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development are inconsistent. To address this, we conducted a meta-analysis to
explore the link between common heavy metal exposures and hearing loss. This study
examined the effects of lead (Pb), cadmium (Cd), and mercury (Hg) pollution on hear-
ing loss at various levels, and systematically reviewed the literature on manganese
(Mn), barium (Ba), arsenic (As), and hearing loss.

Methods: We conducted systematic searches in five major databases, including
PubMed, Web of Science, Embase, Cochrane Library, and Scopus. In addition, we
searched three Chinese digital libraries: CNKI, Wanfang Data, and Wipu. From an ini-
tial pool of 649 articles, we carefully screened and selected 15 articles for further
analysis. The effect sizes from these selected studies were synthesized through a
meta-analysis to calculate the overall effect size.

Results: Our findings showed that: (1) There was a significant association between
Pb and Cd exposure and hearing loss; (2) There is a proportional relationship between
the increase of metal index detected in blood and hearing loss; (3) In the PTA mea-
surement of hearing loss at different frequencies, the 4 kHz high frequency range
had a stronger correlation with hearing loss than the low frequency, with OR 1.44
(1.22, 1.71); and (4) There was a more significant correlation between Barium
(Ba) levels in nails and hair than in urine.

Conclusions: The study presented evidence of a significant association between
human hearing loss and exposure to lead (Pb) and cadmium (Cd). It not only revealed
a positive correlation between blood heavy metal concentrations and the incidence
of hearing loss but also highlighted that long-term exposure indicators of heavy

metals were more indicative of the correlation with hearing loss. Lastly, the study
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recommends utilizing high frequency 4 kHz for the effective assessment and diagno-

sis of hearing loss caused by exposure to heavy metals.
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1 | INTRODUCTION
Hearing loss (HL) is one of the most prevalent chronic conditions, with
over 360 million people worldwide at risk of experiencing
it. Projections suggest that by 2050, approximately 900 million indi-
viduals will be affected by HL, leading to substantial psychological and
socio-economic burdens.® While HL has traditionally been associated
with age and noise exposure, recent epidemiological studies have
expanded this perspective, identifying ototoxic chemicals and envi-
ronmental heavy metals such as arsenic, cadmium, lead, manganese,
and mercury as potential contributors to auditory system impairment
and subsequent HL.2

Previous research has reported a plausible link between environ-
mental exposure to heavy metals and the risk of HL, with a particular
emphasis on the ototoxic effects of lead, cadmium, arsenic, and
mercury.>~¢ Studies have indicated a potential association between
lead exposure and an increased risk of HL, particularly among chil-
dren.” Animal models have demonstrated that lead exposure can
impair axonal transport and suppress auditory processing near the
cochlea.® Additionally, cadmium exposure has been shown to be toxic
to the cochlea, and hearing changes have been observed in children
exposed to environmental arsenic.®’ Other heavy metals, such as
methylmercury, dimethylmercury, and mercuric sulfide, have also
been found to impact of Brainstem Evoked Response Audiomety
(BERA). Despite reports of potential associations between these
heavy metals and HL, there remains controversy regarding the precise
effects of different types of heavy metals and the duration of expo-
sure on HL.*® Furthermore, there is no consensus on the optimal fre-
quency range (whether high-frequency or low-frequency) for
detecting HL. Given the widespread presence of heavy metals in the
environment, establishing the relationship between various levels of
heavy metal exposure and the risk of HL is of paramount importance,

and this constitutes the primary objective of our meta-analysis.

2 | METHODS

2.1 | Literature search

The current scientific literature was systematically searched to iden-
tify original peer-reviewed studies exploring the relationship between
different heavy metal exposures in the environment and HL. This
review was conducted based on the guidelines of the 2022 Preferred
Reporting Project Systematic Review and Meta-Analysis Protocol

(PRISMAP) statement. The systematic literature search was conducted

in May 2023 and included five major English-language digital libraries
(PubMed, Web of Science, Embase, Cochrane Library, and Scopus) as
well as three Chinese-language digital libraries (Zhiwang, Wanfang,
and Wipu). Search terms included “heavy metals,” “environmental

exposure,” “lead,” “cadmium,” “mercury,” “arsenic,” “manganese,”
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“iron,” “barium,” “Hearing loss,” “Hearing loss,” “Hearing impairment”
and “Deafness.” These words were used to develop search strings
and were combined in different ways using Boolean operators such as
“AND” and “OR”. We paid particular attention to studies assessing
the intersection of these two topics and manually searched the rele-
vant reference lists, thoroughly screening the full text of identified
publications for primary data.

First, we used the EndNote software to organize the literature
retrieved from electronic databases and excluded duplicate articles.
Subsequently, two professionally trained researchers (F.W. and F.B.)
carefully analyzed the data in this literature, and we conducted an in-
depth review of each study included in the analysis to ensure the
validity of all data and to verify the conformity of each participant. In
the process of data analysis, we considered a number of key factors,
including the year of publication of the article, the last name of the
first author, the context of the study, the level of exposure to the vari-
ous heavy metals (in milligrams per deciliter [mg/dL]), the number of
participants, the definition of HL (in terms of pure-tone averaging
thresholds (PTAs) >25 decibels), the estimate of the effect size, the
95% confidence intervals (Cls), and the used adjustment model (for
studies that included multiple adjustment models in a single article,
we chose those with the most comprehensive adjustment of variables
to extract data). Also, because the method of defining HL varied
across studies, we also documented in detail the specific definitions
used in the original studies. Any disputes that arose during the inter-
pretation of the data were resolved by our two researchers through a

consultative discussion.

2.2 | Inclusion and exclusion criteria

2.2.1 | Inclusion criteria

(1) Published studies should be original cohort studies, case-control
studies, or cross-sectional studies; (2) the study should be on the
effects of heavy metal exposure on hearing, and the topic of the study

should cover, but not be limited to, the following keywords: “lead,”
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“cadmium,” “mercury,” “arsenic,” “manganese,” “iron,” “barium,” and
hearing-related terms such as “hearing loss,” “hearing decline,” and

“deafness”; (3) The study must provide exact measurements of the
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levels of specific heavy metals in the body, such as biomarker tests in
blood, hair, nails, urine, and bone; (4) the definition of HL should be
based on a pure tone average threshold (PTA) exceeding 25 dB;
(5) studies need to provide adjusted OR and their 95% Cl; and (6) the
study should detail its methodology, including critical steps such as
sample selection, diagnostic guidelines and statistical analysis.

2.2.2 | Exclusion criteria

(1) Animal experiments or mechanistic studies; (2) literature not
related to the study topic; (3) studies investigating environmental fac-
tors other than heavy metals; (4) studies that did not provide OR and
95% Cl; and (5) publications include reviews, conference papers, com-

mentaries or, case reports.

2.3 | Statistical analysis

In our study, we utilized Stata (version 17.0; Stata Corp LP, College
Station, TX, USA) for statistical analyses, summarized the ORs associ-
ated with HL in the eligible heavy metal exposure studies, and calcu-

lated the overall effects and their 95% Cls. To manage the

heterogeneity across studies, we employed a random-effects model
within the SPSS software, which accommodates the variability within
and across individual studies. Heterogeneity was quantified using the
I? statistic, representing the proportion of overall variation across
studies attributable to heterogeneity rather than chance. I? values of
0%, 25%, 50%, and 75% correspond to non-existent, low, moderate,
and high heterogeneity, respectively.

In addition, to assess possible publication bias, we drew the funnel
plots. We applied Egger's test to explore whether there was a tendency
to favor the publication of statistically significant studies, which is a critical
step to ensure our analysis's accuracy and our conclusions' reliability. Also,
we conducted subgroup analyses to examine differences in the relation-
ship between heavy metal exposure and HL in specific subgroups, which
included subgroups categorized by type of heavy metal, site of measure-
ment, and frequency of hearing tests. It enhanced our understanding of

the data and provided a more precise basis for scientific insight.

3 | RESULTS

As shown in Figure 1, we found 626 potentially relevant papers using
the search strategy of keywords. Upon eliminating 129 duplicates,
497 papers underwent preliminary scrutiny of their titles and

Identification of studies via databases and registers

)
5 Records removed before
§ Records identified from: screening:
= Databases (n = 612) > Duplicate records removed
E Registers (n = 0) (n=129)
3
—
'
Records excluded
Records screened »| (n=20)
(n=497) Not Relevant = 20
Reports not retrieved
Reports sought for retrieval (n I\:lo‘tZRQIevant =362
(<)) = g
£ (n=477) Animal Experiments = 33
5 Reviews = 24
g Outcome Not of Interest = 6
(72} y Incomplete = 2
Reports assessed for eligibility
(n = 50) —»| Reports excluded:
(n=35)
Not Relevant (n = 20)
Not Meet Criteria (n = 5)
Not Promary Research (n = 5)
Outcome not of Interest (n = 3)
Lack of Control Group (n = 2)

(n=15)

Reports of included studies

FIGURE 1 Flow diagram.



Laryngoscope
40f 18 .

WANG ET AL

abstracts. From this cohort, 447 papers were excluded for various rea-
sons: misalignment with the study's focus, utilization of animal
models, or their classification as systematic or literature reviews. A
subsequent thorough review of the full text of the remaining
50 papers resulted in the further exclusion of an additional 35 papers
for not meeting our inclusion criteria, with the following reasons for
exclusion: (1) the study content was irrelevant (n = 20); (2) the defini-
tion of HL was not the same as our criteria (n = 5); (3) the study did
not provide an OR or 95% Cl (n = 5); (4) the study was a review article
(n = 3); and (5) there was a lack of a control group (n = 2). After care-
ful screening, 15 articles were finally included in our analysis. Contro-
versial points throughout the process were discussed and resolved by
our two reviewers.

This study covered 15 studies published between 2009 and
2022, 11 of which were conducted in Asia (Japan,("“’12 Korea 3?1314
and China®”*>%) and 4 in the United States.*'”~1? Of these studies,
10 articles identified lead and cadmium as the main or one of the risk
factors for HL. Two papers focused on the effects of mercury, one of
which was analyzed independently in adults and one in adolescents,
and thus were considered two separate studies. For other elements,
such as arsenic, manganese, and zinc, there is only one published
paper on each element.

All studies used PTA (the gold standard of hearing test) to assess
HL degree. Four of the studies categorized HL into three categories:
low frequency, speech frequency, and high frequency, while the
remaining studies focused on HL in the speech frequency range. Of
these studies, only one was conducted exclusively on males, on

t.Y The other studies included

workers in a heavy metal smelting plan
participants of both sexes. Of the 15 studies, three were prospective
assessments, including one cohort study®® and two case-control stud-
ies.1>1¢ In addition, the remaining studies retrospectively assessed the
history of HL through a cross-sectional study design. The characteris-

tics of the studies are summarized in Table 1.

3.1 | Meta-analysis results

3.1.1 | Cadmium

A total of 10 studies involving 38,591 participants were included to
assess the impact of cadmium exposure on HL. Figure 2 demonstrates
a significant increase in the prevalence of HL in the cadmium-exposed
group compared to the control group, with an OR of 1.03 (95% ClI
0.95-1.12). There was moderate heterogeneity observed between
the two groups (12 = 39.6%).

3.12 | Lead

A total of 10 studies involving 36,517 participants were included to
assess the impact of lead exposure on HL. Figure 3 reveals a significant
increase in the occurrence of HL in the lead-exposed group compared to
the control group, with an OR of 1.09 (1.03-1.16). Notably, there was no
heterogeneity detected between the two groups (I = 0.0%).

3.1.3 | Mercury

A total of 3 studies involving 8575 participants were included to
assess the impact of mercury exposure on HL. Figure 4 shows that
blood mercury levels were associated with a protective effect on
hearing, with an OR of 0.81 (0.70-0.94). Similar to lead exposure, no

heterogeneity was observed between the two groups (I = 0.0%).

3.2 | Subgroup analyses

3.21 | Frequency

To assess the association strength between lead exposure and hearing
loss at different frequencies, we categorized the data into quintiles of
lead concentration (Q1 to Q5) for both left and right ears across various
frequencies (500kHz, 1kHz, 2kHz, 4kHz), resulting in groups A1-D1,
A2-D2...A8-D8. In the subgroup analysis based on Pb exposure fre-
quency, Figure 5 demonstrates that when measuring HL caused by
heavy metal exposure using pure-tone audiometry (PTA), the higher fre-
quency of 4 kHz was more indicative of the level of hearing impairment
compared to other lower frequencies. For 0.5 kHz, the OR was 1.08
(0.49-2.38); for 1 kHz, the OR was 0.95 (0.78-1.17); for 2 kHz, the OR
was 1.17 (0.99-1.38); for 4 kHz, the OR was 1.44 (1.22-1.71); and for
6 kHz, the OR was 1.13 (0.95-1.34).

3.2.2 | Short/long-term exposure

In the analyses of short-term and long-term exposure to barium from
different tissue sources (blood, nails, urine), as shown in Figure 6, we
observed that indicators of chronic accumulation (such as hair and
nails) provided more informative insights into the association with HL
compared to indicators of daily exposure (urine). The pooled ORs
were as follows: hair had an OR of 3.81 (2.05-7.06), nails had an OR
of 2.26 (1.50-3.40), and urine had an OR of 1.22 (0.90-1.65).

3.23 | Metal concentrations

We grouped participants based on the blood concentrations of Pb
and Cd, ranging from Q1 (normal group), Q2, Q3, Q4, to Q5. Figures 7
and 8 showed that as the concentration increased, the odds of HL
also gradually increased. (1) Pb: the odds ratio (OR) and 95% CI for
Q2, Q3, Q4, and Q5 were 1.07 (0.92-1.25), 1.14 (0.98-1.34), 1.26
(1.08-1.46), and 1.22 (1.04-1.42), respectively; (2) Cd: the OR and
95% Cl for Q2, Q3, Q4, and Q5 were 1.07 (0.90-1.27), 1.07 (0.90-
1.27),1.17 (1.03-1.34), and 1.08 (0.80-1.46), respectively.

3.3 | Publication bias

We evaluated the presence of publication bias through funnel plots
and Egger's test. Our meta-analysis's funnel plots generated for lead,
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cadmium, and mercury exhibited reasonably symmetrical patterns. The

results obtained from Egger's test were as follows: lead (p = .604), cad-
mium (p = .293), and mercury (p= .844). These results collectively indi-
cate the absence of substantial publication bias for any of the metals
analyzed. This suggests that the included studies were likely representa-
tive and not skewed toward particular result types.

alcohol consumption,
exercise, diagnosis of
diabetes mellitus,
hypertension, and
noise exposure
(occupational, loud,
firearm noises).

4 | DISCUSSION

HL is a significant and prevalent global health issue affecting approxi-
mately 360 million individuals worldwide, according to the World
Health Organization.?° Clinically, HL is typically defined as an average
pure-tone threshold exceeding 25 decibels.®> This condition can be
attributed to various factors, including congenital factors, infections,
noise exposure, heavy metal exposure, and aging. One of the less
explored contributors to HL is heavy metal exposure, which can occur
through multiple routes in our daily lives, with food being the most
common source of exposure. Existing literature suggests long-term

Cd0.34+0.2
(ng/L)

exposure to heavy metals such as lead, cadmium, cobalt, arsenic, and
mercury may lead to auditory dysfunction, with potential permanent
consequences.??!

Given the widespread ubiquity of heavy metal exposure, it is criti-
cal to investigate and recognize the relationship between environmen-
tal heavy metal exposure and the risk of HL. This meta-analysis and
review aim to comprehensively examine the association between
heavy metals, including lead, cadmium, mercury, arsenic, barium, and
manganese, and the incidence of HL. By conducting this investigation,
we can contribute vital evidence to inform strategies for preventing

and diagnosing HL.

41 | Lead(Pb)

The association between environmental lead (Pb) exposure and HL
has been supported by multiple studies. Population studies conducted
by Shargorodsky, Huh, Choi and Park, Dalton, and Yin et al. have all
found the correlation between lead exposure and the risk of
HL.41417-1% Shargorodsky et al. suggested that heavy metal exposure
is related to HL in American adolescents, particularly affecting high-
frequency hearing (3, 4, 6, and 8 kHz).*® Huh et al. analyzed data from
a total of 7596 Korean individuals between 2010 and 2013 and found
that blood lead concentrations ranging from 2.920 to 26.507 pg/dL
were associated with HL.2* Similarly, Choi and Park's study concluded
that blood lead concentrations ranging from 2.823 to 26.507 pg/dL
were associated with HL in adults.>* Yin suggested that compared to
the lowest lead concentrations, the highest levels of lead in the body
increased the risk of HL by nearly 59%, including in adults, adoles-
cents, and children.*® Several possible mechanisms have been pro-

(Continued)

posed to explain the association between blood lead concentrations
and HL, including lead-induced neurotoxicity in the cochlea and audi-

tory pathway. Bleecker suggests that lead exposure may impair the

TABLE 1

auditory pathway in the auditory nerve below the brainstem.??
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Study %
ID OR (95% Cl) Weight
PeixiZ (2022)A —— 0.91(0.59, 1.42) 2.39
PeixiZ (2022)B - 0.7 (0.50, 1.19) 2.90
PeixiZ (2022)C —©— 1.15 (0.86, 1.54) 2.95
Jung D (2019)A - 1.13 (0.89, 1.45) 3.48
Jung D (2019)B - 1.08 (0.85, 1.38) 3.62
Jung D (2019)C - 1.43 (1.13,1.81) 2.95
LiuY (2018) < 1.06 (0.97,1.15) 5.28
Yoon-Hyeong C (2012) A —— 1.20 (0.71, 2.05) 1.24
Yoon-Hyeong C (2012) B —%— 1.07 (0.72,1.58) 2.29
Yoon-Hyeong C (2012) C —.— 1.44 (0.96, 2.16) 1.47
Yoon-Hyeong C (2012) D —_—— 1.80 (1.14,2.85) 0.83
Shargorodsky J (2011) A B —— 1.63 (0.80, 3.34) 0.41
Shargorodsky J (2011) B :—0— 1.59 (0.74,3.42) 0.37
Shargorodsky J (2011) C — e — 1.88 (0.83,4.27) 0.23
Yoon-Hyeong C (2017) A1 —.— 0.96 (0.33,2.76) 0.45
Yoon-Hyeong C (2017) B1 el — 0.93 (0.33, 2.66) 0.48
Yoon-Hyeong C (2017) C1 : 2.39 (0.98, 5.83) 0.12
Yoon-Hyeong C (2017) A2 - 1.04 (0.73, 1.49) 2.63
Yoon-Hyeong C (2017) B2 —— 1.22(0.86, 1.72) 2.29
Yoon-Hyeong C (2017) C2 —— 1.30 (0.88, 1.91) 1.82
Da-Hui W (2020) A e 1.87 (1.32, 2.65) 1.26
Da-Hui W (2020) B —_—— 2.09 (1.47,2.97) 1.04
Da-Hui W (2020) C —— 1.49 (1.05,2.12) 1.73
Hyeok Kang G (2018)A —— 1.63 (1.16,2.29) 1.61
Hyeok Kang G (2018)B —_— 1.29 (0.90, 1.86) 1.98
Da-An H (2018)A1 —— 0.87 (0.43, 1.74) 1.29
Da-An H (2018)B1 —— 0.94 (0.49, 1.80) 1.29
Da-An H (2018)C1 —_—— 1.18 (0.60, 2.33) 0.82
Da-An H (2018)D1 —— 0.68 (0.33, 1.37) 1.80
Da-An H (2018)A2 —— 0.75 (0.38, 1.48) 1.66
Da-An H (2018)B2 — e 1.65 (0.79, 3.41) 0.39
Da-An H (2018)C2 —— 0.90 (0.45, 1.80) 1.23
Da-An H (2018)D2 —ee 1.31 (0.60, 2.86) 0.51
Da-An H (2018)A3 —— 0.63 (0.29, 1.34) 1.78
Da-An H (2018)B3 —— 0.96 (0.51, 1.84) 1.26
Da-An H (2018)C3 —— 0.71 (0.35, 1.43) 1.7
Da-An H (2018)D3 —— 0.62 (0.29,1.31) 1.85
Da-An H (2018)A4 —— 0.74 (0.37, 1.49) 1.62
Da-An H (2018)B4 -%— 0.53 (0.27, 1.07) 2.49
Da-An H (2018)C4 - 0.49 (0.24,1.04) 2.49
Da-An H (2018)D4 —— 0.68 (0.33, 1.41) 1.7
Da-An H (2018)A5 - 0.52(0.29, 0.93) 31
Da-An H (2018)B5 —— 0.94 (0.55, 1.61) 1.75
Da-An H (2018)C5 —— 0.77 (0.43, 1.39) 2.00
Da-An H (2018)D5 —— 0.94(0.52, 1.70) 1.50
Da-An H (2018)A6 —— 0.78 (0.41, 1.46) 1.78
Da-An H (2018)B6 e 0.89 (0.49, 1.61) 1.62
Da-An H (2018)C6 - 0.63(0.33, 1.21) 2.23
Da-An H (2018)D6 —— 0.71(0.37,1.36) 1.92
Da-An H (2018)A7 —— 1.06 (0.69, 1.63) 2.05
Da-An H (2018)B7 — 1.11(0.71, 1.75) 1.80
Da-An H (2018)C7 —— 0.98 (0.61, 1.55) 2.05
Da-An H (2018)D7 ——— 1.48 (0.90, 2.44) 0.9
Da-An H (2018)A8 —— 1.24 (0.80, 1.93) 1.60
Da-An H (2018)B8 —— 1.12(0.70, 1.81) 1.64
Da-An H (2018)C8 —— 1.38 (0.84, 2.25) 1.15
Da-An H (2018)D8 —— 1.82(1.14,2.92) 0.78
DaynaS. D (2019) —— 1.41 (1.05,1.90) 2.32
Overall (I-squared = 39.6%, p =0.001) ° 1.03 (0.95, 1.12) 100.00
NOTE: Weights are from random effects analysis :

-5.83

FIGURE 2

In order to determine the relationship between environmental
lead exposure and HL, we conducted a meta-analysis of 10 studies
that met the inclusion criteria. The results showed that the odds ratio
(OR) for lead exposure and HL was 1.09 (95% Cl 1.03-1.16), with no
heterogeneity (12 = 0.0%, p = .293) and a low likelihood of publication
bias according to Egger's test. Therefore, we believe that an increase
in lead levels is significantly associated with an increased risk of HL in
the population. Furthermore, we performed subgroup analyses of lead
exposure and hearing at different frequencies (0.5, 1, 2, 3, 4, 6 kHz).

5.83

Forest plot of the comparison of hearing loss with cadmium exposure. Cl, confidence interval.

The results showed that at a frequency of 4 kHz, lead had a more sig-
nificant impact on hearing compared to other frequencies, with an OR
of 1.44 (95% Cl 1.22-1.71) and no heterogeneity. This is consistent
with previous research findings. In a cohort study by Park et al. con-
ducted on a male community population, long-term cumulative lead
exposure measured through bone K-x-ray fluorescence was signifi-
cantly associated with hearing thresholds, particularly showing a
noticeable reduction at the 4 kHz frequency.!” Additionally, in sub-
group analyses of blood lead concentrations, we found that as the
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Study

Peixi Z (2022)A

Peixi Z (2022)8

Peixi Z (2022)C
YuL(2018)
Yeon-Hyeong C (2012)A
Yeon-Hyeong C (2012)B
YYeon-Hyeong C (2012)C
‘Yeon-Hyeong C (2012)D
Shargoredsky J (2011)A
Shargoredsky J (2011)B
Shargoredsky J (2011)C
Yeon-Hyeong C (2017)A1
Yeon-Hyeong C (2017)81
‘Yeon-Hyeong C (2017)C1
Yeon-Hyeong C (2017)A2
Yeon-Hyeong C (2017)82
Yeon-Hyeong C (2017)C2
Da-Hui W (2020)A
Da-Hui W (2020)8
Da-Hui W (2020)C
Hyeck Kang G (2018)A
Hyeck Kang G (2018)B
Da-An H (2018)A1

Da-An H (2018)B1

Da-An H (2018)C1

Da-An H (2018)D1

Da-An H (2018)A2
Da-An H (2018)B2
Da-An H (2018)C2
Da-An H (2018)D2
Da-An H (2018)A3
Da-An H (2018)B3
Da-An H (2018)C3
Da-An H (2018)D3
Da-An H (2018)A4
Da-An H (2018)B4
Da-An H (2018)C4
Da-An H (2018)D4
Da-An H (2018)AS
Da-An H (2018)B5
Da-An H (2018)C5
Da-An H (2018)D5
Da-An H (2018)A6
Da-An H (2018)B6
Da-An H (2018)C6
Da-An H (2018)D6
Da-An H (2018)A7
Da-An H (2018)B7
Da-An H (2018)C7
Da-An H (2018)D7
Da-An H (2018)A8
Da-An H (2018)B8
Da-An H (2018)C8
Da-An H (2018)D8
DaynaS.D (2019)
Yaw-Huei H (2009)
Overall (I-squared = 0.0%, p = 0.989)

NOTE: Weights are from random effects analysis

|- — -»—

WANG ET AL
%
OR (85% CI) Weight
* 0.93 (0.67, 1.00) 17.14

&> 0.95 (0.69, 1.31) 488
4 1.10 (0.81, 1.48) 416
& 1.24 (1.03, 1.49) 8.94
—— 110 (0.57, 2.10) 0.80
iy 1.14 (0.62, 2.09) 0.86
45— 1.28 (0.72,2.27) 078
—— 1.48 (0.84, 2.62) 0.59
*>- 0.87 (0.58, 1.30) 360
- 1.18 (0.81, 1.74) 216
H— 1.26 (0.83, 1.91) 1.60
1.17 (0.41,3.32) 022
—*— 1.08 (0.38, 3.08) 0.26
B S —— 124 (034, 4.49) 0.1
> 0.94 (0.65, 1.35) a8t
“$— 1.29 (0.92, 1.78) 252
- 1.29 (0.92, 1.78) 252
- 1.17 (0.83, 1.64) 2.89
- 1.07 (0.75, 1.51) 322
- 1.04 (0.72, 1.50) 3.05
|l 1.63 (1.16, 2.29) 1.47
->— 1.50 (1.03, 2.20) 1.a7
-f— 1.13 (0.54, 2.38) 055
-.‘— 1.33 (0.62, 2.83) 0.38
-.‘— 1.40 (0.69, 2.87) 0.39
—— 1.38 (0.67, 2.86) 0.39
B 0.87 (0.42, 1.79) 0.99
-G 0.86 (0.43, 1.72) 112
P 0.95 (0.48, 1.89) 0.94
o 1.01 (053, 1.94) 094
e 1.46 (0.74, 2.86) 042
- 1.06 (0.50, 2.25) 0.61
—r‘_ 131 (0.63, 2.69) 044
—IO— 139 (0.68, 2.82) 0.41
- 1.40 (0.62, 3.17) 0.29
- 1.16 (0.54, 2.53) 047
—— 1.12 (0.51, 2.49) 048
- 1.08 (0.49, 2.38) 052
>— 0.96 (0.55, 1.66) 1.52
>— 0.85 (0.47, 1.54) 1.63
"— 1.05 (0.58, 1.90) 1.07
‘— 0.95 (0.54, 1.67) 1.46
- 0.99 (0.53, 1.87) 1.04
-— 1.04 (0.59, 1.81) 125
-— 1.06 (0.61, 1.85) 121
— 0.78 (0.45, 1.34) 236
'.— 1.16 (0.72, 1.87) 1.41
-— 1.1 (0.70, 1.78) 1.60
- 157 (0.99, 2.49) 0.83
- 1.42 (0.86, 2.32) 0.88
- 1.33 (0.81,2.17) 1.01
el 1.72 (1.06, 2.80) 0.62
—— 1.7 (1.08, 2.88) 058
—— 1.65 (1.02, 2.68) 0.68
L 1.07 (0.80, 1.44) 456
> 3.54 (1.40, 8.97) 003

1.09 (1.03, 1.16) 100.00

FIGURE 3 Forest plot of the comparison of hearing loss with lead exposure. Cl, confidence interval.

metal blood concentration increased, the likelihood of HL also
increased. Compared to the low concentration group (Q2, 0.90-
1.30 pg/dL), the high concentration group (Q5, 2.80-54.00 pg/dL)
showed a more pronounced relationship with HL.

-8.97

8.97

In conclusion, this meta-analysis demonstrates that increased lead

exposure is significantly associated with an increased risk of HL in

adults and adolescents, with a greater impact on high-frequency hear-

ing (4 kHz). Reducing lead exposure may contribute to the prevention
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Odds %
Study Ratio (95% Cl) Weight
i
1
Josef S (2011) A — 0.90 (0.57, 1.43) 10.49
1
1
Josef S (2011) B +> : 0.64 (0.38, 1.08) 8.14
1
1
Josef S (2011) C + - 0.65 (0.34, 1.24) 5.30
1
1
Yoon-Hyeong C (2017) A1 : 1.00 (0.36, 2.75) 215
1
ya 1
Yoon-Hyeong C (2017) B1 < + 0.60 (0.21, 1.75) 1.97
1
1
1
Yoon-Hyeong C (2017) C1 T + 1.20 (0.41, 3.54) 1.91
1
1
Yoon-Hyeong C (2017) A2 — 0.84 (0.61, 1.17) 20.93
1
Yoon-Hyeong C (2017) B2 —_— 0.79 (0.58, 1.09) 22.30
1
Yoon-Hyeong C (2017) C2 —— 0.84 (0.63, 1.12) 26.81
Overall (I-squared = 0.0%, p = 0.960) <> 0.81 (0.70, 0.94) 100.00
1
1
1
NOTE: Weights are from random effects analysis :
1
I I
.21 4.76

FIGURE 4

or delay of HL development, and using the 4 kHz frequency can pro-

vide better assessment of this type of HL.

4.2 | Cadmium (Cd)

Some studies have indicated the detrimental effects of cadmium on
auditory function. Cadmium can induce damage to the auditory sys-
tem through the generation of reactive oxygen species, leading to
mitochondrial depolarization, cell apoptosis, and increased activation
of extracellular signal-regulated kinases, ultimately causing irreversible
damage.?® Choi et al. analyzed the impact of lead and cadmium expo-
sure on HL in 3698 American adults using the National Health and
Nutrition Examination Survey from 1999 to 2004.* They found that
low levels of cadmium and lead exposure can result in
HL. Shargorodsky et al. also observed a significant correlation
between high urinary cadmium levels and low-frequency HL, with a
higher odds ratio.*® In a case-control study conducted by Da-Hui
et al. involving 1008 participants in Zhejiang Province, China, it was
found that compared to the first quartile of blood cadmium level, the
second and third quartiles had an increased risk of HL, while
the fourth quartile showed a decreased risk, following a reverse
U-shaped pattern.* However, due to the retrospective cross-
sectional design commonly used in existing studies on cadmium expo-

sure, causality between cadmium levels and HL cannot be determined.

Forest plot of the comparison of hearing loss with mercury exposure. Cl, confidence interval.

We conducted a systematic review and meta-analysis of 10 stud-
ies meeting the inclusion criteria on cadmium-induced HL. The results
of our study showed that elevated blood cadmium levels increased
the risk of HL, with an odds ratio (OR) of 1.03 (95%Cl 0.95, 1.12). The
meta-analysis revealed an I? value of 39.6%, indicating moderate het-
erogeneity, and demonstrated no significant publication bias. Addi-
tionally, we categorized the subjects based on their blood cadmium
concentrations from low to high, into groups ranging from Q1 (normal
group: 0.515-1.780 pg/L) to Q5 (high concentration group: 1.599-
5.170 pg/L). The pooled analysis indicated a significant relationship
between the Q4 group (1.187-1.599 ug/L) and HL, suggesting a posi-
tive association between increasing blood cadmium levels and
HL. However, a decreasing trend was observed in the Q5 group. We
speculate that this discrepancy may be due to the limited number of
studies available for the Q5 group (only two studies).®>* Further

research is needed to explain this observation.

43 | Barium (Ba)

In our daily lives, barium is a common element that we constantly
intake through drinking water and food. It has been established that
high-dose exposure to barium (100 mg/kg/day) can cause physiologi-
cal damage.n'24 However, there is limited literature and research on

the relationship between barium and HL, with only two studies



Laryngoscope
12 of 18 .

WANG ET AL

Odds %
Study Ratio (95% Cl) Weight
T
0.5kHz 1
Da-An H (2018)A1 a1 1.13(0.54, 2.38) 1.07
Da-An H (2018)B1 — 1.33(0.62, 2.83) 1.02
Da-An H (2018)C1 . - 1.40 (0.69, 2.87) 1.16
Da-An H (2018)D1 L ¢ 1.38 (067, 2.86) 11
Da-An H (2018)A2 - 2 I 0.87 (0.42, 1.79) 112
Da-An H (2018)B2 : : 0.86 (0.43, 1.72) 122
Da-An H (2018)C2 : T 0.95 (0.48, 1.89) 125
Da-An H (2018)D2 $- r 1.01 (053, 1.94) 139
Subtotal (I-squared = 0.0%, p = 0.949) <> 1.09 (0.85, 1.40) 9.34
I
1kHz !
Da-An H (2018)A3 : $- 1.46 (0.74, 2.86) 1.28
Da-An H (2018)B3 : T 1.06 (0.50, 2.25) 1.04
Da-An H (2018)C3 r—_ 1.31 (063, 2.69) 111
Da-An H (2018)D3 : 1.39 (0.68, 2.82) 116
Da-An H (2018)A4 . P 1.40(062,3.17) 088
Da-An H (2018)B4 : 1.16 (0.54, 2.53) 0.98
Da-An H (2018)C4 L . 1.12 (051, 2.49) 0.93
Da-An H (2018)D4 : : 1.08 (0.49, 2.38) 0.94
Subtotal (squared = 0.0%, p = 0.987) L 1.25 (0.9, 1.69) 834
I
2kHz I
Da-An H (2018)A5 4 L 0.96 (0.55, 1.66) 192
Da-An H (2018)85 < | 0.85(0.47, 1.54) 1.67
Da-An H (2018)C5 . : 1.05 (0.58, 1.90) 1.67
Da-An H (2018)D5 < T 0.95 (0.54, 1.67) 184
Da-An H (2018)A6 . . T 0.99 (053, 1.87) 1.48
Da-An H (2018)86 L 1.04 0.59, 1.81) 1.87
Da-An H (2018)C6 >— 1.06 (0.61, 1.85) 1.91
Da-An H (2018)D6 < L 0.78 (0.45, 1.34) 197
Subtotal (I-squared = 0.0%, p = 0.995) <>: 0.95(0.78, 1.17) 14.33
I
3kHz I
Da-An H (2018)A7 $ * 0.90 (0.57, 1.41) 2.86
Da-An H (2018)B7 >— 1.06 (0.66, 1.71) 2.59
Da-An H (2018)C7 L—d- 128 (0.83, 1.96) 318
Da-An H (2018)D7 $- ' 0.94 (0.60, 1.47) 292
Da-An H (2018)A8 4 1.13(0.66, 1.91) 2.08
Da-An H (2018)B8 | : 1.37 (0.84,2.24) 244
Da-An H (2018)C8 T : 1.33(0.83,2.15) 259
Da-An H (2018)D8 - *- 1.50 (0.96, 2.36) 290
Subtotal (I-squared = 0.0%, p = 0.732) Q 1.17 (0.99, 1.38) 2157
!
Da-An H (2018)A9 4 1.16 (0.72, 1.87) 2.58
Da-An H (2018)B9 : T 1.11(0.70, 1.78) 2.70
Da-An H (2018)C9 4 1.57 (0.99, 2.49) 2.76
Da-An H (2018)D9 . + 1.42 (0.86,2.32) 238
Da-An H (2018)A10 L—o 1.33 (0.81,217) 242
Da-An H (2018)B10 . 4 1.72 (1.06, 2.80) 2.49
Da-An H (2018)C10 : < 1.77 (1.08, 2.88) 2.44
Da-An H (2018)D10 T : 1.65 (1.02, 2.68) 252
Subtotal (I-squared = 0.0%, p = 0.811) 1 0 1.44(1.22,1.71) 2028
I
6kHz !
Da-An H (2018)A9 _.—_I 0.85 (0.57, 1.28) 3.59
Da-An H (2018)89 _.——: 0.82(0.54, 1.25) 333
Da-An H (2018)C9 ——e 0.96 (0.63, 1.46) 332
Da-An H (2018)D9 —— . 1.1 (0.73, 1.70) 3.29
Da-An H (2018)A10 —— e 1.20(0.79, 1.81) 3.42
Da-An H (2018)B10 . - 1,50 (0.98, 2.29) 326
Da-An H (2018)C10 L . 1.32 (086, 2.02) 322
Da-An H (2018)D10 ] 4 1.58 (0.99, 2.51) 271
Subtotal (I-squared = 22.4%, p = 0.251) <¢ 1.13 (0.95, 1.34) 26.14
1
Overall (I-squared = 0.0%, p = 0.957) ® 1.17(1.08, 1.26) 100.00
I
NOTE: Weights are from random effects analysis 1
315 1 317

FIGURE 5
tone audiometry (PTA).

meeting our inclusion criteria. In 2012, Ohgami et al. injected mice
with low-dose barium in drinking water and found specific distribution
of barium in the inner ear, resulting in severe ototoxicity and inner ear
degeneration.?® In 2016, they investigated the ototoxicity of barium
in humans and found a significant correlation between HL and
barium levels in hair and toenails, particularly at high frequencies of
8 and 12 kHz.*?

The magnitude of hearing loss at different frequencies when measuring hearing loss caused by heavy metal exposure using pure-

We conducted a subgroup analysis of human biological samples
for barium (Ba) and found a significant correlation between Ba levels
in hair and toenails and HL. The combined odds ratios (OR) were as
follows: OR for hair was 3.81 (2.05-7.06), OR for toenails was 2.26
(1.50-3.40), and OR for urine was 1.22 (0.90-1.65). This suggests that
chronic accumulation indicators such as hair and toenails increase the

risk of HL compared to the daily exposure indicator (urine). We
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%

Study Odds Ratio (95% Cl)  Weight
Hair :
Nobutaka O (2015)A1 —_— 1.63 (0.50, 5.19) 3.46
Nobutaka O (2015)B1 S . — 2.60 (0.85, 8.41) 3.54
Nobutaka O (2015)C1 —_— 475 (1.44, 17.68) 3.19
Nobutaka O (2015)D1 | ———%———  15.48(4.04,79.45) 256
Nobutaka O (2015)A4 —_—T 1.56 (0.47, 4.98) 3.42
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Nobutaka O (2015)D4 ! —_——— 21.72(4.95,129.53) 226
Subtotal (I-squared = 46.8%, p = 0.068) :<> 3.81 (2.05, 7.06) 25.01
]
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Nobutaka O (2015)A2 —_— 0.82 (0.32, 2.10) 4.31
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Nobutaka O (2015)D2 -—— 3.63 (1.58, 8.55) 473
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Urine :
Nobutaka O (2015)A3 Y 3.63 (1.58, 8.55) 473
Nobutaka O (2015)B3 —_— 1.16 (0.52, 2.56) 495
Nobutaka O (2015)C3 —L 1.01 (0.45, 2.23) 493
Nobutaka O (2015)D3 —— 0.93 (0.43, 1.99) 5.09
Nobutaka O (2015)A6 —f—— 1.29 (0.56, 3.01) 4.75
Nobutaka O (2015)B6 —_— 1.18 (0.53, 2.62) 4.94
Nobutaka O (2015)C6 — 1.03 (0.46, 2.28) 493
Nobutaka O (2015)D6 —_— 0.90 (0.41, 1.95) 5.03
Subtotal (I-squared = 11.4%, p = 0.342) : 1.22 (0.90, 1.65) 39.35
. ]
Overall (I-squared = 54.6%, p = 0.001) Q 2.02 (1.51, 2.69) 100.00

NOTE: Weights are from random effects analysis :
I I

.00772 1

I
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FIGURE 6 Barium concentration in different tissue sources (blood, nails, urine) and degree of hearing loss.

believe this is due to the long-term accumulation of heavy metals,
leading to severe HL and degeneration of the Corti organ, which is
irreversible. Therefore, monitoring the levels of heavy metals in the
environment is an important measure to reduce the risk of HL associ-

ated with long-term exposure to heavy metal environments.

44 | Arsenic (As)

As is a toxic metalloid that is found in soil, air, water and rocks, con-
tamination of groundwater with As is a widespread issue world-
wide.®?% Shargorodsky et al. conducted a study on 2535 American
adolescents, analyzing the relationship between urinary arsenic levels
and HL.*® However, the research indicated that there was no defini-
tive overall association between the quartiles of urinary arsenic levels
and HL. Kesici (2015) investigated the relationship between arsenic
exposure and HL by measuring blood arsenic levels and assessing
hearing in miners.2” The study confirmed the ototoxic effects of arse-
nic. However, no dose-response relationship was found between
blood arsenic levels and hearing thresholds. This could be due to
blood arsenic levels not reflecting cumulative or long-term exposure.

In response to this, Li and Ohgami (2018) conducted an epidemiologi-
cal survey of 145 Bangladeshis aged 12-55 years in 2014.*2 They
looked at the relationship between arsenic levels in toenails and hair,
an indicator of chronic exposure, and hearing. They concluded that
levels of arsenic in toenails were significantly associated with hearing
loss at the frequencies of 4kHz, 8kHz, and 12kHz. The ORs for these
associations were 4.27, 3.91, and 4.15, respectively, with 95% Cls of
(1.51-12.05), (1.47-10.38), and (1.55-11.09). However, the significant
association between hair arsenic levels and HL was limited to 12 kHz.
Furthermore, Saunders et al. found in their study that there was a sig-
nificant relationship between arsenic concentration and DPOAE
amplitude at 2 kHz in 59 gold miners.2®

These studies suggest that exposure to the heavy metal arsenic
may be associated with HL, but the specific correlations and impacts
still require further research and exploration.

45 | Mercury (Hg)

It is estimated that about half of the total mercury in the atmosphere is
associated with various industrial applications such as burning fossil fuels
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Odds
Ratio (95% CI)

1.13(0.54,2.38)

0.87 (0.42, 1.79)

-~ 1.46 (0.74, 2.86)
- 1.40(0.62, 3.17)

\ 4

0.96 (0.55, 1.66)

0.99(0.53, 1.87)

0.90 (0.57, 1.41)

1.13(0.66, 1.91)

1.16(0.72, 1.87)

-~ 1.33(0.81,2.17)

— 0.85 (0,57, 1.28)

- 1.20(0.79,1.81)

1.07 (092, 1.25)

}

}

1
T # 1.33 (0.62, 2.83)
- + 0.86 (0.43, 1.72)
# . 1.06 (0.50, 2.25)
+ 116 (0.54, 2.53)
-4~ : 085 (0.47, 1.54)
- 1.04 (0.59, 1.81)
. 1.06 (0.66, 1.71)
Lo 1.37(0.84,2.24)
#‘: 1.11 (0.70, 1.78)
r --- 1.72(1.06, 2.80)
—— + 0.82 (0.54, 1.25)
L —— 1,50 (0.98, 2.29)
-¢ 1.14.(0.98, 1.34)

}

1
. # 1.40 (0.69, 2.87)
-4- : 0.95(0.48, 1.89)
T # 1.31(0.63, 2.69)
= 2 112 (051, 2.49)
. 1.05 (0.58, 1.90)
. 1.06 (0.61, 1.85)
: # 1.28 (0.83, 1.96)
— 1,33 (0.83, 2.15)
# 1.57 (0.99, 2.49)
. —4- 1.77(1.08,2.88)
# : 0.96 (0.63, 1.46)
4 132 (0.86, 2.02)
0 1.26 (1.08, 1.46)

}

}

! e

— 1.38 (0.67, 2.86)
- 1.01(0.53, 1.94)
—t- 1.39(0.68, 2.82)
> 108 (0.49, 2.38)
: 0.95 (0.54, 1.67)
- T 0.78 (045, 1.34)
# 0.94 (0.60, 1.47)
. - 1.50 (0.96, 2.36)
: # 1.42 (0.86, 2.32)

]

- 1.65 (1.02, 2.68)

1.11(0.73,1.70)

—o—
-
.
0 1.22 (1.04, 1.42)
1
1

158 (0.99, 2.51)

117 (1.08, 1.26)

%

Weight

1.07
1.12
1.28
0.88
1.92
1.48
2.86
208
258
242
3.59
3.42

24.69

1.02
122
1.04
0.98
167
1.87
259
244
2.70
249
333
3.26

2461

1.16
125
11

0.93
167
1.91

3.18
259
2.76
244
332
322

25.55

11

1.39
1.16
0.94
184
197
292
290
238
252
3.29
27

25.15

100.00

FIGURE 7 The relationship between different concentrations of blood lead and the degree of hearing loss. Cl, confidence interval.

and metal smelting. The relationship between mercury exposure and HL
remains uncertain. Five studies have found no significant association
between mercury exposure and HL.>'827731 Murata et al. found an asso-
ciation between prolonged latency of the Ill peak of BERA at 40 Hz and
high mercury exposure (more than 10 mg/g).>? However, this association
may depend on the specific threshold of exposure levels.

In this article, only two studies met the inclusion criteria for the

meta-analysis regarding Hg, and neither did not find an association

I

315

317

between blood Hg and HL.>® One of the studies, conducted by Shar-
gorodsky et al. assessed the relationship between blood lead, blood

mercury, urine cadmium, arsenic levels, and HL in participants aged
12-19 years from the 2005 to 2008 National Health and Nutrition

Examination Survey in the United States. The results showed no sig-

nificant association between the quartiles of blood levels and HL. The

researchers suggested that this may be due to blood mercury levels

reflecting only short-term exposure and not reflecting historical, long-
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FIGURE 8 The relationship between different concentrations of blood cadmium and the degree of hearing loss. Cl, confidence interval.

term, or low-level doses of mercury exposure. Another study by Choi
et al. analyzed data from adult and adolescent participants in the
2010-2012 Korean National Health and Nutrition Examination Sur-
vey. They also found no significant association between blood mer-
cury levels and HL in both populations.

However, our meta-analysis showed that mercury has a protec-
tive effect on hearing, with an odds ratio of 0.81 (0.70-0.94) with no
heterogeneity. There are several possible explanations for these

results: (1) It could be due to differences in data sources, as they may
have different study designs, sample sizes, and data quality, which can
influence the results. (2) It could be due to differences in research
methods and analysis techniques, which can also lead to variations in
results. (3) Potential biases, such as publication bias, selection bias, or
reporting bias, could contribute to the discrepancy between the litera-
ture findings and the meta-analysis results. We need further research

and analysis to determine the reasons for these differences. Future
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studies may require stricter methodological controls and assessments

of data quality to obtain more reliable conclusions.

4.6 | Manganese (Mn)

Manganese is a neurotoxic element associated with age-related dis-
eases. Previous studies have shown hearing impairment in welders
exposed to high concentrations of manganese in welding fumes and
in workers exposed to both noise and manganese.}**% Unfortunately,
these clinical findings are limited and largely inconclusive regarding
the role of manganese, as multiple confounding factors such as noise,
aging, and smoking are simultaneously present. Laboratory studies by
Ma et al. have demonstrated that manganese accumulation in the
inner ear of rats can cause damage to hair cells, neurons, or supporting
cells in the cochlea.®* Ding et al. found in their study using organoty-
pic cultures of postnatal day 3 rat cochlea that manganese damages
sensory hair cells, peripheral auditory nerve fibers, and spiral ganglion
neurons (SGNs) in a dose- and time-dependent manner.®> Ohgami
et al. found that WT mice exposed to manganese showed accelerated
age-related HL, providing new evidence for Mn-mediated ototoxic-
ity.3¢ Nobutaka utilized inductively coupled plasma mass spectrome-
ter (ICP-MS) to determine the levels of Mn in toenails, hair, and urine,
as well as the hearing levels (1, 4, 8, and 12 kHz) in a cohort of
145 healthy participants in Bangladesh.!? Multivariate analysis
revealed a significant association between HL and manganese levels
in toenails at 8 and 12 kHz, but they did not find association between
HL and manganese levels in hair.

Based on these in vivo and in vitro findings, excessive exposure
to manganese may lead to HL in both humans and experimental ani-
mals. However, further research is still needed to determine the exact
relationship between manganese and HL. Additionally, more popula-
tion studies and long-term follow-up observations are required to fully

assess the potential risks of manganese to human hearing.

4.7 | Regional and population variations
We conducted a preliminary analysis of the relationship between
heavy metal exposure and HL in different countries. The dataset
covers studies from various countries, including China, South Korea,
Japan, and the United States, with a focus on heavy metals such as
lead (Pb), cadmium (Cd), arsenic (As), and manganese (Mn). These
studies reported varying levels of different heavy metals, reflecting
the influence of geographical location and environmental factors on
heavy metal exposure. HL was primarily assessed using the pure-tone
average hearing threshold (PTA > 25 dB), and adjusted models consid-
ered factors such as age, gender, BMI, smoking habits, and more.
Further analysis of the data revealed variations in the correlation
between heavy metal exposure and HL in different countries. For
example, studies in China and Japan encompassed multiple heavy
metals, including lead, barium, cadmium, cobalt, cesium, molybdenum,
antimony, tin, thallium, and tungsten. While the combinations of ele-
ments and results varied across studies, the overall trend suggests a

potential association between heavy metal exposure and HL. In
South Korea, the research primarily focused on the relationship
between Cd exposure and HL. Their findings indicated an association
between different Cd concentrations and HL, with an increasing risk
as Cd levels rose. In the United States, the studies primarily concen-
trated on lead and cadmium, with results indicating an association
between these two heavy metals and HL. It is evident that different
heavy metals have varying impacts on HL, potentially related to their
toxicological properties and exposure levels. Population characteris-
tics such as age, gender, and regional distribution also play a role in
the relationship between heavy metal exposure and HL. This suggests
that future research should further consider the influence of these
variables in the analysis.

4.8 | Strengths and limitations

This meta-analysis has several notable strengths: (1) It is the first
study to conduct a meta-analysis on the relationship between expo-
sure to multiple heavy metals and HL. Compared to previous research,
our study covers a wide range of heavy metal elements and systemati-
cally reviews and summarizes the research findings on the association
between heavy metals and HL. (2) We conducted subgroup analyses
based on the frequency of PTA to explore the potential influence of
measurement frequency on estimating HL caused by environmental
lead exposure. Our results highlight that lead exhibits its most sub-
stantial impact on hearing at the 4 kHz frequency compared to lower
frequencies. (3) We carried out subgroup analyses differentiating
between short-term and long-term exposure to heavy metals, which
revealed a significant correlation between barium levels in hair and
toenails and hearing levels. Hence, the chronic accumulation of heavy
metals could be a significant high-risk factor leading to severe
HL. (4) Our subgroup analyses involving blood concentrations of lead
and cadmium demonstrated a proportional increase in the risk of HL
with rising blood concentrations of these heavy metals.

However, our study needs to consider several potential limita-
tions: (1) The cross-sectional study design restricts us from inferring
correlations and does not allow for establishing causal relationships.
(2) Although the studies attempted to adjust for confounding factors
associated with hearing, controlling or considering all variables that
might influence the study results remains challenging. Unmeasured or
unknown covariates could impact the validity of our conclusions.
(3) The underlying mechanisms linking HL and trace metals still need
to be understood. (4) The current body of research predominantly
focuses on the effects of lead and cadmium exposure on hearing,
underscoring the need for further epidemiological analysis to explore

the effects of other heavy metal elements.

5 | CONCLUSION

This study demonstrates a significant association between human HL
and exposure to heavy metals such as lead, cadmium, and barium.
These findings not only emphasize the potential threat of heavy
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metals in auditory health but also highlight the importance of using
blood concentrations of heavy metals as predictive indicators for
HL. Notably, our research further underscores that the levels of heavy
metals in nails and hair, as indicators of long-term exposure, have a
higher predictive value than those in urine, reflecting short-term expo-
sure. This provides robust support for future assessments of
exposure. We also recommend the inclusion of high-frequency mea-
surements at 4 kHz in the evaluation of HL. It enhances the accuracy
of detecting and assessing HL induced by heavy metal exposure.

In the future, we plan to employ longitudinal study designs and
advanced statistical methods to control confounding factors better
and enhance the reliability of our findings. Moreover, incorporating
genetic research and applying more precise biomarkers are expected
to deepen our understanding of the mechanisms behind heavy metal-
induced HL. These approaches promise to provide more refined tools

for risk assessment.
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