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Chapter 2
Role of the Ankle Brachial Index

Mary M. McDermott

Lower extremity peripheral artery disease (PAD) affects 8.5 million men and women
in the United States and more than 200 million people worldwide [1, 2]. People with
PAD have a two- to threefold increased rate of cardiovascular events and all-cause
mortality compared to people without PAD [3, 4]. People with PAD also have
greater functional impairment and faster functional decline than people without
PAD [5-10]. Medical management of PAD consists of preventing cardiovascular
events, improving functional performance, and stopping functional decline. To pre-
vent cardiovascular events, people with PAD should undergo treatment with preven-
tive medications, including cholesterol-lowering drugs such as statins and
antiplatelet therapy [11]. To improve walking performance, people with PAD should
be helped to engage in regular walking exercise activity [11-13]. Diagnosing PAD
is important so that appropriate therapies can be implemented to prevent cardiovas-
cular events, improve walking performance, and prevent mobility loss. The ankle
brachial index (ABI) is a reliable, sensitive, and highly specific noninvasive test for
PAD and can be used to diagnose and assess the severity of PAD. This chapter pro-
vides an overview of the role of the ABI in diagnosing PAD and in assessing risk of
cardiovascular outcomes, lower extremity outcomes, and functional decline.

Symptoms of Peripheral Artery Disease

Intermittent claudication has been considered the most classical symptom of PAD
[14, 15]. Symptoms of intermittent claudication consist of exertional calf pain that
does not begin at rest and that resolves within 10 min of rest. Intermittent

M. M. McDermott ()

Division of General Internal Medicine, Northwestern University Feinberg School
of Medicine, Chicago, IL, USA

e-mail: mdm608 @northwestern.edu

© Springer Nature Switzerland AG 2020 5
C. M. Kramer (ed.), Imaging in Peripheral Arterial Disease,
https://doi.org/10.1007/978-3-030-24596-2_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-24596-2_2&domain=pdf
https://doi.org/10.1007/978-3-030-24596-2_2
mailto:mdm608@northwestern.edu

6 M. M. McDermott

claudication symptoms due to PAD were originally described by Dr. Geoffrey Rose,
a London epidemiologist, who developed the Rose intermittent claudication ques-
tionnaire in the 1960s, based on observations of patients with PAD. The question-
naire was developed for use in epidemiologic studies, facilitating a standardized
approach to measuring the incidence, prevalence, and significance of PAD in epide-
miologic studies. Using the Rose claudication questionnaire to diagnose PAD, the
prevalence of claudication is approximately 1-3% among community dwelling men
and women over age 50 [16, 17].

However, it is now well recognized that most people with PAD do not have clas-
sical symptoms of intermittent claudication [15-18]. Many people with PAD are
asymptomatic (i.e., have no exertional leg symptoms), and others have exertional leg
symptoms that are atypical for classical intermittent claudication symptoms (i.e.,
atypical exertional leg symptoms) [15-18]. Among people with PAD, the prevalence
of asymptomatic PAD varies from 20% among those identified from a noninvasive
vascular laboratory to approximately 67% among community dwelling older men
and women [16-18]. Asymptomatic PAD is due in part to physical activity restriction
in people with PAD. Specifically, people with PAD restrict their physical activity in
order to avoid leg symptoms and become so sedentary that they report no exertional
leg symptoms [5, 15]. Other people with PAD slow their walking speed to avoid
ischemia leg symptoms with walking [5, 9, 10, 18]. Many people with PAD who
report no exertional leg symptoms also have undiagnosed, unrecognized PAD [15].

The prevalence of atypical ischemic leg symptoms, defined as exertional leg
symptoms that do not meet criteria for classical intermittent claudication, is approxi-
mately 30 to 50% in people with PAD [15]. Atypical exertional leg symptoms in PAD
may be related in part to the high prevalence of comorbidities affecting the lower
extremities in people with PAD, including peripheral neuropathy, spinal stenosis, and
degenerative arthritis of the hips, knees, and spine [10, 15, 16]. These comorbidities
can also cause leg symptoms on exertion. Distinguishing leg symptoms due to
comorbidities from leg symptoms due to peripheral artery disease can be difficult.

The ABI is a sensitive and highly specific noninvasive diagnostic test that detects
PAD even in the absence of symptoms and in the presence of atypical exertional leg
symptoms. The role of the ABI as a diagnostic tool is underscored by the fact that
most people with PAD do not have classical symptoms of intermittent claudication.
Increased rates of cardiovascular events, functional impairment, and functional
decline are observed even in people with asymptomatic PAD and in people with
PAD accompanied by atypical exertional leg symptoms [3—15]. The ABI can be a
useful tool for diagnosing people with PAD who are at increased risk of cardiovas-
cular events, mortality, and functional decline. Furthermore, the ABI value provides
prognostic information regarding magnitude of risk for each of these outcomes.

Overview of the Ankle Brachial Index

The ABI is a ratio of Doppler-recorded systolic pressures in the lower and upper
extremities (Fig. 2.1). In healthy people without PAD, arterial pressures increase
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Fig. 2.1 The ankle brachial index measurement

with greater distance from the heart. This occurs because of retrograde wave reflec-
tion generated by resistance from peripheral arterioles that adds to retrograde flow
[19]. Additionally, increasing impedance with increasing arterial taper contributes
to increasing systolic pressures with increasing distance from the heart [19]. This
phenomenon results in higher systolic pressures at the ankle compared to the bra-
chial arteries in people without lower extremity arterial obstruction. For these rea-
sons, people without lower extremity atherosclerosis typically have an ABI value
>1.10 and <1.30. As described below, an ABI value >1.30 is indicative of medial
calcinosis of lower extremity peripheral arteries and may be commonly observed in

people with and without PAD.
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The ABI as a measure of the presence and severity of PAD has been validated
against angiographically documented PAD. Using an angiogram-demonstrated ste-
nosis of 50% or greater to diagnose PAD, Lijmer et al. reported that an ABI <0.91
had a sensitivity of 79% and a specificity of 96% for PAD in approximately 100
limbs [20]. An ABI of 1.19 had sensitivity of 94% and specificity of 29% for PAD
[20]. In a population of 298 consecutive patients from China (199 men) who under-
went lower extremity digital subtraction angiography (DSA) and the ABI, more
severe PAD measured by DSA was associated with lower ABI values [21]. Using
DSA-measured luminal stenosis of 0.50 or greater as the threshold for PAD, an ABI
value <0.95 maximized sensitivity (91% sensitive) and specificity (86% specific)
for diagnosing PAD, compared to alternative ABI thresholds. Ouriel et al. reported
that an ABI <0.97 was 94% sensitive and 99% specific for PAD [22]. In summary,
the ABI is both sensitive and specific for PAD, with lower ABI values indicative of
more severe lower extremity atherosclerosis.

Ankle Brachial Index Measurement

The ABI should be measured with the patient in a supine position, after at least a
5 min rest (Box 2.1). Appropriately sized blood pressure cuffs are placed over each
brachial artery and at each ankle. At the ankle, the blood pressure cuff bladder
should be positioned so that the artery marker is directly over the posterior tibial
artery. Patients should be instructed not to talk during the examination, since talking

Box 2.1 Measuring the Ankle Brachial Index

e The ankle brachial index (ABI) should be measured in the supine
position.

* The patient should rest supine for at least 5 min before the measurement is
performed.

* A 5-10 mHz Doppler and appropriately sized blood pressure cuffs for each
extremity are required.

* Pressures are measured beginning with the right brachial artery followed
by the right dorsalis pedis, right posterior tibial, left dorsalis pedis, left
posterior tibial, and left brachial arteries.

* The Doppler probe should be used to locate the strongest signal from each
artery.

e The sphygmomanometer is inflated to at least 20 mm above the systolic
pressure.

* The sphygmomanometer should be deflated no faster than 2 mm/s.

e The ABI may be calculated for each artery but is typically calculated for
each leg by dividing the highest lower extremity pressure in each leg by the
highest brachial artery pressure.
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can alter the systolic pressures during the test. Blood pressures are typically mea-
sured sequentially starting with the right upper extremity to the right lower extrem-
ity, left lower extremity, and left upper extremity. In the lower extremities, the
dorsalis pedis and the posterior tibial pressure are each measured. However, if time
is insufficient for measuring both the dorsalis pedis and posterior tibial arteries in
each extremity, accurate ABI values can also be obtained by measuring the posterior
tibial artery alone [20]. A handheld Doppler is used to locate each artery before each
arterial pressure measurement. The probe should be moved so that it detects the
strongest signal from the artery prior to cuff inflation. Accurate ABI measurement
consists of inflating the cuff sphygmomanometer to at least 20 mm above the sys-
tolic pressure and deflating the pressure no faster than 2 mm/s. The systolic pressure
at which the pulse reappears is measured and recorded for each artery and used to
calculate the ABI as described below.

Calculating the ABI

The ABI is the ratio of Doppler-recorded systolic pressures in the lower and upper
extremities. An ABI may be calculated for each lower extremity artery, by dividing
the lower extremity artery pressure by the highest of the brachial artery pressures.
The ABI is typically calculated for each leg, by dividing the highest of the two pres-
sures in each leg by the highest of the left vs. the right brachial artery pressures. The
highest pressure in each leg is traditionally selected when calculating the ABI,
because the highest pressure represents the greatest arterial pressure reaching the
foot. However, it has been demonstrated that the ABI calculation using the average
of the dorsalis pedis and posterior tibial artery pressures correlates most closely
with functional impairment in people with PAD [23]. Using the lowest of the dorsa-
lis pedis and posterior tibial pressures to calculate the ABI in each leg maximizes
sensitivity of the ABI for the diagnosis of PAD [24] but may be associated with
lower specificity.

Interpreting ABI Values

A normal ABI value is defined as an ABI between 1.10 and 1.30 (Table 2.1). An ABI
value of <0.90 is 99% specific and approximately 79% sensitive for the presence of
PAD [20]. ABI values <1.00 are more sensitive for PAD than ABI values of <0.90
[22]. For example, as noted above, an ABI <0.97 was reported to be 94% sensitive
for PAD [22]. Among people with ABI <0.90, lower ABI values indicate more
severe PAD [21]. ABI values <0.50 are associated with increased risk of amputation
compared to higher ABI values in patients with leg ulcers and in patients with his-
tory of diabetes values [25, 26].
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Table 2.1 Ankle brachial index values and their clinical significance

ABI value | Clinical relevance Associations with clinically important outcomes
1.10-1.30 Absence of lower extremity Associated with lower rates of cardiovascular
(reference) | atherosclerosis events and better lower extremity functioning
than ABI values <1.1.0
0.90-1.10 Small amounts of lower People with ABI 0.90-1.10 have slightly higher
extremity atherosclerosis rates of all-cause mortality, cardiovascular events,
and mobility loss compared to the reference
group
0.50-0.90 Indicates the presence of mild | Risk of all-cause mortality, cardiovascular events,
to moderate PAD and mobility loss is significantly higher than the
reference group
<0.50 Indicates severe PAD Risk of all-cause mortality, cardiovascular events,

and mobility loss is significantly higher than the
reference. Increased risk of lower extremity limb
loss or critical limb ischemia

>1.30 Indicates lower extremity Increased risk of mortality and cardiovascular
medial calcinosis and inability | events compared to the reference

to assess the presence and
severity of lower extremity
atherosclerosis

Interpreting the ABI Value in People with Diabetes Mellitus
and Those with Medial Calcinosis of Lower Extremity Arteries

An ABI <0.90 may be less sensitive for PAD in people with diabetes, due to medial
calcinosis, a phenomenon in which calcification of the media in the lower extremity
arterial wall results in arterial stiffness and an increased arterial pressure at the
ankle. This phenomenon of increased lower extremity arterial pressures results in an
artificially higher ABI value and lower sensitivity for PAD. Although data are vari-
able, an ABI <0.90 is typically less sensitive for PAD in people with diabetes, com-
pared to those without diabetes [27, 28]. Medial artery calcinosis is also observed in
older people and in people with end-stage renal disease. People with incompressible
lower extremity arteries who have systolic pressures >300 mm Hg at the ankle have
ABI values >1.30. In these individuals, the ABI is not a reliable measure of lower
extremity arterial obstruction, and alternative methods (such as toe pressures or
Doppler waveform analyses) must be used to diagnose PAD. The toe pressure is
useful for patients with non-compressible lower extremity arteries, because the digi-
tal vessels typically do not develop calcifications and therefore can be accurate mea-
sures of lower extremity arterial disease. In people suspected of having PAD who
have a normal ABI, noninvasive lower extremity arterial duplex testing and toe pres-
sure testing are the best methods to diagnose PAD, since neither measure is affected
by medial calcinosis of the lower extremity arteries [19]. Although post-exercise or
heel-rise testing can be performed in patients with suspected PAD who have a nor-
mal ABI (see below), medial artery calcinosis reduces the sensitivity of post-
exercise or heel-rise testing for diagnosing PAD [29].
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Post-exercise ABI

Some patients with signs and/or symptoms of PAD have low normal or borderline
ABI values (i.e., ABI values of 0.90-1.09), leaving uncertainty about the presence
of PAD. In these patients, the ABI can be performed before and after treadmill exer-
cise activity. A decline in ABI of 20% or greater after a treadmill exercise test indi-
cates the presence of PAD [19, 30]. The ABI drops after exercise in patients with
PAD because during lower extremity exercise, such as treadmill walking activity,
systolic blood pressure values increase centrally, while arterial vessels that supply
the lower extremities dilate. Together, these phenomena result in an increase in the
brachial artery pressure simultaneously with a drop in the ankle pressure. These
physiologic phenomena in response to exercise are observed even in healthy indi-
viduals. However, the magnitude of decline in the post-exercise ABI is approxi-
mately 5% in healthy people without lower extremity atherosclerosis vs. 20% in
people with PAD [22]. A drop in a borderline ABI value (a borderline ABI value
ranges from 0.90 to 1.09) of at least 20% after walking exercise is consistent with a
diagnosis of PAD. Alternatively, a lower extremity pressure decline after exercise of
>30 mm Hg can be used to diagnose PAD. In one study, the criterion of an ABI
<0.90 after exercise or a >30 mm Hg drop in lower extremity pressure after exercise
was 33% sensitive and 85% specific for PAD [32]. In a separate study, a recovery of
the ABI to at least 90% of the baseline value within 3 min after completion of exer-
cise was 94% specific for PAD [22].

The post-exercise ABI is typically measured before and after treadmill exercise
in a vascular laboratory and requires treadmill equipment, and this testing may not
be convenient in other settings. An alternative exercise ABI test is the heel-rise ABI,
which does not require treadmill equipment and can be performed to elicit a diag-
nosis of PAD in people with borderline ABI values and suspected PAD. In the heel-
rise ABI measurement, after the resting ABI, the patient lightly rests fingertips
against a wall for balance, while rising up and down on the toes at a rate of one per
second for 50 heel rises. The ABI is immediately repeated after the heel-rise exer-
cise and has comparable sensitivity and specificity as a post-treadmill ABI for diag-
nosing PAD [30, 31]. Measuring the ABI as soon as possible after completion of the
heel-rise exercise can improve the sensitivity of the post-heel-rise ABI for the diag-
nosis of PAD.

Using the ABI to Monitor Progression of Lower Extremity
Atherosclerosis

An ABI decline of 0.15 is typically considered indicative of a clinically meaning-
ful change in ABI [19, 33]. In one study of 349 patients with PAD identified from
a vascular laboratory, rates of ABI decline >0.15 were 19% at 3 years follow-up
and 37% at 5 years follow-up [34]. A separate study of 91 men with intermittent
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claudication reported that an ABI decline of 0.15 or greater over a mean follow-up
period of 2.5 years was associated with a 2.5-fold higher rate of revascularization
and a 1.8-fold higher rate of symptom progression [35]. However, a study of 193
limbs in 114 patients with PAD showed a poor correlation between change in the
ABI and progression of lower extremity atherosclerosis, measured by arteriogram
or duplex scanning, over 3.3-year follow-up [33]. Of the 193 limbs, 72 (37%)
showed meaningful progression of lower extremity atherosclerosis, measured by
arteriography or duplex scanning during the 3.3-year follow-up period. During the
same time period, an ABI decline of >0.15 was only 41% sensitive for lower
extremity atherosclerotic disease progression, measured by arteriogram or duplex
scanning [33]. This study suggested that the ABI is relatively insensitive in mea-
suring progression of PAD. This relative insensitivity may be due to changes in
lower extremity artery stiffening, such as medial artery calcinosis, as described
above.

The ABI as a Prognostic Indicator of Cardiovascular Events
and All-Cause Mortality

The ABI is an important prognostic indicator of risk for cardiovascular events and
mortality. An association of ABI <0.90 with increased rates of cardiovascular
events and all-cause mortality has been demonstrated consistently in epidemio-
logic population studies and among patients identified from clinical settings
[3, 36—40]. These associations are independent of age, sex, race, cardiovascular
risk factors, and comorbidities. In addition, lower ABI values are associated with
greater risk of all-cause mortality (Fig. 2.2). This phenomenon was illustrated in a
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meta-analysis of 16 population cohorts that included 24,955 men, 23,339 women,
and 480,325 person years of follow-up. Mortality rates were 18.7% and 4.4%,
respectively, in men with ABI <0.90 vs. men with ABI 1.10-1.40 [3]. Corresponding
rates of mortality among women were 12.6% and 4.1%, respectively, in women
with ABI <0.90 compared to those with ABI 1.10-1.40 [3]. Adjusting for the
Framingham Risk Score, the hazard ratios for all-cause mortality were 2.9 (95%
confidence interval (CI) = 2.3, 3.7) and 3.0 (95% CI = 2.0, 4.4) among men and
women, respectively, with ABI <0.90 vs. ABI 1.10-1.40 [3]. When participants
were categorized according to Framingham Risk Score (<10%, 10-19%, >20%),
within each category of risk, an ABI <0.90 was associated with an approximately
2.0-fold increased risk of all-cause mortality, cardiovascular mortality, and rates of
major coronary artery events, compared to the reference group of ABI 1.10-1.40.
These results demonstrate that ABI <0.90 adds meaningfully to established cardio-
vascular risk factors as a predictor of all-cause mortality, cardiovascular mortality,
and coronary event rates.

The Ankle Brachial Index as an Indicator of Subclinical
Atherosclerosis in Other Vascular Beds

Low ABI values are also associated with an increased prevalence of subclinical
atherosclerotic disease. For example, in the Multi-Ethnic Subclinical
Atherosclerosis (MESA) study, the ABI was measured in 3458 and 3112 men
who were free of clinically evident cardiovascular disease [41]. In this study,
definite PAD was defined as an ABI <0.90, “borderline” PAD was defined as an
ABI of 0.90-0.99, a low-normal ABI was defined as an ABI of 1.00-1.09, and
absence of PAD was defined as an ABI of 1.00-1.03. ABI values <0.90 were
associated with a higher prevalence of subclinical cardiovascular disease. For
example, men with ABI <0.90 had significantly higher values for carotid artery
intima media thickness and a higher odds ratio for presence of coronary calcium
(odds ratio = 3.26) compared to men with a normal ABI (i.e., ABI of 1.00-1.30).
Women with ABI <0.90 had a higher prevalence of coronary calcium (odds
ratio = 2.85). Furthermore, men and women with borderline ABI values were
more likely to have any coronary calcium than men and women with normal ABI
values. Men with borderline ABI values also have higher carotid artery intima
media thickness values compared to men with a normal ABI, and men with low-
normal ABI values had significantly higher carotid intima media thickness val-
ues than men with normal ABI values. These results demonstrated that an ABI
<0.90 is a marker of presence of subclinical atherosclerosis in people with no
history of clinically evident cardiovascular disease. Even men and women with
borderline ABI values and men with low-normal ABI values had higher preva-
lences of subclinical atherosclerosis compared to men and women with normal
ABI values [41].



14 M. M. McDermott
The ABI, Functional Impairment, and Functional Decline

Lower ABI values, indicative of more severe PAD, are associated with greater func-
tional impairment, faster rates of functional decline, and higher rates of mobility
loss in people with and without PAD. This was demonstrated in the Walking and
Leg Circulation Study (WALCS), an observational longitudinal study of 460 men
and women age 55 and older with PAD and 241 men and women age 55 and older
without PAD who were well characterized, underwent baseline ABI and functional
performance testing, and were followed longitudinally for up to 5 years [5-7].
Functional performance measures at baseline and annually included a 6-minute
walk test and assessment, based on patient self-report, of the ability to walk %4 mile
and walk up and down a flight of stairs without assistance. At baseline, lower ABI
values were associated with poorer 6-minute walk [5] (Fig. 2.3). Compared to
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people with baseline ABI of 1.00-1.50, participants with an ABI <0.50 walked a
shorter distance in the 6-min walk test (=515 ft (95% Confidence Interval —592 to
—454), had poorer physical activity (=515 activity units (95% CI = —657 to —373),
had slower 4-m walking velocity —0.21 m/s), and were significantly less likely to
hold a full tandem stand (standing with one foot directly in front of the other) for
10 s (odds ratio 0.37 (95% CI = 0.18-0.76)). Lower ABI values were also associated
independently with the inability to complete a 6-minute walk test without stopping
to rest [5]. These associations were independent of potential confounders such as
age, sex, race, smoking, body mass index, and comorbidities. At 2-year follow-up,
among participants able to complete the 6-minute walk test without stopping at
baseline, those with ABI <0.50, ABI 0.50-0.70, and ABI 0.70 to <0.90 were each
significantly more likely to become unable to walk for 6 min continuously without
stopping, compared to those with ABI of 1.10-1.50 at baseline [6]. These associa-
tions were also independent of potential confounders. At 5-year follow-up, among
participants without baseline mobility impairment, lower ABI values were associ-
ated with significantly higher rates of mobility loss, with lower ABI values associ-
ated with progressively increased risk of mobility loss [7]. Those with ABI <0.50 at
baseline had a 4.16-fold increased risk of mobility loss (95% CI = 1.58-10.92), and
those with baseline ABI of 1.00-1.09 had a 2.61-fold increased risk (95% CI =
1.08-6.32) compared to those with a normal ABI at baseline [7]. In summary, lower
ABI values are associated with greater functional impairment and higher rates of
functional decline and mobility loss [5-7].

Limitations of the ABI

There are several limitations of ABI testing. First, the ABI is not sensitive to
improvements in walking performance that occur in response to supervised exercise
interventions. Although supervised treadmill exercise dramatically improves the
6-minute walk distance, the ABI value does not change concomitantly. Second, as
indicated above, the ABI may not be sensitive to progression of lower extremity
atherosclerosis. Third, the ABI is not a useful measure of the presence or severity of
PAD in people with medial calcinosis of the lower extremity arteries. Despite these
limitations, the noninvasive and inexpensive nature of the ABI, along with its gener-
ally high sensitivity and specificity for PAD, makes it a highly useful clinical diag-
nostic and prognostic tool.

Ankle Brachial Index Values in Women vs. Men and in Blacks
vs. Whites

Women have lower ABI values on average than men, and black people have lower
ABI values than whites. Among 1775 healthy people age 45—84 in the MESA cohort
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with ABI values of 1.00—1.30 and no major risk factors for PAD (smoking, diabetes,
dyslipidemia, hypertension), women were found to have an ABI value that was 0.02
lower than men, and blacks had an ABI value that was 0.02 lower than whites.
While shorter height in women might explain an intrinsically lower ABI value in
women compared to men, these results and similar findings from another study of
sex differences in ABI showed that this difference in ABI value persisted even after
adjusting for height [42, 43].

Conclusions

The ABI is an important noninvasive and inexpensive test that is reasonably sensi-
tive and highly specific for detecting PAD and assessing PAD severity. The ABI is
an important prognostic tool for risk of cardiovascular events and is associated with
the degree of functional impairment and functional decline. However, the ABI may
be falsely elevated by lower extremity medial calcinosis, which limits its utility for
detecting PAD in people with diabetes and for detecting atherosclerotic disease pro-
gression in people with a low ABIL.
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