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he ankle-brachial index (ABI) is the ratio of the systolic

blood pressure (SBP) measured at the ankle to that mea-
sured at the brachial artery. Originally described by Winsor! in
1950, this index was initially proposed for the noninvasive
diagnosis of lower-extremity peripheral artery disease (PAD).23
Later, it was shown that the ABI is an indicator of atheroscle-
rosis at other vascular sites and can serve as a prognostic marker
for cardiovascular events and functional impairment, even in the
absence of symptoms of PAD.4-¢

Rationale for Standardization of the ABI
The current lack of standards for measurement and calculation of
the ABI leads to discrepant results with significant impact from
clinical, public health, and economic standpoints. Indeed, the
estimated prevalence of PAD may vary substantially according
to the mode of ABI calculation.’ In a review of 100 randomly
selected reports using the ABI, multiple variations in technique
were identified, including the position of the patient during
measurement, the sizes of the arm and leg cuffs, the location of
the cuff on the extremity, the method of pulse detection over the

brachial artery and at the ankles, whether the arm and ankle
pressures were measured bilaterally, which ankle pulses were used,
and whether a single or replicate measures were obtained.'”

There is controversy about what ABI threshold should be
used to diagnose PAD. The ABI threshold most commonly
used is =0.90 based on studies reporting >90% sensitivity
and specificity to detect PAD compared with angiography.??3
These studies were limited in that they included mostly older
white men with PAD or who were at high risk for PAD and
compared them with a younger healthy group. A recent meta-
analysis of 8 studies of diverse populations, including diabetic
patients, confirmed a high specificity but lower sensitivity (at
best <80%) than that reported in earlier studies.!!

Similar to other vascular markers such as carotid intima-
media thickness!? or coronary artery calcium score,! stan-
dardization of the techniques used to measure the ABI and the
calculation and interpretation of its values is necessary.

Aims and Scope
The goals for this document are to provide a comprehensive
review of the relevant literature on the measurement of the
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ABI, to provide recommendations for a standardized method
to determine the ABI, to provide guidance on the interpreta-
tion of the ABI in the clinical setting, to propose standards for
reporting ABI data in the scientific literature, and to delineate
methodological issues requiring further research.

ABI Terminology

The ABI has also been called the ankle-arm index, the
ankle-brachial blood pressure index, the ankle-arm ratio, or
the Winsor Index. The term ABI was recommended by the
recent American Heart Association Proceeding on Athero-
sclerotic Peripheral Vascular Disease'* on the basis of its
current widespread use in contemporary literature and ac-
cordingly is used throughout this document.

Physiology of the ABI

Why Is SBP Higher in the Ankles Than in

the Arms?

The blood pressure waveform amplifies as it travels distally
from the heart, resulting in a progressive increase in SBP and
a decrease in diastolic blood pressure. The most widely
accepted model used to explain the SBP amplification relies
on retrograde wave reflection from resistant distal arterioles,
which is additive to the antegrade wave.!> Several lines of
evidence indicate that reflected waves occur at various sites
in the vascular bed,'®!'7 with some attenuation along the
arterial system.'$:!> However, the reflected wave is not the
sole explanation for the changes in pressure wave morphol-
ogy.'® In the legs, remodeling of vessel structure occurs,
resulting from increased intraluminal pressure, characterized
by increased wall thickening and unchanged inner radius.?0-2!
The changes in wall thickness resulting from increased
hydrostatic pressure in the lower extremities with walking
(vertical position) occur during the second year of life and
plausibly explain why the ABI is <1.00 in the newborn and
increases to adult values at 2 to 3 years of age.?> Therefore,
both reflected waves and changes in vessel wall thickness and
consequently stiffness contribute to SBP amplification.

Physiological Conditions Affecting the ABI at Rest
Age, height, ethnicity, and even the order of measurement can
affect the ABI. In 2 population studies, the ABI of the right
leg was on average 0.03 higher than that of the left leg.23-2*
This observation may be due to the order of measurements
(usually the right leg first) and the resulting temporal reduc-
tion in systemic pressure over time (white coat attenuation
effect). An increased ABI may be expected with aging as a
result of arterial stiffening. Cross-sectional and longitudinal
population studies indicate that the ABI decreases with age,
probably because of the increased prevalence and progression
of PAD.?3:25

It might be expected that taller people would have higher
ABISs than shorter people as a consequence of the progressive
SBP increase with greater distance from the heart. Indeed, in
populations without clinical cardiovascular disease (CVD),
there is a direct correlation between height and ABI.242¢
In the Multi-Ethnic Study of Atherosclerosis (MESA), how-
ever, the adjusted contribution of height to ABI was negligi-
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ble, <0.01 higher for every 20-cm height increase, after
accounting for sex, ethnicity, and risk factors.?”

Sex differences in ABI have been reported in many
population studies.?*26-2 Among participants without tradi-
tional CVD risk factors in the San Luis Valley Diabetes
Study,>* the average ABI was 0.07 less in women than in
men. Adjustment for height reduces but does not eliminate
observed differences.?#27-30 After multivariate adjustments,
ABI was 0.02 lower in women than men in a subset of MESA
participants free of PAD and traditional risk factors for
atherosclerosis.?’

Black PAD-free participants in MESA had an ABI 0.02
unit lower than non-Hispanic white counterparts after multi-
variate adjustment,?’ consistent with a previous observation
from the Atherosclerosis Risk in Communities Study
(ARIC).?° Ethnic differences are likely to result from genetic
influences. Carmelli et al*! measured the ABI of monozygotic
and dizygotic pairs of elderly, white, male twins and esti-
mated that 48% of the variability in ABI values could be
attributed to genetic factors. European ancestry was associ-
ated with lower odds for PAD (ABI =0.90) than among
Hispanic and black participants in MESA.32

An inverse relationship between the ABI and heart rate has
been reported in subjects without heart disease’3-** and in
subjects referred to a vascular laboratory.?s In 1 study,** an
increased difference between peripheral and central SBP was
observed during cardiac pacing as heart rate increased from 60 to
110 bpm. With increasing heart rate, the ratio of brachial to
central pressure rose by 0.012 unit for every 10 bpm, whereas
the amplification index (the difference between the first and
second peaks of the central arterial waveform) decreased. This
was attributed to the ejection duration reduction, which causes a
shift of the reflected wave into diastole associated with an
increasing heart rate. In MESA, a population-based study, heart
rate did not correlate with the ABL.?

Because the ABI is a ratio, it is in theory not affected by
factors that raise or lower blood pressure. For example,
changes in blood volume after hemodialysis do not alter the
ABI, despite significant removal of fluid and reduction in
blood pressure.3¢

Overall, all these factors that affect the ABI at an individ-
ual level are minor but may be relevant in large population
studies, especially when the epidemiology of PAD is being
studied.

ABI in Clinical Practice
Background
ABI: A Diagnostic Method for Lower-Extremity PAD

ABI Versus Angiography and Other Imaging Methods
Compared with a variety of imaging methods to determine

the presence of PAD, the diagnostic performance of the ABI
varies according to the population studied, the cutoff thresh-
old, and the technique used to detect flow in the ankle
arteries. Table I in the online-only Data Supplement sum-
marizes these disparities and provides diagnostic perfor-
mances.>>28:37-55 The sensitivity and specificity of the ABI with the
Doppler technique range from 0.17 to 1.0 and from 0.80 to
1.0, respectively. Lower sensitivities (0.53—0.70) are reported
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Table 1. The Diagnostic Performances of the Ankle-Brachial Index Versus Other Methods: Receiver-Operating Characteristic

Curve Analysis

Authors, Year Population Study

Gold Standard

Method for ABI Measurement Area Under the Curve

Lijmer et al,38 441 Patients (PAD suspicion) Angiography limited to 53 patients Doppler Entire limb =50% stenosis:
1996 0.95 (0.02)
Criteria: =50% or occlusion (Higher ankle artery pressure/ Occlusion: 0.80 (0.05)
higher brachial pressure) Aortoiliac =50% stenosis:
0.69 (0.05)
Occlusion: 0.83 (0.05)
Femoral-popliteal =50% stenosis
and occlusion: 0.77 (0.04)
Infrapopliteal =50% stenosis:
0.59 (0.06)
Occlusion: 0.57 (0.07)
Parameswaran 57 Type 2 diabetics with no Doppler waveform analysis Doppler (PT or DP if PT 0.88 (0.80-0.96)
et al,*2 2005 clinical evidence of PAD absent/high)
Guo et al,50 298 Patients (cardiology), PAD in 7% Angiography: 50% stenosis Oscillometry 0.93 (0.87-0.96)
2008
Clairotte 146 Patients (296 limbs), vascular Color duplex Doppler and oscillometry Doppler: 0.87
et al,*8 2009 laboratory (diabetes group, 83) Oscillometric: 0.81 (P=0.006)

ABI indicates ankle-brachial index; PAD, peripheral artery disease; PT, posterior tibial; and DP, dorsalis pedis.

in diabetic patients.*34748 The sensitivities and specificities of
the ABI measured with oscillometric methods vary from 0.29
to 0.93 and from 0.96 to 0.98, respectively. The overall
diagnostic ability may be provided by the receiver-operating
characteristic (ROC) curves. The reported areas under the
ROC curve are higher for ABI measured by Doppler (0.87—
0.95) than that measured with the oscillometric method
(0.80—-0.93; Table 1).38424850 Studies used to determine the
accuracy of the ABI generally included severe cases of PAD
in which arterial imaging was performed after initial ABI
measurements were found to be abnormal. To avoid verifi-
cation bias, Lijmer et al?® estimated the corrected area under

the curve of the Doppler ABI to diagnose >50% angio-
graphic stenosis as very satisfactory (0.95%0.02). Diagnostic
performance was higher for detecting proximal compared
with distal lesions. Using the plethysmographic method to
detect flow, 1 study*® reported a specificity of 0.99 but a
sensitivity of 0.39, and only about half the participants in that
study had isolated occlusive disease of the posterior tibial
(PT) artery.

Data on the optimal ABI threshold for the diagnosis of PAD
are scarce, with different criteria having been used to determine
the optimal ABI cutoff value (Table 2).283840:4548.50.56,57 T older
studies, the lower limit of the 95% confidence interval (CI)

Table 2. Studies Assessing Optimal Ankle-Brachial Index Cutoff for the Diagnosis of Peripheral Artery Disease

Method for Determination of Optimal ABI Cutoff

Authors, Year Study Population Optimal ABI Proposed

Carter,5¢ 1969 Inpatients: 202 diseased limbs, 86 control 95% Confidence limit for limbs 0.97
subjects without PAD

Sumner and Strandness,* 48 Control subjects Normal minus 2 SD (1.08=0.08) 0.92

1979

Bernstein et al,>” Patients with angiographically significant 95% Confidence limit for limbs 0.85

1982 PAD without PAD

Ouriel et al,* 1982 218 PAD patients (56 limbs not tested, 247 ROC curve analysis 0.97

limbs with claudication, 58 with rest pain,
ulcers, or gangrene), 25 control subjects
(<30 y old, no RF, triphasic Doppler waveforms)

Stoffers et al,28 Community and vascular laboratory ROC curve analysis 0.97 (If pretest probability 33%)

1996 0.92 (If pretest probability 50%)

Lijmer et al,?® 1996 441 Inpatients (PAD suspicion) ROC curve analysis 0.98 (Corrected)

Guo et al,50 2008 298 Inpatients, cardiology PAD prevalence ROC curve analysis 0.95
(angiography): 7%

Clairotte et al,*8 146 Patients (296 limbs) undergoing color
2009 duplex (diabetes group, 83), PAD
prevalence: 33% non—diabetes mellitus,
27% diabetes mellitus

ABI indicates ankle-brachial index; PAD, peripheral artery disease; RF, radiofrequency; and ROC, receiver-operating characteristic.

ROC curve analysis 1.00 (1.04 in the absence of

diabetes mellitus)
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ranged from 0.85 to 0.97. Subsequent studies using the ROC
curve recommended a threshold value of either 0.97 or
0.92.41:45.56 Clairotte et al*® reported a cutoff value between
1.00 and 1.04 for people with and without diabetes mellitus,
with slightly higher values recommended for the oscillomet-
ric method than the Doppler technique. Serial ABI measure-
ments can influence the optimal threshold value for detecting
PAD. In a study based on ROC curve analysis, Stoffers et al?®
proposed a cutoff value of 0.97 for a single measurement and
of 0.92 for 3 measurements. They argued that the optimal
cutoff might be influenced by population characteristics and
disease prevalence.?® From a bayesian perspective, the opti-
mal cutoff for identifying PAD patients depends on the
pretest probability of PAD. The pretest probability is based
on multiple clinical parameters, including the presence, char-
acteristics, and intensity of symptoms; the presence of CVD
risk factors; and other information derived from the medical
history and physical examination. Although an ABI =0.90
remains the most common and consensual threshold, this
value should not be considered a binary marker for the
diagnosis of PAD. Eight studies assessed the diagnostic
performances of an ABI =0.90 (Doppler method) to detect
>50% stenosis identified by imaging methods, including
color duplex ultrasound,37-434446 magnetic resonance angiog-
raphy,* or angiography (Table I in the online-only Data
Supplement).38-39:50 All these studies found reasonably high
specificity (83%—-99%) but lower sensitivity (69%-79%,
except 1 outlier>! reporting 20% sensitivity). With an ABI
=1.0 used as a threshold for detecting PAD, sensitivities as
high as 100% have been reported.>52 Yet, ABI should be
interpreted according to the a priori probability of PAD, and
values between 0.91 and 1.00 should be considered border-
line. For example, for a 47-year-old woman with atypical calf
pain, no history of CVD or risk factors, and an ABI of 0.91,
the probability of PAD is low; however, the probability of
PAD is high for a man with classic intermittent claudication
who smokes and whose ABI is 0.96. Thus, clinical judgment
is important when interpreting the ABI results. The sensitivity
of the ABI can be significantly increased when it is measured
immediately after treadmill exercise.

Postexercise ABI

With leg exercise, systolic pressure increases in the central
circulation, as measured in the arms, concordant with an
increase in left ventricular systolic pressure. Peripheral vaso-
constriction occurs in nonexercising limbs and other organs,
whereas it decreases at the ankle owing to vasodilation in
exercising muscle. This leads to a mild decrease in the ABI in
healthy patients when measured immediately after exercise
cessation.*!>8 The ankle pressure then increases rapidly and
reaches the pre-exercise values within 1 to 2 minutes.5>° In
the case of even moderate occlusive PAD (typically in the
proximal vessels), the ankle pressure decreases more during
treadmill exercise compared with healthy patients, and the
recovery time to the pre-exercise value after exercise cessa-
tion is prolonged, proportional to the severity of PAD.40.58-60
The ABI recovery time also is affected by the duration of
exercise.°! Ouriel et al*® reported an average ABI decrease of
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5% from resting to postexercise values after treadmill exer-
cise in healthy people compared with 20% in patients with
PAD. A recovery of at least 90% of the ABI to baseline value
within the first 3 minutes after exercise was found to have a
specificity of 94% to rule out PAD. Compared with angiog-
raphy, the ROC curves of ABI at rest and after exercise were
comparable for the detection of PAD.*0 Augmentation of the
ankle-brachial pressure gradient after exercise improves the
sensitivity of the ABI to detect PAD, especially for borderline
ABI values (0.91-1.00). Laing and Greenhalgh® proposed an
absolute decline of 30-mm Hg ankle pressure for the diagno-
sis of PAD according to the 95% CI of the change in ankle
pressure change after 1 minute of treadmill exercise in a study
of healthy subjects. Others®? reported 33% sensitivity and
85% specificity for a postexercise ABI <0.90- and/or >30-
mm Hg drop in ankle pressure after exercise. Diagnostic
criteria for postexercise ABI should also take into account the
reproducibility of this measurement (see below). A challenge
for establishing diagnostic criteria for the postexercise ABI is
the heterogeneity of exercise protocols. Although treadmill
testing requires specific equipment, an alternative method,
the active pedal plantar flexion technique, has been proposed
for an office-based assessment of postexercise ABI.®>%4 This
technique consists of repetitive active plantar flexion (heel
raising) while standing, with an excellent correlation between
ABI obtained after this method compared with treadmill
exercise in claudicants.®3-64

Abnormally High ABI
In some cases, the ankle artery is incompressible and the

systolic pressure at that location cannot be measured despite
cuff inflation >250 mm Hg. In other cases, the ankle artery
systolic pressure is measurable but is much higher than the
brachial artery systolic pressure, leading to an ABI that
exceeds the normal range. These situations are related to
calcification of the arterial wall and may occur in patients
with medial calcinosis, diabetes mellitus, or end-stage renal
disease. Vascular calcification does not imply that occlusive
lesions are present, although these 2 conditions frequently
coexist. When vascular calcification is present, however,
stenotic disease cannot be detected by the ABI.®5¢¢ Other
noninvasive tests such as measurement of the toe-brachial
index or analysis of the Doppler waveform enable detection
of occlusive disease despite a falsely high ABI. Measurement
of the toe-brachial index is useful in such circumstances
because the digital vessels rarely develop calcification and
can provide an accurate determination of vascular disease in
this setting. With these alternative tests, the rates of coexis-
tent peripheral artery occlusive disease in patients with high
ABIs range from 60% to 80%.65-¢¢

ABI and Monitoring Patients With PAD

ABI as a Marker of PAD Progression. The natural history of
PAD includes a decrease in the ABI over time. In a series of
patients assessed in a vascular laboratory,®” the ABI de-
creased by a mean of 0.06 over 4.6 years. A smaller ABI
change (0.025 decrease over 5 years) was reported in the
general population.?®> Nicoloff et al®® defined PAD progres-
sion as a decrease in ABI of >0.15, a condition observed at
3 and 5 years in 19% and 37% of their vascular laboratory
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patients, respectively. Among patients with intermittent clau-
dication followed up for a mean period of 2.5 years, Cronen-
wett et al® found no correlation between baseline ABI and
clinical outcome of the limb, whereas an ABI decrease of at
least 0.15 was associated with an increased risk for bypass
interventions (2.5-fold) and symptom progression (1.8-fold).
In the absence of revascularization, an ABI decrease is
correlated with clinical deterioration. Clinical improvement
in terms of an increased walking distance, however, is not
correlated with an ABI increase.”®

The level of ABI (and the corresponding ankle pressure) is
useful to predict limb outcomes. An ankle pressure
<50 mm Hg is associated with higher risk for amputation.”!
An increased risk of amputation has been reported when the
ABI is <0.50 in nonrevascularized patients with leg ulcers.”?
An ABI =0.90 is strongly associated (odds ratio: 8.2) with a
7-year risk of amputation in people with diabetes mellitus.”>
Several studies reported greater accuracy of the ankle pres-
sure per se, rather than the ABI, to predict the clinical
prognosis of the limb.41.74-76

From a clinical perspective, PAD may not progress in a
parallel manner in both limbs, so it is necessary to assess the
ABI in both limbs during follow-up.

ABI and Monitoring Patients After Revascularization. The
ABI change correlates poorly with improvement in symptoms
or functional performance. After angioplasty, an ABI in-
crease of 0.10 and 0.15 in the revascularized limb predicted
no residual stenosis >50% with sensitivities of 79% and 67%
and specificities of 92% and 100%, respectively.”” The ABI
may continue to improve from that measured in the immediate
postoperative period for several weeks or months after revascu-
larization.?78-80 The accuracy of the ABI in predicting revascu-
larization failure is poor, as shown in Table II in the online-only
Data Supplement,’”-31-87 because the ABI is a global estimator
of whole-limb perfusion and cannot distinguish between graft
failure and progression of PAD in native arteries. The ABI is not
site specific and may reflect changes elsewhere in the arterial
tree. Considering its low sensitivity for predicting graft failure,
the measurement of the ABI alone is not a reliable method of
surveillance after revascularization.

The ABI and Functional Impairment and Decline
Compared with individuals without PAD, those with PAD

have poorer walking endurance, slower walking velocity, and
lower physical activity levels.’8-°" A thorough medical his-
tory is an important means for assessing the degree of
functional impairment in men and women with PAD. How-
ever, some PAD patients restrict their physical activity to
avoid exertional leg symptoms?®3; therefore, patient report of
symptoms cannot be construed as a reliable measure of the
degree of functional limitation.”> Several studies have dem-
onstrated that in cohorts including men and women with and
without PAD, lower ABI values are associated with greater
functional impairment or faster functional decline compared
with higher ABI values.>8%-90.92 The Walking and Leg Circu-
lation Study (WALCS) cohort further demonstrated that even
individuals with borderline baseline ABI values (0.91-0.99)
and those with low-normal ABI values (1.00-1.09) had
significantly higher rates of mobility loss than participants
with a baseline ABI of 1.10 to 1.30.5

The association of lower ABI values with greater func-
tional impairment in cohorts restricted to men and women

with PAD is less consistent. Several studies that included
only PAD participants reported that lower ABI values are not
associated with greater functional limitations.”3>-°> These prior
studies were limited by small sample sizes, by exclusion of
functional measures other than treadmill walking perfor-
mance, and by exclusion of participants without classic
symptoms of intermittent claudication.”*>-% In other studies of
patients with PAD, both with and without intermittent clau-
dication symptoms, strong and independent associations of
lower ABI values were observed with poorer 6-minute walk
performance, slower walking velocity at usual and fastest
pace, greater limitation in maximum treadmill walking per-
formance, and lower Walking Impairment Questionnaire
distance score.??9%-97 No prospective studies in cohorts re-
stricted to patients with PAD have demonstrated that lower
ABI values are associated with a faster decline in functioning.
However, it is important to point out that characteristics
contributing to functional impairment and decline in people
with PAD are multifactorial and include muscle size and
composition, inflammation, lower-extremity strength, mito-
chondrial function, and behavioral factors.®3-192 Therefore,
the ABI is just one of many characteristics associated with
functional impairment and decline in patients with PAD.

ABI: A Marker for CVD Risk and Events
ABI: A Marker of Cardiovascular Risk and Atherosclerosis

Association of Low ABI With Cardiovascular Risk Factors
and Prevalent Disease. The ABI serves as a measure of
systemic atherosclerosis and thus is associated with both
atherosclerotic risk factors and prevalent CVD in other
vascular beds. A low ABI is associated with many cardio-
vascular risk factors, including hypertension, diabetes melli-
tus, dyslipidemia, smoking history, and several novel cardio-
vascular risk factors (eg, C-reactive protein, interleukin-6,
homocysteine, and chronic kidney disease).3%-193-105 The ma-
jority of studies use an ABI of 0.90 as a threshold to define
PAD and use Doppler for ABI measurement. Therefore, it is
not known whether the strength of the associations between
low ABI and cardiovascular risk factors differs with alterna-
tive measurement methods and thresholds of ABI. Some
studies have shown a graded inverse association of CVD risk
factors across ABI thresholds.!03:106

A strong and consistent relationship between low ABI
and prevalent coronary artery disease and cerebrovascular
disease has been demonstrated in several population-based
cohort studies that included individuals with existing
CVD.29.103.104,107.108 The strength of the relationship between
low ABI and coronary artery disease varies, depending on the
underlying risk of the population studied. In most studies,
odds ratios range from 1.4 to 3.0, with 1 study reporting the
association to be as high as 9.3 in individuals with type 1
diabetes mellitus.103.109-111 The prevalence of coronary artery
disease among PAD patients ranges from 10.5% to 71%
compared with 5.3% to 45.4% among subjects without PAD.
Low ABI is also associated with prevalent cerebrovascular
disease, with odds ratios in the range of 1.3 to 4.2 among 9
studies.?:10+111-113 The majority of these studies use Doppler
to measure ABI and 0.90 as a threshold for defining PAD.
Whether the association of low ABI with prevalent CVD
would differ with alternative measurement methods or defi-
nitions is unknown.
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Figure 1. Hazard ratios for total mortality in men and women by ankle-brachial index at baseline for all studies combined in the ABI
Collaboration. Reproduced from Fowkes et al® with permission from the publisher. Copyright © 2008, American Medical Association.

There is little information to determine whether the
associations of abnormal ABI and CVD differ by sex. In the
ARIC study,? the association of low ABI and coronary artery
disease was strong in both men and women, but there was no
association of low ABI with stroke in women despite a strong
association reported in men. In a Spanish study, low ABI
was associated with coronary artery disease in both men
(odds ratio, 2.1) and women (odds ratio, 3.3).114

Association of High ABI With Cardiovascular Risk Factors
and Prevalent Disease. Few studies have evaluated the
association of an abnormally high ABI, indicative of vascular
calcification, with cardiovascular risk factors or with preva-
lent CVD. High ABI is associated directly with male sex,
diabetes mellitus, and hypertension but is inversely asso-
ciated with smoking and hyperlipidemia.®®!!5 Allison et
al'’s demonstrated an ABI >1.40 to be associated with
stroke and congestive heart failure but not with myocardial
infarction or angina. In MESA, high ABI was associated
with incident CVD.!'¢ Other studies have reported incon-
sistent results.!17-119

ABI and Risk of Future Cardiovascular Events
The ABI is a measure of the severity of atherosclerosis in the

legs but is also an independent indicator of the risk of
subsequent atherothrombotic events elsewhere in the vascular
system. The ABI may be used as a risk marker both in the
general population free of clinical CVD and in patients with
established CVD.

In the general population, cardiovascular risk equations
incorporating traditional risk factors such as age, sex, ciga-
rette smoking, hypercholesterolemia, hypertension, and dia-
betes mellitus have been used to predict future risk of
events.'?0 These predictive scores, however, have limited
accuracy,'?! leading to the evaluation of other risk predictors
such as C-reactive protein!??> or measures of subclinical
atherosclerosis such as coronary artery calcium,'?? used alone
or in combination with traditional risk factors. More precise
identification of high-risk individuals may permit appropriate
targeting of aggressive risk reduction therapies, although this
strategy has not been properly evaluated.

The ABI has been investigated as a risk predictor in several
population-based cohort studies, mostly in Europe!2#-127 and

North America.!06-107.128-130 These studies have consistently
found that a low ABI is associated with an increased risk of
myocardial infarction, stroke, and both total and cardiovas-
cular-related mortality. Furthermore, the increased risks are
independent of established CVD and risk factors at baseline,
suggesting that the ABI, as an indicator of atherosclerosis,
might enhance the accuracy of risk prediction with estab-
lished scoring systems.®

The ABI Collaboration performed an individual-based
meta-analysis of 16 population cohorts to investigate in a
large data set whether the ABI provided information on the
risk of cardiovascular events and mortality independent of the
Framingham Risk Score (FRS) and might improve risk
prediction when combined with the FRS.® An ABI =0.90 was
associated with approximately twice the age-adjusted 10-year
total mortality, cardiovascular mortality, and major coronary
event rate compared with the overall rate in each FRS
category. Use of the ABI resulted in reclassification of the
risk category in both men and women.® In men, the greatest
incremental benefit of ABI for predicting risk was in those
with an FRS >20%; a normal ABI, found in 43% of cases,
reclassified them to the intermediate-risk category. Con-
versely, 9% of women at low (<10%) or intermediate
(10%—19%) risk estimated by the FRS presented abnormal
ABI (<0.90 or >1.40) and were reclassified as high risk.
Since this meta-analysis, a recent report from MESA present-
ed consistent data in different ethnic groups in the United
States.''® Thus, a low or high ABI is associated with
increased cardiovascular risk, and the risk prediction extends
beyond that of the FRS alone.®!!¢ Further work is warranted
to refine these results and to establish whether the ABI is of
more value in certain subgroups in the population. Additional
analyses are encouraged to use several recent metrics assess-
ing the improvement of CVD risk prediction with the ABIL
Specifically, criteria such as discrimination, calibration, and
net reclassification improvement are awaited.

Although an ABI cut point of 0.90 is used in many studies
to identify high-risk individuals, the ABI Collaboration con-
firmed that the risk increases as the ABI decreases below a
threshold of 1.10 (Figure 1).° Clinical risk prediction could
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conceivably benefit from using ABI categories rather than 1
cut point for high risk. Individuals with a high ABI >1.40 are
also at increased risk. Thus, the graph of mortality or other
cardiovascular outcome by ABI level is a reverse J-shaped
curve in which the lowest level of risk (normal) is from 1.11
to 1.40 (Figure 1).° One explanation for an increased risk
associated with a high ABI is that a high ABI caused by
calcified arteries is associated frequently with occlusive
PAD.13!

Patients with established CVD who also have a low ABI
are at higher risk compared with patients with CVD who have
a normal ABI.'3>-134 This is consistent with the observation
that in patients with evidence of disease in >1 vascular bed,
the 3-year vascular event rate is >60% higher than in those
with disease in only 1 vascular territory.!3s The magnitude of
the increased risk associated with a low ABI would appear to
be slightly less for those with known CVD than the 2- to
3-fold increased relative risk in healthy individuals. In the
Heart Outcomes Prevention Evaluation (HOPE) study of
patients with coronary heart disease, stroke, or diabetes
mellitus, ABIs in the range of 0.60 to 0.90 were associated
with a risk ratio for future nonfatal myocardial infarction of
1.4, nonfatal stroke of 1.2, and cardiovascular mortality of 1.6
compared with higher ABIs.!35 In patients with prior CVD,
the Cardiovascular Health Study found that those with a low
ABI of =0.90 had an increased risk of congestive heart
failure (risk ratio, 1.3) and cardiovascular mortality (risk
ratio, 1.5).197 These increased risks were independent of
established cardiovascular risk factors. Furthermore, in pa-
tients with PAD, not only is a low ABI associated indepen-
dently with an increased risk of cardiovascular morbidity and
mortality, but a decrease in ABI of >0.15 over time is
associated with a 2-fold increase in mortality independently
of the absolute ABI level.!3¢ Thus, risk of vascular events in
cardiovascular patients with a low or declining ABI is higher
than in those with a normal ABI.

The postexercise ABI is also predictive of risk. In the case
of a normal ABI at rest, the presence of an abnormal ABI
after exercise is associated with increased mortality.!3”

The Use of ABI in Primary Care

As one of the least expensive and most available markers of
atherosclerosis, the ABI is a highly appropriate measurement
for CVD risk assessment in primary care. In the PAD
Awareness, Risk, and Treatment: New Resources for Sur-
vival (PARTNERS) study, several barriers to the use of the
ABI in the primary care, including time constraints, reim-
bursement, staff availability, and staff training, were identi-
fied.!?® Yet, in this study, the time needed for ABI measure-
ment was <15 minutes.'3® In a Dutch study, which included
955 general practices, the time needed for an ABI measure-
ment varied between 12 and 20 minutes (average, 17 min-
utes).!3° The lack of reimbursement for ABI measurement is
a hurdle for its broader use in general practice. The standard-
ized ABI measurement proposed in this document has very
good test characteristics for the diagnosis of PAD and should
be considered for appropriate reimbursement.

Conditions for the Measurement of the ABI

The Patient
Body position and knee or hip flexion influence the ABI.!'4°

Gornik et al'#! showed that arm pressure is not different in the
sitting and supine positions when the arm is kept at heart
level. These positions affect ankle pressure because the ankle
is lower than the heart in the seated but not in the supine
position, and consequently, the pressure is higher. The ABI
averages 0.35 higher in the seated than in the supine position.
Therefore, patients should be lying flat for an accurate ABI
measurement, with the head and heels fully supported, ie, not
hanging over the end of the examination table. Gornik et al'4!
recommended a formula to correct the seated ABI (under
standardized conditions) in patients who cannot lie down.
However, no external validation of this formula is available.
The effect of the duration of the rest period on the
reliability of ABI measurement is unknown. The length of the
rest period before performing the ABI measurement has
varied among studies,!® with most studies using a 5- to
10-minute period. Longer delays are impractical in the
clinical setting. Even after a resting period, the first limb
measurement tends to provide higher systolic pressures dur-
ing a sequential (limb by limb) measurement. Smoking
cigarettes also may affect the ABI. Smoking 10 minutes
before the measurement significantly decreases the ABI
(—0.09) compared with the ABI measured after 12 hours of
smoking abstinence.!#> The effect on the ABI was specifi-
cally related to a decrease in ankle pressures without a
corresponding change in brachial artery pressure.!+2

The Cuff
Studies of brachial blood pressure measurement highlight the

importance of an appropriate cuff size to avoid inaccurate
measurements.'43144 Comparable information is not available
on the size of the ankle cuff. If the same concept of cuff size
used for the arm is applied to that of the ankle, the width of
the cuff should be at least 40% of the limb circumference.'4+
The cuff should always be clean and dry. The cuff wrapping
method (spiral or parallel) affects the ankle SBP, with lower
values occurring with the spiral cuff wrapping method.'*> In
a comparative study, similar intraobserver reproducibility
was observed between both wrapping methods when an
automated cuff was used, but a slightly better intraobserver
reproducibility was observed for the spiral wrap when a
manual cuff inflation was used with the Doppler technique.'4>
Takahashi et al'#¢ found good correlation of parallel and spiral
wrapping with intra-arterial pressure, similar intraobserver vari-
ability with both wrapping methods, but better interobserver
variability with parallel wrapping. Given these data and the fact
that the straight method is used to assess arm blood pressure,
parallel wrapping is also preferred for the ankles.

Although the measurement of the ABI by a pressure cuff is
noninvasive, safe, and well tolerated in most circumstances,
cuff inflation should be interrupted if it is painful. Caution is
advised in 2 clinical situations. Direct apposition of the ankle
cuff over open wounds and ulcers should be avoided or
prevented by an impermeable dressing. In addition, cuff
inflation should be avoided over a recently placed bypass
graft because of the potential risk of causing graft thrombosis.
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Figure 2. Ankle pressure measurement with a Doppler probe:
posterior tibial (A) and dorsalis pedis (B) arteries.

The Measurement of the ABI

Methods of Pressure Measurement
Several noninvasive techniques are used to detect limb flow

or pulse volume for measuring the ABI, primarily Doppler
ultrasound and oscillometric methods. The former uses a
continuous-wave Doppler probe for detection of arterial flow
(Figure 2). The SBP is determined with a pneumatic cuff,
which is first inflated until flow ceases and then deflated
slowly until there is reappearance of the flow signal. The
corresponding cuff pressure is the SBP. The oscillometric
technique is based on the assumptions that the maximum
oscillations appearing during cuff deflation correspond to the
mean arterial pressure and that SBP and diastolic blood
pressure can be calculated from this pressure with mathemat-
ical algorithms. These algorithms, based on empirical data
from healthy subjects, were originally developed to measure
arm blood pressure. The validation studies for oscillometric
methods?*8:145:147-174 are summarized in Table III in the online-
only Data Supplement. Some studies, but not others, have
questioned the validity of the oscillometric method for the
detection of PAD.!45.155.175-177 The correlation between
Doppler-derived and oscillometry-determined ankle pres-
sures and ABIs in healthy subjects or subjects with mild
PAD has been acceptable in most studies!5!-152,155.156,162,178
with 1 exception.!** However, when the ABI determined by
the Doppler method is in the low range, the oscillometric
method results in an overestimation of the actual pressure
value,48.155.156,160,161,165,179 a5 jllustrated in Figure 3.'5¢ In
addition, most oscillometric blood pressure devices are un-
able to detect low pressures, eg, <50 mm Hg!“® or even
80 mm Hg,'” and as a consequence, recording failures are
frequent (from 11%'°! to 44%!17%) in patients with advanced
PAD.153.158.160,161,178,179 The sensitivity (67%—-97%) and spec-
ificity (62%—-96%) of the ABI measured with oscillometry
compared with the Doppler method have been reported in
multiple studies (Table III in the online-only Data Supple-
ment).#8:145.147-174 Bland-Altman plots were used in several
studies to assess the agreement between the Doppler and
oscillometric techniques.#8.147.149.152-155,162,164,176.178 The limits of
agreement (=2 SD) for the ABI were 0.25'%° and 0.23'58 in 2
studies in which it was calculated. In a third study, the limit of
agreement of the ankle pressure in non-PAD subjects was
+20 mm Hg but more than =70 mm Hg in patients with
PAD."> The 95% CI of the difference between the 2 methods in
2 additional studies varied from —0.19 to 0.14'%* and —0.18 to
0.35,176 respectively.

Other methods used to measure ABI include plethysmog-
raphy,'8® photoplethysmography,!©%-173.174 auscultation,!4°
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and pulse palpation.!#”-17! Strain-gauge plethysmography is
not suitable for use in most settings other than a vascular
laboratory. The photoplethysmography method, in which a
sensor is placed on the great toe to detect flow after cuff
deflation, correlated well with Doppler in several series of
patients with PAD.'%173.174 However, the reproducibility of
this method has not been reported. In 1 series, the limits
of agreement (*2 SD) for the differences compared with the
Doppler method ranged from —0.23 to 0.24.1%° In addition,
photoplethysmography of the toe is affected by temperature.
A cool environment causes digital vasoconstriction. A laser
Doppler probe placed on the dorsum of the foot to detect flow
was used for ABI measurements in 1 study.'”® The mean
difference compared with Doppler was negligible, but agree-
ment and reproducibility were not reported.

Measurement of ABI using auscultation with a stethoscope
was assessed in a Japanese study.'#¢ Korotkoff sounds,
however, are not always audible in the ankles (inaudible in
~40% of cases), and there is an unacceptable difference in
ankle pressures determined by this method compared with
Doppler (—15.2 mm Hg). Compared with Doppler, pulse
palpation to measure the ABI has a sensitivity of 88% and a
specificity ranging from 75% to 82%.'47-'71 The palpation
method underestimates (—0.14) the ABI compared with the
Doppler method. !4

Are the Different Methods of ABI Measurement
Similarly Reproducible?
Several studies assessed the intraobserver and interobserver

reproducibilities of the ABI, with mixed findings (Tables IV and
V in the online-only Data Supplement).#0-147.156,162,165.181-196
Direct comparisons of studies are difficult because different
statistical approaches were used or because of methodologi-
cal limitations (eg, small samples of observers or patients,
selective inclusion of symptomatic PAD patients).

The intraobserver coefficient of variation (CoV) of the ABI
with the Doppler method varies widely in the literature, from
4.7%'%° to 13.0%2% (on average, ~10%). Overall, these
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results are superior to those obtained with an automated
oscillometric method, which has a CoV ranging from 5.1%'5¢
to 20.2%.'8> This general observation is confirmed by 2
comparative studies!47-184 but has been challenged recently by
Richart et al,'®> who used a 4-cuff oscillometric device.

The palpation method has poor reproducibility (CoV,
23%).'47 Similarly, the intraobserver and interobserver repro-
ducibilities are poorer for the auscultation than for the
Doppler method.!*” No reproducibility data are available for
the plethysmographic method.

The interobserver variability has been studied extensively
for the Doppler method, but there are few data for other
methods_147,156,177,181.182,184,188,190—196.198 The interobserver
variability of the oscillometric method has been assessed
only in the ARIC study, showing a CoV of 11%.'8+ All
other studies (Table V in the online-only Data Supple-
ment)147,156,177,181,182,184,188,1‘)()—196 used the Doppler method’
with CoVs varying from 5.4% to 24% (mean, 13%). The ABI
measured by Doppler in all limbs showed significantly better
reproducibility than the 2 alternative methods of using a
stethoscope or an oscillometry for the arms.!*+19> Consider-
ing the evidence, Doppler appears to be the most reliable
method to determine the ABI.

The Examiner’s Experience

Several studies reported higher ABI reproducibility when
measured by skilled examiners.!83.19 Endres et al>° found no
systematic bias between examiners from 3 distinct occupa-
tional groups with diverse training backgrounds, but all the
examiners were well trained to measure the ABI. In patients
with critical limb ischemia, comparison of ABIs obtained by
inexperienced physicians and skilled vascular technicians
revealed a higher interobserver difference for the former,
especially when the dorsalis pedis (DP) artery was used.”
The ABI is more reproducible in “nonexpert” hands for
healthy people compared with patients with PAD.!88

Overall Reliability and Reproducibility of

ABI Measurement

The confidence of any particular point estimate of the “true”
ABI depends on the number of measurements. Theoretically,
the 95% CI is reduced by the square root of the number of
measurements. As an illustration, in the ARIC ABI reliability
study, the actual ABI value after 1 measurement could be the
point estimate +0.21.1°° Considering this, the CI for an ABI
based on the average of 2 visits would be *0.15; it would
be *+0.12 if based on 3 measures.

For a given method of ABI measurement and calculation,
Fowkes et al'”> reported several factors that contribute to the
within-subject ABI variability, including the interactions among
the subject, the subject’s leg (right versus left), the observer, and
the delay between measurements. However, the variability
resulting from these interactions is considered trivial compared
with the greater ABI variability between different subjects. The
variability of ankle pressures was found to be similar to that of
arm pressures in 3 reports,>!81:189 whereas in 5 other stud-
ies,!57:166,167,196.201 3 better reproducibility of the arm pressures
was reported. Overall, data demonstrate that the ABI is a valid
biological parameter.!8! Nevertheless, establishing the ABI
method with the best reproducibility is warranted to keep the

single measurement error to a minimum and to improve the
ability of repeated ABI measurements over time to detect an
actual change in PAD severity.

In addition to methodological aspects and variability of the
measurements in different laboratories,?°? the CoV depends
on the average ABI of the population studied (Figure I in the
online-only Data Supplement), with a better ABI reproduc-
ibility in healthy people than in those with PAD. At an
individual level, the size and direction of change between 2
ABI measurements do not vary with the average ABI.190-193
However, Osmundson et al'** and Fowkes et al'75 reported
lower variability in healthy subjects compared with PAD
patients. Additionally, in patients with critical limb ischemia,
significantly higher interobserver variability occurs in those
with an ABI <0.50 than in those with an ABI >0.50.7

Data on postexercise ABI variability are scarce. In 20
patients with intermittent claudication, the interobserver vari-
ability for the ABI at rest and after exercise was 10% and
21%, respectively.'*® Similarly, the intraobserver variability
was higher for the ABI measured after exercise than for that
measured at rest.*°

The specific steps for an adequate measurement of the ABI
are summarized in Table 3.

Recommendations for the Measurement of
the ABI

1. The Doppler method should be used to measure
the SBP in each arm and each ankle for the
determination of the ABI (Class I; Level of

Evidence A).38:42:48,50,147,156,165,181-189

2. The cuff size should be appropriate with a width at
least 40% of the limb circumference (Class I; Level
of Evidence B).143144

3. The ankle cuff should be placed just above the
malleoli with the straight wrapping method (Class I;
Level of Evidence B).14¢

4. Any open lesion with the potential for contamination
should be covered with an impermeable dressing
(Class I; Level of Evidence C).

5. The use of the cuff over a distal bypass should be
avoided (risk of bypass thrombosis) (Class II1 harm;
Level of Evidence C).

Standard Calculation of the ABI

The Denominator (Arm)
The highest SBP of that measured in each arm is used most

often as the denominator, although some studies report the
average SBP of both arms, except in cases of interarm blood
pressure differences. Differences in SBP between arms may
occur in the case of subclavian artery stenosis. Osborn et al2!
reported 100% sensitivity and specificity to detect >50%
subclavian stenosis when the interarm blood pressure differ-
ence exceeded 15 mm Hg. Thus, subclavian artery stenosis
should be suspected when the SBP difference between both
arms is =15 mm Hg. In an analysis of 3 cohorts derived from
the general population or from patients visiting a vascular
laboratory, the presence of subclavian artery stenosis was
associated with an increased risk of mortality,?°* and several
studies found a significant association between high interarm
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Table 3. Limb Pressure Measurement Protocol for the
Determination of the Ankle-Brachial Index With the
Doppler Method

The patient should be at rest 5 to 10 min in the supine position, relaxed,
head and heels supported, in a room with comfortable temperature
(19°C-22°C/66°F-72°F).

The patient should not smoke at least 2 hours before the ABI measurement.

The cuff should be chosen adequately according to the limb size. The width
should contour at least 40% of the limb circumference.

The cuff should not be applied over a distal bypass (risk of thrombosis) or
over ulcers. Any open lesion posing potential contamination should be
covered with an impermeable dressing.

The patient should stay still during the pressure measurement. If the patient
is unable to not move his/her limbs (eg, tremor), other methods should be
considered.

Similar to the brachial blood pressure measurement, the cuff should be
placed around the ankle using the straight wrapping method. The lower
edge of the cuff should be 2 cm above the superior aspect of the medial
malleolus (Figure 2).

An 8- to 10-MHz Doppler probe should be used. Doppler gel should be
applied over the sensor.

After the Doppler device is turned on, the probe should be placed in the
area of the pulse at a 45° to 60° angle to the surface of the skin. The
probe should be moved around until the clearest signal is heard.

The cuff should be inflated progressively up to 20 mm Hg above the level of
flow signal disappearance and then deflated slowly to detect the pressure
level of flow signal reappearance. The maximum inflation is 300 mm Hg; if
the flow is still detected, the cuff should be deflated rapidly to avoid pain.

The detection of the brachial blood flow during the arm pressure
measurement should also be done by Doppler.

The same sequence of limb pressure measurements should be used. The
sequence should be the same for clinicians within a same center.

During the sequence of measurement, the first measurement should be
repeated at the end of the sequence and both results averaged to temper
the white coat effect of the first measurement, except if the difference
between the 2 measurements of the first arm exceeds 10 mm Hg. In that
case, the first measurement should be disregarded and only the second
measurement should be considered. For example, when the
counterclockwise sequence—right arm, right PT, right DP, left PT, left DP,
left arm—is used, the measurement of the right arm should be repeated at
the end of the sequence and both results obtained at the right arm should
be averaged unless the difference between the 2 measurements of the right
arm exceeds 10 mm Hg. In this case, only the second measurement of right
arm pressure should be considered.

In case of repeat measurement of the 4 limb pressures (see indications in

the text), the measurements should be repeated in the reverse order of the
first series (eg, in the case of the initial counterclockwise sequence [right

arm, right PT, right DP, left PT, left DP, left arm, right arm], the clockwise
sequence should be used, starting and ending with the left arm).

ABI indicates ankle-brachial index; PT, posterior tibial; and DP, dorsalis
pedis.

blood pressure difference and other cardiovascular condi-
tions, including PAD.179-204-207 Apparent differences also
may be observed in an anxious patient (white coat effect)
when the first measurement (usually the right arm) is higher
than the last one (left arm). This issue justifies a second
measurement of the SBP in the first arm measured. To
minimize the risk of ABI overestimation by a falsely lower
denominator, the higher SBP between both arms should be
used systematically for the ABI denominator.

Measurement and Interpretation of the Ankle-Brachial Index 2899

The Numerator (Ankle)
The numerator for the calculation of the ABI incorporates the

SBP of the PT and/or the DP artery separately or the average
of both. The intraobserver variability of the ABI is the lowest
when the average pressures of PT and DP artery are used for
the numerator, although the differences with other methods
that take either the highest or the lowest pressure are trivial in
direct comparisons.!’®183 No significant difference in inter-
observer variability was reported between the ABI obtained
by the PT versus the DP artery.”-'°> The ABI reproducibility
is affected more by the technique used to record pressure at
the ankle than by which artery is used.!83.181,190,202

The Effect of the Mode of Determination of the Ankle
Pressure on the Ability of the ABI to Diagnose PAD. Two
studies#* assessed the performance of the ABI with 2
methods for determining the numerator, comparing the higher
with the lower pressure between the PT and DP arteries at
each ankle. In both studies, the higher brachial pressure was
selected as the denominator, and the ABI cutoff value was
0.90. One study compared Doppler ABI <0.90 with the
presence of =70% stenosis detected by color duplex ultra-
sound.** The other study compared Doppler ABI =0.90 with
angiographic stenosis =50% of any lower-limb artery.
Choosing the lower compared with the higher ankle pressure
as the ABI numerator was associated with better sensitivity
(0.89 versus 0.66 in the former and 0.83 versus 0.79 in the
latter study).?>** Using the higher ankle pressure, however,
resulted in higher specificity (0.99 versus 0.93 in the former
and 0.93 versus 0.83 in the latter study, respectively).3944
Neither of these studies assessed the average of both pres-
sures as the numerator; however, the average of the PT and
DP would likely not change overall accuracy and would
result in intermediate values for sensitivity and specificity. Of
note, if arterial flow in the ankle is not detected, the reason is
seldom arterial agenesis but is most likely related to arterial
occlusion or technical difficulties in localizing the artery.
When an ankle artery signal is absent and the ABI based on
the other ankle artery is within the normal range, it is
reasonable to perform other vascular tests (eg, duplex ultra-
sound) to determine whether PAD is present.

In calculations of the ABI to confirm a suspected diagno-
sis of PAD, use of the higher pressure at the ankle (high
specificity) is preferred to minimize overdiagnosis in healthy
subjects and thus to avoid further unnecessary tests and
treatment. Although more false-negative tests will occur
compared with using the lower ankle pressure, the clinical
suspicion of PAD should lead to further investigation in such
patients so that the diagnosis is unlikely to be missed.

The Effect of the Mode of Determination of the Ankle
Pressure on the Association of PAD With Cardiovascular
Risk Factors and Localization of Atherosclerosis. In MESA,°
the association of PAD (ABI =0.90) with CVD risk factors
was assessed with 3 alternative numerators: the higher, the
average, and the lower of the PT and DP arteries. The use of
the lower of the PT and DP arteries for the calculation led to
the weakest association between PAD and cardiovascular risk
factors and subclinical atherosclerosis in the coronary or
carotid arteries. This is plausibly related to the inclusion of
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participants with less burden of disease (perhaps affecting
only 1 ankle artery) in the PAD group.

The Effect of the Mode of Determination of the Ankle
Pressure on the Ability of the ABI to Predict Cardiovascular
Events. In the population cohort studies that participated in
the ABI Collaboration, the associations of ABI with total
mortality, cardiovascular mortality, and major coronary
events were consistent between studies despite some differ-
ences in ABI protocols.® For an ABI =0.90 compared with a
reference ABI range of 1.11 to 1.40, the pooled hazard ratio
for cardiovascular mortality in men was 4.2 (95% CI,
3.3-5.4) and in women was 3.5 (95% CI, 2.4-5.1). In
approximately half of the studies, the ABI was determined
with only 1 arm, only the PT, and the lower ABI of the 2 legs.

Direct comparisons of methods that measure the ABI for
prediction of events are limited.2°%2%° In 1 study, the ABI was
measured in >800 patients undergoing coronary angiography
who were then followed up for 6 years to detect myocardial
infarction, stroke, and CVD death.?°8 The prevalence of
patients with an ABI <<0.90 in either leg was 25% with the
use of the higher of the PT and DP pressure compared with
36% with the use of the lower pressure. The cardiovascular
event rate in subjects with an ABI <0.90 was almost identical
with each mode of ABI calculation (28.1% and 27.4%,
respectively). Thus, the lower of the PT and DP identified
more patients at risk. A secondary analysis in the Cardiovas-
cular Health Study assessed the prognostic value of the ABI
to predict cardiovascular events.??® Using the lower ABI of
the 2 legs identified more individuals with an ABI below the
traditional high-risk cut point of 0.90. There were, however,
no significant differences in the relative risks of a cardiovas-
cular event based on calculations using the lower or higher
ABI. Thus, taking the lower ABI of both legs will identify
more individuals at risk of cardiovascular events. This con-
clusion is not surprising given that PAD may be unilateral or
more severe in 1 leg than another. When the higher ABI of
the 2 legs is used, individuals with significant disease who are
at high risk of cardiovascular events may be missed.

Recommendations for the Measurement of the
Systolic Pressures of the 4 Limbs

1. Each clinician should adopt the following sequence
of limb pressure measurement for the ABI at rest:
first arm, first PT artery, first DP artery, other PT
artery, other DP artery, and other arm (Class I;
Level of Evidence C).

2. After the measurement of systolic pressures of the 4
limbs, if the SBP of the first arm exceeds the SBP of
the other arm by =10 mm Hg, the blood pressure of
the first arm should be repeated, and the first
measurement of the first arm should be disregarded
(Class I; Level of Evidence C).

In clinical practice, one should consider that reproducibil-
ity is crucial only when the ABI obtained after the first set of
measurements is close to the threshold values. Taking into
consideration the threshold ABI value of 0.90 for the diag-
nosis of PAD, with 95% CI of differences between 2
measurements reported as =0.10, an ABI <0.80 is sufficient

to detect PAD and an ABI >1.00 is high enough to rule it out,
whereas repeat measurements are needed within the interval
of 0.80 to 1.00 for a definitive diagnosis. Thus, repeated
measurements are indicated if the initial ABI is between 0.80
and 1.00; a single ABI result <0.80 has a 95% positive
predictive value for the diagnosis of PAD; and a single ABI
>1.00 has a 99% negative predictive value for PAD.?8

The Public Health Consequences of the Mode of
Calculation of the ABI

ABI Mode of Calculation and the Epidemiology of PAD. Several
studies have demonstrated that the mode of calculation of the
ABI affects the estimation of PAD prevalence within a
population.” In MESA, in which the lower pressure between
PT and DP was used instead of the higher one for the ABI
numerator, the prevalence of PAD was 3.95 times higher in
women (14.6% instead of 3.7%) and 2.74 times higher in men
(9.3% instead 3.4%).°

The ABI Mode of Calculation and the Prevention of CVDs. The
ABI can be used to stratify the risk of individuals initially
classified as intermediate risk on the basis of cardiovascu-
lar risk scores (eg, FRS). Subjects with an ABI =0.90 are
considered at high risk of CVD events, primarily on
the basis of using the higher of PT and DP pressures as the
numerator or exclusively using the PT artery (Table
4).4,24,89,104,107.109,124—130,190,210,212—215 LCSS iS knOWn about
the prognostic value of the ABI in the general population
if calculated using the lower of the PT and DP pressures.
Although the use of this mode of calculation may slightly
increase the sensitivity for identification of high-risk
patients, the overall level of risk of those with an ABI
=0.90 would be lower because of less specificity and the
inclusion of numerous cases with early disease. The use of
the lower of the PT and DP pressures may lead to the
overdiagnosis of PAD, with important consequences in
terms of resource use and cost.

The appropriate management of patients with an asymptom-
atic low ABI is still unclear. The Aspirin for Asymptomatic
Atherosclerosis trial failed to show any benefit of the use of
aspirin in patients with an ABI <0.95, with no trend to any
benefit when the ABI was <0.90, although the ABI was
calculated from the lowest of the 4 ankle arteries.?!© Using a
technique that reduces specificity for PAD in a clinical trial may
limit the ability to show efficacy of therapeutic interventions.

Recommendations for the Calculation of the ABI

1. The ABI of each leg should be calculated by
dividing the higher of the PT or DP pressure by
the higher of the right or left arm SBP (Class I;
Level of Evidence A).3°44189

2. When ABI is used as a diagnostic tool to assess
patients with symptoms of PAD, the ABI should be
reported separately for each leg (Class I; Level of
Evidence C).

3. When the ABI is used as a prognostic marker of
cardiovascular events and mortality, the lower of the
ABIs of the left and right leg should be used as the
prognostic marker of cardiovascular events and
mortality. The exception to this recommendation is
the case of noncompressible arteries (Class I; Level
of Evidence C).
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Table 4. Ankle-Brachial Index Modes of Calculation in the 16 Population Studies Included in the ABI Collaboration Study21©

Arm Ankle Artery
Repeat Measures

Measurement 1 Higher  Average 1 Higher  Average  Lower —
Study Method Measured L+R L+R Measured PT+DP PT+DP PT+DP Other Higher Average
Atherosclerosis Risk in Oscillometry J J J
Communities Study?s4
Belgian Men study'2s Doppler J J
Cardiovascular Health Study?04107 Doppler J J J/
Edinburgh artery study'2* Doppler J J
Framingham Offspring Study?0? Doppler J J/ J
Health in Men study?212 Doppler v v
Honolulu study'2® Doppler J J/ J/
Hoorn study2'3 Doppler Not available
INCHIANTI=214 Doppler J J/ J
Limburg study?2s Doppler J J/
Men Born in 1914126 Plethysmography N N4
Rotterdam Study'2” Doppler J v J*
San Diego study* Plethysmography J1
San Luis Valley study24 Doppler JT J
Strong Heart Study'30 Doppler J J J/
Women’s Health and Ageings® Doppler J J/ J

*Average done only for arms.
TExcept for large interarm difference (highest pressure taken in this case).

4.

For any situation, when the ABI is initially deter-
mined to be between 0.80 and 1.00, it is reasonable
to repeat the measurement (Class Ila; Level of
Evidence B).28

Recommendations for the Use and Interpretation
of the ABI in Case of Clinical Presentation of
Lower-Extremity PAD

1.

In the case of clinical suspicion based on symptoms
and clinical findings, the ABI should be used as the
first-line noninvasive test for the diagnosis of PAD
(Class I; Level of Evidence A).11-38:41,50,56

. An ABI =0.90 should be considered the threshold

for confirming the diagnosis of lower-extremity PAD
(Class I; Level of Evidence A).'1-37-3942-44,46,50,51

. When the ABI is >0.90 but there is clinical suspicion

of PAD, postexercise ABI or other noninvasive tests,
which may include imaging, should be used (Class I;
Level of Evidence A).40-58:60.212

. It is reasonable to consider a postexercise ankle

pressure decrease of >30 mm Hg or a postexercise
ABI decrease of >20% as a diagnostic criterion for
PAD (Class Ila; Level of Evidence A).40-60:62

. When the ABI is >1.40 but there is clinical suspicion

of PAD, a toe-brachial index or other noninvasive
tests, which may include imaging, should be used
(Class I,; Level of Evidence A).6556

Recommendations for the Interpretation of the
ABI During Follow-Up

1.

An ABI decrease of >0.15 over time can be effective
to detect significant PAD progression (Class Ila;
Level of Evidence B).5%:

2. The ABI should not be used alone to follow revas-

cularized patients (Class III no benefit; Level of
Evidence C).

Recommendations for the Interpretation of the
ABI as a Marker of Subclinical CVD and Risk in
Asymptomatic Individuals

1. The ABI can be used to provide incremental infor-

mation beyond standard risk scores in predicting
future cardiovascular events (Class IIA; Level of
Evidence A).5-116

. Individuals with an ABI =<0.90 or =1.40 should be

considered at increased risk of cardiovascular events
and mortality independently of the presence of
symptoms of PAD and other cardiovascular risk
factors (Class I; Level of Evidence A).5116

. Subjects with an ABI between 0.91 and 1.00 are

considered “borderline” in terms of cardiovascular
risk. Further evaluation is appropriate (Class Ila;
Level of Evidence A).5

Training for the Use of the ABI

The ABI should be performed by qualified individuals,
including physicians, nurses, vascular technicians, and other
allied health professionals. The amount of education and
training required depends on prior knowledge and experience.
Training should consist of both didactic and experiential
learning. The individual performing the ABI should have basic
knowledge of vascular anatomy, physiology, and the clinical
presentation of PAD, as well as a basic understanding of how a
Doppler device functions. Training should include demonstra-
tion of performance of an ABI with clear delineation of each step
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and emphasis on correct technique. To become proficient in
performance of the ABI, it is necessary to practice the ABI
measurement over time to ensure comfort and competence with
the equipment and the procedures. The trainee should be asked
to correctly demonstrate the independent performance of each
step of the ABI in both healthy individuals and those with PAD.
Trainees should also be able to demonstrate reproducible results.
Trainees should be able to demonstrate correct calculation of the
ABI and interpretation of results with a clear understanding of
normal and abnormal values.

Recommendations for ABI Measurement Training

1. The measurement and interpretation of the ABI should
be part of the standard curriculum for medical and
nursing students (Class I; Level of Evidence C).

2. All health professionals who perform the ABI should
have didactic and experiential learning under the
supervision of a qualified and experienced health
professional (Class I; Level of Evidence C).

3. Professionals using the ABI should be proficient in
performing the technique as determined by quality
control measures (Class I; Level of Evidence C).

Standards to Report ABI in Scientific Papers
One of the aims of this scientific statement is to recommend
uniform methods of ABI measurement in research. Contro-
versial results reported in the literature are related in part to
discrepancies in the ABI method (see “ABI Mode of Calcu-
lation and the Epidemiology of PAD”).

The results of studies using the ABI need to be translated
into clinical practice. Consequently, most of the recommen-
dations on the clinical use of the ABI apply also to research
protocols. However, time constraints for performing a com-
prehensive ABI should not apply to research protocols. A
comprehensive ABI calculation for research protocols in-
cludes measurement of SBP in all 4 limbs, including both the
PT and DP arteries at each ankle. Given that the reproduc-
ibility and accuracy of ABI values are augmented with repeat
measurements, it is reasonable to require systematically at
least 2 sets of ABI measurements with averaging of the
measurements in research studies. This is especially true
when the ABI is used as the sole method to determine PAD
(as in most epidemiological studies) or when repeated mea-
surements are planned over time. In these situations, dupli-
cate ABI measurements provide increased accuracy and limit
measurement bias. In addition, the reduced CI enables the
detection of individual ABI changes of a smaller magnitude.
It is suggested that ABI results in research reports include
intraobserver and interobserver variation measured in a sub-
set of the study population or in a population similar to the
one assessed in the study. The prevalence of incompressible
arteries or absent flow signals also should be reported.
Finally, to compare more appropriately the population be-
tween different reports, it is suitable to report also the
population’s absolute pressure values in arms and legs.

Recommendations for the Use of the ABI in
Scientific Reports

1. The ABI intraobserver and interobserver variability
of the research team should be reported (Class I;
Level of Evidence C).

2. To improve the precision of the test, it is reasonable
to measure each limb pressure twice and to average
the results of each artery to calculate the ABI (Class
Ila; Level of Evidence C).

Unmet Needs: Fields of Research for
the Future
The following issues have been identified as gaps for evi-
dence on the use and interpretation of the ABI:

® Although several studies report differences in the normal
values of ABI according to sex and ethnicity, it is still
unclear whether specific thresholds should be used in
different sex and ethnic groups in both population studies
and clinical practice and research.

® Further research should explore potentially easier and
faster alternative methods for ABI measurement that would
likely be implemented more broadly in primary care.

e Standards of accreditation are necessary for the ABI
measurement devices using methods other than Doppler
devices (eg, oscillometric methods).

® Further research to identify the optimal method of ABI
calculation for predicting cardiovascular events and mobil-
ity loss is encouraged.

A major aim of this document is to provide evidence-based
recommendations for ABI measurement. However, separate
but related ABI issues need to be addressed in future research.
Two examples are in whom the ABI should be measured and
how often the ABI should be measured.

The current recommendations for the target population for
ABI screening in American Heart Association/American
College of Cardiology guidelines?!s reflect the criteria used
by investigators in the PARTNERS'%® and the German
Epidemiological Trial on Ankle-Brachial Index (getABI)2'®
studies, and the American Diabetes Association has sug-
gested minor modifications of these criteria for diabetic
patients.?'” However, these recommendations are based on
observational epidemiology. Ideally, the criteria would be
established by a randomized, clinical trial, but such a trial
seems unlikely in the near future. An attractive alternative is
a cost-effectiveness analysis in different population sub-
groups; several such analyses are currently under way.

How often the ABI should be repeated is also unknown. On
average, the ABI decreases with age as PAD incidence
increases. Some evidence exists on the rates of ABI progres-
sion in clinical populations?3-¢78 and in the general popula-
tion.23:218 However, there is little evidence on the cost-
effectiveness of repeat measurement of the ABI in different
patient groups, and with increasing use of the ABI, this will
become an important question.
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Table I: Diagnostic characteristics of ABI to detec

t PAD, versus imaging methods.

First Author, . Threshold -
Year Study population Gold standard (ankle/arm) SE SP PPV NPV
Doppler
3 110 pts -183 limbs . " " "
Yao, 1969 - 25 control Angiography 1.0 0.97 1.00 1.00 0.83
. . Cases: angio stenosis
Carter, 19682 202 limbs all diseased - >40% below CFA, 1.0 (High/High) 1.0¢ 1.00*
86 control (normal pulse)
>50% above.
45 . angiography — 0.92
Sumner, 1979 100 pts with PAD & 48 controls criteria : 250%, occlusion (Pt or DP/arm) 0.98 0.94
: 40 218 pts with PAD 25 young controls ~ Cases: Angio (criteria?) 0.97
Ouriel, 1982 (no RF, triphasic Doppler waveform) Doppler (controls) (Highest?/arm) 0.97 1.00
- 41 260 limbs of 133 PAD pts & 68 limbs  Angiography (cases) 0.97
Ouriel, 1982 of 34 controls Doppler (controls) (High/High) 0.94 0.99
52 . Angiography 1.0 0.40
Baxter, 1992 20 PAD patients (2 50% stenosis) (High/High) 1.00
53 i . Angiography
De Groote, 1995 111 claudicants (138 limbs) (2 50% stenosis) 0.80 0.82
37 200 vascular lab pts Duplex 0.90 " . " "
Allen, 1996 (290 limbs) criteria = 50% stenosis (High/High) 0.82 084 100% 083
. 38 Suspected PAD: 441 pts Angiography 0.97 . "
Lijmer, 1996 Angiography in only 53 pts (= 50% stenosis) (High/High) 0.84 0.88
Stoffers. 199628 Community, 117 subjects technician diagnosis 0.97 (1 measure) 0.79 0.82
' Vascular laboratory: 54 pts technician diagnosis 0.92 (3 measures) 0.87 0.91
;(ggr;aslatha, Vasc. unit: 100 diabetic pts Color Doppler (criteria ?) 0.90 0.71 0.89
. 0.90
Parameswaran, 57 diabetic pts w/o clinical PAD Monophasic Doppler  or  hp it g pT 0.63 097 1.00+  0.83*
2005 Wave .
/High)
Non-diabetic pts with or w/o PAD - _ _
Williams, 2005% (41 limbs) - Diabetics with (57 limbs) ~CO/°" DOPpler limited to 0.90 Non-diabetic: 083 1.00  1.00 095
below iliac artery Diabetic w/o

or w/o (32 limbs) neuropathy.




neuropathy: 1.00 0.88 0.70 0.91
Diabetic with
neuropathy: 0.53 0.95 0.80 0.84
Angiograph 0.90
Niazi, 2006 107 pts (208 limbs) e 5090 9 gterﬁ’oé’is) (High/High) 0.69 0.83 1.00*  0.83*
=0 (Low/High) 0.83 0.64
. duplex - criteria: = 70% 0.90
Schrader, 2006* 216 OUtpat'%?;%égls)PAD and 74 (peak velocity ratio >2) — (High/High) 828 832 ggg 8:81
angio in 42 pts (Low/High) ' ’ : :
S ; duplex — criteria: 5
Alnaeb, 2007% 24 tyfse I d'tabletgcosl.(“z"mbs) Rutherford scoring Rt 0.80 0.93
control (30 limbs) scheme - cut-off ? (High/Right)
. duplex —criteria:
Alnaeb, 2008° 50 EQD patients Rutherford scoring H.O'ﬁ‘} N 0.94 079 096 093
contro scheme - score >7 (High /2)
Flanigan, 2008>* vascular laboratory - 585 Patients - Duplex: SFA atheroma < 0.90 and >1.2 0.17 1.00
PAD screening
- 51 306 pts >70 yrs Population based MRA 0.90
Wikstrom, 2008 cohort (250% stenosis) (PT/Right arm) 0.20 0.99 0.83 0.84
. Overall: 0.63 0.98 0.95 0.76
. 3 > 0
Clairotte, 2009% vasc 'ab( ji‘;f)g’ttess(_zgg limbs) '?”é’;ekx\'/ =50% rjsgf‘z')s (PT&%g?Hi o Nondiabetc: 073 095 098 078
' P y g Diabetic: 054 096 093 075
Oscillometry
. . Cases: stenosis >40%
Carter, 1968 146 limbs with PAD below CFA, >50% above 1.0 0.93 0.98
85 controls ]
Controls: normal pulse
Guo, 2008%° 298 patients hospltallzed in Anglography: >50% 0.90 0.76 0.90
cardiology stenosis
. : Overall: 0.40 0.96 0.88 0.66
— > 0,
Clairotte, 2009~ Vascular '?gi;t‘)‘:tepst_s %36 limbs) D”p'ix' | 5th> Stf”cf‘z's 0.90 Non-diabetic: 057 095 092  0.66
: (peak velocity ratio >2) Diabetic: 029 096 083 066
Plethysmography
Feigelson, 63 cases & 421 controls Doppler and segmental 0.80 0.40 099 091 053
1994 pressure

CFA indicates common femoral artery; DP, dorsal pedis artery; High, highest pressure (arm or ankle artery); Low, lowest pressure (arm or ankle artery); LR,

likelihood ratio; MRA, magnetic resonance angiography; NPV, negative predictive value; PPV, positive predictive value; PT, posterior tibial artery; Pts, patients; RF,

risk factor; SE, sensitivity; SFA, superficial femoral artery; SP, specificity.
* Calculated results.




Table II: ABI During the Follow-Up of Revascularize

d PAD Patients

Author,

Study

ABI decrease

’ Endpoint Reference method Se Sp | PPV | NPV | Comments
Year population Cut-off value
232 infra- Immediate post-op ABI as reference.
Barngls, inguinal grafts Prlme}ry graft Clinical (ang|ography and/or >0.20 014 o084l 022 | 027 Bias: §ubject w/o post-op ABI change
1989 failure redo operation) >0.20 included and considered as
FU 17 months .
stable —Accuracy : 0.63
color Duplex (unknown
Stierli, 42 infra-inguinal . criteria) — all suspect cases
1992% vein bypasses Bypass stenosis had confirmatory 0.10 1.0 |0.73
angiography
Laborde 124 infra- 0.15 ABI calculation: highest ankle, and
19928 inguinal vein Bypass stenosis angiography (criteria?) All stenoses: 0.43 brachial — Doppler mode.
bypasses Stenoses >70% | 0.47 Incompressible arteries included
. . . ABI method and calculation ?
Idu . 2.01 infra- . Angiography (44): only when Different surveillance protocols during
84 inguinal bypass | Bypass stenosis suspect Duplex or ABI 15% decrease | 0.38 - S -
1993 . FU (bias). Duplex criteria: (PSVratio >3
FU: 21 months decrease > 0.15% .
or PSV <45 cm/s):
116 PTA Reoclusion or Angiography at 1 year:
Decrinis occluded SFA — stenosis (from Reocclusion or stenosis 0.10 0.64 |0.88 Doppler criteria: higher ankle and
199477 ' FU 1 vear - <50% to >70%) or (limited to PTA vessel) 0.15 0.60 |0.97 brachial.
oS )éctive >10% predilatation Stenosis or occlusion (all 0.10 0.72 {0.83 Reference ABI at day 1.
prosp stenosis) vessels) 0.15 0.66 |1.00
80 pts — 102 ABI: highest ankle / highest brachial No
Dalsin fem%ro-distal Graft occlusion 10% decrease | 0.62 |0.71| 0.19 | 0.94 | data beyond the graft patency —
199585g’ rafts — (duplex) or 15% decrease | 0.56 |0.81| 0.24 | 0.94 | Protocol modified during the FU (ABI
g - reintervention 20% decrease | 0.51 |0.87| 0.33 | 0.94 | alone, then ABI and Duplex: bias)
329 FU visits .
Accuracy: 0.70.
Lundell 156 pts failing graft An%:g?:jzpcrg;sglggigsgns' ABI decrease 0.72 Femoro-popliteal grafts only.
1995%¢ P FU: 3yrs T >0.15 ’ ABI methods and criteria ?
duplex +50% stenosis
Radak 171 PAD: 50% loss of ABI Duplex criteria: restenosis: > 50%
199987’ femoro-popliteal Restenosis Duplex increase after 0.67 [0.80 residual diameter reduction of the
PTA PTA dilated artery or inflow or outflow tract.

FU indicates follow-up, Se, sensitivity, Sp, specificity, NPV, negative predictive value, PAD, peripheral artery disease, PPV, positive predictive value, PSV, peak

systolic velocity, PTA, percutaneous angioplasty, PTS, patients, SFA, superficial femoral artery.




Table Ill. Comparisons Between Different Techniques for Ankle

Pressure Measurement

Mean (95%Cl)

84 (mean 45) years old

women + 0.04 mmHg.

. ) . ) Sensitivit Specificit Accurac Correlation
First author , Year Study population Rs]fgtrﬁcr)lge Cut-point difference: 0 y P 0 y 0 4 .
Reference — index (%) (%) (%) coefficient
Index method : Oscillometry
147 54 participants: 19 claudicants; 19 ABI 1.03+0.26 vs. 1.09+0.31 76 /58 2 87 (calculated )
AAboyans, 2008 high risk for PAD; 10 healthy subjects Doppler 0.90 (one of two observers) observers) 96/89 mean)
o 148 . R AP 120 + 35 vs. 0.88
IAdiseshiah, 1987 AP in 43 pts; ABI in 19 of them Doppler 132 + 25 mmHg
149 201 subjects referred to vascular lab, ABI -0.06 (0.2) right leg; - . ) )
Beckman, 2006 14% excluded ("calcification artifact") Doppler 0.90 0.04 (0.2) left leg 731188 (right/left) 95785
. 150 219 patients referred for cardiological )
Benchimol, 2004 consultation Doppler 0.90 ABI 1.00+0.20 vs. 1.030.18 76 95 89
Blebea, 1997 10 healthy subjects; 10 PAD pts; 20 Doppler - ABI 0.83 vs. 0.87 - ; ; 0.89
post-op. fem-pop bypass
: 48 146 patients (83 diabetics) referred Doppler 63 Doppler 98 ) No diabetes 0.60;
Clairotte, 2009 for PAD evaluation. Doppler 0.90 ABI-0.021%0.27 Oscillometry 40 Oscillometry 96 Diabetes 0.49
Cortez-Cooper 20035 52 healthy subjects Doppler - AP -2.2 + 6.8 mmHg - - - 0.95
Diehm, 2009'% 50 PAD patients Doppler - ABI -0.07 - - - 0.77
Ena, 2011 104 diabetics > 54 years old Doppler 0.90 ABI -0.05 (-0.50 — 0.39) 67 87 - -
J6nsson. 20015 47 PAD pts and 34 without PAD (14 Dobbler ) AP: no PAD +1.7+10.5 ) ) ) No PAD 0.81
' diabetics, 20 healthy volunteers) PP PAD -28.8 + 41.4 mmHg PAD 0.38
Korno, 2009 61 patients in a vascular surgery unit Doppler 0.90 +0.08 +0.15 71 92 82 0.61
157 . ABI 0.84 £0.27 vs. 0.90 (excluding
Lee, 1996 110 patients referred to vascular lab Doppler - 0.94 +0.24 - - failures)
MacDonald, 2008 36 patients referred to vascular clinic Doppler - AP -2.69 mmHg - - - 0.87
MacDougall, 2008t 26 PAD-free, 11 at risk, 57 with PAD Doppler 0.90 AP -3 mmHg 71 89 ; 0.71
suspicion
160 80 patients with possible PAD; 1258 Plethysmography ) 97 62 80
Mehisen, 2008 primary care patients (strain gauge) 0.90 (PAD group) (PAD group)  (PAD group) 088
Mundt, 1992 71 healthy volunteers Doppler - AP +1.5 + 1.5 mmHg - - - -
Nukumizu, 2007 168 vascular patients Doppler - - - - - 0.93
Pan, 2007 Population study; 946 subjects 12 — Doppler ) AP: men + 0.02. ) . ) )




AP -2 +6.7

Raines, 2004'% 2 phases: 54 & 69 (healthy?) subjects Doppler - &-3.1+5.1mmHg - - - -
Ramanathan, 2003'** 50 healthy volunteers (mean age 23) Doppler - ABI -0.024 - - - 0.42
Richart, 2009 105 (population study), mean age 56 Doppler 0.90 ABI ffg;gé? Vs - - - -
AP (mmHg):
Salles-Cunha, 1982'% 18 PAD-free & 26 PAD pts Doppler - Healthy 134 +11 vs. 133 #10; 67 87 - -
PAD 99 + 14 vs. 111 £ 15
Index method: Pocket Doppler
Bonham , 2007 30 subjects with PAD suspicion  (automatic) Doppler - ABI +0.02 +0.08 - - - -
Nikolai, 2008 99 subjects with PAD suspicion  (automatic) Doppler - ABI +0.05 - - - -
Index method: Palpation
IAboyans , 2008 54, mixed (healthy + PAD) Doppler 0.90 ABI +0.22 88 75 79 -
Migliacci, 2008 196 subjects with PAD suspicion Doppler 0.90 - 88 82 83 -
Index method: Auscultation
Carmo, 2008 88 subjects with PAD or suspicion Doppler 0.90 ABI -0.03 (-0.07- 0.00) 71 91 87 -
Index method: Digital photoplesmygraphy
Khandanpour, 2009 131 claudicants (no diabetics) Doppler - ABI +0.004 (-0.23 - 0.24) - - - 0.79
Sadig, 2001 91 patients referred to a vascular lab. Doppler - - - - - AP: 0.96; ABI: 0.95
Whiteley, 19987 32 PAD patients Doppler - - - - - 0.88
Index method: Laser Doppler
Ludyga, 2007*"° 30 claudicants Doppler - ABI +0.001 - - - -

AP indicates ankle pressure mm Hg; ABI, ankle-brachial index. Others: see Table I.




Table IV. Intra-Observer Reproducibility of the ABI, Accordin

g to Different Measurement and Calculation Methods

First Author. Year Study Population Observers Measurements ABI calculation Mean Coef. 95%Cl diff. between
' yrop /subject (N) (ankle arteries/arm) * ABI Variation 2 measurements
Doppler
Numerator = PT pressure
Fowkes, 1988 24 pts Multiple 8 PT/right arm 0.88 7.6% +0.13
Stoffers, 1991'% 9 subjects (3 normal) 59 4t09 PT (or DP if PT=0) / Leftarm  0.81 13.0% +0.21
Kaiser. 199918 6 patients 2 experienced 2 PT (or DP if PT=0)/Highest NA NA +0.15
’ 24 less experienced 2 PT (or DP if PT=0)/Highest NA NA +0.22
PT / Highest 0.97 8.1% +0.16
Aboyans, 2003"%* 194 subjects w/o known PAD Multiple 2 PT pressure / Mean® 0.99 8.5% +0.17
PT pressure / Lowest 1.02 9.3% +0.19
Numerator = Highest of PT & DP
Baker, 1981'%° 35 pts, stable claudication Single 6.8 Highest / Highest 0.62 12.1% +0.15
Ouriel, 1982 10 pts, stable claudication NA 10 Highest / Highest NA 9.7% NA
Johnston, 1987'% 15 pts Multiple Multiple Highest / Highest 0.64 7.8% +0.10
de Graaf, 2001’ 54 PAD patients Single 2 Highest / Highest NA NA +0.09°
Holland-Leitz, 2007*®® 108 unselected subjects Multiple 2 Highest / Mean® 1.10 8.0% +0.18
Espeland, 2008%° 870 diabetic patients Multiple 2 Highest / Highest 1.11 4.7% +0.10
Aboyans, 2008’ 55 healthy/PAD suspicion Multiple 2 Highest / Mean® 1.03 10.7% +0.22
Korno, 2009"*° 10 vascular lab pts Single 2 Highest / Highest NA NA +0.11
Numerator = Mean PT & DP
Mean / Highest 0.95 5.8% +0.11
Aboyans, 2003'% 194 subjects w/o known PAD Multiple 2 Mean / Mean® 0.97 6.1% +0.12
Mean / Lowest 0.99 6.8% +0.13
Espeland, 2008'° 870 diabetic patients Multiple 2 Mean / Highest 1.07 4.6% +0.10
Richart, 2009"% 105 healthy participants Single 2 Mean / Right arm 1.12 4.5% +0.10
Numerator = Lowest of PT & DP
b 0
Aboyans, 2003'% 194 subjects w/o known PAD Multiple 2 Lowest/ Mean 0.97 7.6% +0.14
Lowest / Lowest 0.89 8.2% +0.14
Espeland, 2008%° 870 diabetic patients Multiple 2 Lowest / Highest 1.02 5.3% +0.11




Oscillometric

Weatherley, 2006"% 119 participants 11 2 Ankle / Right arm 1.18 8.9% +0.21
Pan, 2007*% 41 healthy volonteers Single 2 Right ankle / Right arm NA 5.1% NA
Aboyans, 2008’ 57 healthy or PAD suspicion Multiple 2 Ankle / Highest 0.84 20.2% +0.34
Korno, 2009'*° 10 vascular lab pts Single 2 Ankle / Highest NA NA +0.14
Richart, 2009"% 105 healthy participants Single 2 Ankle / NA 1.13 4.4% +0.10
Palpation method

Aboyans, 2008’ 56 healthy or PAD suspicion Multiple 2 Highest / Mean® 0.84 23.0% +0.39

DP indicates dorsalis pedis artery; NA, information not available; PT, posterior tibial artery; PTS: patients.
®The ankle and arm arteries chosen in each study are abstracted as follows: Ankle: “Highest”, “Mean” and “Lowest” = respectively the highest, the average and the
lowest systolic blood pressure between PT and DP arteries of the same ankle, Arms: “Highest”, “Mean” and “Lowest” = respectively the highest, the average and

the lowest systolic blood pressure between both arms.
bexcept if inter-arm BP difference >20 mm Hg.
°2 measurements within the same day, other wise + 0.22 if 1-week interval.

dExcept if inter-arm BP difference >10 mmHg. ®except if inter-arm BP difference >15 mmHg.




Table V. The Inter-Observer Reproducibility of the

ABI : Literature Review

95%Cl of diff.

First Author . Method ABI calculation Mean Coef.
Study Population a o between 2
(Year) (ankles/arms) (ankle artery/arm artery) ABI Variation
measurements
Doppler

Clyne, 1979** 117 PAD pts Doppler/Doppler NA 0.50 24.0% +0.24
Osmundson, 1985 32 pts + 22 healthy Doppler/Doppler Mean /"arm” 0.80 10.0% +0.16
Johnston, 1987*% 15 patients Doppler/Doppler PT / right arm 0.64 8.0% +0.16
Fowkes, 1988 24 pts + 12 healthy volunteers Doppler/Doppler PT / right arm 0.88 6.3% +0.11
Stoffers, 1991'% 9 subjects (3 healthy) Doppler / Doppler PT or DP / Left arm 0.81 13.6% +0.22
Fisher, 1996'% 123 PAD patients Doppler/Doppler Highest / Highest 0.72 15.2% +0.21
. 177 6 pts (experienced obs.) . _ . NA NA +0.15
Kaiser, 1999 6 pts (less experienced obs.) Doppler / Doppler PT (or DP if PT=0) / Highest NA NA 020
Doppler / Doppler 0.70 20.0% +0.28
Jeelani, 2000"%* 14 pts with PAD Doppler / Dinamap NA 0.79 20.0% +0.32
Doppler / Auscultation 0.73 22.0% +0.32
de Graaf, 2001"% 54 PAD pts Doppler/DINAMAP Highest / Highest NA NA +0.20°
Mean / Highest 0.95 13.2% +0.25
Mean / Mean® 0.97 12.9% +0.25
Mean / Lowest 0.99 12.6% +0.25
194 subiects PT / Highest 0.97 17.6% +0.34
Aboyans, 2003"%* wo know‘{] PAD Doppler/Doppler PT/ Mean® 0.99 17.6% +0.35
PT / Lowest 1.02 18.1% +0.37
Lowest / Highest 0.85 17.6% +0.30
Lowest / Mean® 0.87 18.4% +0.32
Lowest / Lowest 0.89 18.0% +0.32
PT / either arm 1.11 5.4% +0.12
DP / either arm 1.08 6.0% +0.13
Doppler/Doppler Lowest / either arm NA NA +0.12
Highest / either arm NA NA +0.12
195 320 post- Mean / either arm 1.10 4.5% +0.10
Atsma, 2005 menopausal women PT / either arm 1.14 6.6% +0.15
DP / either arm 1.12 6.7% +0.15
Doppler/DINAMAP Lowest / either arm NA NA +0.15
Highest / either arm NA NA +0.14
Mean / either arm 1.12 6.3% +0.14
Holland-Leitz, 192 volunteers Doppler/Doppler Highest / Mean® 1.08 9.3% +0.20

20078




ici 0,
Aboyans, 20087 44 for PAD suspicion + Doppler/Doppler Highest / Mean® 1.05 13.8% +0.29
10 healthy volonteers
Van Langen, 2009"%° 20 patients suspect of IC Doppler/Doppler Highest / Highest 0.84 9.5% +0.16
Korno, 2009"*° 61 vascular lab pts Doppler/Doppler Highest / Highest
Oscillometric
Weatherley, 2006"% 119 participants Oscillo/oscillo 1 ankle artery / right arm 1.18 11.3% +0.27
Palpation
Aboyans, 2008’ 44 suspect for PAD + Palpation/Palpation Highest / Mean® 1.09 22.0% +0.48

10 healthy volonteers

DP indicates dorsalis pedis artery; IC, intermittent claudication; NA, information not available; Obs, observers; PT, posterior tibial artery; Pts,
patients.

®The ankle and arm arteries chosen in each study are abstracted as follows: Ankle: “Highest”, “Mean” and “Lowest” = respectively the highest, the
average and the lowest systolic blood pressure between PT and DP arteries of the same ankle, Arms: “Highest”, “Mean” and “Lowest” =
respectively the highest, the average and the lowest systolic blood pressure between both arms.

®hoth measurements within the same day, otherwise 0,27 if 1 week interval between the measurements

‘except for inter-arm BP difference >20 mm Hg,

dexcept for inter-arm BP difference >10 mm Hg,

*except for inter-arm BP difference >15 mm Hg.
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Figurel. - Meta-regression between the average ABI and the inter-observer coefficient of variation of

the ABI reported in the same study. Each dot corresponds to one study (see Table V).



