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Abstract
To investigate the association between prenatal lead (Pb) exposure and neonatal hearing screen-
ing (NHS) outcomes. This cross-sectional study included 434 newborns evaluated at a pub-
lic university maternity hospital in Rio de Janeiro between 2021 and 2022. The NHS was per-
formed using transient evoked otoacoustic emissions, analyzing amplitudes at 2, 3, and 4 kHz.
Umbilical cord blood Pb concentrations were measured via inductively coupled plasma mass
spectrometry. Participants were categorized as below-median Pb (<0.80 µg dl−1) or at/above-
median Pb (⩾0.80 µg dl−1). Median Pb concentration was 0.80 µg dl−1. A negative correla-
tion was observed between Pb levels and 4 kHz right-ear amplitudes (r =−0.104, p= 0.031). In
girls, higher Pb exposure was associated with significantly reduced 4 kHz right-ear amplitudes
(p= 0.008; d = 0.36), which remained significant after multivariable adjustment (p= 0.009).
Prenatal Pb exposure may impair cochlear function, particularly in girls, even at concentrations
below the Centers for Disease Control and Prevention reference value (3.5 µg dl−1). These findings
highlight the need for environmental metal exposure prevention policies.

1. Introduction

Globally, hearing loss is a major public health problem, affecting people of all ages, including children.
According to a recent survey by the World Health Organization (WHO), 1.5 billion people have some
type of hearing impairment, with approximately 430 million needing greater assistance, including 34 mil-
lion children. Without preventive measures being implemented, this number could exceed 2.5 billion
by 2050 [1, 2]. A considerable portion of childhood hearing loss is preventable, which underscores the
importance of identifying and controlling modifiable risk factors early in life, such as exposure to envir-
onmental factors.

Traditional neonatal hearing loss risk factors, such as prematurity, neonatal intensive care unit
(NICU) admission, and ototoxic medication use, are well established, yet emerging environmental chem-
icals, such as heavy metals, represent modifiable contributors warranting early investigation.

Beyond traditional risk factors such as ageing, noise exposure, infections, and ototoxic drugs, a grow-
ing body of epidemiological and experimental research has implicated environmental chemicals, par-
ticularly heavy metals, in auditory dysfunction [3–7]. Population-based studies and meta-analyses have
reported associations between exposure to lead, cadmium, mercury, and other metals and elevated hear-
ing thresholds, particularly at higher frequencies, in adolescents and adults, even at relatively low expos-
ure levels [3–8]. In children, investigations in e-waste-exposed communities and other contaminated set-
tings have linked early-life exposure to lead and cadmium with increased risk of hearing loss and sub-
clinical alterations in otoacoustic emissions and brainstem auditory evoked potentials, indicating that the
developing auditory system is particularly vulnerable to metal neurotoxicity [4,5].
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Exposure to environmental pollutants in urban areas is increasing worldwide [9]. These substances
can enter the human body through inhalation, dermal contact, or ingestion. Even during gestation,
fetuses are exposed to these compounds due to the high permeability of the placental barrier [10].
Studies have shown that metal concentrations can be higher in infants than in their mothers [11, 12],
and the harmful effects of such exposure may manifest at different stages of life, from early childhood
to adulthood [12, 13]. Consequently, environmental contamination by hazardous chemical residues
and the resulting increase in chemical exposure are recognized as imminent risks to child growth and
development [14].

Lead (Pb) is among the ten chemicals of greatest concern to human health due to its widespread
toxicity and adverse effects [15]. The relationship between Pb exposure and hearing function, how-
ever, remains poorly understood, particularly in newborns. Some studies have suggested an association
between higher Pb concentrations and auditory alterations, including the development of chronic otitis
media [16] and hearing loss [3–5, 7, 17]. The anatomical and functional integrity of the auditory system
is essential for the acquisition of auditory skills, which support proper auditory processing and, con-
sequently, the development of language and speech during the first years of life [18]. However, few stud-
ies have examined the association between Pb exposure and neonatal otoacoustic emissions, representing
a critical gap in understanding early cochlear effects in newborns.

In this context, potential causal factors of auditory alterations should be further investigated to sup-
port prevention, early intervention, and healthy child development. This cross-sectional study, nested
within a birth cohort, examined the influence of prenatal Pb exposure on peripheral auditory function
through transient evoked otoacoustic emission (TEOAE) testing conducted as part of neonatal hearing
screening (NHS) at a public university maternity hospital in Rio de Janeiro, Brazil (July 2021–July 2022).

2. Methods

2.1. Ethical approval
The study was approved by the Research Ethics Committee of the Maternidade Escola of the Federal
University of Rio de Janeiro (Approval No. 7.318.857), in accordance with Resolution No. 466/2012 of
the National Health Council.

2.2. Study area
This study is part of a research group within a birth cohort investigating exposure to environmental pol-
lutants. The project was conducted at the Federal University of Rio de Janeiro Maternity School, a public
university hospital in Rio de Janeiro’s southern zone, Brazil. This facility provides prenatal and obstetric
care for low-risk pregnant women from its coverage area and high-risk cases from across the city.

2.3. Study population
From July 2021 to July 2022, all pregnant women aged 16 years or older residing in this Brazilian cap-
ital and attending the maternity hospital for prenatal care and/or delivery were invited to participate in
the birth cohort on exposure to environmental pollutants. Written informed consent was obtained from
the mothers or legal guardians. A total of 901 pregnant women were enrolled, resulting in 844 births at
the maternity hospital, including twin pregnancies. Thirteen fetal or neonatal deaths occurred (1.54% of
eligible births) and 23 cases (2.72%) of address changes or withdrawal after birth took place. Thus, 808
infants were eligible for follow-up (95.73% of the total).

NHS using TEOAE amplitudes was the standard protocol for all newborns [19]. Due to operational
limitations, NHS was performed on 572 of the 808 eligible infants (71%), and the results were recor-
ded in the speech-language pathology service database. During the data review for the present study,
records with incomplete information regarding birth or examination dates were excluded, resulting in
505 infants. Of these, 23 were excluded due to absence from retesting, which prevented confirmation of
a ‘failure’ in the NHS. Among the 482 eligible newborns, 48 were excluded because an umbilical cord
blood Pb assessment could not be performed, likely due to sampling issues.

Thus, the final sample of the present study consisted of 434 infants (figure 1). Perinatal characterist-
ics (sex, gestational age, birth date) were comparable between included and non-evaluated infants.
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Figure 1. Derivation of the birth cohort sample, PIPA/UFRJ project, to the hearing/Pb study sample (n= 434).

2.4. Data sources
The following data sources and procedures were used:

•Birth cohort questionnaires:

1. Clinical, environmental, and behavioral data (DAC): maternal education, ethnicity, active smoking,
alcohol and drug use, household income, and number of residents for per capita income calculation;

2. Pregnancy record card: date of birth for maternal age calculation;

3. Newborn questionnaire: birth weight, gestational age, Apgar score, and prematurity.
• Umbilical cord blood: measurement of lead (Pb) concentrations (µg dl−1).

• Audiological history and NHS: performed preferably within 24 h after birth.

According to the Multiprofessional Committee on Hearing Health, neonatal risk indicators for hearing
loss (RIHL) include: stay in the NICU for more than five days; assisted or extracorporeal ventilation;
use of ototoxic medications such as aminoglycosides and loop diuretics; hyperbilirubinemia requiring
exchange transfusion; perinatal anoxia; Apgar score between 0–4 in the first minute or 0–6 in the fifth
minute; birth weight below 1500 g; congenital infections (e.g. cytomegalovirus, rubella, toxoplasmosis,
syphilis, herpes, HIV); craniofacial anomalies involving the ears or temporal bones; and family history of
childhood hearing loss [19].

In this study, the presence of any of these RIHL was assessed using a dichotomous variable
(‘yes’/‘no’) to the question ‘Does the newborn present any risk indicator for hearing loss?’, classifying all
listed indicators collectively as ‘present’ or ‘absent’ regardless of whether one or multiple were involved.

TEOAE are generated by rapid stimulation of the cochlea using clicks or tone bursts, covering a
broad cochlear frequency range from 300 Hz to 5 kHz. In the NHS protocol of this maternity hospital,
TEOAE were evaluated for pass/fail screening at 1 kHz, 1.5 kHz, 2 kHz, 3 kHz, and 4 kHz using click
stimuli, preferably within 24 h post-birth. A ‘pass’ was defined as a response level (signal-to-noise ratio,
SNR) of ⩾6 dB in at least three of these frequencies per ear, indicating overall cochlear integrity and,
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specifically, proper functioning of the outer hair cells; a ‘fail’ was recorded when these criteria were not
met [20, 21].

TEOAE screening is a passive physiological test requiring no behavioral response from newborns.
Pass/fail is determined objectively by detection of otoacoustic emissions (signal-to-noise ratio, SNR
⩾6 dB) automatically generated by outer hair cells in response to click stimuli. No infant cooperation
or audible reactions are required [21].

Otoacoustic emission amplitudes were recorded as SNR in decibels (dB). Values below 0 dB (SNR
<0 dB) were treated as 0 dB, corresponding clinically to the absence of detectable emission. This meth-
odological decision follows clinical practice guidelines and specialized literature on otoacoustic emissions,
which interpret negative SNRs as responses indistinguishable from background noise, equivalent to ‘no
response’ in the context of NHS [22–24]. Both the pass/fail outcomes and response amplitudes at 2, 3,
and 4 kHz per ear were analyzed. These frequency bands were selected because they are less affected by
noise interference [25]. The device used for this screening was the Otoport DP + TE from Otodynamics.

3. Laboratory analyses

The studied biological matrix was umbilical cord blood, collected by nursing technicians, nurses, and
physicians in the maternity obstetric center immediately after birth. One milliliter of cord blood was
transferred to a K2EDTA tube containing anticoagulant for Pb analysis. Samples were sent refriger-
ated (2 ◦C–8 ◦C) to a reference laboratory, where lead concentrations were measured using induct-
ively coupled plasma mass spectrometry (ICP-MS). The limits of detection and quantification were both
0.1 µg dl−1.

4. Statistical analyses

Descriptive analyses consisted of the calculation of absolute and relative frequencies for categorical vari-
ables, while central tendency and dispersion measures (mean, median, standard deviation, minimum,
maximum, and percentiles) were calculated for continuous variables. Data distribution normality was
assessed using the Shapiro–Wilk test, which indicated non-normal distributions for TEOAE response
amplitudes at 2, 3, and 4 kHz per ear, as well as for Pb concentrations.

Associations between Pb concentrations and TEOAE amplitudes were examined using Spearman’s
rank correlation; Mann–Whitney U test assessed categorical NHS outcomes (pass/fail).

Pb concentrations were categorized as below-median (<0.80 µg dl−1) or at/above-median
(⩾0.80 µg dl−1). Because minimal differences in TEOAE asymmetry were observed between these
exposure groups and considering the sample size, parametric tests were used for outcome analysis.
Comparisons of TEOAE amplitudes between Pb exposure groups were carried out using the Student’s
t-test.

Additionally, the Student’s t-test was applied to assess associations between Pb groups categorized
according to the centers for disease control and prevention (CDC) reference value of 3.5 µg dl−1 [26].
Cohen’s effect size was calculated to quantify the magnitude of TEOAE differences by frequency between
exposure groups [27].

Thus, the presence of lead in umbilical cord blood was analyzed both continuously (using Spearman
correlation) and categorically (using Student’s t-test and multivariable linear regression).

Finally, multivariable linear regression was performed, stratified by sex, using TEOAE amplitudes at
2, 3, and 4 kHz in each ear as dependent variables. Models adjusted for maternal education (socioeco-
nomic status proxy), active smoking, and illicit drug use—identified a priori as potential confounders of
the prenatal Pb exposure-neonatal auditory outcome association. Prematurity, birth weight, and RIHL
were excluded, as they likely represent causal intermediates on the pathway from prenatal Pb exposure
to neonatal hearing outcomes rather than classical confounders. Under this specification, the regression
coefficients for Pb exposure should be interpreted as approximating the total effect of prenatal Pb expos-
ure on neonatal auditory function.

A significance level of 5% (p < 0.05) was adopted, and all analyses were performed using the IBM
SPSS Statistics software, version 21.0. Additional details on the statistical analyses are provided in the
supplementary material.
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Table 1. Characteristics of the study sample, neonatal hearing screening (NHS) profiles, and
umbilical cord blood lead (Pb) exposure.

Sociodemographic, clinical, and gestational habits characteristics

Variable Category n (%)

Maternal age (years) Mean± SD 29.63± 6.97

<30 243 (56.0)

⩾30 191 (44.0)

Per capita income (BRL) Mean± SD 915.20± 854.47

<550 139 (32.0)

⩾550 295 (68.0)

Maternal education (years) ⩽12 370 (85.3)

>12 64 (14.7)

Ethnicity White 113 (26.1)

Non-white 320 (73.9)

Active smoking Yes 30 (6.9)

No 403 (93.1)

Drug use Yes 19 (4.4)

No 413 (95.6)

Alcohol consumption Yes 177 (40.9)

No 256 (59.1)

Birth data

Birth weight (g) Mean± SD 3,203± 523

<3,203 203 (47.4)

⩾3,203 225 (52.6)

Sex Male 218 (50.2)

Female 216 (49.8)

Pre-term Yes 51 (11.8)

No 383 (88.2)

Apgar score at the 5th minute <7 14 (3.2)

⩾7 420 (96.8)

RIHL Yes 53 (12.2)

No 381 (87.8)

Lead (Pb) exposure profile

Pb (µg/dl−1) Median (P25–P75) 0.80 (0.60–1.20)

Min–Max 0.10–13.70

P90 1.90

P95 2.55

Categories

<0.80 µg/dl−1 189 (43.5)

⩾0.80 µg/dl−1 245 (56.5)

Legend: SD= standard deviation; RIHL= risk indicator for hearing loss; Pb= lead in

umbilical cord blood; P = percentile.

5. Results

Table 1 summarizes sample characteristics, NHS profile, and cord blood Pb exposure. Among 434 eval-
uated newborns, 218 (50.2%) were male and 216 (49.8%) female; 51 (11.8%) were preterm; and 39
(9.1%) had low birth weight (<2,500 g). Retesting was performed in 10.6% (n = 46) of the population.
NHS failure rates were 1.4% (n = 6, right ear), 1.2% (n = 5, left ear), 0.9% (n = 4, bilateral).

Pb was detected in 98.85% (n = 429) of cord blood samples, with a median concentration of
0.80 µg dl−1, and 3.9% exceeded the CDC reference (3.5 µg dl−1) [26]. A weak negative correlation was
observed between Pb concentrations and response amplitudes at 4 kHz in the right ear (ρ = −0.104;
p = 0.031), with a similar weak negative trend at 3 kHz (ρ = −0.086; p = 0.074).

An analysis of the Pb exposure groups showed that the lower-exposure group exhibited higher
response amplitudes (14.0 dB) compared to the higher-exposure group (12.8 dB) at 4 kHz in the right
ear (p = 0.033; d = 0.20; table 2). Stratification by sex revealed that females in the ‘Pb below median’
group had higher response amplitudes at 3 kHz (15.0 dB) and 4 kHz (15.2 dB) in the right ear com-
pared to those in the ‘Pb at or above median’ group (3 kHz: 13.7 dB; 4 kHz: 13.0 dB), with Cohen’s
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Table 2.Mean amplitudes and standard deviations of TEOAE (dB) by frequency and ear, according to lead (Pb) exposure groups.

Frequencies by ear

Total sample (n= 434) Female (n= 216) Male (n= 218)

Pb

< 0.80 ⩾ 0.80 p d < 0.80 ⩾ 0.80 p d < 0.80 ⩾ 0.80 p d

2 kHz RE 11.8 (5.1) 11.7 (5.2) 0.879 0.01 11.7 (5.0) 12.0 (5.1) 0.632 0.05 11.9 (5.2) 11.4 (5.4) 0.486 0.09

LE 12.0 (5.0) 12.2 (5.3) 0.790 0.03 11.7 (4.6) 12.7 (5.4) 0.154 0.19 12.3 (5.4) 11.5 (5.0) 0.282 0.15

3 kHz RE 13.9 (5.4) 13.4 (5.6) 0.340 0.09 15.0 (5.7) 13.7 (5.5) 0.084 0.23∗∗ 12.9 (5.0) 13.1 (5.6) 0.831 0.03

LE 14.1 (5.3) 13.9 (5.5) 0.740 0.03 13.9 (5.3) 14.5 (5.3) 0.445 0.11 14.2 (5.2) 13.3 (5.6) 0.202 0.16

4 kHz RE 14.0 (5.7) 12.8 (5.8) 0.033∗ 0.20∗∗ 15.2 (6.0) 13.0 (6.0) 0.008∗ 0.36∗∗ 12.9 (5.2) 12.6 (5.6) 0.636 0.05

LE 13.7 (5.9) 13.6 (5.8) 0.825 0.01 14.3 (6.2) 14.4 (5.8) 0.923 0.01 13.2 (5.6) 12.7 (5.6) 0.522 0.08

Legend: TEOAE= transient evoked otoacoustic emissions; dB= decibels; Pb= lead (µg dl−1); RE= right ear; LE= left ear;

kHz= kilohertz; p= p-value; d= Cohen’s effect size; ∗ = statistically significant value (p< 0.05, Student’s t-test); ∗∗ = significant

effect (d ⩾ 0.2).

Table 3.Multivariable linear regression between TEOAE amplitudes and lead (Pb)
concentration categories in females (n= 216).

Unadjusted Adjusted

Frequency by ear B (95% CI) p B (95% CI) p

2 kHz RE 0.33 (−1.04, 1.71) 0.632 0.39 (−0.99, 1.77) 0.577

LE 1.01 (−0.38, 2.41) 0.154 1.03 (−0.38, 2.44) 0.152

3 kHz RE −1.34 (−2.86, 0.18) 0.084 −1.38 (−2.91, 0.14) 0.076

LE 0.56 (−0.88, 2.01) 0.445 0.51 (−0.95, 1.97) 0.493

4 kHz RE −2.21 (−3.84,−0.58) 0.008∗ −2.20 (−3.84,−0.56) 0.009∗

LE 0.08 (−1.54, 1.70) 0.923 0.03 (−1.59, 1.67) 0.963

Legend: TEOAE= transient evoked otoacoustic emissions; RE= right ear; LE= left ear;

kHz= kilohertz; B= unstandardized regression coefficient; 95% CI= 95% confidence

interval; p= p-value; ∗ = statistically significant value (p-value< 0.05); Unadjusted= crude

model; Adjusted=multivariable linear regression controlling for maternal education

(socioeconomic status proxy), active smoking, and drug use (6 tests: 3 frequencies× 2 ears);

95% CI= 95% Confidence Interval.

Table 4.Multivariable linear regression between TEOAE amplitudes and lead (Pb)
concentration categories in males (n= 218).

Unadjusted Adjusted

Frequency by ear B (95% CI) p B (95% CI) p

2 kHz RE −0.50 (−1.91, 0.91) 0.486 −0.31 (−1.78, 1.14) 0.699

LE −0.76 (−2.15, 0.63) 0.282 −0.50 (−1.94, 0.94) 0.495

3 kHz RE 0.15 (−1.27, 1.58) 0.831 −0.11 (−1.37, 1.60) 0.877

LE −0.93 (−2.38, 0.50) 0.202 −0.59 (−2.09, 0.89) 0.430

4 kHz RE −0.35 (−1.80, 1.10) 0.636 −0.23 (−1.73, 1.27) 0.762

LE −0.48 (−1.99, 1.01) 0.952 −0.12 (−1.67, 1.42) 0.876

Legend: TEOAE= transient evoked otoacoustic emissions; RE= right ear; LE= left ear;

kHz= kilohertz; B= unstandardized regression coefficient; 95% CI= 95% confidence

interval; p= p-value; ∗ = statistically significant value (p-value< 0.05); Unadjusted= crude

model; Adjusted=multivariable linear regression controlling for maternal education

(socioeconomic status proxy), active smoking, and drug use (6 tests: 3 frequencies× 2 ears);

95% CI= 95% Confidence Interval.

effect sizes >0.2 [28] (table 2). The 4 kHz effect persisted after multivariable adjustment for maternal
education, active smoking, and drug use (p = 0.009; table 3). No statistically significant differences were
found for males, regardless of ear tested (tables 2–4).
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No significant differences were detected across sexes and ears in groups with Pb ⩾3.5 µg dl−1 [26],
nor were there significant associations between Pb concentrations and dichotomous NHS outcomes
(‘pass’/‘fail’).

6. Discussion

This study identified a weak negative correlation between TEOAE response levels at 4 kHz in the right
ear and cord blood Pb concentrations (ρ = −0.104; p = 0.031), as well as an association between mean
response amplitudes at this frequency and ear by Pb exposure groups (p = 0.033; d = 0.20). When
stratified by sex, this finding was confirmed in female newborns (p = 0.008; d = 0.36), with a trend
also observed at 3 kHz in the same ear (p = 0.084; d = 0.23). The 4 kHz right-ear amplitude associ-
ation among girls remained significant after adjustment for maternal education (socioeconomic marker),
smoking, and drug use (p = 0.009), indicating that these maternal confounders do not fully explain
the observed effect. Covariate selection was guided by biological plausibility and existing literature
[3–8, 10–14]. Prematurity, low birth weight, and RIHL (neonatal ICU admission >5 d, ototoxic med-
ications, hyperbilirubinemia, anoxia, low birth weight <1500 g, congenital infections, craniofacial anom-
alies, family history of hearing loss) were not included in the models because they likely represent inter-
mediates on the causal pathway from prenatal Pb exposure to neonatal hearing outcomes. Therefore, our
adjusted estimates approximate the total effect of Pb exposure on early cochlear function. No statistically
significant differences were found for males.

These results indicate that, as Pb concentrations increase, TEOAE amplitudes decrease at these fre-
quencies. Cohen’s effect size (d ⩾ 0.2) confirmed meaningful differences in TEOAE means between
exposure groups [27].

Environmental chemicals, including heavy metals, are widely detected in human populations, as
demonstrated by large biomonitoring surveys such as NHANES and KNHANES, which consistently
report measurable blood levels of lead, cadmium, and mercury in adults and adolescents [3, 7, 8, 17].
In the context of widespread low-level exposure, the high detection rate of Pb in cord blood in our
sample, along with the observed reductions in TEOAE amplitudes, even below the CDC reference value
of 3.5 µg dl−1 [26], supports concerns that no safe exposure threshold exists during fetal development
[28, 29].

The specificity of the effects at 3–4 kHz aligns with the greater vulnerability of the basal regions
of the cochlea, where the highest frequencies reside and which are typically the first affected by noise-
induced, ototoxic, or metabolic damage, due to their greater susceptibility to mechanical stress and oxid-
ative injury [30].

The predominance of the right ear in TEOAE reductions corresponds to established cochlear asym-
metries, where click-evoked responses are stronger on the right due to hemispheric specialization, since
the left hemisphere is for speech processing, and the right for tonal stimuli, as described by Sininger and
Cone-Wesson [31].

The specific vulnerability of the female sex observed here likely reflects multiple factors, such as: hor-
monal/epigenetic influences on lead metabolism and auditory maturation [6, 32]; Sexual dimorphism in
cochlear morphometry, as boys have a cochlear duct length approximately 1.2 mm longer and therefore
a greater tissue reserve; and baseline TEOAE amplitudes that are significantly higher in women, making
proportional ototoxic losses (even subclinical) more easily detectable, as evidenced by the larger effect
size (d = 0.36) in 4 kHz RE in women [32–35].

The negative correlation between Pb exposure and TEOAE response aligns with previous research in
pediatric populations, demonstrating Pb toxicity on the auditory system [3–5]. Those studies demon-
strated that Pb can impair both neural conduction and sensory auditory function, even at levels previ-
ously considered below risk thresholds [36].

These findings carry significant public health implications and highlight the need for policies focused
on monitoring environmental exposure during pregnancy, particularly in urban areas with higher vul-
nerability. NHS, beyond its clinical role, can serve as a tool for early detection of toxic effects from
heavy metals such as Pb, as TEOAE amplitudes are highly sensitive for identifying cochlear dysfunction,
often before hearing loss is detectable by pure-tone audiometry. Reductions in TEOAE amplitudes in Pb-
exposed infants, even in the absence of clinical hearing loss, indicate subclinical impairment of outer hair
cell function, highlighting Pb’s impact on cochlear health at early or subtle stages.

Public health strategies aimed at preventing prenatal exposure to heavy metals, including environ-
mental monitoring and health education for pregnant women, are essential to mitigate auditory and
neurological development risks in children from urban and socioenvironmentally vulnerable contexts.
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The observation of reduced auditory responses in newborns with low Pb exposure reinforces the
notion that no safe threshold exists during fetal development [28, 29].

These findings support integrating environmental health actions with NHS programs and longitud-
inal follow-up of child development.

7. Strengths and limitations

One of the strengths of this study is the use of cord blood as a direct biomarker of exposure, provid-
ing more accurate prenatal Pb level estimates, and the analysis of TEOAE at specific frequencies, which
allowed for a more detailed assessment of cochlear function.

However, some limitations should be noted. This was a convenience sample due to the equipment
availability at the NHS. This may introduce selection bias if non-evaluated infants differ systematically
from those included. However, the distribution of key perinatal characteristics (sex, gestational age, date
of birth) was preserved.

Negative SNR values were treated as 0 dB, considered clinically equivalent to an absent emission,
following clinical procedure guidelines and previous studies [25–27]. While this approach may slightly
reduce data distribution, sensitivity analyses indicated that results were not substantially affected, sup-
porting the validity of this strategy to represent clinically meaningful non-detection in NHS.

The absence of prior otoscopic examination could have influenced results in cases of transient con-
ductive obstruction, and the lack of confirmatory tests, such as brainstem auditory evoked potentials, in
newborns who failed screening limits the extent to which conclusions can be drawn regarding the true
impact of Pb exposure on the auditory pathway.

8. Conclusions

This study identified a weak negative correlation between prenatal Pb exposure and TEOAE amplitudes
at 4 kHz in the right ear, with reduced mean amplitudes in higher Pb exposure groups, particularly
among female newborns.

The results highlight the importance of integrating environmental health surveillance with NHS and
comprehensive childcare, as well as the need for further research encompassing these areas.
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