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Abstract

Human beings are exposed to heavy metals through various ways in daily life. However, the effect of heavy metal mixtures
on muscle strength in children and adolescents remains unclear. We aimed to investigate the relationship of exposure
to heavy metal mixtures (barium, cadmium, cobalt, manganese, molybdenum, lead, antimony, strontium, tin, thallium,
tungsten, uranium, and cesium) with muscle strength in children and adolescents. A total of 1357 (boys, 50.8%) partici-
pants aged between 8 and 17 were extracted from the National Health and Nutrition Examination Surveys 2011-2014.
Urine metals were measured by inductively coupled plasma-mass spectrometry. Muscle strength was measured through
a grip test using a handgrip dynamometer. Weighted quantile sum regression was performed to estimate the mixture
effect of urinary metals on muscle strength. After adjusting for potential confounders, comparing participants in the
highest versus lowest quartiles of cobalt, molybdenum, lead, antimony, strontium, thallium, and cesium, the handgrip
strength decreased by —4.48 kg (95% CI: —6.93,—2.03),—6.13 kg (—8.76,—3.51),—2.26 kg (—4.22,—0.30),—2.38 kg
(—4.68,—-0.08),—2.29 kg (—4.45,-0.13),—4.78 kg (—7.13,—2.44), and — 5.68 kg (—9.20, — 2.17), respectively. Further-
more, exposure to a mixture of metals were also significantly associated with decreased muscle strength (f: —2.62 kg; 95%
CI: —3.71,—1.54). Findings from the present study suggest that higher heavy metal exposure and the exposure levels of a
mixture of metals in urine are inversely related to handgrip strength, implying that children’s grip strength is not entirely
explained by energy intake or lack of exercise, but may be related to environmental pollutants.
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Introduction

Metals are significant natural components of all soils and
are present widely in the geological environment (Violante
et al. 2010). While many metals are essential to plants
and animals, they are potentially toxic at higher enough
doses (Tchounwou et al. 2012). For the past decades, metal
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discharges caused by anthropogenic activities such as the
manufacture of metal goods and a wide range of industrial
and agricultural activities pose a great threat to public health
(Tchounwou et al. 2012).

In 2019, the United States Agency for Toxic Substances
and Disease Registry ranked many metals (e.g., cadmium
(Cd), cobalt (Co), uranium (U), barium (Ba)) within
the top 275 priority substances according to their
frequency, toxicity, and potential for human exposure
(Registry). Because of the plant enrichment, atmospheric
sedimentation, and environment dissemination, human
beings tend to be exposed to metals through the
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consumption of contaminated water or food and through
the inhalation of polluted air in daily life (Jarup 2003;
Tchounwou et al. 2012). Notably, children and adolescents
exhibit higher rates of intestinal absorption and lower rates
of renal excretion than do adults (Ilmiawati et al. 2015).
Moreover, these age groups are particularly susceptible
to the adverse environmental conditions because of their
physiology or their behavior (Moya et al. 2004). With these
in mind, a growing number of epidemiological studies
have been conducted among the children’s population and
suggested that metal exposures are associated with a variety
of adverse health conditions (e.g., obesity, delayed pubertal
development, and intellectual impairment) (Jakubowski
2011; Reynolds et al. 2020; Shao et al. 2017; Vecchi
Brumatti et al. 2021). To fully understand the effects of
metals on children’s health conditions, metal exposures in
mixtures manner is getting extra attention. The associations
of exposure to mixture of metals with poor growth or other
health conditions in children have been reported in previous
studies (Moody et al. 2020; Sanders et al. 2019), but the
potential effects of heavy metal mixtures on childhood
muscle strength remain understudied.

Handgrip strength is a commonly used reliable marker
of muscle strength and has been labeled as a marker of
aging because of the potential links with future disability,
morbidity, and mortality (Sayer and Kirkwood 2015). A
growing number of studies showed that high handgrip
strength is a protective factor for cardiometabolic health
among children and adolescents (Artero et al. 2011;
Clark et al. 2011; Peterson et al. 2014, 2016), and may
be beneficial to lung health (Smith et al. 2018), and even
related to longitudinal health maintenance and health
improvements in adolescents (Peterson et al. 2018). The
health benefits from muscular strength in childhood may
also extend into adulthood (Fraser et al. 2021), with
increased levels correlated to decreased risk of a variety of
negative health outcomes, including falls, type 2 diabetes,
hypertension, arterial stiffness, and cardiovascular mortality
in the general population (Konig et al. 2021; Maslow et al.
2010; Ruiz et al. 2008; Tarp et al. 2019; Yates et al. 2017).
Therefore, identifying the potential influence factors (e.g.,
environmental determinants) for weaker muscle strength in
children and adolescents might provide more insights for
the early prevention of aging-related diseases.

In the present study, the primary objective was to
examine the associations of single-metal exposure (Cd,
Co, U, Ba, lead (Pb), thallium (Tl), manganese (Mn),
molybdenum (Mo), antimony (Sb), strontium (Sr), tin
(Sn), tungsten (W), and cesium (Cs)) and heavy metal
mixtures with handgrip strength in US children and
adolescents using the data of the National Health and
Nutrition Examination Survey (NHANES).
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Methods
Study population

The data of the current study were extracted from 2011-2014
cycles of the NHANES, of which are ongoing, stratified, mul-
tistage probability surveys of the non-institutionalized civilian
population of the USA conducted by the National Center for
Health Statistics. Survey participants were asked to complete
the in-home personal interview, and physical examinations
at mobile examination centers where biological samples and
anthropometric and health data were collected. NHANES
procedures were approved by the National Center for Health
Statistics research ethics review board, and the informed con-
sent was obtained from all participants prior to their inclusion
in the surveys.

During the 2011-2014 cycles of the NHANES, a total of
7954 participants aged < 18 years constituted the original study
sample. From these subjects, a total of 1357 participants had
valid information on urine metal and handgrip strength.

Study variables
Urinary metals

Spot urine samples were collected from eligible participants at
mobile examination centers and stored at the National Centers
for Disease Control and Prevention. Urinary metals (Ba, Cd,
Co, Mn, Mo, Pb, Sb, Sr, T1, Sn, W, U, and Cs) were all exam-
ined by inductively coupled plasma—mass spectrometry. For
the present study, urinary Cd and urinary Mn were excluded
in further analyses due to the low detection rates (<75%). Par-
ticipants with metal concentration below the limit of detection
were assigned a value equal to the detection limit divided by
the square root of 2 (Hewett and Ganser 2007). To account
for urine dilution, we divided urine metal levels by urine cre-
atinine (pg/g). Of note, all samples (blanks, calibrators, qual-
ity control, or patient samples) are combined with the diluent
during the sample preparation step before analysis. Incom-
plete data or improbable values were sent to the performing
laboratory for confirmation. More detailed laboratory methods
and quality control/quality assurance were summarized in the
official website of NHANES (Caldwell 2012).

Muscle strength

Muscle strength was measured through a grip test using
a handgrip dynamometer (Takei Digital Grip Strength
Dynamometer, Model T.K.K.5401; Takei Scientific Instru-
ments Co., Niigata, Japan). Calibration checks were per-
formed at the beginning of each test to confirm the working
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status of the dynamometer. Before measurement of handgrip
strength, the dynamometer grip size was adjusted properly
for each hand. Participants were asked to keep standing
posture and squeeze the dynamometer using one hand as
strong as they could. For each eligible participant, handgrip
strength was tested three times for each hand, with alternat-
ing hands between tests with a 60-s rest between measure-
ments on the same hand. The combined handgrip strength
defined as the sum of the largest reading from each hand was
used as the outcome variable in the present study. Detailed
descriptions of the protocol are provided in the NHANES
Muscle Strength/Grip Test Procedure Manual available on
the NHANES website (https://wwwn.cdc.gov/Nchs/Nhanes/
2011-2012/MGX_G.htm).

Covariates

Demographic information (e.g., age, sex, and ethnicity/race)
as well as lifestyle (e.g., computer use) were ascertained by
standard questionnaires. Body weight and body height was
measured through physical examination. The BMI z-score
was calculated using LMS approach (Flegal and Cole 2013).
A previous study has reported a significant relationship
between secondhand tobacco smoke and reduced muscle
strength (Carrasco-Rios et al. 2019). Therefore, the second-
hand smoke may be a confounding factor for the relationship
between metal exposure and muscle strength in children and
adolescents. In this study, the levels of serum cotinine, a
marker for active smoking and secondhand smoking, was
measured using an isotope-dilution high-performance lig-
uid chromatography/atmospheric pressure chemical ioni-
zation tandem mass spectrometric method. The ratio of
family income to poverty (PIR) was used to reflect social
economic level. In addition, the dietary energy intake and
protein intake estimated by 24-h recall method was consid-
ered as potential covariates related to nutritional factors in
this study.

Statistical analyses

Categorical variables were presented as counts (percent-
ages), and continuous variables were presented as means
(SDs) if data presented a normal distribution or presented
as medians (25th—75th) if data presented a skewed distribu-
tion. Due to the potential differences in handgrip strength
between boys and girls, the description results were pre-
sented according to sex. The categorical variables were
compared between boys and girls using the y? test, while
the continuous variables were compared using the 7 test or
Kruskal-Wallis test. The confounders with missing values
were imputed by applying multiple imputation method. The

associations between single urinary metal and handgrip
strength were evaluated using linear regression model. Vari-
ables that potentially showed association with metal con-
centrations or muscle strength were selected as covariates.
In this study, the potential covariates include age (years),
sex (boy and girl), ethnicity/race (non-Hispanic white, non-
Hispanic black, Hispanic, and other race), BMI z-score, PIR,
serum cotinine concentration (ng/mL), computer use (not
use, < 1 h, and > 1 h), total energy intake (kcal), and protein
intake (g) (Carrasco-Rios et al. 2019; Edelson et al. 2016;
Ng et al. 2020; Wolfe et al. 2020). Three multivariable mod-
els were performed in this study: Model 0 was crude model;
Model 1 was adjusted for age and sex; Model 2 was adjusted
for age, sex, ethnicity/race, BMI z-score, PIR, serum coti-
nine concentration, computer use, total energy intake, and
protein intake.

To identify important metals and estimate the joint effect
of the mixture urinary metals on muscle strength, weighted
quantile sum (WQS) regression was performed. The WQS
method can utilize high-dimensional dataset (i.e., environ-
mental metals exposure) through a weighted index and esti-
mate the joint effect of mixture exposures. Briefly, WQS
assigns each metal within the mixture a weight that reflects
the strength of that metal-outcome association. This weight
would be lower if a given metal highly correlated with
another metal in the mixture. In this case, the sum of the
weights between two metals reflect the contribution of the
correlated metals to the overall mixture effect (Carrico et al.
2015). WQS model in the present study takes the form
Y, =p+ ﬁlszfqii + Box; + €, where w; is a weight for the
Jth metal estimated by 500 bootstraps, g,; is the quartile cor-
responding to the jth metal for the ith person, and f3, repre-
sents the joint effect scale of the mixture metal exposures.
The weight for each metal was constrained to add up to 1.0
and to fall between O and 1, and this was used to identify
important metals (highly weighted) for the effects on hand-
grip strength.

Survey weights were constructed for survey years as rec-
ommended by NHANES. Specifically, the updated urine
metal subsample weight for each subject was used in linear
regression models. All data cleaning and statistical analyses
were performed using R version 4.0.2 statistical software (R
Foundation for Statistical Computing, https://www.r-project.
org/). P<0.05 was regarded as significantly different.

Results

The demographic characteristics of the study population
are presented in Table 1. In total, 1357 subjects (boy,
50.8%) were included in this study. The mean chrono-
logical age was 11+ 3.3 and the mean BMI z-score was
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0.7 +1.2. The proportion of participants who did not use
computer was 17.2%.

The distribution of the urine metal exposures of the
study population is shown in Table 2. The median values
of the urine Ba, Co, Mo, Pb, Sb, Sr, T1, Sn, W, U, and Cs
concentrations were 1.36, 0.52, 62.58, 0.31, 0.07, 92.95,
0.19, 0.92, 0.14, 0.006, and 4.65 pg/g, respectively. We
found significant correlations among the urinary metals
(Fig. 1). Urinary Ba was found to have a strong correlation
with Sr (r=0.80).

Table 1 The characteristics of the study population in NHANES

The associations of single-metal exposure with handgrip
strength are shown in Table 3. In models adjusted for age,
sex, ethnicity/race, BMI z-score, PIR, computer use, serum
cotinine, dietary energy intake and protein intake, and com-
paring participants in the highest versus lowest quartiles of
Pb and TI concentrations in urine, the combined handgrip
strength decreased by —2.26 kg (—4.22,—0.30) and —4.78 kg
(—7.13,—2.44), respectively. Similar results were observed
for Co, Mo, Sb, Sr, and Cs, and the combined handgrip
strength decreased by —4.48 kg (—6.93,—-2.03),—6.13 kg

Characteristics All (N=1357) Boy (N=690) Girl (N=667) P value ?
Age, years, mean (SD) 11.1 (3.3) 10.9 (3.3) 11.2 (3.4) 0.041
Ethnicity/race, n (%) 0.58
Non-Hispanic White 329 (24.2) 178 (25.8) 151 (22.6)
Non-Hispanic Black 378 (27.9) 191 (27.7) 187 (28)
Hispanic 140 (10.3) 69 (10) 71 (10.6)
Other race 510 (37.6) 252 (36.5) 258 (38.7)
Hours use computer, n (%) <0.001
Not use 233 (17.2) 98 (14.2) 135 (20.2)
<1 335 (24.7) 152 (22) 183 (27.4)
>1 789 (58.1) 440 (63.8) 349 (52.3)
BMI z-score, mean (SD) 0.7 (1.2) 0.6 (1.2) 0.7 (1.1) 0.14
PIR, median (25th—75th) 1.4 (0.7-2.9) 1.4 (0.7-3.1) 1.4 (0.7-2.8) 0.93
Serum cotinine, ng/mL, median (25th-75th) 0(0-0.2) 0(0-0.2) 0(0-0.2) 0.59
Energy intake, kcal/day, median (25th—75th) 1848 (1404-2367) 1984 (1570.5-2530.2) 1681 (1263-2162) <0.001
Protein intake, g/day, median (25th—75th) 64.1 (46.3-83.6) 68.9 (51.4-92.6) 58.8 (42-75.4) <0.001
Handgrip strength, kg, mean (SD) 43.5 (20) 46.6 (23.3) 40.2 (15.3) <0.001
P values was performed between boys and girls
BMI body mass index, PIR poverty income ratio
4P values were the comparison between boys and girls
Table2 Distribution of the Urine  Detecton GM  SD  Min Sth  25th  50th  75th  95th  Max
urine metal exposures of the metal rate (%)
study population in NHANES (hgle)
(N=1357)
Ba 99.78 1.38 3.62 0.04 0.3 0.78 1.36 2.61 5.73 95.56
Co 99.85 0.52 6.86 0.06 0.21 0.35 052 0.75 1.35 252.67
Mo 100 63.04 6469 339 2199 415 626 9547 17537  816.67
Pb 96.82 0.32 0.58 0.02 0.1 0.19  0.31 0.52 1.21 10.32
Sb 77.2 0.07 0.11 0.01 0.02 004 0.07 0.1 0.22 2.32
Sr 99.78 87.79 10046 2.42 19.65 54.07 9295 15555 286.82 112645
Tl 99.41 0.18 0.15 0.02 008 0.13 0.19 0.27 0.45 2.57
Sn 91.64 0.93 3.12 0.03 0.13 039 092 2.17 6.65 37.57
w 94.6 0.14 149 0.01 0.03 0.08 0.14 0.23 0.62 53.67
U 81.72 0.01 0.19 0.001 0.002 0.004 0.006 0.011 0.03 6.79
Cs 100 4.65 28 04 2.13 338  4.65 6.44 10.12 32.47

NHANES National Health and Nutrition Examination Survey, GM geometric mean, Ba barium, Co cobalt,
Mo molybdenum, Pb lead, Sbh antimony, Sr strontium, 77/ thallium, Sn tin, W tungsten, U uranium, Cs

cesium
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Fig.1 Spearman’s correla- 1
tions among the urinary metals Ba
(N=1357), NHANES 2011-
2014. All correlations: P <0.05. 0.8
Ba, barium; Co, cobalt; Mo,
molybdenum; Pb, lead; Sb, 044 | Co
antimony; Sr, strontium; T1, 0.6
thallium; Sn, tin; W, tungsten; 0.26 0.36 Mo ‘ P I
U, uranium; Cs, cesium. This
is a heat map with a correlation
matrix. The darker the color 0.28 033 043 Pb [ 04
with larger circular area, the
greater the correlation coeffi-
cient between the corresponding 0.15 013 0.32 046 Sb - 02
two metals’ concentrations. For
example, the maximum was the
correlation between Ba and Sr 0.8 044 029 0.27 013 Sr - 0
(r=0.8), and the darkest color
was drawn on the diagram
0.18 0.27 0.34 035 0.26 014 TI ‘ L 0.2
0.12 015 032 046 0.39 0.11 0.3 Sn | 64
0.22 025 0.56 0.36 0.33 0.25 0.13 0.29 W -
0.28 019 019 032 038 03 019 02 032 U
-0.8
0.28 041 049 044 033 0.29 069 035 033 0.26 Cs

(—8.76,—3.51),—2.38 kg (—4.68,-0.08),—2.29 kg
(—4.45,—-0.13), and —5.68 kg (—9.20,—2.17), respectively.
The results of the WQS regression model are shown in
Table 4. The WQS index had a significant negative associa-
tion with handgrip strength after fully adjusting for potential
covariates (f: —2.62 kg; 95% CI: —3.71,— 1.54). We also cal-
culated the estimated metal weights in the WQS regression
model, which are presented in Fig. 2. The highest weighted
metal in fully adjusted model was W (weighted 0.127), fol-
lowed by Sn and U (weighted 0.123 and 0.113, respectively).
Considering the potential sex differences in the correlation
between increased levels of metal mixture exposure and
handgrip strength in children and adolescents, we carried
out stratification analyses by sex. Results from the stratifi-
cation analyses indicated that exposure to a mixture of uri-
nary heavy metals was correlated negatively with handgrip
strength among boys (f: —2.46 kg; 95% CI: —4.10,—0.82)
and girls (f: —2.55 kg; 95% CI: —3.71,—1.39) (Table 4).

Discussion

The present study investigated the associations of urinary
metals with muscle strength in US children and adolescents.
Urinary Co, Mo, Pb, Sb, Sr, Tl, and Cs were found to be

-1

associated with decreased handgrip strength. These observed
findings persisted even after adjusting for multiple potential
confounders. Furthermore, exposure to urinary metal mix-
tures was also significantly associated with decreased mus-
cle strength. To the best of our knowledge, the present study
is the first to investigate the association of urinary metal
exposure with muscle strength in children and adolescents.

Although much research effort has been devoted to examine
the associations between environmental pollutants and health
conditions (Xu et al. 2020), few studies have reported the
association between metal exposure and muscle strength. To
our knowledge, there are only two investigations that have
examined the relationship of metal exposure with muscle
strength. Data from 983 Korean adult participants indicated
a significant relationship of Cd exposure with lower handgrip
strength (Kim et al. 2016). Another more recent study also
reported that higher Cd exposure was associated with decreased
handgrip strength among 4197 US adults. In the present study,
we did not analyze the association between Cd and handgrip
strength due to the low detection rate of Cd (about 52.84%). A
few studies had evaluated the association of Pb exposure and
frailty, an age-related syndrome characterized by reductions
in muscle strength (Garcia-Esquinas et al. 2015; Khalil et al.
2014). A cross-sectional study reported an association between
Co exposure and increased measured time to walk a 20-ft
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Table 3 Associations of single
metal exposure with handgrip

Urine Models

B (95% CI)

metal

strength in the study population (nele)

(N=1357)

Ql Q2

Q3 Q4

Ba Model 0 Ref
Model 1  Ref
Model 2 Ref
Co Model 0 Ref
Model 1  Ref
Model 2 Ref
Mo Model 0 Ref
Model 1  Ref
Model 2 Ref
Pb Model 0 Ref
Model 1  Ref
Model 2 Ref
Sb Model 0 Ref
Model 1  Ref
Model 2 Ref
Sr Model 0 Ref
Model 1  Ref
Model 2 Ref
Tl Model 0 Ref
Model 1  Ref
Model 2 Ref
Sn Model 0 Ref
Model 1  Ref
Model 2 Ref
w Model 0 Ref
Model 1  Ref
Model 2 Ref
U Model 0 Ref
Model 1  Ref
Model 2 Ref
Cs Model 0 Ref
Model 1 Ref
Model 2 Ref

—4.85 (=9.06,—0.64)
—1.28 (=4.00, 1.43)
0.10 (—2.49, 2.68)
—4.85 (=9.06,—0.64)
—2.82(=5.11,-0.54)
—2.22 (=5.03, 0.60)
—4.85 (=9.06,—0.64)
—1.13 (=333, 1.07)
—0.84 (=3.06, 1.38)
—4.85 (=9.06,—0.64)
—1.89 (=4.12, 0.35)
—1.01 (=332, 1.30)
—4.85 (=9.06,—0.64)
—2.87 (=5.59,—0.15)
—2.75 (-4.88,—0.61)
—4.85 (=9.06,—0.64)
—1.01 (=3.30, 1.29)
—0.39 (=3.15,2.38)
—4.85 (=9.06,—0.64)
—1.82 (—4.84, 1.20)
—2.49 (=5.50, 0.52)
—4.85 (=9.06,—0.64)
—0.39 (=3.20, 2.41)
—0.85 (=322, 1.51)
—4.85 (=9.06,—0.64)
0.04 (—2.58, 2.65)
0.81 (= 1.59, 3.21)
—4.85 (=9.06,—0.64)
—2.23(-4.11,-0.35)
—0.75 (=2.54, 1.05)
—4.85 (=9.06,—0.64)
—3.94 (- 6.88,—0.99)
—3.59 (=5.94,—1.24)

—5.99 (=10.79,— 1.19)
—2.12 (=492, 0.68)
—0.12 (=2.87, 2.64)
—5.99 (=10.79,— 1.19)
—4.91 (=7.61,—2.20)
—2.94 (=5.43,—0.45)
~5.99 (=10.79,— 1.19)
—5.13(=7.58,—2.67)
—4.50 (- 6.56,—2.43)
—5.99 (=10.79,— 1.19)
—3.14 (=5.15,— 1.12)
—2.41 (=4.79,—0.04)
~5.99 (=10.79,— 1.19)
—3.47 (-6.53,-0.42)
—2.10 (=4.67, 0.47)
~5.99 (=10.79,— 1.19)
—2.02 (=492, 0.87)
—0.89 (=3.68, 1.91)
—5.99 (=10.79,— 1.19)
—2.27 (-4.53,—0.00)
—2.94 (=5.00,—0.87)
~5.99 (=10.79,— 1.19)
0.39 (—2.45, 3.22)

0.55 (=2.02, 3.13)
—5.99 (=10.79,— 1.19)
—1.09 (=3.67, 1.49)
—0.05 (=241, 2.31)
—5.99 (=10.79,— 1.19)
—1.84 (-4.37, 0.69)
0.10 (—=2.10, 2.29)
~5.99 (=10.79,— 1.19)
—5.60 (—8.31,—2.88)
—5.20 (=7.58,—2.82)

—11.68 (= 15.91,—7.45)
—3.29 (=5.98,—0.59)
—1.18 (=3.67, 1.31)
—11.68 (= 15.91,—7.45)
—5.52(—8.38,—2.65)
—4.48 (—6.93,—2.03)
—11.68 (= 15.91,—7.45)
—17.78 (- 10.39,—5.16)
—6.13 (—8.76,—3.51)
—11.68 (= 15.91,—7.45)
—3.70 (=5.95,— 1.44)
—2.26 (—4.22,—0.30)
—11.68 (= 15.91,—7.45)
—3.35(=6.15,—0.54)
—2.38 (—4.68,—0.08)
—11.68 (= 15.91,—7.45)
—4.22(-6.25,-2.18)
—2.29 (—4.45,—0.13)
—11.68 (- 15.91,—7.45)
—4.09 (=7.15,—1.04)
—4.78 (= 7.13,—2.44)
—11.68 (- 15.91,—7.45)
—0.71 (=3.58,2.16)
—0.77 (=3.14, 1.59)
—11.68 (- 15.91,—7.45)
—1.29 (=3.80, 1.22)
—0.43 (=272, 1.87)
—11.68 (- 15.91,—7.45)
—2.96 (—=4.87,—1.05)
—1.17 (=3.07, 0.74)
—11.68 (- 15.91,—7.45)
—6.08 (- 10.37,— 1.78)
—5.68 (—9.20,—2.17)

Q quatrtile, ref reference, Ba barium, Co cobalt, Mo molybdenum, Pb lead, Sb antimony, Sr strontium, 7/
thallium, Sn tin, W tungsten, U uranium, Cs cesium

Model 0: crude model; Model 1: adjusted for age and sex; Model 2: adjusted for age, sex, ethnicity/race;
BMI z-score, PIR, computer use, serum cotinine, dietary energy intake, and dietary protein intake. The
significant results were marked with Bold Font

course (Lang et al. 2009). In an experimental study, low doses
of heavy metal exposure were also observed to be associated
with muscular fiber changes (Méndez-Armenta et al. 2011).
Although these abovementioned studies were not directly
focused on grip strength, their findings may provide indirect
evidence for the adverse effects of heavy metals on muscle
strength. In the present study, a number of urine metals (e.g.,
Mo, Sb, Sr, and Cs) were found to be associated with decreased
handgrip strength, which implied that children’s grip strength
is not entirely explained by energy intake or lack of exercise,

@ Springer

but may be related to environmental pollutants. Co-exposure
of these metals may be more common because they are
widely dispersed in the environment. In our study, a mixture
exposure of metals was also significantly associated with the
decreased handgrip strength, which provided new insights into
the existing limited evidence and highlighted the important
effects of mixture exposure of metals on health conditions in
childhood. However, because of the lack of relevant studies on
this issue so far, further investigations from different countries
or regions are warranted to confirm our findings.
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Table 4 Association of the WQS index with handgrip strength in
NHANES 2011-2014

Population Models £ (95% CI)

All Model 0 —17.33 (- 18.66,—16.00)
Model 1 —4.53 (—5.59,-3.47)
Model 2 —2.62(=3.71,—-1.54)

Boy Model 0 —21.63 (-23.75,—19.50)
Model 1 —4.41(-5.99,-2.83)
Model 2 —2.46 (—4.10,-0.82)

Girl Model 0 —13.41 (- 14.83,—11.99)
Model 1 —4.31 (-5.46,-3.15)
Model 2 —2.55(-3.71,-1.39)

Model 0: crude model; Model 1: adjusted for age and sex; Model 2:
adjusted for age, sex, ethnicity/race; BMI z-score, PIR, computer use,
serum cotinine, dietary energy intake, and dietary protein intake

w U GCs

Ba Co Mo Pb Sb Sr TI Sn
Urine metal
Fig.2 WQS model regression index weights for handgrip strength.
Ba, barium; Co, cobalt; Mo, molybdenum; Pb, lead; Sb, antimony; Sr,
strontium; T1, thallium; Sn, tin; W, tungsten; U, uranium; Cs, cesium

Weights
0.00 0.02 0.04 0.06 0.08 0.10 0.12
] | | ] ]

1

L

Biologic mechanisms underlying the association between
the metal exposure and handgrip strength remain unclear. The
generation of reactive oxygen species (ROS) and obesogenic
effects may be possible hypotheses for the unfavorable cor-
relation between heavy metals and handgrip strength. Sev-
eral metals (e.g., Pb, Tl, and Cs) were found to promote the
oxidative stress (Ashrap et al. 2021), and induce a significant
increase in mitochondrial ROS formation by impairing mito-
chondrial functioning (Eskandari et al. 2015). This may lead
to the alterations of electron transport chain and remarkably
induce oxidative deterioration of biological macromolecules,
finally resulting in the cellular damage in organs and tissues,
including muscle tissue (Fatouros and Jamurtas 2016; Mén-
dez-Armenta et al. 2011). Moreover, adipose tissue may act as
a target of obesogenic pollutants including heavy metals. Many
experimental and epidemiologic evidences have demonstrated
the associations between metals and increased skinfold (Bar-
rientos et al. 2020; Freire et al. 2020), or the increased risk of
obesity (Wang et al. 2018). Since intramuscular adipose tissue

can significantly reduce muscle strength (Biltz et al. 2020), the
obesogenic effects of metals observed from above studies may
provide the indirect evidence for the biological explanation of
the observed relationships in this study.

Findings from the present study have important practical
implications. Decreased muscle strength was associated with
various negative health outcomes, and it was reported that
muscular strength levels in childhood are critical in predict-
ing strength levels throughout the life course to adulthood
(Fraser et al. 2021). Therefore, the lower muscle strength
at the childhood may increase the disease susceptibil-
ity throughout the lifespan. In addition, metals are widely
distributed in the environment because of anthropogenic
activities, which may lead to continuous low-dose exposure
of metals through dietary intake of plant-derived food and
drinking water in children and adolescents. Children have
immature detoxification function and are particularly sus-
ceptible to the adverse environmental conditions because of
their physiology or their behavior (e.g., children drink more
water per unit of body weight than adults, and more likely
to contact with the ground and the dust). Therefore, these
age groups may be more likely exposed to metals in daily
life. Moreover, population-based observational studies and
animal-based experimental studies support the concept that
the environmental metal exposure has a significant impact
on human health, even at low-dose exposure levels (Duan
et al. 2020; Gleason et al. 2020; Moody et al. 2020; Sanders
et al. 2019; Xu et al. 2020). Therefore, revealing the associa-
tion between urine metal exposure and muscle strength in
children and adolescents may provide new insight into health
management across the lifespan time.

Several limitations of this study should be pointed out. First,
although significant correlations of single metal or mixture
exposure of metals with handgrip strength were observed in
children and adolescents, the causal or temporal association
is unclear because of the cross-sectional design in NHANES.
Second, although we adjusted for potential confounders, the
residual confounding effects (i.e., psychological and genetic
factors) could still bias our findings. Third, although we con-
sidered a mixture of metals in this study, several unmeasured
pollutants (e.g., pesticides) might have an effect on muscle
strength through ROS or mitochondria dysfunction, and it may
bias the present findings. Lastly, the assessment of exposure
based on single urine sample cannot completely rule out the
potential exposure misclassification errors.

Conclusion

In conclusion, our findings suggest that urinary heavy metal
mixture exposures are associated with decreased muscle
strength in children and adolescents. Our findings might
have critical public health implications because increasing
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and widespread exposure to environmental metals and their
mixtures may be a key contributor to human health conditions.
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