0.56] 99.25 0.24 [0.13, 0.46] 0.026
Er 99.15 1.04 [0.51, 1.60] 99.25 0.78 [0.43, 1.35] 0.020
Tm 99.15 0.14 [0.08, 0.22] 99.25 0.10 [0.06, 0.19] 0.013
Yb 99.15 0.92 [0.54, 1.44] 99.25 0.62 [0.37, 1.21] 0.002
Lu 99.15 0.15 [0.09, 0.23] 99.25 0.10 [0.06, 0.20] 0.003
Y 99.15 9.21 [5.37, 14.19] 99.25 7.23 [4.31, 12.70] 0.033

Abbreviations: DR, detection rate; IQR, interquartile range.

Table 3. Logistic regression models for binary variables of 15 REEs.

REEs a
Univariate Model Adjusted Model b

OR 95% CI OR 95% CI

La 1.69 1.09–2.63 1.68 1.06–2.67
Ce 1.88 1.21–2.92 1.90 1.19–3.03
Pr 1.78 1.15–2.77 1.79 1.12–2.84
Nd 2.30 1.47–3.61 2.40 1.49–3.86
Sm 1.53 0.99–2.38 1.52 0.96–2.41
Eu 1.69 1.09–2.63 1.72 1.09–2.72
Gd 2.19 1.40–3.42 2.24 1.40–3.60
Tb 1.69 1.09–2.63 1.68 1.06–2.66
Dy 1.78 1.15–2.77 1.83 1.15–2.91
Ho 1.78 1.15–2.77 1.89 1.18–3.02
Er 1.78 1.15–2.77 1.81 1.14–2.87
Tm 1.78 1.15–2.77 1.82 1.14–2.90
Yb 2.30 1.47–3.61 2.36 1.47–3.78
Lu 1.88 1.21–2.92 1.86 1.17–2.97
Y 1.69 1.09–2.63 1.71 1.08–2.71

Abbreviations: OR, odds ratio; CI, confidence interval. a REEs are bisected according to the median (P50). b The
covariates include age, BMI, occupation, education, drinking wine, weak drinks, physical activity, and menopause
status.

When REEs were divided into four categories, the result of the trend test showed
significant linear trends of adjusted ORs on the whole in all 15 REEs, including Sm, which
indicated that increasing levels of each of 15 REEs had an association with passive smoking
(p < 0.05). We used the line chart to express the trend (see Figure 1).
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Figure 1. The adjusted ORs of 15 REEs in quartile intervals and their linear trends. (a–c) jointly
showed significant linear trends of 15 REEs’ adjusted ORs (all the p-trend values were < 0.05).

3.3. Bayes Kernel Machine Regression

Spearman’s rank correlation analysis presented significant correlations between any
two REEs (see Appendix A Figure A1). We therefore conducted BKMR models to avoid
the collinearities among 15 REEs. The models reported the posterior inclusion probability
(PIP), and the PIPs of 15 REEs were all approximately 50%, which indicated that these REEs
were of similar importance in the models (see Appendix A Figure A2).

The change in cumulative effects is shown in Figure 2. As the levels of the mixture
increased, so did the cumulative effect. When compared to the P50 of the mixture, the
cumulative effects and their 95% CI at different levels were away from zero in both crude
and adjusted models. The results showed that the increase in the 15 REEs as a whole was
associated with passive smoking status.

The single-exposure effect is shown in Figure 3. We did not find a significant single-
exposure effect in the crude model; however, after involving the covariates, the adjusted
model showed a significant single-exposure effect for Eu. Compared with the other 14 REEs,
the lower and the upper limit values of Eu were all more than zero in Figure 3b. It
indicated that the hair concentration of Eu had a distinct association with passive smoking
independent of the other 14 REEs, which might mean that Eu had a significant contribution
to the overall increased risk effect of 15 REEs increasing caused by secondhand smoke.
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(a) did not indicate any significant single-exposure effects; however, after adjusting the covariates,
(b) presented that Eu made an important contribution in the mixture exposure.
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4. Discussion

In this study, we investigated the association between 15 hair REEs’ concentrations
and passive smoking among rural housewives in Shanxi Province of northern China.
A total of 30.4% of the recruited housewives were affected by passive smoking. We
found that, compared to the controls, housewives exposed to passive smoking had higher
concentrations of 15 REEs. Except for Sm, the univariate and adjusted logistic models
indicated higher levels of the other 14 REEs in the housewives exposed to passive smoking.
The increasing linear trend of adjusted ORs of 15 REEs also strengthened their association.
We further observed the overall risk of 15 REEs and the single-exposure effect of Eu in the
BKMR model. In summary, our results supported the assumption that passive smoking
is probably associated with elevated concentrations of hair REEs among housewives;
therefore, passive smoking among housewives needs more attention.

The concentrations of REEs in hair in our study are several times lower than those
in the hair of rare earth miners or people living near mining areas [15,27,28]; hence, our
study is applicable to explore the association between REEs and passive smoking in the
general population. Tobacco smoke is considered to contain more than 5000 substances [29],
and some studies have focused on the association between REEs and tobacco smoke. A
German study reported that the concentrations of Ce and La were higher in indoor air with
high environmental tobacco smoke [20], which indicated that secondhand smoke might
be a latent exposure source of REEs. Moreover, a cross-sectional study showed that REEs
were detected in the serum of active cigarette smokers, especially La and Ce (the medians
were both 0.14 ng/mL); however, REEs were not detected in its nonsmoking people [21].
These two studies suggested that Ce and La might be potential markers of tobacco smoke.
Zumbado et al. further explored 32 elements of tobacco and rolling paper with ICP–MS
and demonstrated that cigarette consumption was an additional source of exposure to
REEs [19]. Nevertheless, we did not acquire any other reports about REEs’ concentrations
among people with passive smoking, and our study found an association between REEs
and passive smoking among rural women for the first time, which had similar results to
the above studies. We found that REEs were significantly associated with passive smoking,
and their associations were analogous; in particular, Eu might be considered a potential
marker of passive smoking in rural housewives. It is noteworthy that our detection rates
of 15 REEs among women with passive smoking were close to 100% and higher than
the study mentioned above, which could be explained that people with passive smoking
were exposed to more pollutants than those with active smoking. Compared with serum
specimens, hair used in our study can reflect REEs’ chronic exposure in a certain period.

Our study had three limitations. Owing to the relatively weak causal reference of the
cross-sectional study, we cannot probe the causal relationship between REEs and passive
smoking. Consequently, more direct epidemiological evidence is needed in the future. In
addition, our subjects were mainly of Han nationality, which might hinder the extrapolation
of the conclusion to other ethnicities. In fact, nicotine and cotinine as biomarkers of passive
smoking could be more objective than questionnaires. We believed that later studies could
be better scientific research after these study limitations improved.

However, our study also had several strengths. First, we analyzed 15 REEs’ concentra-
tions in hair, which could be a marker of chronic REEs’ exposure. Second, the exposure
scenes of the involved subjects were less polluted and did not change greatly in the past
10 years, which can reduce the latent significant impact of other pollution. Third, the
questionnaire was collected by uniformly trained healthcare workers for quality control
and assurance. Fourth, we used BMKR models to find that there was a cumulative effect
between hair REEs and passive smoking, and Eu might be an important marker, which
enhanced the results of logistic regression model.

To our knowledge, this is the first study to examine REEs among women under passive
smoking. We found that passive smoking was associated with 14 REEs except for Sm and
had a cumulative effect with 15 REEs among rural housewives, and hair Eu might be a
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potential biomarker of secondhand smoke. Further epidemiological evidence is needed in
the future.

5. Conclusions

This study assessed the status of passive smoking and detected the concentrations of
hair REEs with ICP–MS among women in Shanxi Province of northern China. We deemed
passive smoking associated with increased exposure to REEs among rural housewives,
and Eu might be a potential marker of secondhand smoke exposure. Passive smoking is a
common exposure for women; therefore, more measures should be taken to prevent them
from secondhand smoke to avoid the prospective health risk caused by REEs.

Author Contributions: Conceptualization, R.Y. and Z.L.; data curation, J.N., H.C. and H.A.; formal
analysis, J.N.; funding acquisition, L.Y., R.Y. and Z.L.; investigation, N.L.; methodology, L.Y., R.Y. and
Z.L.; supervision, R.Y. and Z.L.; writing—original draft, J.N.; writing—review and editing, H.C., H.A.
and N.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by grants from the National Natural Science Foundation
of China (No. 81903327, No. 81373014 and No. 82173527) and sponsored by the Interdisciplinary
Medicine Seed Fund of Peking University (BMU2017MX006). The funders had no role in the design
and conduct of the study; data collection, analysis, and interpretation; writing of the manuscript; or
the decision to submit the article for publication.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Peking University (protocol code:
IRBIRB00001052-12045, 4 September 2012).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data are available in the main text or the Appendix A, or can be
obtained by contacting the correspondence authors (Z.L. and N.L.).

Acknowledgments: We appreciate all participants involved in this study. We would like to express
our gratitude for the help from the working group of environmental exposure and human health of
the China Cohort Consortium (See http://chinacohort.bjmu.edu.cn/ (accessed on 10 August 2021) in
providing technical consultation and data analysis.

Conflicts of Interest: All authors declare they have no potential competing interests.

http://chinacohort.bjmu.edu.cn/


Int. J. Environ. Res. Public Health 2022, 19, 559 10 of 12

Appendix A

Int. J. Environ. Res. Public Health 2022, 19, 559 10 of 12 
 

 

Data Availability Statement: The data are available in the main text or the Appendix, or can be 
obtained by contacting the correspondence authors (Z.L. and N.L.). 

Acknowledgments: We appreciate all participants involved in this study. We would like to ex-
press our gratitude for the help from the working group of environmental exposure and human 
health of the China Cohort Consortium (See http://chinacohort.bjmu.edu.cn/ (accessed on 10 Au-
gust 2021) in providing technical consultation and data analysis. 

Conflicts of Interest: All authors declare they have no potential competing interests. 

Appendix A 

 
Figure A1. The plot of the spearman’s correlation matrix of 15 REEs. The concentrations of any 
two REEs in hair indicated significant correlations. 
Figure A1. The plot of the spearman’s correlation matrix of 15 REEs. The concentrations of any two
REEs in hair indicated significant correlations.

Int. J. Environ. Res. Public Health 2022, 19, 559 11 of 12 
 

 

 
Figure A2. The plot of posterior inclusion probability of 15 REEs in BKMR model. (a,b) showed the 
posterior inclusion probability (PIP) in the crude model and the adjusted model, respectively. The 
PIPs of 15 REEs were all approximately 50% in both (a,b). It might indicate that these REEs were of 
similar importance in BKMR models and should be analyzed together. 

References 
1. Office on Smoking and Health. The Health Consequences of Involuntary Exposure to Tobacco Smoke: A Report of the Surgeon General; 

Centers for Disease Control and Prevention: Atlanta, GA, USA, 2006. 
2. Zheng, Y.; Ji, Y.; Dong, H.; Chang, C. The prevalence of smoking, second-hand smoke exposure, and knowledge of the health 

hazards of smoking among internal migrants in 12 provinces in China: A cross-sectional analysis. BMC Public Health 2018, 18, 
655, https://doi.org/10.1186/s12889-018-5549-8. 

3. Liu, Q.; Li, J.; Du, H.; Cao, W.; Lyu, J.; Guo, Y.; Bian, Z.; Long, Z.; Pei, P.; Chen, J.; et al. Regional and demographic differences 
on passive smoking among non-smokers aged 30–79 years in 10 regions of China. Chin. J. Epidemiol. 2020, 41, 1668–1673. 

4. Li, N.; Li, Z.; Chen, S.; Yang, N.; Ren, A.; Ye, R. Effects of passive smoking on hypertension in rural Chinese nonsmoking women. 
J. Hypertens. 2015, 33, 2210–2214, https://doi.org/10.1097/HJH.0000000000000694. 

5. Zhang, L.; Cui, Y.; Wang, C.; Jiang, Y.; Yang, L. Survey on status of smoking, passive smoking and quitting smoking in rural 
areas of the midwestern provinces in China. Chin. J. Epidemiol. 2013, 34, 137–139, https://doi.org/10.3760/cma.j.issn.0254-
6450.2013.02.007. 

6. Carreras, G.; Lachi, A.; Boffi, R.; Clancy, L.; Gallus, S.; Fernandez, E.; Lopez, M.J.; Soriano, J.B.; Nicolas, A.L.; Semple, S.; et al. 
Burden of disease from breast cancer attributable to smoking and second-hand smoke exposure in Europe. Int. J. Cancer 2020, 
147, 2387–2393, https://doi.org/10.1002/ijc.33021. 

7. Cao, S.; Yang, C.; Gan, Y.; Lu, Z. The Health Effects of Passive Smoking: An Overview of Systematic Reviews Based on 
Observational Epidemiological Evidence. PLoS ONE 2015, 10, e0139907, https://doi.org/10.1371/journal.pone.0139907. 

8. Ju, R.; Ruan, X.; Xu, X.; Yang, Y.; Cheng, J.; Zhang, L.; Wang, B.; Qin, S.; Dou, Z.; Mueck, A.O. Importance of active and passive 
smoking as one of the risk factors for female sexual dysfunction in Chinese women. Gynecol. Endocrinol. 2021, 37, 541–545, 
https://doi.org/10.1080/09513590.2021.1913115. 

9. Chen, X.; Huang, L.; Zhong, C.; Li, Q.; Chen, R.; Sun, G.; Jin, Z.; Yang, X.; Hao, L.; Yang, H.; et al. Association between 
environmental tobacco smoke before and during pregnancy and the risk of adverse birth outcomes: A birth cohort study in 
Wuhan, China. Environ. Sci. Pollut. Res. Int. 2021, 28, 27230–27237, https://doi.org/10.1007/s11356-021-12626-1. 

10. Edi, M.; Chin, Y.S.; Woon, F.C.; Appannah, G.; Lim, P.Y.; MICOS Research Group. Inadequate Gestational Weight Gain and 
Exposure to Second-Hand Smoke during Pregnancy Increase the Risk of Low Birth Weight: A Cross-Sectional Study among 
Full-Term Infants. Int. J. Environ. Res. Public Health 2021, 18, 1068, https://doi.org/10.3390/ijerph18031068. 

11. Suwan-ampai, P.; Navas-Acien, A.; Strickland, P.T.; Agnew, J. Involuntary tobacco smoke exposure and urinary levels of 
polycyclic aromatic hydrocarbons in the United States, 1999 to 2002. Cancer Epidemiol. Biomark. Prev. 2009, 18, 884–893, 
https://doi.org/10.1158/1055-9965.EPI-08-0939. 

Figure A2. The plot of posterior inclusion probability of 15 REEs in BKMR model. (a,b) showed the
posterior inclusion probability (PIP) in the crude model and the adjusted model, respectively. The
PIPs of 15 REEs were all approximately 50% in both (a,b). It might indicate that these REEs were of
similar importance in BKMR models and should be analyzed together.



Int. J. Environ. Res. Public Health 2022, 19, 559 11 of 12

References
1. Office on Smoking and Health. The Health Consequences of Involuntary Exposure to Tobacco Smoke: A Report of the Surgeon General;

Centers for Disease Control and Prevention: Atlanta, GA, USA, 2006.
2. Zheng, Y.; Ji, Y.; Dong, H.; Chang, C. The prevalence of smoking, second-hand smoke exposure, and knowledge of the health

hazards of smoking among internal migrants in 12 provinces in China: A cross-sectional analysis. BMC Public Health 2018, 18, 655.
[CrossRef]

3. Liu, Q.; Li, J.; Du, H.; Cao, W.; Lyu, J.; Guo, Y.; Bian, Z.; Long, Z.; Pei, P.; Chen, J.; et al. Regional and demographic differences on
passive smoking among non-smokers aged 30–79 years in 10 regions of China. Chin. J. Epidemiol. 2020, 41, 1668–1673.

4. Li, N.; Li, Z.; Chen, S.; Yang, N.; Ren, A.; Ye, R. Effects of passive smoking on hypertension in rural Chinese nonsmoking women.
J. Hypertens. 2015, 33, 2210–2214. [CrossRef]

5. Zhang, L.; Cui, Y.; Wang, C.; Jiang, Y.; Yang, L. Survey on status of smoking, passive smoking and quitting smoking in rural areas
of the midwestern provinces in China. Chin. J. Epidemiol. 2013, 34, 137–139. [CrossRef]

6. Carreras, G.; Lachi, A.; Boffi, R.; Clancy, L.; Gallus, S.; Fernandez, E.; Lopez, M.J.; Soriano, J.B.; Nicolas, A.L.; Semple, S.; et al.
Burden of disease from breast cancer attributable to smoking and second-hand smoke exposure in Europe. Int. J. Cancer 2020, 147,
2387–2393. [CrossRef] [PubMed]

7. Cao, S.; Yang, C.; Gan, Y.; Lu, Z. The Health Effects of Passive Smoking: An Overview of Systematic Reviews Based on
Observational Epidemiological Evidence. PLoS ONE 2015, 10, e0139907. [CrossRef]

8. Ju, R.; Ruan, X.; Xu, X.; Yang, Y.; Cheng, J.; Zhang, L.; Wang, B.; Qin, S.; Dou, Z.; Mueck, A.O. Importance of active and passive
smoking as one of the risk factors for female sexual dysfunction in Chinese women. Gynecol. Endocrinol. 2021, 37, 541–545.
[CrossRef] [PubMed]

9. Chen, X.; Huang, L.; Zhong, C.; Li, Q.; Chen, R.; Sun, G.; Jin, Z.; Yang, X.; Hao, L.; Yang, H.; et al. Association between
environmental tobacco smoke before and during pregnancy and the risk of adverse birth outcomes: A birth cohort study in
Wuhan, China. Environ. Sci. Pollut. Res. Int. 2021, 28, 27230–27237. [CrossRef]

10. Edi, M.; Chin, Y.S.; Woon, F.C.; Appannah, G.; Lim, P.Y.; MICOS Research Group. Inadequate Gestational Weight Gain and
Exposure to Second-Hand Smoke during Pregnancy Increase the Risk of Low Birth Weight: A Cross-Sectional Study among
Full-Term Infants. Int. J. Environ. Res. Public Health 2021, 18, 1068. [CrossRef]

11. Suwan-ampai, P.; Navas-Acien, A.; Strickland, P.T.; Agnew, J. Involuntary tobacco smoke exposure and urinary levels of polycyclic
aromatic hydrocarbons in the United States, 1999 to 2002. Cancer Epidemiol. Biomark. Prev. 2009, 18, 884–893. [CrossRef] [PubMed]

12. Tommasi, F.; Thomas, P.J.; Pagano, G.; Perono, G.A.; Oral, R.; Lyons, D.M.; Toscanesi, M.; Trifuoggi, M. Review of Rare Earth
Elements as Fertilizers and Feed Additives: A Knowledge Gap Analysis. Arch. Environ. Contam. Toxicol. 2021, 81, 531–540.
[CrossRef]

13. Dang, D.H.; Thompson, K.A.; Ma, L.; Nguyen, H.Q.; Luu, S.T.; Duong, M.T.N.; Kernaghan, A. Toward the Circular Economy of
Rare Earth Elements: A Review of Abundance, Extraction, Applications, and Environmental Impacts. Arch. Environ. Contam.
Toxicol. 2021, 81, 521–530. [CrossRef]

14. Kang, J.; Kang, A.M. Trend of the research on rare earth elements in environmental science. Environ. Sci. Pollut. Res. Int. 2020, 27,
14318–14321. [CrossRef] [PubMed]

15. Li, X.; Chen, Z.; Zhang, Y.; Chen, Z. Concentrations and health risk assessment of rare earth elements in soil and vegetables from
a mining area in Fujian Province. Acta Sci. Circumstantiae 2013, 33, 835–843. [CrossRef]

16. Zhou, H.; Chun, X.; Lv, C.; He, J.; Du, D. Geochemical characteristics of rare earth elements in windowsill dust in Baotou, China:
Influence of the smelting industry on levels and composition. Environ. Sci. Process. Impacts 2020, 22, 2398–2405. [CrossRef]

17. Liu, L.; Wang, L.; Ni, W.; Pan, Y.; Chen, Y.; Xie, Q.; Liu, Y.; Ren, A. Rare earth elements in umbilical cord and risk for orofacial
clefts. Ecotoxicol. Environ. Saf. 2021, 207, 111284. [CrossRef] [PubMed]

18. Liu, Y.; Wu, M.; Song, L.; Bi, J.; Wang, L.; Chen, K.; Liu, Q.; Xiong, C.; Cao, Z.; Li, Y.; et al. Association between prenatal rare
earth elements exposure and premature rupture of membranes: Results from a birth cohort study. Environ. Res. 2021, 193, 110534.
[CrossRef]

19. Zumbado, M.; Luzardo, O.P.; Rodriguez-Hernandez, A.; Boada, L.D.; Henriquez-Hernandez, L.A. Differential exposure to 33
toxic elements through cigarette smoking, based on the type of tobacco and rolling paper used. Environ. Res. 2019, 169, 368–376.
[CrossRef]

20. Bohlandt, A.; Schierl, R.; Diemer, J.; Koch, C.; Bolte, G.; Kiranoglu, M.; Fromme, H.; Nowak, D. High concentrations of cadmium,
cerium and lanthanum in indoor air due to environmental tobacco smoke. Sci. Total Environ. 2012, 414, 738–741. [CrossRef]

21. Badea, M.; Luzardo, O.P.; Gonzalez-Antuna, A.; Zumbado, M.; Rogozea, L.; Floroian, L.; Alexandrescu, D.; Moga, M.; Gaman, L.;
Radoi, M.; et al. Body burden of toxic metals and rare earth elements in non-smokers, cigarette smokers and electronic cigarette
users. Environ. Res. 2018, 166, 269–275. [CrossRef]

22. Wang, B.; Huo, W.; Lu, Q.; Li, Z.; Liu, Y.; Zhao, D.; Li, Z. Passive smoking and influenza-like illness in housewives: A perspective
of gene susceptibility. Chemosphere 2017, 176, 67–73. [CrossRef]

23. Wang, B.; Yan, L.; Huo, W.; Lu, Q.; Cheng, Z.; Zhang, J.; Li, Z. Rare earth elements and hypertension risk among housewives: A
pilot study in Shanxi Province, China. Environ. Pollut. 2017, 220, 837–842. [CrossRef] [PubMed]

24. Li, Z.; Wang, B.; Ge, S.; Yan, L.; Liu, Y.; Li, Z.; Ren, A. A simultaneous analysis method of polycyclic aromatic hydrocarbons,
nicotine, cotinine and metals in human hair. Environ. Pollut. 2016, 219, 66–71. [CrossRef] [PubMed]

http://doi.org/10.1186/s12889-018-5549-8
http://doi.org/10.1097/HJH.0000000000000694
http://doi.org/10.3760/cma.j.issn.0254-6450.2013.02.007
http://doi.org/10.1002/ijc.33021
http://www.ncbi.nlm.nih.gov/pubmed/32356370
http://doi.org/10.1371/journal.pone.0139907
http://doi.org/10.1080/09513590.2021.1913115
http://www.ncbi.nlm.nih.gov/pubmed/34027789
http://doi.org/10.1007/s11356-021-12626-1
http://doi.org/10.3390/ijerph18031068
http://doi.org/10.1158/1055-9965.EPI-08-0939
http://www.ncbi.nlm.nih.gov/pubmed/19258471
http://doi.org/10.1007/s00244-020-00773-4
http://doi.org/10.1007/s00244-021-00867-7
http://doi.org/10.1007/s11356-020-08138-z
http://www.ncbi.nlm.nih.gov/pubmed/32088825
http://doi.org/10.13671/j.hjkxxb.2013.03.030
http://doi.org/10.1039/D0EM00273A
http://doi.org/10.1016/j.ecoenv.2020.111284
http://www.ncbi.nlm.nih.gov/pubmed/32942100
http://doi.org/10.1016/j.envres.2020.110534
http://doi.org/10.1016/j.envres.2018.11.021
http://doi.org/10.1016/j.scitotenv.2011.11.017
http://doi.org/10.1016/j.envres.2018.06.007
http://doi.org/10.1016/j.chemosphere.2017.02.085
http://doi.org/10.1016/j.envpol.2016.10.066
http://www.ncbi.nlm.nih.gov/pubmed/27816296
http://doi.org/10.1016/j.envpol.2016.09.045
http://www.ncbi.nlm.nih.gov/pubmed/27661729


Int. J. Environ. Res. Public Health 2022, 19, 559 12 of 12

25. Bobb, J.F.; Henn, B.C.; Valeri, L.; Coull, B.A. Statistical software for analyzing the health effects of multiple concurrent exposures
via Bayesian kernel machine regression. Environ. Health 2018, 17, 67. [CrossRef] [PubMed]

26. Rosato, I.; Zare Jeddi, M.; Ledda, C.; Gallo, E.; Fletcher, T.; Pitter, G.; Batzella, E.; Canova, C. How to investigate human health
effects related to exposure to mixtures of per- and polyfluoroalkyl substances: A systematic review of statistical methods. Environ.
Res. 2021, 205, 112565. [CrossRef]

27. Hao, Z.; Li, Y.; Li, H.; Wei, B.; Liao, X.; Liang, T.; Yu, J. Levels of rare earth elements, heavy metals and uranium in a population
living in Baiyun Obo, Inner Mongolia, China: A pilot study. Chemosphere 2015, 128, 161–170. [CrossRef]

28. Wei, B.; Li, Y.; Li, H.; Yu, J.; Ye, B.; Liang, T. Rare earth elements in human hair from a mining area of China. Ecotoxicol. Environ.
Saf. 2013, 96, 118–123. [CrossRef] [PubMed]

29. Talhout, R.; Schulz, T.; Florek, E.; van Benthem, J.; Wester, P.; Opperhuizen, A. Hazardous compounds in tobacco smoke. Int. J.
Environ. Res. Public Health 2011, 8, 613–628. [CrossRef]

http://doi.org/10.1186/s12940-018-0413-y
http://www.ncbi.nlm.nih.gov/pubmed/30126431
http://doi.org/10.1016/j.envres.2021.112565
http://doi.org/10.1016/j.chemosphere.2015.01.057
http://doi.org/10.1016/j.ecoenv.2013.05.031
http://www.ncbi.nlm.nih.gov/pubmed/23830573
http://doi.org/10.3390/ijerph8020613

	Introduction 
	Methods 
	Study Design and Population 
	Sample Collection and Analysis 
	Statistical Analysis 

	Results 
	Study Population Characteristics 
	Association of Hair REEs with Passive Smoking 
	Bayes Kernel Machine Regression 

	Discussion 
	Conclusions 
	Appendix A
	References

