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Abstract
Introduction—Exposure to heavy metals can promote oxidative stress and damage to cellular
components, and may accelerate age-related disease and disability.. Physical mobility is a
validated biomarker of age-related disability and is predictive of hospitalization and mortality.

Aim—To examine associations between selected heavy metals and impaired lower limb mobility
in a representative older human population.

Methods—Data for 1615 adults aged ≥60 years from the National Health and Nutrition
Examination Survey (NHANES) 1999 to 2004 were used to identify associations between urinary
concentrations of 10 metals with self-reported and measured walking impairments (at p<0.01).
Models were adjusted for confounding factors, including smoking.

Results—In models adjusted for age, sex and ethnicity, elevated levels of cadmium, cobalt and
uranium were associated with impairment of the ability to walk a quarter mile. In fully adjusted
models, cobalt was the only metal that remained associated: the odds ratio for reporting walking
problems with a 1-unit increase in logged cobalt concentration (μg L-1) was 1.43 (95% CI 1.12 to
1.84). Cobalt was also the only metal associated with an increased measured time to walk a 20
foot course (p=0.008). In analyses of disease categories to explain the mobility finding, cobalt was
associated with physician diagnosed arthritis (1-unit increase OR=1.22 (95% CI 1.00 to 1.49,
p=0.045).

Conclusions—Low level cobalt exposure, assessed through urinary concentrations of this
essential heavy metal may be a risk factor for age-related physical impairments. Independent
replication is needed to confirm this association.
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Interest in the biological effects of heavy metals has increased in recent decades as large
amounts of potentially toxic and carcinogenic elements have been released into the

Corresponding author: Tamara Galloway, Professor of Ecotoxicology, School of Biosciences, University of Exeter, Prince of Wales
Road, Exeter, EX4 4AS, United Kingdom, t.s.galloway@exeter.ac.uk, Tel. +44 (0)1392 263436, Fax. +44 (0)1392 263700.

NIH Public Access
Author Manuscript
J Toxicol Environ Health A. Author manuscript; available in PMC 2012 July 25.

Published in final edited form as:
J Toxicol Environ Health A. 2009 ; 72(6): 402–409. doi:10.1080/15287390802647336.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



environment as a result of anthropogenic activities. Whilst improvements in protective
legislation have reduced the excessive exposure of both industrial workers and the general
population to high concentrations of toxic heavy metals (Christensen, 1995), it is becoming
increasingly apparent that prolonged exposure to relatively low concentrations of both
essential and non-essential metals may lead to a variety of conditions depending on the route
of exposure, metabolism and storage of the specific metal (Hardej and Trombetta 2004).

Detectable levels of a wide range of metals are typically present in over 90% of the normal
adult population (CDC 2005). Toxicity arises from the ability of metals to bind to oxygen,
nitrogen, and sulfhydryl groups in proteins, resulting in alterations of enzymatic activity that
may affect metabolic processes (Hardej and Trombetta 2004). Metals are also associated
with the production of reactive oxygen species (ROS) and oxidative stress (Stohs and
Bagchi 1995), and in turn with a number of degenerative and immunological disorders.
Exposure to different heavy metals can result in damaged or reduced mental and central
nervous function, altered blood composition and pathology in lungs, kidneys, liver, and
other vital organs. It has been suggested that long-term exposure throughout life may
accelerate development of age-related disease and disability including physical, muscular,
and neurological degenerative disorders (Barnham and Bush 2008; Domingo 1994;
Gallagher et al. In press; Navas-Acien et al. 2005; Uversky et al. 2001). Observing such
associations has until now been difficult due to the lack of high-quality population-
representative data on exposures, outcomes, and confounding factors.

Here, we access data from the large scale National Health and Nutrition Examination
Surveys (NHANES 1999 to 2004) to explore the hypothesis that exposure to low
concentrations of heavy metals may be associated with age-related functional impairment.
The NHANES surveys assess the health and diet of a representative sample of the
population of the United States. This includes biomonitoring for a range of environmental
toxins including heavy metals, health outcomes including mobility impairment and many
potential confounders. Impaired lower limb mobility (especially difficulty in walking) is a
validated biomarker of age-related deterioration in functioning (Hoenig et al. 2006) and is
predictive of hospitalization and mortality (Gardener et al. 2006; Hakim et al. 1998). It can
be assessed using self-reports of problems with walking or through measured physical
performance, e.g. timed walk (gait speed). We examined associations between urinary
concentrations of twelve different heavy metals and markers of physical disability in
NHANES. For those metals consistently associated with impaired mobility, we explored
mechanisms of effect by testing associations with major disease groupings, including
cardiovascular and respiratory conditions, stroke, cancer, liver function, thyroid conditions,
diabetes, arthritis and asthma.

Methods
Study population

Beginning in the 1960s, the National Centre for Health Statistics (NCHS) has conducted a
series of cross-sectional health and nutrition surveys; this became the continuous NHANES
in 1999. Each survey has a sample size of around 10000 individuals and using a stratified,
multistage probability cluster design, it provides data representing the non-institutionalized
U.S. population. Urinary metal analysis was conducted on a one third random subsample of
participants aged 6 years and over. Data from the 1999/2000, 2001/2002 and 2003/2004
surveys were combined to provide urinary metal concentrations on 7828 participants. Our
study focused on NHANES population aged 60 years and older for which metal
concentrations were available for up to 1615 participants. Sample size for each metal is
shown in Table 1.
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Urinary metals
Urine specimens were collected from the participants after confirmation of no background
contamination in collection materials. Urinary concentrations of 12 heavy metals, antimony
(Sb), barium (Ba), beryllium (Be), cadmium (Cd), cesium (Cs), cobalt (Co), lead (Pb),
molybdenum (Mo), platinum (Pt), thallium (TI), tungsten (W), and uranium (U), were
quantified by inductively coupled plasma-mass spectrometry (ICP-MS, PerkinElmer/SCIEX
model500; PerkinElmer, Shelton, CT, USA) using published methods (available:
http://www.cdc.gov/nchs/data/nhanes/nhanes_03_04/l06_c_met_hm.pdf. Accessed 01 June
2008) at the Environmental Health Sciences Laboratory of the Centres for Disease Control
and Prevention (CDC) and the National Centre for Environmental Health (NCEH). Urine
Standard Reference Material 2670 and 2670A from the National Institute of Standards and
Technology (Gaithersburg, MD, USA) was used for external calibration and spiked pools
prepared at the laboratory were used for internal quality control. Quality control samples
included both bench and blind samples. The limits of detection (3× the concentration
standard deviation of urine blanks) varied by metal, from 0.004 μg L-1 for uranium to 0.8 μg
L-1 for molybdenum (Table 1). Urinary creatinine was determined using an enzymatic
reaction measured with a Beckman Synchron CX3 Clinical Analyzer. Detail on the NCHS
website (available:
http://www.cdc.gov/nchs/data/nhanes/nhanes_03_04/l16_c_met_creatinine.pdf Accessed 01
June 2008).

Mobility-based health outcomes
i. Self-reported problem with walking a quarter of a mile. Participants were asked

“By yourself and without using any special equipment, how much difficulty do you
have walking for a quarter of a mile [that is about 2 or 3 blocks]?” The respondents
could choose from: “no difficulty, some difficult, much difficulty, unable to do, do
not do this activity”. For regression analysis, participants were categorised as either
having difficulty with walking (i.e. some or more difficulty) or no difficulty.

ii. Measured time to walk a 20-foot course. The time taken for participants to walk a
20 foot (6.1 m) course (with the aid of a cane if normal) was measured. This
outcome was only available in the 1999/2000 and 2001/2002 surveys.

Medical conditions
Participants were asked “Has a doctor or other health professional ever told you that you had
…….?” Medical conditions assessed were: angina, myocardial infarction (heart attack),
chronic heart failure and chronic health disease were combined as cardiovascular; stroke;
cancer, liver conditions; thyroid conditions; diabetes; arthritis; asthma; bronchitis and
emphysema were combined. The respondents could choose from: “yes or no”.

Statistical analysis and adjustment for potential confounding
All analyses were conducted using Stata SE 9.2. Logistic regression was used to estimate
odds ratios of self-reported ability to walk a quarter of a mile (402 m) in relation to logged
concentrations (μg L-1) of all urinary metals with >50 % of concentrations above the limits
of detection (Table 1), and linear regression to estimate associations between timed walk
and logged concentrations of urinary metals. The NHANES survey weights were used to
take account of the complex sampling design and adjusted models for the potential
confounders described below. Logistic regression was used to estimate odds ratios of a
range of clinically diagnosed of medical conditions (as above) associated with cobalt only.
Because we were testing for associations with multiple exposures we used a significance
level of p<0.01.
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Regression models were adjusted for potential confounders. Variables included were: race/
ethnicity, categorized in five groups based on self-description: Mexican American, other
Hispanic, non-Hispanic White, non-Hispanic Black, and other race (including multi-racial);
education, categorized in three groups: less than high school, high school diploma (including
GED), and more than high school; annual household income, categorized in three categories
of approximately equal size: less than $25,000; $25,000 to $55,000; over $55,000; smoking,
categorized, based on self-reported status, as current smoker, ex-smoker, and never-smoker;
Body Mass Index (measured weight in kilograms divided by the square of measured height
in meters), categorized as underweight (BMI <18.5), recommended weight (BMI 18.5 to
24.9), overweight (BMI 25.0 to 29.9), obese I (BMI 30.0 to 34.9), or obese II (BMI 35.0 or
above); alcohol use, categorized, based on self-reported status, on average consumption of
alcoholic beverages per day over past 12 months, of 0, 1, 2, 3 to 4, and 5 or more drinks per
day; urinary creatinine to account for urine concentration. Due to uncertainties with
corrections for creatinine concentrations reported by Barr et al (2005), we have provided
models with (model C) and without (model B) adjustment for urinary creatinine. In response
to concerns that dietary supplements that contain cobalt may give rise to false positive
associations, self-reported use of dietary supplements by NHANES participants was
included in the models and the health outcomes were retested, but this did not affect the
associations.

Results
Metal concentrations in urine

More than 95% of the sample had detectable concentrations of most metals but not of
beryllium (64.4%), platinum (62%), tungsten (35.5%) and uranium (12.4%) (Table 1). The
metal with the highest urinary concentration was platinum at 1177.5 μg L-1, with
molybdenum, cobalt and cesium all having maximum concentrations in excess of 500 μg
L-1 (Table 1). Due to the large proportion of respondents with concentrations of beryllium
and platinum below detection limits, these metals were removed from further statistical
testing.

Metals and self-reported problems walking a quarter mile
After adjustment for age, sex and race/ethnicity, logged cadmium, cobalt and uranium
concentrations were all significantly associated (at p<0.01) with self-reported problems in
walking a quarter of a mile (Model, A, Table 2). However, after adjustment for education,
income, smoking, BMI and alcohol use, an association at p<0.01 remained only for cobalt
(OR=1.40; 1.13, 1.72) (Model, B, Table 2). With additional adjustment for urinary
creatinine levels (Model C, Table 2), only cobalt (p<0.01) remained significant. The odds
ratio associated with a 1-unit increase in logged cobalt levels and self-reported problems
walking a quarter of a mile was 1.43 (95% CI 1.12 to 1.84, p = 0.005).

Metals and time to walk 20 feet
After adjusting for the confounders described above, only cobalt was positively correlated (p
= 0.008) with a reduction in timed walk (Table 3).

Cobalt and medical conditions
As cobalt was the only heavy metal associated with the mobility outcomes after adjustment
for confounders, we examined associations between cobalt and the available major medical
condition groupings. Cobalt was associated with arthritis (p = 0.001) after adjustment for
age, sex and race/ethnicity only (model A). This association survived full adjustment
(models C): the odds ratio for a 1-unit increase in logged cobalt levels was 1.22 (95% CI
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1.00 – 1.49, p = 0.045, Table 4). This corresponded to an approximately 20% higher urinary
cobalt concentration in those with arthritis conditions.

Discussion
Low level heavy metal exposure is common but little has been known about the associations
of most heavy metals with aging outcomes. Cadmium and lead have often been recognised
as posing toxicological threats to humans and other animals, but far less is known regarding
low level exposure to the other heavy metals measured in the NHANES study. We
undertook the first large-scale analysis of urinary levels of heavy metals in the general older
population of the USA in relation to physical aging outcomes, using the NHANES
databases. We examined associations for the ten metals for which most respondents had
detectable levels, using a significance level of p<01. In models adjusted for potential
confounders including smoking, cobalt was the only metal associated with mobility
outcomes. The odds ratio for reported difficulties in walking a quarter of a mile with a 1-unit
increase in logged cobalt levels was 1.43 (95% CI 1.12 to 1.84). This association based on
self reported difficulties was confirmed with an objective performance measure (timed
walk). In an analysis of diseases which may explain the association of cobalt with mobility
difficulties, we found an association with physician diagnosis of arthritis (odds ratio 1.22,
95% CI 1.00 – 1.49, p = 0.045).

Most of the heavy metals measured were present in the urine of the vast majority of the
population (Table 1). Chronic exposure to various toxic metals is associated with a range of
health problems (Hardej and Trombetta 2004). Lead and cadmium in particular have
historically been reported to cause toxic effects to many species including humans
(Depledge et al. 1994; Domingo 1994). In the present study, these metals, together with
antimony, tungsten and uranium, appeared to be associated with self-reported problems with
walking a quarter of a mile in the American over 60 population at a p-value of <0.05
(though not at the more stringent significance level of p<0.01 adopted for our analysis).
Together with cadmium, low-level concentrations of tungsten and antimony were previously
linked to peripheral arterial disease using data from NHANES (Navas-Acien et al. 2005). As
noted by Navas-Acien et al. (2005), there is very little information concerning chronic low-
level exposure to these heavy metals. Some of the negative impact on walking appears to be
due to co-variants accounted for within model B, as the significance of the odds ratios was
reduced for all metals after adjusting for these confounders (Table 2). Uncertainties with the
validity of correction for creatinine concentrations in widely disparate populations have been
reported by Barr et al. (2005), who note significant predictors of urinary creatinine to
include age, sex, race/ethnicity, body mass index and fat-free mass. Based on this
uncertainty, we have reported results both with and without correction but found only minor
differences between models B and C (Tables 2, 3 and 4).

Impaired lower limb mobility is a well established biomarker of age-related decline (Hoenig
et al. 2006) and is predictive of hospitalization and mortality. Exposure to toxins that impair
mobility may also promote other age-related disorders and reduce life expectancy. Although
it was hypothesized that the age-related outcomes used in the present study may be
associated with low-level heavy metal concentrations, the associations with cobalt were
unexpected as the low concentrations reported were mainly within the reported ‘normal’
range. Over 98% of the over 60s NHANES population had urinary cobalt concentrations
within the range 0.04 to 2 μg L-1 reported by Ichikawa (1985) for non-industrially exposed
humans. Ohashi et al. (2006) reported a mean urinary cobalt concentration for non-
occupationally exposed Japanese women of 0.68 μg L-1 but the authors noted that this was
higher than comparable studies. The geometric mean concentration in people aged 60+ in
the present study was 0.31 μg L-1 (Table 1). A few individuals in the NHANES population
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had very high concentrations (maximum 556.6 μg L-1, Table 1) but no information was
available to explain these values. One possibility is leakage from worn orthopaedic joint
replacements constructed of cobalt and chrome alloy (Papageorgiou et al. 2007). Excluding
individuals with urinary cobalt concentrations greater than 10 μg L-1 from the analysis did
not change our result i.e linear regression of timed walk and logged concentration produced
a β value of 0.34 (p = 0.006) in the fully adjusted model (C).

A small study by Rosborg et al (2007), investigating the imbalance of the trace element
status, in human tissues and body fluids as a contributing factor for the development of
fibromyalgia (a chronic condition that causes fatigue and pain in muscles and ligaments
which was included within the arthritis category in NHANES), found increased blood
concentrations of trace metals, including cobalt, in those suffering from fibromyalgia. The
authors concluded that as both blood and urinary levels were within the normal range, the
hypothesis that trace metal abnormalities play a significant role in fibromyalgia was not
supported. The present study suggests that their conclusion may have been premature, and
‘normal level’ exposure to cobalt and its mechanism of toxicity should be considered.

The kinetics of cobalt urinary excretion have been reported to be multiphase with a first
stage of rapid elimination, within a day of exposure, and a second phase of slower
elimination over the following weeks (Torra et al. 2005). This means that urinary
concentrations represent relatively recent exposure. As longer term exposure measures
would be less variable, the true associations between cobalt exposure and aging outcomes
may be stronger than we have estimated.

Food is the largest potential source of cobalt for the general population and most of the
cobalt that is ingested is inorganic (Kim 2006). The occurrence of cobalt in drinking-water is
reported to be rare and concentrations low, with ranges from 0.1 to 5 μg L-1 (Barceloux
1999). Intake in the US population is estimated to be 5 - 40 μg cobalt day-1, mainly from
fish and vegetables which are the richest sources (Kim 2006). Absorption of cobalt in
humans via food has been found to be highly variable but was increased among individuals
who were iron deficient (Kim 2006). As an essential element, cobalt is found in all tissues
and total body burden in humans has been estimated as 1.1 - 1.5 mg, with 0.11 mg in the
liver (Kim 2006). Uptake of cobalt can also result from inhalation of airborne particles
resulting in deposition in the upper and lower respiratory tract, which can then be absorbed
into the blood after dissolution or mechanically transferred to the gastrointestinal tract by
mucociliary action and swallowing (Casarett and Doull 1986). This route of uptake is more
likely in those working in cobalt-associated industries and those living proximate to
industrial emissions. Urinary cobalt concentrations have been reported to correlate positively
with occupational exposure to cobalt with 59 - 78 μg L-1 in urine from exposed workers.
Some bottled mineral waters are marketed for the positive benefits of cobalt and claim to
contain up to 100 ppm. Some multi-mineral dietary supplements also contain cobalt.
Concerned that such supplements may give rise to false positive associations, self-reported
use of dietary supplements by NHANES participants was included in the models and the
health outcomes were retested, but this did not affect the associations. Although vitamin B12
contains cobalt, this represents only a small fraction of cobalt intake and has previously been
found not to influence urinary cobalt concentration (Linnainmaa and Kiilunen 1997).

The physical effects reported following chronic exposure to elevated concentrations of
cobalt include cardiac abnormalities and gastrointestinal disturbance. Hard metal lung
disease, also known as cobalt lung is associated with inhalation of metallic dusts and there is
some evidence for an autoimmune mechanism. In animal studies, exposure to cobalt has
shown evidence of carcinogenic activity (NTP 1988) and increased levels of oxidatively
damaged DNA bases in the liver, kidney, and lung (Kasprzak et al. 1994) and micronucleus
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formation in mouse bone marrow cells (Suzuki et al. 1993). In humans, cobalt has been
reported to cause clastogenic effects and sister chromatid exchanges in human lymphocytes
(Anard et al. 1997; Andersen 1983). Exposure to soluble cobalt has resulted in increased
indices of oxidative stress, diminished levels of reduced glutathione, increased levels of
oxidized glutathione, activation of the hexose monophosphate shunt, and free radical-
induced DNA damage (Hoet et al. 2002; Kasprzak et al. 1994; Lewis et al. 1991; Zhang et
al. 1998). Although, some forms of cobalt can be very reactive in terms of producing ROS
(Wang et al. 1993), there is little evidence from previous studies to explain why only cobalt
should be more associated with the impairment in age-related outcomes measured than other
metals. One possibility is that cobalt is a poor inducer of metallothionein protein which can
protect cells from toxic effects (Li et al. 2006). Exposure to cobalt also affects genes that are
sensitive to oxidant status, which may lead to the induction of apoptosis through either these
genes or other pathways (Kim 2006). Soluble cobalt has been reported to block inorganic
calcium channels (Yamatani et al. 1998) which may interfere with neuromuscular
transmissions.

Cobalt has, along with aluminium, copper, iron and manganese, been associated with
significant accelerations in the rate of fibril formation that is thought to promote Parkinson’s
disease via oxidative stress as the molecular mechanism (Uversky et al. 2001). Although
their study was performed in-vitro using high levels of metals with low concentrations of α-
synuclein, it was suggested that with higher α-synuclein levels much lower concentrations
of metals would be required. Furthermore, in a later study (Uversky et al. 2002), synergistic
effects between aluminium and pesticides were found. The possibility that cobalt may act
synergistically with other environmental contaminants could explain the unexpected
association of this metal with all three negative health outcomes at concentrations mainly
within the normal range. Some studies have shown synergic effects between cobalt and
other metals, primarily copper (Chu and Chow 2002; Cross et al. 2001; Fulladosa et al.
2005; Marr et al. 1998). Insufficient information concerning copper exposure was available
within the NHANES data to test for interactivity between cobalt and copper.

In evaluating our results, it should be borne in mind that multiple statistical testing of the ten
separate metals could have produced false positive results, although we have reduced this
risk by adopting a significance level of p<0.01. Our analyses are also based on cross-
sectional data, which cannot indicate whether the exposures predate the outcomes studied. It
is not clear from our results whether the association between cobalt and the age-related
health outcomes reflects a causal relationship or has arisen due to some unmeasured
confounder. The large proportion of the NHANES participants with detectable cobalt
concentrations and the association with arthritis suggests that cobalt may be a primary factor
in the reported mobility impairment, but our findings need independent replication and
verification. Although there are several possible mechanisms by which cobalt may affect
arthritic conditions, evidence from the literature suggests cobalt is unlikely to be solely
responsible. If the cobalt - aging outcomes association proves robust, more work will be
needed to explore the mechanisms of effect involved.

Conclusions
Analyses of the NHANES 1999 to 2004 population sample aged ≥60years suggests that
higher cobalt concentrations, even when present within the normal range of urinary
concentrations, may be associated with age related mobility impairment. This association
may be mediated by arthritic conditions. Follow-up studies are required to confirm the
findings and explore possible interactive effects between cobalt and other environmental
contaminants.
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Table 4

Odds ratios (with 95% confidence intervals) of medical conditions associated with cobalt with and without
adjustment for creatinine concentrations.

number of cases (% of total sample) Odds Ratios (± 95% CI)

Unadjusted (model B) Adjusted (model C)

Cardiovascular 349 (22.5) 1.15 (0.97, 1.36) 1.22 (0.98, 1.51)

Stroke 130 (8.1) 1.03 (0.77, 1.36) 1.01 (0.76, 1.36)

Asthma 139 (8.9) 0.98 (0.73, 1.31) 1.11 (0.79, 1.54)

Bronchitis/emphysema 158 (10.2) 0.98 (0.76, 1.28) 0.99 (0.72, 1.37)

Cancer 295 (18.3) 1.13 (0.92, 1.38) 1.16 (0.91, 1.48)

Thyroid 172 (15.6) 0.94 (0.73, 1.21) 0.95 (0.72, 1.27)

Diabetes 208 (19.4) 0.89 (0.73, 1.09) 0.97 (0.79, 1.18)

Liver 53 (3.3) 1.43 (1.03, 1.98)* 1.37 (0.98, 1.90)

Arthritis 758 (47.1) 1.19 (1.00, 1.42)* 1.22 (1.00, 1.49)*

*
= significant difference p value ≤ 0.05,

**
p ≤ 0.01 and

***
p ≤ 0.001.
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