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Abstract

Urban–industrial environments can generate mixed geogenic and traffic-related metal
signatures in paediatric scalp hair, yet interpretation is challenged by left-censoring and
limited health-based guidance values for hair. We quantified barium (Ba), strontium (Sr)
and vanadium (V) in archived scalp hair collected in 2001 from children (6–9 years, n = 120)
and adolescents (13–16 years, n = 97) residing in Alcalá de Henares (central Spain). Samples
were washed, digested and quantified by Inductively coupled plasma mass spectrometry
(ICP–MS; laboratory processing in 2025); results below the limit of detection (LoD) were
treated as left-censored using NADA2 (no substitution). In children, Ba and Sr were fre-
quently quantifiable (medians 0.193 and 0.412 µg/g; 38.3% and 23.3% <LoD), whereas V
was heavily censored (74.2% <LoD; median 0.003 µg/g). Adolescents showed higher Ba and
Sr and broader upper tails (Ba median 0.287 µg/g, P95 2.061 µg/g; Sr median 1.105 µg/g,
P95 4.995 µg/g), while V remained low (median 0.011 µg/g, P95 0.052 µg/g). Ba and Sr dis-
played strong spatial gradients across four residential zones in adolescents (censored-data
Peto–Peto tests p < 1 × 10−8), but V did not (p = 0.162). Co-located residential topsoils were
available only for V and showed limited between-zone contrast; soil–hair correspondence
was weak overall but moderate in adolescent girls (Spearman ρ = 0.433). These findings
provide a historical baseline and support a cautious tracer-oriented interpretation in which
the observed Ba–Sr spatial patterning is consistent with heterogeneous contact with dust-
and traffic-influenced surface materials, while V appears less discriminatory in low-contrast
community settings.
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1. Introduction
1.1. Paediatric Metal Exposure in Urban–Industrial Environments

Children and adolescents are especially relevant populations in environmental expo-
sure assessment because behavioural, physiological, and developmental factors can modify
both contact with contaminants and their biological handling [1–3]. In urban–industrial
environments, paediatric exposure to trace elements may arise through multiple path-
ways, including contact with contaminated soils and road dust, inhalation of resuspended
particles, and dietary intake, often with marked spatial heterogeneity within the same
municipality [4,5]. Integrated biomonitoring studies have shown that these mixed expo-
sure settings can generate measurable spatial patterns in paediatric internal or external
biomarkers, particularly when environmental and social determinants coexist [6].

Accordingly, approaches combining environmental matrices with human biomonitor-
ing are increasingly used to improve inference on exposure sources and pathways [3,7]. In
Spain, paediatric biomonitoring has expanded mainly through urine-based studies, with
selected applications in blood and other matrices, showing that elements such as Ba and V
can vary with environmental context, residential setting, and diet [8–11]. Although urine
and blood are generally preferred for short- and medium-term internal dose depending on
the element, complementary matrices remain useful where longer integration windows,
retrospective assessment, or source-oriented interpretation is needed [3]. Within this frame-
work, scalp hair continues to attract interest because it is non-invasive, easy to store, and
potentially informative when decontamination and analytical quality control are carefully
standardised [12,13].

1.2. Why Focus on Barium, Strontium, and Vanadium as Environmental Tracers?

Barium (Ba) and strontium (Sr) are relevant in urban geochemical studies because they
commonly reflect crustal and mineral-dust inputs, yet can also respond to the redistribution
of fine particulate material along roads and other trafficked surfaces [4,5]. This makes them
potentially informative for evaluating intra-urban gradients where geogenic background
and traffic-related resuspension overlap. Evidence from road dust, roadside soils, and
related surface materials supports the use of Ba and Sr as tracers of conservative particulate
reservoirs influenced by both lithology and non-exhaust traffic processes [14,15].

Interpretation of Ba and Sr in Spain also benefits from continental and Iberian geo-
chemical baselines. The GEMAS (Geochemical Mapping of Agricultural and Grazing land
Soil) programme provides harmonised reference distributions for European agricultural
and grazing soils [16], and the Iberian reinterpretation is particularly relevant here because
Spain contributes most of the grid cells included in that regional compilation [17]. These
data confirm that both Ba and Sr are strongly conditioned by lithology and soil chem-
istry at broad spatial scale, providing an important backdrop for interpreting local urban
variation [17].

Vanadium (V) complements Ba and Sr because it represents a different tracer logic. In
urban environments, V is often discussed in relation to combustion and industrial activity,
but its interpretation is context-dependent because environmental levels are also influenced
by parent material and by physicochemical controls on soil retention and mobility [18–20]. In
Alcalá de Henares, V has previously been measured in urban and industrial soils and showed
setting-dependent differences with seasonal variability [21]. Iberian-scale data further indicate
that V is strongly associated with ferromagnesian geochemical background, reinforcing that
local interpretation must consider both natural and anthropogenic controls [17].

In biomonitoring datasets, V often shows lower detectability and weaker spatial
discrimination than Ba and Sr when concentrations are close to analytical limits, which may
reduce interpretability at intra-urban scale [3]. For this reason, the Ba–Sr–V combination
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provides a compact but informative panel: Ba and Sr are useful for evaluating conservative
particulate redistribution and dust-related spatial patterning, whereas V offers a more
context-dependent indicator of combustion- or industry-related influence under stronger
geochemical control [22–24].

1.3. Hair as a Biomonitoring Matrix for Source-Oriented Studies

Scalp hair is a practical matrix for retrospective biomonitoring because it can be col-
lected non-invasively, stored with minimal burden, and used to reconstruct historical
exposure patterns when archived samples are available [12]. These advantages are par-
ticularly relevant in source-oriented or population-level studies, where the objective is
to evaluate contrasts across age groups, sex, or residential settings rather than to infer
individual clinical status.

At the same time, hair concentrations must be interpreted cautiously because they can
reflect both endogenous incorporation during hair formation and exogenous deposition of
airborne particles or dust onto the hair surface [25]. As a result, interpretation depends on
standardised washing/decontamination procedures, robust analytical quality control, and
an appropriate statistical treatment of data near detection limits [3,12,25]. Hair is therefore
most informative when used as part of an integrated exposure framework and when paired,
where possible, with environmental matrices that strengthen source plausibility.

This general approach is supported by previous paediatric studies. In Spain, hair-
based datasets have reported age- and sex-related variation and provided reference values
for elements including Ba and Sr [26,27]. Other European studies have similarly shown that
paediatric hair profiles can discriminate environmental contexts when sampling, analytical
methods, and statistical treatment are applied consistently [28]. Together, these studies
support the use of hair as a useful matrix for historical baseline definition and for cautious
source-oriented interpretation.

1.4. Study Rationale, Novelty, and Objectives

Despite increasing interest in hair biomonitoring, paired evidence linking paediatric
hair concentrations to contemporaneous environmental matrices remains limited in urban–
industrial settings, particularly for historical cohorts. Archived biospecimens can provide a
valuable baseline from periods preceding later technological, regulatory, and behavioural
changes, but their interpretive value depends on transparent analytical treatment and on
appropriate environmental context.

In this study, we analyse scalp hair collected in 2001 from children and adolescents
living in Alcalá de Henares (Spain), using a compact Ba–Sr–V panel to evaluate historical
exposure patterning in a heterogeneous urban–industrial setting. Ba and Sr are considered
primarily as conservative indicators of crustal material and traffic-related dust redistribu-
tion, whereas V is examined as a more context-dependent tracer under stronger soil control.
Matched topsoil measurements are available only for V, allowing direct assessment of V
soil–hair correspondence, while interpretation of Ba and Sr relies on their internal coherence,
zone-level spatial patterning, and established behaviour in urban surface materials [29].

The specific objectives were to: (a) characterise Ba, Sr, and V concentrations in scalp
hair among children and adolescents, including age- and sex-related contrasts; (b) assess
intra-urban spatial variability across predefined environmental zones, testing whether Ba
and Sr show gradients compatible with dust/traffic redistribution and whether V shows
concordant or contrasting spatial patterning; and (c) evaluate V soil–hair correspondence
using matched residential topsoil data, explicitly considering the implications of detection
frequency and left-censoring for inference.
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2. Materials and Methods
2.1. Study Area and Design

Alcalá de Henares (40◦29′ N, 3◦22′ W) is a World Heritage city (~200,000 inhabitants)
located ~30 km east of Madrid (central Spain). The municipality combines residential
neighbourhoods with legacy and active industrial corridors and high-traffic transport
infrastructure, creating a heterogeneous urban–industrial setting for investigating spatially
structured exposure to re-suspended surface materials. The present work uses archived
paediatric scalp-hair specimens collected in 2001, complemented by contemporaneous
topsoil information available for vanadium (V) in the same study area [29]. All archived
hair specimens (collected April–May 2001) were retrieved from storage and underwent
washing, digestion and Inductively Coupled Plasma Mass Spectrometry (ICP–MS) quantifi-
cation during 2025 under a single Quality Assurance/Quality Control (QA/QC)-controlled
analytical workflow, ensuring full analytical comparability across age strata and zones.

2.2. Participants, Ethics and Inclusion Criteria

The study comprises two paediatric strata recruited in Alcalá de Henares: children
aged 6–9 years (n = 120; 70 girls) and adolescents aged 13–16 years (n = 97; 68 girls).
Participants were enrolled using inclusion criteria intended to reduce major sources of
variability in hair elemental composition [30]. In brief, volunteers had naturally dark,
untreated hair; reported no hair dyes or chemical straightening; and were not taking
regular medication at the time of sampling.

Sampling was conducted during April–May 2001 as part of a municipal biomonitoring
programme designed to establish baseline exposure patterning prior to subsequent urban
and technological transitions. The investigation adhered to the Declaration of Helsinki.
Written informed consent was obtained from parents/legal guardians, and assent was
obtained where appropriate. The retrospective analysis and reporting framework were
approved by the relevant institutional ethics committee (Comité de Ética de la Investigación
y de Experimentación Animal, University of Alcalá; CEI-EA code CEIP/2025/3/089).

2.3. Hair Sampling, Handling, and Zoning

Scalp hair was collected from the occipital region, cut as close as possible to the scalp
using stainless-steel scissors. Samples were handled with powder-free gloves and stored in
clean paper envelopes under dry conditions during archival storage until laboratory pro-
cessing. Because hair is a keratinised matrix with generally good stability for trace-element
determination under appropriate dry storage conditions, the samples were considered suit-
able for retrospective analysis; however, the long interval between collection and analysis
remains an inherent limitation of this historical biomonitoring dataset. Given the generally
accepted mean scalp-hair growth rate of ~1 cm/month—while acknowledging substantial
inter-individual variability and collection-related uncertainty—proximal hair primarily
integrates exposure over the weeks-to-months preceding sampling, and any time-window
assignment should be regarded as approximate [31–33].

To support source-oriented interpretation at the intra-urban scale, the municipality
was stratified into four predefined environmental zones following the zoning framework
used in related local geochemical/biomonitoring work [29] (Figure 1). In brief, Zone I
represents lower-density residential areas with greater green-space availability; Zone II
represents a compact urban/residential core; Zone III corresponds to areas dominated by
major road traffic; and Zone IV comprises mixed industrial/residential settings. Children
were recruited from primary schools located in Zones I, II, and IV, whereas adolescents were
enrolled across all four zones, enabling zone-level contrasts in hair Ba–Sr–V distributions.
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Figure 1. Study area and sampling sites. Children’s primary schools (purple symbols) and adolescents’
secondary schools (blue symbols) are indicated, together with soil sampling locations (red symbols).
Where purple and blue symbols overlap, this indicates that the same educational centre includes
both a primary school and a secondary school. Coloured outlines delineate the four environmental
zones used to evaluate residential setting: Zone I (green outline), low-density housing with abun-
dant green space; Zone II (brown outline), compact urban district with dense residential buildings;
Zone III (blue outline), heavy traffic and major roads; and Zone IV (red outline), mixed industrial facil-
ities. Children were recruited from primary schools located in Zones I, II and IV, whereas adolescents
were enrolled from secondary schools distributed across all four zones.

2.4. Dietary Habits (Food-Group Consumption Frequency)

Food-group consumption frequency information was collected to contextualise inges-
tion as a plausible background exposure pathway for Ba–Sr–V and to evaluate whether
broad age- or sex-related dietary shifts could plausibly confound interpretation of hair
patterns. Food and drinking water constitute the principal exposure sources for stable Sr
in the general population, although their relative contribution varies with hydrogeology
and diet [34]. Barium is also encountered via ingestion, with evidence from environmental
and total-diet assessments indicating contributions from both diet and drinking water
and, in general, higher dietary exposure on a body-weight basis in young children than in
adults [35]. Thus, age-group dietary intakes of Sr and Ba have been estimated in Spanish
total-diet studies, supporting ingestion as a background pathway in children and adoles-
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cents [36]. By contrast, V intake from typical diets is generally low—commonly in the order
of tens of micrograms per day—such that, in low-contrast community settings, hair V tends
to be most informative as a context-dependent tracer where combustion/industrial signals
are strong and environmental contrasts are pronounced [37,38].

Therefore, habitual diet in 2001 was assessed using a brief food-group food frequency
questionnaire (FFQ) implemented as a pragmatic screening tool for paediatric field studies.
The FFQ was adapted from Spanish dietary assessment practice, drawing on established
FFQ design frameworks [39] and on approaches used in contemporaneous Spanish biomon-
itoring and dietary intake estimation studies in children [40,41]. The instrument covered
major food groups (red meat, pork, poultry, processed meats, fish, vegetables, rice/pasta,
legumes, bread, fruit, milk, yoghurt, eggs and canned foods). Usual consumption frequency
was recorded as never, <2 times/week, 3–4 times/week or ≥5 times/week; missing or in-
sufficiently specified responses were coded as not reported (NR). A food-group screener of
this type is also broadly consistent with Spanish dietary habit surveys from the same period,
although many population surveys used repeated 24 h recalls rather than short FFQs [42].

For the present manuscript, FFQ data were available only as sex- and age-stratified
aggregated frequency distributions (i.e., the percentage of participants in each consumption
category for each food group), rather than as participant-level records, and were not
available by residential zone. Consequently, food-group consumption frequency was
used descriptively to characterise background dietary patterns and plausible ingestion
pathways; it could not be used to estimate element-specific intakes (no portion sizes or
food-composition linkage), to evaluate dietary determinants at the individual level, or to
test whether diet explained the observed spatial gradients in hair Ba–Sr–V.

To provide a concise indicator of habitual intake, a high-frequency metric was de-
rived as % ≥3 times/week (excluding NR) by combining the 3–4/week and ≥5/week
categories and re-scaling to exclude not-reported (NR) responses for each item: % ≥3/week
(excluding NR) = [( % 3–4/week + % ≥ 5/week )/(100 − %NR)] × 100. For exploratory
assessment of between-group differences in consumption frequency, responses were conser-
vatively collapsed to ≥3/week vs. <3/week (excluding NR) and compared across the four
age–sex groups using Pearson’s chi-square tests [43]. To account for multiple comparisons
across food groups, p-values were adjusted using the Benjamini–Hochberg false discovery
rate (FDR) procedure, and FDR-adjusted p-values (q-values) are reported.

2.5. Hair Decontamination, Digestion, and Elemental Determination

Given the potential contribution of exogenous particle deposition to hair elemental
content, samples were washed using a standardised washing procedure designed to min-
imise external contamination while preserving endogenous incorporation signals [30,44].
Each bulk hair sample (~1 g) was immersed in 1% (v/v) Triton X-100 solution (Sigma-
Aldrich, St Louis, MO, USA) prepared with ultrapure Milli-Q water (Milli-Q® Direct 8,
Merck Millipore, Darmstadt, Germany; resistivity 18.2 MΩ cm), and sonicated in an ultra-
sonic bath (J.P. Selecta Ultrasons, Abrera, Barcelona, Spain) for five minutes, and the wash
step was repeated four times. Specimens were then rinsed three times with ultrapure water
and sonicated for an additional five minutes in ultrapure water alone. Cleaned hair was
placed on acid-cleaned filter paper and oven-dried at 50 ◦C to constant weight.

For digestion, approximately 100 mg of the cleaned and dried hair was transferred into
acid-washed polytetrafluoroethylene digestion tubes and treated with 2 mL of 65% HNO3

(Suprapur®, Merck, Darmstadt, Germany). Samples underwent a pre-oxidation step for
12 h, followed by heating at 96 ◦C for 12 h on a programmable digestion block. Digests were
quantitatively brought to 10 mL with ultrapure water, transferred to nitric-acid-washed
polypropylene tubes, and stored at −80 ◦C until analysis. Procedural blanks were included
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routinely (one blank per five samples). Before instrumental analysis, frozen digest solutions
were allowed to thaw at room temperature overnight under laboratory conditions; no
external heating was applied.

Barium, Sr, and V were determined in hair digests using inductively coupled plasma–
mass spectrometry (ICP–MS) on a PerkinElmer NexION 350D (Waltham, MA, USA). Mea-
surements were performed in helium collision mode to attenuate polyatomic interferences
and improve robustness for trace-level quantification in a keratinised matrix.

Following digestion, solutions were diluted 1:5 with ultrapure Milli-Q® water acidified
to 1% HNO3 (v/v). External calibration employed a matrix-matched blank and multi-point
calibration standards prepared from certified TraceCERT® solutions (Merck, Darmstadt,
Germany) in the same acid medium. Niobium was introduced continuously as the sole
internal standard to correct for instrumental drift and matrix-related signal variability.
Each digest was analysed in duplicate, with three replicate readings per sample and an
integration time of 1 s per monitored isotope. The isotopes used for quantification were
138Ba, 88Sr, and 51V.

QA/QC included procedural blanks, calibration-verification standards, duplicate
digest analysis, and certified reference materials (CRMs). Analytical performance was
verified using two CRMs. First, the NCS DC 73347 human-hair CRM (National Research
Centre for Certified Reference Materials, Beijing, China) was analysed every five samples
as an independent control for keratinised matrices; certified concentrations (µg g−1) were
Ba = 17 ± 2 and Sr = 24 ± 1. Second, V was verified using the SPS-SW2 surface-water
CRM (Spectrapure Standards AS, Oslo, Norway; batch 127), with a certified concentration
of 50 ± 0.3 ng mL−1 at 20 ◦C. Recoveries for certified constituents were within 90–95% of
stated values. Procedural blanks and verification standards were measured at the beginning
and end of each analytical sequence.

Analytical limits of detection (LoDs) were defined as 3σ of blank signals and calcu-
lated separately for children and adolescents. Minor LoD differences between groups
were attributed to differences in available hair mass after washing and trimming and the
consequent dilution requirements rather than to changes in instrumental performance. Un-
der these standardised decontamination and QA/QC-controlled conditions, the resulting
dataset provides a defensible historical baseline for Ba–Sr–V concentrations in paediatric
hair prior to later shifts in urban exposure profiles.

2.6. Vanadium in Topsoils and Soil–Hair Correspondence

Matched environmental measurements were available only for V, based on contem-
poraneous residential topsoils collected in the Alcalá de Henares study area during the
2001 campaign and linked to participants with co-located sampling [29]. The residential
topsoil V values represent an operationally defined pseudo-total fraction obtained by hot
nitric-acid digestion (HNO3; closed Teflon vessels/bomb digestion) followed by ICP–MS
determination in 0–3 cm surface soils, with routine QA/QC including blanks, duplicates
and reference material checks [29]. Accordingly, these values are not directly comparable to
GEMAS aqua-regia extractables and are used here as a within-area environmental anchor
contemporaneous with hair sampling to support tracer-based interpretation of hair V in a
heterogeneous urban–industrial setting.

For participants with paired observations, soil–hair correspondence was evaluated
using Spearman’s rank correlation coefficient (ρ) between hair V concentrations and the
corresponding topsoil V levels. Spearman’s ρ was selected because environmental con-
centration data are typically right-skewed and may deviate from normality, and because
the method is robust to monotonic non-linear relationships and the influence of extreme
values; statistical significance was assessed at α = 0.05. No paired topsoil measurements
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were available for barium (Ba) or strontium (Sr); accordingly, interpretation of Ba and Sr
in the present study cannot be anchored to matched environmental measurements and
is therefore restricted to (i) their internal coherence within the hair matrix, (ii) zone-level
spatial patterning, and (iii) established tracer behaviour in urban surface materials reported
in the wider literature. Any source-oriented inference for Ba and Sr should therefore be
regarded as cautious and hypothesis-generating rather than demonstrative. Underlying
individual-level concentration data were compiled from the archived dataset underly-
ing prior reporting [29] and re-analysed using the NADA2 package in R, treating values
reported as <LoD as left-censored observations (without substitution). Distributional
summaries and inferential tests were re-estimated under this harmonised framework to
ensure internal consistency across age strata and downstream analyses, including soil–hair
association testing for V.

2.7. Statistical Analysis and Screening Contextualisation Using Reference Intervals
2.7.1. Descriptive Statistics and Treatment of Left-Censored Data

Elemental concentrations below the analytical limit of detection (LoD) were treated
as left-censored observations (<LoD) rather than replaced by substitution values (e.g.,
LoD/2), consistent with established recommendations for environmental and biomonitor-
ing datasets containing nondetects [24,45]. The extent of censoring (proportion <LoD) and
the LoDs applied to each age stratum are reported alongside the descriptive summaries in
Section 3. Distributional summaries were estimated using censored-data methods selected
according to censoring intensity and sample size. When censoring was <50%, central
tendency and spread were obtained using the Kaplan–Meier (KM) nonparametric estimator.
For censoring in the 50–80% range, we applied regression on order statistics (ROS) or
maximum likelihood estimation (MLE) within a parametric framework when appropriate,
following standard practice for moderately to heavily censored concentration data [24,46].
For variables with >80% censoring, we avoided unstable full-distribution estimation and
instead emphasised detection frequency and robust upper-tail descriptors where estimable.

Percentiles (including P95) and their confidence bounds were estimated using
censoring-aware procedures consistent with the above framework. To support trans-
parent reporting under left-censoring, we report the Kaplan–Meier (KM) mean, i.e., the
non-parametric KM estimate of the arithmetic mean that explicitly incorporates <LoD
observations as censored values rather than substituted numbers; where indicated, we
additionally report the lower 95% confidence limit (LCL) of the KM mean as a conservative
bound on the mean under censoring and skewness [24,47,48].

To characterise upper-background levels in this population, reference limits were
derived separately for children and adolescents (and by sex where sample size allowed) by
estimating the P95 and its 95% confidence interval (CI-P95). Throughout the manuscript, the
term “reference interval” is used operationally to denote these upper population reference
limits (P95 with confidence bounds), aligned with established IUPAC reference-interval
concepts for population benchmarking [49].

Analyses were conducted in R (v4.4.3) using NADA2 for censored-data estimation
and inference and supporting packages for standard summaries and diagnostics [50,51].

2.7.2. Group and Spatial Comparisons

Differences by sex and age group (children vs. adolescents) were evaluated using
Welch’s t-test or the Wilcoxon rank-sum test, depending on distributional diagnostics and
variance homogeneity. Spatial differences among predefined residential zones were tested
using methods aligned with censoring status. For variables containing censored values,
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zone-level summaries were obtained within the KM framework, and an overall Peto–Peto
(modified Gehan–Wilcoxon) test was used for one-factor comparisons across zones [47,52].

Where an overall zone effect was detected, post hoc pairwise comparisons were con-
ducted within the same censored-data framework. For fully uncensored variables, distribu-
tional assumptions were formally evaluated before test selection using the Shapiro–Wilk
test for normality and the Fligner–Killeen test for homoscedasticity; ANOVA-based proce-
dures were applied when assumptions were acceptable, whereas Welch-type methods were
used under heteroscedasticity and rank-based non-parametric tests under non-normality.
To control multiplicity across zone contrasts (and across the element panel), p-values were
adjusted using the Benjamini–Hochberg false discovery rate procedure.

2.7.3. Screening-Level Contextualisation Using External Paediatric Hair Reference
Distributions (Non-Health-Based)

Because widely accepted health-based biomonitoring guidance values (e.g., biomon-
itoring equivalents, HBM-I) are generally established for blood and urine and are not
routinely available or harmonised for hair for Ba–Sr–V, the present analysis implements
screening-level contextualisation rather than a health-threshold hazard quotient [53]. Ac-
cordingly, hair concentrations were interpreted against external paediatric hair reference
distributions derived from studies reporting percentile statistics and/or formally con-
structed reference ranges.

As primary comparators within Spain, we prioritised paediatric studies that used
ICP-MS and provided distributional detail suitable for benchmarking. In Madrid,
Llorente Ballesteros et al. [26] quantified Ba and Sr (among other elements) in hair from
648 healthy participants aged 0–18 years (sampling April 2008–December 2009) and de-
rived 0.95 coverage intervals with 0.95 confidence intervals in line with IUPAC recommen-
dations; this study also reported element-specific proportions below LoD and documented
age/sex patterning relevant for interpretation.

For V contextualisation, we additionally considered the large paediatric dataset from
Elche (Alicante, eastern Spain) reported by Ruiz et al. [27]. This was an observational,
descriptive, cross-sectional study in a Mediterranean setting described as free of excessive
pollution problems, analysing 419 hair samples from children aged 3–12 years. Participants
were selected by simple random sampling from eight primary schools across municipal
districts incorporating urban, rural, and industrial areas.

2.7.4. Exceedance Ratio (ER) for Cross-Population Screening Comparisons

To support transparent, non-health-based benchmarking, we computed an Exceedance
Ratio (ER) as a dimensionless descriptor comparing the upper tail of the Alcalá 2001
distribution with an external paediatric comparator distribution:

ER = P95study/P95reference

where P95study is the study-specific 95th percentile and P95reference is the comparator 95th per-
centile (or, where reported, the upper limit of a 0.95 IUPAC coverage interval). ER values > 1
indicate that the study upper tail exceeds the external reference level. ER is presented
strictly as a screening contextualisation metric, not as a toxicological risk quotient.

3. Results
Tables 1 and 2 summarise detection frequencies and descriptive statistics (LoDs,

medians, IQRs and P95 values) for Ba, Sr and V in children and adolescents, overall and
stratified by sex. For children, V is available in two derived fields: (i) a legacy V field
(V†) obtained from the previously processed dataset [29], in which values reported as
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<LoD were handled by conventional substitution (LoD/2) during manual processing; and
(ii) a harmonised V field (V) re-processed in the present study using censored-data methods
(NADA2), treating <LoD observations as explicitly left-censored. Accordingly, all children’s
V results reported and interpreted in this manuscript (unless explicitly labelled V†) refer to
the harmonised NADA2 field, ensuring direct comparability with adolescent V summaries
and with all zone- and correlation-based analyses involving V.

Table 1. Concentrations of metals and metalloids (µg/g) in hair of children from Alcalá de Henares, Spain.

Element Group N % <LoD LoD A.M. G.M. Median IQR P95 CI-PP95 Range p-Value (Sex)

Ba
Total 74 38.3 0.124 0.273 ± 0.191 0.175 0.193 0.124, 0.350 0.629 0.447–0.687 0.136–1.290

0.000004 ***Boys 21 58.0 0.124 0.154 ± 0.141 0.106 0.108 0.062, 0.193 0.485 0.167–0.515 0.136–0.687
Girls 53 24.3 0.124 0.333 ± 0.209 0.245 0.271 0.153, 0.421 0.717 0.533–0.848 0.153–1.290

Sr
Total 92 23.3 0.187 0.680 ± 0.654 0.413 0.412 0.195, 0.894 2.155 1.183–2.509 0.191–3.366

6.78 × 10−10 ***Boys 28 44.0 0.187 0.367 ± 0.476 0.205 0.197 0.187, 0.377 0.758 0.377–0.958 0.191–3.366
Girls 64 8.6 0.187 0.908 ± 0.672 0.670 0.688 0.359, 1.162 2.441 1.770–2.646 0.228–2.743

V†
Total 24 79.5 0.02 0.44 ± 0.41 0.32 0.27 0.16, 0.50 1.21 1.04–1.37 0.12–1.77

NSBoys 13 72.3 0.02 0.48 ± 0.49 0.35 0.27 0.24, 0.44 1.47 1.20–1.73 0.13–1.77
Girls 11 84.3 0.02 0.38 ± 0.30 0.29 0.27 0.14, 0.58 0.86 0.68–1.04 0.12–0.89

V
Total 31 74.2 0.02 0.274 ± 24.083 0.003 0.003 0.0004, 0.0235 0.428 0.165–1.109 0.023–1.026

0.0243Boys 18 64.0 0.02 0.110 ± 0.230 0.008 0.013 0.003, 0.094 0.567 0.020–0.687 0.023–1.026
Girls 13 81.4 0.02 / 0.0014 / / 0.222 0.328 †† 0.023–0.706

N = number of samples above LoD; % ≤ LoD = percentage below limit of detection; A.M. = arithmetic mean
(results are presented as mean values ± S.D.); G.M. = geometric mean; IQR = interquartile range (P25, P75);
P95 = 95th percentile; CI-PP95 = 95% confidence interval for 95PP (population percentile); V† indicates historical
vanadium data from Peña-Fernández [29], whereas V without the dagger corresponds to the present study
analysis; †† 97.5th percentile; / = the data does not provide enough information to determine this parameter.
* p < 0.05; ** p < 0.01; *** p < 0.001.

Table 2. Concentrations of metals and metalloids (µg/g) in hair of adolescents from Alcalá de
Henares, Spain.

Element Group N % <LoD LoD A.M. G.M. Median IQR P95 CI-PP95 Range p-Value (Sex) p-Value (Age)

Ba
Total 63 35.1 0.153 0.671 ± 0.750 0.286 0.287 0.153, 0.948 2.061 1.679–2.668 0.155–3.469

0.235 0.0014Boys 12 58.6 0.153 0.847 ± 0.921 0.113 0.369 0.197, 1.458 2.425 0.153–3.148 0.287–3.469
Girls 51 25.0 0.153 0.619 ± 0.645 0.340 0.323 0.153, 0.777 2.004 1.099–2.210 0.155–3.050

Sr
Total 61 37.1 0.434 1.780 ± 1.904 0.808 1.105 0.434, 2.390 4.995 3.454–6.342 0.513–13.166

0.006 ** 1.67 × 10−5Boys 11 62.1 0.434 1.099 ± 0.981 0.291 0.668 0.397, 1.766 2.786 0.434–3.273 0.513–3.861
Girls 50 26.5 0.434 2.079 ± 2.119 1.105 1.240 0.434, 3.066 6.023 3.609–7.107 0.578–13.166

V
Total 47 51.5 0.011 0.017 ± 0.021 0.011 0.011 0.006, 0.020 0.052 0.037–0.072 0.011–0.166

0.004 ** 0.365Boys 7 75.9 0.011 0.012 ± 0.033 0.003 0.001 0.0002, 0.0050 0.057 0.011–0.080 0.012–0.166
Girls 40 41.2 0.011 0.020 ± 0.016 0.013 0.013 0.011, 0.021 0.053 0.025–0.077 0.011–0.091

N = number of samples above LoD; % ≤ LoD = percentage below limit of detection; A.M. = arithmetic mean
(results are presented as mean values ± S.D.); G.M. = geometric mean; IQR = interquartile range (P25, P75);
P95 = 95th percentile; CI-PP95 = 95% confidence interval for 95PP (population percentile); * p < 0.05; ** p < 0.01;
*** p < 0.001.

Although LoD/2 substitution has been widely used in environmental chemistry, it
can bias distributional descriptors and hypothesis tests when censoring is high [45,54].
This is particularly relevant when censoring affects the lower tail, where percentiles and
dispersion metrics can become unstable under substitution-based handling [55]. Moreover,
once <LoD values are replaced by numeric substitutes, the original nondetect flag can be
partially or fully lost in exported datasets; when censoring indicators are later reconstructed
(e.g., due to rounding and borderline values near the detection boundary), the number of
observations classified as <LoD may differ slightly between workflows. To address these
limitations and harmonise inference across age strata, we have re-processed children’s V
using statistically robust methods for left-censored data [24], implemented in the NADA2
framework [48]. Any divergence between V† and harmonised V is therefore expected to be
most pronounced under heavy censoring and reflects the sensitivity of substitution-based
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summaries (and reconstructed <LoD counts) to handling at the detection boundary, rather
than differences in the underlying analytical measurements.

3.1. Detection Frequencies and Concentrations in Children

In children, Ba and Sr were quantified in the majority of samples, whereas V showed
substantial left-censoring (74.2% of observations <LoD; n = 31; LoD 0.02 µg/g). Bar-
ium was detected in 74 samples (38.3% <LoD; LoD 0.124 µg/g), with a median of
0.193 µg/g (IQR 0.124–0.350) and a P95 of 0.629 µg/g. Strontium was detected in 92 samples
(23.3% <LoD; LoD 0.187 µg/g), with a median of 0.412 µg/g (IQR 0.195–0.894) and a P95 of
2.155 µg/g. For vanadium, the median was 0.003 µg/g (IQR 0.0004–0.0235) and the P95 was
0.428 µg/g (Table 1).

Sex-stratified distributions indicated higher Ba and Sr in girls than boys. The median
Ba was 0.108 µg/g in boys versus 0.271 µg/g in girls (p-value = 0.000004), and the median Sr
was 0.197 µg/g in boys versus 0.688 µg/g in girls (p-value = 6.78 × 10−10). For V, a modest
sex contrast was observed (p-value = 0.024), with higher values in boys (median 0.013 µg/g;
64.0% <LoD) than girls (81.4% <LoD); however, inference for girls was constrained by
heavy censoring.

In children, bivariate correlation analysis of hair elemental profiles showed a consistent
and statistically robust co-variation between Sr and Ba. Specifically, hair Sr was positively
associated with hair Ba in the overall children dataset (Spearman’s ρ = 0.71; p < 0.01),
indicating that higher Sr concentrations tended to occur alongside higher Ba concentrations.
This pattern remained evident after sex stratification, with a positive Sr–Ba association
observed both in boys (ρ = 0.50; p < 0.01) and in girls (ρ = 0.74; p < 0.01). Collectively, these
findings could support a coherent Ba–Sr hair signature in children, and the persistence of
the association across strata suggests that the relationship is not driven solely by sex-specific
variability in exposure or hair matrix characteristics. In contrast, V showed little evidence
of co-variation with Ba or Sr in the overall children dataset (V–Ba: ρ = 0.06; p = 0.517;
V–Sr: ρ = 0.06; p = 0.534). After sex stratification, V remained weakly and non-significantly
associated with Ba in both boys (ρ = 0.21; p = 0.146) and girls (ρ = 0.11; p = 0.351), while a
modest positive V–Sr association was observed in boys only (ρ = 0.32; p = 0.022) and not
in girls (ρ = 0.04; p = 0.725). Given the substantial left-censoring of V in children, these
V-related correlations should be interpreted cautiously as descriptive patterns rather than
strong evidence of shared sources or coupled uptake.

3.2. Detection Frequencies and Concentrations in Adolescents

In adolescents (13–16 years; Table 2), Ba, Sr, and V were more consistently quantifiable
than in children, although censoring remained relevant, particularly for V in males (75.9% of
observations <LoD). Barium was detected in 63 samples (35.1% <LoD; LoD 0.153 µg/g) with
a median of 0.287 µg/g (IQR 0.153–0.948) and a P95 of 2.061 µg/g. Strontium was detected in
61 samples (37.1% <LoD; LoD 0.434 µg/g) with a median of 1.105 µg/g (IQR 0.434–2.390) and
a P95 of 4.995 µg/g. Vanadium was detected in 47 samples (51.5% <LoD; LoD 0.011 µg/g)
with a median of 0.011 µg/g (IQR 0.006–0.020) and a P95 of 0.052 µg/g.

In adolescents, sex contrasts were evident for Sr and V but not for Ba, with con-
centrations significantly higher in females than males for both elements: median Sr was
1.240 µg/g in females versus 0.668 µg/g in males (p-value = 0.006), and median V was
0.013 µg/g in females versus 0.001 µg/g in males (p-value = 0.004).

In adolescents, correlation analysis of the hair elemental profile identified a highly
coherent Sr–Ba signal. Hair Sr was very strongly and positively associated with hair
Ba in the overall adolescent dataset (ρ = 0.90; p < 0.01), indicating that individuals with
higher Sr concentrations also tended to present higher Ba concentrations. This relationship
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persisted after sex stratification and remained extremely strong in boys (ρ = 0.98; p < 0.01)
and similarly strong in girls (ρ = 0.91; p < 0.01). The magnitude and consistency of these
associations across the adolescent sample supports a shared underlying driver for Sr and
Ba in hair, compatible with common external inputs and/or parallel incorporation into the
hair matrix rather than an association attributable solely to sex-specific variability.

3.3. Age Comparison

Across paediatric strata, Ba and Sr were consistently quantifiable and exhibited clear
age-related shifts in their distributional profiles (Tables 1 and 2). Children showed median
concentrations of 0.193 µg/g for Ba and 0.412 µg/g for Sr (with 38.3% and 23.3% <LoD,
respectively), whereas adolescents displayed higher central tendency and a markedly more
elevated upper tail (Ba median 0.287 µg/g; Sr median 1.105 µg/g; P95: 2.061 µg/g for Ba
and 4.995 µg/g for Sr). These differences were statistically significant for both elements
(p-values = 0.0014 and 1.67 × 10−5, respectively; Table 2). In contrast, V showed pronounced
age-dependent quantifiability (p-value = 0.365): children’s hair V was predominantly left-
censored (74.2% <LoD), while adolescents had a substantially higher detection frequency
(51.5% <LoD) with concentrations centred near the analytical limit (median 0.011 µg/g;
IQR 0.006–0.020). Overall, these findings indicate a more prominent Ba–Sr signal in ado-
lescent hair alongside improved interpretability of V relative to children, consistent with
age-linked differences in exposure opportunity and microenvironmental contact patterns.

3.4. Spatial Contrasts by Residential Zone

Spatial contrasts differed sharply by age stratum. Among children (Table 3), zone-level
differences were limited: Ba showed only borderline heterogeneity across Zones I, II and IV
(Peto–Peto p-value = 0.053), while Sr showed no evidence of a zone effect (p-value = 0.736).
For V, neither the historical dataset reported by Peña-Fernández [29] (V†; NS) nor the
present censored-data analysis showed significant zone differences (p-value = 0.139). Be-
cause children were recruited from Zones I, II and IV only (i.e., Zone III not represented),
inference on spatial structure in children is necessarily constrained by the sampling frame.
Consistent with the absence of significant overall zone effects, no post hoc pairwise group-
ings are displayed in Table 3.

Table 3. Spatial (zone) differences in hair element concentrations (µg/g) in children (Alcalá de Henares).

Element Zone N KM Mean LCL Mean p-Value

Ba
1 24 0.361 ± 0.202 0.273

0.0532 60 0.273 ± 0.199 0.221
4 36 0.251 ± 0.112 0.212

Sr
1 24 0.619 ± 0.423 0.435

0.7362 60 0.618 ± 0.574 0.468
4 36 0.829 ± 0.842 0.539

V†
1 24 0.32 ± 0.30 0.15

NS2 60 0.44 ± 0.52 0.25
4 36 0.49 ± 0.35 0.31

V
1 24 0.059 ± 0.078 0.024

0.1392 60 0.082 ± 0.133 0.045
4 36 0.131 ± 0.232 0.049

Zones correspond to the residential-area classification described in Section 2 and Figure 1. N = number of
participants in each zone. For variables with left-censored observations (<LoD), zone-level central tendency was
estimated using the Kaplan–Meier mean (KM Mean) (reported as mean ± dispersion as shown in the table);
LCL Mean = lower 95% confidence limit of the KM mean. p-value denotes the overall comparison among zones
using the Peto–Peto (modified Gehan–Wilcoxon) test for censored variables. No statistically significant overall
zone effect was observed for the variables shown in this table; therefore, no post hoc pairwise groupings are
displayed. V† indicates historical vanadium data from Peña-Fernández [29], whereas V without the dagger
corresponds to the present study analysis; results are presented as arithmetic mean values ± S.D.
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In adolescents (Table 4), zone gradients were pronounced for Ba and Sr when zone-
level central tendency was estimated using the Kaplan–Meier (KM) mean to accommodate
left-censoring. For Ba, the KM mean increased from 0.297 µg/g (Zone I) to 0.537–0.535 µg/g
(Zones II–III) and peaked at 1.872 µg/g in Zone IV, with a strong overall zone effect (p-value
= 2.66 × 10−18). The conservative lower confidence limit of the KM mean (LCL Mean)
showed the same ordered pattern (0.172 and 0.254 in Zones I–II; 0.352 in Zone III; 1.529 in
Zone IV), and FDR-adjusted post hoc comparisons indicated that Zones I and II were
comparable, Zone III was higher than Zones I–II, and Zone IV was higher than all other
zones (I = II < III < IV).

Table 4. Spatial (zone) differences in hair element concentrations (µg/g) in adolescents (Alcalá de Henares).

Element Zone N KM Mean LCL Mean p-Value

Ba

1 36 0.297 ± 0.357 0.172 a

2.66 × 10−18 ***
2 20 0.537 ± 0.581 0.254 a

3 24 0.535 ± 0.424 0.352 b

4 17 1.872 ± 0.645 1.529 c

Sr

1 36 0.989 ± 0.959 0.652 a

2.61 × 10−9 ***
2 20 1.489 ± 1.252 0.875 a

3 24 1.865 ± 1.299 1.302 b

4 17 3.832 ± 2.859 2.314 c

V

1 36 0.021 ± 0.028 0.011

0.162
2 20 0.017 ± 0.006 0.014
3 24 0.022 ± 0.020 0.014
4 17 0.023 ± 0.015 0.014

Zones correspond to the residential-area classification described in Section 2 and Figure 1. N = number of
participants in each zone. For variables with left-censored observations (<LoD), zone-level central tendency was
estimated using the Kaplan–Meier mean (KM Mean) (reported as mean ± dispersion as shown in the table);
LCL Mean = lower 95% confidence limit of the KM mean. p-value denotes the overall comparison among zones
using the Peto–Peto (modified Gehan–Wilcoxon) test for censored variables. Where the overall test was significant,
post hoc pairwise comparisons were performed; different superscript letters (a, b, c) indicate statistically significant
differences between zones (same letter = not significantly different). p-values from multiple comparisons were
adjusted using the Benjamini–Hochberg false discovery rate (FDR) procedure. Asterisks denote significance levels:
* p < 0.05; ** p < 0.01; *** p < 0.001.

Strontium exhibited an analogous spatial structure: the KM mean increased from
0.989 µg/g (Zone I) to 1.489 µg/g (Zone II) and 1.865 µg/g (Zone III), reaching 3.832 µg/g
in Zone IV (overall p-value = 2.61 × 10−9). LCL Mean values supported the same monotonic
ordering (0.652 and 0.875 in Zones I–II; 1.302 in Zone III; 2.314 in Zone IV), with identical
FDR-adjusted post hoc grouping (I = II < III < IV). In contrast, V showed no evidence of
spatial separation across adolescent zones (p-value = 0.162) despite improved detection
relative to children. Collectively, these results demonstrate strong intra-urban spatial
structuring for Ba and Sr in adolescents under the zoning framework, whereas V displayed
weaker spatial patterning.

3.5. Food-Group Consumption Frequency Patterns

Food-frequency questionnaire summaries are presented descriptively to contextualise
ingestion as a background exposure pathway (Table S1). Milk and bread were frequently
consumed by most participants, with high-frequency milk intake (≥3 times/week, ex-
cluding not-reported responses) near-universal in children (boys 100.0%; girls 98.6%) and
remaining high in adolescents (boys 97.6%; girls 89.5%). Bread intake was also consistently
high (children: boys 86.5%, girls 84.9%; adolescents: boys 95.2%, girls 86.0%). Fruit and
yoghurt were commonly reported but showed an age-related shift: high-frequency fruit
intake decreased from childhood to adolescence, from 86.2% to 69.0% in boys and from
89.0% to 80.7% in girls; similarly, high-frequency yoghurt intake decreased from 94.8% to
83.3% in boys and from 87.5% to 73.7% in girls.
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Sex contrasts were evident for selected food groups. Processed meats were reported
more frequently in boys than girls in both strata (children: 48.3% vs. 37.9%; adolescents: 73.2%
vs. 41.8%), and canned foods were infrequently reported in children (boys 1.8%; girls 4.1%)
but more frequent in adolescent boys than girls (19.5% vs. 3.8%). Exploratory comparisons of
collapsed consumption frequency (≥3/week vs. <3/week, excluding not reported) across
the four age–sex groups identified limited evidence of between-group heterogeneity after
multiple-comparison control (Table S2). Following Benjamini–Hochberg FDR adjustment
across food groups, only chicken/poultry (χ2 = 12.952, df = 3, p-value = 0.005, q-value = 0.035)
and canned foods (χ2 = 19.371, df = 6, p-value = 0.004, q-value = 0.035) retained statistical
significance. For chicken/poultry, this heterogeneity was primarily driven by lower high-
frequency intake among adolescent girls (≥3/week: 44.4%) compared with the other strata
(children: 66.6–69.0%; adolescent boys: 77.5%). For canned foods, the signal was driven by
markedly higher high-frequency intake in adolescent boys (19.5%) relative to adolescent girls
(3.8%) and both child strata (1.8–4.1%). These contrasts are illustrated in Figure 2.

Figure 2. Food-group consumption frequency contrasts highlighted by exploratory χ2 testing (four
age–sex strata). Panels show (A) chicken/poultry, (B) processed meats, and (C) canned foods. Bar
charts summarise the distribution of consumption frequency categories across four age–sex strata
(children: boys, girls; adolescents: boys, girls), using the frequency groupings reported in Table S1.
Between-group differences were evaluated using Pearson’s chi-square (χ2) tests. For processed meats
and canned foods, tests compared 4 strata × 3 response categories (Never, 1–2/week, ≥3/week;
df = 6). For chicken/poultry, the “Never” category was absent (zero counts), so the comparison
reduced to 4 strata × 2 categories (1–2/week, ≥3/week; df = 3). Multiple testing was controlled using
the Benjamini–Hochberg false discovery rate (FDR) across food groups (Table S2). Chicken/poultry
(p = 0.005; q = 0.035) and canned foods (p = 0.004; q = 0.035) retained statistical significance after
FDR correction, whereas processed meats showed a nominal (unadjusted) association (p = 0.027) that
did not survive FDR adjustment (q = 0.126). Symbols indicate statistical status: rhombus denotes
FDR-significant contrasts (q < 0.05), whereas asterisk denotes nominal significance only (p < 0.05 but
q ≥ 0.05). These patterns are presented as descriptive contextual information on potential ingestion
pathways; FFQ data were not available at the individual or zone level and therefore are not used to
attribute the observed spatial gradients in hair Ba–Sr–V.
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Moreover, several additional items showed nominal (unadjusted) differences (specifi-
cally processed meats: p-value = 0.027) that did not remain significant after FDR correction
(q-value = 0.126). Milk consumption also showed a nominal between-group association in
the Pearson chi-square test (p-value = 0.037); however, this result should be interpreted with
caution, as the distribution was highly unbalanced with the vast majority of participants
reporting consumption ≥3 times/week and a high proportion of cells with low expected
counts, limiting the reliability of the chi-square inference. Given that FFQ data were avail-
able only as aggregated age–sex distributions (without individual- or zone-level linkage),
consumption frequency patterns are used here for descriptive contextualisation of ingestion
pathways rather than as determinants of hair Ba–Sr–V distributions or spatial gradients.

3.6. Vanadium in Residential Topsoils and Soil–Hair Correspondence

Contemporaneous residential topsoils were available for V only, enabling environ-
mental contextualisation of hair V against co-located surface materials. Across the four
residential zones, topsoil V showed a narrow and highly overlapping distribution [29],
with mean (SD) values of 8.90 (3.67) mg/kg in Zone I (range 3.54–17.25; n = 24), 9.09 (3.74)
mg/kg in Zone II (range 4.11–18.29; n = 23), 9.24 (4.31) mg/kg in Zone III (range 2.13–16.71;
n = 23), and 9.27 (4.42) mg/kg in Zone IV (range 2.44–16.82; n = 25). Consistent with the
close similarity of these zone-wise summaries, no statistically significant zone differences
were observed for topsoil V.

Soil–hair correspondence for V was evaluated using Spearman’s rank correlation
(ρ) between individual hair V concentrations and the corresponding co-located topsoil V
measurements. In children, the overall association was weak and not statistically significant
(ρ = 0.104; p = 0.259; n = 120). Sex-stratified analyses suggested heterogeneity: girls showed
no evidence of correspondence (ρ = −0.054; p = 0.660; n = 70), whereas boys showed a small
but statistically significant positive association (ρ = 0.293; p = 0.039; n = 50). In adolescents,
the overall association remained weak and non-significant (ρ = 0.102; p = 0.318; n = 97); sex-
stratified analyses suggested heterogeneity: adolescent girls exhibited a moderate positive
correspondence (ρ = 0.433; p = 0.00023; n = 68), whereas adolescent boys showed a modest
inverse, non-significant association (ρ = −0.310; p = 0.101; n = 29). Given (i) the limited
between-zone contrast in topsoil V and (ii) substantial left-censoring of hair V (particularly
in children), these correlations should be interpreted cautiously as descriptive indicators
of monotonic correspondence under constrained environmental variability, rather than as
strong evidence of exposure–biomarker coupling. Additional unmeasured modifiers may
have contributed to this sex-specific heterogeneity, including differences in time–activity
patterns, contact with non-residential surfaces, hair length, and routine grooming/washing
practices, all of which may influence particle deposition and persistence on the hair surface.

3.7. Population Reference Limits and Screening-Level Risk Contextualisation

Population reference limits (internal benchmarks) were derived as the 95th percentile
(P95) with its confidence interval (CI-P95), estimated separately for children and adolescents
and, where sample size allowed, by sex (Tables 1 and 2). In children, the overall P95 values
were 0.629 µg/g for Ba (CI-P95 0.447–0.687), 2.155 µg/g for Sr (CI-P95 1.183–2.509), and
0.428 µg/g for V (CI-P95 0.165–1.109). Sex-specific P95 values in children were 0.485 µg/g
(boys) vs. 0.717 µg/g (girls) for Ba, 0.758 µg/g (boys) vs. 2.441 µg/g (girls) for Sr, and
0.567 µg/g (boys) vs. 0.222 µg/g (girls) for V; for girls, the P95 confidence interval was
not estimable under high censoring and therefore an additional upper-tail descriptor is
reported (P97.5 = 0.328 µg/g).

In adolescents, the overall P95 values were 2.061 µg/g for Ba (CI-P95 1.679–2.668),
4.995 µg/g for Sr (CI-P95 3.454–6.342), and 0.052 µg/g for V (CI-P95 0.037–0.072). Sex-
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specific P95 values in adolescents were 2.425 µg/g (males) vs. 2.004 µg/g (females) for Ba,
2.786 µg/g (males) vs. 6.023 µg/g (females) for Sr, and 0.057 µg/g (males) vs. 0.053 µg/g
(females) for V.

For screening-level contextualisation against external paediatric hair reference distri-
butions (non-health-based), we benchmarked study-specific upper tails (P95) using the
exceedance ratio (ER) against two Spanish paediatric comparators. First, we compared
our Ba and Sr P95 values with those reported for the Madrid paediatric cohort by Llorente
Ballesteros et al. [26], which provides Ba and Sr percentiles and an IUPAC 0.95 coverage
interval (upper reference limits: Ba 1.8 µg/g; Sr 6.73 µg/g; reported P95: Ba 1.8 µg/g;
Sr 6.74 µg/g). Relative to these Madrid upper-tail values, children were below the Madrid
benchmarks for both Ba (ER = 0.35) and Sr (ER = 0.32). Adolescents showed a modestly
elevated upper tail for Ba (overall ER = 1.15; males ER = 1.35; females ER = 1.11) while
remaining below the Madrid benchmark for Sr (overall ER = 0.74; males ER = 0.41; females
ER = 0.89). Vanadium was not reported in the Madrid hair reference study and therefore
could not be benchmarked using this comparator.

Second, we compared our P95 values with the Ruiz et al. [27] Spanish reference compi-
lation (Elche, Alicante), using the upper bound of the reported 5th–95th percentile range as
a pragmatic external P95 comparator (Ba 0.901 µg/g; Sr 13.37 µg/g; V 0.314 µg/g). Under
this comparator: (i) children were below the reference for Ba (ER = 0.70) and Sr (ER = 0.16),
while children’s V upper tail was moderately higher overall (ER = 1.36), driven primarily
by boys (ER = 1.81) with girls below the comparator (ER = 0.71); (ii) adolescents showed
an elevated upper tail for Ba (ER = 2.29 overall; 2.69 in males; 2.23 in females), while
remaining below the reference for Sr (ER = 0.37 overall) and V (ER = 0.17 overall). Given
the high proportion of <LoD values for V in children, these V comparisons should be
interpreted cautiously.

Ruiz et al. [27] also reported conservative single-value screening limits (i.e., sim-
ple “flagging” thresholds) proposed for broader use: Ba < 0.9 µg/g, Sr < 5 µg/g, and
V < 0.4 µg/g. We therefore performed an additional screening comparison using the same
exceedance ratio approach (ER = P95study/LimitRuiz). Under this criterion, children’s Ba upper
tail remained below the screening limit (P95 = 0.629 µg/g; ER = 0.70), and children’s
Sr upper tail was also well below the limit (P95 = 2.155 µg/g; ER = 0.43). Children’s V
upper tail was close to, and slightly above, the screening limit overall (P95 = 0.428 µg/g;
ER = 1.07), with sex-stratified ratios of ER = 1.42 in boys (P95 = 0.567 µg/g) and ER = 0.56
in girls (P95 = 0.222 µg/g); using the girls’ P97.5 (0.328 µg/g) as a sensitivity descriptor
yields ER = 1.04 vs. the Ruiz external P95 (0.314 µg/g) and ER = 0.82 vs. the Ruiz screening
limit (0.4 µg/g), without changing the qualitative interpretation. For adolescents, the Sr
upper tail was essentially at the screening limit overall (P95 = 4.995 µg/g; ER ≈ 1.00) and
exceeded the limit among females (P95 = 6.023 µg/g; ER = 1.20). In contrast, adolescent
V remained well below the screening limit (P95 = 0.052 µg/g; ER = 0.13). Adolescent Ba
exceeded the screening limit in both sexes (overall P95 = 2.061 µg/g; ER = 2.29), indicating
an elevated upper tail relative to this conservative benchmark [27].

The proportion of <LoD observations for children’s V differed slightly between the
legacy [29] processing and the harmonised NADA2 re-analysis (79.5% vs. 74.2% <LoD).
This difference does not reflect a change in the underlying analytical measurements; rather,
it is attributable to data handling at the detection boundary in the legacy workflow (LoD/2
substitution and incomplete preservation of the nondetect flag), which can lead to small
discrepancies when <LoD indicators are later reconstructed from the processed spreadsheet
(e.g., rounding and borderline values near the detection limit). All V summaries and
inferential results reported in this manuscript are therefore based on the harmonised
censoring indicators and censored-data estimation framework.

https://doi.org/10.3390/toxics14030268

https://doi.org/10.3390/toxics14030268


Toxics 2026, 14, 268 17 of 29

4. Discussion
4.1. Interpretive Context

Hair biomonitoring provides a pragmatic, non-invasive window into paediatric con-
tact with environmental trace elements over weeks-to-months. Nevertheless, interpretation
needs to remain source- and screening-oriented because hair concentrations integrate
(i) keratin-bound incorporation during fibre formation and (ii) an exogenous particulate
fraction associated with deposited and retained dust that may not be fully removed by
washing, with well-described limitations in using hair as a biomarker of both toxic and
essential elements and with potential external interference from ambient pollution [25,56].
Accordingly, the present study applies conservative decision rules: (a) strong element–
element coherence and zone-structured gradients are interpreted primarily as indicators of
heterogeneous contact with shared environmental reservoirs (e.g., mineral/road-deposited
dust and resuspended surface material), whereas (b) weak spatial contrast under substan-
tial left-censoring is interpreted as limited discriminatory power rather than evidence for
the absence of relevant sources. Transparent reporting and interpretation of detection
limits and censored distributions are therefore essential for comparability and screening
use, consistent with recent minimum information requirements for human biomonitoring
studies [57]. Within this interpretive context, sex- and age-related patterning is evaluated
against Spanish paediatric evidence and Alcalá distributions are compared with external
reference datasets used for screening-style interpretation.

4.2. Sex and Age Patterning in Relation to Spanish Paediatric Evidence

Spanish paediatric hair datasets consistently show that sex and age can influence
hair element distributions, although effects are element-specific and often secondary to
microenvironmental contact and external deposition dynamics [26,27]. In the Alcalá cohort,
the sex structure is not uniform across elements or age strata, which is consistent with this
Spanish evidence base.

Sex contrasts in paediatric hair metal profiles are frequently reported yet remain
element- and context-dependent, reflecting a mixture of biological and behavioural deter-
minants (e.g., hair length and surface area, grooming and washing practices, and particle
retention time). For Ba and Sr, the direction of sex contrasts observed in younger children
(higher values in girls) is coherent with Spanish reference work in Madrid, which identified
sex as an influencing factor for alkaline-earth elements in paediatric hair [26]. Mechanis-
tically, this pattern is plausibly explained by hair- and behaviour-mediated differences
that modify the retention of deposited particles on the hair shaft, including grooming
and washing regimens and time spent in outdoor microenvironments with resuspended
dust [25,58]. Although keratin-bound incorporation cannot be excluded, the balance of evi-
dence indicates that exogenous particulate interference contributes materially to measured
hair burdens for several elements and may be differentially expressed across sex groups
through hair-care practices and particle–hair contact time [25,56]. This interpretation is also
consistent with broader toxicological evidence that sex differences in biomonitoring may
arise from differences in exposure opportunity and toxicokinetics, rather than sex-specific
sources [59].

In adolescents, sex patterning differs from younger children: Sr and V are higher
in females, whereas Ba does not show a consistent separation by sex. This age-stratified
behaviour is compatible with (i) the increasing heterogeneity of exposure opportunity
during adolescence (greater mobility and broader activity spaces) and (ii) the growing
importance of sex-differentiated hair characteristics and grooming practices during puberty
and mid-adolescence [59,60]. Importantly, the fact that Sr—an element with strong mineral
affinity—shows sex differences in adolescents aligns with European multi-site evidence
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indicating that adolescent girls can present systematically higher hair Sr than boys, even
across differing environmental contexts [60].

For Sr and V, higher concentrations in females—particularly in adolescence—are
consistent with patterns described in several hair biomonitoring studies in which females
show higher levels for a subset of elements. Mechanistically, this is compatible with longer
hair–air/particle contact time and increased opportunity for particle adsorption, rather
than a sex-specific source acting uniquely on one group. Recent microchemical evidence
indicates that exogenous contamination can measurably affect not only the cuticle but also
cortex layers for several elements, including Ba and Sr, reinforcing the need to interpret
modest sex contrasts with attention to external deposition pathways [61]. Experimental
and field evidence also shows that ambient particulate matter can contaminate hair despite
washing, particularly under high-PM scenarios, supporting a conservative interpretation of
small sex differences when particle exposure differs by behaviour or microenvironment [25].

Therefore, the Alcalá sex patterning is best interpreted as consistent with established
paediatric hair behaviour: sex modifies the expression of hair concentrations for specific
elements and age strata, likely through a combination of external deposition dynam-
ics and behavioural/hair-regimen factors, rather than indicating a discrete sex-specific
emission source.

Age-related differences in hair element burdens are commonly attributed to devel-
opmental changes in mobility, time–activity patterns, and cumulative contact with dust
and outdoor surfaces, together with changes in hair properties and personal-care practices
across childhood and adolescence. Higher Ba and Sr in adolescents relative to younger
children aligns with a dust/mineral-contact interpretation and with reports from European
paediatric hair studies in which lithogenic/particle-associated elements tend to increase
with age or show stronger upper-tail behaviour in older groups.

Age-related shifts in Alcalá also align with the Spanish paediatric literature. The
increase in Ba and Sr from children to adolescents is consistent with a transition towards
broader environmental contact and greater cumulative interaction with road-deposited
dust and resuspended surface materials [26,27]. This interpretation is strengthened by
the well-established role of Ba and Sr as markers of mineral/particle-associated exposure
in urban environments and by the methodological evidence that particle contamination
can materially influence measured hair burdens for several elements, particularly in the
upper tail [25].

For V, age patterning is typically more context-sensitive because V may represent
mixed contributions from crustal material and combustion/industrial sources, with local
source specificity varying substantially by setting. Accordingly, differences between chil-
dren and adolescents are interpreted most robustly when supported by concordant spatial
gradients or co-variation with other source-indicator elements, rather than treated as a
single-source proxy.

In contrast, V in Alcalá behaves as a low-level, context-dependent element: substantial
left-censoring in children limits inferential resolution, while improved quantification in
adolescents is not accompanied by strong intra-urban structuring. This is consistent with
Spanish monitoring in Tarragona schoolchildren, where V in hair has shown low detection
frequencies and has sometimes been excluded from inferential analyses due to censoring,
even in a setting under industrial scrutiny [62]. Accordingly, V interpretation in younger
children should remain conservative and explicitly conditioned on censored-data handling,
whereas Ba and Sr provide a more stable and interpretable age-structured signal. Under
heavy censoring, apparent subgroup differences may be driven by a small number of
detectable values, so robustness should be interpreted conservatively when detection
frequency is low.
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4.3. Diet as Contextual Background and Comparison with Spanish Paediatric Evidence from the
Same Period

The FFQ profile in the study cohort—frequent consumption of staple foods (milk
and bread) and high reporting of fruit, with lower and more variable reporting for fish
and a higher frequency of processed-meat intake in boys—appears broadly consistent
with Spanish paediatric dietary descriptions from the late-1990s/early-2000s, including
national data from the enKid study (1998–2000) and related analyses of Mediterranean
diet adherence. The enKid study was a nationwide, cross-sectional nutrition survey con-
ducted in Spain in 1998–2000 that characterised dietary habits and nutritional status across
children, adolescents and young adults (commonly reported as approximately 2–24 years,
depending on the analysis) [63]. Within this framework, the KIDMED (Mediterranean
Diet Quality Index for children and adolescents) was developed as a 16-item score to
summarise adherence to the Mediterranean dietary pattern in young people. In the original
KIDMED report derived from the enKid sample, the proportion reporting daily fruit (or
fruit juice) consumption was 89.1% among those aged 2–14 years and 84.9% among those
aged 15–24 years, while the proportion reporting consumption of a dairy product at break-
fast was 85.0% (2–14 years) and 80.9% (15–24 years) [64]. These figures are directionally
concordant with the food intake summaries in the present study, in which high-frequency
dairy and fruit reporting is common and shows an age-related decline (Table S1). In paral-
lel, the enKid-based paper describing food consumption in the Spanish population aged
2–24 years highlighted relatively high intakes of meat/sausages with comparatively low
fish and vegetables [63], which is compatible with the descriptive patterning observed
here (notably higher processed-meat frequency in boys and more variable fish reporting).
School-age reviews from the same decade similarly portray heterogeneous adherence to
fruit/vegetable recommendations against a backdrop of widely consumed staples [65].
Collectively, these comparisons indicate that the food-group intake profile in the present
cohort was not atypical for Spanish children/adolescents in that period and, therefore, is un-
likely to represent a distinctive dietary position that would plausibly generate pronounced
intra-urban gradients in hair Ba–Sr–V.

Notably, exploratory chi-square testing of collapsed consumption frequency across
the four age–sex strata identified only limited evidence of heterogeneity after Benjamini–
Hochberg false discovery rate (FDR) adjustment: chicken/poultry and canned foods
retained significance (q-value = 0.035), whereas several nominal associations (e.g., processed
meats, milk) did not survive FDR correction. Importantly, these two FDR-retaining signals
reflected sex-specific patterning within adolescence rather than a uniform child–adolescent
dietary shift (Figure 2): high-frequency chicken/poultry consumption (≥3/week) was
markedly lower in adolescent girls than in adolescent boys and both child strata, while
high-frequency canned-food consumption was higher in adolescent boys than in the other
strata. Because FFQ data were not available at the individual or zone level, these group-level
contrasts cannot be used to attribute the pronounced adolescent Ba–Sr spatial gradients to
dietary intake and are interpreted only as contextual background.

In this context, diet is best interpreted as a background exposure pathway rather
than the primary driver of the observed hair Ba–Sr–V distributions, particularly because
FFQ contrasts were modest, largely non-robust after multiplicity control, and—in some
items with highly unbalanced response distributions—chi-square reliability may be lim-
ited by low expected counts. This interpretation is supported by recent reviews and
methodological studies indicating that hair concentrations may reflect a composite of
endogenous incorporation during keratinisation and exogenous contributions from atmo-
spheric particulate matter/dust, water, and cosmetic or hygiene practices, with substantial
between-person variability and sensitivity to sample preparation and decontamination
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procedures [12,66,67]. For Sr specifically, experimental cleaning and leaching work has
demonstrated separable external and internal Sr pools in hair, indicating that residual
exogenous Sr can influence measured values and complicate dietary attribution [68]. More
generally, controlled exposure work shows that ambient particulate matter can measurably
contaminate hair metal (loid) profiles despite washing, with greater susceptibility for some
elements than others [25]. Finally, Spanish total-diet studies from the same era reinforce
that ingestion can contribute to baseline exposure for certain elements; in Tarragona, for
example, V was detected in the fish/seafood group in a market-basket survey, supporting
diet as a plausible contributor to background V intake [69].

Beyond Spanish dietary-habit comparisons, the wider biomonitoring literature sug-
gests that diet–hair relationships for Sr and Ba (often discussed within the alkaline-earth
element group) tend to reflect broad dietary habit patterning rather than single “signature”
foods. In one scalp-hair study, hair Sr and Ba were positively associated with higher re-
ported frequencies of meat, eggs, fresh vegetables and fruits, and inversely associated with
salted vegetables [70]. Similarly, maternal-hair evidence links higher hair Sr/Ba (as alkaline-
earth elements) with more frequent consumption of fresh green vegetables, fresh fruit, and
meat or fish [71]. By contrast, evidence linking specific food groups to hair vanadium is
comparatively limited and inconsistent, and any dietary contribution to hair V is difficult
to disentangle from external contact pathways in low-contrast settings. Accordingly, while
ingestion may contribute to baseline Sr/Ba (and in some settings V) exposure, the present
FFQ data are insufficiently resolved to support food-specific attribution of the intra-urban
spatial structure observed in hair Ba–Sr (and the weaker structure for V).

However, because the food-group consumption frequency data were aggregated by
age–sex stratum, were not participant-linked, and were not available by residential zone,
they are insufficiently resolved to evaluate individual-level nutritional contributions or
to test whether diet explains the observed intra-urban spatial gradients in hair Ba and
Sr. Moreover, because hair integrates both internal and external inputs, the present FFQ
data cannot exclude the possibility that individual dietary preferences contributed to hair
Ba or Sr variability in some participants. Accordingly, food intake is interpreted here
as descriptive context for plausible ingestion pathways rather than as an explanatory
variable, and the observed Ba–Sr spatial structure is discussed only as being compatible
with heterogeneous external contact pathways, not as proof of them.

Although diet is a key exposure pathway for several metals and diet–biomarker rela-
tionships have been reported in specific settings (e.g., fish consumption and hair mercury
in Tarragona), the food-group consumption frequency summaries available in the present
study were limited to stratum-level descriptive distributions and were therefore not suit-
able for diet–hair modelling or for estimating element-specific intake. Consistent with this
cautious interpretation, a young-adult cohort (18–22 years) from the same municipality [72]
reported little evidence of diet–hair concordance for most elements (with cadmium as an
exception), underscoring the limited explanatory power of FFQ-derived intake estimates
for inter-individual variability in hair metal concentrations.

4.4. Benchmarking Against Spain and Europe: Relative Magnitude and Interpretation

When contextualised against Spanish paediatric hair distributions intended for ref-
erence and screening-style interpretation, Alcalá does not appear to exhibit a generalised
population-wide elevation across Ba, Sr and V. Instead, the distinguishing feature is dis-
tributional structure—particularly the behaviour of the upper tail and the emergence of
stronger gradients in adolescence—which is precisely the type of pattern that hair is suited
to capture as an indicator of heterogeneous microenvironmental contact [25–27].
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In children, benchmarking against Spanish paediatric comparators is more consistent
with a background regime than with elevated exposure. Children’s Ba and Sr upper tails
remain below both the Madrid paediatric benchmark (Ba P95 1.8 µg/g; Sr P95 6.74 µg/g)
and the Elche reference compilation (Ba P95 0.901 µg/g; Sr P95 13.37 µg/g), with ER values
< 1 for both elements; this indicates that the child distribution is not shifted upwards and
that the principal value of the child dataset lies in internal structuring rather than absolute
magnitude [26,27]. Notably, despite this background positioning, Ba and Sr show clear sex
structuring in children, which is most parsimoniously interpreted as reflecting behavioural
and hair-surface determinants (particle retention time, grooming/washing and microenvi-
ronmental contact) that modulate exogenous deposition, rather than a municipality-wide
source shift acting uniformly on the cohort. The strong Sr–Ba coupling observed in children
is compatible with a shared mineral/particle reservoir (resuspended soil/road dust and
surface-material contact), supporting interpretation of Ba and Sr as conservative tracers of
heterogeneous particulate exposure even when absolute concentrations are modest [23,25].

By contrast, apparent screening exceedance for children’s V can arise under legacy
LoD-substitution summaries, but this is precisely the scenario in which inference is most
sensitive to left-censoring (79.5% <LoD) and should therefore be treated as provisional
until harmonised censored-data re-estimation is applied [24,62]. Finally, spatial infer-
ence in children is constrained because recruitment did not cover all municipal zones;
therefore, weaker zone structuring in children should not be interpreted as evidence of
spatial homogeneity.

For Ba, Alcalá adolescents show an upper-tail enrichment relative to Spanish screen-
ing comparators, exceeding the conservative threshold proposed by Ruiz et al. [27] and
modestly exceeding the Madrid paediatric upper-tail benchmark reported by Llorente
Ballesteros et al. [26]. This pattern is environmentally meaningful because it indicates
the presence of a high-exposure subgroup and is consistent with intensified contact with
Ba-bearing particulate reservoirs (e.g., road-deposited dust and mechanically generated
non-exhaust traffic mixtures) rather than a uniform community-wide shift [26,27]. A com-
parable interpretation is supported by European hair studies in southern Italy, which show
that Ba can vary widely in children and adolescents depending on local environmental con-
text and that upper-tail behaviour can be pronounced even in ostensibly non-contaminated
settings, underscoring the sensitivity of hair Ba to microenvironmental differences [28,73].
A particularly informative European comparator is the adolescent survey by Tamburo
et al. [60], conducted across contrasted Sicilian microenvironments (11–14 years). In the
full dataset (n = 943), the median (IQR) concentrations were 1.07 (0.64–1.55) µg/g for Ba,
3.9 (1.7–11) µg/g for Sr, and 0.10 (0.10–0.10) µg/g for V. When set against the Alcalá adoles-
cent medians (Ba 0.287 µg/g; Sr 1.105 µg/g; V 0.011 µg/g; Table 2), the central tendency in
Alcalá is lower for each element—by approximately 3.7-fold for Ba, 3.5-fold for Sr and about
nine-fold for V. This indicates that the Alcalá adolescent profile is not elevated in absolute
terms relative to Mediterranean settings characterised by greater industrial complexity,
while remaining compatible with meaningful within-municipality exposure heterogeneity.
Tamburo et al. [60] further demonstrated pronounced microenvironmental contrasts con-
sistent with source- and contact-driven variability. In the industrial area, median Ba was
0.9 µg/g in males and 2.0 µg/g in females, and median Sr reached 5.0 µg/g in males and
19 µg/g in females; in the large urban area, median Sr was 3.0 µg/g in males and 8.0 µg/g
in females. These site- and sex-stratified medians exceed the corresponding Alcalá central
values (Tables 1 and 2), reinforcing the interpretation that the Alcalá signal is dominated
by intra-urban differences in dust- and surface-material contact rather than by the mag-
nitude typically observed in industrial and petrochemical environments. Mechanistically,
the prominence of Ba in the Alcalá adolescent upper tail is consistent with contemporary
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evidence that non-exhaust traffic emissions and resuspension of road-deposited material
can dominate near-road particulate mixtures and generate neighbourhood-scale gradi-
ents. Ba is widely used as a brake-wear tracer in urban source apportionment, and recent
work indicates that resuspended dust together with brake and tyre wear can account for
a substantial fraction of traffic-related particulate matter (PM) in urban corridors [22,74].
Accordingly, a municipality-scale Ba gradient in hair is plausibly mediated by differential
contact with road-deposited dust and abrasion-derived particles, without requiring a single
point source or a uniform population-wide elevation [75]. This profile is consistent with
place-based exposure determinants and supports mitigation strategies focused on dust
resuspension and non-exhaust sources in higher-burden zones, rather than measures aimed
solely at exhaust emissions. Because Ba was not measured in the local topsoils in the
present study, future work should quantify Ba in topsoil and road-deposited sediment
across the municipal zones to test whether the hair Ba gradient co-varies with geogenic
background and traffic-related surface reservoirs, thereby strengthening source attribution.

For Sr, Alcalá remains within the breadth of Spanish paediatric variability and does
not exceed the Madrid benchmark, while approaching (but not exceeding) conservative
screening-style thresholds in the adolescent upper tail. This is compatible with Sr acting
primarily as a tracer of mineral/particle contact rather than a specific hazard signal at
environmental levels [27]. European evidence reinforces the plausibility of sex- and context-
related heterogeneity in Sr: multi-site adolescent datasets show higher hair Sr in females
and substantial spatial variability, consistent with Sr being influenced by both external
deposition and the geochemical character of local surface materials [60,76].

For V, adolescents fall well below Spanish screening thresholds and sit within the low-
level range expected in general-population contexts, consistent with a background regime
rather than an intense and sustained V-enriched emission setting [27,62]. This pattern is also
compatible with the well-known source complexity of V, for which soil and environmental
levels can reflect mixed controls from parent material and anthropogenic inputs, with local
geochemical context modulating whether urban enrichment is detectable [77]. In children,
upper-tail screening exceedance can appear when legacy substitution-based summaries
are used; however, this is precisely the scenario in which inference is most sensitive to cen-
soring treatment. Given the evidence from Spanish hair monitoring that V can be sparsely
detectable and unstable to standard summary statistics in young cohorts, interpretation
should emphasise analytical and statistical robustness, prioritising censored-data methods
before drawing source or risk conclusions for the children’s V upper tail [24,62]. Under
heavy censoring, rank-based correspondence and spatial contrasts can be dominated by a
small number of detectable values, so apparent ‘signals’ should be interpreted cautiously
until sensitivity analyses confirm robustness [24]. In contrast, marked V elevation in chil-
dren’s hair has been documented in strong natural source environments (e.g., volcanic
influence near Mount Etna), underscoring the context-dependence of hair V as an exposure
tracer [78].

The European literature also provides a useful contrast regarding what would be
expected under stronger industrial influence. Adolescents residing near petrochemical
complexes in Sicily exhibit broader and more coherent multi-element differences in hair
relative to control areas, indicating that hair can reflect sustained and spatially coherent
industrial signals when present [79]. Against this benchmark, the Alcalá pattern—stronger
Ba–Sr structuring with comparatively weak V patterning—supports an interpretation
centred on dust/surface-material dynamics and non-exhaust traffic mixtures, rather than a
dominant V-rich industrial emission regime affecting the adolescent cohort.
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4.5. Screening Exceedance and Toxicological Relevance

Ba, Sr and V differ substantially in toxicological potency, target organs and the evi-
dentiary basis for child-health concern. Stable Sr is generally considered of relatively low
systemic toxicity at typical environmental exposure levels; however, high exposures may
perturb calcium metabolism and skeletal mineralisation, and strontium is toxicologically
distinct when present as radioisotopes [34]. Ba has no known biological function and
the best-characterised hazards arise from exposure to more soluble Ba compounds that
release Ba2+, producing acute toxicity with neuromuscular and cardiovascular manifesta-
tions mediated, in part, through interference with potassium conductance; nevertheless,
environmental Ba is frequently encountered in less soluble particulate forms, and hair does
not resolve speciation [35]. V (particularly certain oxidation states and compounds) has a
well-established respiratory hazard profile by inhalation, with inflammation and airway
effects as key concerns, and recent epidemiological evidence associates environmental V
exposure with respiratory and renal endpoints in children [80]. Moreover, recent regula-
tory toxicology work has re-evaluated vanadium’s systemic hazard profile and derived
a parenteral tolerable intake for medical-device applications, providing updated hazard
characterisation that complements older profile summaries [38].

In paediatric environmental health, direct inference of hazard from hair concentra-
tions alone is not justified. Nonetheless, a risk-oriented interpretation is supported when
(i) distributions intersect published screening thresholds, (ii) coherent spatial gradients
point to place-based exposure determinants, and (iii) external toxicological and epidemio-
logical evidence indicates plausible susceptibility at low-to-moderate exposures. Within
this framework, the Alcalá results are most appropriately interpreted as indicating spatially
structured exposure heterogeneity—strongest for Ba and Sr, and more context-sensitive for
V—thereby supporting targeted exposure-reduction priorities in higher-burden microenvi-
ronments for susceptible life stages (children and adolescents). Importantly, ER > 1 in this
study is interpreted as a flag for exposure prioritisation rather than evidence of toxicity:
the most defensible concern is the adolescent Ba upper tail (ER > 1 across comparators),
which identifies a higher-contact subgroup potentially influenced by traffic/dust-associated
particle mixtures; the borderline Sr exceedance in adolescent females (ER ≳ 1 against the
Ruiz limit) is more consistent with mineral/particle tracer behaviour than a primary
hazard signal; and the apparent child V exceedance (ER > 1) should be regarded as pro-
visional given heavy left-censoring and the requirement for harmonised censored-data
re-estimation before drawing risk inferences. Accordingly, the present interpretation treats
hair as an exposure-heterogeneity marker suitable for screening prioritisation, not as a
quantitative surrogate of absorbed dose. This ER-based framing therefore reflects screen-
ing prioritisation and exposure reduction, not evidence of clinical toxicity or absorbed-
dose quantification.

The screening relevance of the Alcalá Ba pattern is strengthened by mechanistic plau-
sibility: non-exhaust traffic emissions (brake and tyre wear, road-surface abrasion) and
resuspension of road-deposited dust can dominate near-road PM mixtures and generate
neighbourhood-scale gradients, with Ba widely used as a brake-wear tracer in source-
apportionment frameworks [22,23,74,75]. Accordingly, an adolescent Ba upper tail in-
tersecting conservative Spanish screening thresholds is most parsimoniously interpreted
as reflecting heterogeneous contact with Ba-bearing particulate reservoirs, rather than a
community-wide elevation in internal dose, and it supports targeted investigation and
exposure-reduction priorities in higher-burden microenvironments.

Several knowledge gaps limit the strength of causal attribution for Ba–Sr–V in pae-
diatric hair and merit targeted investigation. First, the relative contribution of exogenous
deposition versus endogenous incorporation remains incompletely resolved for Ba and
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Sr under real-world urban conditions, and speciation/bioaccessibility cannot be inferred
from bulk hair concentrations. Second, the source specificity of V in low-level community
settings is uncertain when detectability is limited; resolving this will require harmonised
censored-data methods and triangulation with co-occurring combustion tracers and envi-
ronmental matrices (air PM, indoor dust, road-deposited sediment). Third, municipal-scale
inference would be strengthened by integrating geogenic baselines (topsoil Ba/Sr/V) and
non-exhaust traffic indicators to test whether hair gradients track surface reservoirs and
resuspension dynamics.

4.6. Limitations

Several limitations inherent to hair biomonitoring are particularly relevant for Ba–Sr–V.
First, external deposition and incomplete removal of particle-associated metals can con-
tribute materially to measured concentrations, potentially inflating upper tails and modest
group differences; this is especially pertinent for Ba and Sr, and for settings with sustained
particulate exposure where washing may not fully remove fine particles [25,61]. Analytical
comparability also depends on harmonised hair preparation and ICP-MS workflows for
multi-element determination [81]. Second, information on personal-care practices (e.g.,
washing frequency, hair length and use of treatments) is often incomplete in retrospective
cohorts, limiting causal attribution of sex contrasts. Third, hair does not provide a direct
estimate of internal dose, and toxicological inference should therefore be anchored to
screening-oriented prioritisation and triangulation with environmental evidence rather
than treated as a health-effect biomarker.

Notwithstanding these constraints, the joint evaluation of sex-, age- and intra-urban
contrasts provides a coherent exposure narrative in which Ba and Sr behave predomi-
nantly as stable particulate/dust tracers with structured heterogeneity, whereas V requires
more cautious source-context interpretation. Where feasible, follow-up should prioritise
(i) co-located characterisation of outdoor and indoor dust and road-deposited sediment in
higher-burden zones, (ii) triangulation with complementary biomarkers less sensitive to
external deposition for V and Ba (e.g., urine), and (iii) source-apportionment enhancements
for Sr (e.g., isotopic approaches), given the established use of Sr isotope ratios in hair to
resolve geographic and geogenic versus dietary contributions [68]. These steps would allow
the observed hair patterns to be triangulated against less contamination-prone matrices
and co-located environmental reservoirs, strengthening causal inference while retaining
the practical value of hair for identifying spatially structured exposure heterogeneity.

5. Conclusions
This study establishes a historically informative baseline (April–May 2001) for Ba,

Sr and V in paediatric scalp hair from an urban–industrial municipality in central Spain
(Alcalá de Henares), and demonstrates the utility of a tracer-oriented interpretation when
clinical guidance values for hair are unavailable. The contribution of this work lies in
(i) leveraging a legacy paediatric cohort, (ii) applying a compact Ba–Sr–V tracer panel,
(iii) integrating contemporaneous residential topsoil information (available for V), and
(iv) using a harmonised, censoring-aware analytical/statistical framework that avoids ad
hoc substitution and supports transparent, screening-level inference.

Within this framework, Ba and Sr behaved as a coherent conservative pair, exhibiting
strong internal co-variation and—most notably—pronounced intra-urban gradients in ado-
lescents. Because no paired topsoil measurements were available for Ba or Sr, these patterns
cannot be directly linked to matched environmental reservoirs in the present study. In par-
ticular, because site-specific soil-type and zone-level geochemical information for Ba and Sr
was not available, it is not possible to distinguish confidently between environmental back-
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ground differences and variation in exogenous dust contact or anthropogenic redistribution
across neighbourhoods. Instead, the observed patterns are interpreted cautiously as being
compatible with heterogeneous contact with mineral/road-dust and traffic-influenced
surface materials and/or other near-surface exposure microenvironments, rather than as
evidence of a municipality-wide elevation in internal dose. Benchmarking against Spanish
paediatric hair reference datasets suggests that median Ba and Sr fall within expected
national variability, whereas the upper tail for Ba in adolescents appears comparatively
elevated in this early-2000s setting. Food-group frequency patterns were broadly concor-
dant with contemporaneous Spanish paediatric surveys; however, because the FFQ data
were aggregated and not participant-linked or zone-stratified, they provide descriptive
context only and cannot be used to exclude individual dietary contributions or to explain
the observed intra-urban Ba–Sr gradients.

In contrast, V showed low hair concentrations, substantial left-censoring, and weak
spatial discrimination, consistent with limited environmental contrast in co-located res-
idential topsoils and with wider evidence that hair V is most informative under strong
volcanic influence or high-intensity combustion/industrial source regimes. Soil–hair V
correspondence was weak overall, with limited support for monotonic coupling under
constrained topsoil variability. Sex-stratified analyses suggested differences in direction and
magnitude: adolescent girls showed moderate correspondence, whereas adolescent boys
showed a modest inverse, non-significant trend (ρ = −0.310; p = 0.101; n = 29). The inverse,
non-significant trend in adolescent boys (n = 29) should be interpreted cautiously given
limited power and residual left-censoring. Behavioural proxy mismatch is plausible in
adolescence, as time–activity patterns and contact with non-residential surfaces (e.g., sports
grounds, commuting corridors) may weaken or invert correspondence with co-located
residential topsoil when environmental contrast is small.

Three implications follow. First, the tight coherence and neighbourhood-scale gradi-
ents of Ba/Sr suggest that these elements may serve as practical screening-level tracers of
dust- and traffic-influenced surface materials in adolescent hair under heterogeneous urban
microenvironments, although this interpretation requires confirmation with paired envi-
ronmental matrices. Second, the weaker spatial structure for V underscores the importance
of matrix triangulation and consistent censored-data handling in low-level community
settings. Third, municipal-scale source attribution would be materially strengthened by
adding paired environmental matrices for Ba and Sr (e.g., topsoil, road-deposited sediment,
indoor dust) and, where feasible, by incorporating isotopic, speciation, or microanalytical
approaches capable of better distinguishing exogenous particulate retention from keratin-
associated incorporation. Overall, these findings are screening- and source-oriented and
should not be interpreted as direct estimates of internal dose or clinical risk based on hair
concentrations alone.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/toxics14030268/s1, Table S1: Food-group consumption
frequency in children and adolescents, by sex (%); Table S2: Exploratory age–sex group contrasts in
FFQ consumption frequency (Pearson chi-square test) with Benjamini–Hochberg FDR adjustment, by
food group.
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