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Hemoglobin and mean platelet
volume abnormalities in children
exposed to heavy metals and
metalloids in a pilot biomonitoring
study
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Children are particularly vulnerable to the toxic effects of environmental exposure to heavy metals
and metalloids (HM/MTs), which can impact red blood cells (RBCs) and platelets. This study aimed

to evaluate the relationship between urinary levels of 19 HM/MTs and RBCs and platelet-related
hematologic parameters in school-aged children residing in the central western state of Colima,
Mexico. A cross-sectional pilot biomonitoring study was conducted, and 91 participants were
enrolled. Multiple linear regression models were used to calculate regression coefficients ( 3 ) and 95%
confidence intervals. After adjusting for sex, age, nutritional status, and locality of residence, tin was
found to be negatively correlated with red cell distribution width (8 =-0.06, 95% CI - 0.11 to - 0.01).
Additionally, each unit increase in urinary lead levels was associated with a 0.6% increase in mean
corpuscular hemoglobin (3 =0.006, 95% Cl 0.002 to 0.010). Similarly, each unit increase in tellurium
levels was associated with a 55% increase in mean platelet volume (3 =0.55, 95% CI 0.08 to 1.02).
These results suggest that environmental exposure to HM/MTs may be related to alterations in some
of the evaluated hematologic parameters in the analyzed school-aged children. Further research,
including larger sample sizes and longitudinal studies, is needed to reduce environmental health risks
in this vulnerable population.
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Children are especially susceptible to the harmful health impacts of heavy metals and metalloids (HM/MTs) due
to their developing bodies and immature detoxification systems!. Exposure to these potentially toxic elements
can occur through various pathways, including ingestion, inhalation, and dermal contact?.

In the state of Colima, located in the central-western region of Mexico, a series of anthropogenic activities is
carried out that have the potential to release HM/MTs into the environment. These potentially contaminating
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activities include a seaport?, a thermoelectric power plant?, cement production®, large-scale agriculture®, sugar
cane processing’, and mining®.

The mechanisms of toxicity of most HM/MTs include the inactivation of specific enzymes, the production of
reactive oxygen species, the disruption of antioxidant defenses, and an increase in oxidative stress’. Specifically
within the hematopoietic system, these substances may directly harm bone marrow precursors by inhibiting
enzymes related to cell division and maturation, impairing the transport of red blood cells (RBC) and causing
immune-mediated cell destruction!®. In addition, the induction of oxidative stress and inflammation mediated
by HM/MTs may also produce impaired platelet function and production'!.

Currently, there are limited data available on the relationship between HM/MTs exposure and RBC and platelet
parameters in children, as well as the number of evaluated substances: lead'?"!°, mercury?*-?2, cadmium?>%4, and
arsenic?*%. To the best of our knowledge, only one published study has analyzed this relationship in the Mexican
population, and only silicon, chromium, lead, titanium, vanadium, nickel, arsenic, manganese, and cadmium
were assessed?.

This study aimed to evaluate the relationship between a large set of HM/MTs exposure and RBC (namely
hemoglobin, hematocrit, mean corpuscular volume [MCV], mean corpuscular hemoglobin [MCH], and red cell
distribution width [RDW]), and platelet-related parameters (platelet count and mean platelet volume [MPV])
in a group of children living in areas with HM/MTs contamination. The results aim to identify potential health
risks correlated with HM/MTs exposure in this vulnerable population.

Methods

Study design

A cross-sectional pilot biomonitoring study was conducted in the second half of 2023, focusing on nine urban
and rural areas within the state of Colima, Mexico. The selected sites included the metropolitan area of Colima-
Villa de Alvarez (the states capital), along with Tecomdan, Caleras, Armeria, Manzanillo, Campos, Queseria,
Paticajo, and Minatitlan. The selection of these specific locales was based on their pre-existing classification as
high-risk environmental and health zones. This classification primarily reflected the prevalence of industrial,
energy-related, or agricultural activities in these regions, indicating increased exposure to HM/MTs, as
previously documented?.

Study population

This study included school-aged children (5 to 12 years old) who had resided in the study areas for at least five
years, according to their parent or legal guardian. Children with chronic degenerative diseases were excluded
to avoid confounding effects on hematological parameters and HM/MT-related responses, while those who had
consumed processed foods within 24 h before to urine collection were excluded to prevent alterations in HM/
MT levels or biomarker measurements?”25.

Participant selection followed a non-probabilistic, multistage approach. First, elementary schools located in
high environmental risk areas were identified. Eligible children attending these schools were identified. Parents
or legal guardians of eligible children received written invitations to an informative workshop that detailed
the study’s purpose and procedures. Participation required written informed consent from the parents or legal
guardians and assent from the child. All children who attended with a parent or guardian and met the eligibility
criteria were enrolled.

Data collection
Anthropometric measurements were taken to assess the participants’ nutritional status. Z scores for body-mass-
index-for-age (BMI) were calculated. The WHO’s Child Growth Standards were used?’.

Laboratory methods

Blood samples (2 mL) were obtained via peripheral venipuncture and collected into sterile vacutainer tubes
containing ethylenediaminetetraacetic acid (EDTA). Subsequently, the blood samples were loaded into
the automated hematology analyzer (DxH 900 Beckman Coulter, CA, USA) and processed according to the
manufacturer’s specifications.

In this study, we assessed six parameters related to the red blood cell line: hemoglobin (g/dL), hematocrit
(%), mean corpuscular volume (MCV, fL), mean corpuscular hemoglobin (MCH, pg), red cell distribution width
(RDW, %), platelet count (cells/uL), and mean platelet volume (MPV, fL). Reference ranges for hematologic
parameters in the Mexican population (stratified by sex) were used to compare the observed RBC and platelet-
related measurements®.

First-morning void urine samples were collected in sterile containers (150 mL) and refrigerated at 4 °C until
analysis. HM/MTs levels were quantified using inductively coupled plasma mass spectrometry (ICP-MS; NexION
300D, PerkinElmer, MA, USA) following a validated method (CINVESTAYV, Mexico). All samples were analyzed
in randomized duplicate, with inter-assay CVs<10%. Accuracy was verified using INSPQ multi-element urine
standards (QM-U-Q2104-115), yielding recoveries of 80-120%. Results were adjusted for specific gravity.

Statistical analysis

Summary statistics were computed. Spearman’s correlation coefficients ( 7ho) with 95% confidence intervals
(CI) were used to evaluate the relationship between the hematologic parameters and urinary HM/MTs levels.
Children with urinary levels of any substance below the limit of detection (LOD) were excluded from the
respective correlation and regression analyses. Missing values were excluded as follows: mercury and strontium
(1 each); nickel, tin, and titanium (2 each); aluminum, cobalt, and copper (4 each); and arsenic (6).
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Multiple generalized linear regression models estimated adjusted relationships (B coefficients with 95%
CIs) between HM/MTs and erythrocyte parameters. All HM/MTs with significant Spearman correlations were
included; one model was constructed per parameter (excluding MCV, which lacked significant correlations).
Models were adjusted for sex, age, BMI-for-age, locality of residence, and relevant HM/MTs (selected via
literature review and confounder assessment).

Model diagnostics revealed nonnormal distributions of studentized residuals for MCH (Model 5) and MPV
(Model 6), which were log-transformed to achieve normality. No violations of linear regression assumptions
(heteroscedasticity, multicollinearity) or influential outliers were detected.

Ethical considerations

All methods were performed in accordance with the Declaration of Helsinki. Written informed consent was
obtained from each parent or legal guardian and assent from the children. The study protocol was approved
by the Ethics Committee for Health Research under the Ministry of Health in the state where the study was
conducted (approval CBCANCL2306023-PRONAII-17).

Results

Data from 91 school-aged children (46 girls [50.5%] and 45 boys [49.5%]) were analyzed. The mean age was
8.2+ 1.5 years, with no significant difference observed between sexes ( p = 0.582). The distribution of enrolled
children per locality of residence was as follows: Armeria, 9; Caleras, 9; Campos, 7; Colima - Villa de Alvarez,
10; Manzanillo, 11; Minatitlan, 4; Paticajo, 12; Queseria, 20; and Tecoman, 9.

According to the Z score, most of the studied children ( n = 55/91) had a normal BMI-for-age. The prevalence
of overweight or obesity was 37.4% (n = 34/91), and only 2 children (2.2%) were categorized as having a low
BMI-for-age.

The evaluated event and exposure biomarkers are summarized in Table 1. The 93.4% (n = 85/91) of enrolled
children had hemoglobin levels within the expected range (females, 12.2-16.1 g/dL; males, 12.5-16.0 g/dL), and
prevalence of low levels was 5.5% (n = 5/91).

Biomarker results are summarized in Table 1. Hemoglobin levels were normal (females: 12.2-16.1 g/dL;
males: 12.5-16.0 g/dL) in 93.4% (n = 85/91) of children, with low levels in 5.5% (n = 5/91). Hematocrit was
normal (37.1-48.0% for both sexes) in 84.6% ( n. = 77/91), with one case (1.1%) of hemoconcentration (>48.0%).
MCV was normal (females: 79.0-92.9 fL; males: 78.7-91.2 fL) in 80.2% (n = 73/91) and low in 19.8% (n =
17/91), with no high MCV cases. MCH was normal in only one female participant (31.0-34.4 pg), while 98.9%
(n =90/91) showed subnormal values (females: < 31.0 pg; males: < 31.6 pg). All children had normal RDW
(females: 12.0-17.7%; males: 11.8-17.6%).

Thrombocytopenia (platelet count<147,000/pL in females; < 167,000/uL in males) was observed in
3 children (3.3%), while thrombocytosis (>431,000/uL in females; > 384,000/pL in males) was found in 15
children (16.5%). Nearly one-quarter of participants (23.1%, n = 21/91) showed elevated mean platelet volume
(MPV > 10.0 fL), with the remainder (76.9%, n = 70/91) within normal range (6.8-10.0 fL).

Ten HM/MTs (barium, cadmium, cesium, iron, lead, lithium, molybdenum, selenium, tellurium, and
zinc) were detected in all analyzed children. Detectable levels of mercury (LOD <0.079 ng/mL) and strontium
(LOD<0.529 ng/mL) were found in 98.9% (n = 90/91) of participants. Nickel (LOD<0.043 ng/mL), tin
(LOD<0.131 ng/mL), and titanium (LOD<0.174 ng/mL) were present in 97.8% (n = 89/91) of children.
Aluminum (LOD £0.045 ng/mL), cobalt (LOD <0.053 ng/mL), and copper (LOD <0.112 ng/mL) were detectable
in 95.6% (n = 87/91) of participants. Arsenic (LOD <0.041 ng/mL) was measurable in 93.4% (n=85/91) of
children.

Our analysis identified several significant relationships between urinary metal concentrations and
erythrocyte parameters (Table 2). Copper levels correlated inversely with hematocrit (rho = — 0.22, 95% CI
—-0.43to - 0.01, p =0.037), suggesting that higher copper exposure relates to decreased hematocrit values. Lead
exposure showed the most complex pattern, with significant negative correlations for both hemoglobin ( rho =
-0.21,95% CI - 0.41 to — 0.01, p = 0.048) and hematocrit (7ho = — 0.24, 95% CI — 0.44 to — 0.05, p = 0.021),
while positively correlating with MCH ( rho = 0.21, 95% CI 0.01 to 0.42, p = 0.043). These findings suggest lead’s
effects may relate differently to various hematological indices.

Mercury concentrations correlated negatively with hemoglobin levels (rho = — 0.23, 95% CI — 0.43 to
- 0.04, p = 0.028). Strontium showed the strongest positive correlation, with its levels relating most strongly to
increased MCH values (rho = 0.28, 95% CI 0.07 to 0.50, p = 0.007). For tin, we observed a significant negative
correlation with RDW (rho = - 0.22, 95% CI — 0.44 to — 0.01, p = 0.033), though the clinical relevance of this
relationship warrants further investigation.

The correlation analysis revealed significant correlations between HM/MTs and platelet parameters (Table 3).
Barium showed a positive correlation with platelet count (rho = 0.24, 95% CI 0.04 to 0.44, p = 0.021), while lead
exhibited an inverse relationship (7ho = — 0.22, 95% CI — 0.41 to — 0.02, p = 0.040). Furthermore, tellurium
levels correlated positively with MPV (rho = 0.31, 95% CI 0.12 to 0.49, p = 0.003), indicating a potential
relationship between tellurium exposure and platelet size.

The multiple linear regression results for Models 1-4 (analyzing hemoglobin, hematocrit, platelet count, and
RDW, respectively) are presented in Table 4. After adjusting for the metals included in each model, age, sex,
nutritional status, and residential location, only Model 4 (RDW) demonstrated a statistically significant linear
association. This model revealed an inverse relationship between tin levelsand RDW (5 =-0.06,95% CI-0.11
to — 0.01, p = 0.038), indicating that higher tin concentrations correlated with lower RDW values. All observed
RDW measurements fell within normal physiological ranges despite this association.

The log-transformed regression analysis (Table 5) revealed two significant dose-response relationships. First,
each unit increase in urinary lead concentration was associated with a 0.6% increase in MCH (Model 4: 8 =
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Median and IQR
Hemoglobin (mean+SD, gr/dL) | 13.9+0.1
Hematocrit (mean + SD, %) 40.3+2.9
MCV (mean +SD, fL) 80.8+3.0
MCH (pg) 27.8 (27.1-28.5)
RDW (mean +SD, %) 13.7+0.5
Platelet count (cells/uL) 342 (296-387)
MPV (fL) 9.4 (8.9-10.0)
HM/MTs (ng/mL)
Aluminum 8.3 (4.8-15.0)
Arsenic 13.5(6.1-21.4)
Barium 1.5 (0.8-2.6)
Cadmium 0.3 (0.2-0.4)
Cesium 7.7 (5.3-12.2)
Cobalt 0.7 (0.3-1.4)
Copper 15.4 (7.6-24.9)
Iron 456.6 (282.3-670.3)
Lead 2.2(1.8-3.2)
Lithium 49.4 (33.0-66.8)
Mercury 0.6 (0.4-0.8)
Molybdenum 77.2 (40.7-144.6)
Nickel 4.7 (3.3-8.0)
Selenium 78.8 (60.1-107.8)
Strontium 157.8 (111.1-257.5)
Tellurium 0.61 (0.59-0.62)
Tin 1.1 (0.6-2.1)
Titanium 20.1 (14.0-38.4)
Zinc 553.9 (355.1-798.6)

Table 1. Summary of the analyzed biomarker levels, Mexico 2023. Abbreviations: SD, standard deviation;
IQR, interquartile range; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; RDW, red
cell distribution width; MPV, mean platelet volume; HM/MTs, heavy metals and metalloids. Note: (1) The
heavy HM/MTs levels were assessed urine samples; (2) The median and IQR is presented unless the arithmetic
mean * SD is specified, indicating that the data deviated significantly from a normal distribution based on

the Shapiro-Wilk test; (3) The number of children included in each HM/MTs analysis was 91, except for the
following, based on urinary levels above the limit of detection: mercury and strontium (n = 90 each); nickel,
tin, and titanium (n = 89 each); aluminum, cobalt, and copper (n = 87 each); and arsenic ( n = 85).

0.006, 95% CI 0.002 to 0.010, p = 0.001). Tellurium showed a robust positive relationship with MPV, where each
unit increment in tellurium levels corresponded to a 55.0% elevation in the blood biomarker ( 8 = 0.55, 95% CI
0.08 to 1.02, p = 0.023).

Discussion

Our results suggest that environmental exposure to HM/MTs may be related to alterations in some of the
evaluated RBC and platelet-related parameters in the analyzed school-aged children. Furthermore, this
relationship appears to be independent of sex, age, nutritional status (as indicated by BMI-for-age), and locality
of residence. However, it is important to consider the methodological limitations inherent in the study design
when interpreting our findings. Supplementary Figure S1 presents the directed acyclic graph (DAG) illustrating
the hypothesized causal pathways between environmental HM/MT exposure and hematologic outcomes in the
study population.

The inverse association between urinary tin levelsand RDW in children may arise from tin’s capacity to reduce
oxidative stress, a key contributor to erythrocyte size variability. Certain tin compounds exhibit antioxidant
properties in vitro®!. However, human data remain limited, and the underlying mechanisms, if confirmed,
require further clarification.

The RDW indicates a variation in erythrocyte size, which implies that some red blood cells have abnormal
sizes despite having other normal erythrocyte indices. Although all children had normal RDW, this parameter is
considered an indicator of impaired iron transport®2. In the multiple regression analysis, we observed a negative
relationship between urinary tin levels and RWD (5 = - 0.06, 95% CI — 0.11 to — 0.01, p = 0.038) (Table 4). To
the best of our knowledge, there are not published studies evaluating the potential effect of environmental tin
exposure on RDW in children.
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Rho (95% CI)

Hemoglobin Hematocrit MCV MCH RDW

(gr/dL) (%) (fL) (pg) (%)
Aluminum | 0.06 (= 0.15 to 0.27) 0.10 (= 0.11 to 0.31) ~0.05 (= 0.25t0 0.14) | — 0.15 (- 0.36 t0 0.06) | 0.10 (- 0.13 to 0.32)
Arsenic —-0.02 (- 0.22t0 0.18) —0.04 (- 0.24 0 0.17) 0.03 (- 0.18 t0 0.23) 0.07 (- 0.15 to 0.29) 0.04 (- 0.16 to 0.25)
Barium 0.10 (- 0.11t0 0.31) 0.10 (- 0.12t0 0.31) 0.13 (- 0.09 to 0.35) 0.10 (- 0.12t0 0.33) —0.05 (- 0.26 t0 0.16)
Cadmium 0.12 (- 0.09 to 0.33) 0.17 (- 0.10 to 0.32) 0.07 (- 0.15t00.29) | 0.07 (- 0.16 t0 0.30) | 0.06 (- 0.16 to 0.28)
Cesium 0.02 (- 0.20 to 0.24) 0.04 (- 0.02 to 0.26) -0.13 (- 0.331t00.07) | —0.11 (- 0.33t0 0.11) | 0.11 (- 0.11 to 0.32)
Cobalt 0.12 (- 0.08 to 0.32) 0.13 (- 0.08 to 0.34) 0.19 (- 0.01 to 0.38) 0.16 (- 0.04 to 0.37) —0.15 (- 0.36 to 0.06)
Copper —0.19 (- 0.40 to 0.02) —-0.22 (- 0.43 to — 0.01)* | 0.04 (- 0.18 to 0.25) 0.13 (- 0.08 to 0.35) - 0.01 (- 0.23 t0 0.20)
Iron 0.03 (- 0.16 to 0.23) ~0.01 (- 0.22 to 0.20) 0.14 (- 0.05 to 0.34) | 0.15 (- 0.06 t0 0.36) | —0.10 (- 0.31 to 0.10)
Lead —-0.21 (- 0.41 to — 0.01)* | — 0.24 (- 0.44 to — 0.05)* | 0.16 (- 0.05 to 0.37) 0.21 (0.01 to 0.42)* —-0.02 (- 0.22t0 0.19)
Lithium —0.06 (- 0.27 to 0.14) —0.05 (- 0.25 t0 0.14) 0.01 (- 0.21t0 0.23) 0.02 (- 0.19to 0.24) 0.06 (- 0.16 to 0.28)
Mercury —0.23 (- 0.43 to — 0.04)* | — 0.20 (- 0.40 to0 0.01) —0.02 (- 0.22t00.19) | = 0.02 (- 0.23t0 0.19) | 0.01 (- 0.20 to 0.22)
Molybdenum | 0.18 (- 0.01 to 0.38) 0.16 (- 0.04 to 0.36) 0.06 (- 0.15 t0 0.27) 0.08 (- 0.14 to 0.30) 0.03 (- 0.20 to 0.26)
Nickel 0.10 (- 0.11 to 0.30) 0.08 (- 0.12t0 0.28) —0.05 (- 0.26 t0 0.16) | — 0.03 (- 0.24t0 0.17) | — 0.07 (- 0.28 to 0.14)
Selenium ~0.05(-027t00.17) | -0.06 (- 0.28 t0 0.17) ~0.13 (- 0.32t0 0.06) | — 0.08 (= 0.29 to 0.14) | 0.07 (- 0.15 to 0.29)
Strontium 0.09 (- 0.11 to 0.28) 0.05 (- 0.15 to 0.25) 0.27 (0.05 to 0.49) 0.28 (0.07 to 0.50)* —-0.17 (- 0.38 t0 0.03)
Tellurium —0.09 (- 0.30 t0 0.12) —0.12 (- 0.31 t0 0.07) 0.14 (- 0.06 to 0.33) 0.18 (- 0.02 to 0.37) - 0.02 (- 0.23 t0 0.20)
Tin 0.08 (- 0.13 to 0.29) 0.06 (- 0.16 to 0.28) 0.03 (- 0.18t00.23) | 0.03 (- 0.18 t0 0.24) | — 0.22 (- 0.44 to — 0.01)*
Titanium 0.17 (- 0.01 to 0.35) 0.16 (- 0.03 to 0.34) —-0.01 (- 0.24t0 0.22) | —0.01 (- 0.22 t0 0.21) | 0.05 (- 0.18 to 0.27)
Zinc 0.18 (- 0.03 to 0.38) 0.16 (- 0.06 to 0.38) 0.08 (- 0.15t0 0.31) | 0.07 (- 0.16t0 0.29) | —0.07 (- 0.31 to 0.17)

Table 2. Relationship between urinary heavy metals and metalloids levels with Erythrocyte-Related
paraclinical parameters, Mexico 2023. Abbreviations: CI, confidence interval; MCV, mean corpuscular volume;
MCH, mean corpuscular hemoglobin; RDW, red cell distribution width. Note: The number of children
included in each correlation analysis is 91 for each substance, except for the following, based on urinary levels
above the limit of detection: mercury and strontium ( n = 90 each); nickel, tin, and titanium ( n = 89 each);
aluminum, cobalt, and copper (n = 87 each); and arsenic (n = 85). * p < 0.05.

Lead levels in our study exhibited a positive linear relationship with the log-transformed MCH. Specifically,
for each unit increase in urinary levels of this heavy metal, the hematologic parameter increased by 0.6% ( 8
= 0.006, 95% CI 0.002 to 0.010, p = 0.001) (Table 5). Increased MCH by lead exposure have been described
on animal models**. A significant negative relationship has been documented among Chinese children®-%.
We consider that this discrepancy may result, at least partially, from high lead concentrations in the Chinese
population. The lead blood levels in these studies were as high as 10 pg/L, while the highest concentration in our
population was 3.2 pg/L.

About 99% of lead is within erythrocytes’; thus, plasma levels are relatively low in comparison, making it
likely that urinary lead reflects plasma concentrations®®. It's important to note that the observed lead levels in our
study sample were lower than those previously documented in unexposed populations (80 ng/mL)%.

Discrepancies in the relationship between lead levels and mean corpuscular hemoglobin (MCH) could
arise from differences in the timing and duration of exposure captured by these biomarkers. Nevertheless, it
is remarkable that despite low concentrations, effects on hematological parameters were found. In our model,
hemoglobin was not significantly affected by lead (Model 1), but MCH was not measured directly; it was
calculated based on the hemoglobin value, which was altered in nearly 7% of enrolled children. Therefore, in our
population, lead seems to be related to hemoglobin alterations.

We observed a consistent positive relationship between lead levels and MCH in our study population, with
each unit increase in urinary lead corresponding to a 0.6% rise in log-transformed MCH values (5 = 0.006,
95% CI 0.002-0.010, p = 0.001). This finding presents an interesting paradox when viewed against existing
literature. While animal models similarly report lead-induced increases in MCH??, human studies from Chinese
populations have documented the opposite effect, a significant inverse relationship between lead exposure and
MCH34736.

The resolution to this apparent contradiction likely lies in several key factors. Most notably, the Chinese
cohorts exhibited higher lead exposure levels (up to 10 ug/dL) compared to our population’s maximum of 3.2 pg/
dL. This exposure gradient suggests a potential threshold effect, where lower lead concentrations may stimulate
erythropoietic activity while higher levels overwhelm compensatory mechanisms and impair hemoglobin
synthesis through inhibition of §-aminolevulinic acid dehydratase in the heme biosynthesis pathway*C.

The biological interpretation of these findings requires careful consideration of lead’s pharmacokinetics.
With approximately 99% of bodily lead sequestered in erythrocytes®, urinary measurements primarily reflect
the small plasma fraction®!. Interestingly, even our highest recorded levels (below 80 ng/mL>?) fell substantially
lower than those reported in unexposed populations, making the detectable hematological effects noteworthy.

Methodological considerations further inform these observations. While we found no direct correlations
between lead and total hemoglobin levels, the significant MCH findings suggest lead influence hemoglobinization
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Rho (95% CI)
Platelets count (cells/uL) | MPV (fL)

Aluminum —0.10 (- 0.29 to 0.10) —-0.01(-0.21t00.19)
Arsenic —0.06 (— 0.28 to 0.16) —0.08 (- 0.27 to 0.11)
Barium 0.24 (0.04 to 0.44)* —0.13 (- 0.34 to 0.08)
Cadmium -0.22 (- 0.43 to — - 0.01) | 0.05 (- 0.14 to 0.24)
Cesium —0.15 (- 0.35 to 0.06) —0.02 (- 0.23 t0 0.19)
Cobalt 0.04 (- 0.16 to 0.25) —0.15 (- 0.34 to 0.04)
Copper —0.16 (- 0.38 to 0.06) 0.20 (- 0.01 to 0.41)
Iron 0.05 (- 0.16 to 0.25) —-0.09 (- 0.29 t0 0.11)
Lead —0.22 (- 0.41 to — 0.02)* 0.11 (- 0.09 to0 0.31)
Lithium —0.09 (- 0.30 to 0.13) —-0.08 (- 0.28 t0 0.12)
Mercury —0.01 (- 0.23t0 0.21) 0.09 (- 0.12 t0 0.31)
Molybdenum | - 0.13 (- 0.35 to 0.08) —0.02 (- 0.22t0 0.18)
Nickel 0.09 (- 0.12 to 0.30) 0.01 (- 0.20 to 0.22)
Selenium —0.20 (- 0.40 to 0.01) 0.03 (- 0.17 to 0.24)
Strontium 0.12 (- 0.09 to 0.32) —0.10 (- 0.30 to 0.11)
Tellurium —-0.12 (- 0.33 t0 0.10) 0.31 (0.12 to 0.49)*
Tin —-0.01 (- 0.22t00.19) —-0.18 (- 0.36 t0 0.01)
Titanium ~0.02 (- 0.24 t0 0.21) 0.02 (- 0.19 t0 0.23)
Zinc ~0.05 (- 0.26 to 0.16) ~0.09 (- 0.29 t0 0.12)

Table 3. Relationship between urinary heavy metals and metalloids levels with Platelet-Related paraclinical
parameters, Mexico 2023. Abbreviations: CI, confidence interval; MPV, mean platelet volume. Note: The
number of children included in each correlation analysis is 91 for each substance, except for the following,
based on urinary levels above the limit of detection: mercury and strontium ( n = 90 each); nickel, tin, and
titanium (n = 89 each); aluminum, cobalt, and copper (n = 87 each); and arsenic (n = 85).* p < 0.05.

processes independently of gross hemoglobin concentration. This underscores the importance of examining
multiple hematologic parameters when assessing HM/MTs exposure effects.

The concentration of tellurium exhibits a positive linear relationship with mean platelet volume (MPV). An
increase in MPV is an indicator of thrombocytopenia, which aligns with previous studies. It has been described
that tellurium acts as an inhibitor of heparin binding to active sites by forming covalent bonds with sulfhydryl
groups. Additionally, it affects the enzyme squalene monooxygenase*2. Moreover, evidence exists of platelet
aggregation induction by Tellurium Quantum Dots in both no-flow and underflow conditions*®. These findings
suggest that tellurium could inhibit the action of enzymes involved in platelet aggregation.

A recently published study conducted by Zhu and colleagues documented a positive association between
MPYV and urinary levels of iron, zinc, cadmium, antimony, and lead. Additionally, in the same study, a mediation
analysis identified that MPV was associated with a 10-year risk of atherosclerotic cardiovascular disease®.

One major strength of this study is the implementation of multivariate analyses, as most published studies
have conducted bivariate evaluations?®. The presented estimators were adjusted for sex, age, and place of
residence, which are potential sources of epidemiological confounding in this type of studies*”5.

The inherent limitations of a cross-sectional study design should be carefully considered when interpreting
our findings. A key limitation of this study is the potential constraints of the statistical model. While adjustments
were made for sex, age, BMI, and residence, other confounders like diet, iron intake, anemia history,
inflammatory status, and additional environmental exposures (e.g., air and water pollution) were not included.
The adjusted determination coefficient (R?), with a median value of 0.121, suggests that the model explains a
modest proportion of the variability in the hematological parameters, highlighting the potential influence of
unaccounted confounders. Future research should incorporate more potential confounders to test the robustness
of the model.

Additionally, children with HM/MT levels below the LOD were excluded from the analysis. We chose
exclusion over imputation because our aim was not to estimate the mean or median levels. This decision was
further justified by the observation that the excluded children were randomly distributed across key variables,
including the evaluated HM/MTs, locality of residence, age, and sex, suggesting that their exclusion did not
systematically bias the results.

Moreover, we utilized a self-recruitment strategy within schools where eligible children received education,
potentially leading to a sample of girls and boys that may not fully represent the source population. As
participation was voluntary, our sample may overrepresent children from families with greater health
awareness or socioeconomic advantage, a potential “healthy volunteer” bias. While we lacked individual-level
socioeconomic data, the participating schools served mixed-income neighborhoods, providing some population
diversity. However, we acknowledge that families facing greater socioeconomic deprivation may have been less
likely to participate. This could lead to underestimation of true exposure-effect relationships if more highly
exposed children were systematically excluded.
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B (95% CI), p R? adjusted

Model 1 (Hemoglobin, gr/dL) 0.114
Lead —0.01 (- 0.08 to 0.08), 0.992

Mercury | - 0.33 (- 0.75t00.11), 0.133

Model 2 (Hematocrit, %) 0.133
Copper - 0.03 (- 0.06 to 0.01), 0.162

Lead —0.07 (- 0.31 to 0.18), 0.587

Model 3 (Platelet count, cells/uL) 0.115
Barium —1.29 (- 2.69 t0 0.12), 0.073

Lead —2.29 (- 9.09 to 4.51), 0.506
Selenium | — 0.44 (- 0.89 to 0.01), 0.056

Model 4 (RDW, %) 0.030
Tin - 0.06 (- 0.11 to — 0.01), 0.038

Table 4. Regression coeflicients for urinary levels of heavy metals and metalloids and red blood cell
parameters, Mexico 2023. Abbreviations: CI, confidence interval; RDW, red cell distribution width. Note: (1)
Multiple linear regression models were used to compute the regression coefficients, CIs, and p-values; (2) The
presented estimates for each model were adjusted for the metals included in each of them, as well as for age,
sex, nutritional status (body mass index for age), and locality of residence; (3) The number of children included
in each model is 91 for each substance, except for the following, based on urinary levels above the limit of
detection: mercury (n = 90, Model 1), tin (n = 89, Model 4), and copper ( n = 87, Model 2).

B (95% CI), p Rzadj“sml
Model 5 (MCH, pg) 0.157
Lead 0.006 (0.002 to 0.010), 0.001
Strontium | — 0.0002 (- 0.0010 to 0.0004), 0.505
Model 6 (MPV, fL) 0.127
Tellurium | 0.55 (0.08 to 1.02), 0.023

Table 5. Regression coefficients for urinary levels of heavy metals and metalloids, and Log-Transformed
red blood cell parameters, Mexico 2023. Abbreviations: CI, confidence interval; MCH, mean corpuscular
hemoglobin; MPV, mean platelet volume. Note: (1) Multiple linear regression models were used to compute
the regression coefficients, CIs, and p-values; (2) The presented estimates for each model were adjusted for
the metals included in each of them, as well as for age, sex, nutritional status (body mass index for age), and
locality of residence; (3) The number of children included in Model 5 and 6 is 90 and 91, respectively.

The selection of urine over other biological fluids (e.g., blood) for assessing exposure to HMs/MTs depends
on the toxicokinetic properties of each element®. In this study, we focused solely on urine samples, as they are
particularly suitable for quantifying xenobiotics with rapid excretion (e.g., tin, lead, and tellurium) and provide
a reliable indicator of recent exposure®’. However, urine samples are not the first choice for quantifying essential
elements (e.g., copper, zing, or iron) or when estimating long-term body burden, as blood or serum biomarkers
better reflect systemic accumulation®.

Nonetheless, our study may offer valuable insights into the relationship between HM/MTs exposure and
hematologic biomarkers related to RBCs and platelets in school-aged children. This highlights the necessity for
further research to validate and build upon our results.

Conclusion

The results suggest that environmental exposure to HM/MTs; may influence certain hematologic parameters
in school-aged children. To better understand and mitigate these environmental health risks in this vulnerable
population, future studies should employ larger sample sizes and longitudinal designs. These approaches would
strengthen our understanding of HM/MT exposure effects on hematologic outcomes, ultimately informing
targeted interventions and preventive strategies.

Data availability
Data requests should be sent to the corresponding author and will be reviewed by lead investigators and the
funding council.
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