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Abstract: Many protocols have been used in clinical and research settings for collect-

ing systolic blood pressure (SBP) measurements to calculate the ankle–brachial index

(ABI); however, it is not known how useful it is to replicate measurements and which

measures best reflect cardiovascular risk. Standardized measurements of ankle and

arm SBP from 5140 overweight or obese individuals with type 2 diabetes were used

to estimate sources of variation. Measurement characteristics of leg-specific ABI, as

calculated using a standard algorithm based on the highest SBP of the dorsalis pedis

or posterior tibial arteries, were projected using simulations. Coefficients of variability

ranged from 2% to 3% when single SBP measurements were used and ABI was over-

estimated by 2–3%. Taking two SBP measurements at each site reduced standard

errors and bias each by 30–40%. The sensitivity of detecting low ABI ranges exceeded

90% for ABI within 0.05 of the 0.90 clinical cut-point. The average and the minimum of

the two (i.e. right and left) leg-specific ABI values had similar U-shaped relationships

with Framingham risk scores; however, the average leg ABI had slightly greater preci-

sion. Replicating SBP measurements reduces the error and bias of ABI. Averaging

leg-specific values may increase power for characterizing cardiovascular disease risk.
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Introduction

The ankle–brachial index (ABI) is a hemodynamic
measure commonly used to make the diagnosis of
peripheral artery disease (PAD).1–3 In the clinical
setting, the ABI is calculated separately for each
leg and the lower of the two leg-specific ABI values
(derived from the highest of the dorsalis pedis versus
posterior tibial artery pressures in each ankle) serves
as the basis for diagnosis. Individuals with an ABI
value < 0.90 in either leg are considered to have
PAD.2

ABI not only can be used to diagnose PAD, but is
also an independent marker of systemic cardiovas-

cular disease (CVD).4–9 There is a growing aware-
ness that both low (<0.90) and high values (>1.30)
are associated with increased risk of cardiovascular
events9,10 and cardiovascular disease mortality may
be doubled among individuals with elevated ABI
compared to those with mid-range ABI4 (however,
additional testing in such individuals may be
required to confirm the presence of PAD). It is not
clear how the ABI should best be calculated when
used as a predictor of cardiovascular risk. Use of the
lower of the two leg-specific ABI values ignores
information from the ABI in the other leg. The
total burden of atherosclerosis in a particular indi-
vidual may be better described by accounting for the
ABI values in both legs (herein defined as the aver-
age leg ABI).
This manuscript uses standardized systolic blood

pressure (SBP) measurements collected from a large
cohort to examine measurement issues with ABI.
The measurement properties of leg-specific ABI
for diagnosing PAD are examined. For this pur-
pose, of interest are its variability (standard error),
bias, and sensitivity and specificity at key cut-
points, and the value of replicating SBP measure-
ments. How ABI performs as a marker of CVD
risk is then considered by comparing the minimum
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versus the average of leg-specific ABIs (average leg
ABI). For this purpose, of interest are its standard
error and associations with cardiovascular risk
(which are portrayed using Framingham risk
scores).

Methods

Study design
The Action for Health in Diabetes (Look AHEAD)
is a multi-center randomized clinical trial that
enrolled 5145 overweight or obese volunteers with
type 2 diabetes between June 2001 and March
2004.11 Participants will be followed for up to 11.5
years to assess the long-term effects on CVD out-
comes of an intensive lifestyle intervention program
designed to achieve and maintain weight loss by
decreased caloric intake and increased physical
activity. The comparison intervention consists of
diabetes support and education.12

At enrollment, a Look AHEAD participant was
aged 45–76 years and had a body mass index
≥ 25 kg/m2, or ≥ 27 kg/m2 if on insulin. Other inclu-
sion requirements included a source of medical care,
blood pressure < 160/100 mmHg (treated or
untreated), HbA1c < 11%, plasma triglycerides
< 8.0 mmol/l (600 mg/dl), and willingness to accept
random assignment. Potential volunteers judged to
be unlikely to be able to carry out the components of
the weight loss intervention were excluded.

Data collection protocol for cardiovascular disease
risk factors
Standardized interviewer-administered question-
naires were used to obtain data on demography
and medical history. History of cardiovascular dis-
ease was defined by self-report of prior myocardial
infarction, stroke, coronary or lower extremity
revascularization, carotid endarterectomy, or coro-
nary bypass surgery. For calculating body mass
index (ratio of weight to height squared), weight
was measured in replicate on a digital scale and
standing height was determined in replicate with a
standard stadiometer. Seated blood pressure was
measured in replicate with an automated device
using a common protocol and certified staff. Three
different sized cuffs were available; staff were
trained to select the cuff whose width approximated
40% of the limb circumference. Hypertension was
defined as SBP ≥ 140 mmHg, diastolic blood pres-
sure ≥ 90 mmHg, or use of anti-hypertensive medi-
cations. Hyperlipidemia was defined as LDL-
cholesterol > 3.37 mmol/l (130 mg/dl) or use of
lipid-lowering medications. From these measures,
estimates of the 1-year risk of CVD events were cal-

culated using equations developed in the Framing-
ham study.13

Ankle–brachial blood pressure measurement
protocols
Look AHEAD transitioned through three measure-
ment protocols in an effort to balance the need to
streamline ABI data collection with that of replicat-
ing SBP measurements. The most labor-intensive
protocol involved three replicate SBP measure-
ments at the right arm, left arm, right dorsalis
pedis, right posterior tibial, left dorsal pedis, left
posterior tibial, and a repeat of the measurements
from the original arm (a total of 18 separate mea-
surements). A second protocol involved two repli-
cate measurements from the right arm, left arm,
right dorsalis pedis, right posterior tibial, left dorsa-
lis pedis, and left posterior tibial (12 total measure-
ments). The final and current protocol involves a
single measurement at the right arm, left arm,
right dorsalis pedis, right posterior tibial, left dorsa-
lis pedis, and left posterior tibial, and a replicate
measure at the arm with the highest initial SBP
(seven total measurements). The measurement pro-
tocols were used in successive cohorts of enrollees;
data from these cohorts were pooled for analysis.
Measurements were obtained by trained and certi-
fied study personnel using a continuous wave Dop-
pler with a 5–8 mHz probe for ankle pressures and a
standard mercury sphygmomanometer for brachial
pressures.
We asked whether replication of SBP measure-

ments is materially useful for reducing measurement
error and bias.We thus contrasted three approaches:

Approach 1: replicate SBP measurements at both
arms and all ankle sites.
Approach 2: single SBP measurement at both
arms and all ankle sites.
Approach 3: single SBP measurement at all sites
with replication of the highest arm SBP

Approach 3 corresponds to the current Look
AHEAD protocol. The rationale for replicating
only an arm, rather than an ankle measurement, is
that the two different ankle sites already provide
some measure of replication.

ABI measures
As indicated in Table 1, leg-specific ABI was calcu-
lated according to a standard algorithm reported in
guidelines from the American Heart Association
(AHA),2 in which the ABI for each leg equals the
ratio of the higher of the two ankle SBP measure-
ments (posterior tibial versus dorsal pedis) divided
by either the average of the right and left brachial
artery pressures or, if there is a discrepancy
≥ 10 mmHg in SBP values between the two brachial
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values, the higher of the two brachial values. The
ABI from this algorithm is then defined as the
lower of the right and left leg-specific ABIs. Average
leg ABI is calculated as the average of the right and
left leg-specific ABIs. We define ‘true ABI’ as its
value if there are no SBP measurement errors.

Statistical analysis
We estimated the sources of variance in underlying
SBP measurements, using models detailed in the
Appendix. Variance arises from differences between
replicate measurements taken on the same site and
underlying differences in SBP between arms and
among ankle sites. Because the model was fitted
using Bayesian methodology, we report posterior
medians and credible intervals (rather than confi-
dence intervals) for our estimates.14

We examined how measurement error in SBP
translates to variance and bias in calculated leg-
specific ABI and for the average and minimum of
the two leg-specific ABIs, as defined in Table 1. To
simplify matters, we considered the special case in
which, except for measurement error, SBP did not
vary between arms and between ankle sites. When
this occurs, differences among leg-specific ABI
values (minimum and maximum leg-specific ABI
values) are solely due to this measurement error.
We used simulations (n = 10,000) to characterize

the bias and standard error of leg-specific ABI for
each of the three measurement approaches. We also
examined how this measurement error translated to
the sensitivity and specificity of leg-specific ABI at
cut-points of ABI < 0.90 or > 1.30 for the true ABI.
In this context, sensitivity and specificity portray
how well the ABI measurement corresponds to the
true ABI value; they do not reflect how well ABI

corresponds to PAD, which cannot be determined
from our simulations without a gold standard. The
distribution of Framingham risk scores of Look
AHEAD participants was portrayed across the
range of minimum and average ABI, using spline
regression. Finally, we used simulations to charac-
terize the standard errors of minimum leg-specific
ABI and average leg ABI.

Results

This report is based on results from the n = 5140
participants who provided at least one SBP mea-
surement at both an arm and ankle site at baseline:
n = 341 (Protocol 1), n = 540 (Protocol 2), and
n = 4259 (Protocol 3). These comprise 99.9% of
the n = 5145 Look AHEAD participants. Leg-
specific ABIs had a mean of 1.17, standard devia-
tion of 0.13, and range of 0.61–2.69. Average leg
ABIs had a mean of 1.14, standard deviation of
0.10, and range of 0.69–1.95. Table 2 summarizes
the distribution of CVD risk factors among these
participants.
Estimates for sources of variability among SBP

measurements from Look AHEADwere as follows.
The standard deviation between replicate measure-
ments of SBP (pooled across the brachial and ankle
sites) was 3.16 mmHg, with a 95% credible interval
[3.11, 3.20]; estimates from the separate sites were
comparable, i.e. the measurement error did not
appear to vary among sites. The standard deviation
of SBPs between arms of the same individual (after
accounting for measurement error) was 5.16 [5.03,
5.31] mmHg. Standard deviations of SBPs between
ankle sites were greater: 11.21 [11.00, 11.43] mmHg
at the dorsal pedis and 10.40 [10.20, 10.26] mmHg at
the tibialis posterior. Brachial SBP (pooled across
arms) was estimated to average 132.7 [132.3,
133.2] mmHg and have a standard deviation of
14.97 [14.67, 15.30] mmHg among individuals.
We used the estimated standard deviation for rep-

licate measurements to project (via simulation) the
statistical properties of leg-specific ABIs from the
three approaches (Figure 1). The standard error
depends on the true ABI value, nearly doubling as
it ranges from 0.80 to 1.60. Replicate SBP measures
(Approach 1) reduce standard errors by 30–40%
compared to single measures (Approach 2). Repli-
cating only the highest arm SBP (Approach 3)
reduces standard errors by 10–15%, compared to
single measures. The coefficients of variation for
ABI measures range from 2.2% to 1.3% (replica-
tion) and 3.1% to 2.2% (single measurement) across
the ABI range.
By focusing on the maximum of SBP ankle mea-

surements, the AHA algorithm tends to

Table 1 List of terms used in this manuscript

Leg-specific ABI
ABI calculated according to the American Heart
Association algorithm2 for an individual leg. This is the
ratio of the higher of the two ankle SBP measurements
(posterior tibial versus dorsal pedis) divided by either
the average of the right and left brachial artery
pressures, or if there is a discrepancy then the higher
of the two brachial values. When replicate
measurements are taken at sites, their average is used
for the site-specific SBP.

Minimum ABI
Lowest of two leg-specific ABIs.
Average leg ABI
Average of two leg-specific ABIs.
True ABI
Value that ABI would take on if there were no SBP
measurement error: in the special case in which there
are no differences in the underlying SBP between
arms and among ankle sites, the true leg-specific,
minimum, and average ABI are identical.
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overestimate the true value due to measurement
error. Figure 2 portrays the expected bias of leg-
specific ABI, which increases as the true ABI
increases. Replicating SBP measurements
(Approach 1) yields lower bias (ranging from 1.8%
to 1.3%); there is little difference in the bias between
approaches 2 and 3 (which range from 2.8% to
1.8%).
The standard errors and biases affect the sensitiv-

ity and specificity of leg-specific ABI for detecting
low (<0.90) and high (>1.30) ABI, as examined in
Figure 3. Sensitivities and specificities rise quickly
and exceed 90% when the true ABI is further than
0.05 units from these cut-points, with or without
replication of SBP measurements. Because of
greater bias, single measurement of SBP yields rela-

tively less sensitivity and greater specificity for
detecting low ABI compared to replicate measure-
ment. Correspondingly, it yields relatively less spec-
ificity and greater sensitivity for detecting high ABI.
Replicating a single SBP (Approach 3) yields inter-
mediate sensitivities and specificities (not shown).
Figure 4 portrays the association that minimum

and average ABI values had with the 1-year Fra-
mingham cardiovascular disease risk estimates of
the Look AHEAD cohort. For both ABI measures,
scores tended to be greatest for lower ABI, but were
also elevated for higher ABI. The nadirs of relation-
ships were for ABI between 1.00 and 1.20. Because
the minimum ABI never exceeds the average ABI,
its risk factor relationships were shifted slightly
toward lower ABI.

Table 2 Baseline cardiovascular risk factors for 5140
Look AHEAD participants

Cardiovascular disease
risk factor subgroup

n (%)

Sex
Female 3062 (59.6)
Male 2078 (40.4)

Age, years
45–54 1241 (24.1)
55–64 2847 (55.4)
65–75 1052 (20.5)

Hypertension
Yes 4328 (84.2)
No 812 (15.8)

Hyperlipidemia
Yes 3528 (68.6)
No 1612 (31.4)

Cigarette smoking
Never 2573 (50.2)
Former 2325 (45.4)
Current 228 (4.4)

Years with Type 2 diabetes
<5 2390 (46.5)
5–9 1399 (27.2)
10+ 1351 (26.3)

Cardiovascular disease history
Yes 720 (14.0)
No 4420 (86.0)

Body mass index, kg/m2

25–29 765 (14.9)
30–34 1815 (35.3)
35–39 1411 (27.5)
≥40 1148 (22.3)

Insulin use
Yes 972 (19.2)
No 4097 (80.8)

HbA1c
<7.0% 2356 (45.8)
7.0–8.9% 2301 (44.8)
9.0–10.9% 483 (9.4)

Framingham 1-year risk of
cardiovascular disease events
0.0–0.01 2325 (46.9)
0.01–0.03 1623 (32.8)
0.03–0.2 1008 (20.3)

Figure 1 Standard error of leg-specific ABI from the
three approaches across the range of ABI. Summary: for
higher ABI, its variability due to measurement error is
increased. Replicating SBP measurements (Approach 1)
reduces variability.

Figure 2 Expected bias of leg-specific ABI: from the
three approaches and across the range of underlying
ABI. Summary: ABI calculated by the AHA algorithm
tends to overestimate its true value. Replicating SBP
measurements (Approach 1) reduces bias.
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Figure 5 portrays the standard errors of mini-
mum and averaged ABI based with (Approach 1)
and without (Approach 2) replicating SBP mea-
sures. Standard errors increase with ABI. Replicat-
ing SBPmeasurement reduces the standard errors of
both minimum and average ABI by 30–50%. Aver-
age ABI has slightly lower standard error than min-
imum ABI. Replicating a single SBP measurement
(Approach 3) produces intermediate results (not
shown).

Discussion

Assessments of ABI have proven clinical impor-
tance for detecting PAD and assessing overall car-
diovascular risk;2 however, all such measures have
inherent error. It is important to understand the dis-
tributions of ABI error in order to interpret findings

appropriately. We project that leg-specific ABI
measures, developed from a standard protocol
involving single SBP measurements by centrally
trained staff, have standard errors of about 0.025
near the established cut-point of 0.90 for diagnosing
PAD. The associated 95% confidence interval has a
width of 0.10 units. Standard errors increase with
higher ABI and are about 40% greater when the
ABI is 1.60. Replicating SBP measurements reduces
ABI standard errors by 30–40% and also reduces the
rate at which errors increase with underlying ABI.
Replicating a single SBP measurement (e.g. the
maximum arm SBP) reduces the standard error
slightly compared to no replication. While this
increased precision may have little impact on the
diagnosis of individual patients, it may translate to
additional power in research studies.
The AHA algorithm typically overestimates the

underlying ‘true’ ratio of ankle to arm blood

Figure 3 Expected sensitivity and specificity of leg-specific ABI for classifying individuals with respect to underlying
ABI at cutpoints of < 0.90 (Panel A) and > 1.30 (Panel B) with (Approach 1) and without (Approach 2) replicate SBP mea-
surements. Summary: when the value of ABI is more than 0.05 units from the clinical cutpoints of 0.90 and 1.30, it reli-
ably distinguishes patients with low and high ABI.

Figure 4 Distribution of Framingham 1-year risk scores
across the distribution of average and minimum ABI
values. Summary: cardiovascular disease risk scores are
elevated for both low and high ABI.

Figure 5 Standard error of minimum and average ABI
with (Approach 1) and without (Approach 2) replication
of SBP measurements. Summary: averaging ABI values
from the right and left legs reduces standard error.

Measurement of ankle–brachial index 229

Vascular Medicine 2008; 13: 225–233



pressures. The absolute magnitude of the expected
bias for individual-specific ABI increases with
underlying ABI and depends on whether SBP mea-
surements are replicated. Without replication, bias
ranges from approximately 0.022 to 0.030 for ABI
from 0.8 to 1.6. With replication, bias ranges from
0.015 to 0.020 across this range. Published cut-
points for leg-specific ABI, which are primarily
based on the AHA algorithm, likely reflect these
biases. Other algorithms for computing ABI are in
current use, such as always using the higher of the
two arm SBPs. For the case we examine in which
differences in SBP measurement arms are solely due
to measurement error, this approach tends to over-
estimate arm SBP and thereby reduce the biased
overestimate of ABI. However, it increases standard
error. For example, at ABI = 0.90, Approach 2 (sin-
gle SBP measurements) has about half the bias of
the AHA algorithm but 40% greater standard error.
Alternatively, ABI estimated using model-based

approaches would be expected to have less bias;
however, these would be difficult to implement for
individuals in clinical settings and are likely to be
useful only for research studies. Models, such as
detailed in the Appendix, can be extended to include
relationships between ABI and risk factors, and fit-
ted to provide characterizations that would be
expected to have better statistical properties. Indi-
vidual ABI estimates (as random effects terms)
may also be used, in a two-stage approach, to char-
acterize relationships in separate regression
analyses.15
We have explored the sensitivity and specificity of

ABI measurements for detecting both low and high
ABI. We have considered situations in which there
are no underlying differences in mean SBP between
arms or among ankle sites, so that the only differ-
ences between right and left leg-specific ABIs are
due to measurement error. Sensitivities and specifi-
cities exceed 90% for detecting both low and high
ABI when it is 0.05 units or greater away from
established cut-points. By reducing bias, replicating
SBP measurements increases sensitivity for detect-
ing low ABI and specificity for ruling out high ABI.
Minimum and average ABI had similar relation-

ships with the Framingham risk scores of Look
AHEAD participants, suggesting that cardiovascu-
lar risk was elevated for both low and high ABIs.
The standard error of average ABI is slightly less
than minimum ABI, which may translate to slightly
greater power for detecting risk factor relationships.
Replicating SBP measurements translates to much
greater precision and thereby would be expected to
have more marked benefits for improving power.
Our findings may be limited by the nature of

Look AHEAD participants and it is possible that
measurement characteristics may differ in other
cohorts, such as individuals without diabetes. For

simplicity, we have not examined situations in
which SBP varies between arms or among ankle
sites. In such cases, differences in leg-specific, mini-
mum, and maximum ABI are no longer solely due
to measurement error. Relationships with Framing-
ham risk scores may not accurately reflect true risk;
follow-up of the Look AHEAD cohort will be used
to examine the relationships that ABI has with inci-
dent cardiovascular outcomes.
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Appendix
We defined overall ABI for individual ‘i’ be λi and
assumed that brachial SBPs for this individual were
centered at mean θi, with random effects for arm
(αij) and replicate measurements (ρAk) that followed
Gaussian distributions of N(0,σ2α) and N(0,σ2ρ(α)),
respectively. We also assumed that ankle SBPs were
centered at mean λiθi, with random effects for ankle
site (βij) and replicate measurements (ρBk) that were
drawn from the Gaussian distributions N(0,σ2β) and
N(0,σ2ρ(β)), respectively. If xijk denotes a single SBP
measurement, these assumptions set the expected
value of brachial, posterior tibial, and dorsal pedis
artery SBP measurements to be, respectively:

E[xijk] = θi + αij + ρAk where j = 1,2 denotes the right
and left brachial artery site

E[xijk] = λi θi + βij + ρBk where j = 3,4 denotes the
right and left posterior tibial artery site

E[xijk] = λi θi + βij + ρBk where j = 5,6 denotes the
right and left dorsal pedis artery site.

Subscript k = 1, 2, or 3 denotes the first, second,
or (only in Protocol 1) third replicate measurement
by Look AHEAD at each site. The assumption that
SBP measurement error was equal at arm and leg
sites (σ2ρ(α) = σ2ρ(β)) was supported by the data.
We used the standard Bayesian algorithm of

Gibbs sampling,14 which provided flexibility for
exploring different distributions for λi and, given
the facility of this approach for addressing missing
data, allowed SBP measures from the three different
Look AHEAD protocols to be easily accommo-
dated. All models were fitted with the Bayesian
Inference Using Gibbs Sampling (BUGS) software
package.16 Non-informative priors were assumed
for each of the underlying parameters. After a
‘burn-in’ phase during which 5000 samples were dis-
carded, the next 5000 samples were used to estimate
the posterior distribution for parameters. Analyses
were re-run from a range of starting points, which
yielded congruent results. From graphical inspec-
tion of the sequential samples, it appeared that the
estimation process was stationary and that 5000
runs were sufficient to provide stable estimates.
The medians of these posterior distributions were
reported as point estimates. The 95% equal-tail
credible intervals were also reported, which are
roughly analogous of 95% confidence intervals.
We used simulation-based estimates generated

from these analyses to examine how the SBP mea-
surement error (i.e. σ2ρ(α) and σ2ρ(β)) affects observed
ABI. For consistency, we focused on the special case
in which there were no differences between arms and
among ankle sites: αij = βij = 0 or all i and j.
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