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Combination of the ankle-brachial index and
percentage of mean arterial pressure to improve
diagnostic sensitivity for peripheral artery disease
An observational study
Han-Wei Lin, MDa, I-Te Lee, MD, PhDa,b,c,d,∗

Abstract
The ankle-brachial index (ABI) is a noninvasive method for screening for peripheral artery disease (PAD). However, false-negative
findings of the ABI may limit its clinical use. The percentage of mean arterial pressure (%MAP) calculated from pulse volume recording
has been reported to predict all-causemortality. We hypothesized that the%MAPwould be helpful to screen for PAD in subjects with
a normal ABI. We examined whether using a combination of the ABI and %MAP would provide greater diagnostic sensitivity for PAD
than using the ABI alone.
In this cross-sectional study, we retrospectively reviewed the medical records of patients who had undergone multiple detector

computed tomography (MDCT) angiography of the lower extremities following measurement of the ABI with pulse volume recording.
PAD was diagnosed based on MDCT angiography.
A total of 215 lower extremities of 114 patients were included in our analyses. An optimal cut-off %MAP value of 42.5%was used to

diagnose PAD based on MDCT in patients with an ABI > 0.90. Using a combination of an ABI<0.90 and a %MAP ≥ 42.5% as
diagnostic criteria for PAD resulted in better sensitivity (76.9%) than using the ABI alone (56.5% for an ABI<0.90 and 63.4% for an
ABI<1.00). Using logistic regression analysis, we found that patients having both an ABI<0.90 and an ABI>0.90 with a %MAP ≥
42.5% had a significantly higher risk of PAD than those having an ABI>0.90 with a %MAP<42.5% (odds ratio=7.165, P= .006;
odds ratio=12.544, P< .001; respectively).
Both the sensitivity and specificity were better when using a combination of an ABI� 0.90 and a%MAP ≥ 42.5% than when using

a low or borderline ABI. The %MAP is helpful for PAD screening in subjects with an ABI>0.90.

Abbreviations: %MAP = percentage of mean arterial pressure, ABI = ankle-brachial index, ACE = angiotensin-converting
enzyme, ARB = angiotensin II receptor antagonists, CI = confidence interval, eGFR = estimated glomerular filtration rate, MDCT =
multiple detector computed tomography, PAD = peripheral artery disease, ROC curve = receiver operating characteristic curve, UT
= upstroke time.

Keywords: ankle-brachial index, percentage of mean arterial pressure, peripheral artery disease, sensitivity

[3]
1. Introduction

Peripheral artery disease (PAD), a sequential result of athero-
sclerosis, has become a heavy public health burden.[1,2] Although
intermittent claudication is a typical symptom of PAD, many
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patients remain asymptomatic. The ankle-brachial index (ABI)
is a useful noninvasive screening tool for PAD.[4] PAD diagnosed
based on an ABI � 0.90 had similar risks of all-cause mortality,
myocardial infarction, and stroke as symptomatic PAD.[5]

However, PAD diagnosis using an ABI � 0.90 has a reported
sensitivity of only 76% in Chinese patients,[6] and the sensitivity
may decrease in specific populations, such as the elderly and
diabetics.[7,8] To increase the diagnostic sensitivity for PAD, the
threshold of the ABI value should be revised. Several articles have
reported that subjects with borderline ABI values between 0.91
and 0.99 showed higher risks of PAD and all-cause mortality
than those with ABI values ≥ 1.00.[9,10]

Pulse volume recording can easily be automatically obtained
for ABI assessment.[11] The percentage of mean arterial pressure
(%MAP) and the upstroke time (UT) calculated from pulse
volume recording were significantly higher in patients with PAD
than those without.[12] It has been reported that the combined
parameters of ABI, %MAP, and UT provide better sensitivity
than the definition of an ABI � 0.99.[13] However, the specificity
was relatively decreased after adding %MAP and UT to the
diagnostic criteria of PAD.
An ABI � 0.90 was reported to be a strong predictor of

mortality, and a high %MAP provided an additional risk for
mortality in patients with an ABI>0.90; however, subjects with
an ABI � 0.90 might still have a higher risk of mortality than
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those with an ABI>0.90 and a high %MAP. In the present
study, we attempted to apply the same 2-step assessment: first, by
screening based on an ABI � 0.90 in all patients, followed by
screening of the %MAP in patients with an ABI>0.90. We
examined the diagnostic accuracy of this 2-step assessment
compared to that of using the ABI alone.

2. Materials and methods

2.1. Subjects

This case–control study was conducted at the Division of
Endocrinology and Metabolism in Taichung Veterans General
Hospital. We retrospectively reviewed the medical records of
patients who had undergone multiple detector computed
tomography (MDCT) for angiography of their lower extremities
between June 2009 and September 2017. We excluded enrolled
patients who did not undergo pulse volume recording assessment
Table 1

Characteristics of patients with and without PAD, and of those wi
angiography.

MDCT (+)

MDCT (�) (n=29) n=186

Demographic characteristics
Age, y 68±12 71±11
Male, n (%) 23 (79.3) 94 (50.5)
Current smoker, n (%) 3 (10.3) 13 (7.0)
Hypertension, n (%) 23 (79.3) 158 (84.9)
Diabetes, n (%) 21 (72.4) 157 (84.4)
CAD history, n (%) 1 (3.4) 41 (22.0)

Anthropometric data
BMI, kg/m2 25±3 25±5
Systolic BP, mm Hg 142±22 144±24
Diastolic BP, mm Hg 78±10 77±13

Laboratory data
Fasting glucose, mmol/L 9.7±6.5 9.6±5.2
Total cholesterol, mmol/L 4.1±1.0 4.2±1.1
HDL cholesterol, mmol/L 1.0±0.2 1.2±0.4
Triglyceride, mmol/L 1.5±0.6 1.6±1.2
eGFR, mL/min/1.73 m2 72.2±32.1 56.2±35.0

Ankle-brachial profiles
ABI 1.07±0.14 0.86±0.25
ABI � 0.90, n (%) 4 (13.8) 105 (56.5)
%MAP 39.5±4.1 46.2±6.2

Current medications
Statins, n (%) 14 (48.3) 88 (47.3)
Antihypertensive agents, n (%)
ACE inhibitor or ARB 11 (37.9) 117 (62.9)
a-Blocker 3 (10.3) 32 (17.2)
b-Blocker 10 (34.5) 68 (36.6)
Calcium channel blocker 2 (6.9) 26 (14.0)
Diuretics 1 (3.4) 8 (4.3)

Antidiabetic drugs, n (%)
Insulin therapy 15 (51.7) 95 (51.1)
Insulin secretagogues 4 (13.8) 48 (25.8)
Metformin 8 (27.6) 66 (35.5)
DPP4 inhibitors 9 (31.0) 61 (32.8)
Thiazolidinediones 0 (0.0) 16 (8.6)
a-Glucosidase inhibitor 4 (13.8) 10 (5.4)

Continuous data are presented as means ± standard deviation, and categorical data are presented as
%MAP=percentage of mean arterial pressure, ABI= ankle-brachial index, ACE= angiotensin-converting e
coronary artery disease, DPP4=dipeptidyl peptidase-4, eGFR= estimated glomerular filtration rate, HDL
disease.
∗
The statistical difference between subjects with and without PAD based on MDCT imaging.

† The statistical difference between an ABI>0.90 or an ABI � 0.90 in subjects with PAD based on M
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of the ABI prior to MDCT for the same indication. Subjects with
an ABI>1.40 or end-stage renal disease were excluded.
Demographic characteristics and laboratory data were collected.
The study protocol was approved by the Institutional Review
Board of Taichung Veterans General Hospital, Taichung,
Taiwan before data collection.
2.2. Procedures

The ABI and %MAP were measured simultaneously using a
validated automatic device (VP-1000; Colin Corporation, Hay-
ashi, Komaki City, Japan). Cuffs were placed on the arms and
ankles on both sides, and were connected to both a plethysmo-
graphic sensor that detected volume change and an oscillometric
pressure sensor to measure blood pressure. Patients underwent
this assessment after resting in the supine position for at least 5
minutes. The higher systolic blood pressure of the 2 arms was
th an ABI>0.90 and �0.90 in those with PAD, based on MDCT

MDCT (+) (N=186)

P
∗

ABI>0.90 (n=81) ABI � 0.90 (n=105) P†

.249 68±11 73±10 .003

.007 36 (44.4) 58 (55.2) .190

.795 4 (4.9) 9 (8.6) .501

.617 67 (82.7) 91 (86.7) .589

.184 70 (86.4) 87 (82.9) .645

.036 17 (21.0) 24 (22.9) .899

.627 26±5 25±5 .217

.613 146±22 143±26 .401

.682 78±14 76±13 .273

.949 9.2±4.1 10.0±5.9 .274

.799 4.1±1.0 4.2±1.1 .346

.046 1.1±0.3 1.2±0.4 .537

.693 1.6±0.8 1.7±1.5 .625

.021 55.2±39.0 56.9±31.7 .753

<.001 1.09±0.11 0.68±0.15 <.001
<.001
<.001 42.1±4.7 49.3±5.4 <.001

.999 34 (42.0) 54 (51.4) .258

.019 48 (59.3) 69 (65.7) .453

.509 9 (11.1) 23 (21.9) .082

.993 25 (30.9) 43 (41.0) .207

.449 10 (12.3) 16 (15.2) .726

.999 6 (7.4) 2 (1.9) .142

.999 36 (44.4) 59 (56.2) .150

.241 26 (32.1) 22 (21.0) .120

.534 29 (35.8) 37 (35.2) .999

.999 26 (32.1) 35 (33.3) .984

.207 8 (9.9) 8 (7.6) .779

.192 6 (7.4) 4 (3.8) .453

numbers (percentages).
nzyme, ARB=angiotensin II receptor antagonist, BMI=body mass index, BP=blood pressure, CAD=
=high-density lipoprotein, MDCT=multiple detector computed tomography, PAD=peripheral artery

DCT imaging.
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selected as the brachial pressure. The right and left ABI values
were determined by dividing the systolic pressure in each ankle by
the brachial pressure. In addition, the %MAP was determined
based on the ankle pulse volume waveforms. The %MAP
indicates the height of the mean area of the arterial wave divided
by the peak amplitude. The reproducibilities of the ABI and %
MAP were examined in a group of 20 subjects. Highly linear
correlations of the ABI (r=0.90, P< .001) and %MAP (r=0.73,
P< .001) between the results of the first and second measure-
ments were observed. Based on the Bland–Altman plots, the 95%
confidence intervals (CIs) were 0.02±0.01 for the bias of the ABI
and �0.33±0.67 for the %MAP between repeated measure-
ments.
Angiography was performed with the thinnest collimation and

a reconstruction thickness of 2.5mm using a 64-detector
computed tomography scanner (Brilliance 64; Philips Healthcare,
The optimal cut-off values for the percentage of m

peripheral artery disease based on MDCT imagin

AUC  95% CI of AUC  P  

0.685  (0.572, 0.798)  0.005  

AUC = area under the curve, CI = confidence inte
Figure 1. Receiver operating characteristic curve analysis to determine the cut-
peripheral artery disease (PAD) based on multiple detector computed tomograph
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Best, The Netherlands). Angiography included the common iliac
artery, external iliac artery, internal iliac artery, femoral artery,
popliteal artery, anterior tibial artery, posterior tibial artery,
peroneal artery, and dorsalis pedis artery in the arterial phase
scan after an intravenous administration of 1.3mL/kg (of body
weight) of contrast medium followed by a 30-mL saline chaser.
PAD was defined as an arterial lesion with luminal narrowing
≥70%.
2.3. Statistical analyses

Among the 114 enrolled patients, 13 lower extremities were
excluded from the analyses owing to a history of surgical or
vascular intervention. Continuous data are presented as themean
± standard deviation, and categorical data are presented as
numbers (percentages). A chi-squared test was used to detect
ean arterial pressure (%MAP) for 

g in subjects with an ABI > 0.90. 

Cut-off value  Sensitivity  Specificity 

42.5%  46.9%  0.88% 

rval 
off level of the percentage of mean arterial pressure (%MAP) for diagnosis of
y (MDCT) angiography.
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Patients with suspected PAD 

PAD 

ABI  0.90 

%MAP  42.5% 

PAD 

%MAP < 42.5% 

no PAD 

ABI > 0.90 

Figure 2. Flow chart for subjects who underwent measurement of the ankle-brachial index (ABI) and percentage of mean arterial pressure (%MAP) to diagnose
peripheral artery disease (PAD).
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statistical differences in the categorical variables. An independent
sample t test was used to detect the intergroup statistical difference
in the continuous variables. A receiver operating characteristic
(ROC) curvewas used to determine the optimal cut-off point of the
%MAP for PAD in patients with an ABI>0.9.Multivariate linear
regression analysis was used to analyze the associated factors for
the MDCT-based PAD diagnosis. The estimated glomerular
filtration rate (eGFR) was calculated using the following formula:
eGFR (mL/min/1.73m2)= 186� (serum creatinine [mg/dL])�1.154

� (age [year])�0.203 (� 0.742, if female), based on theModification
of Diet in Renal Disease equation. A value of P< .05 was
considered statistically significant. All analyses were performed
using SPSSversion22.0 software (International BusinessMachines
Corp, New York, NY).
3. Results

A total of 215 lower extremities of 114 patients were included in
the analyses. The median duration between assessments of the
ABI and MDCT was 15 days (interquartile range, 4–56 days).
Based on MDCT diagnosis, 186 extremities were placed into the
MDCT(+) group and 29 extremities into the MDCT(�) group.
The proportion of male patients was lower in the MDCT(+) than
in the MDCT(�) group (50.5% vs. 79.3%, P= .007), and the
proportion of patients using an angiotensin-converting enzyme
(ACE) inhibitor or angiotensin II receptor antagonist (ARB) was
higher in the MDCT(+) than in the MDCT(�) group (62.9% vs.
37.9%, P= .019). A lower mean ABI value (0.86±0.25 vs. 1.07
±0.14, P< .001) and a higher %MAP (46.2±6.2 vs. 39.5±
4.1%, P< .001) were observed among patients in the MDCT(+)
Table 2

Diagnosis of peripheral artery disease based on different criteria.

True-positive False-positive True-negativ

ABI � 0.90 105 4 25
ABI < 1.00 118 9 20
ABI � 0.90 or %MAP ≥ 42.5% 143 7 22

An ABI � 0.90 followed by a %MAP ≥ 42.5% if the ABI>0.90.
%MAP=percentage of mean arterial pressure, ABI=ankle-brachial index, NPV=negative predictive va

4

group than among those in the MDCT(�) group (Table 1).
However, only 105 (56.5%) patients with an ABI value � 0.90
were in the MDCT (+) group. In the MDCT(+) group, a lower %
MAP was observed in the patients with an ABI>0.90 than in
those with an ABI � 0.90 (42.1±4.7 vs. 49.3±5.4%, P< .001;
Table 1). Using ROC curve analysis, a cut-off value of 42.5% for
the %MAP provided better prediction for PAD diagnosed by
MDCT in patients with an ABI>0.90 (Fig. 1).
To increase sensitivity, we attempted to elevate the cut-off value

of the ABI to 1.00, and while the criterion of an ABI� 1.00 had a
sensitivity of 63.4%, the specificity was reduced to 69.0%.
Conversely, we used an ABI � 0.90 as the first-step criterion for
PAD diagnosis, then used a %MAP ≥ 42.5% as the second
criterion (Fig. 2). This 2-step criteria for diagnosing PAD provided
a sensitivity of 79.6% and specificity of 75.9%, which were both
better than those provided by using an ABI � 1.00 (Table 2).
Logistic regression analysis revealed that patientswith anABI<

0.90 were significantly associated with having PAD diagnosed via
MDCT (odds ratio: 12.544, 95% CI: 3.751–41.949; P< .001),
and patients with an ABI>0.90 and a%MAP ≥ 42.5%were also
significantly associated with having PAD diagnosed via MDCT
(odds ratio: 7.165, 95% CI: 1.746–29.405; P< .006) after
adjustment for age, sex, high-density lipoprotein cholesterol,
eGFR, and current ACE inhibitor or ARB use (Table 3).
4. Discussion

Using a %MAP ≥ 42.5% provided additional benefit for PAD
screening in patients with an ABI>0.90. Based on the report
from the American College of Cardiology/American Heart
e False-negative Sensitivity, % Specificity, % PPV, % NPV, %

81 56.5 86.2 96.3 23.6
68 63.4 69.0 92.9 22.7
43 76.9 75.9 95.3 33.8

lue, PPV=positive predictive value.
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Table 3

Logistic regression analysis showing the associated factors for PAD based on MDCT.

Crude Model 1 Model 2

OR 95% CI P OR 95% CI P OR 95% CI P

ABI>0.90 and %MAP < 42.5% 1.000
ABI>0.90 and %MAP ≥ 42.5% 6.481 (1.797, 23.373) .004 5.242 (1.415, 19.412) .013 7.165 (1.746, 29.405) .006
ABI � 0.90 13.430 (4.369, 41.281) <.001 13.000 (4.134, 40.878) <.001 12.544 (3.751, 41.949) <.001

Age, y 1.009 (0.972, 1.047) .642 1.005 (0.965, 1.046) .816
Male 0.267 (0.095, 0.750) .012 0.444 (0.138, 1.422) .172
CAD history 3.897 (0.465, 32.668) .210
HDL cholesterol, mmol/L 2.272 (0.452, 11.412) .319
eGFR, mL/min/1.73 m2 0.989 (0.976, 1.002) .094
ACE inhibitor or ARB 1.785 (0.661, 4.821) .253

Model 1: adjusted for age and gender; Model 2: adjusted for age, gender, HDL cholesterol, eGFR, and use of an ACE inhibitor or ARB.
%MAP=percentage of mean arterial pressure, ABI= ankle-brachial index, ACE= angiotensin-converting enzyme, ARB= angiotensin II receptor antagonist, CAD= coronary artery disease, CI=confidence
interval, eGFR=estimated glomerular filtration rate, HDL=high-density lipoprotein, MDCT=multiple detector computed tomography, OR= odds ratio, PAD=peripheral artery disease.
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Association Task Force on Clinical Practice Guidelines, a
borderline ABI is reported to be associated with PAD and
mortality.[14] However, despite increasing the ABI threshold
value to 1.00 for PAD diagnosis, our results showed that
only using a combination of an ABI � 0.90 and a %MAP ≥
42.5% provided better sensitivity and specificity than using an
ABI<1.00.
In line with our findings, Hashimoto et al[13] reported that

using a combination of an ABI<1.00, %MAP ≥ 45%, and UT
≥ 180 milliseconds provided better sensitivity than using an
ABI<1.00 alone. However, the specificity using the combina-
tion criteria was obviously less than that using the ABI alone
(60.0% vs. 84.4%).[13] In the present study, the %MAP was
significantly lower in subjects with an ABI>0.90 than in those
with an ABI � 0.90. Our strength in the present analysis was
to select the optimal cut-off point of the %MAP in subjects
with an ABI>0.90, instead of in all subjects, because the
purpose for using the %MAP was to select PAD patients from
subjects with an ABI>0.90. Using the combination criteria of
an ABI � 0.90 and a %MAP ≥ 42.5%, both the sensitivity and
specificity were better than those using the criterion of an
ABI<1.00 alone.
In a Korean study, the sensitivity and specificity of using an

ABI<0.90 was reported as 61% and 87%, respectively, for PAD
diagnosis; however, the sensitivity may have been lower due to
arterial stiffness, especially in elderly or diabetic populations.[15]

The waveform of pulse volume recording includes an upstroke
with a sharp peak, followed by a downstroke with a dicrotic
notch. A flattened waveform with a delayed upstroke will be
observed in an occluded artery.[16] Therefore, a high %MAP
reflecting a flattened arterial wave can be a sign of arterial
occlusion, and provide a diagnostic criterion for PAD in subjects
with falsely elevated ABI values due to noncompressible
vessels.[17–19]

Several methods, including the exercise test and toe-brachial
index, are suggested for PAD screening in high-risk patients with
an ABI>0.90.[20–22] Given recent technical advances, pulse
volume recording can be simultaneously and automatically
collected during ABI measurement. The presence of arterial
stiffness may not influence pulse volume recording because the
pulsatile pressure waveform is generated based on volume
change, instead of pressure profiles, detected by the transducer
after venous compression by pneumatic cuffs.[23] Furthermore,
the %MAP has also been reported to be a useful predictor for
critical limb ischemia and all-cause mortality.[11,24]
5

Diabetes is an important risk factor for PAD. The
prevalence of diabetes is reported to be approximately 50% in
patients with suspected PAD in teaching hospitals.[26] In the
present study, 84.4% of patients with PAD diagnosed based on
MDCT had known diabetes. This high proportion of patients
with diabetes may be owing to the availability of ABI and%MAP
assessment, which were performed at the Division of Endocri-
nology and Metabolism in our hospital.
There were some limitations of our study. First, we did not

include subjects with an ABI>1.40, and the diagnostic value of
the %MAP could not be applied to this population. Similarly,
MDCT was performed for subjects with suspected PAD in our
clinical practice. Therefore, our findings in this retrospective
study may not be applicable to the general population. Second,
we did not further assess the difference in PAD risk between
subjects with an ABI � 0.90, and those with an ABI>0.90 and a
%MAP ≥ 42.5%. Although the combination of using the ABI
and %MAP increases the sensitivity for the diagnosis of PAD,
subjects with an ABI � 0.90 may have a higher PAD risk than
those with an ABI>0.90, even with a%MAP≥ 42.5%. Third, to
simplify the screening criteria, we only used the %MAP and ABI
values based on our previous findings.[11] We did not include the
UT and pulse wave velocity in our analysis, which could also be
collected during ABI measurement.
In conclusion, using a combination of an ABI � 0.90 and a %

MAP ≥ 42.5% can provide greater sensitivity and specificity for
the diagnosis of PAD than using the criteria of a low (�0.90) or
borderline (0.91–0.99) ABI.
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