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ABSTRACT
Biomonitoring for heavy metals is important to assess health risks, especially in Arctic commu-
nities where rural residents rely on locally harvested foods. However, laboratory testing for blood
contaminants is expensive and might not be sustainable for long-term monitoring. We assessed
whether pooled specimen biomonitoring could be a part of a plan for blood contaminant
surveillance among pregnant women in rural Alaska using existing blood mercury level data
from three cross sectional studies of pregnant women. We applied a hypothetical pooled speci-
men template stratified into 8 demographic groups based on age, coastal or inland residence,
and pre-pregnancy weight. The hypothetical geometric mean blood mercury levels were similar
to the individual-level geometric means. However, the 95% confidence intervals were much wider
for the hypothetical geometric means compared to the true geometric means. Although the
variability that resulted from pooling specimens using a small sample made it difficult to compare
demographic groups to each other, pooled specimen results could be an accurate reflection of
the population burden of mercury contamination in the Arctic in the context of large numbers of
biomonitoring samples.
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Introduction

The wellbeing of rural residents of the Arctic depends on
a healthy environment and access to nutritious, safe,
traditional foods. However, as cultural and environmen-
tal changes influence Arctic communities, contaminants
such as heavy metals represent a threat to food safety
and health. Heavy metals have been identified in various
ecosystems, as well as in subsistence foods including
whale, seal, and salmon [1–3]. Accumulation of these
contaminants could result in compromised food supply.

Heavy metal exposure is associated with immediate
and long-term health risks across the lifespan [4–8].
Acute exposure to methylmercury through fish consump-
tion can result in symptoms consistent with neurological
and psychiatric impairment [9]. Prior work in Alaska and
other Arctic settings showed positive correlations
between environmental contaminants in umbilical cord
and maternal blood samples, suggesting transplacental
transfer of these compounds [10,11]. Foetuses are parti-
cularly vulnerable to contaminant exposure due to the
disruption of developmental processes [12–14]. Mercury

exposure can induce fetotoxic effects, such as sponta-
neous abortion, stillbirth, and low birth weight [15].
Furthermore, exposure to mercury during pregnancy
can result in damage to a developing foetal brain at
lower doses than those toxic to the mother; chronic, low-
level prenatal mercury exposures have been associated
with developmental delays [4]. Although monitoring
exposure to these contaminants is important to protect
the population against health risks, laboratory tests for
these analytes are expensive and continuous monitoring
may not be sustainable.

Recently, pooled specimen monitoring, a technique
which can cost as little as one tenth the cost of standard
epidemiologic methods, has become common in biomo-
nitoring programmes [16–20]. Pooled specimen monitor-
ing entails combining blood specimens into a single
sample, which can overcome two primary obstacles in
long-term biomonitoring programs [16]. First, pooling
specimens can overcome issues with low specimen
volume in individual specimens [21]. Second, the analyte
value of the pooled sample reflects the average analyte
value of the individuals included in the pool. Thus,
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pooling of samples can minimise laboratory testing costs
while providing representative population-based esti-
mates [16]. National pooled specimen biomonitoring pro-
grams have been initiated in the USA, Canada, Spain,
Belgium, Australia, Germany, South Africa, Guinea-Bissau,
and New Zealand [16,19,20,22–25]. However, it is not clear
whether pooled specimen biomonitoring would be an
appropriate approach for monitoring contaminants in
Arctic settings.

In Alaska, three individual-level, cross-sectional biomo-
nitoring studies of blood contaminants were conducted
among pregnant women in the Yukon-Kuskokwim (YK)
Delta between 2000 and 2012 as part of the Maternal
Organics Monitoring Study (MOMS). To determine
whether pooled specimen monitoring could be an appro-
priate method to reduce costs in Arctic settings, we ana-
lysed existing mercury data from these studies according
to a pooled specimen template and compared the results
with traditional, individual-level analysis. We compared
the geometric mean estimates, demographic group com-
parisons, and trends over time that resulted from each
method. The goal was to assess whether pooled specimen
biomonitoring could be a part of a long-term sustainable
surveillance plan for blood contaminants among preg-
nant women in rural Alaska.

Methods

Maternal organics monitoring study (MOMS)
methods

From 1998–2014, the Alaska Native Tribal Health
Consortium, funded by the USA Environmental
Protection Agency, enrolled three cohorts of the
MOMS contaminant evaluation study [26]. MOMS was
designed to observe the levels and effects of heavy
metals, Persistent Organic Pollutants, and other
anthropogenic pollutants in mothers and their infants
residing in the YK Delta. Pregnant Alaska Native
women from the YK Delta were recruited from the YK
Delta Regional Hospital (YKDRH) in Bethel, Alaska, dur-
ing their first prenatal visit between 1999 and 2003
(n = 106; Cohort 1), 2004 and 2006 (n = 206; Cohort 2)
and 2009 and 2012 (n = 156; Cohort 3). Because YKDRH
serves as a hub healthcare facility, women recruited for
this study represented many rural communities in the
YK delta. Only pregnant women were included due to
the potential effects of pollutants on foetal develop-
ment. Women interested in participating in the study
signed consent forms prior to enrolment, including
consent to participate, and to collect, store, and ana-
lyse blood. The original study and the current analysis

were both approved by the Alaska Area Institutional
Review Board.

Although the MOM study collected laboratory results
for several blood contaminants, we used blood mercury
levels for the current analysis. We chose mercury
because it is a contaminant of concern in the Arctic,
results were available for all three cohorts, and the data
followed an approximately log-normal distribution.

Pooled specimen analysis methods

We first pre-specified a template to reflect how speci-
mens might be pooled according to demographic fac-
tors associated with blood mercury. For each of the three
cohorts, we created 8 demographic groups (strata)
according to maternal age, maternal pre-pregnancy
weight, and maternal location of residence. Residence
was defined as coastal if the participant lived within
25 miles of the coast, and inland if the participant lived
25 miles or further from the coast. These residences were
divided because of differing levels of marine diet in
coastal and inland communities [27]. Maternal age and
pre-pregnancy weight were divided into two categories
based on the median age of participants (25 years) and
median weight of participants (66 kilograms).

Appendix 1 outlines the pre-specified pooling tem-
plate. Ideally, at least 8 participants would have been
recruited into each pool and at least 2 pools created per
stratum [16]. We applied the pre-specified template to the
existingMOMSdata to create hypothetical pools of results
for blood mercury levels. Participants were only included
if they had laboratory result values for the analyte and all
demographic features (age, pre-pregnancy weight, and
residence). The actual sample sizes available in the pre-
existing data did not allow each pool to include exactly 8
participants, or each stratum to include more than two
pools. If there were < 16 participants in a stratum, partici-
pants were randomly assigned to one of two pools. If
there were ≥ 16 participants in a stratum, participants
were randomly assigned to one of three pools. Thus,
pool numbers and sizes varied based on the random
allocation and how many participants were available in
each stratum.

To represent a hypothetical laboratory result from
a physically pooled specimen test, we calculated the
arithmetic mean of blood mercury within pools within
each stratum. We then calculated the mean for each
stratum using the mean of the two or three pool means
within the stratum. However, the appropriate measure of
centrality for these log-normal data is the geometric
mean, so we adjusted the arithmetic mean to represent
the geometric mean. Using formulae developed by
Caudill et al, we back-calculated the estimated stratum
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variance and geometric mean based on an adjustment of
the arithmetic mean, weighted by the number of speci-
mens in each pool [16]. We calculated the stratum var-
iance by first calculating the standard deviation of the
strata using the range of weighted arithmetic mean
values between pools [28]. We then used weighted
least squares to predict values of the standard deviation
by regressing the natural log of the calculated standard
deviation on the natural log of the weighted mean of
each stratum. These predicted standard deviation values
were used to calculate the stratum variance, which was
used in the adjustment of the arithmetic mean.

For comparison to a traditional, individual-level biomo-
nitoring programmes, we used standard calculations to
obtain the arithmetic mean, geometric mean, and varia-
bility of individual-level data for each stratum (which we
called the “true” geometric mean). We conducted a log-
linear regression to determine individual-level associa-
tions between demographic factors and time (as marked
by Cohort) and blood mercury levels. Regression was not
conducted for hypothetical results. We compared the true
results to the hypothetical results across geometric mean,
trends over time, and the ability to compare demographic
group means to each other using ANOVA and the Tukey
range test to identify significantly different means.

Results

A total of 405 participants had sufficient data to be
included in the analysis (97 from Cohort 1, 164 from
Cohort 2, and 144 from Cohort 3). Strata included an
average of 17 participants, ranging from 8 to 30 partici-
pants. Each stratum included either 2 or 3 pools. Sample
sizes within pools ranged from 1 to 11, with the mean
pool size of 5 participants in Cohort 1, 7 participants in
Cohort 2, and 7 participants in Cohort 3. Although ideally
each pool would have included 8 participants, 8 strata
had under 6 participants per pool.

True geometric mean estimates

The true geometric mean blood mercury level ranged
from 1.44 ug/l among younger, inland residents with
higher pre-pregnancy weight, to 7.76ug/l among older
coastal residents with lower pre-pregnancy weight
(Table 1). Comparing demographic groups to each other,
an ANOVA provided an F-value of 2.01 with a p-value of
0.0041. Using the Tukey range test, geometric means of
older, lower pre-pregnancy weight women living on the
coast during the first cohort were significantly different
from younger, inland women of either weight group
during the third cohort (p = 0.0123 and p = 0.0120, respec-
tively). Using log-linear regression on individual-level

data, blood mercury levels were higher with increasing
age, coastal residence, and earlier cohort (year).

Hypothetical geometric mean estimates

The hypothetical geometric mean blood mercury
levels were very similar to the true geometric mean.
The hypothetical geometric mean ranged from
1.36 ug/l among younger, inland residents with higher
pre-pregnancy weight, to 7.26 ug/l among older
coastal residents with lower pre-pregnancy weight
(Table 1). The 95% confidence intervals were wider
for the hypothetical geometric means than for the
true geometric means. The ANOVA for these groups
provided an F-value of 1.65 and a p-value of 0.0318.
However, using these hypothetical geometric means,
none of the individual strata were significantly differ-
ent from each other using the Tukey range test.

Trends over time

According to the true geometric mean, all groups showed
a significant decline in blood mercury levels over time
between Cohorts 1, 2, and 3 according to linear regres-
sion. The hypothetical geometric means showed close
alignment with the true geometric mean and also sug-
gested a trend towards decreasing blood mercury levels
over time (Figure 1).

Discussion

To determine whether a pooled specimen biomonitoring
program would be appropriate in Alaska or other Arctic
settings, we analysed existing data from three individual-
level, cross-sectional biomonitoring studies of blood mer-
cury. We found that we were unable to conduct the
analysis using the ideal sample sizes per pool due to the
overall sample sizes of the cohorts. Despite this, the geo-
metric means from the hypothetical pooled template
were similar to those derived from individual-level analy-
sis. The standard deviation was larger in the hypothetical
pooled analysis, and comparisons between demographic
groups were not as robust as in the individual level ana-
lysis. This disparity likely resulted from the small sample
sizes available. Despite these limitations, pooled speci-
men monitoring is a possible means to create sustainable
biomonitoring programs in the Arctic.

The Food and Drug Administration recommends that
pregnant women limit the amount of high-mercury fish
consumed, which may have led to the decreases in geo-
metricmeanmercury observed over time in this study [29].
The current reference dose of bloodmercury level used by
the US Environmental Protection Agency is 5.8ug/L [30].
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However, recently a lower benchmark level of 3.5 ug/L
blood mercury has been proposed [31]. According to an
analysis of the National Health and Nutrition Examination
Survey between 1999 and 2010 in the USA, women of
child-bearing age living in coastal areas were estimated
to have a geometric mean mercury level of 1.12 ug/L,
while those living in inland areas had a geometric mean
of 0.74 ug/L [32]. Regardless of whether we used pooled-
specimen analysis or individual-level analysis, the values
estimated here were higher than the estimates from
women throughout the rest of the USA and, in the earlier
cohorts, many were above the reference levels. This is
likely related to differences in exposure patterns, notably
throughmarine food consumption in Alaskan populations.
Using this broad view, pooled specimen testing could
provide meaningful monitoring data to inform public
health action.

Using the pre-specified template that we proposed in
this analysis would have decreased the number of lab
tests to run in the MOM study from 405 to 24, creating
marked reductions in testing cost. Furthermore, the
hypothetical geometric means aligned well with the true
geometric means and showed the true decreasing trend
over time. However, this analysis highlighted one primary

issue with pooled specimen monitoring in the context of
small sample sizes: it was difficult to accurately estimate
the variance of the pooled specimen geometric means.
This was because pooling specimens inherently decreases
the number of specimens available from which to pre-
cisely calculate the geometric mean. Pooled specimen
variance is estimated based on repeated pools within
demographic groups, of which there were only 2 or 3 in
each of our demographic strata. Because of small sample
sizes in the original cohort, we were not able to create
enough pools to precisely estimate variance, leading to
confidence intervals which are difficult to interpret. Either
a higher overall sample size or smaller numbers of demo-
graphic stratifications would have led to higher sample
sizes within each stratum, which could improve the esti-
mate of variance.

The difficulty in estimating variance led to one primary
outcome: the confidence intervals for the hypothetical
geometric means were wide. Therefore, the differences
between demographic groups were not as easily parsed
with the pooled specimen template as with the individual
analysis. These effects on precision could influence tar-
geting of public health programs for particular groups
and locations by masking areas of high burden. However,

Table 1. Individual-level geometric means and hypothetically pooled estimated geometric means of blood mercury levels in ug/l,
Maternal Organic Monitoring Study data, Alaska 2000–2010.

Cohort 1 (1999–2003) Individual-level results Hypothetical pooled results

Stratum Age Weight Location Stratum N Arithmetic mean Geometric mean (95% CI) Pools Arithmetic mean Geometric mean (95% CI)

1 <25 years <66kg Inland 17 3.92 3.20 (2.24, 4.58) 3 3.98 3.52 (2.17, 5.72)
2 Coastal 9 4.58 4.25 (3.12, 5.79) 2 4.50 4.23 (0.78, 22.89)*
3 ≥66kg Inland 9 5.12 3.76 (1.85, 7.63) 2 5.01 4.73 (0.88, 25.48)*
4 Coastal 10 4.85 4.28 (2.94, 6.24) 2 4.74 4.44 (0.81, 24.21)*
5 ≥25 years <66kg Inland 8 5.56 5.08 (3.43, 7.53) 2 5.34 5.16 (0.92, 29.15)*
6 Coastal 16 8.46 7.76 (6.08, 9.90) 2 8.39 7.26 (1.26, 41.98)
7 ≥66kg Inland 8 6.56 6.03 (4.02, 9.04) 2 7.14 5.89 (0.73, 47.63)*
8 Coastal 20 6.90 5.68 (4.14, 7.79) 3 6.55 6.05 (3.71, 9.87)

Cohort 2 (2004–2006) Individual-level results Hypothetical pooled results

Age Weight Location Stratum N Arithmetic mean Geometric mean (95% CI) Pools Arithmetic mean Geometric mean (95% CI)

1 < 25 years <66kg Inland 30 2.59 2.05 (1.56, 2.70) 3 2.58 2.09 (1.27, 3.46)
2 Coastal 24 2.62 2.35 (1.92, 2.87) 3 2.62 2.21 (1.32, 3.69)
3 ≥66kg Inland 22 3.12 2.67 (2.09, 3.41) 3 3.19 2.7 (1.64, 4.42)
4 Coastal 11 2.72 2.45 (1.78, 3.38) 2 2.68 2.42 (0.38, 15.51)*
5 ≥ 25 years <66kg Inland 19 3.82 3.32 (2.54, 4.34) 3 3.79 3.42 (2.14, 5.45)
6 Coastal 11 4.38 3.74 (2.44, 5.74) 2 4.36 3.98 (0.74, 21.3)*
7 ≥66kg Inland 29 3.60 3.04 (2.37, 3.91) 3 3.65 3.04 (1.91, 4.84)
8 Coastal 18 4.42 3.91 (3.02, 5.08) 3 4.45 3.97 (2.48, 6.36)

Cohort 3 (2009–2012) Individual-level results Hypothetical pooled results

Age Weight Location Stratum N Arithmetic mean Geometric mean (95% CI) Pools Arithmetic mean Geometric mean (95% CI)

1 < 25 years <66kg Inland 27 2.26 1.64 (1.18, 2.28) 3 2.19 1.83 (1.06, 3.14)
2 Coastal 21 2.48 2.15 (1.63, 2.82) 3 2.54 2.12 (1.25, 3.58)
3 ≥66kg Inland 18 1.72 1.44 (1.05, 1.96) 3 2.08 1.36 (0.68, 2.72)
4 Coastal 9 2.11 1.93 (1.32, 2.83) 2 2.08 1.87 (0.23, 15.1)*
5 ≥ 25 years <66kg Inland 16 2.76 1.94 (1.23, 3.05) 2 2.85 2.33 (0.37, 14.71)
6 Coastal 12 2.96 2.67 (1.95, 3.66) 2 2.96 2.63 (0.44, 15.8)*
7 ≥66kg Inland 24 2.78 2.34 (1.79, 3.06) 3 2.88 2.34 (1.41, 3.91)
8 Coastal 17 4.00 3.14 (2.11, 4.67) 3 4.15 3.59 (2.22, 5.83)

*Low (<6) participants per pool
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broader public health action might not be hindered
given the overall similarity of the geometric means to
the individual-level analysis estimates.

This analysis is subject to a few limitations. First, there
weremany potential analytes thatwe could have assessed
from theMOM study.We chosemercury to evaluate in this
analysis because it was approximately log-normally dis-
tributed, results were available from all three cohorts, and
it is a contaminant of concern in the Arctic. Although we
believe that the results could be generalisable to other
analytes that are monitored through blood testing, some
analytes have statistical distributions that could lead to
larger or smaller disparities between the true and esti-
mated geometric means. Second, we were limited to
using existing data, which prevented us from implement-
ing the analysis with the ideal pooled specimen template.
Potentially, future studies that use pooled specimenmon-
itoring would not be subject to the same sample size
limitations if they prospectively collect specimens accord-
ing to their template. However, we believe that this shows
the application of the template in a realistic Arctic setting.
Similarly, this analysis shows how a pooled specimen
template would be applied to serial, cross sectional data
collection and might not be representative of other study
designs.

Ultimately, pooled specimen biomonitoring is an
option to decrease laboratory testing costs in the
context of large numbers of biomonitoring samples.
Overall, the estimates from the individual-level and
the pooled specimen described here were similar
enough to inform public health action. However, the
precision of the estimates was influenced by the sam-
ple size of participants. Achieving high sample sizes
may prove difficult to accomplish in the Arctic, where

population sizes are small, communities are geogra-
phically isolated, and travel is expensive. Therefore,
the decision to pursue pooled specimen monitoring
will depend on the context of each jurisdiction. If
specimens are readily available and individual level
testing costs are high, public health practitioners
working with Arctic communities could consider the
possibility of pooled specimen biomonitoring to cre-
ate sustainable, long term monitoring systems.
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Appendix 1. Pre-specified ideal specimen pooling template.
Stratum Age Weight Location Ideal number of pools Ideal specimens per pool Ideal total specimens

1 < 25 years <66kg Inland 3 8 24
2 Coastal 3 8 24
3 ≥66kg Inland 3 8 24
4 Coastal 3 8 24
5 ≥ 25 years <66kg Inland 3 8 24
6 Coastal 3 8 24
7 ≥66kg Inland 3 8 24
8 Coastal 3 8 24

Total 192
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