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At high levels, inorganic arsenic exposure is linked to peripheral arterial disease (PAD) and cardiovascular dis-
ease. To our knowledge, no prior study has evaluated the association between low-to-moderate arsenic exposure
and incident PAD by ankle brachial index (ABI). We evaluated this relationship in the Strong Heart Study, a large
population-based cohort study of American Indian communities. A total of 2,977 and 2,966 PAD-free participants
who were aged 45–74 years in 1989–1991 were reexamined in 1993–1995 and 1997–1999, respectively, for inci-
dent PAD defined as either ABI <0.9 or ABI >1.4. A total of 286 and 206 incident PAD cases were identified for
ABI <0.9 and ABI >1.4, respectively. The sum of inorganic and methylated urinary arsenic species (∑As) at base-
line was used as a biomarker of long-term exposure. Comparing the highest tertile of ∑As with the lowest, the
adjusted hazard ratios were 0.57 (95% confidence interval (CI): 0.32, 1.01) for ABI <0.9 and 2.24 (95% CI: 1.01,
4.32) for ABI >1.4. Increased arsenic methylation (as percent dimethylarsinate) was associated with a 2-fold
increased risk of ABI >1.4 (hazard ratio = 2.04, 95% CI: 1.02, 3.41). Long-term low-to-moderate ∑As and
increased arsenic methylation were associated with ABI >1.4 but not with ABI <0.9. Further studies are needed to
clarify whether diabetes and enhanced arsenic metabolism increase susceptibility to the vasculotoxic effects of
arsenic exposure.

arsenic; metabolism; peripheral vascular disease

Abbreviations: ABI, ankle brachial index; AS3MT, arsenite methyltransferase gene; CI, confidence interval; CVD,
cardiovascular disease; DMA, dimethylarsinous acid; iAs%, percentage of inorganic arsenic; LDL, low-density lipoprotein;
MMA, monomethylarsonous acid; NADPH, nicotinamide adenine dinucleotide phosphate; NOX, NADPH oxidase; PAD,
peripheral arterial disease; ∑As, sum of inorganic and methylated urinary arsenic species; SHS, Strong Heart Study.

Exposure to inorganic arsenic in food and water is a sig-
nificant global health problem (1, 2). At chronically high
levels, inorganic arsenic exposure is vasculotoxic and has
been associated with ischemic heart disease (1, 3), cerebro-
vascular disease (1, 4), and carotid atherosclerosis (5). In
the historically high-arsenic area of southwestern Taiwan,
high-level arsenic exposure is linked to the development of
blackfoot disease, a severe form of peripheral arterial dis-
ease (PAD) leading to gangrene and spontaneous amputa-
tion (6–8). PAD and lower-extremity amputations were

also common among German vintners exposed to high
levels of arsenic through application of arsenical pesticides
and intake of arsenic-contaminated wine from 1930 to 1950
(6). Pathological studies of PAD in these patients demon-
strated vascular features consistent with thromboangitis ob-
literans and arteriosclerosis obliterans (7, 8).

In contrast to the vasculotoxic effects of high-level arse-
nic exposure, studies on the association between low-level
arsenic exposure in the United States and PAD have been
inconsistent and characterized by ecological designs and
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PAD definitions based on death certificates (1). To our
knowledge, no prior study has evaluated the association of
low-to-moderate arsenic exposure levels with incident
PAD. In the Strong Heart Study (SHS), a population-based
cohort study conducted in American Indian communities
from Arizona, Oklahoma, and North and South Dakota (9),
and the San Luis Valley Diabetes Study, conducted in rural
white and Hispanic communities in Colorado (10), expo-
sure to low-to-moderate levels of arsenic in drinking water
was found to be associated with increased cardiovascular
disease (CVD) incidence and mortality. Furthermore, while
epidemiologic studies from Taiwan and Bangladesh have
shown differential associations of arsenic metabolism with
CVD and other health outcomes (11, 12), the relationship
between arsenic metabolism at low-to-moderate exposure
levels and risk of PAD has not been investigated.

Conventionally, an ankle brachial index (ABI) less than
0.9 has been considered occlusive PAD related to atheroscle-
rosis, while an ABI greater than 1.4 has been related to arte-
rial wall calcification and noncompressible vessels, which are
frequently associated with diabetes and chronic kidney dis-
ease (13). In the US population aged 40 years or more, the
prevalence of ABI >1.4 is relatively low at 1.4% (14). In
contrast, in the SHS (15, 16), the prevalence of ABI >1.4 is
nearly 9-fold higher than in a US population of similar age
range (17). This may in part be due to the higher burden of
comorbid type 2 diabetes in the American Indian population
as compared with the overall US population (16, 18), although
the reasons are not completely understood.

Our hypothesis in this investigation was that greater
arsenic exposure would be associated with increased PAD
incidence in the SHS. Because the association between
arsenic and CVD in the SHS was stronger among partici-
pants with type 2 diabetes (9), we hypothesized that there
would also be a stronger association between arsenic and
PAD among participants with type 2 diabetes. Therefore,
we evaluated the prospective associations of arsenic expo-
sure and arsenic metabolite patterns with PAD incidence,
defined as either ABI <0.9 or ABI >1.4 in at least 1 leg,
over a 10-year period among SHS participants who were
free of PAD at baseline.

METHODS

Study population

The SHS is a large, population-based prospective cohort
study of CVD and its risk factors among American Indian
communities in Arizona, Oklahoma, and North and South
Dakota (15, 16). Conducted in a population with high bur-
dens of CVD and diabetes and funded by the National
Heart, Lung, and Blood Institute, the SHS has served as a
model for the evaluation of physiological and environmen-
tal risk factors for CVD and PAD in populations with a
high burden of CVD and type 2 diabetes (9, 15, 19). From
1989 to 1991, men and women aged 45–75 years from 13
American Indian communities in Arizona, Oklahoma, and
North and South Dakota were invited to participate in the
SHS. In Arizona and Oklahoma, every eligible person was

invited; in North Dakota and South Dakota, a cluster sam-
pling technique was used (15, 20). The overall participation
rate was 62% (15).

Comparisons between participants and nonparticipants in
the SHS have been published; all information on nonpartici-
pant characteristics was self-reported (20). Overall, included
participants were similar to nonparticipants in age, body
mass index, prevalence of diabetes, and current smoking
(20). Participants were more likely than nonparticipants to be
women. There were also significant differences between par-
ticipants and nonparticipants with respect to self-reported
hypertension for both sexes in Arizona and for females in
North and South Dakota; sex-specific hypertension rates in
Oklahoma did not differ significantly between participants
and nonparticipants (20).

As previously described (9, 21), 3,974 participants had
frozen urine specimens available for measurement of uri-
nary metal levels. We excluded 224 participants who were
missing data on total urinary arsenic or arsenic metabolites,
5 participants missing information on smoking, 13 partici-
pants missing data on diabetes status, and 114 participants
missing data on other variables of interest. Prevalent cases
of PAD (376 participants with either ABI <0.9 or ABI
>1.4 in at least 1 leg at the baseline visit) were excluded.
Stenotic PAD and vascular calcification are generally long-
term and progressive (22). Therefore, consistent with prior
SHS analyses (21), participants missing ABI measurements
at visit 2 (1993–1995) but free of PAD at visit 3 (1997–
1999) (n = 149 and n = 158 for ABI <0.9 and ABI >1.4,
respectively) were considered to not have PAD at visit 2.
We also excluded 367 and 369 participants from analyses
of ABI <0.9 and ABI >1.4, respectively, because of miss-
ing ABI follow-up measurements at both visit 2 and visit
3. In summary, the final study population comprised 2,875
and 2,873 participants at risk for incident ABI <0.9 and
ABI >1.4, respectively.

The study protocol was approved by the institutional and
Indian Health Service review boards and the participating
American Indian communities. All participants provided
oral and written informed consent.

Baseline data collection

Data on sociodemographic factors (age, sex, geographical
location, education), menopausal status, smoking history
(smoking status and pack-years), history of diabetes mellitus,
and medication use were obtained through the baseline SHS
questionnaire, administered by trained and certified inter-
viewers (9, 15, 21). Body mass index was calculated as
measured weight in kilograms divided by the square of mea-
sured height in meters. At each examination, 3 consecutive
blood pressure readings were taken from the right arm in the
seated position by trained nurses and medical assistants after
5 minutes of rest using a Baum mercury sphygmomanome-
ter (W. A. Baum Company, Copiague, New York) (15), and
the last 2 determinations were averaged. Hypertension was
defined as mean systolic blood pressure ≥140 mm Hg,
mean diastolic blood pressure ≥90 mm Hg, or use of antihy-
pertensive medication.
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Total and high-density lipoprotein cholesterol, plasma glu-
cose, and plasma creatinine concentrations were measured in
fasting serum samples using enzymatic methods as previously
described (9, 15, 21). The proportion of low-density lipo-
protein (LDL) cholesterol was estimated by means of the
Friedewald equation (15, 16, 23). A high LDL cholesterol
level was defined as estimated LDL cholesterol ≥130 mg/dL.
Hemoglobin A1c level was measured by high-performance
liquid chromatography (9, 19, 24). Diabetes mellitus was
defined as fasting glucose concentration ≥126 mg/dL, non-
fasting glucose concentration ≥200 mg/dL, hemoglobin A1c

level ≥6.5%, or use of insulin or oral hypoglycemic agents.
Estimated glomerular filtration rate was calculated from cali-
brated creatinine level, age, and sex using the Modification
of Diet in Renal Disease Study formula (15, 20, 25). The
ethnicity adjustment for the formula was dropped for all par-
ticipants (15, 21).

Urinary arsenic determinations

For assessment of long-term arsenic exposure, urinary
arsenic measurements were performed in thawed urine
samples, using up to 1 mL of urine, in 2007 (Trace
Element Laboratory, Graz University, Graz, Austria). The
analytical methods and associated quality control criteria
for arsenic analysis have been described in detail elsewhere
(9, 21, 26). Concentrations of arsenic species were deter-
mined by high-performance liquid chromatography linked
with inductively coupled mass spectrometry, as described
previously (9, 26). Arsenic speciation distinguishes arsenic
species that are directly related to inorganic arsenic expo-
sure (arsenite, arsenate, monomethylarsonous acid (MMA),
and dimethylarsinous acid (DMA)) from those related to
organic arsenicals in seafood (arsenobetaine as an overall
marker of seafood arsenicals), which are generally consid-
ered nontoxic (2, 9). We used the sum of urinary inorganic
arsenic (arsenite and arsenate) and the methylated species
(DMA and MMA) as a biomarker integrating inorganic
arsenic exposure from multiple sources (2, 9, 27). To
account for dilution in urine, urinary arsenic concentrations
were divided by urinary creatinine levels and expressed as
µg/g creatinine. To assess arsenic metabolism, we esti-
mated the proportions of inorganic arsenic, MMA, and
DMA by dividing the concentration of each species by the
sum of all 3 species and multiplying by 100, yielding per-
centage of inorganic arsenic (iAs%), MMA%, and DMA%,
respectively. Low urinary concentrations of arsenobetaine
confirmed that seafood intake was low in the SHS (9, 28),
supporting the fact that measured methylated species reflect
inorganic arsenic exposure. The intraclass correlation coeffi-
cients for 3 repeated arsenic measurements taken over a 10-
year period were 0.80 for the sum of inorganic and methyl-
ated urinary arsenic species (∑As) and 0.64, 0.80, and 0.77
for iAs%, MMA%, and DMA%, respectively (9, 28).

Incident PAD follow-up

At baseline and follow-up at the second (1993–1995)
and third (1997–1999) SHS examinations, right arm blood
pressure and right and left posterior tibial artery pressure

were measured twice, with the subject supine, using a
hand-held Doppler device (Imex Medical Systems, Golden,
Colorado) as previously described (9, 15–17, 21). The ABI
for each leg was computed as the mean of 2 measurements
of systolic blood pressure in the posterior tibial artery
divided by the mean systolic blood pressure in the right
brachial artery, and the worser of the 2 values from either
leg (i.e., the lower value for ABI <0.9 and the higher value
for ABI >1.4) was used to categorize the corresponding
ABI definition for each individual (16, 17). Incident cases
of PAD were defined as either 1) ABI <0.9 in at least 1 leg
or 2) ABI >1.4 in at least 1 leg at one or more of the 2
follow-up clinic visits. Time to event was calculated from
the date of baseline examination in 1989–1991 to the date
of follow-up examination with the first diagnosis of PAD
for participants with incident PAD and to the date of the
last examination available or the date of death, whichever
came first, for participants without incident PAD. The
mean follow-up times for participants who did and did not
develop an ABI less than 0.9 were 4.4 years and 6.8 years,
respectively. The mean follow-up times were similar for
participants who did and did not develop an ABI greater
than 1.4 (4.4 years and 6.9 years, respectively).

Statistical methods

Baseline data are presented as mean (standard error) and
median (interquartile range) values (Table 1). The prospec-
tive association of urinary arsenic concentration with PAD
incidence was evaluated using Cox proportional hazards
models for interval-censored data with the R package
Intcox (R Foundation for Statistical Computing, Vienna,
Austria), using years since baseline examination as the time
scale. The assumption of hazards proportionality was visu-
ally assessed based on the smoothed association between
time and log(−log[S(t)]), with S(t) being survival at time t,
by category of urinary arsenic concentration; there were
no major departures from proportionality. Urinary arsenic
(∑As) was introduced into the models both as tertiles (cate-
gorical variable) and as log-transformed urinary arsenic con-
centrations (continuous variable) to compare the 80th and
20th percentiles (interquintile range). We also modeled non-
linear relationships between urinary arsenic levels and inci-
dent PAD by using restricted quadratic splines with knots at
the 10th, 50th, and 90th percentiles of creatinine-corrected
urinary arsenic concentration (corresponding to 4.1 µg/g,
9.8 µg/g, and 24.0 µg/g, respectively). The corresponding
percentiles were 8.1%, 13.8%, and 21.4% for MMA% and
65.8%, 77.9%, and 86.6% for DMA%. Bootstrap confidence
intervals for the hazard ratios were estimated as bias-
corrected and accelerated percentile intervals based on
10,000 resamplings (29, 30). Probability values for linear
and nonlinear trend and probability values for interaction
were estimated using Wald tests based on the bootstrap
standard errors.

We used 3 statistical models with progressive adjust-
ment. In model 1, we adjusted for sex and age at baseline
(continuous as restricted cubic splines with knots at 50 and
60 years). In model 2, we further adjusted for education
(≥12 years of education completed vs. <12 years), smoking
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status (never, former, or current smoker), low-density lipo-
protein cholesterol (mg/dL; continuous), body mass index
(continuous), hypertension (no, yes), diabetes mellitus (no,
yes), and estimated glomerular filtration rate (mL/minute/
1.73 m2; continuous). In model 3, we additionally adjusted
for geographic location (Arizona, the Dakotas, or Oklahoma).

Patterns of arsenic methylation reflecting individual differ-
ences in arsenic metabolism have been related to differences
in cardiovascular endpoints, including PAD, in populations
from Taiwan (31, 32). To evaluate the potential role of arse-
nic metabolism in PAD risk, we examined the relationship
between the relative proportions of arsenic species in urine
(logit-transformed proportions of inorganic arsenic, MMA,
and DMA) and incident PAD using both conventional and
“leave-one-out” approaches. In the conventional approach,
each arsenic metabolism biomarker alone was entered into
the regression model together with ∑As to adjust for arsenic
exposure. Findings from the conventional approach are chal-
lenging to interpret. For instance, the increase in iAs% could

be related to a decrease in either MMA% or DMA%, as the
sum of arsenic metabolism markers always equals 1. To
address this issue, we used a “leave-one-out” approach. In
this method, 2 metabolism biomarkers are entered at
a time, together with ∑As. For example, iAs% and MMA%
are entered together, leaving out DMA%, while adjusting
for urinary inorganic arsenic concentration. The regression
coefficients thus estimate the hazard ratios associated with
an increase in iAs% by a corresponding decrease in DMA%
and with an increase in MMA% by a corresponding de-
crease in DMA%, respectively. This modeling strategy has
been used in nutrition and hematology literature (33, 34)
and was recently used to model the relationship between
arsenic metabolism and incident diabetes (35).

Finally, we performed subgroup analyses to evaluate
effect modification in adjustment models by including
terms for the interaction of log-transformed urinary arsenic
concentration or DMA% with indicator variables for age
group, sex, smoking status, and diabetes status. For models

Table 1. Baseline Characteristics of Participants by Incident Peripheral Arterial Disease Status in the Strong Heart Study, 1989–1999

Characteristic

Incident PAD Statusa

ABI <0.9 (n = 280) ABI >1.4 (n = 206) No PAD (n = 2,405)

Mean (SE) Median (IQR) Mean (SE) Median (IQR) Mean (SE) Median (IQR)

Age, years 58.7 (0.5) 55.7 (0.6) 55.6 (0.2)

% women 70.4 (2.7) 48.8 (3.5) 59.9 (1.0)

Postmenopausal women,b % 84.8 (2.6) 75.5 (4.3) 74.3 (1.2)

Location, %

Arizona 41.8 (2.9) 35.8 (3.3) 32.2 (1.0)

Oklahoma 25.7 (2.6) 33.3 (3.3) 33.5 (1.0)

North or South Dakota 32.5 (2.8) 30.8 (3.3) 34.3 (1.0)

Less than high school education, % 52.5 (3.0) 48.8 (3.5) 44.9 (1.0)

Smoking, %

Former smoker 27.5 (2.7) 42.8 (3.4) 33.3 (1.0)

Current smoker 41.1 (2.9) 28.9 (3.2) 34.5 (1.0)

Cumulative smoking, pack-years 13.1 (1.1) 10.3 (1.3) 10.6 (0.4)

Body mass indexc 30.6 (0.4) 32.3 (0.4) 30.8 (0.1)

Total cholesterol, mg/dL 198.2 (2.3) 187.0 (2.7) 190.5 (0.8)

LDL cholesterol, mg/dL 121.9 (2.0) 110.7 (2.3) 115.9 (0.7)

Hypertension, % 49.6 (3.0) 38.8 (3.4) 35.4 (1.0)

Diabetes, % 63.9 (2.9) 58.7 (3.4) 43.6 (1.0)

eGFR <60 mL/minute/1.73 m2, % 14.3 (2.1) 7.0 (1.8) 7.6 (0.5)

∑As, μg/g creatinined 10.9 (10.0, 11.8) 10.1 (9.2, 11.1) 9.8 (9.5, 10.0)

iAs% 8.0 (5.6–11.0) 8.1 (5.8–11.0) 7.9 (5.6–11.0)

MMA% 14.4 (10.9–17.1) 13.6 (10.5–17.1) 13.7 (10.6–17.3)

DMA% 77.4 (72.1–82.5) 78.0 (71.9–83.3) 78.1 (71.9–82.9)

Abbreviations: ABI, ankle brachial index; DMA, dimethylarsinous acid; eGFR, estimated glomerular filtration rate; iAs, inorganic arsenic; IQR,
interquartile range; LDL, low-density lipoprotein; MMA, monomethylarsonous acid; PAD, peripheral arterial disease; ∑As, sum of inorganic and
methylated urinary arsenic species; SE, standard error.

a Incident PAD was defined as ABI <0.9 or ABI >1.4 in at least 1 leg.
b Subsample of women (ABI <0.9: n = 197; ABI 0.9–1.4: n = 1,441; ABI >1.4: n = 98).
c Weight (kg)/height (m)2.
d Values are presented as geometric mean (95% confidence interval).
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of urinary arsenic, we added an analysis of interaction with
DMA% (above and below the median). For models of
DMA%, we added an analysis of interaction with ∑As
(above and below the median).

RESULTS

The overall median urinary concentration of ∑As was
9.9 µg/g creatinine (interquartile range, 6.0–15.7 µg/g creati-
nine). Urinary arsenic concentrations varied by study region;
the median values were 14.1 µg/g creatinine, 5.8 µg/g creati-
nine, and 10.6 µg/g creatinine in Arizona, Oklahoma, and
North/South Dakota, respectively (9). A total of 280 and
206 incident PAD cases were identified through 1999 for
ABI <0.9 and ABI >1.4, respectively. Incident ABI <0.9
and ABI >1.4 were associated with lower levels of educa-
tion and with the presence of type 2 diabetes (Table 1).
Incident ABI <0.9 was more common among women, and
it was associated with higher age, current smoking, cumula-
tive smoking, higher lipid levels, hypertension, and reduced
estimated glomerular filtration rate. Incident ABI >1.4 was
associated with higher body mass index. The adjusted haz-
ard ratios for PAD, comparing the highest tertile of ∑As
concentration with the lowest tertile, were 0.59 (95% confi-
dence interval (CI): 0.33, 1.04) and 2.40 (95% CI: 1.11,
4.95) for ABI <0.9 and ABI >1.4, respectively (Table 2,
model 3).

There was no clear relationship between urinary arsenic
concentrations and PAD defined as ABI <0.9 (Figure 1A).
In contrast, the association with PAD defined as ABI >1.4
was nearly linear throughout the range of urinary arsenic
concentrations (Figure 1B). Throughout the range of DMA%,
there was a nearly linear relationship with PAD for both
ABI <0.9 and ABI >1.4 (Figure 2).

Table 3 presents the hazard ratios for ABI <0.9 or
ABI >1.4, comparing the 80th and 20th percentiles, by bio-
markers of arsenic metabolism. Using either standard linear
regression or a leave-one-out approach, there were no signif-
icant associations between biomarkers of arsenic metabolism
and PAD defined as ABI <0.9. For ABI >1.4, the associa-
tion with DMA% using the standard approach was of
borderline statistical significance (hazard ratio = 1.46, 95%
CI: 0.99, 1.97; Table 3). After leaving out MMA% in the
leave-one-out approach, the corresponding association for
DMA% after adjustment for urinary arsenic concentrations
and iAs% was 2.23 (95% CI: 1.10, 3.72; Table 3). The inter-
pretation of the leave-one-out approach to these results is
that for a given fixed percentage of iAs%, an interquintile-
range increase in DMA% accompanied by a corresponding
decrease in MMA% is associated with a 2-fold increase in
risk of PAD defined as ABI >1.4.

There were no statistically significant interactions by
sex, study site, or diabetes status subgroup for the hazard
ratios for ABI >1.4 comparing the 80th and 20th percen-
tiles of urinary arsenic concentration or for DMA%
(Table 4). By diabetes status, the hazard ratio for ABI >1.4
was 1.88 (95% CI: 1.09, 3.57) among patients with type 2
diabetes as compared with 1.12 (95% CI: 0.66, 2.00)
among patients without type 2 diabetes. For DMA%, there

were no differences by type 2 diabetes status. The associa-
tion between total inorganic arsenic and ABI >1.4 was
stronger in patients with DMA% at or above the median
than in those with DMA% below the median: Hazard ratios
were 2.23 (95% CI: 1.10, 4.63) and 1.05 (95% CI: 0.58,
1.90), respectively. Similarly, the corresponding associa-
tion with DMA% was stronger in participants with total
inorganic arsenic at or above the median than in those with
total inorganic arsenic below the median: Hazard ratios
were 2.68 (95% CI: 1.30, 4.99) and 1.71 (95% CI: 0.70,
3.58), respectively. However, neither of these interactions
reached statistical significance (P = 0.09 and P = 0.24,
respectively).

DISCUSSION

In this study, increasing levels of inorganic arsenic expo-
sure and DMA%, as measured in urine, were associated
with an ABI greater than 1.4. This association remained
significant after adjustment for etiological factors important
in the development of a high ABI, including age, diabetes,
and renal function. This finding supports the possibility of
an independent effect of inorganic arsenic and DMA%
on the development of ABI >1.4 in the SHS cohort. The

Table 2. Hazard Ratios for Incident Peripheral Arterial Disease
(Defined as Either ABI <0.9 or ABI >1.4) According to Tertilea of
Inorganic and Methylated Urinary Arsenic Concentration in the
Strong Heart Study, 1989–1999

Model and
Tertile of ∑As

Incident PAD Status

ABI <0.9 ABI >1.4

HR 95% CI HR 95% CI

Model 1b

1 (lowest) 1.00 Referent 1.00 Referent

2 1.06 0.65, 1.55 1.41 0.90, 2.26

3 (highest) 0.63 0.39, 0.92 1.63 0.99, 2.67

Model 2c

1 (lowest) 1.00 Referent 1.00 Referent

2 1.06 0.62, 1.56 1.40 0.80, 2.50

3 (highest) 0.57 0.32, 0.89 1.71 0.96, 3.29

Model 3d

1 (lowest) 1.00 Referent 1.00 Referent

2 1.10 0.66, 1.72 1.80 0.93, 3.35

3 (highest) 0.59 0.33, 1.04 2.40 1.11, 4.95

Abbreviations: ABI, ankle brachial index; CI, confidence interval;
HR, hazard ratio; PAD, peripheral arterial disease; ∑As, sum of
inorganic and methylated urinary arsenic species.

a Tertiles 1, 2, and 3 included participants with ∑As values of
≤7.07 μg/g, 7.07–13.3 μg/g, and >13.3 μg/g, respectively.

b Model 1 adjusted for sex and age.
c Model 2 adjusted for sex and age and further adjusted for educa-

tion, smoking, body mass index, low-density lipoprotein cholesterol,
diabetes, hypertension, and estimated glomerular filtration rate.

d Model 3 adjusted for all of the variables in model 2 and further
adjusted for study center.
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association with increasing inorganic arsenic and DMA%
was also stronger for participants with both higher arsenic
exposure and higher methylation efficiency (higher DMA%).
Arsenic exposure and arsenic metabolism, however, were not

related to ABI <0.9. These findings support a role for both
arsenic exposure and arsenic metabolism in the vasculotoxic
effects of low-to-moderate exposure to inorganic arsenic.
Our results add prospectively gathered evidence on the role
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Figure 1. Hazard ratios (HRs) for incident peripheral arterial disease (PAD) according to ankle brachial index (ABI) and urinary arsenic con-
centration (sum of inorganic arsenic levels) in the Strong Heart Study, 1989–1999. A) PAD defined as ABI <0.9; B) PAD defined as ABI >1.4.
The curves represent adjusted HRs based on restricted quadratic splines with knots at the 10th, 50th, and 90th percentiles (4.06 μg/g, 9.84 μg/
g, and 24.0 μg/g, respectively) of the distribution of the sum of urinary inorganic and methylated arsenic species (∑As). The reference value
(HR = 1) was set at the 10th percentile of the ∑As distribution (4.06 µg/g). The models adjusted for sex, age, education, smoking, body mass
index, low-density lipoprotein cholesterol, diabetes, hypertension, estimated glomerular filtration rate, and study center. The histograms (gray
columns) represent the frequency distribution of urinary arsenic concentrations in the Strong Heart Study sample for 1989–1999. Dashed lines,
95% confidence intervals.
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Figure 2. Hazard ratios (HRs) for incident peripheral arterial disease (PAD) according to ankle brachial index (ABI), by arsenic metabolite
level, in the Strong Heart Study, 1989–1999. The curves represent adjusted HRs for incident PAD defined as ABI <0.9 (panels A and C) or ABI
>1.4 (panels B and D) based on restricted quadratic splines with knots at the 10th, 50th, and 90th percentiles of the arsenic species distribution,
corresponding to 8.1%, 13.8%, and 21.4%, respectively, for percent monomethylarsonous acid (MMA%) and 65.8%, 77.9%, and 86.6%,
respectively, for percent dimethylarsinous acid (DMA%). The reference value (HR = 1) was set at the 10th percentile of the arsenic species dis-
tribution (8.1% for MMA% and 65.8% for DMA%). The models adjusted for sex, age, education, smoking, body mass index, low-density lipopro-
tein cholesterol, diabetes, hypertension, estimated glomerular filtration rate, study center, and the sum of inorganic arsenic species. The
histograms (gray columns) represent the frequency distribution of urinary arsenic concentrations in the Strong Heart Study sample for 1989–
1999. Dashed lines, 95% confidence intervals.
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of inorganic arsenic exposure and metabolism as risk
factors for the development of ABI >1.4, particularly in
a population with increased arsenic methylation capacity
and one of the highest burdens of comorbid type 2 diabetes
worldwide.

The adverse cardiovascular and vasculotoxic effects of long-
term exposure to high levels of inorganic arsenic (>100 µg/L)
in drinking water have been well characterized (1, 32).
High-level arsenic exposure has been consistently associ-
ated with severe forms of PAD in southwestern Taiwan
and among German vintners (32, 36). In an updated sys-
tematic review of the health effects of inorganic arsenic
exposure, comparing the highest categories of arsenic expo-
sure with the lowest among populations with high levels of
mean arsenic in drinking water (>50 µg/L), the pooled rela-
tive risk of PAD was 2.17 (95% CI: 1.47, 3.20) (1), and the
findings were consistent for the 8 individual studies avail-
able. In contrast, the data on the association between arsenic
and PAD in populations exposed to low-to-moderate levels
of arsenic (mean arsenic concentration in drinking water
<50 µg/L) have been largely inconsistent and assessed in
only a limited number of studies, all of them ecological
and based on death certificates (36, 37). In US communities
with drinking-water arsenic concentrations greater than 20 µg/L
as compared with <10 µg/L, the relative risk of PAD mortality
was 1.58 (95% CI: 1.34, 1.88) (36, 38). In contrast, ecologi-
cal studies in Utah (comparing communities with drinking-
water arsenic concentrations less than 200 µg/L with the
general US population) (38) and Michigan (standardized
mortality ratios for drinking-water arsenic of 10–100 µg/L

compared with the overall Michigan population) (37) found
no association between arsenic exposure and PAD-associated
mortality. By measuring individual markers of low-to-moderate
levels of inorganic arsenic exposure and metabolism and by
using robust standardized clinical assessments of PAD obtained
during a physical examination by trained and certified nurses,
the current study has advanced our evaluation of the vascular
effects of low-to-moderate arsenic exposure and metabolism.

Experimental studies support the role of arsenic in CVD,
including PAD. Potential mechanisms for the vasculotoxic
effects of inorganic arsenic include endothelial dysfunction,
smooth-muscle cell proliferation, angiogenesis, vascular injury,
and enhanced platelet aggregation (39). Direct endothelial
toxicity is one of the most likely mechanisms of arsenic-
associated PAD risk (39). High-level arsenic exposure in-
creases arterial stiffness and pulse pressure (40), which
in turn is associated with PAD risk, especially in patients
with comorbid type 2 diabetes (41). Animal studies reveal that
arsenic exposure, even at low-to-moderate levels (42), leads to
enhancement of nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase (NOX) (39). Enhanced NOX leads
to impaired endothelial nitric oxide synthase (eNOS) activity
(39, 43), impairments in vasomotor tone, and arterial relaxa-
tion (43) and may increase PAD risk. There is also experi-
mental evidence to support the differential effects of arsenic
metabolites on health outcomes, including vasculotoxic ef-
fects of arsenic metabolites on model systems of endothelial
cell function (44, 45). Other potential molecular mechanisms
for arsenic toxicity include arsenic-related epigenetic changes,
including histone modification (46, 47).

Table 3. Hazard Ratiosa for Incident Peripheral Arterial Disease (Defined as Either ABI <0.9 or ABI >1.4) Among
Participants in the Strong Heart Study, Comparing the 80th Percentiles of Arsenic Metabolism Biomarkers With the
20th Percentiles, 1989–1999

Modeling Approach and Biomarker
iAs% MMA% DMA%

HR 95% CI HR 95% CI HR 95% CI

ABI <0.9

Standard approach 0.97 0.73, 1.21 0.78 0.60, 1.08 1.19 0.81, 1.63

Leave-one-out approach

iAs%b 0.69 0.42, 1.28 0.85 0.49, 1.54

MMA%c 1.16 0.76, 1.56 1.35 0.79, 1.98

DMA%d 1.03 0.76, 1.31 0.76 0.57, 1.07

ABI >1.4

Standard approach 0.89 0.67, 1.19 0.65 0.49, 0.93 1.46 0.99, 1.97

Leave-one-out approach

iAs% 0.59 0.34, 1.10 0.93 0.50, 1.70

MMA% 1.54 0.83, 2.50 2.23 1.10, 3.72

DMA% 1.06 0.74, 1.46 0.62 0.45, 0.92

Abbreviations: ABI, ankle brachial index; CI, confidence interval; DMA, dimethylarsinous acid; HR, hazard ratio;
iAs, inorganic arsenic, MMA, monomethylarsonous acid.

a The model adjusted for sex, age, education, smoking, body mass index, low-density lipoprotein cholesterol, diabetes,
hypertension, estimated glomerular filtration rate, study center, and the sum of inorganic and methylated arsenic species.

b The model further adjusted for DMA% or MMA%.
c The model further adjusted for DMA% or iAs%.
d The model further adjusted for MMA% or iAs%.
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Humans metabolize inorganic arsenic (arsenate and arse-
nite) to methylated compounds, predominantly MMA and
DMA, which are largely excreted in urine together with inor-
ganic arsenic (48, 49). In human populations, the average dis-
tribution of arsenic metabolites in urine is approximately
10%–30% inorganic arsenic, approximately 10%–20% MMA,
and approximately 60%–80% DMA (48). However, substan-
tial interindividual variation is found in the distribution of uri-
nary arsenic metabolites, and these differences in arsenic
methylation have been associated with differential risks of
skin lesions, cancer, and CVD in several exposed populations
(11, 12). The first studies on arsenic metabolism and cardio-
vascular outcomes, most of them conducted in Taiwan,
showed adverse health effects of incomplete methylation and
increased levels of MMA (31, 32). Recent data, however,
show that higher DMA%, a metabolic profile related to higher
methylation efficiency, can also be related to adverse health ef-
fects. Specifically, higher DMA% has been related to higher
body mass index and obesity in several studies (19, 50), as
well as to incident diabetes in the SHS (35).

Many of the studies showing increased CVD risk with
incomplete methylation and increased MMA% were con-
ducted in populations with very high levels of inorganic arse-
nic exposure (51). In contrast, at low-to-moderate levels of
exposure in the current study, we observed a stronger rela-
tionship between DMA% and ABI >1.4. Consistent with our
findings, a stronger association between DMA and CVD

mortality was observed in a recent analysis from the SHS. In
this study, however, MMA also displayed a statistically sig-
nificant positive association with CVD (9). Because that
study used only a traditional approach to evaluate arsenic
metabolism and not the leave-one-out approach, it is difficult
to interpret the stronger association of both higher MMA%
and DMA% with CVD (9). Evidence from the Strong Heart
Family Study (an ancillary study to the SHS) and other popu-
lations has shown that arsenic metabolic patterns are related
to variants in the arsenite methyltransferase gene (AS3MT),
which codes for arsenic (III) methyltransferase, the main
enzyme methylating inorganic arsenic (52, 53), and perhaps
genetic variants in other genes (52). It is possible that our
interaction with arsenic metabolism reflects increased suscep-
tibility to the health effects of arsenic exposure, particularly
ABI >1.4 in our study population, possibly for genetic rea-
sons. Unfortunately, we currently do not have genotyping
information for AS3MT in the initial SHS cohort, and the
possibility of an effect of gene-arsenic interactions on PAD
risk cannot be evaluated at this time. Given the high burden
of ABI >1.4 in our study population and the higher arsenic
exposure levels in SHS communities compared with other
US populations, the interplay between genetics, metabolism,
and arsenic exposure for disease development, particularly
for ABI >1.4, warrants evaluation.

Although the interaction with type 2 diabetes was not sig-
nificant, in the current analysis and in an earlier paper from

Table 4. Hazard Ratiosa for Ankle Brachial Index >1.4 Among Selected Subgroups of Participants in the Strong Heart Study, Comparing the
80th Percentiles of Inorganic and Methylated Urinary Arsenic Concentrations and DMA% With the 20th Percentiles, 1989–1999

Subgroup No. of Cases No. of Noncases
∑As Concentration DMA%b

HR 95% CI Pinteraction HR 95% CI Pinteraction

Overall 201 2,672 1.37 0.87, 2.21 2.23 1.10, 3.72

Sex

Male 103 1,043 1.30 0.75, 2.16 0.44 2.51 1.20, 4.33 0.39

Female 98 1,629 1.66 0.93, 3.36 1.85 0.76, 3.71

Location

North or South Dakota 62 912 1.18 0.63, 1.88 0.32 2.03 0.92, 3.71 0.38

Oklahoma 67 875 2.46 0.95, 5.01 1.95 0.75, 3.93

Arizona 72 885 1.17 0.55, 2.74 3.53 1.41, 7.71

Type 2 diabetes 0.90

No 83 1,456 1.12 0.66, 2.00 0.11 2.20 1.01, 4.41

Yes 118 1,216 1.88 1.09, 3.57 2.42 1.04, 4.24

DMA%

Less than median 98 1,338 1.05 0.58, 1.90 0.09

Median or higher 103 1,334 2.23 1.10, 4.63

Arsenic, µg/g 0.24

Less than median 94 1,341 1.71 0.70, 3.58

Median or higher 107 1,331 2.68 1.30, 4.99

Abbreviations: CI, confidence interval; DMA, dimethylarsinous acid; HR, hazard ratio; ∑As, sum of inorganic and methylated arsenic species.
a The model adjusted for sex, age, education, smoking, body mass index, low-density lipoprotein cholesterol, diabetes, hypertension, esti-

mated glomerular filtration rate, and study center.
b The model further adjusted for ∑As and percent inorganic arsenic.
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the SHS (9), inorganic arsenic exposure had a stronger associ-
ation with CVD in participants with type 2 diabetes than in
those without it. Patients with type 2 diabetes appear more
susceptible to the effects of some environmental exposures,
including cadmium (54) and particulate emissions (55, 56),
and may represent an important high-risk population in which
to examine the CVD risks of environmental exposures.
Recent epidemiologic evidence suggests that conditions asso-
ciated with increased risk of type 2 diabetes, such as obesity
and higher body mass index, are also associated with higher
levels of urinary DMA% (50), which in the current analysis
was more strongly associated with risk of ABI >1.40 than
was total inorganic arsenic or MMA%. However, because the
interactions in the current study were not significant, these
comments should be considered cautiously.

In the current study, the associations between arsenic expo-
sure and incident PAD differed for ABI <0.9 versus ABI
>1.4. Specifically, we observed an inverse (though not signif-
icant) and somewhat J-shaped relationship between ∑As and
PAD defined as ABI <0.9. In comparison, throughout the
range of DMA%, there was a nearly linear relationship with
PAD for both ABI <0.9 and ABI >1.4 (Figure 2). The incon-
sistency of the association between inorganic arsenic and
PAD defined as ABI <0.9 was an unexpected finding given
the pathology of PAD among highly exposed persons in
southwestern Taiwan (6, 7).

It is known that occlusive PAD defined as ABI <0.9 is
highly prevalent among patients with medial arterial calci-
nosis defined as ABI >1.4 (22). However, measures for
diagnosing concomitant occlusive PAD (e.g., toe-brachial
index or Doppler waveform analyses) among participants
with ABI >1.4 were not available. Therefore, we cannot
exclude the possibility that an association exists between
low-to-moderate arsenic exposure and occlusive PAD that
we were unable to detect because of concomitant medial
arterial calcinosis.

Other potential explanations include competing risk of
other adverse health outcomes for participants with ABI
<0.9 or the potential for differential effects of inorganic arse-
nic by exposure level. It is also possible that the near-
significant finding of a protective effect for low ABI may
reflect vascular stiffening masking underlying PAD, leading
to a falsely normal ABI. Some persons with a normal ABI
may have abnormal Doppler waveform patterns and a CVD
risk similar to those with ABI <0.9 (57), which could not be
evaluated in this study because Doppler waveform analyses
were not available. However, prior studies have shown that
ABI <0.9 or ABI >1.4 poses a greater risk of incident CVD
than a normal ABI between 0.9 and 1.4 (22, 58), and this
suggests that undetected PAD among participants with a nor-
mal ABI is unlikely to significantly alter our results. It is also
possible that the difference in association between exposure
to inorganic arsenic and ABI <0.9 versus ABI >1.4 is due to
nonatherosclerotic vascular effects of arsenic that alter arte-
rial function but do not cause vessel narrowing. Earlier re-
ports suggested that high levels of inorganic arsenic were
associated with nonatherosclerotic vascular diseases such
as blackfoot disease and thromboangitis obliterans (7, 8).
While these findings may not be applicable to the evaluated
endpoints and low-to-moderate arsenic exposure levels

examined in this study, they provide evidence of the
potential nonatherosclerotic vascular effects of arsenic
exposure. Murine models have demonstrated disorganized
collagen formation and decreased elastin production in the
arteriolar walls of mice treated with environmentally rele-
vant concentrations of inorganic arsenic (59). It is unknown
whether these pathological changes in a model system are
analogous to the incompressible distal arteries with ABI
>1.4 from inorganic arsenic exposure and DMA% observed
in this study. These findings suggest that further study of
the atherosclerotic and nonatherosclerotic vascular effects
of low-to-moderate arsenic exposure is needed.

Our study had some limitations. The SHS used right bra-
chial artery systolic blood pressure to calculate ABI (16),
whereas recent scientific statements on PAD ascertainment
have recommended measurement of bilateral brachial artery
pressure (22). While the use of unilateral brachial artery blood
pressure may have introduced measurement error in the
assessment of PAD in the SHS, this error probably would
have biased the relationship between arsenic and PAD
towards the null and potentially obscured our ability to detect
an association. Moreover, the use of right-arm brachial artery
systolic pressure alone is well established, and this method
has been used for all measurements of PAD in the National
Health and Nutrition Examination Survey (60, 61). Addition-
ally, the coefficients of variation reported in the literature for
ABI calculated using the right arm versus ABI calculated
using bilateral brachial artery systolic pressure are similar
(22). Therefore, it is unlikely that the difference in methodol-
ogy between the brachial artery pressure assessment used in
the SHS and recent scientific statements would significantly
alter our findings.

Additionally, we lacked data on the intra- and interob-
server validity of brachial and ankle blood pressure measure-
ment for ABI calculation in the SHS. However, the SHS
cohort is a well-described and well-tested cohort (15, 62),
with multiple published articles on the assessment of blood
pressure (62, 63), CVD risk (63), and PAD (17, 21). PAD in
the SHS is associated with CVD risk factors of the expected
magnitude and direction, which makes it less likely that ques-
tions of observer validity would undermine the additional
findings from this prospective cohort study.

As noted, occlusive PAD defined as ABI <0.90 is highly
prevalent among patients with medial arterial calcinosis
defined as ABI >1.40, and additional measurements to detect
concomitant occlusive PAD among patients with ABI >1.4,
as recommended in current guidelines (22), were not col-
lected in the SHS. However, the ascertainment of ABI >1.4
in the SHS is consistent with the methodology from another
large observational population study (64). Together, these
studies have suggested an increased risk of mortality and
CVD for ABI >1.4 (17, 64). We measured urinary arsenic
levels in a single sample at baseline, and individual levels in
drinking water were unavailable (9). However, arsenic levels
in public and private water supplies have been shown in mul-
tiple studies to be stable over time (28, 65). Our results were
robust to adjustment for education, smoking, and other CVD
risk factors, although we cannot discard the possibility of
unmeasured confounding. We also demonstrated good tem-
poral stability of markers of arsenic exposure in our study
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population (9). The high burden of diabetes mellitus and obe-
sity, as well as mortality due to cardiovascular and noncar-
diovascular causes in the American Indian population
studied, needs to be considered (16, 66, 67). Generalizability
to other populations with different CVD risk factor profiles,
such as a lower burden of type 2 diabetes, is unknown,
although arsenic toxicity pathways appear to be common
across human populations.

Strengths of the current study include the use of high-
quality data collection methods and standardized surveillance
for incident PAD outcomes over a long follow-up period
(15) and the use of rigorous laboratory methods for measur-
ing concentrations of urinary arsenic species (26). Urinary
arsenic measurements integrate all sources of exposure at the
individual level, including water and food, and are an excel-
lent biomarker of internal dose (9, 68). The SHS uses a spe-
cialized model for compositional data to assess the health
effects of different arsenic metabolites that takes into account
their interrelatedness (35). Other methods to evaluate arsenic
metabolism—for instance, based on the analysis of composi-
tional data (69, 70)—could be developed for future studies.
Furthermore, our study contributes to characterization of the
association between inorganic arsenic exposure, a common
environmental exposure, and PAD risk in American Indian
populations, an understudied ethnic group.

In summary, we found a nearly linear relationship of low-
to-moderate inorganic arsenic exposure, as measured in ur-
ine, with incident ABI >1.4 but not with ABI <0.9. These
findings support the vasculotoxic effects of arsenic on the
lower extremities at low-to-moderate levels of inorganic arse-
nic exposure. Our results suggest that a metabolic profile
characterized by increased methylation efficiency may in-
crease the vascular toxicity of arsenic exposure, but addi-
tional studies of interindividual differences in the relationship
between arsenic methylation and vascular outcomes are
needed in other populations. Our findings of increased risk of
an ABI greater than 1.4 for low-to-moderate inorganic arsenic
exposure, together with previous findings from our research
group and others on cardiovascular and cerebrovascular
effects of arsenic exposure, highlight an unmet need for
studies of strategies and novel treatment pathways to reduce
the risk of CVD due to inorganic arsenic exposure and other
environmental exposures.
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