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Blackfoot Disease in Taiwan: Its Link with
Inorganic Arsenic Exposure from

Drinking Water

INTRODUCTION

Blackfoot disease (BFD) was an endemic peripheral vascular
disease confined to the southwestern coast of Taiwan. Typical
symptoms and signs of progressive arterial occlusion were
mainly found in the lower extremities, but the upper extremities
might also be involved in rare cases. Ulceration, gangrene, and
spontaneous or surgical amputation were typical results (1, 2).
Sporadic cases of BFD occurred as early as in the early 20th
century, and peak incidence was noted between 1956 and 1960,
with prevalence rates ranging from 6.51 to 18.85 per 1000
population in different villages. The disease could afflict
patients in a wide range of ages, from 2 to 87 y, but the mean
age of onset was 52 y (1). The sex ratio for men to women was
1.5:1 (1). The etiology of this endemic disease has been
extensively sought during the past 50 y. This paper reviews
the link between the exposure to arsenic from drinking artesian
well water and the development of the disease.

ARSENIC EXPOSURE AND
PREVALENCE OF BLACKFOOT DISEASE

BFD is an endemic disease confined to the southwestern coast
of Taiwan. The disease is characterized by progressive
narrowing of the peripheral vessels involving mainly the lower
extremities. In rare cases, the upper extremities can also be
involved (1). Clinical manifestations are characteristic of
ischemia involving the lower legs, such as numbness or
coldness, intermittent claudication, or absence of peripheral
pulsation in the initial stage (1). The afflicted subjects might
develop ulceration and gangrene in the involved extremities in
a later stage, and spontaneous or surgical amputation was the
typical result. Sporadic cases were noted since the early 20th
century. However, not much attention had been paid until
after the mid-20th century when cumulative case numbers
became noticeable. Peak incidence of BFD was found between
1956 and 1960 (2, 3). The concentration of arsenic in the
drinking water from the artesian wells in the endemic areas
has been found to be high, with the median concentration
ranging from 0.70 to 0.93 mg L' (4, 5), in comparison with
the shallow well water in other areas of Taiwan, which ranged
between nondetectable and 0.30 mg L' with a median of 0.04
mg L' (5). Tseng collected a series of more than 1600 cases
and followed the patients for more than 30 y (1). According to
his early analyses, a dose-responsive relationship between
arsenic concentration in the artesian wells and the prevalence
of BFD was found in different age groups of residents in the
endemic areas. In villages where the arsenic concentrations in
well water were <0.30 mg L', 0.30-0.59 mg L', and more
than 0.60 mg L', the prevalence rates of BFD for residents
aged 20-39 y were 0.5%, 1.3%, and 1.4%, respectively; for
residents aged 40-59 y, 1.1%, 3.2%, and 4.7%, respectively; and
for residents aged over 60 y, 2.0%, 3.2%, and 6.1%,
respectively (1). This study suggested that the prevalence of
BFD increased in proportion to increasing arsenic concentra-
tions of the well water.
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ARSENIC EXPOSURE AND PERIPHERAL
VASCULAR DISEASE

Since the early 1990s Tseng et al. carried out a series of studies
by using more objective tools such as Doppler ultrasound and
laser Doppler flowmetry in combination with exercise test for
diagnosis of subclinical defects in arterial flow and microcircu-
lation and by considering the cumulative exposure dosage of
arsenic and the potential effect of confounders. Subclinical
arterial insufficiency (6) and microcirculatory defects (7) were
clearly demonstrated before the development of clinically full-
blown BFD in seemingly normal subjects living in the endemic
areas after prolonged exposure to the well water containing high
arsenic concentrations. A dose-response relationship between
indices of long-term arsenic exposure dosage at individual levels
and peripheral vascular disease was also clearly demonstrated,
which was independent of the confounding effects of lipid
profiles and other traditional cardiovascular risk factors (8, 9).
The prevalence of peripheral vascular disease for those with a
cumulative arsenic exposure of 0, 0.1-19.9, and >20 mg L' Xy
were 4.4, 11.6, and 19.8%, respectively; and the respective odds
ratios (95% confidence interval) were 1.00, 2.77 (0.84-9.14), and
4.28 (1.26—-14.54) after adjustment for potential confounders (2).
The prevalence of peripheral vascular disease for those living in
the endemic areas for >60 y could be as high as 28.4% and the
multivariate-adjusted odds ratio was 10.54 (2.68-41.37), com-
pared with those living in the endemic areas for less than 40 y
(2). These later studies fortified the link between arsenic
exposure and the development of peripheral vascular disease
in the BFD-endemic areas in Taiwan.

In a recent study, Tseng et al. further demonstrated the
influence of the interaction between arsenic exposure and
urinary arsenic species on the risk of peripheral vascular disease
diagnosed by Doppler ultrasound in 479 (220 men and 259
women) adults residing in the BFD areas in Taiwan (10).
Arsenic exposure was estimated by cumulative arsenic exposure;
and urinary levels of total arsenic, inorganic arsenite and
arsenate, monomethylarsonic acid (MMAY), and dimethylar-
sinic acid (DMAY) were determined; and primary methylation
index (PMI = MMA " /urinary inorganic arsenic) and secondary
methylation index (SMI=DMA"Y/MMAY) were calculated. The
association between peripheral vascular disease and urinary
arsenic parameters was evaluated considering the interaction
with cumulative arsenic exposure and the confounding effects of
age, sex, body mass index, total cholesterol, triglycerides,
cigarette smoking, and alcohol consumption. The results
showed that the risk of peripheral vascular disease increased
with a higher cumulative arsenic exposure and a lower capacity
to methylate arsenic to DMAY after taking into account the
potential effect of confounders. The multivariate-adjusted odds
ratios for cumulative arsenic exposure of 0, 0.1-15.4, and >15.4
mg L' X y were 1.00, 3.41 (0.74-15.78), and 4.62 (0.96-22.21),
respectively (p < 0.05, trend test); and for PMI < 1.77 and SMI
> 6.93, PMI > 1.77 and SMI > 6.93, PMI > 1.77 and SMI <
6.93, and PMI < 1.77 and SMI < 6.93 were 1.00, 2.93 (0.90—
9.52), 2.85 (1.05-7.73), and 3.60 (1.12-11.56), respectively (p <
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0.05, trend test). It was concluded that individuals with a higher
arsenic exposure and a lower capacity to methylate inorganic
arsenic to DMAY have a higher risk of developing peripheral
vascular disease in BFD areas in Taiwan. This is the first study
showing an effect of arsenic methylation capacity on the
development of arsenic-induced peripheral vascular disease.
Therefore, the results of recent studies suggested that suscepti-
bility to peripheral vascular disease is not only related to the
exposure dosage of arsenic in the BFD areas. The capacity to
metabolize and detoxify inorganic arsenic plays a significant role
on the susceptibility and development of peripheral vascular
disease in subjects chronically exposed to arsenic. Subjects with
a higher capacity to methylate inorganic arsenic to DMAY
would have a lower risk of developing clinical disease.

REVERSIBILITY OF INCIDENCE OF BFD AND
MORTALITY FROM PERIPHERAL VASCULAR DISEASE

The association between arsenic exposure and BFD is also
supported by the observation that patients with BFD had a high
co-occurrence of arsenic-related skin lesions such as hyperpig-
mentation, hyperkeratosis, and skin cancer (11). This co-
occurrence of skin lesions and BFD could not be attributed to
chance alone, and chronic arsenic exposure is the common
cause or underlying factor (11). In a recent study, seemingly
normal subjects living in the BFD-endemic areas were also
found to have subclinical sensory nerve defects. While
comparing the current perception thresholds measured by a
Neurometer” at the trigeminal, median, and superficial peroneal
nerves with frequencies of 5, 250, and 2000 Hz, 85 seemingly
normal subjects living in the BFD-endemic areas were noted to
have significantly (1.28- to 2.23-fold) higher current perception
thresholds than 75 external normal controls without arsenic
exposure (12). Since neuropathy is a common feature of arsenic
intoxication, the findings of subclinical defects in sensory nerves
also give supportive information for the possible link between
arsenic exposure and the etiology of BFD.

Another way to demonstrate the link between arsenic
exposure and BFD was to use the reversibility criterion in the
evaluation of a cause-effect relationship. The different rates of
BFD between residents consuming well water and those
consuming tap water in the same areas and the dramatic decline
of BFD after implementation of tap water supply systems to the
endemic villages identifies arsenic from artesian well water as a
causative agent of BFD. Tap water supply to the endemic areas
was not available before the 1960s, and its coverage remained
low until the 1970s. The incidence rates per 100 000 person-years
for men and women who consumed artesian well water were
44.3 and 36.5, respectively; and were 2.9 and 3.1 for men and
women who used tap water in the same areas (2). Most new
cases of BFD after the 1970s occurred in people above 50 y of
age in both genders, while BFD might occur in those below 30 y
of age before the 1950s (2). By analyzing the mortality attributed
to peripheral vascular disease in the BFD-endemic areas for the
years 1971-2003, Yang also demonstrated a gradual decrease of
mortality from peripheral vascular disease over a period of 25—
27 y after the cessation of consumption of the artesian well
water (13). The decline of the incidence of BFD and the
reversibility of mortality from peripheral vascular disease in the
endemic areas after cessation of the use of the artesian well
water strongly suggested a link between the high arsenic-
containing well water and the development of BFD.

CONCLUSIONS

Exposure to inorganic arsenic can be associated with a variety
of human diseases involving different organs and systems. The
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link between BFD and arsenic exposure from drinking water
has been demonstrated for nearly 50 y in Taiwan. More recent
studies also demonstrated the existence of subclinical defects in
the arterial system and microcirculatory flow in seemingly
normal subjects living in the BFD-endemic areas with
prolonged arsenic exposure. The link between peripheral
vascular disease before full-blown BFD and arsenic exposure
has fortified the potential risk of atherogenicity associated with
arsenic exposure. Actually the atherogenicity of arsenic is
systemic and not limited to the lower extremities. Our recent
study also demonstrated a link between arsenic exposure and
ischemic heart disease (14). Environmental exposure to a variety
of chemicals can be causative to cancers (15-20); arsenic is also
a carcinogen found in environmental, occupational, and
medicinal exposure (21-24). Exposure to arsenic is not only
atherogenic, it can also be associated with a higher risk of
developing diabetes (25-27) and hypertension (28), both of
which can accelerate the atherogenicity of arsenic and clinical
development of cardiovascular disease.
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