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ABSTRACT

Evaluating the potential for methylmercury (MeHg) toxicity relies on accurately predicting the mercury (Hg) body burden
that results from eating fish. Hg body burden is directly determined by the slow elimination kinetics of MeHg in the human
body (kel ¼ 0.014 days�1 or t1/2 ¼50 days). Existing studies on MeHg half-life in humans demonstrate a wide range values
(t1/2 ¼30 to>150 days) and has lead to uncertainty in the derivation of a regulatory standard for acceptable daily oral intake.
The causes of variation in MeHg toxicokinetics in humans remain little explored. Here we characterize variation in human
MeHg metabolism and elimination rate (kel) in 37 adult volunteers who consumed 3 fish meals. We determined MeHg
elimination rates via longitudinal Hg analysis in single hairs using laser ablation inductively coupled plasma mass
spectrometry. We also measured MeHg metabolism (biotransformation) via speciation of fecal Hg. We find an average
kel ¼ 0.0157 days�1 (t1/2 ¼ 44 days) amongst a more than 2-fold variation in kel across the cohort (0.0248–0.0112 days�1;
t1/2 ¼ 28–62 days). Although MeHg biotransformation varied widely between individuals, it showed a positive association
with elimination rates across the cohort. A more than 2-fold change in kel over a period of 2 years was seen in some
individuals. In 2 individuals, who received antibiotic for unrelated health issues, elimination rate was seen to slow
significantly. Associations of kel with age, body mass index, gender, and fish eating habits were not observed. We establish
that a measure of methylmercury metabolism and eliminaiton status (MerMES) can reduce uncertainty in determining an
individual’s MeHg toxicokinetics subsequent to eating fish.
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Methylmercury (MeHg) is a persistent environmental contami-
nant that accumulates in fish and seafood and is best known
for its toxic effects on the developing nervous system at doses
associated with poisoning episides (Amin-Zaki et al., 1979;
Harada, 1995). Despite growing evidence for an overall benefit of
fish in the maternal diet, considerable uncertainty remains over
the risks of toxicity that come with consumption of fish con-
taining natural background levels of MeHg (Oken et al., 2008;
Starling et al., 2015). Strategies to limit MeHg exposure predomi-
nantly rely on fish consumption advisories (EPA, 2017), which
are built upon the fundamental concept that a risk for toxicity
exists when the mercury (Hg) body burden exceeds a defined
amount (eg, a Reference Dose [RfD]). Evaluating the potential for
MeHg toxicity therefore relies on accurately predicting the Hg
body burden that will result from a habit of fish eating. The
slow elimination kinetics of MeHg in the human body (kel ¼
0.014 days�1; t1/2 ¼ 50 days) are what dictate the biological half-
life of MeHg and is therefore a direct determinant of the Hg
body burden. However, results from existing kinetic studies
aimed at resolving a MeHg half-life in humans demonstrate a
wide range of values (t1/2 ¼ 30 to >150 days) (Aberg et al., 1969;
Al-Shahristani and Shibab, 1974; Birke et al., 1972; Kershaw et al.,
1980; Miettinen et al., 1971; Phelps et al., 1980; Rand et al., 2016;
Sherlock et al., 1984; Smith et al., 1994; Yaginuma-Sakurai et al.,
2012). This wide range of t1/2 values is a source of uncertainty
for MeHg toxicokinetics, which is a central component of a 10-
fold “uncertainty factor” used in the derivation of the US-EPA
RfD (EPA, 2001). Factors contributing to the wide range of
reported t1/2 values may reflect methodological differences.
However, it may also be due to a naturally occurring biological
basis for variation in MeHg toxicokinetics in humans, which
remains little explored. One possibility is that genetic polymor-
phisms, especially in genes involved in MeHg transport and
elimination, may be a contributing factor (Engstrom et al., 2016;
Llop et al., 2017; Mazzaron Barcelos et al., 2012; Vorojeikina et al.,
2017). Nonetheless, we have recently shown that even within
an individual MeHg elimination rate can vary almost 2-fold over
a period of as little as 6 months (Rand et al., 2016), suggesting
that factors in addition to conventional genetics can greatly in-
fluence MeHg kinetics. The lingering uncertainty in human
MeHg toxicokinetics calls for more rapid and accurate methods
to characterize MeHg metabolism and elimination across a
broader spectrum of individuals and populations.

Metabolism (biotransformation) of MeHg to inorganic Hg
(I-Hg) is proposed to be an essential intermediate step to MeHg
elimination (Ishihara, 2000; Rowland et al., 1977). Typically, 90%
or more of the Hg derived from a MeHg dose is excreted in feces
as I-Hg (Ishihara, 2000; Norseth and Clarkson, 1971). This is con-
sistent with the model whereby, in the course of enterohepatic
cycling of MeHg, biotransformation in the gut lumen yields the
poorly absorbed I-Hg isoform that is more readily excreted
(Norseth and Clarkson, 1971). In rodents, administration of anti-
biotics has the effect of drastically reducing MeHg elimination
while also reducing MeHg biotransformation, highlighting a role
for gut microbiota in the process (Rowland et al., 1977). It is
therefore reasonable to predict that a faster elimination rate
may stem from a greater MeHg biotransformation activity that
would also yield a higher proportion of I-Hg in the feces. The rel-
ative amount of I-Hg (% of total Hg [T-Hg]) in human feces can
vary widely suggesting that biotransformation could be a source
of variation in the overall metabolism and elimination of MeHg
(Ishihara, 2000; Rand et al., 2016). Although rodent studies point
to gut microbiota as mediators of MeHg biotransformation and

elimination (Rowland et al., 1977, 1984), an analogous role for
gut microbiota in humans has yet to be demonstrated.

We recently described an improved method for the individu-
alized determination of MeHg elimination rates (Rand et al.,
2016). Prior prospective studies have been limited in the number
of subjects examined since they have relied upon interventions
with high level MeHg exposures, long observation periods, re-
peated blood draws or the use of radioisotopic (203 Hg) MeHg in-
jection or ingestion (Aberg et al., 1969; Al-Shahristani and
Shibab, 1974; Birke et al., 1972; Kershaw et al., 1980; Miettinen
et al., 1971; Phelps et al., 1980; Sherlock et al., 1984; Smith et al.,
1994). Our method is based on longitudinal analysis of Hg in
hair of study participants who consume normal dietary levels of
fish. Hair is a well-established biomarker that shows a direct re-
lationship with blood Hg levels (Cernichiari et al., 2007; Phelps
et al., 1980; Zareba et al., 2008). During hair growth, transport
and equilibration of MeHg between the bloodstream and kerati-
nocytes in the follicle occurs, and is subsequently incorporated
into the growing hair shaft (Kempson and Lombi, 2011; Zareba
et al., 2008). As a result, longitudinal analysis of hair has proven
an effective means to obtain a time-resolved profile of MeHg
levels in blood (Al-Shahristani and Shibab, 1974; Phelps et al.,
1980). Methods of X-ray fluorescence spectrometry and, more
recently, laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) has made Hg analysis of single strands of
hair possible (Legrand et al., 2007; Marsh et al., 1987; Stadlbauer
et al., 2005). We have previously reported a highly effective
method using LA-ICP-MS to resolve changes in Hg levels across
single hairs resulting from fish consumption (Rand et al., 2016).
Our previous study examined the MeHg elimination rates of
8 individuals over a 60-day period after a controlled tuna steak
consumption regimen. We were able to measure MeHg elimina-
tion rates and calculate half-lives, which spanned a range con-
sistent with that previously reported (t1/2 ¼ 43–128 days) (Rand
et al., 2016). The small sample size of this prior study (n ¼ 8) pre-
cluded extensive evaluation of the apparent variation in elimi-
nation rates as well as correlation analyses of elimination
kinetics with MeHg biotransformation or population character-
istics, such as age or gender.

In this study we set out to characterize variation in human
MeHg metabolism and elimination. We have applied our meth-
odology of longitudinal hair Hg analysis, together with fecal Hg
speciation, to determine a MeHg metabolism and elimination
status (MerMES) in 37 individuals subsequent to consumption
of just 3 fish meals.

MATERIALS AND METHODS

Study design. Volunteers were recruited from the University of
Rochester Medical Center community. Subjects were enrolled if
they were between 18 and 80 years of age and in good general
health on a self-reported basis. Subjects were excluded if they
had known allergies to fish, were pregnant or lactating, used
hair dyes or treatments, had known gastrointestinal or renal
disorders, or had used systemic antibiotics within the last 2
months. Study procedures were reviewed and approved by the
University of Rochester Research Subjects Review Board and
consent was obtained from each subject.

The overall study design is summarized in Figure 1. Each
subject agreed to consume 3 fish meals at 7-day intervals. Stool
samples were collected at approximately 2 weeks after the last
fish meal and hair samples were collected upon completion of
the study. Only a small amount of MeHg is eliminated via other
routes (eg, <5% via urine in first 70 days; Smith et al., 1994),
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therefore analyses focused on the biomarkers of hair and feces.
Subjects were asked to keep a daily record of types of food con-
sumed at each meal spanning the fish consumption and elimi-
nation period. In addition, subjects were asked to record any
bouts of illness and new course of medication that was incurred
during the study. Concurrent with this study, stool sampling
was done at 3 time points (before fish consumption, immedi-
ately after the last fish meal, and 2 weeks after the last fish
meal). The entire stool was collected for the third time point
only, and used for Hg analyses (indicated in Figure 1).
Subsampling of all 3 stools was performed for the purpose of
nucleic acid extraction, to be used in gut microbiome profiling
in a parallel initiative. Results from these microbiome studies
will be reported separately.

Study population. Thirty-seven subjects were recruited and
retained for the study (23 women, 14 men), coming from the
Rochester, NY metropolitan area. In total 22 of the 37 subjects were
between the ages of 21–30, 7 were between the ages of 31–40, 3 be-
tween the ages of 41–50, 5 over the age of 51, with body weights
ranging from 52 to 138 kg (114–304 pounds, Supplementary
Table 1). Thirty-five of the subjects were Caucasian, 1 was African
American female (S20), and 1 Indian-Asian male (S22). No unusual
deviations from each subject’s respective dietary habit was noted
prior to and during the course of the trial as determined from entry
interviews and the subsequent food diaries kept by the subjects.
Subjects were asked to resume and maintain their typical diets,
and refrain from any fish or seafood consumption during the 60-
day elimination period. Food diaries and personal communication
confirmed there was no fish eating during the elimination period
by any of the subjects. Two subjects reported illnesses requiring
the use of antibiotics during the course of the study, which was
recorded in their food diaries.

Absence of dental amalgam was initially a requirement for
recruitment of subjects in order to avoid confounding effects on
speciation of fecal Hg (Rand et al., 2016). At the end of the re-
cruitment period, to meet recruitment goals, 4 subjects were ad-
mitted who carried dental amalgams. The number of tooth
surfaces filled with dental amalgam for each subject was
recorded by visual inspection at the time of hair collection on
the final visit. These subjects had amalgam surfaces numbering
from 1 to 11 (Supplementary Table 1).

Fish meal consumption. Wild caught yellowfin tuna steaks of vari-
ous sizes ranging from 120 to 300 g, were prepared by and pur-
chased from a local supermarket. Steaks were cut from 2 fish of
similar age and size. A small sample (approximately 15 g) from
each of 3 body regions (nape, body, and tail) of each fish was
obtained for Hg analysis, which was completed prior to cutting of
the fish steaks. Steaks were cut, weighed, individually wrapped
and frozen by the market staff. Portion sizes varied between sub-
jects; however, the maximum portion size provided to any 1

subject was previously determined according to that subject’s
body weight so as to adhere to recommendations the FDA/EPA of
8–12 oz/week of fish (227–340 g/week) and to target a maximum
predicted blood level that did not exceed the EPA RfD level of
5.8 mg/l in Hg in blood. The weight of fish consumed at each meal
was recorded by the subjects. The maximum individual portion
size consumed was 300 g (10.6 oz) for a 138 kg (304 lb) subject (S23).
Hg levels in the fish were determined using cold vapor atomic ab-
sorption (CVAA) spectroscopy according to the methods of Magos
and Clarkson (Magos and Clarkson, 1972). Hg levels in the 2 fish
were 1.22 ppm Hg (nape ¼ 1.24 ppm, body ¼ 1.19 ppm, and tail ¼
1.24 ppm) and 1.12 ppm Hg (nape ¼ 0.98 ppm, body ¼ 0.933 ppm,
and tail ¼ 1.27 ppm), respectively. All Hg values were within the
range of those reported previously for yellowfin tuna by the FDA
(1991–2010). Subjects were provided with 3 portions of frozen fish
steaks in a cooler for transport home. Preparation of fish for eating
was at the discretion of each subject. Previous studies show that
cooking methods do have an appreciable effect on MeHg bioavail-
ability, commonly reducing bioavailability relative to consumption
of raw fish (reviewed in Bradley et al., 2017). Incomplete absorption
of MeHg provided in the fish portions was therefore anticipated,
yet acceptable since we were confident that detectable levels of Hg
would result in hair from this feeding paradigm (Rand et al., 2016).
Furthermore, with the assumption of a single-compartment first
order kinetic model (see “MeHg elimination rate determination”
section below), the elimination rate constant is a parameter that is
independent of absorption rate and dose level.

Hair and stool sampling. Hair samples were taken approximately
60 days after the final fish meal (Figure 1). Hairs were manually
extracted using a brisk pull of a tuft of 4–8 strands from the
crown region of the scalp using a gloved hand. This resulted in
abstraction of follicle/root remnants on the hair shaft. Hairs
were stored in sealed plastic bags until mounting for Hg analy-
sis. No additional steps were taken to clean the hair prior to
analysis, as previous studies show that washing and chelating
steps are ineffective for removal of potentially contaminating
hair surface Hg from exogenous exposures (Ali Aldroobi et al.,
2013; Li et al., 2008). Hairs were mounted on double-sided clear
tape (Scotch brand) previously adhered to a clean glass micro-
scope slide. Single hair strands were aligned straight and ad-
hered to the tape using watch-maker forceps, and were then
pressed into the adhesive surface using a clean microscope
slide. These steps allowed for the immobilization of the hair
with approximately two-thirds of the shaft diameter sitting
above the surface of the adhesive. One-centimeter increments
were marked on the tape adjacent to the hair strand as refer-
ence points to orient the hair for laser ablation.

Stool samples were collected by the subjects using a
Fisherbrand Commode Specimen Collection System (Fisher
Scientific No. 02-544-208). Stool samples were either frozen imme-
diately at home by the subjects or brought directly to the laboratory
where they were frozen at �20 �C until preparation for Hg
analyses.

Longitudinal analysis of Hg in hair. Longitudinal analysis of Hg in
hair was performed with LA-ICP-MS at the Dartmouth Trace
Element Analysis Lab. Laser ablation was carried out with a
UP213 laser (ESI, Bozeman, Montana) equipped with a program-
mable X-Y stage for predetermining coordinates for ablation of
a series of spots on the hair shaft. Hair growth occurs at approx-
imately 1.1 cm per month (Harkey, 1993; Myers and Hamilton,
1951), and 3.0 cm of the initial segment, including the root por-
tion of the shaft, was expected to cover the 60-day elimination

Figure 1. Experimental design. Participants ate 3 tuna steaks 7 days apart and

refrained from fish and seafood consumption for the elimination period (ap-

proximately 60 days). A stool sample collected at 2 weeks after the last fish meal

was used to measure the T-Hg and I-Hg levels. On approximately day 74 hair

was collected for longitudinal analysis of Hg content.
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period, the 14-day fish meal period and a period prior to the fish
consumption to assess background Hg levels. Accordingly, 90 con-
secutive spots were ablated at a 333 mm interval (approximately 1-
day growth) over a 3.0 cm segment of the hair segment closest to
the root. Elemental detection was performed with an Agilent 8800
QQQ ICP-MS (Santa Clara, California) set to monitor 202Hg and 34 S
isotopes in no gas mode. Sulfur concentration has been shown to
be stable across the length of hair (Legrand et al., 2004; Rodushkin
and Axelsson, 2003), therefore, the 34 S isotope was used as an in-
ternal standard for the relative mass of hair captured with each
ablation in accord with previously published methods (Legrand
et al., 2007). Sampling parameters included laser settings of 55 mm
spot size with 3.0-s dwell time at 10 Hz and laser power set at 40%
equating to a fluence of 4.00 J/cm2. With this method we typically
achieve detection limits for Hg of 10–50 ng/g. Data were collected
as time resolved intensity of 202Hg and 34 S and exported as Excel
data files. Hg values were expressed as a ratio of the peak areas of
the transient signals for 202Hg and 34 S multiplied by a factor of 1000
since the signal intensity for 202Hg was approximately 3 orders of
magnitude lower than 34 S, consistent with the low abundance of
Hg relative to S in hair. We refer to the relative concentration of Hg
in hair as a ratio denoted as Hg:S (�1000 in arbitrary units). For the
bulk of analyses Hg values were not quantified with respect to a
standard reference material (SRM). As we previously reported in
Rand et al. (2016), absolute Hg quantification using this method was
not necessary since the goal of this study was to determine a
kinetic parameter of Hg elimination, which can be derived from the
change in relative concentration of Hg over time.

Quantification of hair Hg was attempted on a limited num-
ber of subject samples. A standard of hair SRM (IAEA 86, 0.573
ppm Hg total [IAEA, 2017]) was prepared in a pressed pellet with
5% cellulose binder added. Cellulose binder independently dem-
onstrated no Hg or S by ICP-MS (T.P, B.J. unpublished observa-
tion). The matrix demonstrated surface heterogeneity due to
the varied size of hair fragments in the SRM powder preparation
(Supplementary Figure 1A). To determine an Hg:S ratio that cor-
responds to the 0.573 ppm Hg value of the SRM, ablation of the
pellet was done by rastering across the pellet surface with laser
intensity and spot size equivalent to that used for the subject
hair ablation. A mean value of 20.8 (Hg:S �1000) was determined
(Supplementary Figure 1B) and used to convert Hg:S determina-
tions to ppm values for the 3 subjects’ hairs that were analyzed.

MeHg elimination rate determination. Data were plotted in terms of
Hg:S versus time (days). Growth rate of each individual hair was
calculated by determining the distance between the Hg:S spikes
that correspond to the first and last fish meal and then dividing
by the number of days between these meals. Elimination data
spanned the interval beginning 2 spots (approximately 48 h) af-
ter the last fish meal to the margin of root material at the follicle
end of the hair. Elimination rates were calculated based on a 1-
compartment model with the assumption of a first-order pro-
cess according to:

Ct ¼ C0 � e�kel : t

and its natural log transformed expression:

lnðCtÞ ¼ �kel � tþ lnðC0Þ

where Ct is the relative concentration of Hg (ie, Hg:S) at time t
and C0 is the concentration of Hg at t ¼ 0. The elimination rate
constant (kel [days�1]) was determined from the slope of a linear

regression line fit to a plot of ln(Hg:S) versus time created using
Prism 6 (Graphpad Software, Inc. La Jolla, California) as previ-
ously reported in Rand et al., 2016). For most subjects in this
study the premeal Hg:S level in hair was low with respect to the
Hg:S resulting from the fish intake. However, some subjects (eg,
S14; Figure 2) demonstrated an elevated premeal hair Hg:S rela-
tive to the other participants. In several instances the premeal
Hg:S in hair demonstrated a declining, and in some case inclin-
ing, slope (see Figure 2, S14 and Figure 5, S2) indicating this
was not representative of a stable baseline Hg level in these
subjects, and may even represent an elimination of MeHg from
a previous fish meal (see Figure 4). Therefore, calculations of
elimination rates were performed assuming a baseline Hg:S
value of zero in all subjects. In this study, where elimination
periods spanned only a single half-life for each subject, the
data were interpreted to reflect the elimination rate for the
approximately 60-day period subsequent to the fish meals. For
purpose of discussion of the variation in elimination rates the
kel was used to estimate a half-life (t1/2 ¼ 0.693/kel) in units of
days.

Hg analysis and speciation in fecal samples. Determination of T-Hg
and I-Hg in fecal samples was performed by CVAA (Magos and
Clarkson, 1972). Fecal samples were prepared in triplicate by ho-
mogenization of approximately 1.0 g of feces (wet weight) in 1
ml of 1% cysteine and 2 ml of 0.9% saline solution.
Homogenization was performed in 5 ml tubes (Eppendorf No.
0030119460) preloaded with 2.8 g of 1-mm zirconium beads us-
ing a Bullet Blender 5E homogenizer (Next Advance, Avril Park,
New York). Homogenate and beads were transferred to a 20 ml
glass scintillation vial containing 2 ml of 45% NaOH, mixed and
heated for 10 min at 90 �C. Samples were cooled and 5 ml of
0.9% saline was added and vortexed for 15 s. Samples were
stored at 4 �C until analysis. T-Hg was determined by CVAA and
I-Hg was determined by omission of CdCl2 prior to the final re-
duction step, which effectively restricts organic Hg (ie, MeHg in
the feces) from contributing to the Hg analysis (Magos and
Clarkson, 1972). Hg determinations were made on a wet
weight basis and expressed in parts per billion. Triplicate
determinations were made for each sample (T-Hg and I-Hg) to
obtain an average value. Fecal I-Hg is expressed as the % of
T-Hg (I-Hg/T-Hg �100).

Statistical analyses. Statistical differences in kel between sub-
jects was evaluated using a method of analysis of covariance
within the Prism software package (Graphpad Software, Inc. La
Jolla, California) and expressed as a p-value for difference in
slopes, with significance occurring at p < .05. As an additional
point of reference, a 95% CI for the resulting kel and t1/2 was de-
termined from the built in linear regression tool within the
Prism software. Correlations of kel and biotransformation
(I-Hg, % of T-Hg in feces) were done with Spearman rank anal-
ysis within the Prism software to obtain a coefficient (q) and a
p-value with significance occurring at p < .05. Additional corre-
lations with age, body mass index, gender and fish eating
frequency were done with ANOVA and t-tests using the Prism
software.

RESULTS

Determination of MeHg Elimination Rates
The longitudinal profile of the Hg levels (Hg:S) in the hair that
grew over the course of the experimental period is shown in
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Figure 2A for 3 individuals, S29, S6, and S14, that demonstrate
the range of kinetic variation found in the cohort. Spikes in
Hg:S were seen that correlate with the day that each fish meal
was consumed. A decline in Hg:S followed the final Hg:S
spike, which was used as an indicator of the corresponding
decrease in blood MeHg concentration during the MeHg
elimination process. Elimination rate constants were deter-
mined from the slope of linear regression analysis of ln(Hg:S)
versus time (Figure 2B). Elimination rates for the 37 subjects
ranged from kel ¼ 0.0248 to 0.0112 days�1 (t1/2 ¼ 28–62 days),
giving and average of kel ¼ 0.0157 days�1 (t1/2 ¼ 44 days)
(Figure 3A). The half-life values across the subjects showed an
approximate normal distribution (Figure 3B), with
median values of t1/2 ¼ 46 days (kel ¼ 0.0150 days�1)
(Figure 3A). Elimination rate constants and estimated half-life
values for each subject are summarized in Supplementary
Table 1.

Sensitivity in Elimination Rate Determinations With Longitudinal
Hg Analysis by LA-ICP-MS
As discussed earlier, and in our prior study (Rand et al., 2016),
the Hg:S ratio at baseline in some samples appeared unstable,
in some cases trending towards a decreasing slope. For subject
S33 examination of hair in the region that corresponds to
growth occurring before the study revealed the presence of a
spike in Hg:S (Figure 4A). This spike is consistent with this sub-
ject consuming a fish meal prior to initiating the study, which
had been confirmed earlier from this subject’s recall at recruit-
ment. For this subject, decay of Hg from the study fish meals
gave kel ¼ 0.0211 days�1, with an estimated t1/2 of 33 days
(Figure 4B). The rate determined from the Hg decay of the prior
fish meal gave a slightly slower elimination (kel ¼ 0.0184
days�1, t1/2 ¼ 38 days) (Figure 4B). Multiple regression analysis
of these two ln(Hg:S) versus time plots showed an insignificant

difference in slope. These data demonstrate the sensitivity of
our method to detect fish meals consumed by subjects on their
own accord, which in turn could be used to determine elimina-
tion kinetics.

Figure 3. Average value and variation in elimination rates. A, Average and me-

dian values for the elimination rates and half-life values for the 37 subjects. B,

Distribution of the half-life values binned in 5-day intervals.

Figure 2. Longitudinal hair Hg levels and elimination rates. Longitudinal hair Hg analyses leading to determinations of MeHg elimination rates are illustrated for 3 sub-

jects: S29, S6, and S14. A, Hg levels were determined relative to sulfur (Hg:S�1000 in arbitrary units) in laser ablated spots sampled at 333 mm intervals along a single

hair for each subject. Orientation of the hair is indicated from tip to root (left to right). Growth rates for each hair were determined from the interval of the fish meal Hg

spikes (see “Materials and methods” section) and were used to derive the time scale (in days) on the X-axis. B, Semi-log plots of the relative Hg concentration

(ln(Hg:S*1000)) versus time) for the elimination period following the fish meals was fit by linear regression. The line equation and coefficient of determination (R2) are

indicated. Slope values were used in calculations of the elimination rate constants (kel in days�1). kel was used to calculate an estimated half life (t1/2 in days) for each

subject.
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Variation in Elimination Rate Constants With Antibiotic Use
Over the course of the study, 2 individuals were prescribed anti-
biotics by their physicians to address a separate medical condi-
tion. Subject S2 began a 10-day regimen of Augmentin
(amoxicillin) 42 days after the last fish meal and subject S34 was
prescribed Azithromycin for 6 days, also starting 42 days after
the last fish meal. Their Hg:S versus time plots showed a dis-
cernable change in the elimination of MeHg (Figs. 5A, B, D, and
E). Elimination rate constants were calculated from the slope of
the ln(Hg:S) versus time plots for periods spanning the pre- and
postantibiotic administration. For both subject S2 and S34 sig-
nificant slowing in the elimination rate was seen for the period
subsequent to the antibiotic administration compared with the
preantibiotic period (Figs. 5C and F). Multiple linear regression
analysis showed that the slopes of the ln(Hg:S) versus time plots
for the preantibiotic and postantibiotic period for both S2 and
S34 were significantly different (p ¼ .039 and .013, respectively).
These data suggests that the antibiotic administration signifi-
cantly decreased the ability of these study participants to elimi-
nate the MeHg.

Variation in Individual Elimination Rate Constants Over Time
Our prior pilot study demonstrated a significant change in elim-
ination rate for 4 of the 8 subjects between 2 trials conducted

approximately 6 months apart (Rand et al., 2016). To evaluate
this intraindividual variability further, we took advantage of the
fact that 4 of the subjects in the previous pilot study also partici-
pated in this study. As seen in Table 1, subjects S3 and S22 demon-
strated a significant increase in elimination rates (decreased t1/2)
over the 2 trials of the prior pilot study. This trend continued into
the present study resulting in a greater than 2-fold change in half-
life for these individuals over the more than 2-years separating
these studies. In contrast, S34 and S38, who showed no significant
change in elimination rate between trials in the pilot study (Rand
et al., 2016); exhibited only a slightly (although significant) faster
elimination rates in this study (Table 1).

Relationship of Hair Hg to Fish Consumed
The amount of fish eaten by the subjects varied somewhat due
to the variety of portion sizes made available from the prepara-
tion of the tuna steaks (see methods). We observed that the
Hg:S peak values in hair also varied substantially between sub-
jects (see S2 vs S34 in Figs. 5A and D), suggesting that MeHg lev-
els in hair could reflect the different amounts of fish that
individual subjects consumed. However, comparisons of Hg:S
ratios between the bulk of the hair samples was not feasible
since the hair sample analyses by LA-ICP-MS required more
than 10 separate sessions, which were carried out over the
course of a 6-month period, and since Hg quantification with re-
spect to a SRM was not employed as it was not needed for the
kinetic analyses (see methods). Therefore, we attempted to
quantify Hg levels in the analysis of 3 hairs from subjects who
ate a range of fish amounts. Analyses were performed within
the final session of LA-ICP-MS such that interindividual Hg lev-
els could be compared accurately. Quantifying elements on a
mass basis with LA-ICP-MS poses a challenge in matching the
matrix composition of SRM with that of the test sample. To ac-
commodate this we fabricated a compressed pellet of SRM hair
powder (Supplementary Figure 1). Ablation of this standard
gave an Hg:S (�1000) ratio that was representative of the known
value of T-Hg (in ppm) in this SRM. Hairs from subjects S34, S36,
and S38 were then analyzed in sequence with the SRM pellet us-
ing the same laser and ICP-MS parameters (Figure 6). The Hg
concentration (in ppm) versus time plots showed that the 3 sub-
jects attained different peak Hg levels in their hair subsequent
to the 3 fish meals. Subjects S34 reached peak Hg levels of ap-
proximately 0.95 ppm with the 3rd meal, while S36 peaked at ap-
proximately 0.65 ppm and S38 peaked at approximately 0.37
ppm Hg. The amount of fish consumed by each of these sub-
jects was then translated to the average amount of MeHg expo-
sure with each meal, expressed as mg Hg/kg body weight/meal
(Figure 6B). Across the 3 subjects it was seen that the levels of
Hg measured in the hair corresponded very well with the
amount of MeHg exposure derived from the fish meals.

Correlation of Elimination Rate With Biotransformation in Feces
With a goal of determining the I-Hg (% of T-Hg) as a proxy for
MeHg biotransformation in feces, I-Hg and T-Hg were determined
on a wet weight basis using CVAA methods. Measurements were
made for 33 subjects. Four subjects, who carried dental amalgam
surfaces, were excluded since we have previously shown the pres-
ence of amalgams substantially increases the I-Hg fraction in feces
(Rand et al., 2016). It is also to be noted that the CVAA method used
here has an accuracy of 65% for I-Hg determination in mixed
MeHg/I-Hg samples due to a low rate of intrinsic demethylation
that can occur in the reaction vessel (M.R., S.C., T.S., G.W. personal
observation, also reported in Lind et al., 1994). We therefore used
95% I-Hg as a cut-off to group samples which cannot effectively be

Figure 4. Sensitivity in detection of Hg from fish meals. A, A spike in the Hg:S ra-

tio prior to the first fish meal of the study revealed a prior fish meal consumed

by participant S33. B, Semi-log plot of ln(Hg:S) versus time for the elimination

period following the prior fish meal was fit by linear regression. Slope values

were used in calculations of the kel (in days�1). kel was used to calculate an esti-

mated half life (t1/2 in days). Statistical analysis of covariance demonstrated no

differences in slopes (kel) between the 2 elimination evaluations.
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discerned from 100% biotransformation from those with <95%
I-Hg (% of T-Hg). The majority of subjects showed >95% I-Hg
whereas 12 subjects showed <95% I-Hg in their feces

(Supplementary Table 2).
We next evaluated a possible correlation of biotransforma-

tion with MeHg elimination rates within these 33 subjects lack-
ing dental amalgam. The plot of kel versus I-Hg (% of T-Hg)
demonstrated a positive trend of I-Hg with the increase in kel

(Figure 7). Due to the large grouping of samples in the >95% I-Hg
range we performed a Spearman’s rank analysis, which yielded
q ¼ 0.591 at a significance of p ¼ .0003. This is consistent with
the notion that a faster elimination rate results from higher
rates of MeHg biotransformation. We also investigated whether
or not gender, age, habitual fish consumption or body mass in-
dex correlates with kel; however, no significant associations
were found (Supplementary Figure 2).

DISCUSSION

This study represents the largest sampling of people that we are
aware of for a prospective controlled intervention study of

MeHg elimination kinetics. For the 37 subjects evaluated, we
found an average elimination rate of kel ¼ 0.0157 days�1 (t1/2 ¼
44 days) amongst a more than 2-fold variation in elimination
rate across individuals in this cohort (kel ¼ 0.0248–0.0112 days�1;
t1/2 ¼ 28–62 days). Consistent with the results of our prior pilot
study, we continue to find examples of variation in MeHg elimi-
nation rate over time within some individuals, while other indi-
viduals display a relatively consistent MeHg elimination rate
over a period spanning 2 years. In 2 fortuitous cases we ob-
served an acute slowing in MeHg elimination subsequent to an-
tibiotic administration, highlighting a potential role for the gut
microbiome in biotransformation and excretion of MeHg as has
been observed in rodents (Rowland et al., 1978, 1980). Consistent
with this mechanism, a positive correlation was seen between
elimination rate and MeHg biotransformation, the latter
detected as I-Hg in fecal samples. Together, these findings bring
a new perspective to elaborating potential sources for inter- and
intraindividual variation in MeHg kinetics. With the methods
and approach used here it is now possible to attain an individu-
al’s MerMES in a short window of time (eg, approximately 2.5
months), which could potentially reduce uncertainty with

Figure 5. Elimination rate changes in response to antibiotics. Study participant S2 (A–C) and S34 (D–F) reported taking antibiotics 42 days after the last fish meal during

the elimination period of the study. (A, D) Profile of Hg:S levels in S2 and S34. (B, E) Semi-log plots of the Hg concentration (ln[Hg:S]) vs. time) for the elimination period

following the fish meals in S2 and S34. Linear regression fits were performed for the preantibiotic and the postantibiotic periods. Analysis of covariance demonstrated

a statistical difference in slopes (kel) within each subject (p values for the difference in the pre- and postantibiotic slopes are shown). (C, F) Summary of the kel and t1/2

for MeHg elimination from the pre- and postantibiotic elimination periods. Note, the postantibiotic slope for S2 was not significantly different from zero, however, was

significantly different from the preantibiotic slope.

Table 1. Change in MeHg Half-Life Values Over Time

t1/2 (Days)

Subject Gender Age Trial 1 (Spring 2014) Trial 2 (Fall 2014) Present study (Fall 2016)

S3 F 23 128 85* 59*
S22 M 35 116 66* 38*
S34 M 52 43 54 44*
S38 F 53 50 52 45*

*Significant difference in kel (p < .05 for difference in slopes) observed between this determination the one immediately prior to it within the same subject.
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respect to MeHg kinetics, and facilitate more personalized and
informed approaches to defining an individual’s tolerable
weekly intake of fish. We discuss the implications of our find-
ings and the availability of this “tool” to characterize human
variation in MeHg toxicokinetics below.

A survey of prior kinetic studies reinforces the observation
that MeHg elimination rates vary widely. However, discerning
methodological variation from biological variation is critical for
advancing a true understanding of MeHg toxicokinetics.
Potential sources of experimental variation, and instances of bi-
ological variation, can be seen by comparing and contrasting

our results with prior studies. The average elimination rate and
t1/2 we observed is in very close agreement with that of Smith
et al. (1994) t1/2 ¼ 44 days (range 35–53 days, n ¼ 7). Notably, the
Smith et al. study is one of the more highly controlled kinetic
studies, whereby 203Hg-labeled MeHg was used as a tracer with
intravenous administration, followed by separation and inde-
pendent measurement of MeHg and I-Hg in blood, feces and
urine. It is noteworthy that t1/2 determinations by Smith et al.
were measured in blood, compared with hair analyses used in
the present study, reinforcing the concept that hair is a reliable
proxy for blood MeHg levels for kinetic analyses. Our average t1/2

value is also close to that of 2 studies, by Kershaw et al. (1980)
and Sherlock et al. (1984), which found an average t1/2 of 52 and
50 days, respectively (range of 39–70 days across both studies,
n ¼ 5 and 20, respectively). Like our study, these 2 studies relied
on consumption of fish, albeit with elevated MeHg levels in the
fish (1.3–9.7 ppm), however, measurements of T-Hg and I-Hg
were in blood samples. Our average t1/2 value differs signifi-
cantly from that found in several other studies, which likely
reflects a difference in methods and study controls. For exam-
ple, Birke et al. (1972), with segmental hair analysis, reported an
average t1/2 ¼ 80 days (range 33–120 days, n ¼ 5). A more recent
and comprehensive study by Yaginuma-Sakurai et al. (2012) was
performed with parallel hair and blood analysis in 27 subjects
who had consumed bigeye tuna and swordfish for 14 weeks fol-
lowed by a 15-week elimination period. These investigators
reported average t1/2 ¼ 102 days with hair (range 60–192 days)
and 94 days with blood (range 58–155,). The high background Hg
levels in these subjects (eg, 2.3 ppm Hg in hair prior to the study
Yaginuma-Sakurai et al., 2012) presented important considera-
tions for how to interpret a baseline Hg level in such subjects
(note: t1/2 ¼ 64 days [hair] and 57 days [blood] were seen with
baseline subtraction [Yaginuma-Sakurai et al., 2012]). We have
adopted the recommendation from the Yaginuma-Sakurai et al.
study to forgo baseline subtraction in elimination rate calcula-
tions. An important consideration in both the Birke et al. (1972)
and Yaginuma-Sakurai et al. (2012) studies is the incomplete ab-
stinence from fish eating by the subjects during the elimination
period which likely influenced a longer observed half-life. In the
Yaginuma-Sakurai et al. study fish consumption was within the
tolerable weekly intake for Japanese adults (3.4 mg/kg body
weight/week), however, results in almost 5-times the U.S. EPA
RfD (0.1 mg/kg body weight/d). Thus, the findings of longer half-
life in this study, and that of Birke et al., as compared with ours
pose the interesting possibility of a non-linear dose dependent
behavior of the elimination rate. Early studies by Aberg et al.
(1969) and Miettinen et al. (1971), which used 203Hg-labeled
MeHg administered orally, resolved average t1/2 ¼ 70 and 76
days, respectively (range 52–93 days, n ¼ 3 and 15, respectively).
Methodologically, these early studies, which used whole body
radioactive counting methods, were complicated by the fact
that loss of MeHg due to biotransformation to I-Hg could not be
distinguished. Thus, the slower observed MeHg elimination
likely reflects radioactive counts from the I-Hg retained in the
kidney. Al-Shahristani et al. (1974), in a retrospective study,
used segmental hair analysis of subjects from the high-level
MeHg poisoning incident in Iraq to determine an average t1/2 ¼
72 days (range 35–189 days, n ¼ 48). This longer half-life may
also reflect altered kinetics that could occur at such elevated
MeHg doses. In addition, as noted by Smith et al. (1994), the lon-
ger half-life seen by Al-Shahristani et al. may be due to an in-
ability to account for hair growth rate as well as the possibility
of misalignment of strands within the bundles of hair that were
used for the analysis; the multiple hair strands being necessary

Figure 6. Relationship of Hair Hg to fish consumed. A, Hg:S determinations were

converted to Hg in ppm based on mean value of 20.8 (Hg:S�1000) ¼ 0.573 ppm

for SRM hair (see methods and Supplementary Figure 1). Subject hair Hg profiles

were aligned on the day scale to compare relative Hg levels. B, Subject gender,

elimination rates, half-life values and average mg Hg/kg body weight/meal are

summarized.

Figure 7. Correlation of MeHg elimination rate with biotransformation.

Elimination rate (kel) determined by longitudinal hair analysis is plotted against

I-Hg (expressed as % of T-Hg) measured in fecal samples, the latter an indicator

of MeHg biotransformation. Spearman coefficient q is shown with the p value

for the correlation.
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for Hg signal detection with the CVAA method that was used. In
the present study, we overcome both of these technical hurdles
of longitudinal hair analysis by using a single strand of hair and
by calibrating its growth rate according to the timing of fish
meals. By comparison to these prior studies we conclude that
our method faithfully reports the kinetics of MeHg elimination
in the human body.

In this study, we find that elimination rate varied more than
2-fold among the 37 subjects. This range of t1/2 is somewhat nar-
rower, and lower in average value, than we observed previously
in our pilot study (Rand et al., 2016). In our pilot, over both trials
there was a wide spread in the MeHg elimination rates between
and within individuals over time (kel ¼0.0163–0.0054 days�1;
t1/2 ¼ 43–128 days). For the 2 trials the average t1/2 was 70 and 63
days, respectively. Given that subjects were recruited from the
same geographical area as this study, this large variation in av-
erage t1/2 between our pilot and this study raised concern for
methodological variation. It was noted that the Hg:S data in the
pilot study appeared “noisier” giving linear regression fits rang-
ing from R2 ¼ 0.842–0.444 in contrast to this study where we
obtained much “cleaner” data with values of R2 ¼ 0.975–0.767.
We attribute this to using an upgraded and more sensitive and
stable LA-ICP-MS system in the present study. Nonetheless,
analysis of 4 subjects who participated in both the pilot and this
study indicates that the variation in t1/2 between the studies
most likely stems from a large intraindividual biological varia-
tion in MeHg metabolism and elimination seen in a few sub-
jects. This is illustrated by contrasting determinations for
subjects S3 and S22 with subjects S34 and S38 at 3 time points
across the 2 studies (Table 1). These findings show that MeHg
elimination status can be dynamic, emphasizing the impor-
tance of being able to determine a person’s MerMES relative to a
window where Hg exposure with fish consumption is of con-
cern, eg, prior to and during pregnancy and during child
development.

Determinations with the 33 subjects lacking dental amalgam
surfaces showed a correlation whereby faster elimination rates
measured with hair correspond with greater MeHg biotransfor-
mation, seen as a higher I-Hg (% of T-Hg) in feces. This corrobo-
rates a trend we observed in 4 amalgam-free subjects in our
prior pilot study (Rand et al., 2016). This trend is best illustrated
by the 2 slowest eliminators, S3 (kel ¼ 0.0117 days�1, t1/2 ¼ 59
days) and S14 (kel ¼ 0.0112 days�1, t1/2 ¼ 62 days), who also
showed the lowest MeHg biotransformation in their feces (29%
and 35% I-Hg, respectively). Although other sources of I-Hg ex-
posure cannot be ruled out for confounding these measure-
ments, this data is consistent with the model whereby MeHg
biotransformation to I-Hg by gut microbiota contributes to the
MeHg elimination process. Accordingly, disruption of microbial
biotransformation would predict not only an increased propor-
tion of residual MeHg trapped in the feces but a slower elimina-
tion rate since more MeHg would be available to return to the
circulation by intestinal reabsorption. Data from subjects S2
and S34 support this model showing that with administration
of antibiotics the MeHg elimination rate decreases significantly.
This observation is consistent with what was previously seen in
rats and mice treated with antibiotics (Rowland et al., 1977).
Nonetheless, the influence of the antibiotics on other sites of
xenobiotic transport and metabolism cannot be ruled out. More
rigorous testing of human subjects with defined treatments
that alter gut microbiota, eg, with pro- and prebiotics, are
needed to further characterize this phenomenon.

Among 3 subjects that have consumed various portion sizes
of fish, and thus various amounts of MeHg relative to their body

weight, we find that a corresponding level of Hg is observed in
their hairs. Such a finding supports the overall assertion that
hair is an effective biomarker for assessing MeHg exposures
(Cernichiari et al., 2007). Nonetheless, the hair to blood ratio has
been highlighted in the recent study by Yaginuma-Sakurai et al.
(2012) as an additional source of inter-individual variation in
MeHg kinetics and warrants further investigation. For example,
differences between females and males for distribution of MeHg
to hair relative to blood have yet to be investigated. Such a study
will require a larger sample size and more comprehensive and
quantitative Hg measurements of both hair Hg and the external
dose (fish Hg concentration and amounts consumed), in con-
junction with blood Hg determinations, to unambiguously es-
tablish the variation in this relationship.

Our finding of t1/2 ¼ 44 days is close to, yet somewhat
shorter, than the value of t1/2 ¼ 49.5 (kel ¼ 0.014 days�1) used to
derive the EPA RfD (EPA, 2001). However, the variability in t1/2

we document here, together with that seen in prior studies,
highlights a critical aspect of toxicokinetics in formulating
MeHg advisories; namely, that MeHg kinetics in people cannot
be described by a single number. The current EPA RfD formula-
tion takes into consideration that toxicokinetic variability and
toxicodynamic variability can each contribute as much as 3-fold
uncertainty, which has lead to an overall “uncertainty factor” of
10 being applied to a Benchmark Dose to derive the RfD (EPA,
2001). The ability to determine an individual’s MerMES presents
the possibility of removing toxicokinetic uncertainty, and thus
could lead to more accurate and personalized approach to for-
mulating a RfD, and a corresponding fish consumption advi-
sory, for the individual.

One limitation to this study is that little ethnic diversity was
achieved in recruiting the cohort. All but 2 individuals were
Caucasian. Furthermore, kinetic values were determined for rel-
atively low levels of MeHg exposure in this instance. Thus, the
general validity of the observed half-life warrants confirmation
in other populations. This shortcoming presents an important
future endeavor, ie, to investigate the possibility for variation in
MeHg kinetics at the population level. Indeed, the variation in
MeHg half-life reported for studies spanning Japanese, Middle
Eastern and European subjects may reflect genetic and/or envi-
ronmental (ie, dietary) factors, as well as gut microbiome spe-
cific traits, that are intrinsic to these populations. This is
particularly relevant for evaluating existing epidemiological
cohorts from various geographical regions. We were also limited
in our attempt to quantify Hg concentration in the hairs. Hg
quantitation would afford a more concise correlation of MeHg
dose amounts with body burden within the window of the
study. Such determinations may also facilitate analyses of ab-
sorption kinetics and efficiency that have recently been
highlighted as factors affecting body burden in fish consumers
(Li et al., 2016). Another limitation is in the lack of replicate
determinations of subject’s hair samples in this study.
Nonetheless, the density of the laser ablation spots (>90 Hg
determinations along each hair) provides a robust data set for
the regression analyses that yield very good coefficients of de-
termination (R2) and confidence in the kinetic rate determina-
tions. Also, minimal variation in replicate determinations of an
individual was reported previously in our pilot study (Rand
et al., 2016).

In summary, we demonstrate the efficacy of determining a
MerMES for 37 human subjects, which reveals significant varia-
tion in MeHg toxicokinetics between individuals and within cer-
tain individuals over time. Nonetheless, we resolve an average
elimination rate equivalent to a half-life of t1/2¼ 44 days. The
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short time needed to obtain these metrics, the enhanced sensi-
tivity of LA-ICP-MS instrumentation, and the non-invasiveness
of the protocol make it a powerful tool for MeHg toxicokinetic
studies at the individual and population level. We anticipate a
wider application of a MerMES determination approach will aid
in reducing uncertainty in toxicokinetic parameters used to
formulate fish consumption guidelines. A MerMES approach
will also support investigations into genetic and dietary factors
that moderate the risks for MeHg toxicity associated with
eating fish.
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