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Abstract: For more than 100 years, an electrochemical plant has been operating in Flix
(Catalonia, Spain) by the Ebro River. Its activities have originated a severe accumulation
of environmental contaminants (metals, organochlorinated pesticides and radionuclides) in
sediments of the Flix reservoir, while mercury (Hg) has been also frequently released to the
air. Environmental exposure to industrial pollutants has been associated with decreased
intelligence and behavioral problems. In the present study, we assessed, in 53 children
living in the village of Flix and the surroundings, the relationships between the
concentrations of a number of trace elements (As, Be, Cd, Cs, Hg, Mn, Ni, Pb, Sn, Tl, U
and V) in hair and the levels of testosterone in blood, with respect to potential
neuropsychological alterations. Lead (Pb) and Hg showed the highest mean concentrations
in hair samples. However, the current Hg levels were lower than those previously found in
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children living in the same zone, while the concentration of the remaining elements was
similar to those reported in the scientific literature. The outcomes of certain
neuropsychological indicators showed a significant correlation with metals, such as Pb and
uranium (U). More specifically, these elements were negatively correlated with working
memory and hit reaction time, suggesting impulsivity. In summary, although Pb and U
concentrations in hair were within standard levels, both metals could be correlated with
certain, but minor, neuropsychological alterations in the childhood population of Flix.
These findings should be confirmed by future birth cohort studies, with bigger study
populations and using more complex statistical analyses, focused on human exposure to
these specific elements.
Keywords: heavy metals; environmental exposure; human hair; testosterone; n-back;
working memory; impulsivity; finger-tapping

1. Introduction
For more than 100 years, a chlor-alkali plant has been operating in the village of Flix (Catalonia,
Spain) by the Ebro River. During the past few decades, this facility has been dumping industrial wastes
into a reservoir located adjacently, resulting in the accumulation of sediments with very high
concentrations of metals, organic compounds and radionuclides [1]. In addition, high atmospheric
levels of hexachlorobenzene (HCB) have been detected in Flix. Serum concentrations of HCB were
found to be the highest ever reported in human general populations [2]. Environmental contaminants
may be incorporated into the human body through direct pathways, such as soil ingestion, dermal
absorption and air inhalation. In addition, human intake of drinking water and foodstuffs (including
vegetables and cattle from the surroundings) is also one of the most important routes of exposure [1].
In recent years, some attention has been paid to the levels of environmental pollutants in the
surroundings of Flix [3,4]. A number of studies on human health risk assessment have been conducted,
prior to the extraction of the contaminated sludge [1,5].
Human biomonitoring is defined as the direct measurement of people’s exposure to environmental
contaminants by measuring chemical substances or their metabolites in biological tissues, such as
blood, urine or other specimens [6]. The development of new methodologies and modern analytical
techniques has allowed for the use of other matrices, which are less or non-invasive. Among these,
human hair is a suitable monitor for the detection of medical drugs and drugs of abuse and the
assessment of trace element deficiency [7,8]. Furthermore, human hair has been especially selected for
its suitability to assess human exposure to metals in general and mercury, in particular. Biomonitoring
studies have been previously conducted in Flix in order to measure the levels of mercury (Hg) in children’s
hair [9,10]. However, no information regarding the current exposure to Hg or other elements is
currently available.
Environmental exposure to industrial pollutants has been associated with lowered intelligence and
behavioral problems [11]. Among other environmental toxic agents, metals have received much
attention, as they have been related to neurotoxic effects in animals and humans [12]. In particular,
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children and aged people are especially vulnerable populations, even at moderate levels of exposure.
However, the real mechanisms of metal neurotoxicity are poorly understood. Furthermore, the
presence of excessive levels of toxic and essential elements in the human body has been associated not
only with potential cognitive alterations, but also with psychiatric disorders in children [13]. Indeed,
some authors have suggested the need to determine the body burdens of environmental toxicants, as
well as their dietary intake, to partially explain psychiatric disturbances [13].
The relationship between brain and the endocrine system is currently more widely understood.
Brain contains receptors for androgens and estrogens, being capable of synthesizing and metabolizing
these steroids, while hormones impact on neurotrophic factors and effect cognitive behavior [14].
Gonadal steroid hormones become elevated during puberty, sculpting the adolescent brain in both
females and males. Furthermore, it has been recognized that the actions of pubertal hormones during
adolescence may have long-lasting consequences [15], while there is also evidence of a role of
testosterone on cognition [14].
Based on the above, the present study was aimed at analyzing the concentrations of a number of
trace elements in hair samples and the levels of testosterone in blood samples from children (aged
12–13) living in Flix and surrounding villages. The relationship between those parameters and different
neuropsychological alterations, as well as cognitive and psychiatric variables was also investigated.
2. Experimental Section
2.1. Subjects
In 1997, a birth cohort was initiated in Flix (Catalonia, Spain) and surrounding villages, with the
aim of assessing the potential adverse health effects of exposure to environmental pollutants,
particularly persistent organic pollutants, such as HCB, and Hg. All pregnant women delivering at the
main hospital of the evaluated area between 1997 and 1999 were invited to participate in the study, of
which 102 were finally recruited. Their children were followed-up upon at the age of 1 and 4 years
(17.6% of lost to follow-up). At 12–13 years old, all children from the cohort were invited to
participate in a subsequent follow-up campaign. Forty-one of them (40.2%) accepted the invitation,
joining the study. In the area under evaluation, there is only one high-school where all these children
attend. In order to increase the statistical power, classmates of these children were also invited to
participate in the study, and 19 of them were added. All parents were informed of the study and signed
the consent form.
2.2. Data Collection
Children and their parents completed a general questionnaire prepared to obtain information on SES
(socioeconomic status) according to parents’ workplace, house conditions, the lifestyle of the parents
(cigarette and alcohol consumption) and that of the child (physical activity, diet and cigarette and
alcohol consumption) and the respiratory health and sexual development of the child
(Tanner scale) [16,17]. The United Kingdom Registrar General’s 1990 classification was used to group
subjects by social class according to maternal and paternal occupation coded using the International
Standard Classification of Occupations (ISCO-88) [18] Social class was grouped into six categories.
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Four were created according to maternal occupation (professional, skilled, non-skilled and
unemployed), and unemployed women were categorized into three groups according to their husband’s
occupation [3]. Hair samples from 53 children were collected for the determination of the metal
content, while 44 of those also donated blood for testosterone analysis. Finally, the neuropsychological
development of the children was evaluated with different tests, as described below.
2.3. Hair Analysis
Hair samples were cut from an area close to the occipital region of the scalp. Samples were washed
and digested following a previously reported methodological procedure [19]. Briefly, approximately
150 mg of each sample were treated with 2 mL of nitric acid 65% (Suprapur, Merck, Darmstadt,
Germany) for 8 h at room temperature and 8 additional hours at 80 °C. Subsequently, the extracts were
diluted to 10 mL and frozen in glass tubes until analysis [20]. The concentration of arsenic (As),
beryllium (Be), cadmium (Cd), cesium (Cs), mercury (Hg), manganese (Mn), nickel (Ni), lead (Pb),
tin (Sn), thallium (Tl), uranium (U) and vanadium (V) were determined by inductively coupled
plasma-mass spectrometry (ICP-MS, Perkin Elmer Elan 6000, Waltham, MA, USA). Quality
control/quality assurance (QA/QC) was conducted by analyzing standards (Lobster hepatopancreas,
NRC Canada, TORT-2) and blanks every 10 samples. The limits of detection were: 0.003 μg/g for Be
and Cs; 0.007 μg/g for U; 0.03 μg/g for Cd, Mn, Pb and Tl; 0.06 μg/g for Sn; 0.13 μg/g for As, Hg and
Ni; and 0.33 μg/g for V. Recovery percentages varied between 70% and 120% (Ni and
Hg, respectively).
2.4. Testosterone Analysis
Fasting morning blood samples were collected early in the morning (8:00–10:00 AM) at ABS-Flix,
the primary healthcare center of Flix. Serum of each participant was aliquoted to 0.5 mL. Samples
were analyzed within the extraction day. Total testosterone measurement was performed using an
Access (Beckman Coulter, Fullerton, CA, USA) automated multianalyte analyzer (LXi-725 integrated),
using the instructions of the deliverer. The limit of detection ranged from 0.35–55.5 nmol/L.
2.5. Neuropsychological Evaluation
In the present study, we assessed several aspects of neuropsychological development. These
included various cognitive domains related to prefrontal cortex function and motor function (working
memory, flexibility, verbal fluency and motor functioning) and behavioral outcomes linked to
disruptive behaviors in children. The cognitive evaluation consisted of 5 different neuropsychological
tests (n-back, Trail Making Test-B (TMT-B), semantic and phonetic fluency and finger-tapping
test (FTT)).
The n-back test is a continuous performance task used to measure a part of working memory and
control attention [21]. The visual n-back task consisted of a series of 4 different stimuli (numbers and
words) presented in the center of the screen. All participants were required to press the “target” button
when the target was shown on the screen. In the 1-back condition, the target was any stimulus identical
to the stimulus immediately preceding it. In the 2-back condition, the target was any stimulus identical
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to the one presented two trials back. In the 3-back condition, the target was any stimulus identical to
the one presented three trials back. Six different hit reaction times (HRTs) were computed; one for
each condition (1-, 2- and 3-back) and stimulus (numbers and words). In addition, we also calculated
the sensitivity index detectability (d’) for each block separately. This index derives from signal
detection theory and allows for the distinction of signal and noise, where a higher d’ indicates more
accurate performance [22]. We computed a d’ score for each of the 6 blocks separately. We also used
the TMT-B test to assess cognitive flexibility and executive function [23]. This test requires drawing
lines sequentially, connecting numbers and letters, which are encircled and distributed on a paper
sheet. The score represents the amount of time required to complete the task.
Semantic and phonetic fluency tests consisted of asking children to say words beginning with a
specific letter or words within a specific semantic category (each one within one minute). These tests
reflect frontal and frontotemporal areas of activation, respectively [24]. The FTT is a neuropsychological
test that examines motor functioning (specifically), motor speed and lateralized coordination [25,26].
Moreover, we evaluated several aspects of children’s behavior. On the one hand, children
completed the Strengths and Difficulties Questionnaire (SDQ) [27]. This is a brief behavioral
screening questionnaire for children aged between 3 and 16 years. The 25 items are divided into 5
subscales: emotional symptoms (5 items), added together to generate a total difficulties score (based on
20 items), conduct problems (5 items), hyperactivity/inattention (5 items), peer relationship problems
(5 items) and prosocial behavior (5 items). On the other hand, we assessed attention deficit
hyperactivity disorder (ADHD) symptomatology using the ADHD Criteria of Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (ADHD-DSM-IV) form [28]. The
questionnaire was filled-out by the teachers. ADHD-DSM-IV consists of a list of 18 symptoms
categorized under two separate symptom groups: inattention (9 symptoms) and
hyperactivity/impulsivity (9 symptoms). Each ADHD-DSM-IV item is rated on a 4-point scale
(0 = never or rarely; 1 = sometimes; 2 = often, and 3 = very often). We analyzed the inattention scale
(IA) and the hyperactivity/impulsivity scale (HI) as continuous variables, where higher scores indicate
higher symptomatology (worse score).
2.6. Statistical Analysis
Potential correlations between metal levels in children’s hair, testosterone concentrations in blood
and the results of neuropsychological indicators were assessed by Spearman correlations. We also
tested the correlation of SES (according to the parents’ workplace), cigarette consumption by the child
and his/her family and the Tanner scale about physical development in children with exposure (metals)
with outcomes (testosterone levels and neuropsychobiological indicators). Since no statistically
significant correlations between SES and cigarette consumption were found with any other variable,
both parameters were not included as co-variables. Significance was set at p < 0.05. The statistical
software, SPSS© v15.0, was used for data treatment. For those elements with metal levels under
the limit of detection (LOD), we assumed concentrations equal to one-half of the respective LOD
(ND = 1/2LOD; ND, not detected).
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3. Results and Discussion
3.1. Concentrations of Metals in Hair and Levels of Testosterone in Blood
Metal concentrations in hair samples of 53 children living in Flix and the surroundings villages are
depicted in Figure 1. Lead and Hg showed the highest levels (mean values: 0.66 and 0.47 µg/g,
respectively; median values: 0.40 and 0.36 µg/g, respectively). Thallium was not detected in any
sample, while Cs was detected only in one sample. In turn, Cd and V showed detectable concentrations
in two of the 53 samples.
Figure 1. Metal concentrations (mean values in µg/g) in hair samples of children living in
the Flix area (Catalonia, Spain) (n = 53). Outliers (>1.5-box length below the 25th
percentile or above the 75th percentile) are shown as circles, while extreme cases (>3-box
length below the 25th percentile or above the 75th percentile) are identified as asterisks.

In the current study, Hg levels (between ND to 1.8 μg/g) were slightly lower than those previously
reported for children living in Flix and surrounding villages. Montuori, et al. [9] reported a total Hg
mean concentration of 1.09 μg/g (median: 0.72 μg/g) in the same birth cohort, when they were four
years old. Mercury levels were significantly higher than those observed in a reference population
(Menorca, Spain) (mean: 0.72 μg/g; median: 0.48 μg/g). In 1996, Batista et al. [10] reported a
geometric mean concentration of 0.77 μg/g in hair of children aged 6–16 living in Tarragona County,
80 km from Flix. Similar hair levels of Hg have been reported in children living in a zone, Tarragona
County, under the potential impact of a hazardous waste incinerator, where mean values of 0.73, 0.70
and 0.56 μg/g were found in 1998, 2002 and 2007, respectively [19,20,29]. In Italy, Deroma et al. [30]
reported significantly higher levels of total mercury in hair from 77 children living near the
Marano-Grado Lagoon with respect to the concentrations found in 72 children living inland (0.88 vs.
0.57 μg/g). Similarly to Flix, a chlor-alkali plant is located in the lagoon area, where high Hg
levels have been observed in sediments (up to 11–14 μg/g). In the Russian Republic of Tatarstan,
Sitdikov et al. [31] analyzed the levels of some toxic and essential elements in hair of girls (aged
7–9 years) living in rural areas. The mean Hg concentration was 0.41 μg/g (range: 0.14–0.89 μg/g),
while the levels of other metals were very similar to those found in the current study. In Brazil,
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the mean concentration of Hg in hair samples from 167 healthy students, aged 12–18 years, was found
to be 0.14 μg/g, ranging from 0.004 to 0.87 μg/g [32]. Lakshmi Priya and Geetha [33] reported a mean
Hg concentration of 0.37 μg/g in 50 control children (age: 4–12 years), when studying the metal body
burdens in children with autism. In turn, total mercury levels in Czech children were observed to be
relatively low, with median values ranging 0.13–0.26 μg/g in the period 1996–2008 [34]. In contrast,
mean Hg levels in hair of Spanish preschool children have been reported to be among the highest
values in non-exposed populations. In Menorca and Ribera d’Ebre (Catalonia), Hg mean levels in hair
were found to be 0.71 and 1.09 μg/g, respectively [35], while that in Granada population was
0.96 μg/g [36]. These concentrations have been associated with the consumption of relatively higher
amounts of fish by the Spanish general population [20,35].
Regarding the remaining analyzed elements, the current concentrations in hair samples from
Flix children were of the same order of magnitude as those reported in the scientific literature in
non-exposed children [31,37,38]. When analyzing the metal concentrations in hair according to the
gender, no significant differences were noted between boys and girls (Table 1). This is in agreement
with the findings of Dongarra et al. [37], who reported non-significant differences for the same
elements in the hair of 137 children, aged 11–13 years, living in Palermo (Sicily, Italy). The only
exception was U, which presented significantly higher levels in boys than in girls.
Table 1. Metal concentrations (in µg/g) in human hair of 53 children of Flix, according to gender.
Gender

BOYS
(n = 18)

GIRLS
(n = 35)

Metal
As
Be
Cd
Hg
Mn
Ni
Pb
Sn
Tl
V
U
Cs
As
Be
Cd
Hg
Mn
Ni
Pb
Sn
Tl
V
U
Cs

Mean
0.078
0.004
ND
0.474
0.132
0.260
0.796
0.230
ND
0.186
0.053
0.002
0.088
0.004
0.020
0.474
0.194
0.531
0.592
0.325
ND
0.174
0.037
ND

SD
0.047
0.006
ND
0.310
0.218
0.285
0.873
0.411
ND
0.081
0.040
0.0005
0.059
0.006
0.014
0.382
0.269
1.234
0.797
0.407
ND
0.042
0.052
ND

Median
0.067
0.0020
ND
0.407
0.017
0.117
0.403
0.055
ND
0.167
0.048
0.002
0.067
0.002
0.017
0.356
0.103
0.171
0.304
0.205
ND
0.167
0.019
ND

SD: standard deviation; ND: not detected.

Minimum
ND
ND
ND
ND
ND
ND
0.037
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND
ND

Maximum
0.267
0.023
ND
1.152
0.682
1.090
2.728
1.566
ND
0.509
0.139
0.004
0.347
0.037
0.090
1.800
1.117
7.267
3.747
1.759
ND
0.419
0.252
ND
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A specific analysis of testosterone according to gender was also conducted. The mean level in boys
was in the prepubescent-adult range, while that in girls was within the typical range for adults.
As expected, boys presented significantly higher levels of testosterone than girls (Table 2). Puberty
begins through a sequencing of maturational changes that are being regulated by neuroendocrine and
hormonal factors that, in turn, act under genetic and environmental influences [39,40].
Table 2. Testosterone levels (in nmol/L) in blood of children living in the area of Flix.
Group
ALL (n = 44)
BOYS (n = 16)
GIRLS (n = 28)

Mean
5.57
13.23 *
1.20

SD
6.61
5.19
0.36

Median
1.49
13.00
1.14

Minimum
0.49
2.03
0.49

Maximum
23.49
23.49
2.16

SD: standard deviation. * Significant differences between boys and girls at p < 0.001.

3.2. Relationship between Metals in Hair and Sexual Development
Mercury levels in hair were positively correlated with sexual maturation in boys, more specifically
with the hairiness in armpits (r = 0.658, p = 0.006). Lead levels had a positive correlation with the
girls’ sexual maturation (r = 0.463, p = 0.009), evidencing that girls who had already started
menstruation showed higher Pb levels. It should be noted that the association between Pb and iron (Fe)
has been largely described [41–43]. These two metals share a common intestinal transporter that is
upregulated during iron deficiency [42]. Levels of Pb and Fe in blood are closely related, especially in
children with no evidence of Fe-deficient anemia [43]. Therefore, a minimal change in serum Fe levels
may derive changes in blood Pb concentrations [43]. Since a clear decrease in blood lead concentration
has been found with iron repletion [42], Fe fortification has been even proposed to treat lead
overexposure. Taking all the above into account, we here suggest that, after menstruation, girls present
a certain decrease in their Fe levels, which would turn into an increase in Pb absorption.
3.3. Relationship between Metals in Hair and Neuropsychological Tests
Table 3 summarizes the correlation between the outcomes of the neuropsychological indicators and
hair concentrations of Hg, Mn, Pb and U, the only metals with significant correlations between both
parameters. Mercury was negatively correlated with peer relationship problems, measured by the
SDQ questionnaire (r = −0.373, p = 0.008), reflecting lower relationship problems in children with
higher Hg levels. No other correlations were found in relation to Hg levels in the present population.
Myers et al. [44] reported that methylmercury (MeHg) exposure from fish intake was associated with
beneficial effects in children. However, this association would be linked to the benefits of consuming
fish, a food group with relatively higher levels of MeHg. Moreover, higher prenatal MeHg exposure
has been associated with decrements in attention, language verbal memory, motor speed and
visuospatial function in other birth cohort studies [45–47]. A speciation study was not performed here,
as only total Hg was measured in hair samples. This is a limitation, taking into account that only MeHg
is the form of Hg associated with neurodevelopment impairment. Being that this is an
exploratory-preliminary study, our results should be taken cautiously. On the other hand, some
characteristics (i.e., social class or educational level) of the participating children and their parents may
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be different compared to those who refused to participate in the present study, therefore limiting the
representativeness of the general population.
Manganese levels in human hair negatively correlated with the outcomes of the SDQ: emotional
symptoms (r = −0.372, p = 0.047), conduct problems (r = −0.519, p = 0.004) and total SDQ
(r = −0.548, p = 0.002) (Table 3). In this sample of children, higher levels of Mn tended to be related
with less psychopathologic symptoms, as assessed by SDQ. Manganese levels found in this study were
slightly lower than those typically reported [48]. Manganese is an essential element necessary for
enzymes involved in protein metabolism, energy production and bone formation [48]. It would be
plausible that, following normal dietary consumption, the systemic homeostasis of Mn is maintained.
Table 3. Spearman correlations between metal levels in the hair of children (boys and girls
together) and neuropsychological variables (N = 53). SDQ, Strengths and Difficulties
Questionnaire; HRT, hit reaction time; FTT, finger-tapping test.
Neuropsychological Variables
SDQ emotional symptoms
SDQ conduct problems
SDQ peer relationship problems
Total SDQ
n-back: HRT 1-back number
n-back: HRT 2-back numbers
n-back: HRT 3-back-numbers
n-back: HRT 1-back word
n-back: HRT 2-back words
n-back: HRT 3-back words
n-back: Detectability index 1-back numbers
n-back: Detectability index 2-back numbers
n-back: Detectability index 3-back numbers
FTT: Maximum number of repetitions with good hand
FTT: Maximum number of repetitions with bad hand
FTT: Summation of two times with good hand

Hg
−0.157
−0.037
−0.373 **
−0.231
−0.201
−0.088
0.002
0.023
−0.090
−0.049
0.000
−0.170
0.072
−0.061
−0.247
−0.106

Mn
−0.372 *
−0.519 **
−0.158
−0.548 **
−0.114
−0.040
0.135
0.091
−0.072
−0.074
0.251
−0.092
−0.099
0.295
0.317
0.260

Pb
−0.072
−0.141
−0.121
−0.031
−0.267
−0.303 *
−0.212
−0.150
0.002
−0.193
−0.186
−0.335 *
−0.082
0.156
0.014
0.181

U
−0.093
0.266
−0.070
0.060
−0.147
−0.282
−0.304 *
−0.234
−0.173
−0.427 **
−0.487 **
−0.374 *
−0.105
0.332 *
0.317 *
0.330 *

Asterisks indicate significant correlations at * p < 0.05 and ** p < 0.01; results for the rest of the metals
measured are not shown, because no correlations were found.

Lead was negatively correlated with some indexes of the n-back test: HRT 2-back numbers
(r = −0.303, p = 0.036) and detectability index remembering 2-back numbers (r = −0.335, p = 0.020).
However, as no correlations with other tests were found, this finding should not be considered really
strong. Anyhow, these results are in the same direction of previous investigations, in which Pb has
been associated with impaired working memory, its severity being directly correlated with blood lead
levels [49]. In addition, Pb is associated with an impaired performance in the continuous performance
test (CPT) [50], and slow performance in the symbol digit test (SDS) [11]. The SDS test implies
hand-eye coordination, but also attention and some kind of working memory performance. The
decrease in the hit attention indicator, together with inefficacy, could suggest an impulsivity response.
Some authors point out that exposure to Pb during childhood impairs the child's ability to allocate the
cognitive resources needed to inhibit a response correctly, resulting in an increased impulsivity [51].
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Additionally, it is not clear whether or not Pb might have safety levels [52], as there is no consensus
around this issue yet.
Uranium levels presented negative correlations with some indicators of the n-back test: HRT 3-back
numbers (r = −0.304, p = 0.048) and HRT 3-back words (r = −0.427, p = 0.003), as well as with the
detectability index remembering 1-back number (r = −0.487, p = 0.001) and 2-back numbers
(r = −0.374, p = 0.013). Similarly to Pb, the current high U levels were related to worse working
memory and impulsivity. Uranium levels in hair were also positively correlated with FTT; the
maximum number of repetitions with the good hand (r = 0.332, p = 0.026), the maximum number of
repetitions with the bad hand (r = 0.317, p = 0.034) and the addition of two times with the good hand
(r = 0.330, p = 0.027). Overall, the results of the FTT suggest a link between U and speed in motor
activity. Previous studies showed that rats exposed to U showed less efficient working memory and
increased spontaneous locomotor activity [53–55]. However, the effect of U on locomotor activity is
still a controversial matter [56]. The behavioral disturbances originated by U might be linked to
alterations of the cholinergic system, this being a target of U exposure in a structure- and
time-dependent manner [56,57].
Finally, phonetic fluency was positively correlated with semantic fluency (r = 0.298, p = 0.030).
The results of the phonetic fluency test indicated some correlation with gender (r = 0.276, p = 0.45),
girls being those with the highest scores. However, no correlation was found with the concentrations of
metals in hair.
Despite any correlations found between the metal concentrations in hair and the outcomes of
neuropsychological tests, it must be highlighted that hair may be a biomonitor of limited utility for
some elements, other than As and Hg. Unfortunately, the available amount of blood from children was
not sufficient to assess metal exposure. Alternatively, hair was the chosen biomonitor, because it is a
non-invasive technique capable of estimating the internal exposure to heavy metals [11].
3.4. Relationship between Testosterone Levels in Blood and Neuropsychological Tests
In this study, we found a significant negative correlation between testosterone levels in blood and
prosocial behavior in girls (r = −0.388, p = 0.041) (Table 4). Girls with higher testosterone levels
tended to have a lower prosocial behavior. This corroborates the observations of Sisk and Zehr [15],
who concluded that adolescent exposure to androgens had long-term effects on aggression in female
mice. Moreover, Yu and Shy [58] found a positive relationship between salivary testosterone levels
and the aggression factor scores of the Child Behavior Checklist (CBCL) in female students. A
significant positive correlation between testosterone and detectability index remembering 3-back
numbers (r = 0.520, p = 0.047) was observed in boys. Consequently, testosterone would be related to
better working memory in boys, especially with numbers. According to data from animal
investigations, testosterone reduces impulsivity in male rats [59].
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Table 4. Spearman correlations between testosterone levels in the blood of children (boys
and girls separately) and neuropsychological variables (N = 44).
Neuropsychological Variables
Perseverations on phonetic evocation
SDQ: Prosocial behavior
n-back: Detectability index 3-back numbers
FTT: Maximum number of repetitions with good hand
FTT: Summation of two times with bad hand
FTT: Maximum number of repetitions with bad hand

Testosterone Boys
0.420
−0.147
0.520 *
−0.539 *
−0.571 *
−0.602 *

Testosterone Girls
0.415 *
−0.388 *
−0.103
0.334
0.426 *
0.462 *

Asterisks indicate a significant correlation at * p < 0.05; results for the rest of the outcomes are not shown,
because no correlations were found.

Significant positive correlations were observed between testosterone blood levels and the addition
of two times with the bad hand (r = 0.426, p = 0.024), as well as the maximum number of repetitions
with the bad hand (r = 0.462, p = 0.013) in girls. This indicates a relationship between testosterone and
motor activity speed, with no preferred hand. Surprisingly, testosterone levels in boys were negatively
correlated with the same two indexes of the finger-tapping test (r = −0.571, p = 0.021; r = −0.602,
p = 0.014) and with the maximum number of repetitions with the good hand (r = −0.539, p = 0.031).
Previous studies failed in demonstrating that the administration of testosterone improved psychomotor
performance in men [60,61]. It is then plausible that the correlations between testosterone and FTT
could be mediated by gender. Finally, testosterone levels in girls were significantly and positively
correlated with perseverations on phonetic evocation (r = 0.415, p = 0.028). This means that high
testosterone levels in girls would cause them to tend to repeat words, implying that working memory
might not function as good as in girls with lower testosterone levels. No statistically significant
correlations between testosterone in blood and phonetic and semantic fluencies were found (data
not shown).
Because of the reduced size of the current sample, our results should be considered as very
preliminary. As an exploratory study and given the small study population, we did not perform
multiple test adjustments, because they are not strictly required in this kind of investigation [62,63].
However, since the actions of pubertal hormones during adolescence may have long-lasting
consequences [15], these results should be replicated in other studies with larger sample sizes and
more statistical power.
4. Conclusions
Although the levels of metals in hair were within standard values, Pb and U concentrations could be
correlated with certain, but minor, neuropsychological alterations in the childhood population of Flix.
Anyhow, the present findings should be taken cautiously. The follow-up of future birth cohorts, with
bigger study populations, is needed to further evaluate the potential associations between exposure to
metals and neuropsychological development in adolescence, by means of using more complex
statistical analyses.
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