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Abstract

Background: Autism spectrum disorder (ASD) arises from complex gene—environment
interactions. While trace element abnormalities have been studied, associations with
autism severity remain inconsistent. Ratios indicating detoxification balance, rather than
single toxic elements, may better reflect severity. Objective: To examine the relationships
between urinary trace element levels, detoxification-related element ratios, and autism
severity measured by the Childhood Autism Rating Scale (CARS). Methods: In a cross-
sectional study of 168 participants (103 ASD, 65 controls), thirty urinary trace elements
were quantified by ICP-MS. ASD patients were stratified by CARS into subthreshold
ASD (n = 29), mild-moderate ASD (n = 36), and severe ASD (n = 38). Analyses included
Mann-Whitney U, Kruskal-Wallis, and Spearman correlation tests, focusing on Li/Pb,
Cu/Pb, and Cr/Pb ratios. Results: Individual elements showed weak associations with
CARS; lead correlated positively (p = 0.209, p = 0.035) and lithium inversely (p = —0.194,
p = 0.051). In contrast, element ratios showed stronger links: Li/Pb (p = —0.349, p = 0.0003),
Cu/Pb (p = —0.320, p = 0.0011), and Cr/Pb (p = —0.209, p = 0.035). Severe ASD exhibited
modest 90th-percentile elevations for toxic elements but high heterogeneity. Conclusions:
Single-element levels showed limited associations with ASD severity. Element ratios,
particularly Li/Pb, showed stronger statistical associations than individual elements in
this cross-sectional dataset; however, these findings should be interpreted as candidate
correlates rather than causal or clinically validated biomarkers.

Keywords: autism spectrum disorder; trace elements; lead; lithium; detoxification; biomark-
ers; CARS; element ratios; environmental toxins; metallothionein
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1. Introduction

Autism spectrum disorder (ASD) represents one of the most prevalent neurodevel-
opmental conditions, affecting approximately 1 in 36 to 1 in 44 children, with prevalence
continuing to rise over the past three decades [1]. While substantial evidence implicates
genetic factors in ASD etiology, with heritability estimates around 80-90% from twin stud-
ies, the rapid increase in prevalence over relatively short timespans suggests significant
environmental contributions [2,3]. Current models emphasize complex gene—environment
interactions, where environmental stressors unmask genetic susceptibilities in vulnerable
individuals [4,5].

Among the environmental factors proposed in ASD etiology, exposure to toxic metals
and the dysregulation of essential trace elements has received increasing attention [3-5].
Lead exposure is particularly concerning, as it represents a well-characterized neurotoxin
with no established safe threshold; prenatal and early childhood lead exposure is associ-
ated with irreversible neurodevelopmental deficits, even at levels previously considered
safe [6,7]. Mercury, while reduced in many populations due to emissions control efforts,
remains a concern in specific geographic regions and dietary patterns (particularly fish
consumption) [8]. Beyond individual metals, trace element dysregulation more broadly—
encompassing deficiencies in protective elements like zinc, selenium, and lithium—may
also contribute to neurotoxic vulnerability [9-11].

The neurobiological mechanisms linking metal exposure to autism symptoms likely
involve multiple pathways. Lead and mercury directly impair neural development through
interference with synaptic plasticity, dendritic outgrowth, and neurotransmitter func-
tion [12]. These toxic metals also trigger neuroinflammation and oxidative stress, disrupting
the delicate metabolic balance required for proper brain development [13-15]. Conversely,
deficiencies in essential trace elements compromise antioxidant defense systems, further
amplifying vulnerability to toxic exposures.

The detoxification dysfunction hypothesis

A key mechanistic concept is metallothionein function and detoxification capacity.
Metallothioneins are small cysteine-rich metal-binding proteins crucial for maintaining
metal homeostasis and buffering both toxic and essential metal exposure [16-18]. Dys-
function in metallothionein regulation has been implicated in various neuropsychiatric
conditions, including autism. The zinc-to-copper ratio—reflecting metallothionein status—
has been proposed as a biomarker for ASD severity [19-23]. However, this ratio alone may
not capture the full complexity of metal dysregulation, particularly in populations where
different toxic metals predominate.

The core concept underlying our study is that autism severity relates not to individual
metal concentrations in isolation, but to the dysbalance between protective elements and
toxic elements—essentially, a failure of the detoxification system to maintain homeostasis
under environmental challenge. This “detoxification dysfunction” model predicts that
ratios of protective-to-toxic elements should show stronger associations with symptom
severity than individual element concentrations alone [21].

Prior evidence and research gaps

Multiple studies have examined trace elements in ASD cohorts with mixed results.
Zhang et al. (2021) performed a meta-analysis of 1014 children and found significantly
elevated barium, mercury, lithium, and lead in autistic children compared to controls [24].
They concluded that “excessive exposure to toxic heavy metals and inadequate intake
of essential metal elements may be associated with ASD.” However, effect sizes in most
studies remain modest, and findings show inconsistency across populations, suggesting
that individual element concentrations alone may be insufficient biomarkers.
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Importantly, prior work has treated ASD as a categorical outcome (affected vs. unaf-
fected) rather than examining the continuous spectrum of autism severity. The Childhood
Autism Rating Scale (CARS) provides quantified severity measurement across a continuous
scale (15-60) plus 15 specific behavioral domain scores, enabling a nuanced assessment of
which elements or ratios are associated with particular symptom clusters [25-28]. No prior
study has systematically examined element ratios in relation to CARS severity or specific
behavioral domains.

Additional gaps include the following: (1) limited analysis of element ratios beyond
Zn/Cu; (2) lack of stratified analysis recognizing phenotypic heterogeneity; (3) insufficient
investigation of which specific CARS domains are most sensitive to element dysregulation;
and (4) no prior systematic comparison of individual elements versus ratio biomarkers.

Study aims and hypotheses

Primary Aim: To investigate the associations between urinary trace element concen-
trations (normalized to creatinine) and autism severity as measured by CARS total score
and individual behavioral items.

Primary Hypothesis: Within ASD patients, elevated toxic elements (lead, arsenic, ura-
nium, antimony, and nickel) will correlate positively with CARS severity, while protective
elements (lithium, copper, chromium, zinc, and selenium) will correlate inversely.

Secondary Aim: To test whether element ratios reflecting detoxification dysfunc-
tion show substantially stronger associations with CARS severity than individual
element concentrations.

Secondary Hypothesis: Ratios of protective-to-toxic elements (particularly Li/Pb,
Cu/Pb, and Cr/Pb) will demonstrate 2-3-fold stronger correlations with CARS sever-
ity compared to individual element correlations, with p-values moving toward greater
significance and effect sizes increasing.

Tertiary Aim: To characterize phenotypic heterogeneity in trace element profiles across
CARS severity categories through stratified analysis.

Tertiary Hypothesis: Severe ASD will show elevated 90th percentiles for toxic elements
when stratified by CARS category, despite substantial population-level overlap with other
groups, indicating heterogeneous element dysregulation within the ASD spectrum.

2. Results
2.1. Sample Characteristics and CARS Distribution

Of the 174 enrolled subjects with completed CARS assessments, 168 had valid
creatinine-adjusted element data (6 were excluded due to missing/zero creatinine val-
ues). The final analytical sample consisted of the following:

o  Controls (n = 65): Mean age 7.8 + 2.3 years (range 4-15), 52% male.
e  Subthreshold ASD (n = 29): CARS mean 26.5 & 2.1 (range 18.5-30), age 7.3 & 2.0 years,

66% male.

e  Mild-Moderate ASD (n = 36): CARS mean 32.7 £ 2.1 (range 30-36), age 7.9 £ 1.9 years,

75% male.

e Severe ASD (n = 38): CARS mean 44.7 £ 6.4 (range 36-57.5), age 7.5 & 2.2 years,

79% male.

Overall CARS distribution: Mean 27.9 & 11.1, range 15-57.5. Significantly different
across CARS groups by Kruskal-Wallis (H = 271.4, p < 0.001), confirming appropriate
categorical stratification.

Table 1 summarizes the demographic characteristics and CARS scores across the four
study groups.
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Table 1. Sample characteristics and demographics.

Characteristic Controls Subt;lge;;hold Mild-Mod ASD Severe ASD p-Value

Sample size (1) 65 29 36 38 -
Age (years), mean & SD 78+£23 73£20 79+£19 75£22 0.34

Age range (years) 4-15 - - - -

Male (%) 52 66 75 79 <0.001

CARS score, mean + SD - 26.5+£21 32.7+21 447 £ 6.4 <0.001
CARS range - 18.5-30 30-36 36-57.5 -

Demographic characteristics and CARS scores across study groups. CARS = Childhood Autism Rating Scale;
ASD = Autism Spectrum Disorder; SD = standard deviation. Kruskal-Wallis H test used for continuous variables,
chi-square for categorical variables.

2.2. Element Detection Rates and Detection Limit Filtering

Among the thirty trace elements analyzed, eight elements exceeded the 80% below-
detection threshold and were excluded. Among the 22 retained elements, detection rates
ranged from 29.2% (Pb) to 100% (Li, Mg, Ca, Ti, Mo, Sb, Cs, Se, Rb, and TI). Because Pb was
retained despite a low detection rate, all Pb-based ratio findings were interpreted cautiously
and discussed in the context of potential denominator instability.

Table 2 presents the detection rates for all 30 trace elements analyzed, with exclusion
criteria applied to elements exceeding 80% below-detection-limit measurements.

Detailed descriptive statistics for the 22 urinary trace elements across CARS severity
categories are shown in Supplementary Table S2, including the mean, standard deviation,
median, interquartile range, full range, and 10th/90th percentiles for each group. These
data document the wide ranges and substantial overlap between groups and provide the
basis for the stratified 90th-percentile analysis presented in the main text.

2.3. Individual Element Correlations with CARS in ASD Patients

Total CARS score correlations (1 = 103 ASD patients):

Spearman rank correlations between each of the 22 trace elements and total CARS
score showed modest associations:

Statistically significant correlations:

e Lead (Pb): p =0.209, p = 0.035 * (positive correlation: higher Pb associated with
worse severity).

e  Lithium (Li): p = —0.194, p = 0.051 (near-significant trend: higher Li associated with
lower severity).

Non-significant Correlations (p > 0.05):

All remaining 20 elements showed non-significant correlations with total CARS (I p |
range 0.001-0.161, all p > 0.05). When FDR correction was applied across all 22 individual
elements, none of the element-CARS correlations remained statistically significant (all
q > 0.05), confirming that single urinary elements are only weakly associated with autism
severity in this dataset.

When considered in the context of 352 tested element—item combinations, these
domain-specific correlations should be regarded as exploratory, as most would not be
expected to remain significant after formal FDR correction.

Table 3 presents the Spearman rank correlations between individual trace element
concentrations and total CARS score within ASD patients (n = 103), revealing modest
associations for lead and lithium.
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Table 2. Trace element detection rates and exclusions.

Element Detection Rate (%) BDL (%)
INCLUDED (Detection rate > 20%)
Lithium (Li) 100.0 0.0
Magnesium (Mg) 100.0 0.0
Calcium (Ca) 100.0 0.0
Titanium (Ti) 100.0 0.0
Molybdenum (Mo) 100.0 0.0
Antimony (Sb) 100.0 0.0
Cesium (Cs) 100.0 0.0
Selenium (Se) 100.0 0.0
Rubidium (Rb) 100.0 0.0
Thallium (TI) 100.0 0.0
Aluminum (Al) 85.7 14.3
Chromium (Cr) 78.0 22.0
Cobalt (Co) 744 25.6
Nickel (Ni) 72.0 28.0
Copper (Cu) 95.2 4.8
Zinc (Zn) 98.8 1.2
Arsenic (As) 68.5 31.5
Strontium (Sr) 99.4 0.6
Tin (Sn) 45.8 54.2
Barium (Ba) 92.3 7.7
Lead (Pb) 29.2 70.8
Uranium (U) 35.1 64.9
EXCLUDED (>80% BDL)
Beryllium (Be) 19.6 80.4
Vanadium (V) 11.3 88.7
Manganese (Mn) 7.7 92.3
Gallium (Ga) 24 97.6
Silver (Ag) 1.8 98.2
Cadmium (Cd) 16.1 83.9
Gold (Au) 0.0 100.0
Mercury (Hg) 18.5 81.5

Detection rates and below-detection-limit (BDL) percentages for all 30 trace elements analyzed by ICP-MS.
Elements with >80% BDL were excluded from statistical analysis to minimize imputation bias. Final analysis
included 22 elements. Because Pb had a detection rate of 29.2%, Pb-based ratios were retained for hypothesis-
driven analysis but interpreted cautiously owing to potential denominator instability.

A complete Spearman correlation matrix for all 22 elements, three element ra-
tios, and 16 CARS outcomes (total score plus 15 behavioral items) is provided in
Supplementary Table S1. This matrix offers full transparency of all 352 tested correla-
tions, highlights domain-specific patterns (for example, lithium showing the strongest
inverse associations in adaptation and sensory domains and lead in communication and
object use), and facilitates future meta-analyses and independent re-analysis.

2.3.1. CARS Item-Specific Correlations

Analysis of correlations between individual elements and the 15 specific CARS behav-
ioral items revealed a more complex pattern, with 32 statistically significant element—item
associations (p < 0.05) concentrated in specific domains.

Lithium (Li)—strongest item-level associations (13 of 15 items, p < 0.05):

e Item VI (Adaptation to change): p = —0.408, p < 0.001 ***.
e Item VIII (Listening response): p = —0.349, p = 0.0004 ***.
e Item VII (Visual response): p = —0.245, p = 0.014 *.
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Item I (Relating to people): p = —0.231, p = 0.021 *.
Item IX (Taste/smell/touch response): p = —0.200, p = 0.046 *.
Item XI (Verbal communication): p = —0.3080, p = 0.002 **.
Item XV (General impressions): p = —0.313, p = 0.001 **.

Item II (Imitation): p = —0.265, p = 0.008 **.

Item IV (Body use): p = —0.253, p = 0.011 *.

Item X (Fear/nervousness): p = —0.200, p = 0.046 *.
Item III (Emotional response): p = —0.230, p = 0.022 *.

Table 3. Spearman correlations of individual urinary trace elements with total CARS score in ASD

patients (n = 103).

Element Spearman p p-Value q-Value (FDR)
Pb 0.209 0.035 * 0.561
Li —0.194 0.051 0.561
Mg 0.161 0.103 0.755
Al 0.089 0.371 0.842
Ca —0.045 0.651 0.842
Ti 0.012 0.903 0.946
Cr —0.078 0.433 0.842
Co 0.034 0.732 0.848
Ni 0.112 0.258 0.842
Cu —0.102 0.305 0.842
Zn 0.001 0.992 0.992
As —0.067 0.500 0.842
Se —0.023 0.817 0.899
Rb —0.056 0.573 0.842
Sr 0.089 0.371 0.842
Mo 0.045 0.651 0.842
Sn 0.078 0.433 0.842
Sb 0.123 0.215 0.842
Cs —0.034 0.732 0.848
Ba 0.067 0.500 0.842
Tl 0.045 0.651 0.842
U 0.145 0.143 0.786

Spearman p values were calculated between urinary element concentrations and total CARS score within ASD
patients. g-values were calculated using Benjamini-Hochberg FDR adjustment across the 22 individual element
tests shown in this table. * p < 0.05. Element abbreviations are defined in Table 2. After Benjamini-Hochberg FDR
adjustment across the 22 individual element tests, none of the individual element-CARS total-score correlations
remained statistically significant (all q > 0.05), supporting the interpretation of single-element associations as

weak and exploratory.

All lithium correlations are negative, indicating that lower urinary lithium excretion is

associated with more severe symptoms in these domains, suggesting lithium deficiency or

altered metabolism may contribute to symptom expression.
Lead (Pb)—communication and object use associations (5 items):

e Item V (Object use): p = 0.331, p < 0.001 ***.
e Item XI (Verbal communication): p = 0.302, p = 0.002 **.

o [Item II (Imitation): p = 0.223, p = 0.026 *.
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e Item VIII (Listening response): p = 0.215, p = 0.033 *.
e Item XV (General impressions): p = 0.198, p = 0.049 *.

All lead correlations are positive, indicating higher urinary lead is associated with
worse performance in these domains.

Because a large number of item-level correlations were examined, these domain-
specific findings should be regarded as exploratory and hypothesis-generating, particularly
where significance may not remain after adjustment for multiple testing.

Compared with individual element concentrations, the pre-specified protective-to-
toxic ratios of Li/Pb and Cu/Pb showed the largest nominal inverse associations with
total CARS score, while Pb showed a weaker positive association and Li showed a weaker
inverse association. Table 4 summarizes the five pre-specified markers using Spearman
p, nominal p-values, Benjamini-Hochberg g-values calculated across these five markers,
and descriptive p? values. Although several markers remained below q < 0.05 within
this limited pre-specified comparison set, the Pb-based ratios should still be interpreted
cautiously because Pb was highly censored and ratio-based analyses may be affected by
denominator instability and the mathematical coupling of selected element ratios and
individual markers with total CARS score in ASD patients (n = 103).

Table 4. Associations of selected element ratios and individual markers with total CARS score in
ASD patients (n = 103).

Marker Spearman p p-Value g-Value (FDR) R?
Li/Pb —0.3490 0.0003 *** 0.0015 0.1220
Cu/Pb —0.3200 0.0011 ** 0.0028 0.1020
Cr/Pb —0.2090 0.0348 * 0.0438 0.0440
Pb 0.2090 0.0350 * 0.0438 0.0440
Li —0.1940 0.0510 0.0510 0.0380

g-values were calculated using Benjamini-Hochberg FDR adjustment across the five pre-specified markers shown
in this table. R? is presented as p? and should be interpreted descriptively for these non-parametric associations.
*p <0.05 *p <0.01, ** p < 0.001. Element abbreviations are defined in Table 2.

In the pre-specified five-marker comparison, Li/Pb and Cu/Pb showed the largest
inverse associations with total CARS score and remained below q < 0.05 after Benjamini—
Hochberg adjustment across the five markers shown in Table 4. Cr/Pb and Pb also remained
below q < 0.05 in this limited comparison set, whereas Li alone did not. Nevertheless,
because Pb was highly censored and Pb-based ratios may be affected by denominator
instability and mathematical coupling, these findings should be regarded as exploratory
candidate correlates requiring independent replication rather than validated biomarkers.

Under the primary LOD/2 rule, Spearman correlations with CARS total score were
p ~ 0.06 (p =~ 0.57) for Pb, p = —0.26 (p ~ 0.008, q ~ 0.04) for Li, and p ~ —0.21 to
—0.26 (p = 0.03-0.07, q ~ 0.07) for Li/Pb, Cu/Pb, and Cr/Pb. Setting Pb BDL to
LOD/ /2 gave concordant results; setting Pb BDL to 0 produced a less stable estimate
(Li/Pb p =~ —0.37, p =~ 0.05). In the Pb > LOD subset, Li/Pb remained inversely associated
with CARS (p ~ —0.37, p =~ 0.05, R? =~ 0.13), while Cu/Pb and Cr/Pb were weaker and
non-significant. These analyses indicate that the Li/Pb—CARS association is not solely
an artefact of LOD/2 imputation but that Pb-based ratios remain statistically fragile and
should be regarded as exploratory candidate correlates. Sensitivity analyses using alterna-
tive Pb BDL treatments yielded consistent qualitative patterns. When BDL Pb was set to
LOD/+/2 instead of LOD/2, correlations between CARS and Li/Pb, Cu/Pb, and Cr/Pb
were very similar (p ~ —0.22 to —0.26, p ~ 0.03-0.07). When analyses were restricted to
ASD participants with Pb > 0.04 (no imputation), Li/Pb remained inversely associated with
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and Cr/Pb were weaker and not statistically significant. Thus, the inverse Li/Pb-CARS
association is not entirely driven by the LOD/2 rule, but the wide confidence intervals and
loss of significance for other ratios underscore the exploratory nature of Pb-based markers
in this dataset.

Element-ratio findings are summarized in Table 4 and visualized in Figures 1-4.
Overall, Li/Pb and Cu/Pb showed the strongest inverse associations with total CARS
score among the pre-specified markers. These associations are presented as exploratory
because the ratios share Pb as a denominator, Pb values were frequently below the detection
limit, and ratio-based analyses may be sensitive to denominator instability. Item-level ratio
correlations are therefore described as hypothesis-generating and are not interpreted as
validated clinical biomarkers.

Figure 1 compares the correlation strength of individual elements and element ratios
with total CARS score, highlighting the stronger associations of Li/Pb, Cu/Pb, and Cr/Pb
ratios relative to lead alone.

We compare the Spearman correlation coefficients between individual trace elements
and element ratios with total CARS score in ASD patients (n = 103). Element ratios (Li/Pb,
Cu/Pb, Cr/Pb) demonstrate 2.3-3.2-fold stronger associations with CARS severity than
individual elements alone (Pb, Li), consistent with the exploratory ratio-based hypothesis.
Bars represent Spearman p values with 95% confidence intervals; negative correlations
indicate inverse relationships (higher ratio associated with lower CARS score and better
function). * p < 0.05, ** p < 0.01, *** p < 0.001.

The breadth and domain specificity of ratio-symptom associations are illustrated
in Figure 2, which maps Li/Pb, Cu/Pb, and Cr/Pb correlations across all 15 CARS
behavioral domains.

Cr/Pb 4

Cu/Pb 4

Li/Pb

Li

Pb -

T T T

-0.3 -0.2 -0.1 0.0 0.1 0.2
Spearman rho

Figure 1. Correlation comparison—individual elements vs. element ratios.
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Figure 2. Heatmap of element ratios vs. CARS behavioral domains.
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Figure 3. Violin plots of element ratios across CARS severity categories.

Heatmap of Spearman correlations between element ratios (Li/Pb, Cu/Pb, and Cr/Pb)
and 15 individual CARS behavioral domains in ASD patients (n = 103). Rows represent
CARS items I-XV (relating to people, imitation, emotional response, body use, object use,
adaptation to change, visual response, listening response, taste/smell/touch response, fear
or nervousness, verbal communication, nonverbal communication, activity level, intellec-
tual response, and general impressions); columns represent element ratios. Color intensity
encodes correlation strength (blue = inverse/protective correlation; red = positive /harmful
correlation; and white ~ p 0). Li/Pb shows significant inverse correlations for 13 of the
15 domains, with the strongest effects in sensory processing (Items VI-IX) and communi-
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57.5 A1

55.0 4

52.5 4
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cation (Items VIII, XI), whereas Cu/Pb and Cr/Pb exhibit more selective but concordant
patterns. * p < 0.05, ** p < 0.01, *** p < 0.001.

Li/Pb ratio vs total CARS score

CARS = 63.68 -7.27 X log1o(Li/Pb) @
Rz =0.191 )

101!
Li/Pb ratio (log scale)

Figure 4. Scatter plot of Li/Pb ratio versus CARS total score in ASD patients (n = 103).

Figure 3 depicts the distributions of Li/Pb, Cu/Pb, and Cr/Pb ratios across CARS
severity categories, illustrating that only Cu/Pb shows a clear population-level downward
shift in severe ASD compared with controls.

The violin plots show the distributions of element ratios across CARS severity cate-
gories (0—Control; 1—Subthreshold ASD; 2—Mild-Moderate ASD; and 3—Severe ASD).
(A) The Li/Pb ratio demonstrates a gradual decline with an increase in severity but no
significant overall group difference (Kruskal-Wallis p = 0.18). (B) The Cu/Pb ratio shows
significant between-group differences (Kruskal-Wallis p = 0.031), with severe ASD exhibit-
ing 18.5% lower values than controls (Mann-Whitney p = 0.029), representing the only
ratio with clear population-level separation. (C) The Cr/Pb ratio displays a similar but
non-significant trend (Kruskal-Wallis p = 0.12). Violins illustrate kernel density estimates
on a log scale; central markers indicate the median and interquartile range; individual
points represent single subjects. * p < 0.05.

The continuous inverse relationship between Li/Pb ratio and autism severity is visual-
ized in Figure 4.

The x-axis is shown on a logarithmic scale. The solid line represents a fitted linear
regression of total CARS score on logl0(Li/Pb), with the shaded band indicating the
approximate 95% confidence interval. Each point represents one patient. Lower Li/Pb
ratios were associated with higher CARS scores in this cohort; however, this association
should be interpreted as exploratory and does not establish a causal mechanism. Spearman
p = —0.349 (p = 0.0003), corresponding to p? = 0.122. The fitted regression line illustrates a
graded inverse association rather than a discrete threshold effect.

Full non-parametric group comparison statistics for all 22 elements and three el-
ement ratios (Mann-Whitney U for controls vs. all ASD, Kruskal-Wallis across four
CARS categories, and Cohen’s d for severe ASD vs. controls) are summarized in
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Supplementary Table S3. This table confirms that individual elements show no signifi-
cant population-level group differences (all p > 0.05), whereas the Cu/Pb ratio is the only
biomarker with a significant overall group shift.

2.3.2. Stratified Analysis—Within-Category Patterns Reveal Ordering Despite
Population-Level Overlap

Stratified analysis by CARS category revealed that severe ASD consistently showed
elevated 90th percentiles for toxic elements (Table 5), despite substantial between-category
overlap at the population level. When comparing the 90th percentile for each element
within each CARS category separately, severe ASD consistently showed higher thresholds
than controls.

Table 5. Stratified 90th percentile analysis—within-category element elevation.

Control Severe . ,
Element 90%ile 90%ile Ratio Cohen’s d Effect
TOXIC ELEMENTS

Antimony (Sb) 0.15 0.22 1.54x 0.193 Small

Arsenic (As) 22.25 33.86 1.52x 0.206 Small
Uranium (U) 0.03 0.05 1.43 % 0.329 Small-Med

Lead (Pb) 2.53 3.63 1.43 % 0.165 Small

Nickel (Ni) 4.37 5.97 1.37x 0.256 Small

PROTECTIVE ELEMENTS
Copper (Cu) 20.40 25.83 1.27x 0.178 Small
Lithium (Li) 56.37 69.80 1.24x 0.228 Small

Comparison of 90th percentiles between control and severe ASD groups for elements
showing elevated thresholds. Ratio calculated as (Severe 90th)/(Control 90th). Cohen’s d
effect sizes are consistently small-to-small-medium, indicating phenotypic heterogeneity
rather than uniform biomarker elevation. All concentrations are in pg/g creatinine.

Despite within-category ordering (Table 5), the top 10% highest element concentrations
were distributed across all CARS categories (Table 6), reflecting the heterogeneous nature
of element dysregulation in ASD.

Table 6. Distribution of top 10% element concentrations across CARS categories.

Mild-Mod Subthreshold 2

Element Severe ASD ASD ASD Control X p-Value
Li 35.3% 11.8% 11.8% 41.2% 2.53 0.47
Ni 35.3% 23.5% 11.8% 29.4% 2.18 0.54
Pb 34.8% 8.7% 17.4% 39.1% 3.76 0.29
As 17.6% 23.5% 41.2% 17.6% 8.65 0.034 *

We shoe the distribution of subjects in the top 10% highest element concentrations across CARS severity categories.
Chi-square tests show predominantly random distribution, with only arsenic showing significant non-random
pattern (subthreshold ASD enrichment rather than severe enrichment). This paradox demonstrates that element
dysregulation affects only a subset of severe ASD cases. * p < 0.05.

Effect Sizes (Cohen’s d) for severe ASD versus controls consistently showed small-to-
small-medium effects:

e U:d=0.329 (+45.4%).

e Ni:d=0256 (+21.1%).
e Li:d=0.228 (+52.4%).
e As:d=0.206(+25.6%).
e Sb:d=0.193 (+25.9%).
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No elements achieved a large effect size (d > 0.8), confirming that autism severity involves
heterogeneous element dysregulation patterns rather than uniform biomarker elevation.

3. Discussion
3.1. Principal Findings and Core Thesis

This study examined urinary trace element concentrations and selected element ratios
in relation to CARS-based ASD severity. The main finding is that individual urinary
elements showed weak associations with total CARS score, whereas the selected pre-
specified ratios, particularly Li/Pb and Cu/Pb, showed stronger inverse associations.
These findings are hypothesis-generating and should be interpreted in light of the cross-
sectional design, the high proportion of Pb values below the detection limit, and the
mathematical sensitivity of ratios that share Pb as a denominator.

The detailed correlation patterns and group statistics supporting these findings are
provided in Supplementary Tables S1-S3 and are consistent with the main-text summaries
of modest single-element effects and stronger ratio-based associations. Three critical
findings warrant emphasis:

First, the individual element results provide limited evidence for any single urinary
element as a severity marker. None of the 22 individual element-CARS total-score correla-
tions remained significant after FDR correction across individual elements, supporting a
cautious interpretation of single-element associations.

This finding parallels advances in cardiovascular biomarker research, where ra-
tios of inflammatory markers have proven more predictive than individual markers
alone [13,23,29]. Just as cardiovascular dysfunction involves dysbalanced inflammatory
states rather than single cytokine elevation, autism severity may involve dysbalanced metal
homeostasis rather than lead or mercury toxicity per se [13,21,23,30].

Second, Li/Pb and Cu/Pb showed the strongest associations among the pre-specified
marker set. However, these ratios should not be presented as validated biomarkers. Their
interpretation is constrained by Pb censoring, denominator instability, and possible math-
ematical coupling. The sensitivity analyses support a similar inverse direction for Li/Pb
under alternative Pb BDL assumptions, but the magnitude and statistical strength varied
across specifications.

Third, urinary lithium showed broad inverse associations with several CARS be-
havioral domains. These observations may be biologically interesting, but they do not
demonstrate lithium deficiency, causal protection or therapeutic benefit. They should be
considered exploratory associations with urinary excretion patterns that require prospec-
tive confirmation. While not traditionally classified as “essential,” emerging evidence
supports lithium’s neuroprotective roles through GSK-3f inhibition and anti-inflammatory
effects [31]. The strong inverse correlation between lithium levels and symptom severity,
combined with lithium’s predominance in the most predictive ratio (Li/Pb), is consistent
with a possible protective role of lithium, but the observational design precludes causal
inference, and any clinical implications remain speculative.

Our findings are broadly consistent with previous reports that trace element profiles
in ASD are heterogeneous and may differ by exposure context. However, unlike studies
emphasizing Zn/Cu imbalance, the present dataset showed stronger associations for Pb-
based ratios. This difference may reflect population-specific exposure patterns, analytical
matrices, or sample characteristics and should not be interpreted as evidence that one
ratio is universally superior. Independent replication is required before any ratio can be
considered a robust biomarker.

In line with prior heterogeneous findings, individual urinary elements in this study
showed only weak associations with autism severity. None of the 22 element-CARS
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correlations remained significant after FDR correction (all q > 0.05), reinforcing the limited
utility of single urinary elements as severity markers in this cohort. In contrast, the a priori
selected Li/Pb and Cu/Pb ratios exhibited stronger inverse associations with total CARS
scores, with p around —0.30, nominal p-values in the 0.02-0.03 range, and FDR-adjusted g-
values around 0.08. These findings suggest that relative balance between selected protective
and toxic elements may capture aspects of symptom severity more effectively than single
elements, while still falling short of strict FDR significance criteria.

These results are compatible with the hypothesis that relative balance between se-
lected protective and toxic elements may be more informative than single urinary element
concentrations in this cohort. However, the present data do not establish a mechanistic
detoxification defect, metallothionein impairment, or causal contribution of any individual
element to ASD severity. The Pb-based ratio findings are particularly sensitive to interpre-
tation because Pb was frequently below the detection limit and appears in the denominator
of all three selected ratios. Therefore, Li/Pb, Cu/Pb and Cr/Pb should be regarded as
exploratory candidate correlates of urinary excretion patterns that require replication in
independent cohorts, preferably with repeated urine samples, complementary exposure
matrices, and more complete confounder assessment.

Previous studies support the broader relevance of trace element imbalance in ASD,
but they also highlight the heterogeneity of findings across cohorts and biological matrices.
Adams et al. reported associations between toxic metal burden, glutathione status, and
autism severity [32], which is consistent with our observation that several toxic elements
showed higher upper-percentile values in severe ASD.

However, our data are based on urinary excretion and should not be interpreted
as direct evidence of tissue burden or causal toxicity. Similarly, Faber et al. described
Zn/Cu abnormalities as a candidate biomarker in ASD [33], whereas Zn/Cu was not
associated with CARS severity in our cohort, suggesting that trace element patterns may
differ according to population, exposure context, matrix, and analytical design.

The lithium-related findings are also biologically plausible in light of the literature
describing lithium-associated neuroprotective, anti-inflammatory, and neurotrophic mech-
anisms [34,35]. Nevertheless, in the present cross-sectional urinary dataset, inverse asso-
ciations involving Li and Li/Pb should be interpreted only as exploratory correlates of
urinary excretion patterns, not as evidence of lithium deficiency, therapeutic benefit, or a
basis for supplementation. These literature comparisons support further investigation but
do not establish validated biomarkers or clinical interventions.

3.2. Study Strengths

This investigation possesses several significant methodological strengths:

3.2.1. Comprehensive Trace Element Panel with Rigorous Detection Limit Handling

The analysis of 30 trace elements represents one of the most comprehensive pediatric
trace element biomarker studies in the autism literature. We applied conservative detection
limit filtering (>80% BDL exclusion) to avoid biased inference from imputed values. Quality
assurance procedures exceeded the typical standards, ensuring measurement reliability.

3.2.2. Quantified Severity Measure Enabling Domain-Specific Analysis

Whereas most prior studies treat autism categorically (affected vs. unaffected), we
employed the CARS—providing continuous severity measurement (15-60 scale) plus
15 individual behavioral domain scores. This enables an examination of element-specific
associations with particular symptom clusters rather than global disease status.
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3.2.3. Novel Element Ratio Approach with Substantially Superior Predictive Power

This appears to be the first systematic analysis of protective-to-toxic element ratios
in autism. The 3-fold improvement in CARS correlation (Li/Pb p = —0.349 vs. Pb alone
p = 0.209) provides compelling proof of concept for the detoxification dysfunction hypothe-
sis over simple toxin accumulation models.

3.2.4. Stratified Analysis Revealing Phenotypic Heterogeneity

The recognition of within-category ordering (90th%ile patterns) despite between-
category overlap represents sophisticated epidemiologic analysis. Our stratified approach
reveals that autism severity involves distinct element dysregulation subgroups.

3.2.5. Multiple Analytical Approaches Providing Convergent Evidence

Correlation analysis, group comparisons (Mann-Whitney U, Kruskal-Wallis), strat-
ified percentile analysis, effect size calculations, and chi-square categorical testing
provide multiple statistical perspectives. Consistent directionality across approaches
strengthens inference.

Urinary trace element concentrations primarily reflect renal excretion and handling
at the time of sampling rather than direct tissue burden or systemic deficiency. Infer-
ences about whole-body metal status, lithium deficiency, or copper sufficiency from a
single spot urine sample are therefore limited, and the observed associations should
be interpreted as exploratory correlates of urinary excretion patterns rather than of
body-compartment concentrations.

3.3. Study Limitations

Several limitations should be emphasized. First, the cross-sectional design precludes
causal inference; urinary trace element differences may reflect exposure, altered renal
handling, reverse causality, or unmeasured confounding rather than causal mechanisms.
Second, Pb was highly censored, with 70.8% of values below the detection limit. Although
sensitivity analyses using alternative Pb BDL assumptions were performed, Pb-based
ratios remain vulnerable to denominator instability and mathematical coupling. Third,
urinary concentrations normalized to creatinine reduce dilution-related variability but
cannot fully account for differences in muscle mass, hydration status, or renal handling;
body composition and renal-function markers were not systematically available. Fourth,
only a single spot urine sample was available per participant; therefore, within-individual
reproducibility and intraclass correlation coefficients for Li/Pb, Cu/Pb, and Cr/Pb could
not be estimated. Fifth, complete per-element within-run and between-run CV tables were
not archived in a format suitable for tabulation, although representative quality-control
ranges were available. Sixth, diet, supplement use, medication exposure, water source,
environmental lead sources, socioeconomic variables, and other potential confounders
were not systematically collected. Finally, the high-dimensional item-level CARS corre-
lation analyses are exploratory and require replication with prespecified hypotheses in
independent cohorts.

3.4. Generalizability and Future Research Directions

This study emphasizes that element profiles associated with ASD severity may be
population-specific. The findings in this Central European cohort may not apply to popula-
tions with different genetic, dietary, or environmental exposure patterns. Future studies
should include larger and independent cohorts, repeated urine sampling, complementary
matrices such as blood or hair, structured exposure and dietary assessment, and direct mea-
surement of detoxification-related metabolites such as glutathione or urinary porphyrins.
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4. Materials and Methods
4.1. Study Design and Setting

We enrolled 174 children (103 with ASD, 65 controls) from clinical and community
settings in Slovenia, aged 9.6 £ 4.1 years. ASD was diagnosed according to DSM-5 cri-
teria. Controls were healthy or typically developing children without known neuropsy-
chiatric or metabolic illness. All provided spot urine samples during routine visits or by
study protocol.

4.2. Study Population
Inclusion criteria:

e  Children and adolescents aged 4-16 years.

e  Diagnosis of autism spectrum disorder per DSM-5 criteria for ASD group (confirmed
by clinical assessment by developmental pediatrician or pediatric neurologist).

e  No prior diagnosis of neurodevelopmental disorder for control group.

e  Ability to provide urine sample.

e  Willingness to complete CARS assessment.

Exclusion criteria:

e  Significant intellectual disability unrelated to autism (IQ < 40 in absence of ASD).

e  Comorbid neurological disorder (seizure disorder, cerebral palsy, or other significant
CNS pathology).

e  Significant hearing or visual impairment.

e  Active infection or acute illness at time of sampling.

e  Use of systemic corticosteroids or immunosuppressive medications within 2 weeks
of sampling.

e  Recent chelation therapy or metal-binding supplementation.

4.3. Final Sample

A total of 174 subjects were enrolled and completed CARS assessments. A total of
6 subjects were excluded due to invalid creatinine measurements (missing or zero values),
leaving 168 subjects for final analysis:

e  Control group (n = 65): Healthy children with no history of ASD or other neurodevel-
opmental disorders. Mean age 7.8 & 2.3 years, 52% male. They were recruited from
primary care clinics and community centers.

e ASD Patient group (n = 103): Children with confirmed ASD diagnosis, stratified by
symptom severity using CARS scores:

e  Subthreshold ASD (n = 29): CARS score <30, mean CARS score 26.5 £ 2.1, indicating
children with a clinical diagnosis of ASD whose CARS total score was below 30 at the
time of assessment. Mild-Moderate ASD (n = 36): CARS score 30-36, mean 32.7 + 2.1.
This represents the typical clinic-referred ASD population.

e  Severe ASD (n = 38): CARS score >36, mean 44.7 £ 6.4, range 36-57.5. This represents
significantly impaired individuals across multiple domains.

Mean age of ASD patients: 7.6 &= 2.1 years (no significant difference from controls,
p = 0.34). Sex distribution: 72% male in the ASD group (typical for autism diagnosis rates),
48% male in controls (p < 0.001, expected based on the known male preponderance in ASD).
4.4. Childhood Autism Rating Scale (CARS) Assessment

The CARS is a 15-item standardized behavioral rating scale developed specifically
for quantifying autism severity across the lifespan. Each item (designated I through XV)
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evaluates a specific behavioral domain using a 14 scale with 0.5 increments permitted.
Scores may range 1.0-4.0 per item, generating total CARS scores ranging 15-60.

Standard interpretation: scores 15-30 indicate non-autistic, 30-36 mildly to moderately
autistic, and 36-60 severely autistic; these instrument cut-offs do not redefine the clinical
diagnostic status of participants enrolled in the ASD arm. CARS was administered by
trained clinicians (pediatric neurologist or developmental specialist) with certification in
CARS assessment.

4.5. Specimen Collection

Urine samples were collected from all subjects during morning visits to the clinical
research center. Subjects were instructed to empty thier bladder upon waking and then
collect the first morning void (first morning urine, FMU) into sterile, metal-free polypropy-
lene containers specifically cleaned according to trace element analysis protocols. Samples
were collected without additives and transported to the laboratory within 2 h of collection
at room temperature in the dark.

Upon receipt in the laboratory, samples were analyzed for creatinine concentration
within 4 h, and they were then aliquoted and frozen at —20 °C until trace element analysis
(typically within 1-2 weeks of collection). Samples were thawed only once prior to analysis.

4.6. Laboratory Analysis of Trace Elements

An aliquot of 0.2 mL of urine sample was diluted with 2 mL of ammonium hydroxide
(Fluka Analytical TraceSELECT Ultra) solution containing Triton X-100 (Aldrich Chemistry,
Trace Metal Basis), 1-butanol (Sigma Aldrich, ACS reagent, Darmstadt, Germany), ethylene-
diaminetetraacetic acid disodium salt dehydrate (Aldrich Chemistry, Trace Metal Basis),
and an internal standard solution containing Bi, Ge, In, Li6, Lu, Rh, Sc, and Tb (Agilent
Technologies, ICP-MS Internal Std Mix, Santa Clara, CA, USA). Fourteen-point calibration
with multicalibrators IV-STOCK-27 and IV-STOCK-57 and MSAU-10PPM (Inorganic Ven-
tures, Christiansburg, VA, USA) was performed. Measurements of prepared solutions were
made on an Octapole Reaction System Inductively Coupled Plasma Mass Spectrometer
(7700x, Agilent) equipped with Integrated Autosampler (Agilent). Instrumental conditions
were as follows: Micromist nebuliser, Scott-type spray chamber, spray chamber lower
temperature 2 °C and higher temperature 16 °C, plasma gas flow rate 15 L/min, carrier gas
flow rate 1.07 L/min, RF power 1550 W, reaction cell gas helium 10 mL/min for Se and
5 mL/min for other trace elements, except for Li, Be, and Al where no gas mode was used.
Tuning of the instrument was made daily using a solution containing Li, Mg, Y, Ce, T, and
Co (Agilent Technologies, ICP-MS Tuning Solution 10 ppm). Quantification of all isotopes
was performed using one central point of the spectral peaks and three repetitions. The
reference material (RM) Seronorm Trace Elements Whole Blood L-1 (LOT no: 1406263, Sero)
and Whole Blood L-2 (LOT no: 1406264, Sero) were used to check the accuracy of the results
for trace elements in blood. The reference material (RM) Seronorm Trace Elements Serum
L-1 (LOT no: 1309438, Sero) was used to check the accuracy of the results for trace elements
in serum, and for urine Seronorm Trace Elements, Urine L-1 (LOT no: 1011644, Sero) and
Urine L-2 (LOT no: 1403081, Sero) were used.

Analytical performance was monitored using Seronorm Trace Elements Urine L-1 and
L-2 controls in each analytical series, with manufacturer-assigned target values used to
verify accuracy. Internal duplicate analysis (10% of samples; acceptance criterion <15%
relative SD) and bracketing internal standards every 10 samples were used. Representative
within-run CVs for Li, Cu, Cr, and Pb at concentrations similar to those observed in
this cohort were approximately 3-6%, and between-run CVs were approximately 5-8%
(representative values; full per-element CV tables for all 22 retained elements were not
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archived in a format suitable for tabulation, which we acknowledge as a reporting limitation
of this retrospective analysis). We therefore acknowledge the absence of a comprehensive
per-element CV table as a reporting limitation of this retrospective analysis.

Elements analyzed: Lithium (Li), Beryllium (Be), Magnesium (Mg), Aluminum (Al),
Calcium (Ca), Titanium (Ti), Vanadium (V), Chromium (Cr), Manganese (Mn), Cobalt (Co),
Nickel (Ni), Copper (Cu), Zinc (Zn), Gallium (Ga), Arsenic (As), Selenium (Se), Rubidium
(Rb), Strontium (Sr), Molybdenum (Mo), Silver (Ag), Cadmium (Cd), Tin (Sn), Antimony
(Sb), Cesium (Cs), Barium (Ba), Gold (Au), Mercury (Hg), Thallium (T1), Lead (Pb), and
Uranium (U) were measured in accordance with normal sample preparation procedures as
previously described [36].

Detection limits:

Limits of detection (LOD) and limits of quantification (LOQ) were established for
each element using matrix-matched calibration standards. LOD ranged 0.001-0.1 pg/L
depending on element. Results below LOD were reported as “below limit of detection”.

Detection-limit handling and element selection:

Concentrations below the limit of detection (BDL) were handled as follows. In the
primary analysis, Pb values reported as BDL were imputed as LOD/2 (LOD = 0.04 ug/L).
Elements for which more than 80% of samples were BDL were excluded from the main
statistical analysis (see Table 2). The robustness of Pb-based ratios to this convention was
assessed in sensitivity analyses described in the Statistical Analysis subsection.

Creatinine measurement:

Urine creatinine was measured enzymatically using an automated clinical chem-
istry analyzer (Roche Cobas c501), traceable to standard reference materials. Creatinine-
normalized concentrations were calculated as follows: Normalized Concentration (ug/g
creatinine) = [Element concentration (ug/L)]/[Creatinine (g/L)]. Creatinine normalization
was used to reduce variability related to urine dilution; however, this approach does not
fully account for interindividual differences in muscle mass, hydration status, or renal
handling. Because body composition and renal function markers were not systematically
collected, residual confounding related to creatinine excretion cannot be excluded.

4.7. Quality Control
Laboratory quality assurance included:

e Internal standards (American Chemical Society-certified reference materials) run every
10 samples.

e  Duplicate sample analysis (10% of samples) with acceptance criteria <15% relative
standard deviation.

e  Matrix spike recovery testing monthly (acceptable range 85-115%).

e Negative controls (blank samples) with each batch.

e  External proficiency testing (CAP Laboratory Accreditation Program quarterly).

4.8. Detection Limit Classification and Element Selection

Elements with >80% of measurements below the limit of detection (BDL) were ex-
cluded from statistical analysis to minimize bias from LOD imputation. This conservative
threshold eliminates elements where data were predominantly censored while preserving
elements with sufficient above-detection information. For statistical analyses and ratio cal-
culations, concentrations below the limit of detection were imputed as LOD/2, a common
approach in environmental biomonitoring studies. Because Pb had a high proportion of
measurements below the detection threshold, Pb-based ratios were interpreted cautiously,
as denominator censoring may increase ratio variability and affect downstream correlation
estimates. Elements excluded: Beryllium (80.4% BDL), Vanadium (88.7% BDL), Manganese
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(92.3% BDL), Gallium (97.6% BDL), Silver (98.2% BDL), Cadmium (83.9% BDL), Gold (100%
BDL), and Mercury (81.5% BDL).

Final analysis included 22 elements with <80% BDL: Li, Mg, Al, Ca, Ti, Cr, Co, Ni, Cu,
Zn, As, Se, Rb, Sr, Mo, Sn, Sb, Cs, Ba, T1, Pb, and U.

For each element, measurements below the instrument detection limit (BDL) were
recorded as ‘<value’. Elements with more than 80% BDL were excluded from the anal-
ysis. Lead (Pb) had a detection rate of 29.2%, corresponding to 70.8% BDL values,
but was retained because Pb-based ratios were specified a priori. In the primary anal-
ysis, BDL Pb concentrations were imputed as LOD/2 (LOD = 0.04), while measured
Pb values were used as reported, and ratios (Li/Pb, Cu/Pb, Cr/Pb) were calculated on
creatinine-normalized concentrations.

To assess the robustness of Pb-based ratios to censoring assumptions, sensitivity anal-
yses were performed using alternative BDL treatments (Pb BDL = 0, Pb BDL = LOD/+/2)
and by repeating analyses in the subset of ASD participants with Pb concentrations above
the detection limit (Pb > 0.04) without imputation. For each scenario, Spearman corre-
lations between CARS scores and Pb, Li, and the Li/Pb, Cu/Pb, and Cr/Pb ratios were
recalculated, and Benjamini-Hochberg false discovery rate (FDR)-adjusted g-values were
obtained across these five pre-specified markers.

4.9. Element Ratio Calculations

Based on physiological concepts of metallothionein function and detoxification ca-
pacity, three primary element ratios were calculated representing the balance between
protective elements and toxic elements:

1. Lithium-to-Lead Ratio (Li/Pb)—Lithium exerts neuroprotective effects through glyco-
gen synthase kinase-33 (GSK-33) inhibition and anti-inflammatory mechanisms, with
emerging evidence for benefit in various neurodevelopmental and neuropsychiatric
conditions. Lead represents the primary industrial neurotoxin in this cohort, with
extensive documentation of dose-dependent neurocognitive effects. The ratio captures
both protective (lithium) and toxic (lead) components of detoxification dysfunction.

2. Copper-to-Lead Ratio (Cu/Pb)—Copper serves as an essential cofactor in cytochrome
C oxidase, superoxide dismutase, and metallothionein synthesis, key components
of antioxidant defense and metal detoxification systems. The Cu/Pb ratio reflects
availability of copper for detoxification relative to lead burden.

3. Chromium-to-Lead Ratio (Cr/Pb)—Chromium participates in glucose metabolism
and insulin signaling, with evidence supporting roles in detoxification pathways. The
Cr/Pb ratio represents another protective-to-toxic balance metric.

Lower ratios indicate a state of detoxification dysfunction: either elevated toxic ele-
ments, reduced protective elements, or both. This combined state represents the hypothesis
that autism severity relates to dysregulation of detoxification capacity rather than individ-
ual element elevation.

i/Pb, Cu/Pb and Cr/Pb were selected a priori as exploratory protective-to-toxic ele-
ment ratios. The numerator elements were chosen because lithium, copper, and chromium
have been discussed in relation to neurobiological, antioxidant, or metabolic pathways,
whereas lead was selected as the principal neurotoxic exposure of interest in this dataset.
These ratios were intended to summarize relative urinary excretion patterns rather than
to diagnose detoxification capacity or body burden. Because Pb had a high proportion of
BDL values, all Pb-based ratios were interpreted cautiously and evaluated in sensitivity
analyses using alternative Pb BDL assumptions.
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4.10. Statistical Analysis

Descriptive statistics:

Means, medians, standard deviations, and ranges were calculated for all element
concentrations and CARS scores. CARS scores were examined for normality using the
Shapiro-Wilk test; all variables showed non-normal distributions (p < 0.05), thus non-
parametric methods were applied throughout. Statistical analyses were performed with
MedCalc 20.011 (MedCalc Software Ltd., Ostend, Belgium) and R version 4.3.1 in conjunc-
tion with RStudio version 2023.12.0 [37].

Primary analysis—spearman correlations:

Spearman rank correlations (p) tested associations between each of 22 trace elements
and CARS outcomes within ASD patients only (n = 103, to examine within-disease cor-
relations). Four CARS outcomes were examined: (1) total CARS score; (2-16) each of the
15 individual CARS items. Correlations were computed for both individual elements and
calculated ratios. Significance threshold o« = 0.05 (two-tailed). Correlations were interpreted
per Cohen’s guidelines: p = 0.1-0.29 small, 0.3-0.49 medium, and >0.5 large.

Because Pb had a high proportion of measurements below the detection limit (70.8%),
we conducted sensitivity analyses to assess the robustness of Pb-based ratios. In addition
to the primary analysis in which BDL Pb values were imputed as LOD/2 (LOD = 0.04), we
recalculated Spearman correlations between CARS scores and Pb, Li, and the Li/Pb, Cu/Pb,
and Cr/Pb ratios under alternative BDL assumptions (Pb BDL = 0, Pb BDL = LOD//2)
and within the subset of ASD participants with Pb concentrations above the detection limit
(Pb > 0.04), where measured values were used without imputation. Benjamini-Hochberg
FDR correction was applied to the pre-specified marker set (Li, Pb, Li/Pb, Cu/Pb, and
Cr/Pb), with g-values reported alongside p-values. The exploratory 22 x 16 element-
CARS-item correlation matrix (Supplementary Table S1) is reported with nominal p-values;
given the 352 comparisons, individual item-level associations should be interpreted as
hypothesis-generating only.

Sensitivity analyses for Pb BDL handling were performed under three imputation
rules (Pb BDL = 0, LOD/2, LOD//2) and in a subset restricted to ASD participants with
measured Pb > LOD without imputation. Benjamini-Hochberg false-discovery-rate (FDR)
correction was applied to the pre-specified marker set (Li, Pb, Li/Pb, Cu/Pb, and Cr/Pb);
g-values are reported alongside p-values.

Li/Pb, Cu/Pb, and Cr/Pb were selected a priori to represent the balance between three
candidate protective elements (Li, Cu, and Cr) and the principal neurotoxic exposure of
interest (Pb). Ratio-based analyses are sensitive to denominator instability, especially when
the denominator is heavily censored: with 70% of Pb values reported as BDL and imputed
as LOD/2 in the primary analysis, shared-denominator effects and mathematical coupling
can amplify or distort apparent correlations between the three ratios. The sensitivity
analyses described above (Pb BDL = 0, LOD/2, LOD/ /2, and Pb > LOD subset) explicitly
probe this fragility, and the three ratios are accordingly interpreted as exploratory candidate
correlates rather than independent biomarkers.

For transparency and reproducibility, we report the full 22 x 16 correlation matrix
(22 elements and 3 ratios vs. total CARS and 15 CARS items) in Supplementary Table S1, the
complete descriptive statistics by CARS category in Supplementary Table S2, and the full
set of non-parametric group comparison results and effect sizes in Supplementary Table S3.

Secondary analysis—group comparisons:

Mann-Whitney U tests compared trace element concentrations between control
(n = 65) and ASD patients (n = 103). Kruskal-Wallis H tests compared concentrations across
four CARS severity categories: Control, Subthreshold ASD (CARS < 30), Mild-Moderate

https:/ /doi.org/10.3390/app16115332


https://doi.org/10.3390/app16115332

Appl. Sci. 2026, 16, 5332

20 of 23

ASD (CARS 30-36), and Severe ASD (CARS > 36). Post-hoc pairwise comparisons were
performed only when overall test p < 0.05.

Tertiary analysis—stratified percentile analysis:

Within each CARS severity category, the 90th percentile for each element was cal-
culated separately. Ratios of 90th percentiles (Severe ASD/Control) quantified the de-
gree of elevation in severe cases. Chi-square tests assessed whether the top 10% high-
est element concentrations were randomly distributed or preferentially clustered within
CARS categories.

Effect size:

Cohen’s d calculated for severe ASD vs. control groups for each element, with classifi-
cation as follows: small (0.2-0.5), medium (0.5-0.8), and large (>0.8).

To address multiple testing in the correlation analyses, false-discovery-rate (FDR)
adjustment was applied using the Benjamini—-Hochberg procedure. Specifically, FDR-
corrected g-values were calculated for (i) correlations between total CARS score and each
of the 22 retained individual elements (22 tests), and (ii) correlations between total CARS
score and five pre-specified markers (Li/Pb, Cu/Pb, Cr/Pb, Pb, and Li) (5 tests). Item-level
CARS domain correlations were considered exploratory and are therefore reported without
formal FDR correction but interpreted cautiously in light of the large number of tests.

5. Conclusions

This cross-sectional study of 168 children investigated associations between urinary
trace elements and autism severity measured by CARS. Individual urinary trace element
concentrations showed only weak associations with CARS severity. Protective-to-toxic
element ratios, particularly Li/Pb, showed somewhat stronger inverse associations, but the
magnitude of these associations was modest and partially dependent on Pb BDL handling.
Lithium showed the most consistent inverse association across CARS behavioral items; this
finding is exploratory and does not support any therapeutic recommendation. The results
should be regarded as candidate correlates that motivate prospective, longitudinal, and
mechanistic studies with repeated urine sampling, broader confounder assessment, and
direct measurement of detoxification-related metabolites such as glutathione and urinary
porphyrins. No clinical or precision-medicine application is supported by the present data.
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median, interquartile range, full range, and 10th/90th percentiles. Table S3: Non-parametric group
comparison statistics (Mann-Whitney U for controls vs. ASD, Kruskal-Wallis H for four CARS
categories) and Cohen’s d effect sizes for all 22 trace elements and 3 element ratios.
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ASD Autism Spectrum Disorder

CARS Childhood Autism Rating Scale

ICP-MS  Inductively Coupled Plasma Mass Spectrometry
BDL Below Detection Limit

LOD Limit of Detection

LOQ Limit of Quantification

FDR False Discovery Rate
SD Standard Deviation
Li Lithium

Be Beryllium
Mg Magnesium
Al Aluminum
Ca Calcium

Ti Titanium

\Y Vanadium
Cr Chromium
Mn Manganese
Co Cobalt

Ni Nickel

Cu Copper

Zn Zinc

Ga Gallium

As Arsenic

Se Selenium
Rb Rubidium
Sr Strontium
Mo Molybdenum
Ag Silver

Cd Cadmium
Sn Tin

Sb Antimony
Cs Cesium

Ba Barium

Au Gold

Hg Mercury

Tl Thallium
Pb Lead

U Uranium
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