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Arsenic exposure of rural populations from the Rift Valley
of Ethiopia as monitored by keratin in toenails
R. Brittany Merola1, Julia Kravchenko2, Tewodros Rango1 and Avner Vengosh1

Arsenic (As) contamination of drinking water is a worldwide phenomenon whose effect among vulnerable and rural communities in
the Rift Valley of Ethiopia in eastern Africa is not well studied. This study examines As exposure and bioaccumulation from drinking
water by monitoring human keratin in the form of toenails from exposed populations. Groundwater samples from drinking water
wells (n¼ 34) were collected along with toenail samples (n¼ 58) from local communities and were analyzed for trace metals
including As by inductively coupled plasma mass spectrometry (ICP-MS). Of the total number of wells tested, 53% had As level
above the WHO maximum contamination level of 10 p.p.b. Arsenic in toenails was significantly correlated to corresponding
drinking water (r¼ 0.72; R2¼ 0.52; Po0.001). This correlation improves for drinking water with As concentrations above 2 p.p.b.
(r¼ 0.74; R2¼ 0.54; Po0.001). Male minors (o18 years old) were found to have greater nail–As concentrations compared with
adults consuming equal amounts of As (Po0.05). Estimated As dose specifically from drinking water sources was also associated
with nail concentrations (Po0.01). We suggest that As measurement in nails could be a reliable method for detecting As exposure
in residents living in rural areas.
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INTRODUCTION
Arsenic (As) exposure is a global phenomenon; millions consume
drinking water with As concentration exceeding the WHO-
recommended guideline of 10 p.p.b.1 High levels of As exposure
have been shown to cause acute health effects such as nausea,
vomiting, abdominal pain, profuse diarrhea, renal failure, and shock,2

whereas long-term exposure to relatively lower levels of As is known
to increase the risk of chronic diseases such as lung, skin, kidney,
urinary, bladder cancers, cardiovascular diseases, peripheral
neuropathies, and diabetes, as well as many others.3–12 Evaluating
the symptoms and diseases directly associated with low-to-
moderate As levels, yet still exceeding the maximum contaminant
level (MCL) threshold (10 p.p.b.), is problematic because of the long
latency period between chronic exposure and disease occurrence,
many confounding factors, and multiple competitive risks (e.g., it has
been shown that As can act as a synergistic carcinogen).13–19

Understanding the correlation between moderate As exposure from
the ingestion of drinking water and bioaccumulation in humans is
challenging yet essential for evaluating health implications of long-
term consumption of As-contaminated water.

Numerous studies have used keratin biomarkers in human
subjects (e.g., hair and nails) for delineating the accumulation of
As in the human body resulting from As exposure.12,20–26 Here we
present a unique case study in which the majority of participants
living in the Rift Valley of Ethiopia only consume water from a
single water source—a community well located in their village,
which allows us to minimize error due to multiple drinking water
sources. This study presents data of the relationships between As
in drinking water and nails from rural communities in the Rift
Valley of Ethiopia, where well water is the only available drinking

water source and the participants report long residency times. We
hypothesize that the magnitude of As exposure from drinking
water for these populations can be reliably determined by nail–As
analysis. In addition, basic demographic information, water con-
sumption habits, and meat consumption patterns were collected
and analyzed in order to understand the role they might have on
As bioaccumulation in the residents.

Groundwater from the Ethiopian Rift Valley is known to contain
high levels of fluoride, which is a serious health concern.27–31 Yet,
in addition to fluoride, recent studies have also documented As
concentrations in drinking water above the WHO limit of
10 p.p.b.28,32 Although fluoride may garner more attention
because of its early and visible health effects, the potential
effects of moderately elevated As ingestion are more insidious,
causing long-term health effects that are difficult to correlate
directly to water exposure. Evaluation of As exposure can be
affected by multiple confounding factors that are not always
visible during brief exams in the fields. In addition, other As
exposure and health outcome monitoring factors such as
smoking, sun exposure, nutrition, water consumption rates, age,
gender, genetic factors, and water chemistry could affect
the exposure evaluation.12,23,33–38 Although there are some
disagreements in the literature,39 evidence points that
malnutrition, particularly diets lacking animal protein, folic acid,
calcium, vitamin A, and fiber are associated with increased
incidences of As-induced skin lesion.38,40 Nutrients such as
animal proteins, folic acid, vitamin A, and fiber may therefore
play a protective role in preventing negative health outcomes
associated with As exposure by increasing the rate at which the
methylation process can occur.33,36,41
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This study is focused on measuring As in nail samples of rural
populations in the Ethiopian Rift Valley. Keratin, with its large
quantity of the sulfhydryl-rich amino acid cysteine group, binds As
and subsequently removes it from the metabolic process,
preserving it in the nail material.12,25 Nails in particular are
thought to be a reliable biomarker because of their ease in collec-
tion and storage, and the lack of external contamination.20,21,23,25

The slow growth of toenails represents an exposure window
ranging from several months to a year and provides the base for
understanding chronic accumulated exposures.12,25,42 In addition,
the slower growth of toenails compared with fingernails corres-
ponds with a greater As content per equal mass of nail,22,25,33

which makes its analysis more sensitive to changes in As in
drinking water.

This study provides systematic measurements of As and its
major inorganic species in drinking water wells combined with As
measurements in toenails of residents who consume well water
from selected villages in the Ethiopian Rift. The study aims to
establish the relationship between As in water and nails for
quantifying the magnitude of As bioaccumulation, understanding
the factors that may modify exposure to As, and the role that As
may be playing in the health of people in the region.

METHODS
Site Selection
The study area with a length of B210 km is located in the main Ethiopian
Rift Valley. In each town, local water officials were contacted and acted as
guides to locate the drinking water wells. Wells were selected based on
accessibility and whether or not they were functioning. As part of this
study, 34 wells were tested. Figure 1 shows the location of these wells and
their As concentrations.

At each location, researchers selected participants by intercepting local
residents who were present at the well at the time of sampling. The survey
questionnaire and study were conducted after ethical approval from the

Duke University Institutional Review Board (IRB). An additional permission
to carry out the project was also obtained from the Addis Ababa University
and local institutes in the studied region (schools, water bureaus, and
hospitals) after an explanation of the objectives and the method of study.
Anonymity was also ensured to the investigated subjects.

Participants completed a questionnaire to document not only their
general demographics such as age, gender, and residence time at the
location, but also their water consumption habits, tobacco usage, general
health status, and a basic nutrition assessment. Because all nail samples
were collected within a 4-week period, seasonal variations in concentra-
tions due to nail growth rate variations were not considered in our analysis.

Drinking Water Collection and Analysis
Well water samples were collected at the well site following US Geological
Survey protocols along with pH, electrical conductivity, oxidation–
reduction potential, dissolved oxygen, and temperature.43 Samples were
filtered at the well sites using 0.45mm syringe filters and preserved using
nitric acid. Samples were then shipped back to Duke University for analysis.
More details of the analytical methodologies can be found in Ruhl et al.44

Major elements were determined by direct current plasma optical emission
spectrometry (DCP-OES) and anions by ion chromatography (IC). Trace
elements were analyzed by inductively coupled plasma mass spectrometry
(ICP-MS). Speciation of As was performed in the field using methods
described in Bednar et al.45 applying EDTA and anion exchange to separate
the uncharged As(III) species and preserved separately in the field.

Nail Collection and Analysis
Toenails were collected from all 10 toes from participants using clean new
clippers and stored in a Ziploc bag until the samples could be cleaned and
analyzed. Visible dirt was removed by hand. Samples were cleaned with
successive rinses of acetone, a 1% Triton X solution, and a second acetone
rinse. Each rinse was sonicated for 30 min and followed with a sonicated
water rinse for 30 min. After cleaning, the samples were baked overnight
at 60 1C until totally dry. Samples were digested using ultra pure
concentrated HNO3 and H2O2 in a ratio of 1 ml HNO3:100ml H2O2:10 mg
of nail using methods modified from Chen et al.,46 Karagas et al.,23 and
Samanta et al.24 After digestion, samples were sealed in Teflon containers

Figure 1. Location of drinking water wells in the Ethiopian Rift Valley and the spatial distribution of their arsenic (As) concentrations.
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and heated at a low temperature to ensure each sample’s uniformity. An
aliquot was then diluted with ultrapure water and run on the ICP-MS.

RESULTS
Arsenic was detected in all 34 selected wells, ranging from 0.6 to
73.4 p.p.b. with a mean of 18.6 p.p.b.; 19 out of 34 (53%) of the
wells tested had As concentrations above the WHO limit of
10 p.p.b. The spatial distribution of As concentrations in well
waters as well as the concentration frequencies are shown in
Figures 1 and 2, respectively.

A total of 60 participants (43 males and 17 females) completed
the study questionnaire, and 58 donated nail samples. The mean
age of participants was 21 years, ranging from 8 to 58 years of age
(male average age: 22; female average age: 21). The data show
that As concentrations in nails were positively correlated with As
concentrations in water (r¼ 0.72; R2¼ 0.52; Po0.001). All partici-
pants who donated nails had lived in the area for at least 1 year
(mean¼ 20 years, ranging from 4 to 57 years) and had been
consuming water from the specific community well during that

time period. The data were not normally distributed, and required
log-transformation before statistical analysis.

The correlation between As–nail concentration and water
concentration improved for water exposures above 2 p.p.b.
(Figure 3a). The correlation obtained for nail–water pairs for
population consuming drinking water with As 42 p.p.b. was
higher than the bulk data with an r value of 0.74 (R2¼ 0.55;
Po0.001).

The data show no statistically significant difference in nail
concentrations between males and females, which may be a result
of the limited number of females in the study. Upon arrival at each
well location, researchers approached those present, explained
the study, and asked for volunteers. Although males and females
were both present at the wells, males were more likely to
volunteer to participate, creating an inevitable male bias in the
samples collected. There was a small but significant difference
between adult males and minor males (defined as o18 years of
age; Po0.05; Figure 3b). Minors were found to have greater As
accumulation in their nails as compared with their adult counter-
parts, despite equal amounts of As in their drinking water, which
has been reported in other studies investigating the correlation
between As exposure and nail concentrations.21

In the oxidizing groundwater of the Ethiopian Rift valley,28 the
predominant As species is arsenate (H2AsO4

- , As(V)) relative to the
reduced form arsenite (H3AsO3, As(III)). Arsenite is known to be
more toxic to human health.42,45,47 Our water quality data are
consistent with Rango et al.28,29,32 and show that the majority of
the study wells were tested predominately comprised As(V); yet,
wells with higher concentrations of As contained relatively more
As(III) than those with lower As concentrations. Figure 4 shows the
As speciation data from groundwater samples investigated in this
study. Groundwater with As(V) comprising 490% of the total As is
shown with red circles, whereas groundwater with o90% As(V)
(i.e., higher As(III)) is shown with blue squares.

In addition to determining the relationship between As in water
and nails, we evaluated the As dose for the participants by using
the amount of water consumed by each individual and the As
concentrations in the drinking water (Figure 5). Individuals were
asked to self-report the amount of water they consumed. Dose
was defined as d¼ c� v, where d¼ dose, c¼As concentration in
water in parts per billion, and v¼ self-reported volume of water
consumed per day in liters. Water consumption ranged from
0.5 l/day to 3 l/day, with a mean of 1.54 l/day, which is slightly
below the WHO worldwide average of 2 l/day.1 None of the
participants in the study reported using bottled water, and 11 of

Figure 2. Histogram of arsenic (As) in drinking water wells tested.
Out of 34 wells, 19 were above the WHO threshold drinking limit of
10 p.p.b.

Figure 3. (a) Log-As concentration in nail versus log-As concentration in drinking water. For groundwater above 2 p.p.b. (red circles), higher
correlation was obtained between arsenic (As) in nails and As in water (r¼ 0.74; R2¼ 0.55; Po0.001) relative to groundwater below 2p.p.b.
(blue diamonds). (b) Log-As concentration in nail versus log-As concentration in drinking water for adult (418 years old; red circles; r¼ 0.72;
R2¼ 0.52; Po0.001) and minor males (blue squares; r¼ 0.92; R2¼ 0.85; Po0.001). The two populations are significantly different from each
other (Po0.05).
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the 59 participants reported rare usage of additional water sources
(usually surface water sources) beside their well water source.

Basic nutrition information such as frequency of meat and milk
consumed as well as general dietary patterns was collected as part
of this study. Participants’ diets consisted primarily of maize, injera
(made of teff grain), and occasionally wheat. Because regular meat
and dairy consumption was less common, a 24-h food recall
survey would not have accurately reflected consumption of these
foods, and therefore individual participants were asked their
consumption patterns for these items explicitly. Mean meat intake
for participants was 14.6 times/year (median 4 times/year). Dairy
consumption was more common than meat consumption;
participants reported consuming dairy B3 times/week on average
(median 1.5 times/week). None of the participants reported any
fish consumption, which could have potentially increased
exposure to organic As present in fish.34,48

DISCUSSION
The As concentration in nail samples collected was significantly
correlated with the As in participants’ drinking water, showing
that As is in fact bioaccumulating in people in this region
consuming well water. It is important to note that bioaccumula-
tion does not directly equate to negative health outcomes;
however, it is a vital first step in assessing which populations
should be targeted when evaluating health outcomes from As
exposure.

Karagas et al.23 found that there is a significantly improved
correlation between nails and water when individuals are exposed
to As in water concentrations above 1 p.p.b. This may be evidence
for an exposure threshold at which the body begins to accumulate
As that is reflected in the As level in the nails. Our data validate
this trend, and the nail–water correlation improves for As
water concentrations above 2 p.p.b. (Figure 3a). These data
support the concept that the body burden of As shifts from
background levels to accumulating the metalloid at a certain
threshold level. The threshold our data show is slightly greater
than that of Karagas et al.23 (2 versus 1 p.b.b.); however, that is
likely because of the low number of wells we measured with As
near or below 1 p.p.b. Although it is not established that this
threshold is directly linked to As health effects, it is important to
note that As is already accumulating in the body below the water

concentration that WHO considers safe, and health effects
because of exposures in this range need to be investigated in
the future.

One major limitation of this study was a lack of female
participants. When researchers arrived at each well site, the study
was explained to individuals present and the first few individuals
to volunteer were recruited into the study. Although uninten-
tional, males were more likely to volunteer. Males o18 years old
were found to have greater As accumulation in their nails
compared with their adult counterparts, a relationship that has
been noted in previous studies.20 Nail growth rate is maximized
around ages 10–14 years.51 Faster nail growth would result in
lower As concentrations per equal mass of nail. In comparing As
concentrations between adult males and minor males, we assume
that nail growth is equal and therefore the rate of As deposited is
the same in both subgroups. However, if children’s nails grow
faster than their adult counterparts, nails may actually be
underestimating the As bioaccumulation in minors compared
with adults. Minors (of both gender) in our study had higher
concentrations in general than adults (of both gender); however,
for females this difference was not statistically significant.

The As in the studied groundwater was overwhelmingly As(V)
(as compared with As(III)). Although As(V) is thought to be slightly
less toxic to humans than As(III), it is still harmful to
consume.42,45,47 In addition, wells with the highest levels of As
had a relatively higher As(III) fraction (Figure 4). This means that
individuals from the Rift Valley who are at a greater risk due to
consuming larger concentrations of As are also at an increased
health risk from consuming relatively greater amounts of
As(III). Our data did not show any evidence for higher As in
nails for individual consuming either As(III) or As (V); however, the
small number of As–nail to predominantly As(III) pairs in
our sampling pool makes this distinction difficult. Because of the
lack of heterogeneity in As speciation in the water samples tested,
the population in this study is not a good candidate for
investigating the role that As speciation may play in As
bioaccumulation in the nail.

Individuals were asked to self-report the amount of water they
consumed in order to calculate a dose. Although recall error
in the estimation of personal consumption is often a major source

Figure 4. Ratios of As(V)/As(III) versus concentration of As in well
water. Wells with predominance of As(V) that comprised at least
90% of the total dissolved arsenic (As) are marked by red circles
relative to wells where As(V) was o90% (i.e., predominance of As
(III)) marked as blue squares.

Figure 5. As–water dose (defined as arsenic (As) concentration in
drinking water� self-reported volume of water consumed) versus As
concentration in participants’ nails. The data show a clear relation-
ship between the amount of As consumed and As bioaccumulation
(r¼ 0.67, Po0.01).
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of bias, individuals in this region commonly used jerry cans and
other water containers to transport water from the well to their
home each day, and hence participants had a good understanding
of how much water was brought into their home each day, and
reported using only one water source. Our data suggest a clear
relationship between dose of As from direct water intake and
exposure. Although the average daily water intake for the study
population was below the level at which the WHO bases their As
limits in water, the data show that individuals consuming this
amount are still being exposed at a non-negligible level, and that
this exposure is reflected by As increasing in the nail even at
concentrations of o10 p.p.b. in drinking water. Although not all
exposure would occur from direct intake of As in water,35 our data
demonstrate that for the studied population, exposure from water
alone correlates with As bioaccumulation. Consequently, this
study shows that As intake from contaminated drinking water is
playing a major role in As exposure.

The role of nutrition in health outcomes related to As exposure
is an important research question that is still debated; although
some studies question the protective role that nutrition may play
in preventing negative health outcomes,39 others have shown a
decrease of skin lesions associated with better nutritional status,
particularly with regard to calcium, animal protein, folate, and
fiber intakes.38,41 It has been proposed that the lack of animal
protein in the diet may minimize the amount of glutathione (GSH)
and other methyl groups in the body that play a key role in the
excretion of As.33,34,40,49,50 Although many studies have measured
the concentrations of As compared with the incidence of health
outcomes associated with As exposure, and even in some cases
the concentrations of As in the food, no other studies to our
knowledge have yet examined the relationships between
biomarker As nail concentrations and nutrition. This association
is an important step in understanding the relationship between
bioaccumulation and nutrition.

Of the 55 participants, 36 (65%) consumed meat less than 5
times per year. Our data show that As–nail concentrations of
individuals who consume meat once per month or less is higher
compared with those who consume once per week or more for
the same As concentrations in drinking water (Po0.2; Figure 6). It
should be noted that this difference was not significantly different
at the Po0.05 level, but it is significant with an 80% confidence
interval. Given the variability in individual metabolisms, this

difference is reasonable. These data variations are consistent with
the observations that meat consumption may lower incidences of
As-induced skin lesions.33,34,39,49,50

In conclusion, this study investigates the bioaccumulation of As
in residents of rural communities of the Ethiopian Rift valley of
Eastern Africa who are exposed to different levels of As in drinking
water. Our study monitored large variations in As concentrations in
well water (o1 to 70 p.p.b.). However, As bioaccumulation in the
body, as revealed by As concentrations in nails of residents who
consume well water, was also found in individuals who consume
drinking water below the WHO guideline value of 10 p.p.b. A
systematic correlation was found between As in drinking water and
As in nails. We identified an empirical threshold of 2 p.p.b. from
which As bioaccumulation strongly corresponds to As levels in
drinking water. In addition, we show that poor nutrition and
drinking water consumption habits also affect As bioaccumulation.
This study found that As–nail analysis is an important and useful
tool in assessing the body burden of As exposure, particularly for
rural communities where health information is not available. Future
work should assess the types of the specific health outcomes in
populations who are exposed to such intermediate As levels in
drinking water with measureable As bioaccumulation.
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