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Background Automatic blood pressure monitoring
conducted at home is increasingly used in the diagnosis
and management of hypertension. We assessed the
adequacy of existing British Hypertension Society (BHS)
and Association for the Advancement of Medical
Instrumentation (AAMI) validation standards for
automatic blood pressure monitoring devices.

Subject and methods A theoretical study and an
empirical test are presented to estimate the proportion of
persons for whom a blood pressure monitor validated
according to existing BHS and AAMI standards would be
inaccurate.

Results The results suggest that a major limitation of
both protocols is the lack of attention given to the
number of individual patients for whom a monitor may be
inaccurate. A blood pressure monitor that meets the
AAMI and BHS validation criteria may report blood
pressures in error by more than 5 mmHg for more than
half of the people.

Conclusions A validation standard that does not take
account of the person-effects on error will lead to a
substantial proportion of persons using self-monitors
that are systematically inaccurate for that person. Blood
Press Monit 7: 313–318 & 2002 Lippincott Williams &
Wilkins.
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Introduction
The effective management of hypertension is critically

dependent on the accuracy of blood pressure measure-

ment, since deviations of only a few mmHg may determine

whether or not antihypertensive treatment is recom-

mended. Readings taken in the patient’s usual environ-

ment may be more useful than those taken in the

physician’s office for diagnosing hypertension and for

adjusting therapy [1–5]. One reason for this is that office

measurements may not accurately represent the patient’s

blood pressure during daily life (e.g., ‘white-coat hyperten-

sion’ [2]). Automated self-monitoring thus provides a

promising technology for improving blood pressure control

[6–8]. Self-monitors allow measurements to be taken in a

variety of situations, including at home and at work, and

with much greater frequency than is possible at the

physician’s office. A sizeable literature has demonstrated

the superiority of ambulatory monitoring over office blood

pressures for predicting target organ damage and prognosis

[9,10]; self monitoring may have similar predictive power

[11–13] and indeed, is increasingly being used in the

diagnosis and treatment of hypertension. Its use has been

endorsed by both the sixth report of the Joint National

Committee on Prevention, Detection, Evaluation, and

Treatment of High Blood Pressure [1] and the World

Health Organization International Society of Hypertension

guidelines [14].

Several consensus reports have recommended that a

monitor be considered valid for an individual patient only

if it is accurate to within 5 mmHg, and that this be

determined by comparing the averages of several readings

taken by the automatic monitor and a trained human

listener using a stethoscope and mercury column; the

difference between the monitor’s and observer’s readings is

referred to as the ‘error’ [15,16]. In a recent editorial, The

Council for High Blood Pressure Research of the American

Heart Association noted that few of these instruments have
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had adequate validation, and emphasized the importance

of accurate blood pressure measurement [17]. Although

there is a large literature on the validation of monitors, to

our knowledge no one has addressed the clinically relevant

issue of their accuracy in individual patients. The purpose

of this paper is to demonstrate that the existing monitor

validation standards allow for unacceptably high rates of

potentially clinically detrimental errors in a substantial

number of patients.

Methods
AAMI and BHS validation protocols

The Association for the Advancement of Medical Instru-

mentation (AAMI) published the first standard for the

evaluation of automated blood pressure measurement

devices in 1987 [18]. This was followed by a similar

standard published in 1990 by the British Hypertension

Society (BHS) [19]. The standards were updated and

revised in 1992 and 1993 [20–22]. Both protocols require

an assessment based on 85 subjects, with three blood

pressure measurements recorded for each person, for a total

of 255 measurements [23]. The measurement recorded by

a trained human observer using a mercury column

sphygmomanometer is regarded as the ‘gold standard’

blood pressure. Readings are taken by the monitor and by a

human observer either sequentially or simultaneously. Each

monitor reading is compared with the observer’s corre-

sponding reading and the difference, or ‘error’ is computed.

The BHS validation protocol also involves assessments to

confirm the accuracy of the observers [23].

For the AAMI validation standard, monitor accuracy is

determined by calculating the mean and standard deviation

(SD) of the errors (i.e., the spread of errors around the

mean). It requires that the mean error across the 255

readings (three from each of 85 subjects) be 7 5 mmHg or

less for both systolic and diastolic pressures and that the

SD of the errors be 8 mmHg.

The original BHS protocol, while also basing its results on

three comparisons from each of 85 subjects, required in

addition that 65, 85, and 95% of the readings (when

simultaneous comparisons are made) have errors less than

or equal to 5, 10, and 15 mmHg respectively. The later

version (using sequential readings) requires only 50, 75,

and 90% of readings have errors less than 5, 10, and

15 mmHg respectively.

It is important to emphasize that the analyses assess only

the distribution of the errors across the 255 individual
readings, not the distribution of average errors observed on

each of the 85 participants. Implicitly, this approach assumes

that there is no between-person variance; that is, no

tendency for the monitor to be more accurate for some

persons and less accurate for others. If true, then as more

readings are taken on any single person, the average error

for that person will converge toward the population mean

error, which would be no more than 5 mmHg for either

systolic or diastolic pressure. However, if this assumption is

false, and the errors tend to cluster within persons (i.e., the

spread of the errors within a single person is less than that

for the entire population), then as more readings are

gathered on a particular person, the average error will

converge toward that person’s true error; if that person’s error

is more than 5 mmHg, the monitor will do a poor job of

providing an accurate average for that person no matter

how many measurements are taken. We will demonstrate

that errors do tend to cluster within persons, and that the

existing protocols, by concentrating solely on the population
mean error, allow the approval of monitors which are

inaccurate for a substantial proportion of people.

Results
Analytic model

To develop a model describing the proportion of persons

receiving accurate readings from a ‘validated’ monitor, we

begin with the unlikely assumption that the blood pressure

monitor is equally biased (or unbiased) for all persons; that

is, the (true) mean error is identical for everyone and thus

there is zero between-person variance. We further assume

that the errors are normally distributed, an assumption that

is consistent with the available data. Figure 1a shows how

the probability that the mean of the three readings will

have an error exceeding 5 mmHg varies as a function of the

overall, or population, mean error and SD (i.e., of all 255

readings) of the monitor. Figure 1b shows the probability

that the mean error exceeds 10 mmHg. One sees that as

the population mean error approaches 5 mmHg, the outer

limit of acceptable values under both the AAMI and BHS

criteria, more than 40% of persons will have a mean error

greater than 5 mmHg, even when the population SD is as

low as 2 mmHg. Similarly, if the SD of the errors is

8 mmHg, then more than 25% of persons will have average

measurements in error by at least 5 mmHg, even when the

population mean error is zero.

Unfortunately, the estimates shown in Figure 1 are almost

surely too optimistic. To the extent that errors do cluster

within persons, the probability of taking three readings

with an average error of more than 5 (or 10) mmHg exceeds
the estimates shown in Figure 1. The increased risk

depends on the ratio of the between-person variance (the

variability due to differences among people) to the total

variance of the errors. This ratio is known as the intra-class

correlation (ICC). As the ICC approaches 1.0, errors are

more likely to cluster within persons, and, for any given

population mean error and SD, the proportion of persons

with average errors outside the acceptable range will

increase. Figure 2 illustrates this, showing that as the ICC

approaches 1.0, well over 50% of persons may have average

314 Blood Pressure Monitoring 2002, Vol 7 No 6

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



measurements that are in error by more than 5 mmHg.

Below, we present empirical evidence suggesting

that ICC values between 0.25 and 0.75 are probably

realistic.

Empirical study

To empirically estimate the proportion of persons for whom

a ‘validated’ monitor produces inaccurate readings, we

examined the raw data from three published validation

studies [24–26]. Although both simultaneous and sequen-

tial monitor-observer readings were taken in each study, we

report only the data measured using the simultaneous

readings so as to provide the most optimistic results (only

negligible differences were observed between the

simultaneous and sequential methods). Both auscultatory

(Schiller BR-102 [Schiller AG, Baar, Switzerland] in

auscultatory mode and CH-Druck [Disetronic Medical

Systems, Burgdorf, Switzerland]) and oscillometric (Schil-

ler BR-102 in oscillometric mode and Profilomat II

[Disetronic Medical Systems]) automated monitors were

assessed.

While the specific monitors analyzed are used as ambula-

tory, rather than self, monitors, the relevant aspects of the

validation protocols are identical. The summary statistics of

two auscultatory monitors, the CH-Druck and Schiller BR-

102, for both systolic and diastolic pressures and also the

Schiller BR-102 using the oscillometric mode for diastolic

blood pressure only were within the validation criteria. For

those monitors that passed the validation criteria, 19 to

36% of the individual readings had errors outside the range

–5 to þ5 mmHg, while 4 to 10% had errors exceeding

10 mmHg in magnitude (see Table 1).

We next determined the proportion of persons for whom

each monitor failed to validate, that is, for whom the

average error exceeded 5 mmHg. For the monitors that

passed the validation criteria, 20–38% of individuals had

average measurements that were inaccurate (by more than

5 mmHg), and 2–5% of individuals had average measure-

ments that were inaccurate by more than 10 mmHg.

Analysis of the individual errors, using repeated measures

analysis of variance, yielded estimates of between-person

variance that accounted for 26–63% of the total variance

(ICC ¼ 0.26–0.63). This indicated that the errors of the

measurements do tend to cluster within persons.

The existence of substantial between-person variance also

implies that even if the overall mean error of a monitor is

acceptable, each person has his or her own true mean error

which in many cases may be outside the range of –5 to

þ5 mmHg. For such persons, regardless of how many

measurements are taken their (unacceptable) mean error

will never converge to an acceptable level.

In the validation studies analyzed here, all readings for each

individual were taken at a single session. We note that it is

therefore not possible to determine if errors for an

individual during one session were more similar to each

other than would be errors for that individual for readings

taken at different sessions; this could occur because of

factors such as cuff placement. If there were session-

Fig. 1
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Fig. 2
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effects, these effects would not be distinguishable from

person-effects in these data, leading to over-estimation of

the person-effect (ICC). We therefore recommend that

future studies assess the between-session variability of

error.

Discussion
Recommendations

It is reasonable to expect that when a patient purchases a

blood pressure monitor declared valid by the AAMI and

BHS standards, it will provide accurate blood pressure

measurements for that individual. Under the current

validation criteria, however, such reliance may be unwar-

ranted, and it is possible that more than half of patients will

have an average error greater than 5 mmHg, and more than

one in four will have an average error greater than

10 mmHg. The current validation standards for ensuring

accuracy are thus inadequate to ensure that individuals

receive accurate blood pressure measurements.

We propose that there be two stages of validation: first, the

model of the monitor in question should be validated at the

population level, and second, the particular monitor unit

should be validated in the physician’s office for the

intended user.

Stage 1: population validation

The population validation protocol should include an

assessment of the proportion of persons that receive

accurate readings from the tested blood pressure monitor.

Analyses of the data generated by such a protocol must take

into account the variation between persons in monitor

accuracy (the ICC). Failure to do so provides insufficient

information to allow clinical decision-making regarding the

use of the monitor.

Ideally, 100% of users would receive accurate measure-

ments; however, technical and cost limitations make this

unlikely. Selecting a cut-off point at which a monitor is

declared acceptable is arbitrary; however, we suggest that it

is reasonable for devices to be approved that provide 85% of

users with average measurements accurate to within

5 mmHg, and 95% of users with measurements accurate

to within 10 mmHg. Accuracy for the remaining 5–15%

could then be ensured through the use of the individual

validation protocol (see below). In any case, reporting of

the percentage of persons who receive average measure-

ments accurate to within 5 and 10 mmHg should allow

available monitors to be compared, and the most consis-

tently accurate to be selected for use. Figure 3 illustrates

varying combinations of mean error, SD, and ICC that

ensure that 85% of persons receive average readings accurate

to within 5 mmHg. It is worth noting that of the monitors for

which validation data are summarized in Table 1, none meet

these criteria.

Stage II: validation for individual users

We recommend that each patient has his or her monitor

validated by a person trained in blood pressure measure-

ment. Validation should be performed by connecting the

monitor to a sphygmomanometer using a T-connector and

then comparing several blood pressure readings assessed by

both the monitor and the observer. As individual needs

vary, physicians should use clinical judgment in determin-

ing what level of accuracy is necessary for a particular

patient and circumstance. Monitors that fail to reach that

standard should be exchanged for another monitor, and the

Stage II process re-initiated.

One of the advantages of a population validation protocol is

that observer accuracy can be assessed and confirmed.

However, the accuracy of persons who might perform

monitor validations for the individual users is difficult to

ensure. For this reason, monitors that show little between-

person variability (i.e., have small ICCs) may be preferred.

Obviously, as the percentage of persons for whom the

monitor gives accurate readings in the population valida-

tion study increases, the need for individual validation

decreases.

Table 1 Distribution of measurement errors for several automatic blood pressure monitors

Auscultatory Oscillometric

CH-Druck Schiller BR-102 Schiller BR-102 Profilomat II

SBP1 DBP2 SBP DBP SBP DBP SBP DBP

Mean error (n ¼ 255 readings) �2.77 �2.41 �4.05 �4.27 �5.08 �1.97 þ1.31 þ1.57
SD of error (n ¼ 255 readings) 5.03 4.59 3.97 4.68 9.69 6.15 9.21 9.64
Readings within 5 mmHg (n¼ 255) 81% 78% 67% 67% 41% 64% 41% 52%
Persons within 5 mmHg (n ¼ 85) 80% 79% 68% 62% 49% 74% 44% 49%
Readings within 10 mmHg (n ¼ 255) 93% 96% 93% 96% 71% 90% 75% 79%
Persons within 10 mmHg (n ¼ 85) 95% 98% 95% 95% 76% 95% 79% 78%
Variance accounted for by ‘person’ (ICC) 43% 63% 37% 55% 31% 26% 66% 71%
BHS/AAMI Validation Pass Pass Pass Pass Fail Pass Fail Fail

1Systolic blood pressure; 2diastolic blood pressure.
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Conclusions

Current validation protocols fail to describe the extent to

which approved self-monitors will generate accurate read-

ings in individual patients. The combination of a validation

protocol that takes account of between-person variability,

and individual validation of the ‘fit’ between each patient

and his or her monitor, should ensure that self-monitors are

able to contribute to accurate hypertension management,

diagnosis, and treatment.
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