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Introduction

Coronary heart disease and stroke as manifestations
of atherosclerosis are among the leading causes of
death. Consequently, there has been an intensive search
for methods of measuring atherosclerosis ‘burden’

that may indicate the cardiovascular and also over-
all risk of the individual, particularly asymptomatic
patient.1

A large body of evidence has been gathered on the
ankle–brachial index (ABI), which represents the
ratio of the ankle to brachial systolic pressure.2,3 In
the supine position, the pressure in the arm artery
should be somewhat lower than in the ankle arteries,
with a resulting ABI ratio of about 1.10.4,5 However,
if atherosclerotic stenosis occurs in the lower
extremity, the decreased pressure in the ankle arter-
ies leads to lower ABI. Conventionally, ABI values
below 0.90 are considered pathological, indicating
peripheral arterial disease (PAD).6 Compared with
angiography, the sensitivity of a low ABI for leg
artery stenosis of �50% is about 90%, and the speci-
ficity is about 98%.7

In a series of large-scale epidemiological studies in
various settings and patient populations, it has consis-
tently been shown that a decrease in ABI is associated
with a substantially elevated risk of coronary death,
cerebrovascular death and death from any cause.8–13
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Abstract:The reliability of ankle–brachial index (ABI) measurements performed by dif-
ferent observer groups in primary care has not yet been determined. The aims of the
study were to provide precise estimates for all effects influencing the variability of the
ABI (patients’ individual variability, intra- and inter-observer variability), with par-
ticular focus on the performance of different observer groups. Using a partially bal-
anced incomplete block design, 144 unselected individuals aged � 65 years underwent
double ABI measurements by one vascular surgeon or vascular physician, one family
physician and one nurse with training in Doppler sonography. Three groups compris-
ing a total of 108 individuals were analyzed (only two with ABI � 0.90). Errors for two
repeated measurements for all three observer groups did not differ (experts 8.5%,
family physicians 7.7%, and nurses 7.5%, p � 0.39). There was no relevant bias among
observer groups. Intra-observer variability expressed as standard deviation divided
by the mean was 8%, and inter-observer variability was 9%. In conclusion, repro-
ducibility of the ABI measurement was good in this cohort of elderly patients who
almost all had values in the normal range. The mean error of 8–9% within or between
observers is smaller than with established screening measures. Since there were no
differences among observers with different training backgrounds, our study confirms
the appropriateness of ABI assessment for screening peripheral arterial disease (PAD)
and generalized atherosclerosis in the primary case setting. Given the importance of
the early detection and management of PAD, this diagnostic tool should be used rou-
tinely as a standard for PAD screening. Additional studies will be required to confirm
our observations in patients with PAD of various severities.
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In a recent systematic review, the specificity of a low
ABI for predicting future cardiovascular outcomes
was high (e.g. 88% for cardiovascular mortality).9

Major guidelines and consensus statements recom-
mend the ABI as a tool for the assessment of cardio-
vascular risk.1,3,6,14 It is non-invasive and generally
regarded as easy to learn and apply with inexpensive
equipment in the office or clinical setting. However,
it is not clear whether the ABI can be reliably deter-
mined by non-experts such as family physicians or
nurses, or whether its use should be restricted to spe-
cialists in vascular medicine. To date, methodological
work on this topic is limited.

We therefore aimed to provide exact estimates of all
effects influencing the variability of the ABI measure-
ments. In particular, the study was to quantify intra-
observer variability (same individual, same observer)
as well as inter-observer variability (same individual,
different observers) for ABI measurements when per-
formed by vascular surgeons or vascular physicians,
family physicians, or nurses.

Methods

Study population
Details on the study methods have been published pre-
viously.15 Volunteers were eligible for inclusion in the
study if they were members of a public health insur-
ance plan (BKK Hoechst), aged 65–70 years, resident
in Frankfurt-Hoechst, ambulatory without wheelchair
or walking aids, able to understand the study and able
to provide written informed consent. Exclusion crite-
ria were serious diseases such as cancer, any amputa-
tion of the upper or lower extremities, and a history of
stroke with hemiplegia.

Observers
For the study, six experts, six family physicians and
six nurses were recruited. Experts (vascular surgeons
or internists with a specialization in vascular medi-
cine) were selected from the co-ordinating and train-
ing centers of the German Epidemiological Trial on
Ankle Brachial Index (getABI) study, which is a 5-year
study on the prognosis for elderly patients with a low
ABI compared to those with a normal ABI.13 Family
physicians, all of whom with at least 3 years of resi-
dency training after medical school, were also getABI
investigators. Nurses, who had received general train-
ing in assistance and technical support for medical
devices such as ECG, X-ray or ultrasound (but no
formal training on ABI), were from the offices of the
experts. For the purpose of the getABI study, family
physicians and nurses had received one-time training
at investigator meetings on Doppler measurements
and ABI calculations before the start of the study in
2001. On that occasion, the experts had demonstrated
the correct use of the handheld Doppler devices

(on healthy volunteers) and the ABI measurements to
the family physicians. As each vascular physician
had ‘trained’ about 10 family physicians and their staff
on that day and there were also a number of talks with
discussion time, it seems that the actual average ‘hands-
on’ training time for each family physician was only a
few minutes.

Primary variables
The aim of the study was to estimate three variables,
namely the true differences in ABI between patients,
the measurement error resulting from repeated mea-
surements in the same patients by the same observer
(intra-observer variability), and the additional error
obtained from repeated measurements on the same
patient by a different observer (inter-observer variabil-
ity). A design was used that is tailored for comparison
between the groups of observers (experts, family
physicians, nurses).15,16 Following this approach, each
participant had a double measurement by one expert,
one family physician and one nurse, respectively.
A complete set of measurements in each volunteer
consisted of six ABI measurements. To realize one
‘run’ of this plan, a sample of 36 patients was required.
In each run of 36 probands any of the 36 possible pairs
of observers from two different groups assessed one
proband together. Thanks to this ‘group divisible
partially balanced incomplete block’ design, it was not
necessary for all 18 observers to perform two mea-
surements on each of the 4 � 36 participants (the usual
procedure for duplicate measurements), which would
have resulted in a total of 5184 ABI measurements,
but only on 4 � 6 participants, which resulted in 864
measurements (16.7% of 5184), sufficient to provide
the same information with the desired precision.

Sample size considerations
In a previous study, the difference between the stan-
dard deviations of the most and least experienced
observers was found to be 0.05 ABI points (standard
deviations of 0.07 and 0.12 respectively).17 However,
the present study was intended to allow for a some-
what finer discrimination, and therefore a two-way
difference of half this amount (0.025 ABI points, 0.07
versus 0.095) was decided to be the minimal differ-
ence worthy of detection. Given a sample size of 108
(three runs of the design), the power for this compari-
son in an F-test was calculated as 93%, which was
considered acceptable.

Study conduct
Figure 1 displays the study flow. A total of 1062 vol-
unteers meeting the inclusion criteria received an invi-
tation letter from the health insurance fund of the
chemical company Hoechst and were invited to partic-
ipate in the study. For the study, the first 100 men and
100 women to respond were chosen.
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On the study day (December 12, 2005), the first 36
consecutive volunteers were enrolled for ABI mea-
surements, and the remaining 14 volunteers were reg-
istered as stand-by probands (‘back-up’, not used in
this study). This procedure was followed for three
groups.

All volunteers underwent a physical examination by
the vascular physicians or family physicians before
the initiation of ABI measurements. Further, height,
weight (for calculation of body mass index: BMI), and
waist and hip circumference (for calculation of the
waist–hip ratio) were measured. The volunteers were
questioned about risk factors for atherosclerotic com-
plications (smoking, hypertension, lipid disorders,
diabetes mellitus, symptomatic PAD) and these were
recorded on case record forms. For the ABI repeat
measurements, each participant was measured exactly
by one observer from each of the three observer groups,
and each observer measured six of the 36 participants
in a group.

The study was approved by the Institutional Review
Board of the Ruhr-University Bochum and conducted
in accordance with the ‘Good Epidemiological Practice’
recommendations issued by the ‘German Working
Group Epidemiology’.18

Doppler measurements and ABI determination
For ABI determinations, the same Doppler ultrasonic
device as in the getABI study was used (Kranzbühler
8 MHz, Solingen, Germany). Measurements and calcu-
lations were performed according to the recommenda-
tions of the American Heart Association.1 After an
initial 10-minute rest of the volunteer in the supine 
position with the upper body as flat as possible, the
blood pressure cuff was used to measure systolic blood

pressure in the brachial artery in both arms, with the
Doppler detector in the antecubital fossa. It was then
applied to the ankle, and the Doppler probe was used
to determine systolic blood pressure at the left and
right posterior and anterior tibial arteries. All pressures
were measured to the nearest 2 mmHg. The volunteers
remained lying on the bed until the next ABI measure-
ment, with a rest period of at least 10 minutes between
each observer measurement. Measurements were
supervised and recorded by assistants, who ensured the
correct order of measurements and the blinding of the
observer to his/her previous measurements on the same
volunteer. Pressures in each leg were measured and the
ABIs calculated separately for each leg.

During the study, only raw blood pressure values
were recorded. The ABI values were calculated post
hoc by statisticians. The ABI for each leg equals the
ratio of the higher of the two systolic pressures (ante-
rior tibial and posterior tibial) above the ankle to the
average of the right and left brachial artery pressures,
unless there is a discrepancy � 10 mmHg in blood
pressure values between the two arms. In such a case,
the higher reading was used for the ABI.

Data processing and statistical analysis
All data were double-punched to ensure accuracy of
data entry. The main variables to be estimated were the
standard deviation of repeated measurements in the
same volunteer by the same observer (intra-observer
variability), the standard deviation of measurements
in the same volunteer by different observers (inter-
observer variability), and the standard deviations of
the true ABI values in the different volunteers. Bland
Altman plots were used to assess the repeatability of
the ABI by comparing repeated measurements on a
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Figure 1 Patient disposition and study flow.



series of participants.19 Analyses were performed
using a mixed model (Proc Mixed, SAS Version 9.13)
with two random factors (observers [18 levels] and
volunteers [108 levels]) and their interaction.

Total variation of the ABI values was separated into
four variance components: (a) intra-observer variance;
(b) additional variance due to bias between observers;
(c) additional variance due to the interaction between
patients and observers; and (d) inter-individual vari-
ance. From this, inter-observer variance was calculated
as the sum of intra-observer variance plus additional
variance due to bias between observers plus addi-
tional variance due to the interaction between
patients and observers. Standard deviations are the
square roots of these numbers.

In order to summarize these numbers in a single value,
the intra-class correlation coefficient (ICC) was used.
This coefficient calculates the fraction of the total varia-
tion of the ABI measurements (sum of components
(a) � (b) � (c) � (d)) caused by the medically meaning-
ful information (component (d), inter-patient variation).

In addition to the global numbers, separate estimates
of intra-observer variance were obtained for each indi-
vidual observer. Averaging these for all observers of
one of the three qualifications, the average quality of the
measurements of the three groups could be estimated.

Statistical differences between these groups were
investigated by ANOVA. Here, the sum of squares for
observers was divided into the part due to differences
between the groups and the part due to individual dif-
ferences between observers.

Results

Proband disposition and characteristics
Figure 1 shows patient disposition at various stages of
the study. Of the 200 invited volunteers, 192 (96%)
were present at the study day. Volunteers in all groups
were similar in terms of characteristics and vascular
risk factors (data not shown). In 189 volunteers, all
ABI measurements could be obtained. Statistical
analysis was performed on three groups with a total of
108 volunteers (58 females, 50 males).

Individuals in these three groups were 68.6 (� 1.5)
years old, female in 53.7%, and had a mean BMI of 29.0
(� 4.3) kg/m2. A total of 9.2% and 40.7%, respectively,
were active or former smokers, 58.0% were hyperten-
sive, 54.8% were dyslipidemic, and 15.7% had diabetes
mellitus. The mean ABI was 1.10 (� 0.1), and only two
(1.85%) volunteers had an ABI � 0.90. No elevated ABI
values � 1.40 were recorded, i.e. a ratio that is associ-
ated with medial calcification and incompressible arter-
ies. Further details about patient characteristics have
been reported elsewhere.15

Components of variability
The mean variation (standard deviation) within volun-
teers, between observers, and between volunteers is
shown in Table 1. Intra-observer variability was 0.087
ABI points (expressed by standard deviation divided
by mean: 8%). Figure 2 shows the distribution of the
intra-observer errors in all measurements.
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Table 1 Primary parameters: underlying factors of variability of ABI determinations.

Standard 95% confidence 
Component Variance deviation intervals for SD

(a) Variation within volunteers 	
(intra-observer variation) 0.008 0.087 [0.081; 0.095]

(b) Variation due to observer bias 
 0.001 0.029 [0.019; 0.058]
(c) Variation due to observer–patient

interaction � 0.002 0.046 [0.036; 0.067]
Inter-observer variation
(sum of variances (a) and 
(b) and (c)) 0.011 0.103

(d) Variation between volunteers � 0.008 0.089 [0.076; 0.107]

Within volunteer variation (intra-observer variability, expressed as standard deviation) was 0.087 ABI
points. In order to calculate the standard deviations of two measurements by two different observers (inter-
observer variability), intra-observer variance and the two between-observer variances (bias and interac-
tion) have to be added. On doing this, inter-observer standard deviation was calculated as 0.103 ABI points.

SD, standard deviation (inter-observer variability) = �	2 � 
2 � �2 � 0.103

Variation among volunteers was 0.09 ABI points, almost identical to the value of intra-observer standard
deviation. Placing this in relation to total variation (true value and error) the ICC (intra-class correlation-
coefficient) was calculated as 0.423:

ICC �
�2

� 42%.
	2 � 
2 � �2 � �2
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Figure 2 Variability of ABI measurements. The frequency plot shows the distribution of the intra-observer error in 324
ABI determinations (n � 108 volunteers, with duplicate measurements by three observers each). Observers represented
all three groups (experts, family physicians, nurses). The horizontal line at 0.08–0.09 represents the mean of all mea-
sured observer errors.

Inter-observer standard deviation was calculated as
0.103 ABI points (i.e. 9%).

Comparison of observers by training
Figure 3 shows a scatter diagram of the inter-observer
variability in the three observer groups. Variations in
measurements are summarized in Table 2. Errors for
two repeated measurements for all three observer
groups did not differ (experts 8.5%, family physi-
cians 7.7%, and nurses 7.5%; F-test p � 0.39). In
addition, there was no systematic bias among groups
(i.e. observers measured the same mean values,
p � 0.58).

Discussion

This is the first large-scale study investigating the
components of variability in ABI measurements. As
key outcomes, both intra-observer and inter-observer
errors for determination of the ABI were low, meaning
that reproducibility of the ABI measurement is high.
Further, there were no differences in terms of ABI
determination among observers with different training
backgrounds.

Despite the frequent use of the ABI in epidemiolog-
ical studies and the recommendations to use it as a
screening tool, the available evidence with regard to
its reliability and reproducibility is limited, particu-
larly in apparently ‘healthy’ individuals. In the last

20 years, to our knowledge only four studies have
addressed this issue. Fowkes et al reported a study
with four observers (newly recruited physiology mea-
surement technicians who received training in ABI
measurements) and 24 patients with symptomatic
PAD and 12 healthy volunteers.20 The 95% confidence
limits of one measurement of the ABI were estimated
to be �16%, decreasing to �10% for the mean of
four measurements taken by two observers on 2 days.
Analysis of variance indicated that the variability in
the measurement of ABI attributable to observers, days,
timing of measurements on the same day, and repeat
measurements was considerably less than the ‘biolog-
ical’ variability among individuals and legs.

In the study by Mätzke et al, seven measurers with
variable experience repeatedly measured ABI in 19
PAD patients. A total of 16% of the ABI values dif-
fered by 0.15 or more from the median and the mean
coefficient of variation was 56.1. In the subsequent
part of the study with two experienced observers, the
difference between measurements did not exceed
0.14, with a mean coefficient of variation of 3.2.21

Jeelani et al found that the mean ABI difference
measured by two observers (physician and technician,
using sphygmomanometry or a semi-automated device)
in 14 patients was 0.05, with a 20% margin of error.22

Finally, Kaiser et al reported a study with 24 less
experienced and two experienced observers measuring
ABI in six patients. The overall intra-observer variabil-
ity estimate was 11.8%; the intra-observer variability



differed significantly among experienced observers
(7.3%) and less experienced observers (12.0%).17

Direct comparisons between these studies are diffi-
cult as different statistical approaches were used.
Further, one or more major methodological limitations
applied (e.g. small samples of observers or patients,
selection of symptomatic PAD patients). The latter is
of importance, as intra-observer variability has been
reported to differ between diseased and normal indi-
viduals.20,23 In contrast, our study was performed under
conditions similar to the primary care setting, focusing
on elderly individuals who are most likely to be
screened. Importantly, almost all had no PAD (only
two with ABI � 0.9).

We report intra- and inter-individual errors of ABI
measurements of 8% and 9% respectively, which is
low compared to widely used screening measures.
For example, mammography,24 cervical cytological
and histological interpretations,25 or fecal occult
blood testing,26 all used for cancer screening, have
considerable variability in interpretation and at most
moderate reproducibility. Despite the high accuracy,
however, physicians must be aware that a measured
ABI measurement of 0.90 represents a ‘true value’ in
a statistical sense in a range between 0.80 (per defi-
nition PAD) and 1.00 (per definition normal finding).
In cases close to the 0.90 threshold it should be kept
in mind that the mortality and cardiovascular risk
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Table 2 Comparison of observer groups.

Systematic error of
Standard deviation within observer group (bias)
volunteers (ABI points) (ABI points)

Specialists in 0.094 0.000 (defined as 
vascular medicine standard)

Family physicians 0.085 0.011
Technicians 0.082 –0.008

There were no relevant differences between measurements of the three
observer groups (p � 0.39 for standard deviations, p � 0.58 for bias, ANOVA
F-tests).

Figure 3 Inter-observer variability in the three observer groups. The graph displays a scatter diagram (three
observers � 108 volunteers � 324 measurements) of the differences between pairs of ABI measurements of the same
observer, plotted against the averages of the two ABI measurements. The parallel horizontal lines (see key in the graph)
indicate the mean standard deviation of measurements of the respective observer group. The mean difference between
the first and second measurements was less than 0.01 in all groups combined (i.e. no bias). Of the 324 double ABI mea-
surements, 15 (from 10 patients) were �0.9 and three ABI measurements (of two patients) were �1.4. As mean values
were calculated across all three observers, two patients had an ABI �0.9 and no patient had an ABI �1.4 (maximum
mean value was: 1.37).



across the ABI spectrum operates on a continuum.12

Repeated ABI measurements or further diagnostic
procedures are mandatory, especially if the PAD sta-
tus is uncertain.

An important point is that experts, family physi-
cians, and nurses measured identical mean ABI val-
ues. The absence of systematic bias across observer
groups indicates that comparisons of ABI values
across different settings and studies, at least epidemi-
ological studies with a large proportion of healthy
individuals, is possible.

Certain limitations have to be taken into account
when assessing our study. We had expected on the
basis of the ABI study that about every fifth elderly
patient would present with an ABI below 0.9, but in our
volunteer sample all but two had values in the normal
range. Reproducibility of ABI may be easier for ‘non-
experts’ in normal arteries, compared with arteries that
are hard to find or if the pressure is lower. Thus, strictly
speaking, our results apply to normal individuals and
have to be confirmed in PAD patients. Similarly,
no information about post-exercise ABI was collected.
Further, the present study does not allow inference
about the validity of the ABI determinations, defined as
the agreement between the measurements and the true
value. Determining the true value is difficult, because
the ABI is based on indirect blood pressure measure-
ments and composed of readings whose accuracy and
reproducibility depend on many factors. For example,
length of the rest period, patient–observer interaction,
cuff placement, cuff size, inflation/deflation rates influ-
ence blood pressure readings.27 In addition, blood pres-
sure changes physiologically from minute to minute,27

and differences of 7 mmHg between duplicate readings
of the brachial blood pressure on the same visit have
been reported.28

In summary, our study confirms that ABI determina-
tions are highly reproducible and reliable under routine
conditions in primary care, and that the measurement
can be done with little training, even by people other
than physicians. Hence, the practicability of the ABI is
similar to that of simple blood pressure measurements.
This is mandatory (besides reimbursement) for estab-
lishing the ABI as a widely used screening tool for
PAD. Given the undisputed importance of early detec-
tion and management of PAD, the ABI should be used
routinely as a standard for atherosclerosis screening.
Further studies should be conducted to confirm our
observations in patients with PAD of various grades of
severity.
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