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Abstract: We conducted a cross-sectional study of 130 participants living near a ferromanganese alloy
plant, analyzing Pb and Mn exposure by biomarkers (blood, hair, and fingernails) and particulate
matter personal environmental monitors (PEMs). Cognitive and motor function were assessed by
five and three tests, respectively. Mean differences (MDs) adjusted for age, sex, and study level
were determined. In addition, MDs for Pb were adjusted for Mn levels and vice versa. Medians of
9.14 µg/L, 149.04 ng/g, and 96.04 ng/g were obtained for blood, scalp hair, and fingernails Pb levels,
respectively. Regarding PEMs, median Pb levels were 6.56 ng/m3 for the fine fraction and, for the
coarse fraction, they were below the limit of detection in 97% of participants. Exposure to Pb at low
levels was not associated with worse cognitive function. In comparison, exposure to high levels of Mn
was associated with worse cognitive function at least in the domains evaluated through Stroop, Digit
Span, and Verbal Fluency tests. In terms of motor function, our results suggest that even the currently
low Pb levels may have negative health effects on dynamometer-determined strength—adjusted MD
on dominant hand = −2.68; 95%CI (−4.85 to −0.51), p = 0.016. Further studies should investigate
this association.

Keywords: environmental exposure; lead; manganese; cognitive function; motor function; biomarker;
PM

1. Introduction

Various metals and metalloids present in airborne particulate matter (PM) are as-
sociated with health toxicity. For this reason, some of them are regulated in air quality
legislations, setting a limit/target value calculated from the total metal content in PM [1–3].
Maximum values are also recommended by other institutions, such as the Agency for
Toxic Substances and Disease Registry (ATSDR), which sets Minimal Risk Levels (MRLs)
for some metals [4]. In addition, the US Environmental Protection Agency (EPA) uses
a Reference Concentration (RfC) for some metals for the calculation of noncarcinogenic
health risk. Regarding neurological effects, lead (Pb) is a well-known neurotoxic metal
and a good example of regulated metal [2,3]. Because of these legislative actions, it is also
well known that there has been a decrease in blood Pb in the general population in the last
few decades, in both adults and children, mainly as a result of the banning of Pb additives
in fuels [5,6], in addition to other older actions such as the removal of Pb from soldered
cans [7]. In the EU, airborne Pb is regulated through Directive 2008/50/EC of the European
Parliament and of the Council of 21 May 2008 on ambient air quality and cleaner air for
Europe [2]; so, in member countries such as Spain, current blood Pb levels, even in mixed
urban–industrial areas, are expected to be much lower than in previous decades.
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Most of the studies analyzing the effect of Pb exposure on cognitive and motor function
have used datasets from before 2010 with blood Pb levels with mean values higher than
30 µg/L. At these levels, most of these studies showed decrements in neurological func-
tion [4,8–13], mainly when some cumulative biomarkers were used as predictors [8,14–16].
However, ATSDR considers the lowest reported blood Pb levels to still be associated with
serious adverse effects [4]. So, new studies analyzing the effects of the currently lower Pb
levels are needed to reinterpret the safety of present Pb exposure levels.

In relation to Mn, recent studies and reviews have also highlighted its neurotoxic
effects, associated with environmental airborne exposure, mainly on cognitive and motor
function [17,18], even though it is an essential trace element found in the human body [19].
For Mn, the legislative situation is the opposite, since there is no limit/target value in
European air quality legislation for this metal. However, the World Health Organization
(WHO) proposed an annual guideline value of 150 ng/m3 [20]. Likewise, the US EPA set
an RfC of 50 ng/m3, according to evaluation under the Integrated Risk Information System
(IRIS) program [21]. Later, the California EPA proposed an annual reference exposure level
for Mn of 90 ng/m3 [22].

With this rationale, the BIONEUROMET study was carried out in northern Spain in
the Bay of Santander, where the capital (Santander, 172,000 inhabitants) has been exposed
to elevated levels of airborne Mn historically due to the presence of a ferromanganese alloy
smelter in a nearby town called Maliaño (9535 inhabitants), usually exceeding the RfC
given by the US EPA (i.e., 50 ng/m3) [23–25]. In the BIONEUROMET study, PM personal
samplers, also known as PM personal environmental monitors (PEMs), were used for each
voluntary person in addition to stationary PM samplers, allowing for personal PM-bound
metal sampling [26]. With these PEMs, both the non-bioaccessible and the bioaccessible
concentrations of metals were determined for the fine and coarse fractions separately; this
bioaccessible concentration may better represent the exposure risk [27–29]. In addition
to PEMs, the personal characterization of exposure in the BIONEUROMET study was
determined through biomarkers (blood, scalp hair, and fingernails).

Therefore, our objective was to analyze the impact of the currently low environmental
Pb exposure in a mixed urban–industrial area on cognitive and motor function in adults,
comparing these effects with those of high levels of airborne Mn in the same study population.

2. Methods
2.1. Design, Area of Study, and Participants

The characteristics of the study area (Bay of Santander, northern Spain) were previously
reported [23,24]. Briefly, Santander is the capital and major city of the Cantabria region
(about 172,000 inhabitants in 2022); although it is mainly characterized by commercial
and service-based activities, the presence of some industrial sources in the southern part
of the bay leads to moderate to high levels of some metals in ambient air, mainly in
Maliaño, where a ferromanganese alloy plant with an annual production capacity of more
than 100 kt of ferromanganese and silicomanganese is located. In a former work, the
contribution of this plant to the total Mn emissions in the study area was estimated to be
91% [24]. As a typical Spanish northern coastline region, it has an Atlantic climate with
mild temperatures and frequent rainfall. The prevailing wind direction in this area is SW;
so, Maliaño and Santander are located downwind of the industrial source of Mn, leading to
elevated airborne Mn levels [23–25]. Due to these high levels of Mn, this area was selected
for the BIONEUROMET cross-sectional study; a detailed description of the recruitment
process was previously published [30,31]. Overall, a final adult study population (n = 130)
was obtained from the town of Maliaño (n = 65) and the rest of the bay (n = 65), mainly
from the city of Santander, located between 5 and 10 km from this Industrial Emission
Source (IES) of Mn. The location of the residence of the BIONEUROMET participants and
the ferromanganese plant are found in Figure 1.
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This study was approved by the Research Ethics Committee of the University of
Cantabria (CEUC) and the Clinical Research Ethics Committee in Cantabria (CEIC). Written
informed consent was obtained from each participant.

2.2. Cognitive and Motor Function Tests and Data Collection

The details of data collection have been described elsewhere [30,31]. Each test was con-
ducted in a standardized way in the same testing room by a single experienced investigator
(L.R.-A). The following five cognitive function and three motor function tests were used.

The Stroop Color Word test consists of three parts. In the first part (Stroop Word), the
words “RED”, “GREEN”, and “BLUE” are randomly written in black color within columns.
The better the cognitive function, the more words are correctly read. In the second part
(Stroop Color), these words have been replaced by “XXXX” printed randomly in red, green,
and blue colors within the column. The more colors correctly said within 45 s, the better
the cognitive function. In the third part (Color&Word), the words “RED”, “GREEN”, and
“BLUE” are presented but printed in red, green, and blue colors instead of black. The more
colors correctly named, the better the cognitive function [32].

The Digit Span consists of two parts. In the Forward section, participants are required
to repeat sequences of numbers in the same order as read by the evaluator, while, in the
Backward section, the sequences must be repeated in reverse order. The longer the sequence
repeated correctly in each part, the better the scores and the cognitive function [33].

In the Verbal Fluency tests, the more words starting with P, M, and R letters a person
was able to say within a 60-s timeframe, the better the cognitive function [34].

The Trail Making Test (TMT) consists of two parts. In the TMT-A, participants are
instructed to draw a line sequentially linking the numbers 1 to 25 as fast as possible. In the
TMT-B, participants have to draw a line by sequentially connecting numbers and letters,
so it is a somewhat complicated task. In both parts, an increased duration to complete the
task is associated with poorer cognitive function [35,36].

The Rey Osterrieth Complex Figure (ROCF) was the last cognitive test administered
and it also consists of two parts. In the Copy part, participants had to copy the figure itself,
while, in the Delay part, they were required to repeat the figure after a 30-min interval. The
more parts copied and repeated correctly, the better the cognitive function [37].

The crude cognitive scores were standardized according to NEURONORMA norms [38]
so that, even for TMT, the higher the NEURONORMA scores, the better the cognitive function.

In the Finger Tapping test (FTT), the number of taps for the dominant and nondomi-
nant hand was recorded by a counter for 10 s (WPS electronic Tapping Test). The higher
the number of taps, the better the motor function [39].

In the Grooved Pegboard test, participants were required to insert pegs with ridges
into a 5 × 5 matrix of holes using both the dominant and nondominant hands (Model 32025
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of Lafayette Instrument Company (Lafayette, IN, USA)). The longer the time (seconds)
taken to complete the task, the poorer the motor function [40].

In the dynamometer test, each participant had to squeeze twice (T.K.K. 5401 Grip-D,
Takei, Tokyo, Japan), and the highest scores from the two measurements were selected for
each dominant and nondominant hand. Better motor function is denoted by higher grip
strength in kilograms [41].

At the end of the cognitive and motor function tests, the subject was required to carry
with him/her a PEM for at least 24 h. The following day, each participant handed over the
PEM, after which the biological samples were collected.

2.3. Biomarker Sampling and Analysis

Whole blood samples (7.5 mL) were collected by using lithium heparin monovettes
developed for metal determinations (Sarstedt, Nümbrecht, Germany), being stored at 4 ◦C
for a maximum of 14 days until analysis. A tuft of hair of approximately 0.5 g (from the
2 cm closest to the occipital part of the scalp) was cut using ceramic scissors (Kyocera
advanced ceramics CS-124).

Fingernails were obtained from both hands (previously washed with a liquid soap)
using nail clippers. They were stored in sterile propylene bottles until analysis and were
washed exhaustively in the laboratory, removing all exogenous metals before digestion,
following the procedure described by Eastman et al. [42]. Additional information on pre-
analytical conditions and the ICP-MS determinations (Agilent 7500 CE) is available in
Markiv et al. [43].

The limit of detection (LOD) was 1.48 µg/L for blood Pb, with 0.8% of samples being
below this LOD. For fingernails, LODs were 0.85–29.12 ng/g and 2.46–22.49 ng/g for scalp
hair, with all Pb determinations above them. With regards to Mn, LODs were 0.74 µg/L for
whole blood, 3.37–115.86 ng/g for scalp hair, and 9.76–89.23 ng/g for fingernails, with all
Mn determinations being above them; see Table 1.

Table 1. Limits of detection (LOD) for Pb and Mn and percentage of samples analyzed below the LOD.

Matrix Pb (LOD) Pb (% < LOD) Mn (LOD) Mn (% < LOD)

Blood (µg/L) 1.48 0.8 0.74 0
Scalp hair (ng/g) 0.85–29.12 0 3.37–115.86 0

Fingernails (ng/g) 2.46–22.49 0 9.76–89.23 0
PM10-2.5 bioaccessible

(ng/m3) 5.74 97.7 0.76 1.5

PM10-2.5 non-bioaccessible
(ng/m3) 1.84 96.9 2.52 40.8

PM2.5 bioaccessible
(ng/m3) 0.42 12.3 0.59 4.6

PM2.5 non-bioaccessible
(ng/m3) 0.73 53.1 0.99 6.9

2.4. PEM Sampling and Analysis

Portable impactors (SKC PMI coarse) connected to a personal pump (SKC Aircheck
XR5000) calibrated at a flow rate of 3 L/min were used for PEM sampling. The fine (PM2.5)
and coarse (PM10-2.5) modes were separately collected on 37 and 25 mm PTFE membrane
filters, and then the Pb and Mn levels for the bioaccessible and non-bioaccessible fractions
were determined following a two-step procedure developed by Expósito et al. [25].

The LODs for Pb are also shown in Table 1 (5.74, 1.84, 0.42, and 0.73 ng/m3). The
percentage of samples below these LODs was 97.7, 96.9, 12.3, and 53.1% for the bioaccessible
and the non-bioaccessible concentrations of PM10-2.5 and PM2.5, respectively. For Mn, the
LODs were 0.76, 2.52, 0.59, and 0.99 ng/m3 with 1.5, 40.8, 4.6, and 6.9% of samples below
them, respectively.
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2.5. Statistical Analysis

Categorical and discrete variables were described as percentages. Statistical differences
between groups were compared by using the Chi-square test with Yates’ correction or
Fisher’s exact test when appropriate. Continuous variables were expressed as mean and
standard deviation (SD) and/or median and interquartile ranges (IQR). The Student’s
T-test (for equal or different variances as a function of results in the Levene test) was
used for mean comparisons, and the Mann–Whitney U test was used for the comparisons
of medians.

For values <LOD, ½ of the corresponding LOD value was assigned. Regarding Pb
levels of PEMs and cognitive and motor function results, due to the high number of values
<LOD for Pb in the coarse fraction (>97%), only associations for the fine fraction (PM2.5)
were estimated.

Lead and Mn exposure was dichotomously categorized (0 = lower values; 1 = higher
values) according to the median, and adjusted mean differences (MDs) with their 95%
confidence intervals (CI) were estimated by using linear regression models, incorporating
as dependent variables in each model the quantitative results in each cognitive or motor
function test and with age, sex, and educational level treated as confounders. Likewise,
PM2.5, blood, scalp hair, and fingernails Pb exposures were adjusted for PM2.5, blood, scalp
hair, and fingernails Mn levels, respectively, and vice versa (Mn levels were adjusted for Pb
levels). SPSS package 24.0 (SPSS, Inc., Chicago, IL, USA) was used as statistical software.
All tests were two-tailed, with an alpha error of 0.05.

3. Results
3.1. Basal Characteristics and Levels of Pb and Mn in the Study Population

The mean age of the study participants was 41.72 years (SD 13.97), with 73.1% (95/130)
being women. Regarding the study level, 55.4% had university studies, 23.1% had high
school education, 16.9% had secondary school education, and 4.6% had primary education.
The mean number of years residing at the same last address was 15.26 years (SD 13.71),
and 74.6% of the participants were full-time employed; see Supplementary Table S1.

Table 2 shows Pb and Mn concentrations in biomarkers and PEM sampling as a
function of gender. Medians of 9.14 µg/L, 149.04 ng/g, and 96.04 ng/g were obtained
for blood, scalp hair, and fingernails Pb levels, respectively (see Table 2 and Figure S1).
The median of total Pb concentration (sum of bioaccessible and non-bioaccessible) was
6.56 ng/m3 for the fine fraction. Regarding blood, scalp hair, and fingernails Mn levels,
medians of 9.58 µg/L, 185.31 ng/g, and 555.28 ng/g were obtained, respectively. With
respect to total Mn in PM10 (sum of bioaccessible and non-bioaccessible coarse and fine
fractions), a mean of 151.9 (SD 331.66) and a median of 43.87 ng/m3 were obtained.

Table 2. Pb and Mn concentrations in biomarkers (blood, scalp hair, and fingernails) and personal
sampling (bioaccessible, non-bioaccessible, and total) in the whole study population and as a function
of gender.

Women Men Total

Mean (SD) Median P95 Mean (SD) Median P95 Mean (SD) Median P95 p Value *

Biomarker sampling
Blood (µg/L)

Pb (µg/L) 9.74 (5.52) 8.49 19.52 14.53 (9.17) 11.4 40.24 11.03 (6.99) 9.14 24.82 0.001
Mn (µg/L) 10.04 (3.14) 9.76 15.89 9.71 (4.01) 9.01 18.51 9.95 (3.38) 9.58 16.01 0.375

Scalp hair (ng/g)
Pb (ng/g) 210.9 (214.6) 139 669.5 361.5 (368.7) 234 1387.2 246.7 (265.7) 149.04 861.1 0.007
Mn (ng/g) 220.5 (205.4) 168.3 721.7 366.3 (427.2) 295.9 1550.5 255.2 (279.6) 185.31 719 0.008

Fingernails (ng/g)
Pb (ng/g) 127.5 (208.5) 97.3 402 128.5 (119.3) 94.3 474.1 150.5 (190.8) 96.04 424.8 0.866

Mn (ng/g) 967.5
(1097.1) 562 3778 844.3

(1203.3) 532 4331 936.7
(1120.5) 555.28 3549.2 0.337
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Table 2. Cont.

Women Men Total

Mean (SD) Median P95 Mean (SD) Median P95 Mean (SD) Median P95 p Value *

PEM sampling
PM2.5 (ng/m3)

Pb bioaccessible PM2.5
(ng/m3) 13.24 (21.10) 4.5 54.8 11.86 (13.71) 7.4 49.38 12.87 (19.34) 5.25 50.09 0.634

Pb non-bioaccessible
PM2.5 (ng/m3) 1.86 (2.80) 0.37 6.05 0.90 (1.01) 0.37 3.85 1.60 (2.48) 0.37 5.61 0.081

Pb total PM2.5 (ng/m3) 15.10 (22.82) 5.87 56.10 12.76 (14.06) 9.1 50.65 14.47 (20.80) 6.56 51.19 0.877
Mn bioaccessible PM2.5

(ng/m3)
70.07

(147.06) 17.82 323.9 53.12
(100.09) 12.85 298.6 66.31

(135.79) 17.05 315.5 0.68

Mn non-bioaccessible
PM2.5 (ng/m3) 14.02 (23.27) 5.73 66.41 8.91 (9.98) 6.61 33.28 12.64 (20.64) 5.8 61.23 0.858

Mn total PM2.5 (ng/m3)
84.08

(159.31) 25.26 355.6 65.03
(102.57) 20.02 308.1 78.95

(146.07) 25 350.6 0.937

PM10-2.5 (ng/m3)
Mn bioaccessible
PM10-2.5 (ng/m3)

68.18
(204.49) 15.17 246.8 41.92 (72.82) 10.57 301 61.11

(178.90) 13.61 249.1 0.527

Mn non-bioaccessible
PM10-2.5 (ng/m3) 12.73 (43.07) 3.4 42.13 9.36 (12.16) 2.62 39.72 11.82 (37.33) 3.39 39.73 0.862

Mn total PM10-2.5
(ng/m3)

80.91
(246.81) 16.51 287.1 51.28 (82.10) 15.46 340.7 79.93

(215.26) 16.47 289.2 0.723

PM10 (ng/m3)

Mn total PM10 (ng/m3)
165.00

(376.19) 42.13 608.9 116.31
(155.90) 51.53 548.9 151.89

(331.66) 43.87 577.2 0.927

SD = standard deviation. P95 = 95 percentile. * Mann–Whitney U test. PEM = personal environmental monitor.

3.2. Associations between Pb and Mn Levels and Cognitive Function Results

Regarding Pb levels, non-statistically significant MDs were observed in all of the
cognitive tests analyzed (Stroop, Digit Span, Verbal Fluency, TMT, and ROCF tests) except
for blood Pb levels and Stroop Color part. In general, MDs were mixed (positive and
negative but of small magnitude) or close to zero (null hypothesis), with the exception
mentioned above of blood Pb levels and Stroop Color, for which a positive MD of borderline
significance (indicating better cognitive function) was obtained for those with higher blood
Pb levels; adjusted MD = +1.00; 95%CI (0.02 to 1.99), p = 0.046; see Tables 3, 4 and S2–S4.

In contrast, statistically significant lower scores (indicating worse cognitive function)
were obtained in participants with higher levels of Mn in fingernails across all Stroop
parts as follows: adjusted MD for Stroop Word part = −1.19; 95%CI (−2.30 to −0.09),
p = 0.034; adjusted MD for Stroop Color part = −1.12; 95%CI (−2.18 to −0.07), p = 0.037;
and adjusted MD for Stroop Color&Word part = −1.33; 95%CI (−2.48 to −0.17), p = 0.025
(See Table 3). Statistically significant negative MDs were also obtained for the two Digit
Span parts as follows: adjusted MD for Digit Span Forward = −1.62; 95%CI (−2.77 to
−0.47), p = 0.006; adjusted MD for Digit Span Backward = −1.78; 95%CI (−2.75 to −0.82),
p < 0.001 (See Table 4). In addition, negative MDs were also obtained homogeneously
according to PEMs for both bioaccessible and non-bioaccessible fractions, to a greater
extent for Stroop (See Table 3) and Verbal Fluency test, in some cases yielding statistical
significance (See Supplementary Table S2). For the rest of the cognitive function tests (TMT
and ROCF), non-statistically or borderline negative MDs were obtained; see Supplementary
Tables S3 and S4.
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Table 3. Mean differences for Stroop Color Word test according to Pb and Mn levels in biomarkers
and PM personal sampling.

MD * 95% CI p Value

Biomarkers
Pb Blood (>9.14 vs. ≤9.14 µg/L)

Stroop Word 0.32 −0.71 1.35 0.538
Stroop Color 1.00 0.02 1.99 0.046

Stroop Color Word −0.02 −1.10 1.06 0.970
Pb Scalp hair (>149.04 vs. ≤149.04 ng/g)

Stroop Word 0.71 −0.22 1.63 0.132
Stroop Color 0.86 −0.08 1.80 0.071

Stroop Color Word 0.43 −0.57 1.43 0.400
Pb Fingernails (96.04> vs. ≤96.04 ng/g)

Stroop Word −0.39 −1.49 0.70 0.478
Stroop Color −0.53 −1.59 0.52 0.317

Stroop Color Word 0.03 −1.14 1.20 0.958
Mn Blood (>9.58 vs. ≤9.58 µg/L)

Stroop Word 0.71 −0.23 1.65 0.138
Stroop Color 0.78 −0.14 1.69 0.094

Stroop Color Word 0.90 −0.08 1.88 0.071
Mn Scalp hair (>185.31 vs. ≤185.31 ng/g)

Stroop Word −0.47 −1.42 0.48 0.330
Stroop Color −0.52 −1.49 0.45 0.289

Stroop Color Word −0.32 −1.35 0.70 0.533
Mn Fingernails (>555.28 vs. ≤555.28 ng/g)

Stroop Word −1.19 −2.30 −0.09 0.034
Stroop Color −1.12 −2.18 −0.07 0.037

Stroop Color Word −1.33 −2.48 −0.17 0.025
PEM Fine fraction (PM2.5)

Pb Bioaccessible (5.26+ vs. ≤5.25 ng/m3)
Stroop Word 0.06 −0.92 1.05 0.900
Stroop Color −0.30 −1.28 0.68 0.547

Stroop Color Word −0.20 −1.25 0.85 0.702
Pb Non-bioaccessible (0.38+ vs. ≤0.37 ng/m3)

Stroop Word 0.61 −0.37 1.59 0.220
Stroop Color 0.03 −0.94 1.00 0.950

Stroop Color Word 0.06 −0.98 1.11 0.903
Pb Total (Bio + Non-bio) (6.57+ vs. ≤6.56 ng/m3)

Stroop Word 0.32 −0.67 1.31 0.520
Stroop Color −0.18 −1.16 0.81 0.721

Stroop Color Word −0.32 −1.37 0.73 0.545
Mn Bioaccessible (17.06+ vs. ≤17.05 ng/m3)

Stroop Word −0.71 −1.70 0.27 0.156
Stroop Color −0.73 −1.71 0.24 0.138

Stroop Color Word −1.38 −2.41 −0.36 0.008
Mn Non-bioaccessible (5.81+ vs. ≤5.80

ng/m3)
Stroop Word −0.11 −1.05 0.84 0.827
Stroop Color −1.19 −2.11 −0.27 0.011

Stroop Color Word −0.72 −1.72 0.27 0.154
Mn Total (Bio + Non-bio) (25.01+ vs. ≤25.00 ng/m3)

Stroop Word −0.93 −1.93 0.06 0.065
Stroop Color −0.75 −1.74 0.23 0.132

Stroop Color Word −1.23 −2.27 −0.18 0.022
MD = mean difference adjusted for age, sex, educational level, and Pb or Mn levels, respectively. PEM = personal
environmental monitor. * A negative MD indicates worse cognitive function (lower standardized NEURONORMA
scores) among those exposed to higher Pb or Mn levels. Statistically significant MDs are in bold.
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Table 4. Mean differences for Digit Span test according to Pb and Mn levels in biomarkers and PM
personal sampling.

MD * 95% CI p Value

Biomarkers
Pb Blood (>9.14 vs. ≤9.14 µg/L)

Digit Span Forward 0.32 −0.70 1.34 0.533
Digit Span Backward 0.39 −0.50 1.27 0.386

Pb Scalp hair (>149.04 vs. ≤149.04 ng/g)
Digit Span Forward −0.47 −1.41 0.47 0.324

Digit Span Backward 0.48 −0.36 1.31 0.259
Pb Fingernails (96.04> vs. ≤96.04 ng/g)

Digit Span Forward −0.66 −1.83 0.51 0.264
Digit Span Backward 0.68 −0.29 1.64 0.165

Mn Blood (>9.58 vs. ≤9.58 µg/L)
Digit Span Forward −0.12 −1.06 0.81 0.795

Digit Span Backward 0.34 −0.48 1.16 0.410
Mn Scalp hair (>185.31 vs. ≤185.31 ng/g)

Digit Span Forward −1.12 −2.06 −0.18 0.020
Digit Span Backward −0.62 −1.47 0.23 0.153

Mn Fingernails (>555.28 vs. ≤555.28 ng/g)
Digit Span Forward −1.62 −2.77 −0.47 0.006

Digit Span Backward −1.78 −2.75 −0.82 <0.001
PEM Fine fraction (PM2.5)

Pb Bioaccessible (>5.25 vs. ≤5.25 ng/m3)
Digit Span Forward −0.62 −1.60 0.36 0.213

Digit Span Backward −0.02 −0.89 0.85 0.966
Pb Non-bioaccessible (>0.37 vs. ≤0.37 ng/m3)

Digit Span Forward −0.64 −1.60 0.33 0.196
Digit Span Backward 0.03 −0.83 0.89 0.942

Pb Total (Bio + Non-bio) (>6.56 vs. ≤6.56 ng/m3)
Digit Span Forward −0.62 −1.60 0.37 0.216

Digit Span Backward 0.18 −0.70 1.05 0.691
Mn Bioaccessible (>17.05 vs. ≤17.05 ng/m3)

Digit Span Forward 0.139 −0.832 1.11 0.778
Digit Span Backward −0.156 −1.013 0.701 0.719

Mn Non-bioaccessible (>5.80 vs. ≤5.80 ng/m3)
Digit Span Forward −0.542 −1.479 0.396 0.255

Digit Span Backward −0.217 −1.041 0.608 0.604
Mn Total (Bio + Non-bio) (>25.00 vs. ≤25.00 ng/m3)

Digit Span Forward 0.157 −0.826 1.139 0.753
Digit Span Backward −0.196 −1.064 0.672 0.655

MD = mean difference adjusted for age, sex, educational level, and Pb or Mn levels, respectively. PEM = personal
environmental monitor. * A negative MD indicates worse cognitive function (lower standardized NEURONORMA
scores) among those exposed to higher Pb or Mn levels. Statistically significant MDs are in bold.

3.3. Associations between Pb and Mn Levels and Motor Function Results

As regards Pb levels, non-statistically significant mixed MDs of small or null mag-
nitude were also obtained for the Grooved Pegboard and FTT tests (see Supplementary
Tables S5 and S6). Interestingly, negative MDs, indicating worse motor function (lower grip
strength), were obtained for both dominant and nondominant hands in all biomarkers in
relation to the dynamometer test (kg), yielding statistical significance for the nondominant
hand as follows: adjusted MD for Pb levels = −2.68; 95%CI (−4.85 to −0.51), p = 0.016 (See
Table 5). Concerning PEMs, non-statistically significant mixed MDs were obtained for all
motor function tests; see Tables 5, S5 and S6.
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Table 5. Mean differences for the dynamometer test (kg) according to Pb and Mn levels in biomarkers
and PM personal sampling in dominant and nondominant hands.

MD * 95% CI p Value

Biomarkers
Pb Blood (>9.14 vs. ≤9.14 µg/L)

dom hand −1.59 −3.64 0.46 0.127
non-dom hand −2.68 −4.85 −0.51 0.016

Pb Scalp hair (>149.04 vs. ≤149.04 ng/g)
dom hand −0.26 −2.12 1.59 0.781

non-dom hand −0.47 −2.54 1.61 0.657
Pb Fingernails (96.04> vs. ≤96.04 ng/g)

dom hand −1.19 −3.53 1.14 0.312
non-dom hand −1.30 −3.61 1.01 0.267

Mn Blood (>9.58 vs. ≤9.58 µg/L)
dom hand 0.74 −1.14 2.61 0.44

non-dom hand −0.13 −2.12 1.86 0.895
Mn Scalp hair (>185.31 vs. ≤185.31 ng/g)

dom hand 0.44 −1.46 2.33 0.651
non-dom hand 0.19 −1.93 2.30 0.861

Mn Fingernails (>555.28 vs. ≤555.28 ng/g)
dom hand −0.62 −2.96 1.73 0.603

non-dom hand 0.07 −2.26 2.40 0.953
PEM Fine fraction (PM2.5)

Pb Bioaccessible (>5.25 vs. ≤5.25 ng/m3)
dom hand 0.02 −2.01 2.05 0.986

non-dom hand −0.02 −2.19 2.15 0.986
Pb Non-bioaccessible (>0.37 vs. ≤0.37 ng/m3)

dom hand 0.81 −1.17 2.79 0.420
non-dom hand 0.33 −1.80 2.45 0.762

Pb Total (Bio + Non-bio) (>6.56 vs. ≤6.56 ng/m3)
dom hand 0.23 −1.81 2.26 0.826

non-dom hand 0.19 −1.98 2.37 0.860
Mn Bioaccessible (>17.05 vs. ≤17.05 ng/m3)

dom hand 0.98 −1.01 2.96 0.332
non-dom hand 0.81 −1.32 2.94 0.454

Mn Non-bioaccessible (>5.80 vs. ≤5.80 ng/m3)
dom hand −1.37 −3.27 0.53 0.157

non-dom hand −0.13 −2.18 1.93 0.902
Mn Total (Bio + Non-bio) (>25.00 vs. ≤25.00 ng/m3)

dom hand 1.14 −0.86 3.15 0.260
non-dom hand 1.30 −0.85 3.44 0.235

MD = mean difference adjusted for age, sex, educational level, and Pb or Mn levels, respectively. Dom = dominant.
Non-dom = nondominant. PEM = personal environmental monitor. * A negative MD indicates worse motor
function (lower grip strength) among those exposed to higher Pb or Mn levels.

Regarding Mn levels, non-statistically significant higher times in the Grooved Peg-
board test and lower numbers of finger taps in FTT (indicating worse motor function) were
observed for both hands in participants with higher Mn fingernails levels (see Supple-
mentary Tables S5 and S6), whereas, for the dynamometer test, a negative non-significant
MD (indicating also worse function with lower grip strength) was only observed for the
dominant hand (See Table 5). For scalp hair Mn levels, mixed or positive (contrary to
our hypothesis) non-significant MDs were obtained. For blood Mn levels, a lower time
to complete the Grooved Pegboard test (indicating better motor function, contrary to our
hypothesis) was observed, yielding statistical significance for the dominant hand as follows:
adjusted MD = −2.82; 95%CI (−5.46 to −0.19), p = 0.036. Positive MDs indicating worse
motor function (higher time to complete the Grooved Pegboard test) were obtained for both
dominant and nondominant hands according to PEMs, reaching statistical significance for
the bioaccessible fraction and the dominant hand as follows: adjusted MD =+3.36; 95%CI
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(0.60 to 6.11), p = 0.018, whereas non-statistically significant mixed MDs were obtained for
the rest of motor function tests; see Tables 5, S5 and S6.

4. Discussion

As mentioned in the methods section, Pb was mainly detected in the fine fraction
(PM2.5), where 88% and 47% of the determinations were above the LOD for the bioaccessible
and non-bioaccessible fractions, respectively, with mean Pb concentrations of 12.87 and
1.60 ng/m3. In the coarse fraction, determinations were lower than our LODs of 5.74 and
1.84 ng/m3 for the bioaccessible and non-bioaccessible fractions in more than 97% of the
participants. Thus, in a hypothetical sum of the Pb bioaccessible and non-bioaccessible
concentrations obtained in the fine and coarse fractions to obtain the total concentration
contained in PM10, the overall result would be clearly below the annual PM10 limit value
(500 ng/m3) set by Directive 2008/50/EC [2]. These results agree well with those previously
found in the same area from stationary PM samplers [23], reaching Pb levels between 6.91
and 15.6 ng/m3 in PM10.

The situation for Mn would be quite the opposite. The arithmetic mean of PM10-bound
Mn in the PEMs for the study population was 151.9 ng/m3, above the WHO-recommended
total air Mn value of 150 ng/m3, and was far exceeded in participants residing in the
vicinity of the IES of Mn, where the mean was 253.4 ng/m3, rather similar to the annual
average of 231.8 ng/m3 measured in 2015 by a stationary sampler [23]. Comparing our
Mn levels with other studies using PEMs, Mn levels found in our population are notably
higher [44,45]. Our Mn levels are even higher than those of other studies carried out in
residential areas, close to other Mn IES such as in Italy, where a mean value of 49.5 ng/m3 in
PM2.5 has been reported in a town close to a ferromanganese alloy manufacturing plant [46],
or in the US, where a geometric mean of 8.1 ng/m3 in PM10 has been reported in Marietta
(Ohio), located less than 10 km from the main ferromanganese plant of this country [47]. To
our knowledge, higher Mn levels in PEMs have only been found in residences near Mn ore
mines in Molango (Mexico), where a mean of 420 ng/m3 in PM10 has been reported [48].

In this sense, our work has aimed to perform a comparative analysis between Pb and
Mn exposure and its association with cognitive and motor function, taking advantage of the
existence of the same population with low exposure to Pb but moderate or high exposure
to Mn.

Our standardized cognitive function test battery included five tests assessing specif-
ically attention, executive function, memory, and verbal fluency [49]. The Stroop Color
Word test is considered a measure of executive function and cognitive flexibility [32]. The
Digit Span, from the third version of the Wechsler Adult Intelligence Scale (WAIS III), is a
measure of attention and working memory [33]. The Verbal Fluency test evaluates verbal
association fluency as it computes the total number of words that a subject is able to say
during 60 s [34]. TMT is a measure of attention, speed, and mental flexibility [35,36]. Finally,
the purpose of ROCF is to assess visual–spatial constructional ability and visual mem-
ory [37]. Our motor function battery included three tests assessing specifically “eye-hand
coordination and motor speed”, “self-directed manual speed”, and “grip strength” through
the FTT, the Grooved Pegboard test, and the hand dynamometer test, respectively [49].

Our results do not suggest an association between the current Pb levels and poorer
cognitive function in the context of a population with low Pb exposure. However, they do
open the door to a possible negative effect (despite the low values) on motor function, as
our participants with levels above our median blood Pb exposure (>9.14 µg/L) had lower
mean dynamometer force, reaching statistical significance for the nondominant hand. The
fact that our results were adjusted for age, sex, educational level, and even blood Mn levels
would support the internal validity of our results; so, further studies should investigate the
health safety of the currently low Pb levels in mixed urban–industrial settings.

With regard to exposure to higher levels of Mn in this case, our results, also adjusted
for Pb levels as well as for sex, age, or educational level of the participants, support
worse cognitive function at least in the domains determined by the Stroop, Digit Span
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Backward, and Verbal Fluency test. For motor function, the evidence of association would
be lower [30,31].

Manganese and Pb are two well-known neurotoxic trace metals, even at environmen-
tally relevant concentrations. In particular, the basis of the derivation of the RfC from Mn
used in the US EPA procedure for noncarcinogenic health risk assessment is the impair-
ment of neurobehavioral function. In the case of Pb, no RfC is available in the US EPA
procedure because it was not evaluated under the IRIS program. However, the ATSDR
considers Pb as a neurotoxic metal that negatively affects neurological endpoints, even at
relatively low exposure levels, measured as blood Pb concentrations (<100 µg/L). Moreover,
MRLs for Pb have not been derived by the ATSDR because the lowest reported blood Pb
levels are still associated with serious adverse effects (e.g., declining cognitive function
in children). In adults, a large number of studies showing decrements in neurological
function have been published, finding neurobehavioral effects in populations with blood
Pb levels ≤100 µg/L, including decreased cognitive function, altered behavior and mood,
and altered neuromotor and neurosensory function [4].

However, a more detailed analysis of this literature offers some controversial results
regarding the effect of Pb on cognitive and motor endpoints, mainly at relatively low expo-
sures. Thus, the cognitive function seems to be negatively affected in subjects containing
low blood Pb levels only when some cumulative biomarkers are used as predictors, such as
Pb in the tibia; in fact, the cognitive functions studied were not statistically significantly
associated with blood Pb levels in most of these studies [8,14,15], probably because it
provides integrated measures of exposure over shorter timeframes [9]. The main cognitive
domains affected by the exposure to low Pb levels were language (including letter flu-
ency), processing speed, executive functioning (including TMT-A and Stroop Color), verbal
memory and learning, visual memory, visuoconstruction [14], visuospatial/visuomotor
domains [10], story memory, category fluency [9], and working memory [11].

Whereas cognitive effects are better described in the literature, less information is
available about motor functions in the general population at the currently lower exposure
levels [50]. Former research, based on relatively high levels of blood Pb, on the effect of Pb
exposure on fine motor function mainly assessed using a pegboard task showed significant
associations with blood Pb, both in occupational and environmental studies [12,13,51–54].
However, later investigations found worse scores in the Grooved Pegboard test only when
cumulative Pb exposure biomarkers were used, such as tibia and patella [16]. Bleecker
et al. [12] also reported a higher effect size in the Grooved Pegboard test when the working
lifetime weighted integrated blood lead (IBL) was used instead of the blood Pb but, in
this study, blood levels were high (mean of 290 µg/L) because the study population was
smelters exposed to airborne Pb. Less information was found on other fine motor tests,
such as FTT. Casjens et al. [50] found that the fine-motor tests studied were not affected
by elevated blood Pb, except for FTT in elderly men, with a weak effect for relatively high
blood Pb concentrations (≥50 µg/L).

As mentioned in the introduction section, most of these cognitive and motor function
studies were based on relatively old datasets (before 2010) and, therefore, the blood Pb
levels in these studies were higher than the current levels. Our arithmetic mean blood Pb
was 11.03 µg/L (median of 9.14 µg/L), clearly lower than in the majority of published
studies, where typical mean values were > 30 µg/L, but similar to the current values
in the general US population, with a median of 8.8 µg/L in 2015–2016 for those aged
20+ years [55]. The continuous decrease in blood Pb levels since the late 1970s has been
reported in the literature [5,6]. Although the decline in the last two decades is smaller, it is
still important, as observed in Figure S2 of the Supplementary Material. Thus, the meaning
of low-level exposure to Pb has changed and the main conclusions derived from older
studies should be interpreted carefully. In contrast to Pb, the case of Mn is different, as
its level in some mixed urban–industrial areas remains high enough to potentially affect
cognitive and motor function.
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Regarding other methodological aspects of our study and limitations, in addition
to confounding, the use of the same procedures and schedules for all participants by a
single trained investigator with the same order of tests under the same conditions aimed
to avoid any differential misclassification to minimize other potential biases. Since a high
number of comparisons were made in our study, one limitation would be related to a
multiple-test concern, so it cannot be entirely ruled out that some associations are actually
false-positive results due to chance. We conducted a cross-sectional study, with the inherent
lack of longitudinal data on both Pb and Mn exposure and neurological determinations
as another limitation. Consequently, further cross-sectional and follow-up studies are
needed to support the consistency of our results. Lastly, Fe, Zn, Cu, As, and Cd were
also determined in PM personal samplers (bioaccessible and non-bioaccessible fractions)
and biomarkers in our study. No associations for these metal(loid)s were found with our
neurological test results in our independent analyses. It was expected, since only Pb and
Mn are known neurotoxins among our studied metal(loid)s, so a crossover effect due to
exposure to multiple simultaneous metal(loid)s does not seem to apply.

5. Conclusions

Lead exposure at the currently low levels in a mixed urban–industrial environment
does not seem to be associated in our study with worse cognitive function. In comparison,
exposure to high levels of Mn appears to be associated with worse cognitive function, at
least in the domains evaluated through Stroop, Digit Span, and Verbal Fluency tests. In
terms of motor function, our results suggest that even the currently low Pb levels may
have negative health effects on dynamometer-determined strength. Further studies should
investigate this association.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/atmos15030350/s1, Figure S1: Boxplots with the distribution
of Pb values in analyzed biomarkers. Figure S2: Decrease in blood Pb levels in the US general
population from 1999 to 2016 (calculated from the Fourth National Report on Human Exposure to
Environmental Chemicals (U.S. Department of Health and Human Services, 2019) [55]); Table S1:
Basal characteristics of the study population; Table S2: Mean differences for Verbal Fluency test
according to Pb and Mn levels in biomarkers and PM personal sampling; Table S3: Mean differences
for Trail Making Test (TMT) according to Pb and Mn levels in biomarkers and PM personal sampling;
Table S4: Mean differences for Rey Osterrieth Complex Figure (ROCF) test according to Pb and
Mn levels in biomarkers and PM personal sampling; Table S5: Mean differences for the Grooved
Pegboard test (seconds) according to Pb and Mn levels in biomarkers and PM personal sampling
in dominant and nondominant hands; Table S6: Mean differences for Finger Tapping Test (FTT)
(number of taps in 10 s) according to Pb and Mn levels in biomarkers and PM personal sampling in
dominant and nondominant hands.
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