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Abstract

Background—Even though the cause of autism spectrum disorders (ASD) remains unknown,
the current understanding points towards complex interactions between environmental and genetic
factors. One important environmental factor to consider is intake of toxic and essential elements,
and their role in metabolism. Essential elements have received considerably less attention in the
literature than the presence of toxins in urine.

Method—The purpose of this investigation is to comprehensively assess the association between
urinary element compositions of 28 mothers who had young children with ASD and 29 mothers
who had young typically developing (TD) children, and in a subset of their children (21 with ASD
and 26 TD).

Results—The results show that there are significant differences between the ASD and TD
children cohorts’ concentrations for four specific elements (sulfur, phosphorous, molybdenum, and
tin). Utilizing multivariate statistical techniques (Fisher’s discriminant analysis and support vector
machines), it was possible to distinguish the ASD from the TD children groups with an 81%
accuracy after cross-validation utilizing the four significantly different elements. However, among
the mother cohorts assessed, there were no significant differences between those that had children
with ASD and those with TD children. There was a significant correlation of levels of phosphorus
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and sulfur in the children with ASD (r = 0.63, p = 3.0E-3) and in the TD children (r =0.47,p =
0.02).

Conclusions—Notable differences were observed between the elemental concentration in urine
of children with ASD and their TD peers. Analyzing cellular pathways related to these elements
are promising areas of future research.

Keywords
ASD; Metabolism; Essential Elements; Urine Analysis

Introduction

Even though the most recent estimate of the prevalence of autism spectrum disorders (ASD)
has increased to 1 in 59 (Baio et al., 2018), relatively little is known about the underlying
pathophysiology of the disorder. The consensus is that ASD is caused by interactions
between a genetic pre-disposition and environmental factors. One set of important
environmental factors to consider is intake, absorption, and excretion of toxic and essential
elements, since they can affect metabolic functions. While there is no clear definition of
what constitutes a toxic or an essential element, this paper focuses on 20 elements with
negative effects on the body and 18 elements that are essential for normal growth and
development as they play important roles in many metabolic processes. For example, toxic
elements such as lead can substitute for essential elements and disrupt normal metabolic
processes and impair normal development. Assessing metabolic processes that are affected
by environmental factors, as well as markers of their function, is a promising area of
research. There have been many reports of abnormal levels of essential elements in children
with ASD (Adams et al., 2011b; Yasuda et al., 2011; Hagmeyer et al., 2018). Specifically,
the most prominent essential elements that have been hypothesized to have their metabolism
perturbed in ASD are sulfur, zinc, and iron (Warring & Klovrza, 2000; Faber et al., 2009;
Jory & McGinnis, 2008; Latif et al., 2002). However, several trace elements such as
chromium and molybdenum have also been observed to be different in the urine of children
with ASD (Blaurock-Busch et al., 2012; Yorbik et al., 2009).

Overall, there have been many studies involving toxic and essential elements in children
with ASD. Most of the studies of essential elements have focused on blood levels, which are
subject to homeostasis; for example, low intake of calcium can be compensated for by
removing calcium from bone, to maintain constant blood levels at the expense of bone loss.
Similarly, the body can alter absorption and excretion of most essential elements in effort to
maintain constant levels in the blood. In contrast to this, urine measurements offer a different
perspective as they indicate the amount of a component that is leaving the body through this
route. A summary of previous studies examining the concentrations of essential elements in
urine in children with ASD and typically developing (TD) peers is provided (see Table 1).

As can be seen from Table 1, the extent to which urinary assessments have been conducted
on individuals with ASD is somewhat limited, as only a single study has been conducted that
has sought to examine a diverse range of distinct essential elements (Blaurock-Busch et al.,
2012). This study examined the hair and urine of a cohort of 25 ASD and 25 age-matched
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TD children. Notably, this study observed that among the essential elements examined in
urine, only copper was found to be distinct between the children with ASD and those that
were TD. However, two other studies of urinary iodine found it was lower in ASD
(Btazewicz et al., 2016; Hewedi et al., 2015). One study of urinary chromium found it was
higher in ASD, in contradiction to the previously mentioned study (Blaurock-Busch et al.,
2012). In general, these studies are limited by investigating only one or a few elements,
small samples sizes and lack of correction for multiple-hypothesis testing.

For chromium, due to the very low amounts of this element within the human body, there are
challenges for accurately assessing the levels of this element in blood and body fluids
(Wilbur et al., 2012). It is possible that this challenge may account for some of the
discrepancies observed for this element between studies. Even though chromium
concentrations in the body are low, it is an essential element due to its role in stimulating
fatty acid and cholesterol synthesis.

It has been found in several studies that sulfur metabolism is distinct between individuals
with ASD and those that are TD (Midtvedt et al., 2012; Gevi et al., 2016; Page & Coleman,
2000). Subsequently, it has been observed that the urinary content of individuals with ASD
shows higher concentrations of sulfate and sulfite (Warring & Klovrza, 2000). Physiological
processes such as mucin formation, gastrointestinal hormones, catecholamine metabolism,
and sulfur anion metabolism are highly reliant on plasma sulfur concentration, which
underscores the fundamental role that this essential element plays in normal body function
(Adams et al., 2011b; Hughes et al., 2018). The plasma levels of inorganic sulfate among
children with ASD have been found to be significantly lower when compared to the average
for TD cohorts (Midtvedt et al., 2012; Bowling et al., 2013; Yap et al., 2010).

It was observed in one study that children with ASD had a functional deficiency of
molybdenum as evidenced by excess urinary sulfite, and that molybdenum supplementation
was able to normalize sulfite levels in about 36% of children with ASD (Warring & Klovrza,
2000). This is possible because molybdenum is the enzymatic cofactor for sulfite oxidase,
which is essential for breaking down amino acids that contain sulfur such as cysteine and
methionine. For the most part, sulfite oxidase deficiency largely stems from underlying
genetic causes, and there are only a few reported cases of molybdenum deficiency caused by
a lack of dietary intake (Moessner et al., 2007). In another study, the Molybdenum Cofactor
Sulfurase (MOCQS) enzyme has been found to be under-expressed in the stem cells of
adults with ASD (Féron et al., 2015). This enzyme is known to play a role in purine
metabolism and facilitates the synthesis of uric acid, which closely ties it to potential
discrepancies that may be observed when comparing the urine of TD and ASD individuals.
However, in the single assessment of urinary molybdenum content performed, no association
was observed between ASD and this essential element (Blaurock-Busch et al., 2012).

As ASD is assumed to be caused by a combination of environmental and genetic factors, the
role that toxic elements may play in the onset of this condition has been a frequent subject of
investigation. Some prior work in this regard has indicated that metal toxicant uptake and
essential element deficiency has been correlated with increased risk and severity of ASD
pathology during early childhood development (Adams et al., 2017; Arora et al., 2017).
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Prior urine analysis studies have demonstrated significant differences in the content of toxic
elements in children compared to age matched controls (Blaurock-Busch et al., 2012; Yorbik
et al., 2009). Furthermore, utilizing nonlinear multivariate statistical analysis of toxic
elements in urine has shown significant potential in distinguishing between ASD and TD
cohorts. Prior work using significant toxic elements with kernel Fisher discriminant analysis
to discriminate ASD vs. TD achieved sensitivity and specificity of 85% and 82%,
respectively (Adams et al. 2017).

The purpose of this study is to focus on toxic and essential elements in the urine of young
children with ASD compared to TD peers, and to conduct a similar evaluation for their
mothers. Although it would be ideal to evaluate levels during pregnancy, this would require a
prospective study which is challenging and expensive to implement as ASD is not diagnosed
until years after birth. Instead, this study involves samples and data from mothers 2-5 years
after birth, which may be somewhat reflective of prior conditions. This work investigates
urine composition differences between ASD and TD cohorts which may provide insights
into toxic and essential mineral intake, metabolism and regulation.

Materials and Methods:

IRB Approval and Consent:

Advertising:

Participants

This study was approved by the IRB of Mayo Clinic-Scottsdale and the IRB of Arizona
State University (ASU). All mothers signed informed consents after the study was explained
to them.

The study advertisement was emailed to several thousand autism families on the email lists
of the ASU Autism/Asperger’s Research Program and the Zoowalk for Autism Research.
Other local autism groups such as the Autism Society of Greater Phoenix also helped
advertise the study. Finally, participants were invited to share the study advertisement with
their network of friends.

The inclusion criteria were:
1. Mother of a child ages 2-5 years

2. Child has ASD or has typical neurological and physical development (Typical
Development, TD)

3. ASD diagnosis verified by the Autism Diagnostic Interview-Revised (ADI-R)

The exclusion criteria were:

1. Currently taking a vitamin/mineral supplement containing folic acid and/or
vitamin B12
2. Pregnant or planning to become pregnant in the next six months
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Using these criteria, a cohort of 57 mothers, 28 of whom had children with ASD (ASD-M)
and 29 who were typically developing (TD-M), were recruited. Their children were included
in the study if a urine collection was possible, yielding 21 children with ASD diagnosis
(ASD) and 26 who were typically developing (TD). Evaluation of the children with the
Aberrant Behavioral Checklist (ABC) was also performed. Demographic information on the
mothers and children is shown in Table 2.

First-morning urine samples were collected from the 104 participants (57 mothers and 47
children) at their homes. Samples were immediately frozen and transported on dry ice to
ASU, and they were stored at —80° C until being shipped on dry ice to a clinical laboratory
operated by the commercial testing company Doctor’s Data. Samples were analyzed using
inductively coupled plasma mass spectrometry for 18 essential and 20 toxic elements by
Doctor’s Data.

Pre-processing:

Urine samples were normalized by creatinine to account for differences in dilution, and
creatinine was measured using the Jaffe method (Slot, 1965). In cases in which the observed
concentration for each element was below the detection limit, imputation was performed
using the detection limit for each element and adjusted by the creatinine concentration. This
was done by essentially normalizing the detection limit with respect to the creatine
concentration for each element (Weaver et al., 2014).

Statistical Analysis:

Analysis was first performed using a univariate analysis for each element. The analysis was
separately performed for the mother and child cohorts and the implementation of the
analysis routines was done in MATLAB. The overarching goal of this analysis was to
determine if there was a statistically significant difference between the TD and ASD groups.
For the purposes of this analysis, each of the 38 elements examined were analyzed using the
Anderson-Darling test for normality among both mother and child cohorts separately.
Dependent on if the normality assumption was accepted or rejected, the samples were either
subjected to an F-test or a Kolmogorov-Smirnov test. The purpose of the F-test was to
determine if the samples had the same variance and the Kolmogorov-Smirnov test would
ascertain if the samples had the same or different distributions (\elentgas et al., 2013).
Depending on the circumstances, either a Mann-Whitney or t-test would ultimately be
performed to determine whether the two sample sets from each cohort were likely derived
from the same distribution (see Figure 1). The area under the receiver operating
characteristic curve (AUROC) was also determined for each element. The receiver operator
curve is determined by comparing the true positive and false positive rate at different
discrimination thresholds for a binary decision. This metric gives an indication of how
effectively a parameter can distinguish the outcome of a classification decision.

Due to the investigation of multiple elements and the sample size, the false discovery rate
(FDR) was also computed. The purpose of using FDR is to determine how robust the
computed statistical tests are when leaving out samples (Benjamini & Hochberg, 2017). In
this case, the FDR for each element was only determined if it had a p-value less than 0.05 as
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a p-value of 0.05 and above already resulted in an element not showing a statistically
significant difference between the groups. In order to compute the FDR, all possible
combinations of one, two and three excluded samples were calculated. Subsequently, the p-
value was found for these truncated datasets utilizing the same protocol implemented for the
complete univariate analysis. The FDR was determined by assessing the fraction of p-values
that were determined to be more than 0.05. A test was considered significant if the p-value
was less than 0.05 and the FDR value was less than 0.1.

Correlation Analysis:

Correlations between each element pair were computed to determine possible underlying
relationships between elements. This analysis was performed for both the ASD and the TD
datasets. Furthermore, using the elements deemed to be significant by the univariate
analysis, the Pearson correlation coefficients, r, between these elements and the scores
obtained from the ASD group for ABC and ADI-R, and its subscales, were calculated.

Multivariate Analysis:

The use of multivariate techniques was employed to further elucidate statistical differences
and to determine if it was possible to correctly classify individuals into the ASD or TD
groups (Howsmon et al. 2017; Howsmon et al. 2018). Fisher discriminant analysis (FDA)
was utilized to ascertain the possibility to characterize individuals as belonging to the ASD
group based solely on their urinary element composition. FDA seeks to maximize the
between-group separation while also minimizing within-group scatter. Models for
classification were derived using only the elements that had been deemed significant (p-
value < 0.05) by the univariate analysis and that had a FDR < 0.1. Specifically, two models
were determined using FDA: one model was using only the essential elements that met these
statistical significance criteria and the other using both toxic and essential elements deemed
significant.

In addition to FDA, a linear Support Vector Machines (SVM) approach also sought to
determine a model that would distinguish between the two groups using all the significant
elements. The primary goal of the SVM algorithm is to derive a separator between two
classes of data samples. The algorithm seeks to maximize the margin that divides the groups,
and it utilizes data points close to opposite groups known as support vectors. To determine
the best possible separator, the SVM algorithm seeks to solve an optimization problem
utilizing information about the support vectors (Wang, 2012). The main reason for using
both FDA and SVM in this work is to highlight that the results are not just dependent on the
approach being used. The results for both techniques were also separately visualized using a
Probability Density Function (PDF), which was computed using kernel density estimation
(Parzen, 1962).

Cross-validation:

As it is essential to show that results are statistically independent, cross-validation was
incorporated into all the procedures. Cross validation was performed using the leave-one-out
method (Hjorth, 2018). This was performed by removing a single sample from the data
structure and replicating FDA and SVM on the abridged sample set and then testing the
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validity of the prediction of which group the left-out sample belonged to. This process was
repeated removing different samples, until each sample was left out once. The main
advantage of using this method is that it can be applied to reasonably small sample sizes,
which is relevant for this study.

The univariate analysis of the essential and toxic element excretion data was performed for
the TD and ASD groups for both the mother and the child cohorts. Additionally, the
optimized parametric or non-parametric test utilized for each analysis was also recorded in
addition to the AUROC values. The results for the essential elements are shown in Tables 3
(children: ASD vs TD) and 4 (mothers: ASD-M vs TD-M).

Taking into account a statistical significance limit of p < 0.05 and FDR < 0.1, three essential
elements were significantly lower in the ASD child group compared to the TD child group
as found by the univariate analysis. Specifically, these were molybdenum (-33.5%, p-value
= 8.6E-3), phosphorous (-33.5%, p-value = 2.2E-03), and sulfur (—35.8%, p-value =
7.9E-05). Zinc and selenium were lower (p < 0.05, but FDR > 0.1), and chromium was
higher (p < 0.05, but FDR > 0.1), however, these results were not deemed significant due to
the FDR. Among the mothers, there were no statistically significant differences between
groups. The elements with p < 0.05 and FDR > 0.1 for the children are recommended for
further investigation in a larger cohort in the future. Note that most of the measurements for
chromium and cobalt were below the detection limit for the children and mothers, and most
of the measurements of vanadium were below the detection limit for the mothers, so our
evaluations for those elements need to be interpreted cautiously, and more sensitive methods
are needed for precise analysis of those trace elements.

The same type of procedure was used for the analysis of the toxic elements shown in Tables
5 (children: ASD vs TD) and 6 (mothers: ASD-M vs TD-M). The results from Table 5 show
that tin (—48.05%, p-value = 3.03E-3, FDR = 0) is the only toxic element where there are
statistically significant differences between the urinary concentration of the two child groups
(ASD vs TD). For the mothers, no statistically significant differences were found between
the two mothers cohorts for any of the measured toxic elements (ASD-M vs TD-M). Note
that for 7 of the elements more than 95% of the measurements were below the detection
limit, so those results need to be interpreted cautiously but they generally indicate very low
exposure to those elements.

As no significant differences were found for the mothers, correlation analysis between
elements was only performed for the ASD and TD groups of children. For this analysis, all
38 elements included in this study were evaluated for their relationships with each other. The
correlation pairs in the ASD group are summarized in Table 7 for high correlations (|r| >
0.7). Pairs that were shared by both the TD and ASD group are highlighted in bold.
Approximately half of the element pairs determined to be highly correlated in the typically
developing groups were also highly correlated in the ASD group.
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Furthermore, correlation analysis was also carried out for the four elements where statistical
differences were found between the child ASD and TD groups.The results are shown in
Table 8. There was a significant correlation of sulfur with phosphorus in both the ASD and
TD groups (r =0.63, p =3.0E-3 and r = 0.47, p = 0.02, respectively). No other correlation
was observed which had a corresponding p-value less than 0.05.

The correlation of the concentration of the four statistically significant elements with the
ABC and the ADI-R subscales was also investigated. However, only one of these
correlations was found to be significant, which was between phosphorus and the ADI-R B
subscale on communication (r = 0.60, p = 0.01). This positive correlation is surprising, as it
suggests that lower levels of phosphorus are associated with milder communication
problems.

Using the most significant essential elements (molybdenum, phosphorous, and sulfur),
Fisher discriminant analysis was used to further highlight differences between the ASD and
TD groups in the child cohorts. Additionally, an analysis was performed that also included
tin, which was the only toxic element that had been determined to be significantly different
between the two groups. As no elements were significantly different between the two mother
cohorts, this investigation only focused on the dataset involving children.

The results are shown in Figure 2. While the analysis using four elements performed slightly
better than the one using only the essential elements, the difference is small. As can be seen
from Figures 2(A) and 2(B), the two PDFs for the ASD cohort are different from the PDFs
of their TD peers, but there is still substantial overlap between the groups. As such, this
classification model will result in significant misclassification errors.

In addition to FDA, a support vector machine model was also developed to assess the
differences between the ASD and TD child cohorts. This multivariate technique seeks to
determine the optimal separation between two classes. For the child cohorts, the SVM
method determined a hyperplane that was capable of distinguishing 85% of samples
accurately. The results of the FDA and SVM analyses are shown in Figure 3.

Accuracy of the FDA and SVM models were determined using cross-validation. The
confusion matrices for both methods are shown in Figure 4. The FDA model had an
accuracy of 81% with a sensitivity of 86% and a specificity of 77%. In comparison, the
SVM model had an accuracy of 81% with both an 81% specificity and sensitivity. As can be
seen from these numbers there are only small differences in the results returned by the FDA
and the SVM model, and as a result either multivariate approach is suitable for this
investigation.

Discussion:

There have been few studies that have analyzed the concentrations of essential elements in
urine between children with ASD and those that are TD (see Table 1). This study differs
from these other studies in the literature in that results from both mothers and children were
analyzed, and that a large number of elements were examined. It was found that there are
statistically significant differences between the ASD and TD children cohorts for four
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specific elements, after correcting for false discovery rates. The elements identified were
molybdenum, phosphorous, sulfur, and tin. The AUROC values for each of these elements
were greater than 0.7 demonstrating the degree to which the ASD and TD subsets were
distinct for these elements. In contrast to this, no elements were identified that were
significantly different in terms of their concentration between the two mother cohorts.

Notably, the concentrations of three essential elements (molybdenum, phosphorous, sulfur)
in the urine of children with ASD were significantly lower than for their TD peers. This is
especially important as 48% of the children in the ASD cohort were taking multivitamins/
mineral supplements while only 27% of the TD cohort were on such supplements, which
might have resulted in higher levels for molybdenum than if no supplements had been used
(phosphorus is not included in significant amounts in most supplements and sulfur is usually
in the form of thiamine and biotin). To evaluate the effect of supplements, the same analysis
was also conducted after excluding all individuals taking supplements; the same elements
were found to be statistically significant for a comparison of the two subgroups. Thus, the
findings suggest that there should be more investigation of mechanisms responsible for
elemental uptake, absorption, usage, and excretion of those elements in children with ASD.
It is recommended that future studies should include children not taking supplements or a
detailed list of the supplement ingredients should be recorded. It should be noted that the
differences in essential elements between the two child cohorts were deemed more
significant than the differences of the toxic elements; this is important insofar as the focus in
the existing literature has been more on toxic than on essential elements. The current results
indicate that significant differences can be found by comparing certain essential elements.

For sulfur, this study found on average 35% lower levels in the urine of individuals with
ASD. This is consistent with several studies that have reported decreased sulfation capacity
for detoxification, and potentially consistent with several studies of lower levels of plasma
sulfate (Midtvedt, 2012; Gevi et al., 2016). Urinary sulfur excretion has been of interest due
to differences that have been consistently observed in the literature between TD and ASD
cohorts. Children with ASD have been previously reported to have extremely high levels of
urinary sulfite and higher levels of urinary sulfate (Adams et al., 2011a; Hughes et al.,
2018). However, this study investigated sulfur, not sulfate, which is important since sulfur
includes sulfate, sulfite, and all other molecules containing a sulfur atom. More research is
needed to better understand sulfur/sulfate/sulfite metabolism in ASD.

Molybdenum was also found to have a significantly lower concentration (-=33.5%) in the
urine of the ASD group compared to the TD group of children, and 28.5% of ASD cohort
had a concentration for this element below the measured level of any TD child.
Molybdenum is closely tied to sulfate/sulfite metabolism due to its essential role as a co-
factor for the sulfite oxidase enzyme. Additionally, the role that Molybdenum Cofactor
Sulfurase plays in the purine pathway ties this element closely to urinary sulfur regulation.
The interrelation between sulfate and sulfite concentrations is especially important for
numerous physiological processes. For example, higher than average sulfite levels have been
shown to inhibit the growth of certain beneficial gut bacteria (Irwin et al., 2017).
Molybdenum supplementation has previously shown promising results in improving the
urinary sulfur concentrations of about 36% of ASD children to more closely resemble those
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of their TD counterparts (Warring & Klovrza, 2000). However, as demonstrated by the
results of the correlation analysis, urinary molybdenum levels were not shown to be
significantly correlated with urinary sulfur concentration in this study.

One additional key finding of the univariate analysis was that the phosphorus content was
observed to be significantly different between the two child cohorts, with the concentration
of this essential element being 34% lower in the ASD group. Furthermore, 24% of the ASD
cohort had lower phosphorus concentrations in their urine than even the TD child with the
lowest measured concentration of this element. While there have not been any other studies
that have examined the phosphorus content of urine of individuals with ASD, there was one
study of phosphorus levels in blood. That study (Adams et al., 2011b) found slightly higher
levels of phosphorus in red blood cells (RBC) (+5%, p = 0.004) but normal levels in plasma
compared to controls. So, the interpretation of the current results for urinary levels of
phosphorus are unclear. Given the significant effect of diet , and especially phosphate
additives, on phosphorus levels (Calvo et al., 2014) and as diets of children with autism are
often different from their typically developing peers, future work should include a dietary
assessment

Zinc and selenium were both observed at lower levels in the ASD cohort, but the FDR rate
for both these elements was above the FDR cutoff. The results of this investigation were
consistent with prior zinc and selenium urine analysis studies examining children with ASD,
as prior urinary analysis has not demonstrated significant differences. However, the role of
zinc metabolism and interactions in ASD is an active area of research. It is suggested that
normal neuronal development may be adversely affected by low levels of zinc and is
compounded by a certain variant of the SHANKS3 gene, which has been associated with
ASD (Fourie et al., 2018). In one recent study, the association between deficits in prenatal
developmental zinc levels and ASD pathology has been suggested for further investigation
(Ha et al., 2018). Similarly, prior work has sought to elucidate the role of selenium in
metabolic processes in children with ASD which has been inconclusive (Saldanha et al.,
2018; Raymond et al., 2014).

The urinary content of toxic elements in children with an ASD diagnosis has commonly
been the subject of investigation, and most studies have found higher levels of several toxic
elements. In a comprehensive meta-analysis performed on studies that had examined
toxicant biomarkers in ASD and TD cohorts, 71% of studies reported a relationship between
toxicants and ASD (Rossignol et al., 2014). For the toxic metals mercury, cadmium, and
aluminum, several studies indicated higher levels when comparing individuals in the ASD
group to the TD group in hair, urine, and blood (Rossignol et al., 2014; Saghazadeh et al.,
2017). Due to this, it is surprising that not many significant differences were found in this
study. Tin was the only toxic element that was found to be significantly different between
the ASD and TD groups, and it was found to be lower in children with ASD, which is
surprising and inconsistent with other studies which found either higher urinary levels of tin
in children with ASD (Adams et al., 2017) or no statistically different levels between groups
(Blaurock-Busch et al., 2012).
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Determining correlations among elements has the potential to provide insights into
metabolism and shared interactions. As such, correlation analysis was performed in this
work. Several of the elements were found to be strongly correlated with one another.
Through correlation analysis, the relationship between calcium, iron and strontium were
observed to be strongly correlated in both the ASD and TD groups. This relationship has
been established in the literature, and it is known that strontium and calcium share certain
metabolic properties (Blaschko et al., 2012; Samachson & Spencer-Laszlo, 1962). Prior
work has also examined the relationship between iron and calcium concentrations, although
their correlation in urine had not been examined (Otto-Duessel et al., 2011, Lénnerdal et al.,
2010). It has been shown that interactions between these two elements may influence their
respective uptake levels (Samachson et al., 1962).

Among the four significantly different elements identified for children, the strongest
correlation observed for children with ASD was between the elements phosphorus and sulfur
(r = 0.63, p-value = 0.003) which was also significant for the TD cohort (r = 0.47, p-value =
0.02). Other correlations were not significant between these four elements for both cohorts.
The reason for the strong correlation between phosphorous and sulfur is unclear.

In addition to univariate analysis, this paper also employed multivariate approaches for the
statistical analysis as they have the potential to further highlight differences in the data
between ASD and TD cohorts. The maximal AUROC attained by any single univariate test
for the child cohort was 0.84 which was attained for sulfur. The SVM and FDA models
provided slightly greater AUROC values, however, they also used information about more
elements to do so. FDA with four elements achieved an AUROC of 0.90, while the
corresponding SVM analysis results in a value of 0.86. Both multivariate classification
techniques for the child cohorts had an approximately 81% cross-validation accuracy which
highlights the significant differences between the two groups. Although these elements are
not sufficient for accurate classification of ASD by themselves, they may be useful when
combined with other biomarkers not investigated in this study.

Unlike the child cohorts, the results attained for the mothers indicate that no differences can
be found for essential and toxic element concentrations in urine between mothers who had
children with ASD and those who did not. However, it is important to point out that these
measurements were taken 2-5 years after birth, so they may not reflect levels that were
present during pregnancy and lactation.

Vitamin/mineral supplementation (including sulfate and molybdenum) has been shown to
ameliorate the severity of ASD symptoms in prior studies (Adams et al., 2011a; Adams,
2015). In another study, it was shown that supplementation with molybdenum was
associated with urinary sulfite/sulfate profiles more similar to their TD counterparts in 36%
of cases, without the need for sulfate supplementation (Warring & Klovrza, 2000).
Generally, most vitamin/mineral supplements do not contain phosphorous in significant
amounts. In the general US population, dietary intake of phosphorous is well above the
RDA, and excess intake of phosphorous is a growing health concern, in part due to the
increasing intake of phosphate additives in highly-processed foods (Calvo & Uribarri, 2013).
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One limitation of this pilot study is the small sample size. Another limitation was the lack of
control over the diet of the participants. It is known that children with ASD are generally
more selective in what foods they eat and beverages they drink, which would ultimately
influence urine composition. Research into nutrition and ASD has determined that on
average children with ASD would only eat about half the number of foods as their TD peers
with the exception of starches, which they would eat two-thirds of the variety (Ranjan &
Nasser, 2015). The assessment of how this behavior influences nutritional deficiency has
been suggested as an area of further research (Cermak et al., 2010). So, it is unclear if the
differences in urinary elements observed are due to diet and/or metabolism.

The study was performed exclusively using data from the ASU-Mayo Pilot Study of Young
Children with ASD and their Mothers (AMPSYCAM), so some results may be specific to
Arizona. The sample size of this pilot study is modest, and larger studies are needed to
confirm the results.

This work highlighted that there is a significant difference in urine content in children with
ASD and their TD peers, with significantly lower levels of phosphorus, molybdenum, and
sulfur excretion for the children with ASD, and lower levels of tin. The usage of multivariate
techniques such as FDA and SVM revealed a modest ability to differentiate the two groups
(81% accuracy when using leave-one-out cross-validation). Prior published research has
already suggested that supplementation with molybdenum and sulfur may be beneficial to
children with ASD, so further investigation of supplementation with those elements and
possibly with phosphorus is warranted.

Finally, this investigation is one of the first which examined the elemental urinary
concentrations of mothers that had children with ASD. The results suggest that the mother
cohorts revealed no significant difference between those that had children with ASD vs. TD
children. While the eligibility requirements of the study focused on examining mothers of
young children, future prospective studies are recommended for examining elemental
urinary and blood concentrations of mothers during pregnancy and lactation.
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Highlights:

. Measured toxic and essential elements in mothers and their children with and
without autism spectrum disorder

. No significant differences for elements between the two cohorts of mothers
was found
. Four elements were distinct between child cohorts (sulfur, phosphorous,

molybdenum, and tin)

. Multivariate statistical techniques were utilized to distinguish the two groups
of children
. It was possible to distinguish children groups with an 81% accuracy after

cross-validation
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Univariate Test Decision Tree. Protocol for determining univariate statistical test to perform

for comparing each element of the ASD and TD cohorts.
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Figure 2:
ASD vs TD Probability Density Function. The figures show the probability density

functions for the Fisher discriminant analysis models comparing ASD and TD children. (A)
Using the essential elements phosphorous, sulfur and molybdenum and (B) Using all
significant elements, i.e., phosphorous, sulfur, molybdenum, and tin. For both PDFs the two
groups are distinct, but with a significant amount of overlap.
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Figure 3:

Results for FDA (A) and SVM (B) analysis. All four significantly different elements
(phosphorus, molybdenum, sulfur and tin) were used for these classification tasks. The FDA
model attained an AUROC value of 90%, while SVM resulted in 86%. It can be seen, that
there is some separation, but also some overlap, between the data for the child ASD and TD
groups.
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(A) FDA Confusion Matrix and (B) SVM Confusion Matrix. Both confusion matrices were
computed using leave-one-out cross-validation with the four-element model utilizing the
child cohorts. The accuracy of both FDA and SVM was determined to be 81%.
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