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t Abstract t 

A simple and rapid procedure for measuring total mercury in 
human hair was evaluated and compared with a conventional 
technique. An Advanced Mercury Analyzer (AMA-254) based on 
sample catalytic combustion, preconcentration by gold 
amalgamation, thermal desorption, and atomic absorption 
spectrometry (AAS) (Comb-AAS) was assessed for the direct 
determination of milligram quantities of human hair. Precision 
(% relative standard deviation) was < 7% and accuracy was 
determined by using two human hair reference materials (i.e., 
NIES No. 13 and IAEA-086) that were within the certified range. 
In comparison to conventional graphite-furnace atomic absorption 
spectrophotometry (GF-AAS), we found that our method obtained 
statistically equivalent results. Because total analysis time per 
sample was less than 10 min, the Comb-AAS method was in fact 
much faster than the GF-AAS method. In addition, Comb-AAS 
does not generate waste products and could be mainly useful for 
the analysis of a large amount of samples. Then, the authors 
suggest that this quick method could he useful for measuring 
mercury in human hair. Therefore, the mercury content in hair for 
a non-exposed group of children (n = 40) living in Spain was 
evaluated. The mean and median hair mercury levels for the 
subjects under study were found to be lower than the value of 
1 pg/g, corresponding to the reference dose of 0.1 pg of 
methylmercury per kilogram body weight set by the U.S. 
Environmental Protection Agency. 

Introduction 

Over the past century, an increasing awareness throughout 
the world of the environmental exposure and human health 
impacts of toxic metals, such as mercury (Hg), has occurred. 
Among all of the mercury species, methylmercury (MeHg) is 
the most toxic form that is produced in the environment by bi- 
otic and abiotic methylation of inorganic form. MeHg is a 
neurotoxicant that can produce adverse effects on human neu- 
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rological and cardiovascular function when individuals are ex- 
posed to it at high-levels (acute exposure) or at lower doses 
over long periods of time (chronic exposure), which can also 
cause measurable effects (1). Because of mercury's bioaccu- 
mulation and biomagnification in the aquatic food chain, fish 
and shellfish contain the highest Hg concentrations (2,3), and 
fish consumption is the main route of human chronic MeHg 
exposure (4-7). 

In order to estimate the individual exposure to mercury, 
several studies have been carried out analyzing different 
human body fluids such as blood and urine or tissues such as 
nail or hair (8-12). 

Human hair is a widely accepted biomarker for MeHg expo- 
sure (1). Whereas results from the other body specimens can 
only be used as a measure of recent exposure, hair, in contrast, 
can provide a historical exposure record. Mercury levels in 
hair have been found to be a suitable indicator of dietary, 
environmental, and occupational human exposure (13-15). 
Furthermore, hair mercury levels are at least 200-250 times 
higher than the corresponding concentrations in the blood. In 
addition, hair collection is non-invasive, and samples are easily 
collected and stored. Consequently, hair has been used in a va- 
riety of epidemiological and toxicological studies in several 
populations (6,16-18). 

Once collected, hair is routinely washed and rinsed with 
acetone to remove external contamination before digestion 
in order to measure the Hg by several methods. It is generally 
considered that the oxidative conversion of all forms of mer- 
cury, in an ionic mercury (Hg 2+) sample is necessary prior to 
a reduction to elemental mercury (Hg ~ and its subsequent 
measurement by various detection techniques (19). 

To accomplish that, digestion of hair matrix is frequently 
performed by using strong acids (HCI, H2SO4, HNO3), strong 
bases (KOH, NaOH), oxidants (H202, KMnO4, K2S2Os), mi- 
crowave (20), and elevated temperatures are used (21-24). 

The most frequently instrumental techniques employed to 
measure mercury concentrations in hair include cold-vapor 
atomic absorption spectroscopy (25), cold-vapor atomic fluo- 
rescence spectroscopy (26), inductively coupled plasma atomic 
emission spectrometry (27), and inductively coupled plasma 
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mass spectrometry (24). Moreover, mercury content in hair has 
also been measured by neutron activation analysis (28) and X- 
ray fluorescence (29). 

In general, all the methods for the determination of mercury 
in human hair are, to some extent, tedious and time-con- 
suming. As an alternative approach, total Hg can be measured 
directly in many solid and liquid matrices by means of auto- 
mated commercial instruments, such as the Advanced Mercury 
Analyzer (AMA-254), the Trace Mercury Analyzer, or the Direct 
Mercury Analyzer. These systems integrate combustion of the 
sample and preconcentration of mercury by amalgamation 
with gold trap followed by atomic absorption spectroscopy 
(Comb-AAS). 

The main advantage is that no sample preparation is needed, 
making it much more rapid than conventional methods. In ad- 
dition, the technique eliminates reagent waste because the 
sample is analyzed without liquid reagents and reduces the po- 
tential for contamination. Despite those advantages, these an- 
alyzers have not extensively been used for the determination of 
Hg, except in a variety of matrices such as hair (30), fish tissue 
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Figure 1. Schematic diagram of Advanced Mercury Analyzer AMA-254. 

Table I. CRM Hair Hg Determinations by Combustion-AAS 

IAEA-086 NIES-CRM 13 

Amount RSD Amount 
(rag) n Mean' (%) (rag) n Mean* 

Intra.assay precision 
5 10 0.631 • 15.7 5 10 4.640• 
7.5 10 0.589 • 0.062 10.6 7.5 10 4.290 • 0.380 

10 10 0.563 • 0.045 8.3 10 10 4.260 • 0.180 
15 10 0.555 • 0.039 7.2 15 10 4.312• 
20 10 0.562 + 0.036 6.3 20 10 4.390 • 0.173 

Interassay precision t 
1 st day 5 0.563 8.0 5 4.260 
2nd day 5 0.552 7.6 5 4.320 
3rd day 5 0.579 7.8 5 4.200 
Mean 0.565 4.260 
SD 0.044 0.203 
RSD(%) 7.8 4.8 

Certified value* 0.573 + 0.039 4.420 • 0.200 

* Mean value • SD in micrograms per gram, based on dry weight. 
The hair sample weight used every day was 10 rag. 

* Mean value • 95% confidence interval (CI) in micrograms per gram, based on dry weight. 

(31), bullfrogs (32), waterfowl (33), or even matrices associated 
with a coal-fired power plant, including coal, fly ash, bottom 
ash, and flue gas desulfurization material (34). 

In this article, results evaluating the applicability of the 
Comb-AAS technique for human hair samples (35), focusing 
on the performance of the method in terms of precision, ac- 
curacy, and detection limits have been evaluated. Thus, the ob- 
jectives were to determine the feasibility of using small 
amounts of hair (5-20 mg) to characterize the T-Hg concen- 
tration and to evaluate the overall performance of a combus- 
tion analyzer for measuring mercury in human hair. Moreover, 
mercury levels in hair from a non-exposed group of children 
were also assessed. In this study, we report a survey of the 
hair mercury levels in a Spanish subpopulation to estimate the 
current mercury exposure levels in Spain during early infancy. 

Experimental 

Instrumentation 
A schematic diagram of the AbIA-254 from Leco Corp. (Altec, 

Praha, Czech Republic) instrument based on Comb-AAS is 
shown in Figure 1. Following the automated introduction of 
the sample into a quartz combustion tube by means of a nickel 
boat, the instrument self-seals, and oxygen begins flowing 
over the sample at a rate of approximately 200 mL/min. Then 
the sample is dried at 120~ and thermally and chemically de- 
composed at 750~ Gaseous combustion products are car- 
ried in an oxygen stream through the catalytic converter where 
a Mn304/CaO-based catalyst (kept at 750~ allows complete 
oxidation and halogens, nitrogen, and sulfur oxides are 

trapped. Then the different chemical species 
of Hg are converted to elemental Hg vapor. El- 
emental mercury (Hg ~ and the remaining de- 
composition products are inserted into a tube 
containing gold-coated sand (gold-based 

RSD amalgamator) that selectively traps mercury. 
(%) While other products are flushed out of the 

system, Hg ~ is selectively trapped and forms 
an amalgam with gold. During a pre-speci- 

11.0 fied time interval (120-150 s), the system is 
8.9 flushed with oxygen to remove any remaining 
4.2 gases or decomposition products and the 
3.9 amalgamator is rapidly heated (700~ re- 
3.9 leasing mercury vapor. Later in the cycle, the 

flow of oxygen quantitatively carries the mer- 
4.9 cury, which is transported to a cuvette heated 
5.1 at 120~ to prevent condensation and to min- 
4.3 imize carry-over effects prior to analysis by 

an AAS. A low-pressure mercury vapor lamp is 
used as the light source at the working wave- 
length of 253.65 nm. The detector is con- 
nected to a computer for data acquisition and 
analysis. Usual operating conditions are 
drying time, 30 s; decomposition time, 150 s; 
and waiting time, 40 s. The total analysis time 
is about 5 min. 
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Analysis of T-Hg were also detected by a Perkin Elmer 
atomic absorption spectrophotometer 1100 equipped with a 
HGA-300 heated graphite furnace system (GF-AAS) (Perkin 
Elmer, Norwalk, CT). 

Sample analysis and quality assurance 
Hair samples were precisely weighed (5 to 20 mg) in a nickel 

boat by means of an analytical balance (model GAll0, Ohaus, 
Union, N J) with 0.1 mg readability. Then, the boat containing 
the sample was then placed into the instrument which is au- 
tomatically introduced into the instrument's quartz combus- 
tion tube. The stability of calibration of the AMA-254 analyzer 
is very high. The AMA was regularly calibrated over two ranges 
(0.05-40 and 40-500 ng of mercury). This calibration is usu- 
ally valid for a period of months and then it is necessary to cal- 
ibrate with a certified reference material (CRM). In our case, 
the entire analytical procedure was validated by analyzing two 
human hair CRMs, the NIES CRM No. 13 and the IAEA-086, 
and applied to human hair samples from urban inhabitants. 
Both CRMs were obtained from the National Institute of En- 
vironmental Studies, Environmental Agency of Japan and the 
International Atomic Energy Agency (IAEA) of Austria, re- 
spectively. Analyses of both CRMs at the beginning and end of 
each set of samples (typically 10) ensured that the instrument 
remained calibrated during the course of the study. 

Precision for the CRM analyses, as measured by relative 
standard deviation, was above 7% (Table I). Besides demon- 
strating accuracy and precision, these results indicate that 
the AMA-254 is able to provide a stable calibration over an ex- 
tended period of time. Detection and quantification limits 
were calculated from blank measurements following the rec- 
ommendations of the International Union of Pure and Applied 
Chemistry (IUPAC) (36), being these values 0.027 and 0.090 ng 
of Hg, respectively. The limit of detection was calculated to be 
0.0027 ]ag/g mercury, based on three times the standard devi- 
ation of the blank and a sample hair mass of 10 rag, whereas 
the limit of quantization is 0.009 gg/g mercury. 

A blank (i.e., an empty sample nickel boat) was analyzed 
periodically to verify that mercury was not being carried over 
between samples. Blank readings were typically < 0.0003 ab- 
sorbance units, corresponding to values < 0.009 ng of Hg. 
About every 100 samples, a new boat was used after heating it 
twice to remove potential traces of mercury. 

Total mercury (T-Hg) analysis carried out by the AMA in 
human hair was evaluated and compared with a conventional 
technique such as graphite-furnace atomic absorption spec- 
trophotometry (GF-AAS). Then T-Hg was measured using 25 
mg of hair according to the method described by Chen et al. 
(37) and determined using minor modifications. Quantification 
of hair samples was carried out by external calibration with r 2 
> 0.99. The LOD obtained was 0.09 IJg/g, and the limit of 
quantification of the method was estimated at 0.160 IJg/g. 

All statistical analyses were conducted with SPSS, version 
12.01 for Windows (SPSS, Chicago, ILL All means are arith- 
metic unless otherwise stated. Statistical significance was de- 
fined as p g 0.05. Cases with values above or below 1.5 times 
the interquartile range were not considered for the statistical 
analysis, as defined by the Tukey method. 
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Human samples 
Human hair samples were obtained from children living in 

Menorca island, located in the northwestern Mediterranean 
Sea where the main income is from tourism and there is rel- 
atively low industrial activity. The Menorca group includes 
children born between January 1997 and March 1998. A total 
of 482 children (94% of those eligible) were subsequently en- 
rolled, and 470 (97.5%) provided complete outcome data up to 
the fourth year visit. Among these, 40 (8.5%) were selected 
randomly to measure mercury in hair. The mothers of se- 
lected children agreed to participate, and consent was ob- 
tained. This study was approved by the Ethics Committee of 
the Institut Municipal d'Investigaci6 M~dica (IMIM, Spain). 

I-Iair specimen collection 
A minimum of 5-10 mg of scalp hair was required for the 

hair analysis assay. A small lock of hair was cut as close as pos- 
sible to the occipital region of the scalp and placed in small 
plastic resealable bags until analysis. Once in the laboratory, 
hair samples were rinsed well with deionized water, followed by 
two washes with purity acetone to remove external contami- 
nation. The dried hair was cut in small pieces (< 2 ram) and 
weighed in the nickel boat. 

Results and Discussion 

Method evaluation, precision, and accuracy 
As can be seen in Figure ], two cells can be used for mea- 

sur ing the absorbance of mercury, that is, a small and a larger 
cell for higher and lower concentrations, respectively. 

This facility allows the AMA-254 to determine the concen- 
tration of mercury in two different ranges that have been used 
in this work. For the lower range (0.05-40 ng), the apparatus 
was validated using IAEA-086, and for the higher range 
(40-500 ng), the NIES-CRM 13 was employed. 

The capability of the method for quantification of mercury 
concentration in both CRMs was also tested. Different amounts 
were employed to prove the feasibility of the use of small 
amounts of hair in the determination of mercury. Therefore, 
samples of 5, 7.5, 10, 15, and 20 mg were selected for the 
measurements. Determinations were carried out on a given 
day, and the obtained results are summarized in Table II. The 
results were very satisfactory and showed a good agreement 
with the certified values. The values were acceptable consid- 
ering the low amount of sample weight, even in the case of 5.0 
mg (RSD > 15%). 

The intra-assay precision measured variation of results on a 

Table II. Children's Hair Hg by GF-AAS and Comb-AAS 

Mean _* SD Median (Range) 
Method (pg/g) (iJg/g) 

GF-AAS (n = 40) 0.766 _+ 0.730 0.476 (0.225-3.826) 
Combustion-AAS (n = 40) 0.760 _+ 0.722 0.484 (0.178-3.778) 
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given day, whereas between*ran precision measured the overall 
precision for the analysis, which also reflected day-to-day de- 
viations. Both intra-assay and interassay precision were mea- 
sured. Determination of intra-assay precision was 
accomplished by replicate analyses (n = 10) of a given amount 
of CRM sample (5, 7.5, 10, 15, and 20 rag) on a given day. On 
the other hand, interassay precision was measured by replicate 
analyses (n = 5) of the same amount of CRM (10 rag) on three 
non-consecutive days. Table I shows the intra- and interassay 
precision results. For CRM IAEA-086, the intra-assay preci- 
sion the RSDs were < 16% and the overall interassay precision, 
RSDs < 8%. However, both RSDs values were much lower for 
NIES-13. This can be explained by the fact that the concentra- 
tion of T-Hg in IAEA-086 was closer to the method detection 
limit. On a given day, relative standard deviation for IAEA-086 
(5 rag) was approximately 15%, which may be due to weight 
imprecision considering the low amount of sample weighed. 

Comparison data for Comb-AAS and GF.AAS 
The same number of hair samples (n = 40) from children 

living in Menorca were analyzed by the two selected methods, 
Comb-AAS and GF-AAS. Statistically equivalent results (p > 
0.05) and high correlations (r 2 = 0.998) were observed be- 
tween both methods and the linear regression is shown on 
Figure 2. Results for hair samples from Spanish children by the 
two methods were in very good agreement. The mean value of 
T-Hg concentration (in gg/g, dry weight mass) • SD was 0.760 
+ 0.722 for Comb-AAS and 0.766 • 0.730 for GF-AAS (Table II). 
Median values and range for Comb-AAS and GF-AAS were 
0.476 (0.225-3.826) pg/g and 0.484 (0.178-3.778) pg/g, re- 
spectively 

The equation of the regression line between the Comb-AAS 
method (#) and the GF-AAS method (x) was y (pg/g) = 0.9887x 
+ 0.0028. The slope and the intercept were not significantly dif- 
ferent (p > 0.05) from 1.0 and zero, respectively. 

Risk assessment  
Children are more vulnerable than adults to environmental 

exposures. It is well known that MeHg is neurotoxic, being the 
developing and infant brain both much more sensitive to MeHg 
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Figure 2. Linear regression for the mercury data (n = 40, in micrograms 
per gram, dry weight) obtained from Comb-,~S and GF-,~S. 

than the mature brain. A monograph from the International 
Programme on Chemical Safety (IPCS) that focuses on the 
risks to human health from MeHg (38) describe the fact that its 
effects on the adult differ both quantitatively and qualitatively 
from effects seen after prenatal and, possibly, postnatal expo- 
sure. Prenatal exposure to MeHg through maternal seafood diet 
has been associated with an increased risk of neurodevelop- 
mental deficit (39). Recent prospective epidemiologic studies 
from the Faroe Islands, the Seychelles Islands and New Zealand 
cohorts assessed the developmental effects of lower MeHg ex- 
posure in fish consuming populations resulting from maternal 
and fetal exposures to MeHg (29,40,41). The U.S. Environ- 
mental Protection Agency decided to rely on the Faroe Islands 
study (42) and a benchmark analysis dose was established and 
converted into a maternal intake of 1.1 lJg/kg body weight 
(bw) a day. Finally, applying a safety factor of 10, a reference 
dose (RfD) of 0.1 IJg/kg bw was recommended. Then the cor- 
responding Hg level in hair would be 1 IJg/g (42). In this re- 
gard, risk assessment in the European Union has followed a 
similar pathway (43), recommending an RfD of 0.1 IJg/kg bw a 
day. Although the RfD applies to all populations, the main 
groups at risk at these levels are pregnant women and their fe- 
tuses and, of course, children. Exposure information for 
women of childbearing age and young children is important 
because of fetal sensitivity to adverse effects and continuing 
neurobehavioral development during childhood. 

Analysis performed by Comb-AAS found that T-Hg concen- 
trations in the study participant hair ranged from 0.178 to 
3.778 pg/g and the median concentration was 0.484 1Jg/g. 
Among the subjects we studied, approximately 23% of the chil- 
dren had hair mercury levels above the 1 IJg/g EPA health ad- 
visory, and about 55% had levels that were greater than 
one-half the EPA advisory level (i.e., > 0.5 IJg/g). 

Fish consumption was assessed using a food frequency ques- 
tionnaire, including detailed information about consumption 
of different fish species, reflecting average intake over one 
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Figure 3. T-Hg in children's hair (micrograms per gram, dry weight) re- 
lated to frequency (times/month) of fish consumption. Boxes depict 
25th, 50th, and 75th percentiles and whiskers minimum and maximum, 
excluding outliers (O) and extreme values (*). 
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month. The average total fish consumption, as reported in the 
food frequency questionnaire, was approximately 7.4 
times/month (range 0-16 times/month). Our results could 
suggest that the concentration of T-Hg in hair slightly in- 
creased with the consumption of fish (Figure 3). These results 
are in agreement with other studies, indicating that there is a 
significant association between the frequency of fish con- 
sumption and the amount of mercury in hair (5,9,16,44--46). 

Conclusions 

A simple, reliable method based on Comb-AAS for the rou- 
tine determination of total mercury in hair samples with suit- 
able levels of accuracy and precision and detection limits was 
developed. Comparison to a standard method such as GF-AAS 
found that both methods provide statistically equivalent re- 
sults. However, the Comb-AAS method is faster and involves 
less sample manipulation (10 mg versus 25 rag), giving a lower 
risk of contamination. In addition, this method does not gen- 
erate waste products, and it should be mainly useful for the 
analysis of a large number of samples. Therefore, the authors 
suggest that this quick method could be useful for measuring 
mercury in human hair. 

The mean value of the mercury content in the hair samples 
analyzed (0.760 IJg/g) was below the range (1-2 IJg/g) that the 
WHO considers as normal for populations that do not consume 
fish with high methylmercury content. Mean and median mer- 
cury values for children from Menorca Island are also below the 
EPA advisory level of 1 I~g/g. Finally, it should also be pointed 
out that the values reported from our investigation were com- 
parable with those cited in the literature for normal subjects. 
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