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Abstract Previous studies noted specific changes in
urinary porphyrin excretion patterns associated with
exposure to mercury (Hg) in animals and humans. In
our study, urinary porphyrin concentrations were
examined in normal children 8-18 years-old from a
reanalysis of data provided from a randomized,
prospective clinical trial that was designed to evaluate
the potential health consequences of prolonged expo-
sure to Hg from dental amalgam fillings (the parent
study). Our analysis examined dose-dependent corre-
lations between increasing Hg exposure from dental
amalgams and urinary porphyrins utilizing statistical
models with adjustments for the baseline level (i.e.
study year 1) of the following variables: urinary Hg,
each urinary porphyrin measure, gender, race, and the
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level of lead (Pb) in each subject’s blood. Significant
dose-dependent correlations between cumulative
exposure to Hg from dental amalgams and urinary
porphyrins associated with Hg body-burden (penta-
carboxyporphyrin, precoproporphyrin, and copropor-
phyrin) were observed. Overall, 5-10% increases in
Hg-associated porphyrins for subjects receiving an
average number of dental amalgam fillings in compar-
ison to subjects receiving only composite fillings were
observed over the 8-year course of the study. In
contrast, no significant correlations were observed
between cumulative exposure to Hg from dental
amalgams and urinary porphyrins not associated with
Hg body-burden (uroporphyrin, heptacarboxyporphy-
rin, and hexacarboxyporphyrin). In conclusion, our
study, in contrast to the no-effect results published
from the parent study, further establishes the sensitivity
and specificity of specific urinary porphyrins as a
biomarker for low-level Hg body-burden, and also
reveals that dental amalgams are a significant chronic
contributor to Hg body-burden.

Keywords Body burden - Dental amalgam -
Mercury - Porphyrin

Introduction

Porphyrins are formed as derivatives of the heme
synthesis pathway, an essential biochemical pathway,
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Fig. 1 A summary of the
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and associated urinary l
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inhibiting uroporphyrinogen l
decarboxylase (UROD)
and/or coproporphyrinogen
oxidase (CPOX); urinary uP l
is not reported to alter with
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as shown in Fig. 1. Heme biosynthesis occurs in
nearly all eukaryotic tissues. In humans and other
mammals, porphyrins with eight, seven, six, five, and
four carboxyl groups are commonly formed in excess
of that required for heme biosynthesis and the excess
amounts are excreted through the urine in a well-
established pattern (Bowers et al. 1992; Woods et al.
1993).

Porphyrins can be utilized to afford a measure of
xenobiotic exposure (Brewster 1988). In previous
studies specific changes in urinary porphyrin excretion
patterns (porphyrin profiles) associated with prolonged
exposure of both animals and humans to mercury (Hg)
and other metals were described (Woods and Fowler
1977, 1978; Fowler et al. 1987). The changes in urinary
porphyrin excretion patterns were shown to involve
both metal-induced inhibition of specific heme path-
way enzymes in target tissues and metal-facilitated
oxidation of reduced porphyrins that accumulate in
tissue cells because of impaired porphyrin metabolism
(Woods 1996). Changes in porphyrin excretion pat-
terns are largely metal specific, correlate with metal
concentrations in tissue cells, and occur prior to the
onset of target tissue injury. Thus, investigators have
found that urinary porphyrin profile measurements can
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be utilized as biomarkers of metal exposure and
toxicity in human subjects (Woods 1996).

Previous studies have shown that urinary porphy-
rins can be particularly useful in measuring Hg
exposure (Gonzalez-Ramirez et al. 1995; Geier and
Geier 2006, 2007; Geier et al. 2009a, b; Kern et al.
2010a,b; Woods, 1996; Pingree et al. 2001). Urinary
porphyrins are not a direct measure of Hg in the
urine, but a measure of presence of Hg in the body (or
Hg body-burden) by the level of disruption of the
heme synthesis pathway that Hg causes. The presence
of Hg inhibits specific enzymes that are necessary for
the heme synthesis pathway to progress. This inhi-
bition or interference results in a “backlog” and an
increase urinary excretion of specific porphyrins. The
level of increase in these “backlogged” metabolites
measured in the urine correlates with the level of
disruption of this pathway and indicates the extent of
Hg tissue burden. There is a high degree of statistical
correlation between renal Hg burden and the urinary
excretion of specific porphyrins (Pingree et al. 2001).
This correlation is consistently observed in animal
models of Hg exposure; and the heme pathway is
highly conserved across species (Gonzalez-Ramirez
et al. 1995). Further, studies in humans have found
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similar findings, i.e., that specific patterns of urinary
porphyrins suggest the presence of Hg and the extent
of the burden (Woods et al. 1993).

Specifically, Hg body-burden has been demon-
strated to be associated with elevations in urinary
coproporphyrin (cP), pentacarboxyporphyrin (5cxP),
and by the expression of an atypical porphyrin—
precoproporphyrin (PrcP) (also known as keto-iso-
coproporphyrin) not found in the urine of unexposed
controls. Several studies showed this characteristic
pattern of porphyrinuria with Hg intoxication and
also showed that elevated levels of Hg associated uri-
nary porphyrins can be normalized with Hg-specific
chelation therapy (Gonzalez-Ramirez et al. 1995;
Geier and Geier 2006, 2007; Woods et al. 1993;
Woods 1996; Pingree et al. 2001; Nataf et al. 2006).
Woods (1996) noted that these distinct changes in
urinary porphyrin concentrations were observed as
early as 1-2 weeks after initiation of Hg exposure,
and that they increased in a dose- and time-related
fashion with the concentration of Hg in the kidney, a
principal target organ of Hg compounds.

In addition, Hg-associated urinary porphyrin profiles
not only correlate significantly with Hg body-burden,
but also with specific neurobehavioral deficits associ-
ated with low-level Hg exposure. Echeverria et al.
(1995), for example, examined the behavioral effects of
low-level exposure to Hg vapor among dentists. These
investigators observed that urinary porphyrins were as
sensitive as urinary Hg levels for predicting adverse
effects of Hg on cognitive and motor testing. Several
studies have been completed recently that used urinary
porphyrins to examine Hg toxicity in children, both in
neurotypical children and in children with neurodevel-
opmental disorders (Geier and Geier 2006, 2007; Kern
et al. 2010b; Nataf et al. 2006; Austin and Shandley,
2008; Young et al. 2010). Several of these studies
examined the relationship between the severity of the
neurological impairment and urinary porphyrins, and
found significant positive correlations with Hg-associ-
ated urinary porphyrins and the severity of the neuro-
logical impairment (Nataf et al. 2006; Geier et al. 2009a,
b; Kern et al. 2010a). In addition, one recent study
examined two groups of neurotypical children with
different levels of environmental Hg exposure and
found that the level of Hg exposure was reflected in the
Hg-associated urinary porphyrin levels (Kern et al.
2010c). Importantly, Woods et al. (2009) recently
published a study supporting the utility of specific

urinary porphyrins as biological indicators of subclin-
ical Hg exposure in children.

In our study, urinary porphyrin concentrations
were examined in children 8-18 years-old, with and
without dental amalgam fillings, from a reanalysis of
data collected from a completed clinical trial (the
parent study) that was designed to evaluate the
potential health consequences of prolonged exposure
to Hg from dental amalgam fillings (DeRouen et al.
2006). Our study is designed to determine whether
there was a significant dose-dependent correlation
between increasing Hg exposure from dental amal-
gams and specific urinary porphyrins associated with
Hg body-burden.

Materials and methods

The parent study protocol was approved by the
institutional review boards at the University of
Washington and the University of Lisbon. All parents
or guardians gave written consent, and all children
provided signed assent. Principal design and analyt-
ical issues involved in the parent study (DeRouen
et al. 2002) as well as principal outcome measures
(DeRouen et al. 2006) have been reported. Our study
was undertaken by reanalyzing datasets provided to
us by the investigators involved with the parent study.

Study population

The cohort of children we examined came from the
parent study, which was the Casa Pia clinical trial on
the health effects of dental amalgam fillings in
children (DeRouen et al. 2006). As described previ-
ously (DeRouen et al. 2006), the children examined
by us were residents of the Casa Pia school system in
Lisbon, Portugal and were 8-12 years-old at the
inception of the parent study. Eligibility requirements
excluded children with preexisting neurological or
developmental disabilities. Subjects were initially
randomized to Hg amalgam (treatment) or composite
resin (control) dental care groups. Children were
evaluated at baseline and at seven subsequent annual
intervals after the initial dental treatment. An exten-
sive battery of neurobehavioral, neurological, renal
function, urinary Hg, and urinary porphyrin assess-
ments were used in each evaluation. In addition,
detailed information was collected regarding the
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Table 1 A summary of the baseline measurements for all
subjects (n = 462) examined in the present study

Baseline measurements

Mean age £ SD (years) 10.11 + 0.9
Gender (% male) 57

Asian (%) 1

Black (%) 29

White (%) 70

Mean blood lead level + SD (pg/dL) 463 £24
Urinary mercury level £ SD (pg/L) 148 £ 1.1
Uroporphyrin (pg/L) 8.56 + 8.8
Heptacarboxyporphyrin (pg/L) 1.76 £ 2.8
Hexacarboxyporphyrin (pg/L) 043 £ 0.8
Pentacarboxyporphyrin (pg/L) 1.35 £3.1
Precoproporphyrin (pg/L) 356 £39
Coproporphyrin (pg/L) 34.84 £ 384

composition, number, size, and positioning of dental
fillings in each child’s mouth. Table 1 summarizes
the baseline measurements recorded on the cohort of
children (n = 462) examined by us from the parent
study. In our analyses, we did not modify the original
dataset provided to us from the parent study.

Urine sample collection procedures

As previously described (Woods et al. 2009), a urine
sample (~50 ml) was collected from each child at
baseline and at each subsequently scheduled annual
visit to the University of Lisbon School of Dental
Medicine for dental, neurological, and neurobehav-
ioral evaluations. Porphyrins were quantitated in the
remaining unacidified portion of the urine sample by
high-performance liquid chromatography, as previ-
ously described (Bowers et al. 1992). In our study,
the following measurements of urinary porphyrin con-
centrations (ug/L) were analyzed: uroporphyrin (uP),
heptacarboxyporphyrin (7cxP), hexacarboxyporphy-
rin (6¢xP), 5cxP, PrcP, and cP.

Statistical analyses

In all of our statistical analyses a two-tailed P-value
of <0.05 was considered statistically significant. In
our analysis, an individual’s exposure was measured
by counting the number of amalgam restorations of
the buccal, distal, lingual, and occlusal surfaces (no
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amalgam restorations were recorded for medial or
incisal surfaces). An exposure score for each indi-
vidual was computed by applying scores of 1.0, 2.0,
or 3.0 for small, medium, or large restorations,
respectively, then adding these scores for each
restoration of each tooth for each year. Other
weighting schemes for large, medium, and small
sizes were also considered (i.e., 1.0, 4.0, 9.0; 1.0, 8.0,
27, 1.0, 1.0, 1.0; and In(1.0), In(2.0), In(3.0)).
However, the weighting scheme that best correlated
with urinary Hg levels (using only amalgam subjects
who were 12 or older to avoid any issues with baby
teeth) was 1.0, 2.0, 3.0. Thus, this weighting scheme
was to create the yearly exposure scores used in all
our subsequent analyses. In addition, adjustments
were made for baby teeth which comprised 22% of
restorations. Since baby teeth are smaller than adult
teeth, the exposure for baby teeth was taken to be one
half the exposure for adult teeth (i.e., with scaling
factors of 0.5, 1.0, and 1.5 for small, medium, and
large restorations). Further, as subject weights were
not available, each individual’s yearly exposure score
was divided by the subjects estimated body-mass-
index (BMI) based on the subject’s age and gender.
The estimated BMI scores for age and gender utilized
in the present study were obtained from the Centers
for Disease Control and Prevention’s BMI 50th
percentile clinical growth charts (http://www.cdc.gov/
growthcharts/clinical_charts.htm#Summary). The yearly
exposure scores for individuals were accumulated
from year to year. Thus, for an individual a restora-
tion contributed to exposure for the year it was placed
and each subsequent year, unless a tooth had been
lost in a given year, in which case its exposure con-
tribution was set to zero for that year and all sub-
sequent years. This procedure was applied to both
baby teeth and adult teeth.

An individual’s exposure score for each year was
assumed to affect the outcome measure for the same
year. The assumption that exposure in a year affected
outcomes in the next year was also considered.
However, the first assumption produced a better
fitting model.

Both amalgam and composite groups were included
in our analysis but all participants in the composite
group had an amalgam exposure level of zero except
for two subjects who received amalgam restorations in
error. Since repeated measures were collected for each
subject, a mixed-effects repeated-measures model was
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used to estimate the relationship between exposure
and outcome. Each model included terms for subject
age as the repeated measurement factor, exposure,
and the following covariates: gender, race, baseline
level (i.e. study year 1) of urinary Hg, baseline
measurements of each urinary porphyrin measures,
and the baseline level of lead (Pb) in each subject’s
blood. Interaction terms were added if they contrib-
uted significantly to the model. Ordinarily, one
would use study year as the repeated factor because
it measures time from the beginning of the inter-
vention. Since, the present analysis is not comparing
intervention groups however, it is more reasonable
to use age as the repeated factor. For all outcomes a
log transformation was used to satisfy the normality
requirement for the statistical procedure. Table 2
summaries mean Hg exposure from dental amal-
gams by the age of the study subjects.

Table 2 A summary of mean mercury exposure from dental
amalgams® by age of study subjects”

Study subject’s
age (years)

Study subject’s dental
amalgam mean exposure

10.8

11.0
10 10.8
11 11.7
12 12.5
13 14.2
14 15.2
15 16.7
16 19.0
17 19.8
18 19.9

? Exposure was measured by counting the number of
restorations using amalgam then an exposure score was
computed by first giving scores of 1.0, 2.0, or 3.0 for small,
medium, or large restorations, respectively, then adding these
scores for each restoration of each tooth. Exposure for baby
teeth was taken to be one half the exposure for adult teeth (i.e.,
0.5, 1.0, 1.5 for small, medium, and large restorations). Each
exposure score was divided by the subjects estimated BMI
determined by the subject’s age and gender. The exposure scores
for each restoration done in a year were added together to form
the score for that year and the scores were accumulated from
year to year. If a tooth no longer existed at a given year the
exposure was set to zero for that year and all subsequent years.
This procedure was applied both to baby teeth and adult teeth

® Includes only subjects assigned to the dental amalgam group

Results

Table 3 summarizes the relationship between the
cumulative exposure to Hg from dental amalgams
and each urinary porphyrin outcome measurement in
the model constructed. A significant exposure effect
means that the outcome is significantly affected by
the level of exposure after adjustment for covariates.
A positive estimate means that higher levels of
exposure are associated with higher levels of the
outcome measured, while a negative estimate means
that higher levels of exposure are associated with
lower levels of the outcome measured.

Overall, there were statistically significant corre-
lations between an individual’s cumulative exposure
to Hg from dental amalgams and their Hg-associated
urinary porphyrins of 5cxP, PrcP, and cP. As shown
in Table 4, Hg-associated urinary porphyrins
increased by 5-10% over the 8-year course of the
study among individuals exposed to an average
number of amalgams among the study subjects from
the amalgam group, in comparison to study subjects
with no exposure to dental amalgams. By contrast, no
significant correlations were observed between cumu-
lative exposure to Hg from dental amalgams and the
other urinary porphyrins of uP, 7cxP, and 6¢xP.

Discussion

Our study found that the characteristic pattern of
porphyrinuria associated with Hg body-burden, spe-
cifically, elevated ScxP, PrcP, and cP were signif-
icantly correlated with dental amalgam exposure in
a dose-dependent fashion. The higher level of Hg
amalgam exposure resulted in higher levels of
Hg-associated porphyrins. Further, consistent with
previous studies that examined Hg exposure using
porphyrins, the non-Hg-associated porphyrins showed
no statistically significant relationship with amalgam
exposure. The findings suggest a dose-dependent
correlation between increasing Hg exposure from
dental amalgams and the specific urinary porphyrins
associated with Hg body-burden.

The findings from the present study are consistent
with previous studies examining Hg exposure from
dental amalgams and other biomarkers of Hg body-
burden. For example, Dunn et al. (2008) examined
US children over a 5-year period and found that the
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Table 3 A summary of the relationship between cumulative exposure to mercury from dental amalgams® and outcome urinary

porphyrin measurements

Outcome measurement (pg/L) B-Coefficient” Standard error Degrees of freedom T Statistic P-value
Uroporphyrin (uP) 0.001 0.001 580 0.88 0.38
Heptacarboxyporphyrin (7cxP) 0.001 0.001 447 1.07 0.28
Hexacarboxyporphyrin (6¢xP) 0.001 0.0005 430 1.80 0.073
Pentacarboxyporphyrin (5cxP) 0.0022 0.001 452 2.44 0.015
Precoproporphyrin (PrcP) 0.0024 0.001 427 2.11 0.036
Coproporphyrin (cP) 0.0037 0.002 414 247 0.014

% An individual study subject’s exposure was measured by counting the number of restorations using amalgam then an exposure
score was computed by first giving scores of 1.0, 2.0, or 3.0 for small, medium, or large restorations, respectively, then adding these
scores for each restoration of each tooth. Exposure for baby teeth was taken to be one half the exposure for adult teeth (i.e., 0.5, 1.0,
1.5 for small, medium, and large restorations). Each exposure score was divided by the subjects estimated BMI determined by the
subject’s age and gender. The exposure scores for each restoration done in a year were added together to form the score for that year
and the scores were accumulated from year to year. If a tooth no longer existed at a given year the exposure was set to zero for that
year and all subsequent years. This procedure was applied both to baby teeth and adult teeth

° Each outcome estimate was adjusted for the baseline level (i.e. study year 1) of urinary mercury, each porphyrin measure, gender,

race, and blood lead level

Table 4 Estimated

mercury-associated urinary Age 5¢cxP (zero 5c¢xP (ave. PrcP (zero PrcP (ave. cP (zero cP (ave.
porphyrin levels by age and (years) exposure) exposure) exposure) exposure) exposure) exposure)
level of exposure 2.60 2.65 418 428 26.44 2739
2.58 2.64 4.49 4.60 28.30 29.40
10 2.55 2.61 4.69 4.82 29.85 31.12
11 2.51 2.58 4.77 491 31.03 32.48
12 247 2.54 4.72 4.87 31.79 3341
13 242 2.50 4.54 4.70 32.10 3391
14 2.36 2.44 4.25 4.42 31.94 33.92
15 2.29 2.38 3.88 4.05 31.32 33.46
16 222 2.32 3.44 3.60 30.26 32.54
ScxP 17 2.14 2.25 2.97 3.13 28.82 31.21
pentacarboxyporphyrin, 18 2.06 2.17 2.50 2.64 27.05 29.52
PreP precoproporphyrin, 19 1.98 2.09 2.04 2.17 25.03 27.52

cP coproporphyrin

number of amalgam restorations had a significant
dose-response relationship with Hg urine levels.
Likewise, Woods et al. (2007), in a longitudinal
study in children, found urinary Hg concentrations
were highly correlated with the number of amalgam
fillings. Post-mortem studies also show this same
dose-dependent central theme. Guzzi et al. (2006), for
example, found that at autopsy, total Hg levels in all
types of tissue were significantly higher in subjects
with a greater number of amalgam surfaces (>12)
compared with those with fewer amalgams (0-3).
These authors also reported that the greater the
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number of amalgams, the greater the likelihood that
Hg was found in the brain.

Several studies found this same dose-dependent
occurrence when determining the rate of Hg absorp-
tion from amalgams. For example, Abraham et al.
(1984) looked at Hg levels in blood and in mouth air
before and after chewing in 47 persons with and 14
persons without dental amalgam restorations and
found that blood Hg concentrations were positively
correlated with the number and surface area of
amalgam restorations. Olstad et al. (1987) also found
a positive correlation between urine Hg concentration
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and extent of amalgam restoration. Vimy and
Lorscheider (1985) found that subjects with 12 or
more occlusal amalgam surfaces were estimated to
receive a daily Hg dose of 29 pg, as compared to
subjects with four or fewer occlusal amalgam
surfaces, for whom the dose was 8 pg.

The steps in the heme pathway most vulnerable to
heavy metal inhibition are those in which uropor-
phyrin decarboxylase (UROD) and coproporphyrin-
ogen oxidase (CPOX) are involved (Woods and
Kardish 1983; Woods et al. 2005), as shown in Fig. 1.
As described previously, the presence of Hg inhibits
specific enzymes that are necessary for the heme
synthesis pathway to progress. This inhibition or
interference results in a “backlog” and an increase in
urinary excretion of specific porphyrins. The level of
increase in these “backlogged” metabolites measured
in the urine correlates with the level of disruption of
this pathway and indicates the extent of Hg tissue
burden. Our study appears to further confirm this
phenomenon, as each of the urinary porphyrins
before the Hg-inhibited specific enzymes showed a
step-wise decrease in statistical significance with
exposure to dental amalgams (6¢xP > 7cxP > uP).

Of particular interest to the investigation of metal-
mediated changes in porphyrin metabolism are find-
ings from studies in methylmercury (MeHg)-exposed
rats demonstrating highly specific changes in the
urinary porphyrin excretion pattern attributable pri-
marily to Hg-induced alterations of heme biosynthe-
sis in the kidney (Pingree et al. 2001). These changes
are characterized by dose- and time-related increases
in urinary concentrations of 5cxP and cP and also by
the appearance of PrcP, an atypical porphyrin
(molecular weight [mw] = 668) that elutes on high-
performance liquid chromatography (HPLC) prior to
coproporphyrin (mw = 655) (Woods et al. 1991).
PrcP appears to be specific to Hg exposure, and its
mechanistic etiology in this regard was previously
described (Woods et al. 2005). Studies in human
subjects with occupational exposure to elemental
mercury (Hg”) vapor demonstrated responses pre-
cisely comparable to those observed in MeHg-treated
animals, attesting to the utility of porphyrin profiles
as a specific measure of Hg exposure in either organic
or elemental form. The sensitivity of porphyrin
changes as a measure of Hg exposure and body
burden was also described (Pingree et al. 2001).
Notably, statistically significant increases in the

concentrations of 5c¢xP, PrcP, and cP were demon-
strated in animals with renal cortical Hg concentra-
tions as low as 14 pg/g (Woods et al. 1991), nearly
four-fold less than the renal Hg concentration at
which significant changes in more conventional
bioindicators of Hg exposure in humans were
reported (Buchet et al. 1980; Rosenman et al. 1986).

Consistent with previous observations, the results
of our study suggest that urinary porphyrin testing
was able to detect the low-dose continuous exposure
to Hg among individuals with dental amalgams. The
relative 5-10% increases in the Hg-associated
porphyrins observed over the 8 year course of the
present study, suggest that dental amalgams for the
average individual do not cause an acute high-dose
exposure to Hg, but instead reflect a significant life-
long continuous chronic low-dose exposure to Hg.
As a result, our data suggests that the chronic low-
dose exposure to Hg from dental amalgams con-
tinuously makes a significant contribution to
Hg-associated urinary porphyrin levels, and hence
to contributes to an ever-increasing body-burden of
Hg. This type of phenomena is particularly evident
when comparing the relative 5-10% increase in the
Hg-associated porphyrins observed in our study with
other studies linking elevated Hg-associated porphy-
rins with diagnosed Hg-related neurological disor-
ders. For example, several recent studies revealed
twofold to threefold significantly higher Hg-associ-
ated porphyrins among children diagnosed with
neurodevelopmental disorders in comparison to
neurotypical children (Geier and Geier 2006, 2007;
Geier et al. 2009a, b; Nataf et al. 2006; Austin and
Shandley 2008; Young et al. 2010; Kern et al.
2010a, b).

It is noteworthy that the results from our study are
in sharp contrast to those published from the parent
study (Woods et al. 2009). It was previously reported
from the parent study that no significant differences
between treatment groups (amalgam vs. composite)
were found when comparing all subjects for any of
the porphyrins of interest. The differences in results
from the parent study and our study appear to be the
result of the detailed statistical models we con-
structed to evaluate multiple co-variables and
detailed analyses of exposure variables in the data,
which helped to reveal significant dose-dependent
relationship between Hg exposure from dental amal-
gams and Hg-associated urinary porphyrins.
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Strengths/limitations

In considering our study, the design utilized in the
parent study was strong, and its strength helped to
reduce any potential limitations. The overall design of
the parent study was constructed a priori to the actual
examination of any study subjects, and the study
subjects examined were randomly assigned to dental
amalgam or composite groups at baseline. As a result,
biases regarding potential reasons for exposure to a
specific treatment or regarding specific types of
evaluations undertaken on study subjects should not
have adversely impacted the data analyzed. In addi-
tion, the sizes of both the amalgam and composite
groups were of moderate size and not numerically
weighted in a direction (i.e. there were several hundred
study subjects in both the amalgam and composite
groups), so that these factors helped reduce potential
biases regarding the sample composition in the
statistical modeling utilized in the our study.

After initial random assignment of study subjects
to amalgam/composite groups, the study subjects
then had detailed information collected regarding
specific biological parameters at baseline. Subse-
quently, detailed information was collected regarding
exposure to dental amalgams (i.e. size, number,
location, etc.) and repeated measurements of specific
biological parameters. As a result, the repeated
measurements examined in the parent study were
collected in a controlled fashion, so that potential
limitations, such as changes in sample collection
techniques or analysis over the course of multi-year
study of study subjects, should have minimally
impacted the data we examined.

Among the limitations of our study, the parent
study included minimal information regarding past
exposure to Hg or other sources of Hg exposure
during the study among the study subjects. As a
result, it is possible that these unaccounted for
sources of Hg may have created confounding in the
data examined, helping to reduce the significance of
the findings observed in our study. Despite this
potential, our study found significant correlations. In
addition, our study has the limitation that only
individuals who were healthy at initial presentation
were allowed entry into the parent study. As a result,
the biological effects observed in our study from
dental amalgam exposure may reflect those specific
to healthy individuals, and not necessarily the

@ Springer

consequences of Hg exposure from dental amalgams
in less-than-healthy individuals. Another potential
limitation of our study is the length of follow-up.
Study subjects were followed for only 8 years in the
parent study. Hence, it was not possible to evaluate
the potential long-term consequences of dental
amalgam exposure over the course of decades to
these individuals. Despite this fact, over the course of
the 8 years of our study, Hg exposure from dental
amalgams did significantly impact the biological
parameters examined. In addition, a further potential
limitation of our study was the moderate size of the
sample examined. It is possible that with a larger
sample size, the correlations we observed would be
more robust, and hence, even less likely to be the
result of chance. Also, with a larger sample size or
with an increased capability to account for potential
confounding in the data, the “backlogging” phenom-
enon created by Hg’s inhibition of specific enzymes
necessary for the heme synthesis pathway may have
resulted in a statistically significant association
between additional urinary porphyrins and exposure
to dental amalgams.

Conclusion

Our study, in contrast to the published results of the
parent study, found that the characteristic pattern of
porphyria associated with Hg body-burden, specifi-
cally, elevated 5cxP, PrcP, and cP were significantly
correlated with dental amalgam exposure in a dose-
dependent fashion. The higher level of Hg amalgams
exposure resulted in higher levels of Hg-associated
porphyrins. Further, consistent with previous studies
that examined Hg exposure using porphyrins, the
non-Hg-associated porphyrins showed no statistically
significant relationship with amalgam exposure. As a
result, this study helps to further establish the utility
of urinary porphyrins as a biomarker of low-level Hg
body-burden.

In addition, the relative 5-10% increases in the
Hg-associated porphyrins observed over the 8 year
course of the present study, suggest that dental
amalgams for the average individual do not cause a
significant acute exposure to Hg, but instead repre-
sent a significant life-long source of chronic exposure
to Hg, with a continuing impact on increasing Hg
body-burden. It is of theoretical concern from
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extrapolation of our results that over the course of a
life-time of 70 years, the contribution to Hg body-
burden from dental amalgams may eventually result
in elevations in urinary porphyrins similar to those
observed in individuals with diagnosed neurological
conditions associated with Hg intoxication, and hence
result in Hg body-burden levels associated with Hg
toxicity. As a result, in any study of dental amalgam
safety, a follow-up period of decades would be
advisable in order to determine accurately the actual
long-term pathological adverse effects amalgam may
induce, even in initially healthy individuals.

Acknowledgments This study received funding from the
non-profit International Academy of Oral Medicine and
Toxicology (IAOMT), the non-profit Institute of Chronic
Illnesses, Inc., and the non-profit CoMeD, Inc. None of the
organizations providing financial support for the present study
had any influence on data analyses or conclusions. We wish to
thank Lisa Sykes for reviewing the present manuscript.

Conflict of interest None of the other authors has any con-
flicts of interest concerning the present study.

References

Abraham JE, Svare CW, Frank CW (1984) The effect of dental
amalgam restorations on blood mercury levels. J Dent Res
63(1):71-73

Austin DW, Shandley K (2008) An investigation of porphyri-
nuria in Australian children with autism. J Toxicol Envi-
ron Health A 71(20):1349-1351

Bowers MA, Aicher LD, Davis HA, Woods JS (1992) Quan-
titative determination of porphyrins in rat and human
urine and evaluation of urinary urinary porphyrin profiles
during mercury and lead exposures. J Lab Clin Med
120(2):272-281

Brewster MA (1988) Biomarkers of xenobiotic exposures. Ann
Clin Lab Sci 18(4):306-317

Buchet JP, Lauwerys R, Roels H, Bernard A (1980) Rela-
tionship between exposure to heavy metals and prevalence
of renal dysfunction. Arch Toxicol Suppl 4:215-218

DeRouen TA, Leroux BG, Marin MD, Townes BD, Woods JS,
Leitdo J, Castro-Caldas A, Braveman N (2002) Control
Clin Trials 23(3):301-320

DeRouen TA, Marin MD, Leroux BG, Townes BD, Woods JS,
Leitao J, Castro-Caldas A, Luis H, Bernardo M, Rosen-
baum G, Martins IP (2006) JAMA 295(15):1784-1792

Dunn JE, Trachtenberg FL, Barregard L, Bellinger D, McK-
inlay S (2008) Scalp hair and urine mercury content of
children in the Northeast United States: the New England
Children’s Amalgam Trial. Environ Res 107(1):79-88

Echeverria D, Heyer NJ, Martin MD, Naleway CA, Woods JS,
Bittner AC (1995) Behavioral effects of low-level

exposure to Hg® among dentists. Neurotoxicol Teratol
17(2):161-168

Fowler BA, Oskarsson A, Woods JS (1987) Metal- and met-
alloid-induced porphyrinurias. Relationships to cell
injury. Ann NY Acad Sci 514:172-182

Geier DA, Geier MR (2006) A prospective assessment of
porphyrins in autistic disorders: a potential marker for
heavy metal exposure. Neurotox Res 10(1):57-64

Geier DA, Geier MR (2007) A prospective study of mercury
toxicity biomarkers in autistic spectrum disorders. J Tox-
icol Environ Health A 70(20):1723-1730

Geier DA, Kern JK, Garver CR, Adams JB, Audhya T, Nataf
R, Geier MR (2009a) Biomarkers of environmental tox-
icity and susceptibility in autism. J Neurol Sci 280(1-2):
101-108

Geier DA, Kern JK, Geier MR (2009b) A prospective blinded
evaluation of urinary porphyrins verses the clinical
severity of autism spectrum disorders. J Toxicol Environ
Health A 72(24):1585-1591

Gonzalez-Ramirez D, Maiorino RM, Zuniga-Charles M, Xu Z,
Hurlbut KM, Junco-Munoz P, Asposhian MM, Dart RC,
Diaz Gama JH, Echeveria D, Woods JS, Aposhian H
(1995) Sodium 2, 3-dimercaptopropane-1-sulfonate chal-
lenge test for mercury in humans II: urinary mercury,
porphyrins and neurobehavioral changes of dental work-
ers in Monterrey, Mexico. J Pharmacol Exp Ther 272(1):
264-274

Guzzi G, Grandi M, Cattaneo C, Calza S, Minoia C, Ronchi A,
Gatti A, Severi G (2006) Dental amalgam and mercury
levels in autopsy tissues: food for thought. Am J Forensic
Med Pathol 27(1):42-45

Kern JK, Geier DA, Adams JB, Geier MR (2010a) A bio-
marker of mercury body-burden correlated with diagnos-
tic domain specific clinical symptoms of autism spectrum
disorder. Biometals Jan 9, 2010 [Epub ahead of print]

Kern JK, Geier DA, Adams JB, Mehta JA, Grannemann BD,
Geier MR (2010b) Toxicity biomarkers in autism spec-
trum disorder: a blinded study of urinary porphyrins.
Pediatr Int Jul 4, 2010 [Epub ahead of print]

Kern JK, Geier DA, Ayzac F, Adams JB, Garver CR, Mehta JA,
Geier MR (2010c) Toxicity biomarkers among US children
in comparison with French children: A prospective blinded
study of urinary porphyrins. Toxicol Environ Chem

Nataf R, Skorupka C, Amet L, Lam A, Springbett A, Lathe R
(2006) Porphyinuria in childhood autistic disorder:
implications for environmental toxicity. Toxicol Appl
Pharmcol 214(2):99-108

Olstad ML, Holland RI, Wandel N, Pettersen AH (1987)
Correlation between amalgam restorations and mercury
concentrations in urine. J Dent Res 66(6):1179—-1182

Pingree SD, Simmonds PL, Rummel KT, Woods JS (2001)
Quantitative evaluation of urinary porphyrins as a mea-
sure of kidney mercury content and mercury body burden
during prolonged methylmercury exposure in rats. Toxi-
col Sci 61(2):234-240

Rosenman KD, Valciukas JA, Glickman L, Meyers BR, Cinotti
A (1986) Sensitive indicators of inorganic mercury tox-
icity. Arch Environ Health 41(4):208-215

Vimy MJ, Lorscheider FL (1985) Serial measurements of intra-
oral air mercury: estimation of daily dose from dental
amalgam. J Den Res 64(8):1072-1075

@ Springer



224

Biometals (2011) 24:215-224

Woods JS (1996) Altered porphyrin metabolism as a biomarker
of mercury exposure and toxicity. Can J Physiol Phar-
macol 74(2):210-215

Woods JS, Fowler BA (1977) Renal porphyrinuria during
chronic methyl mercury exposure. J Lab Clin Med 90(2):
266-272

Woods JS, Fowler BA (1978) Altered regulation of mamma-
lian hepatitis heme biosynthesis and urinary porphyrin
excretion during prolonged exposure to sodium arsenate.
Toxicol Appl Pharmacol 43(2):361-371

Woods JS, Kardish RM (1983) Developmental aspects of
hepatic heme biosynthetic capability and hematoxicity-II.
Studies on uroporphyrinogen decarboxylase. Biochem
Pharmacol 32(10):73-78

Woods JS, Bowers MA, Davis HA (1991) Urinary porphyrin
profiles as biomarkers of trace metal exposure and tox-
icity: studies on urinary porphyrin excretion patterns in
rats during prolonged exposure to methyl mercury. Tox-
icol Appl Pharmacol 110(3):464-476

Woods JS, Martin MD, Naleway CA, Echeverria D (1993)
Urinary porphyrin profiles as a biomarker of mercury
exposure: studies on dentists with occupational exposure

@ Springer

to mercury vapor. J Toxicol Environ Health 40(2-3):
235-246

Woods JS, Echeverria D, Heyer NJ, Simmonds PL, Wilkerson
J, Farin FM (2005) The association between genetic
polymorphisms of coproporphyrinogen oxidase and an
atypical porphyrinogenic response to mercury exposure in
humans. Toxicol Appl Pharmacol 206(2):113-120

Woods JS, Martin MD, Leroux BG, DeRouen TA, Leitdo JG,
Bernardo MF, Luis HS, Simmonds PL, Kushleika JV,
Huang Y (2007) The contribution of dental amalgam to
urinary mercury excretion in children. Environ Health
Perpsect 115(10):1527-1531

Woods JS, Martin MD, Leroux BG, DeRouen TA, Bernardo
MF, Luis HS, Leitao JG, Simmonds PL, Echeverria D,
Rue TC (2009) Urinary porphyrin excretion in children
with mercury amalgam treatment: findings from the Casa
Pia Children’s Dental Amalgam Trial. J Toxicol Environ
Health A 72(14):891-896

Young SI, Jin SH, Kim SH, Lim S (2010) Porphyrinuria in
Korean children with autism: correlation with oxidative
stress. J Toxicol Environ Health A 73(10):701-710



	A significant relationship between mercury exposure from dental amalgams and urinary porphyrins: a further assessment of the Casa Pia children’s dental amalgam trial
	Abstract
	Introduction
	Materials and methods
	Study population
	Urine sample collection procedures
	Statistical analyses

	Results
	Discussion
	Strengths/limitations

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


