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Abstract

Background—Most epidemiologic studies of methylmercury (MeHg) health effects rely on a
single measurement of a MeHg biomarker to assess long-term exposures. Long-term
reproducibility data are, therefore, needed to assess the reliability of a single measure to reflect
long-term exposures. In this study we assessed within-person reproducibility of red blood cell
(RBC) mercury (Hg), a marker of methyl-mercury, over 10-15-years in a sample of 57 women.

Methods—Fifty-seven women from the Nurses’ Health Study Il provided two blood samples
10-15-years apart (median:12 years), which were analyzed for mercury levels in the red blood
cells (B-Hg*). To characterize within-person reproducibility we estimated correlation and
intraclass correlation coefficients (r and ICC) across the two samples. Further, we compared
different prediction models, including variables on fish and seafood consumption, for B-Hg™* at the
first sample using leave-one-out cross-validation to assess predictive ability.

Results—Overall, we observed strong correlations over 10-15 years (r=0.69), as well as a high
ICC (0.67; 95%CI: 0.49, 0.79). Fish and seafood consumption reported concurrently with the first
B-Hg* sample accounted for 26.8% of the variability in that B-Hg*, giving a correlation of r=0.52.

Conclusions—Despite decreasing B-Hg™* levels over time, we observed strong correlations and
high ICC estimates across B-Hg* measured 10-15 years apart, suggesting good relative within-
person stability over time. Our results indicate that a single measurement of B-Hg* likely is
adequate to represent long-term exposures.

Corresponding Author: Marianthi-Anna Kioumourtzoglou, 401 Park Drive, Landmark Center, 3rd Floor East, Boston, MA 02215.
Conflicts of Interest: None
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Introduction

Methylmercury (MeHg) is a neurotoxicant able to cross the blood-brain barrier! as well as
the placental barrier and has therefore been linked to adverse effects on the central nervous
system and neurodevelopment, especially in fetuses and newborns.2 Moreover, exposures to
MeHg have also been linked to cancer,3# and myocardial infarction,>® although higher
consumption of polyunsaturated fatty acids from fish —the principal route of exposure to
MeHg-"-89 has also been shown to decrease the risk of certain cardiovascular diseases.®
MeHg has a reported half-life of approximately 50 days,'? and MeHg exposure reflects
increased fish and seafood consumption.”-8:9

Given the known toxicity of MeHg, the availability of a good biomarker for MeHg, rather
than the less toxic total mercury (Hg), exposure is crucial, especially in large epidemiologic
settings when often only a single biosample is available. Both inorganic Hg and MeHg can
be measured in blood serum, whereas in red blood cells (RBC) 90% of Hg is in the form of
MeHg.1112 Thus, RBC would be useful medium for analyzing total mercury concentrations
as a MeHg exposure biomarker. Due to differences in the hematocrit of whole blood,
moreover, the mercury concentration of the red blood cells is likely to be a more precise
exposure biomarker.12

Many epidemiologic studies investigating the association between MeHg exposure and
adverse health outcomes lack the resources to collect multiple blood samples for each
subject. In addition, it is likely that study participants might have joined after a biologically
meaningful exposure window, for instance mothers joining a study several years after
having given birth. Most studies, thus, have to rely on single measurement of Hg or a
measure in a surrogate time window. The degree to which a single measurement reflects
long-term Hg levels, however, depends on the within-person variability of the biomarker
over time. Larger within-person variability over time is likely to introduce measurement
error, when using a single Hg measurement as an indicator of long-term exposure, and,
hence, attenuate subsequent health effect estimates.1314

In the present study, we assessed the reproducibility of RBC Hg levels in the Nurses’ Health
Study Il (NHSII) over a 10- to15-year period. Furthermore, because retrospective dietary
assessment of fish consumption could be another approach to assessing past MeHg
exposure, we also assessed the correlation between fish and seafood consumption and RBC
Hg. For this, we used concurrent dietary assessment, as this would represent a best case
scenario, since reporting on past diet history would be expected to introduce more error.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.
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Methods

Data Collection

Study Population—The NHSII began in 1989, when 116,430 female registered nurses
25-42 years old responded to a questionnaire about their health and lifestyle.

Between 1996 and 1999, 29,611 NHSII participants provided a blood sample. Each willing
participant was sent a collection kit to have blood samples drawn by either a local lab or a
colleague. The samples were returned to the laboratory via overnight courier, including an
ice-pack or a frozen water bottle to keep the samples cool. The blood was then separated
into plasma, RBC and white blood cell (WBC) components. and aliquoted into labeled
cryotubes. From 2008-2011, 16,510 of the women from the initial blood cohort of NHSII
returned a second blood sample using a similar protocol to the first collection.

To assess the blood Hg reproducibility and the ability to predict Hg levels 10-15 years apart
we analyzed blood samples from 57 women who provided 2 samples (median time between
blood samples = 12 years). Return of questionnaires with the blood samples constituted
implied consent for the first sample. For the second sample, women had to provide written
informed consent, reflecting the standards at the time of each collection. The Institutional
Review Board of BWH approved this study.

Laboratory Methods—Aliquots of RBC were prepared for each blood sample and sent
frozen on dry ice to the University of Southern Denmark. Total Hg concentration was
determined on a Direct Mercury Analyzer: DMA-80 (Milestone Inc, Sorisole, Italy). The
RBC samples were first thawed and the cell suspension was homogenized by mixing on a
Vortex mixer and diluted with Milli-Q treated water (dilution ratio = 2:3 to approach a
normal hematocrit and to facilitate analysis). The detection limit for the dissolved sample
was estimated to be 0.05 pg/L, i.e., three times the standard deviation of the blanks. The
total analytical imprecision was estimated to be 2.5, 2.5 and 1.9% at Hg concentrations of
1.97, 15.20 and 31.40 pg/L respectively. The samples were also analyzed for hemoglobin by
spectrometry, and the Hg:hemoglobin ratio was calculated to adjust for differences in RBC
preparation and specimen dilution. We then standardized the Hg concentration to the
expected average hemoglobin concentration of 13.6 g/dL, as this number would approach
the likely in vivo whole-blood concentration; we refer to this quantity as B-Hg*. Hg
concentrations in ug/L can be converted to nmol/L by multiplying by 5.0.

Dietary ltems—MeHg exposure mostly occurs through consumption of seafood and
fish”:89 and such dietary items have been used in the past to predict MeHg exposures.1°:16
We, therefore, also examined the association between seafood and fish consumption and B-
Hg*.

We used nutrient-validated, semi-quantitative food frequency questionnaires (FFQ) that are
administered to all NHSII participants every 4 years.1” We included information on 4
seafood items: 1) dark fish meat, such as mackerel, salmon, sardines, bluefish or swordfish,
2) canned tuna, 3) other fish and 4) shrimp, lobster or scallops (as a main dish). Analyses
used consumption of these food items as continuous variables, measured in times per month.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.
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Participants were assigned values from either the 1995 or 1999 FFQ, whichever was closest
to the date of their first blood sample.

Data Analysis

Results

We log-transformed all B-Hg* values, to account for deviations from normality. Differences
between paired samples were expressed as median (95% Cl), and the average coefficient of
variation (df = 1) was also computed. We used the Pearson and Spearman rank correlation
coefficients and the intraclass correlation coefficient (ICC) to assess within-person
reproducibility of B-Hg* levels across time, with ICC defined as the ratio of the between-
person over the sum of the within- and between-person variability. High ICC values indicate
higher between-person contributions to the total variability, and, thus, lower within-person
variability and better within-person reproducibility. ICC values = 0.75 indicate excellent, 0.4
< ICC < 0.75 fair to good and <0.4 poor reproducibility.18 We reported 95% confidence
intervals (CIs) for the ICC using the exact method. We calculated weighted kappa statistics
and 95% Cls to quantify the agreement between quintiles of B-Hg* levels across the two
time points, i.e. quantify the likelihood that the B-Hg* levels of the two blood draws of each
subject would fall into the same quintile.

We examined the association between fish and seafood consumption and B-Hg*, to assess
whether information on such dietary habits concurrent with the first B-Hg* measurement or
a later B-Hg* measurement would be a better predictor for an earlier B-Hg* levels, for
studies in which these data are not available. To this end, we ran two different linear
regression models, both with the log(B-Hg*) at the first measurement as the dependent
variable. In the first model we included the following variables as predictors: age, BMI,
smoking status and caloric intake at the time of the first blood draw, as well as seafood and
fish consumption from the FFQ collected closest to the first blood draw. In the second
model we included only the log(B-Hg*) at the second blood draw as the predictor.

To assess whether the second B-Hg* measurement or seafood/fish consumption at the time
of the first blood collection better predicted the first B-Hg* measurement, we employed a
leave-one-out cross-validation process.19 Models included data from the FFQ collected
closest to the first blood draw (either in 1995 or 1999) or the second B-Hg* in a linear
regression model with the first measurement of the log-transformed B-Hg* as the outcome.
Omitting one observation at a time, we re-fit each model and then predicted the Hg value for
the omitted observation. The predictive ability of the models was quantified by the
calculated R? between the predicted and observed first B-Hg™* levels. We also assessed
whether the slope between predicted and observed values was significantly different than 1,
to assess potential under- or over-estimation.

All statistical analyses were conducted using the R Statistical Software, version 2.14.1
(Foundation for Statistical Computing, Vienna, Austria).

The study participants were on average 42 years old (sd = 4.8 years) at the first blood
collection. The characteristics of the study participants are presented in Table 1. Table 2

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.
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presents summary statistics for the Hg and B-Hg* at each blood collection. Overall, we
observed slightly higher B-Hg* concentrations during the first blood collection, with a
median difference in B-Hg* levels of —0.14 pg/L (95% CI: -1.78, 2.86) between the first
and second collections. Even though the median B-Hg* concentrations decreased over time
in our study sample, the variability in B-Hg* concentrations was higher in the second
collection (Table 2). The average estimated within-person CV over time was 37.4% (sd =
24.2%).

We observed a strong correlation between the two B-Hg* samples (correlation coefficient
r=0.69, Spearman rs=0.70) and low within-person variability, relative to total variability, as
shown by a high ICC = 0.67 (95%CI: 0.49, 0.79). In addition, we observed good agreement
between quintile categories defined by the distribution of B-Hg™* levels at each time point,
with a weighted kappa statistic of 0.66 (95%CI: 0.53, 0.79). These results did not change
after removing a potential outlier.

Summary statistics on fish/seafood consumption are presented in Table 3. We assessed
whether fish and seafood consumption at the time of the first blood collection or the B-Hg*
of the second blood collection better predicted the B-Hg* levels at the first blood collection
(Table 4). We included age, BMI, caloric intake and smoking status at the time of the FFQ
in the model of fish consumption as these improved the model fit. All variables included in
the model accounted for 40.7% of the variability in the log(B-Hg*) levels and fish and
seafood consumption alone accounted for 26.8%, corresponding to an r=0.52 between B-
Hg™* and fish and seafood consumption. The predictive ability of this model, however, was
not strong: the cross validation R2 between predicted and observed values was 0.29, and the
predicted values were marginally under-predicted, as shown by the slope between predicted
and observed values ($=0.75; 95%CI: 0.45, 1.05).

In comparison, B-Hg* from the second blood collection explained 46.8% of the variability
in the first B-Hg* sample. The cross validation R was 0.43. No significant over- or under-
prediction was observed ($=0.96; 95%CI: 0.68, 1.24). Finally, a model including both fish
and seafood consumption and the second B-Hg* measurement did not perform better than

the model only including the second B-Hg* measurement.

Discussion

Overall, we observed a very good within-person stability of B-Hg* over 10-15 years, as
shown by high values of the correlation coefficients, the ICC and the weighted kappa
statistic between the two samples. Conversely, the observed average CV between repeat
samples was higher than the laboratory CV. Potential changes in residence and dietary
habits could contribute to the high value of the CV. Given the observed decrease in B-Hg*
levels in our sample, a high CV value is not surprising; even if all participants’ B-Hg*
concentrations decreased by the same amount, which would preserve the exposure rankings
and result in the correlation coefficients being approximately equal to 1, the CV would still
be high and would increase as the average B-Hg* decreased.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.
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For our analyses we used B-Hg* as a biomarker of MeHg exposure, a blood fraction usually
discarded after analyses for other blood biomarkers in epidemiological studies. B-Hg* is
~90% MeHg, with demethylated MeHg comprising a large part of the remaining 10%, while
total blood Hg has higher inorganic Hg contributions,1:12:20 compared to B-Hg*. Hair Hg
has also been considered a good biomarker for MeHg exposure.1121 In populations,
however, that have been exposed to vapor Hg, use of hair Hg as a biomarker for MeHg
exposure might be problematic, as vapor Hg may bind to the hair directly,22 and hair
treatments may also affect Hg concentrations in the hair.23.24

The B-Hg* levels of our participants were comparable to those previously reported. The
geometric mean of total blood Hg levels among women 16-49 years old from the 1999-
2000 National Health and Nutrition Examination Survey (NHANES) has been reported to be
1.02 ug/L.%25 For years 1999-2006 these levels were 0.93 ug/L,2% and in 2009-2010 they
were 0.86 ug/L.27 Given these, the blood Hg levels seem to be decreasing over time.2” The
geometric mean of the first sample of our participants, which was collected between 1996—
1999, was slightly higher than the reported 1999-2000 mean (1.06 vs. 1.02 pg/L), in
agreement with a decreasing trend over time. This difference, however, was not statistically
significant, as apparent by the widely overlapping Cls of the two means. The second
measurement, collected in 2010, although lower than the first (geometric mean = 0.98 ug/L),
was higher than the reported 2009-2010 levels by the U.S. Environmental Protection
Agency (EPA);2” EPA, however, only included women of childbearing age in their report
(16-49 years), while our participants were older at the time of their second sample (mean
age = 53 years) and, therefore, likely did not adjust their fish consumption habits to EPA and
U.S. Food and Drug Administration (FDA) recommendations for pregnant or nursing
women, published in 200128 and updated in 2004.2°

Our results are in agreement with previously published work assessing the reproducibility of
biomarkers of MeHg exposure over time. Hinners et al.,30 for example, found a Pearson
correlation coefficient of 0.75 between toenail samples provided 14 months apart in a
sample of 43 Japanese women, as part of the Arsenic Mercury Intake Biometric Study.
Similarly, Garland et al.,3! also using toenail Hg as a MeHg biomarker, found a Spearman
correlation coefficient of 0.56 between samples provided by 127 NHS participants over a 6-
year period. To our knowledge, ours is the first study to assess reproducibility of MeHg
exposure levels, using B-Hg* over a period of more than 10 years. Together, these results
indicate that MeHg exposure levels are relatively stable across time and one sample is
adequate to represent long-term exposures.

Though we observed high ICC values, they were still lower than 1, suggesting that relying
on a single measurement of B-Hg* could still introduce measurement error in the subsequent
health effects model and, hence, attenuate health effect estimates.13 If a single B-Hg*
measurement is used to reflect exposures longer than 10 years, the true effect (log(OR))
could be as high as 1.5 times the biased effect estimate (= 1/0.67), assuming no other
misclassified variable or that B-Hg™* is not strongly correlated with the other covariates in
the model.13 For example, if the true OR = 2.00, under the above assumptions, use of a
single blood sample would yield OR* = 1.59 (= exp [log(OR) x ICC]), with narrower
confidence intervals. When the above assumptions are not met, information on all variables

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.
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correlated with B-Hg* and/or on those measured with error should be included in the
estimation of the ICC, to obtain corrected ORs and inferences.13:32 Furthermore, Grandjean
and Budtz-Jgrgensen showed that failure to account for the total imprecision associated with
use of a single MeHg biomarker in health analyses could also lead to biased health effect
estimates.33

We assessed whether contemporaneous fish and seafood consumption, a widely recognized
MeHg exposure pathway, 8:2:16 better predicts B-Hg* levels, as compared to B-Hg* samples
obtained 12 years later. Given our small sample size, we were not able to build a better
prediction model when using dietary items as predictors, as compared to other studies.89.16
Still, we were able to explain a higher proportion of the variability in the B-Hg* levels by
fish and seafood consumption than the one reported in a recent study by Golding et al.
(26.8% in our study vs. 8.8%).34 In their study, they assessed total blood Hg exposures,
which is a less precise biomarker for MeHg exposure than B-Hg*, as it can also be
influenced by inorganic Hg.1! Further, they sampled women during pregnancy; pregnant
women, however, have been found to have significantly lower Hg levels,26 which might
have reduced the ability to detect stronger associations.

In our analyses, a model including only the second B-Hg* measurement as a predictor
performed much better than the contemporaneously collected fish consumption. Fish
consumption data collected retrospectively would be expected to perform even worse. Thus,
in a study setting where the aim is to assess past Hg exposure, measuring current B-Hg*
should be better than retrospectively assessing earlier fish consumption. It should be noted,
however, that for the dietary assessment in the NHS, fish were grouped according to their
nutrient content (e.g. fish oil) and not mercury content. The dark fish group, therefore,
includes both salmon (low MeHg content) and swordfish (high MeHg content). Imprecise
estimates of specific fish consumption might have also affected our ability to build a strong
and stable prediction model. In addition, these results might not be generalizable to other
populations with potentially different dietary variability over time. Overall, we observed the
highest predictive ability with the second measurement of B-Hg*, indicating that although
the two blood samples were collected 10-15 years apart, their correlation is stronger than the
one between B-Hg* levels and fish consumption.

Our results should be interpreted in light of the limitations of our study. First, any variability
due to laboratory analysis will also be reflected in the ICC. Given the well-established
analytic techniques employed and the low reported CV (4.4%), however, we would expect
any such influence to be small. Furthermore, our sample consisted of 57 participants. The
small sample size of our study is reflected in the wide confidence intervals of the ICC
estimate and the weighted kappa statistic and likely affected our ability to build a better
prediction model and use information on fish and seafood consumption to predict B-Hg*. In
addition, our measurements were collected 10-15 years apart; our results, therefore,
represent the reproducibility of Hg levels over a very long period of time. If shorter
exposure durations are of interest, it is likely that the B-Hg™* levels would be more stable.
Finally, our subjects were predominantly white US women with an average age of 42 years.
Our results, thus, might not be generalizable to other populations, especially younger
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pregnant women, which is usually the population of interest in studies of post-natal
developmental disorders.

In conclusion, we observed good reproducibility of B-Hg™ levels over 10-15-years,
suggesting stable long-term exposures to MeHg. To our knowledge, the present study is the
first to assess reproducibility of B-Hg* levels, one of the more precise biomarkers for MeHg
exposure.1112 The usefulness of B-Hg* as a proxy for MeHg is further supported by our
higher correlations between samples 10-15-years apart than correlations previously
reported, using toenail Hg as a MeHg biomarker, between samples over 6 years from a very
similar population.3! We would, therefore, recommend the use of B-Hg* to assess long-term
MeHg exposures.

Acknowledgments

Sources of Funding and Acknowledgments: This study was funded by grants from the Department of Defense
(W81XWH0810499), the National Institutes of Health (NIH) (T32ES007069) and the National Institute of
Environmental Health Sciences (NIEHS ES000002). The Nurses’ Health Study Il is funded in part by NIH UM1
CA176726. We acknowledge the Channing Division of Network Medicine of Brigham and Women’s Hospital for
its management of the Nurses’ Health Study I1.

References

1. Kerper LE, Ballatori N, Clarkson TW. Methylmercury transport across the blood-brain barrier by an
amino acid carrier. Am. J. Physiol. 1992; 262

2. Grandjean P, Budtz-Jgrgensen E, White RF, Jorgensen PJ, Weihe P, Debes F, Keiding N.
Methylmercury exposure biomarkers as indicators of neurotoxicity in children aged 7 years. AmJ
Epidemiol. 1999; 150(3):301-305. [PubMed: 10430235]

3. Sukocheva OA, Yang Y, Gierthy JF, Seegal RF. Methyl mercury influences growth-related
signaling in mcf-7 breast cancer cells. Environmental Toxicology. 2005; 20(1):32-44. [PubMed:
15712295]

4. Yorifuji T, Tsuda T, Kawakami N. Age standardized cancer mortality ratios in areas heavily
exposed to methyl mercury. Int Arch Occup Environ Health. 2007; 80

5. Salonen JT, Seppanen K, Nyyssénen K, Korpela H, Kauhanen J, Kantola M, Tuomilehto J,
Esterbauer H, Tatzber F, Salonen R. Intake of mercury from fish, lipid peroxidation, and the risk of
myocardial infarction and coronary, cardiovascular, and any death in eastern Finnish men.
Circulation. 1995; 91:645-655. [PubMed: 7828289]

6. Wennberg M, Stromberg U, Bergdahl 1A, Jansson J-H, Kauhanen J, Norberg M, Salonen JT,
Skerfving S, Tuomainen T-P, Vesshy B, Virtanen JK. Myocardial infarction in relation to mercury
and fatty acids from fish: a risk-benefit analysis based on pooled Finnish and Swedish data in men.
The American Journal of Clinical Nutrition. 2012; 96(4):706—713. [PubMed: 22894940]

7. Svensson BG, Schutz A, Nilsson A, Akesson I, Akesson B, Skerfving S. Fish as a source of
exposure to mercury and selenium. Sci Total Environ. 1992; 126:61-74. [PubMed: 1439752]

8. Sanzo M, Dorronsoro M, Amiano P, Amurrio A, Aguinagalde FX, Azpiri MA, et al. Estimation and
validation of mercury intake associated with fish consumption in an epic cohort of spain. Public
Health Nutrition. 2001; 4:981-988. [PubMed: 11784411]

9. Mahaffey KR, Clickner RP, Bodurow CC. Blood organic mercury and dietary mercury intake:
National health and nutrition examination survey, 1999 and 2000. Environmental Health
Perspectives. 2004; 112:562-570. [PubMed: 15064162]

10. Smith, John C.; Farris, Fred F. Methyl mercury pharmacokinetics in man: A reevaluation.

Toxicology and Applied Pharmacology. 1996; 137(2):245-252. [PubMed: 8661350]
11. Berglund M, Lind B, Bjérnberg KA, Palm B, Einarsson O, Vahter M. Inter-individual variations of
human mercury exposure biomarkers: a cross-sectional assessment. Environ Health. 2005; 4

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kioumourtzoglou et al.

12

13.

14.

15.

16.

17.
18.
19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

Page 9

. Sakamoto M, Kubota M, Liu XJ, Murata K, Nakai K, Satoh H. Maternal and fetal mercury and n-3
polyunsaturated fatty acids as a risk and benefit of fish consumption to fetus. Environmental
Science & Technology. 2004; 38(14):3860-3863. [PubMed: 15298193]

Rosner B, Spiegelman D, Willett WC. Correction of logistic regression relative risk estimates and
confidence intervals for random within-person measurement error. American Journal of
Epidemiology. 1992; 136(11):1400-1413. [PubMed: 1488967]

Hankinson SE, Manson JE, Spiegelman D, Willett WC, Longcope C, Speizer FE. Reproducibility
of plasma hormone levels in postmenopausal women over a 2-3-year period. Cancer
Epidemiology Biomarkers & Prevention. 1995; 4(6):649-654.

Driscoll CT, Mason RP, Chan HM, Jacob DJ, Pirrone N. Mercury as a global pollutant: Sources,
pathways, and effects. Environ. Sci. Technol. 2013; 47:4967-4983. [PubMed: 23590191]

Maclntosh DL, Williams PL, Hunter DJ, Sampson LA, Morris SC, Willet WC, Rimm EB.
Evaluation of a food frequency questionnaire - food composition approach for estimating dietary
intake of inorganic arsenic and methylmercury. Cancer, Epidemiology, Biomarkers & Prevention.
1997; 6:1043-1050.

Willet, WC. Nutritional Epidemiology. 2nd ed.. New York: Oxford University Press; 1999.
Rosner, B. Fundamentals of biostatistics. 5th ed.. Belmont, CA: Duxbury Press; 2005.

Hastie, T.; Tibshirani, R.; Friedman, J. The Elements of Statistical Learning: Data Mining,
Inference, and Prediction. 2nd ed.. Springer; 2009.

Sakamoto M, Nakano A, Kinjo Y, Higashi H, Futatsuka M. Present mercury levels in red blood
cells of nearby inhabitants about 30 years after the outbreak of Minamata disease. Ecotoxicol
Environ Saf. 1991; 22:58-66. [PubMed: 1914996]

Sherman LS, Blum JD, Franzblau A, Basu N. New insight into biomarkers of human mercury
exposure using naturally occurring mercury stable isotopes. Environ. Sci. Technol. 2013;
47:3403-3409. [PubMed: 23463943]

Yamaguchi S, Matsumoto H, Kaku S, Tateishi M, Shiramizu M. Factors affecting the amount of
mercury in human scalp hair. AJPH. 1975; 65(5):484-488.

Yamamoto R, Suzuki T. Effects of artificial hair-waving on hair mercury values. Int Arch Occup
Environ Health. 1978; 42:1-9. [PubMed: 711345]

Yasutake A, Matsumoto M, Yamaguchi M, Hachiya N. Current hair mercury levels in japanese:
Survey in five districts. Tohoku J. Exp. Med. 2003; 199:161-169. [PubMed: 12703660]
Schober SE, Sinks TH, Jones RL, et al. Blood mercury levels in US children and women of
childbearing age, 1999-2000. JAMA. 2003; 289(13):1667-1674. [PubMed: 12672735]
Razzaghi H, Tinker SC, Crider K. Blood mercury concentrations in pregnant and non-pregnant
women in the United States: National Health and Nutrition Examination Survey 1999-2006.
American Journal of Obstetrics and Gynecology. 2013; 210

U.S. Environmental Protection Agency. Trends in Blood Mercury Concentrations and Fish
Consumption Among U.S. Women of Childbearing Age NHANES, 1999-2010: Final Report
EPA-823-R-13-002. 2013 Accessed online at http://water.epa.gov/scitech/swguidance/
fishshellfish/fishadvisories/upload/Trends-in-Blood-Mercury-Concentrations-and-Fish-
Consumption-Among-U-S-Women-of-Childbearing-Age-NHANES-1999-2010.pdf on
12.05.2013.

Oken E, Kleinman KP, Berland WE, Simon SR, Rich-Edwards JW, Gillman MW. Decline in fish
consumption among pregnant women after a national mercury advisory. Obstet Gynecol. 2003;
102(2):346-351. [PubMed: 12907111]

U.S. Environmental Protection Agency & U.S. Food and Drug Administration. What You Need to
Know About Mercury in Fish and Shellfish: EPA-823-R-04-005. 2004 Accessed online at http://
www.fda.gov/food/resourcesforyou/consumers/ucm110591.htm on 12.05.2013.

Hinners T, Tsuchiya A, Stern AH, Burbacher TM, Faustman EM, Marién K. Chronologically
matched toenail-Hg to hair-Hg ratio: temporal analysis within the Japanese community (U.S.).
Environ Health. 2012; 11(81)

Garland M, Morris JS, Rosner BA, Stampfer MJ, Spate VL, Baskett CJ, Willett WC, Hunter DJ.
Toenail trace element levels as biomarkers: reproducibility over a 6-year period. Cancer
Epidemiology Biomarkers & Prevention. 1993; 2(5):493-497.

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.


http://water.epa.gov/scitech/swguidance/fishshellfish/fishadvisories/upload/Trends-in-Blood-Mercury-Concentrations-and-Fish-Consumption-Among-U-S-Women-of-Childbearing-Age-NHANES-1999-2010.pdf
http://water.epa.gov/scitech/swguidance/fishshellfish/fishadvisories/upload/Trends-in-Blood-Mercury-Concentrations-and-Fish-Consumption-Among-U-S-Women-of-Childbearing-Age-NHANES-1999-2010.pdf
http://water.epa.gov/scitech/swguidance/fishshellfish/fishadvisories/upload/Trends-in-Blood-Mercury-Concentrations-and-Fish-Consumption-Among-U-S-Women-of-Childbearing-Age-NHANES-1999-2010.pdf
http://www.fda.gov/food/resourcesforyou/consumers/ucm110591.htm
http://www.fda.gov/food/resourcesforyou/consumers/ucm110591.htm

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kioumourtzoglou et al. Page 10

32. Guo Y, Little RJ, McConnell DS. On using summary statistics from an external calibration sample
to correct for covariate measurement error. Epidemiology. 2012; 23

33. Grandjean P, Budtz-Jargensen E. An ignored risk factor in toxicology: The total imprecision of
exposure assessment. Pure Appl. Chem. 2010; 82(2):383-391. [PubMed: 20419070]

34. Golding J, Steer CD, Hibbeln JR, Emmett PM, Lowery T, Jones R. Dietary predictors of maternal
prenatal blood mercury levels in the ALSPAC birth cohort study. Environ Health Perspect. 2013;
121(10):1214-1218. [PubMed: 23811414]

J Expo Sci Environ Epidemiol. Author manuscript; available in PMC 2017 March 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Kioumourtzoglou et al.

Table 1

General characteristics of population at 15t and 2" blood samples (n = 57)

Mean S.D.

Age (1stdraw) 41.84 481

BMI (kg/m?)
15t draw 24.90 5.55
2nd draw 25.87 5.12

Smoking Status [n (%)]

15t draw
Past 13 (224)
Current 5 (8.6)
2 draw
Past 17 (29.3)
Current 2 (7.1)
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Table 2

Hg (ug/L), hemoglobin (g/dL) and standardized B-Hg* (ug/L) levels.

Median 25t —975th  Geometric 2.5t — g7.5th

percentile Mean percentile
15t draw
Hg 1.19 (0.30, 4.59) 1.26 (0.31,5.18)

HemoglobinT 1621 (14.06,1800) 1616  (14.04,1859)

B-Hg*i 0.99 (0.25, 3.94) 1.06 (0.26, 4.40)
2" draw
Hg 111 (0.24,7.44) 119 (0.19, 7.51)

HemoglobinT ~ 16.61  (14.33,17.75) 1647  (14.64,1853)

B-Hg*i 0.91 (0.20, 6.06) 0.98 (0.16, 6.14)

Tln RBC fraction

iStandardized to a standard hemoglobin level of 13.6 g/dL
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Table 3

Summary statistics on fish and seafood consumption (times/mo) at the first blood sample.

Fish/Seafood ~Median 2 5th —g7.5th
percentile

Canned Tuna 2.00 0.50-4.35

Dark Fish 0.50 0.50-2.00
Other Fish 0.50 0.50 — 2.00
Shrimp, etc 0.50 0.50 - 2.00
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Table 4

Page 14

Results of multivariate regression to predict B-Hg" levels at the first blood collection using fish and seafood

intake as predictors.

95% ClI

Partial R? (%)"

Variable Coefficient
Age 0.034
BMI -0.035
Calories (per 10 kcal/d) -0.002
Smoking, never Ref.
Smoking, past -0.233
Smoking, current -0.544
Canned tuna -0.053
Dark fish 0.126
Other fish 0.070

(~0.008, 0.075)
(~0.0065, -0.005)
(~0.005, 0.000)

(-0.636, 0.170)

(~1.101, 0.013)
(0.012, 0.093)
(0.034, 0.218)
(0.006, 0.135)

5.6
12.6
5.7

g.of

12.2
133
8.9

*
Total RZ = 40.7%

TPartial R2 for the variable smoking (all levels)
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