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Abstract

Background Previous studies have revealed the impact of heavy metals (HMs) on gut microbiota and intestinal
structure. However, the relationship between HMs and fecal incontinence (FI) remains unclear. Therefore, this study
aims to evaluate the association between blood HMs exposure and Fl.

Methods Data for this study were obtained from the 2005-2010 cycles of National Health and Nutrition Examination
Survey (NHANES). Information regarding Fl was retrieved from the Bowel Health Questionnaire, while data on HMs
were collected through laboratory examinations. Weighted logistic regression, two-indices weighted quantile sum
(2IWQS), quantile g-computation (qgcomp), and restricted cubic splines (RCS) were employed to explore the relation-
ships between blood levels of cadmium (Cd), lead (Pb), and mercury (Hg) and FI. Additionally, Subgroup analyses
were conducted to discern specific associations within distinct populations.

Results A total of 12,142 participants aged 20 years and above were included in this study. Weighted logistic regres-
sion indicated a positive association between Cd (Crude model: OR=1.21, 95% Cl: 1.09-1.35, p <0.001) and Pb (Crude
model: OR=1.01,95% Cl: 1.01-1.02, p <0.001) with FI. After adjusting for all covariates, the positive associations
remained significant for Cd (Model 2: Q1 vs. Q3, OR=1.38, 95% Cl: 1.04-1.83, p=0.026) and Pb (Model 2: OR=1.01,
95% Cl: 1.00-1.01, p=0.004). The 2iWQS regression analysis demonstrated a positive correlation between the mixture
of three blood HMs and FI (OR=1.18, 95% Cl: 1.05-1.32, p=0.005), with Cd having the highest weight among the met-
als (0.76). The ggcomp analysis confirmed this finding (OR=1.12, 95% Cl: 1.01-1.26, p=0.036; weight=0.72). Subgroup
analysis revealed that the positive association between Cd and Fl was more pronounced among males; Mexican
Americans; those with a poverty income ratio (PIR) > 2; individuals with college or above education; overweight par-
ticipants; never-smokers; heavy drinkers; those with hypertension; and non-diabetes individuals. Conversely, the asso-
ciation between Pb and Fl was stronger among participants aged 40-60, overweight participants, and never-smokers.

Conclusion Exposure to blood HMs, particularly Cd, is associated with FI in American adults. Future research should
focus on elucidating the causal relationships and underlying mechanisms.
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Introduction

In recent years, the health issues caused by heavy met-
als (HMs) exposure have garnered widespread attention.
Ubiquitous in daily life, HMs are found in soil, air, dust,
drinking water, food, and industrial products [1, 2]. How-
ever, existing studies have demonstrated that long-term
bioaccumulation of HMs can inflict damage on various
tissues and organs and may even lead to increased mor-
tality rates [3]. For instance, exposure to cadmium (Cd)
is primarily linked to the increased risk of cardiovascular
diseases, renal damage, and osteoporosis [4—6]. Lead (Pb)
and mercury (Hg), due to their neurotoxicity, are associ-
ated with central nervous system disorders, such as cog-
nitive decline [7-10]. Furthermore, emerging research
underscores the significant health impacts of co-expo-
sure to multiple HMs, with associations to conditions
such as hypertension, diabetes, metabolic syndrome,
dyslipidemia, as well as liver damage, pulmonary harm,
and psoriasis [11-16]. Therefore, it is crucial to identify
which organs or systems are adversely affected by HMs.

Diet is a significant source of HMs [17]. Research indi-
cates that over 90% of non-occupational Cd exposure in
the general population (excluding smokers) comes from
the consumption of grains, vegetables, and other plant-
based foods [18]. According to a study by the Centers for
Disease Control and Prevention (CDC), Hg exposure in
young children and childbearing-aged women primarily
arises from the consumption of seafood, including fresh-
water fish, marine fish, and shellfish [19]. Given that the
digestive tract is the primary site for food digestion and
absorption, exposure to HMs can cause substantial dam-
age to the gastrointestinal system, including a reduced
abundance and diversity of gut microbiota and altera-
tions in intestinal structure [20]. Despite these concerns,
there is limited research investigating the relationship
between HMs and gastrointestinal diseases.

Fecal incontinence (FI) is a prevalent gastrointestinal
disorder characterized by the involuntary leakage of solid
or liquid feces [21]. The global prevalence of FI is approx-
imately 8%, with higher rates observed among the elderly
and females [22]. FI not only significantly impacts qual-
ity of life but is also associated with various conditions,
including gastrointestinal cancers, lymphomas, depres-
sion, and sarcopenia [23-26]. The etiologies of FI encom-
pass neurological degenerative diseases, muscle damage,
and gastrointestinal disorders [27]. Given the neurotoxic
effects of HMs and their impact on the gastrointestinal
tract, a potential link between HMs and FI may exist;
however, supporting evidence remains limited.

Therefore, this study aims to investigate the associa-
tions between blood Cd, Pb, Hg, as well as their mixture
and FI using data from 12,142 participants in NHANES
2005-2010. To evaluate these relationships, we employed
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weighted logistic regression, two-indices weighted quan-
tile sum (2iWQS), quantile g-computation (qgcomp), and
restricted cubic spline (RCS) analyses.

Methods

Study design and population

The National Health and Nutrition Examination Survey
(NHANES), conducted by the National Center for Health
Statistics (NCHS) under the CDC, is a large-scale survey
designed to assess the health and nutritional status of
U.S. adults and children. The survey employs a multistage
probability sampling method, drawing representative
samples from various counties across the United States
every two years for health and nutrition assessments.
All NHANES projects receive approval from the NCHS
Research Ethics Review Board, and participants provide
written consent upon enrollment (NHANES—NCHS
Research Ethics Review Board Approval (cdc.gov)).

In this study, data were retrieved from the NHANES
cycles of 2005-2006, 2007-2008, and 2009-2010. We
excluded participants who were under the age of 20
(N=13,902), had missing FI data (N=2,415), miss-
ing blood HMs data (N=550), missing covariate data
(N=1,529), or had used laxatives in the past 30 days
(N=496). A total of 12,142 participants were ultimately
included in the final analysis (Fig. 1).

Definition of FI

In the NHANES 2005-2010 questionnaire section, the
Bowel Health Questionnaire (BHQ) offered detailed
information on FI and bowel function for adults aged
20 or older. In the Mobile Examination Center (MEC),
participants were asked about the involuntary leakage of
feces, including solids, liquids, mucus, or gas, and the fre-
quency of these occurrences over the past 30 days. Addi-
tionally, the Bristol Stool Form Scale (BSFES) cards were
used to assess stool morphology. Consistent with previ-
ous studies [28, 29], FI in this study was defined as the
involuntary discharge of solid, mucus, or liquid stools at
least once in the past month, excluding gas.

Measurement of blood HMs

Considering that the NHANES 2005-2010 dataset
includes data only on three blood HMs (Cd, Pb, and Hg),
this study focuses exclusively on their relationship with
FI, excluding manganese (Mn) and selenium (Se), which
were introduced in later survey cycles. Within the MECs,
trained personnel collected blood samples directly from
participants, which were then stored at —30°C and sent
to the National Center for Environmental Health and the
CDC for subsequent analysis. Blood concentrations of Cd,
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Participants of National Health and nutrition
Examination Survey 2005-2010
(N = 31,034)

Participants aged 2 20 years old
(N=17,132)

Excluded participants with missing
fecal incontinence data
(N = 2,415)

14,717

Excluded participants with missing blood
cadmium, lead, and total mercury data

(N = 550)

14,167

Excluded participants with missing
covariates data
(N =1,529)

12,638

Excluded participants used laxatives
during last 30 days

(N = 496)

N =12,142

Fig. 1 Flowchart of participant selection

Pb, and total Hg were measured using inductively coupled
plasma mass spectrometry (ICP-MS). Detailed experimen-
tal procedures and methods are outlined in the NHANES
laboratory protocol. According to the NHANES analysis
guidelines, measurements below the limit of detection
(LOD) were substituted with LOD divided by the square
root of 2 (+/2) [30]. Additionally, the concentrations of the
three blood HMs in this study are expressed in pg/L. The
specific LOD values for the three metals, as well as the
proportions of values below the detection limit, can be
found in Table S1 and Table S2.

Covariates
Based on previous research [31-33], we included several
potentially significant variables that could affect FI as
confounders, such as demographic characteristics (age,
sex, race, education level, family poverty income ratio
[PIR]); body mass index (BMI); lifestyle behaviors (smok-
ing status, alcohol consumption); and chronic conditions
(hypertension, diabetes). A directed acyclic graph was
created, as shown in Figure S1.

Race was categorized as non-Hispanic Black, non-
Hispanic White, Mexican American, and other races

(including other Hispanics and multiple races). Education
level was classified as less than high school, high school,
and college or above. BMI was categorized as: normal
(<25 kg/m?), overweight (25-29.9 kg/m?), and obese
(>30 kg/m?). The continuous variable PIR was dichoto-
mized into a binary variable (PIR<2, PIR >2). Smoking
status was defined as: never (having smoked fewer than
100 cigarettes in a lifetime), former (having smoked
more than 100 cigarettes in a lifetime but not currently
smoking), and now (having smoked more than 100 cig-
arettes in a lifetime and currently smoking). Alcohol
consumption was categorized as: never (fewer than 12
alcoholic drinks in a lifetime); former (12 or more alco-
holic drinks in a lifetime but none in the past 2 years);
mild (women consuming more than 1 drink per day, men
more than 2 drinks per day); moderate (women 2 drinks
per day, men 3 drinks per day); and heavy (women 3 or
more drinks per day, men 4 or more drinks per day).
Hypertension was defined as: [1] a doctor’s diagnosis of
hypertension; [2] use of antihypertensive medication; or
[3] systolic blood pressure greater than 140 mmHg or
diastolic blood pressure greater than 90 mmHg. Diabe-
tes was defined as: [1] a doctor’s diagnosis of diabetes;
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[2] glycated hemoglobin>6.5%; [3] fasting blood glu-
cose>7.0 mmol/L, random blood glucose >11.1 mmol/L,
or 2-h OGTT blood glucose>11.1 mmol/L; or [4] use of
antidiabetic medication or insulin.

Statistical analysis

Continuous variables were presented as weighted means
(+standard errors), while categorical variables were
shown as unweighted counts (weighted percentages).
Comparisons between continuous variables were per-
formed using t-tests, whereas comparisons between
categorical variables were conducted using chi-square
tests. The associations among the three blood HMs were
assessed using Pearson correlation analysis.

First, weighted logistic regression analysis was used to
assess the relationship between each HM and FI. Three
models were constructed to adjust for confounding vari-
ables: the crude model, unadjusted; Model 1, adjusted
for age, sex, race, education level, and PIR; and Model 2,
further adjusted for BMI, smoking status, alcohol con-
sumption, hypertension, and diabetes. Subsequently,
we performed a test for linear trends by inputting the
median value of each metal as a continuous variable into
the model.

Second, given that traditional WQS regression models
may be limited by the directional effects of mixtures on
outcomes, and that mixtures may contain both “good”
and “bad” components [34], we employed the two-indices
WQS (2iWQS) regression model to separately assess the
positive and negative effects of HMs [35]. Specifically,
data were randomly divided into training and validation
sets with a 4:6 ratio. We performed 200 iterations in the
training set to obtain weights for each HM and tested
their significance in the validation set. The 2iWQS index
comprises “PWQS” and “NWQS,;” which represent the
positive and negative effects, respectively. Additionally,
to further validate the robustness of the results, quan-
tile g-computation (qgcomp) analysis was conducted to
explore the association between HMs and FI.

Restricted Cubic Splines (RCS) were used to assess the
nonlinear relationship between HMs and FI. To avoid
underfitting or overfitting and ensure model accuracy,
the optimal number of knots for RCS was selected based
on the minimum Akaike Information Criterion (AIC).
Ultimately, the RCS curve was fitted with 4 knots. Finally,
subgroup analyses were conducted to explore the rela-
tionship between HMs and FI based on age, sex, race,
education level, PIR, BMI, smoking status, alcohol con-
sumption, hypertension, and diabetes.

All analyses in this study were conducted using R
software (version 4.3.2). Weighted logistic regression,
2iWQS, qgcomp, and RCS analyses were performed
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using the “survey, “gWQS,” “qgcomp,” and “rms” pack-
ages, respectively. A p-value of less than 0.05 was consid-
ered statistically significant.

Results

Baseline characteristics

A total of 12,142 participants were included in this study,
with a mean age of 46.6 years (+ 0.3). Among them, 40.4%
were aged between 40 and 59 years, 50.2% were female,
and the majority were non-Hispanic white (72.6%). FI
was observed in 1,074 participants, accounting for 8.8%
of the sample. The blood levels of HMs were 0.52 (+0.01)
pg/L for Cd, 16.53 (+0.27) pg/L for Pb, and 1.65 (+0.05)
pg/L for Hg, with no significant correlations among them
(r<0.2) (Figure S2). Compared to the non-FI individuals,
FI was more common among older individuals, females,
non-Hispanic Whites, those with lower PIR, obesity,
smokers, heavy drinkers, and those with hypertension or
diabetes. Additionally, FI participants had higher blood
levels of Cd (0.60 vs 0.51, p<0.001) and Pb (19.27 vs
16.28, p<0.001) compared to those without FI. However,
FI participants had lower blood levels of Hg, though this
difference was not statistically significant (Table 1).

Multiple logistic analysis

Logistic regression analysis showed a significant posi-
tive association between blood Cd levels and FI when
Cd was analyzed as a continuous variable (Crude
model: OR=1.21, 95% CI: 1.09-1.35, p<0.001; Model
1: OR=1.14, 95% CI. 1.01-1.28, p<0.001). However,
after adjusting for all covariates, this association was no
longer significant (Model 2: OR=1.10, 95% CI=0.96—
1.27, p=0.156). When Cd was categorized into tertiles,
the highest tertile (Q3) showed a significant positive
association with FI compared to the lowest tertile (Q1)
(Crude model: Q3 vs. Q1, OR=1.83, 95% CI: 1.47-2.28,
»<0.001, p for trend <0.001; Model 1: OR=1.38, 95% CI:
1.09-1.73, p=0.008, p for trend=0.008). This relation-
ship remained robust after adjusting for all confound-
ers (Model 2: Q3 vs. Q1, OR=1.38, 95% CI=1.04-1.83,
p=0.026, p for trend=0.026) (Table 2).

Similarly, when blood Pb was analyzed as a continu-
ous variable, logistic regression analysis revealed a sig-
nificant positive association between blood Pb levels and
FI, with this relationship maintaining statistical signifi-
cance across all three models (Crude model: OR=1.01,
95% CI: 1.01-1.02, p<0.001; Model 1: OR=1.01, 95%
CI: 1.00-1.01, p=0.007; Model 2: OR=1.01, 95% CL:
1.01-1.01, p=0.004). However, when Pb was considered
as a categorical variable, a significant positive association
between Pb and FI was observed only in the unadjusted
model (Crude model: Q2 vs Q1, OR=1.58, 95% CI:
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Table 1 Baseline characteristics of normal and Fl participants in NHANES 2005-2010

Characteristic Overall(N=12,142) Normal(N=11,068) FIIN=1,074) P value
Age, years <0.001
20-39 4,034 (36.8%) 3,869 (38.6%) 165 (16.8%)
40-59 4,112 (40.4%) 3,747 (40.1%) 365 (43.0%)
>60 3,996 (22.9%) 3,452 (21.3%) 544 (40.2%)
Gender <0.001
female 5,947 (50.2%) 5,357 (49.6%) 590 (56.7%)
male 6,195 (49.8%) 5,711 (50.4%) 484 (43.3%)
Race <0.001
non-Hispanic black 2,351 (10.3%) 2,164 (10.4%) 187 (9.2%)
non-Hispanic white 6,201 (72.6%) 5,549 (72.1%) 652 (78.6%)
Mexican American 2,155 (7.8%) 2,025 (8.1%) 130 (4.8%)
other races 1,435 (9.3%) 1,330 (9.4%) 105 (7.4%)
PIR 0.044
<2 5,552 (31.9%) 5,024 (31.6%) 528 (35.8%)
>2 6,590 (68.1%) 6,044 (68.4%) 546 (64.2%)
Education level 0.068
less than high school 3,326 (17.8%) 2,994 (17.5%) 332 (20.8%)
high school 2,901 (24.2%) 2,656 (24.2%) 245 (23.4%)
college or above 5,915 (58.0%) 5,418 (58.2%) 497 (55.8%)
BMI, kg/m? 0.002
<25 3,503 (31.4%) 3,228 (31.8%) 275 (27.3%)
25-299 4,150 (33.5%) 3,812 (33.7%) 338 (30.7%)
>30 4,489 (35.1%) 4,028 (34.5%) 461 (42.0%)
Smoking status 0.032
never 6,277 (52.2%) 5,793 (52.7%) 484 (47 4%)
former 3,096 (25.0%) 2,756 (24.6%) 340 (29.1%)
now 2,769 (22.8%) 2,519 (22.7%) 250 (23.5%)
Alcohol consumption <0.001
never 1,549 (10.3%) 1,403 (10.2%) 146 (11.6%)
former 2,402 (16.5%) 2,128 (16.0%) 274 (21.6%)
mild 3,809 (34.7%) 3,458 (34.4%) 351 (37.2%)
moderate 1,787 (16.4%) 1,658 (16.7%) 129 (13.8%)
heavy 2,595 (22.1%) 2,421 (22.7%) 174 (15.8%)
Hypertension <0.001
no 7,102 (63.8%) 6,632 (65.1%) 470 (49.2%)
yes 5,040 (36.2%) 4,436 (34.9%) 604 (50.8%)
Diabetes <0.001
no 10,039 (87.4%) 9,240 (88.0%) 799 (80.6%)
yes 2,103 (12.6%) 1,828 (12.0%) 275 (19.4%)
Blood heavy metals, pg/L
Cd 0.52 (x0.01) 0.51 (x0.01) 0.60 (£0.03) <0.001
Pb 1.65 (£0.03) 1.63 (£0.03) 1.93 (x0.06) <0.001
Hg 1.65 (+0.05) 1.66 (+0.05) 1.51 (£0.09) 0.381

Flfecal incontinence, NHANES National Health and Nutrition Examination Survey, PIR family poverty income ratio, BMI body mass index, Cd cadmium, Pb lead,
Hg mercury

Mean (+ SE) for continuous and n (%) for categorical variables
Bold: p<0.05
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Table 2 Multiple logistic analysis between blood heavy metals and Fl
Blood heavy metals(pg/L) Crude model Model 1 Model 2
OR(95%Cl) P OR(95%Cl) P OR(95%Cl) P
Cd Continuous 1.21(1.09,1.35) <0.001 1.14(1.01,1.28) 0.029 1.10(0.96,1.27) 0.156
Q1 ref ref ref
Q2 1.59(1.28,2.00) <0.001 1.18(0.94,1.49) 0.157 1.20(0.94,1.53) 0.146
Q3 1.83(1.47,2.28) <0.001 1.38(1.09,1.73) 0.008 1.38(1.04,1.83) 0.026
p for trend <0.001 0.008 0.026
Pb Continuous 1.12(1.07,1.16) <0.001 1.10(1.02,1.12) 0.007 1.07(1.03,1.12) 0.004
Q1 ref ref ref
Q2 1.56(1.26,1.94) <0.001 1.18(0.93,1.51) 0171 1.20(0.94,1.52) 0.150
Q3 1.86(1.52,2.30) <0.001 1.23(0.95,1.60) 0.109 1.27(0.98,1.63) 0.075
p for trend <0.001 0.112 0.075
Hg Continuous 0.96(0.92,1.01) 0.128 0.95(0.91,1.00) 0.061 0.96(0.92,1.01) 0.124
Q1 ref ref ref
Q2 0.90(0.77,1.05) 0.189 0.86(0.73,1.02) 0.091 0.88(0.74,1.05) 0.149
Q3 0.89(0.73,1.08) 0.229 0.83(0.67,1.02) 0.078 0.87(0.70,1.08) 0.186
p for trend 0.239 0.084 0.196

Crude model was not adjusted, Model 1 was adjusted for age, gender, race, PIR, and education level, Model 2 was adjusted for age, gender, race, PIR, education level,

BMI, smoking status, alcohol consumption, hypertension and diabetes

OR odds ratio, CI confidence interval, Q quantile, Cd: Q1=[0.01, 0.26], Q2=(0.26,0.49]; Q3=(0.49,10.8]; Pb: Q1=[0.13, 1.07]; Q2=(1.07, 1.89]; Q3=(1.89, 33.1]; Hg:

Q1=[0.10, 0.62], Q2=(0.62, 1.37], Q3=(1.37, 85.7]

Table 3 Result of the 2iWQS and ggcomp models

Model OR 95%ClI P value
2iWQS
positive 118 1.05-1.32 0.005
negative 0.97 0.86-1.09 0.521
qgcomp 112 1.01-1.26 0.036

Both the WQS and gqgcomp model were adjusted for age, gender, race, PIR,
education level, BMI, smoking status, alcohol consumption, hypertension and
diabetes

1.28-1.94, p<0.001; Q3 vs Q1, OR=1.88, 95% CI: 1.53—
2.30, p<0.001). This statistical significance not observed
after adjusting for confounders.

Regarding blood Hg, logistic regression analysis
showed no significant association between blood Hg lev-
els and FI, whether Hg was considered as a continuous or
categorical variable (all p-values > 0.05).

2iWQS and ggcomp model

As shown in Table 3, the 2iWQS regression analysis indi-
cated a positive association between combined expo-
sure to the three blood HMs and FI (OR=1.18, 95%
CI: 1.05-1.32, p=0.005), with no negative association
observed. The qgcomp analysis corroborated this find-
ing (OR=1.12, 95% CI: 1.01-1.26, p=0.036). The esti-
mated weights for individual HMs in the WQS analysis

are shown in Fig. 2. Among the three HMs, Cd had the
highest positive weight (0.76), while Hg had the highest
negative weight (0.76); however, no significant negative
association was observed. Similarly, the qgcomp analysis
confirmed these findings, demonstrating the robustness
of the findings (Figure S3).

RCS

The RCS curves demonstrated a significant nonlin-
ear association between Cd and FI after adjusting for
all covariates (p-overall=0.019, p-nonlinear=0.028)
(Fig. 3A). In contrast, a linear positive correlation was
observed between Pb and FI (p-overall=0.008, p-non-
linear=0.492) (Fig. 3B). No significant relationship was
found between Hg and FI (Fig. 3C).

Subgroup analyses

As shown in Fig. 4, the subgroup analysis revealed that
the positive correlation between Cd and FI was more
pronounced among males, Mexican Americans, those
with PIR > 2, individuals with college or above education,
overweight participants, never-smokers, heavy drinkers,
those with hypertension, and non-diabetic individuals.
The positive association between Pb and FI was stronger
among participants aged 40—60, overweight participants,
and never-smokers. No specific subgroup exhibited a sig-
nificant correlation between Hg and FI.
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Fig. 3 RCS curves between blood Cd(A), Pb(B), Hg(C) and fecal incontinence. ALL were adjusted for age, gender, race, PIR, education level, BMI,

smoking status, alcohol consumption, hypertension and diabetes

Discussion

Utilizing a large-scale, nationally representative study,
we identified a significant positive correlation between
blood HMs and FI, which remains robust even after
adjusting for various confounding factors. Multivari-
ate logistic regression analysis revealed that exposure
to Cd and Pb is associated with FI. Both the 2iWQS
and qgcomp analyses confirmed that the positive

association between three blood HMs and FI persists,
with Cd emerging as the most substantial contributor.
The RCS curves suggested a nonlinear positive correla-
tion between Cd and FI and a linear positive correla-
tion between Pb and FI. Subgroup analysis highlighted
that the positive association between Cd and FI was
more pronounced among males, Mexican Americans,
those with a PIR>2, individuals with college or above
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Subgroup OR(95%CI, Q3 vs Q1) cd p for trend Subgroup OR(95%C], Q3 vs Q1) Pb p for trend Subgroup OR(95%CI, Q3 vs Q1) Hg p for trend
Age, year o Age, year o Age, year o

<40 1.43(0.77,2.64) :—-—< 0196 <40 1.43(0.74,2.74) >:—.—< 0238 <40 0.92(0.61,1.39) »—4—« 0791

40-60 1.40(0.86,2.27) —— 0178 40-60 1.47(1.08,1.99)* —— 0013 40-60 0.78(0.52,1.18) . 0261

260 1.27(0.90,1.80) — 0.155 260 0.84(0.58,1.21) . 0757 260 0.92(0.68,1.26) ——— 0639
Gender U Gender U Gender I

female 1.30(0.86,1.96) -:—-— 0.197 female 1.23(0.90,1.69) ~:—-— 0.184 female 0.86(0.64,1.16) -:~ 0319

male 1,52(1.03,2.25)" —— 0.04 male 1.31(0.86,1.99) —— 0223 male 0.87(0.62,1.22) e 0437
Race ! Race | Race !
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Fig. 4 Forest plot of subgroup analysis based on age, gender, race, PIR, education level, BMI, smoking status, alcohol consumption, hypertension

and diabetes. * represents P < 0.05

education, overweight individuals, heavy drinkers,
those with hypertension, and non-diabetics. The posi-
tive association between Pb and FI is more evident in
the 40-60 age group, overweight individuals, and non-
smokers. To our knowledge, this is the first study to
explore the relationship between blood HMs and FI.
However, the specific mechanisms underlying the rela-
tionship between HMs and FI remain unclear. We propose
that this relationship may be influenced by several fac-
tors. Firstly, exposure to HMs can alter the diversity and
structure of gut microbiota. Trevors et al. demonstrated
that Cd inhibited the growth of intestinal microbiota by
interfering with protein synthesis and the function of
various enzyme systems [36]. Zhang et al. showed that
Cd disrupted the composition of gut microbiota in mice,
notably reducing the abundance of Firmicutes and Pro-
teobacteria while increasing the population of Bacte-
roidetes [37]. Even at low concentrations, Cd exposure
has been observed to decrease both the abundance and
diversity of gut microbiota [38]. Moreover, Cd exposure
leads to a significant reduction in bacteria that produce
short-chain fatty acids (SCFAs), impairing the function
of intestinal epithelial cells, increasing intestinal perme-
ability, and causing intestinal inflammation [39]. Similarly,
Pb exposure has been found to affect the composition of
gut microbiota and the integrity of the gut barrier. For
instance, a recent study administering low concentrations

of Pb to mice over 15 weeks found a significant increase
in the abundance of Bacteroidetes and a decrease in fungi
within the gut [40]. Human studies have also indicated that
the o- and B-diversity of gut microbiota are influenced
by urinary Pb levels [41]. Increasing evidence supports a
“bidirectional relationship” between HMs exposure and
the gut microbiota [42], suggesting that HMs exposure can
alter the metabolism of normal gut microbiota, which in
turn can influence the biotransformation and toxicological
effects of HMs. In summary, the impact of HMs on the gut
microbiota and gut structure likely represents a significant
mechanism contributing to the occurrence of FI.

Secondly, the neurotoxicity of Cd and Pb directly
impacts on the central nervous system, contributing to
cognitive decline [43]. A recent NHANES study found a
negative correlation between blood levels of Pb and Cd
and cognitive function, while blood selenium demon-
strated a positive correlation with cognitive function in
older adults, particularly among men [44]. Additionally,
HMs have been found to positively correlate with sys-
temic immune-inflammation index (SII) and systemic
inflammation response index (SIRI). Given that inflam-
mation is a crucial factor in the development of FI, this
relationship may further elucidate the pathway by which
HMs contribute to FI [45, 46].

In summary, this cross-sectional study identified a posi-
tive correlation between blood HMs and FI. This finding
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not only offers new insights into the detrimental effects
of HMs on human health but also provides valuable refer-
ence for the prevention of FI. Reducing the intake of foods
with high levels of HMs could significantly aid in prevent-
ing the onset of FI. Moreover, reducing the release of pol-
lutants, especially waste gases and wastewater containing
HMs, is essential for maintaining safe environmental lev-
els of these metals. This is particularly important consid-
ering that a significant portion of inhaled Cd eventually
enters the gastrointestinal tract [47].

Our study possesses several strengths. Firstly, it is based
on a comprehensive national population dataset, provid-
ing a large sample size. Secondly, we employed multivariate
logistic regression, 2iWQS, qgcomp, and RCS to adjust for
multiple potential confounders, enhancing the reliability
of our findings. However, there are also some limitations.
Firstly, as a cross-sectional study, it cannot establish causal
relationships between HMs and FI. Secondly, due to limi-
tations in the NHANES dataset, we were unable to adjust
for other potentially relevant variables associated with FI,
such as congenital diseases, surgeries, and radiotherapy.
Thirdly, using the NHANES-recommended method of
dividing metal concentrations below the detection limit by
the square root of 2 may affect the accuracy of the study
results. Lastly, our study focused exclusively on the asso-
ciation between blood HMs and FI, leaving the relationship
between dietary or urinary HMs and FI unexplored. Future
research is needed to further investigate these associations.

Conclusion

Given the various health risks posed by HMs in blood
and the significant prevalence of FI, understanding the
connection between these factors is essential. Our study
identifies an association between exposure to blood
HMs, particularly cadmium (Cd), and FI. These findings
provide valuable insights into the potential implications
of heavy metal exposure and could inform preventive
strategies for FI. However, the cross-sectional nature of
this study presents limitations, emphasizing the need for
future investigations to establish causal relationships and
explore the underlying biological mechanisms.

Abbreviations

HMs Heavy metals

FI Fecal incontinence

NHANES  National Health and Nutrition Examination Survey
cd Cadmium
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LOD Low limit of detection

2iWQS Two-indices weighted quantile sum

Qgcomp  Quantile g-computation
RCS Restrict cubic splines
PIR Poverty income ratio
BMI Body mass index

OR Odds ratio

@] Confidence interval
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