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With the increasing manufacture of expensive systems for the measurement  of
ambulatory blood pressure there is a need for potential purchasers to be able (o
satisfy themsclves that the systems have been evaluated according to agreed criteria.
The British Hypertension Society has, therefore, drawn up a protocol of requirements
for the evaluation of these devices. This protocol incorporates many features of the
Amecrican National Standard for Non-Automated Sphygmomanometers but includes
many additional features, such as strict criteria for observer training, interdevice
variability testing before and after a month of ambulatory use, and a new system
of analysis which permits the test system to be graded. It is recommended that
manufacturers of ambulatory blood pressure measuring devices should obtain an

unbiased evaluation according to a recognized standard before a device is marketed.
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Introduction

Ambulatory blood pressure measurement is rapidly gain-
ing acceptance as a uscful procedure in the clinical man-

agement of hypertension [1,2], in the assessment of

antihypertensive drugs [3] and as a means of predict
ing outcome in hypertension [4]. The procedure also
provides data on the physiology of blood pressure be:
haviour [5]. Ambulmory blood pressure provides an as
sessmient ol blood pressure hehaviour over time in the
patient’s normal environment and is likely 1o resule in
reappraisal of the dinical management ol hypertension,
which is presently based on conventional measurement
techniques [6].

One consequence of the increased interest in ambulatory
measurement has been the creation of a karge market for
ambulatory blood pressure measuring devices. In recent
years the number of devices available commercially has
risen rapidly, with more than 10 now available on the in-
ternational market and many others in the planning phase
[7]. Ambuluory blood pressure measuring systems are
expensive, often costing as much as L4000 ($USGE00) for
one recorder, Decoding facilities may cost as much again.
Operational and maintenance costs ny also be consider-
able. At present there is no obligation on manufacturers
to comply with the few recommended standiteds that are
available. There is no stndard Tor automated blood pres-
sure measuring devices in the UKL In the USA, the Asso-
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ciation for the Advancement of Medical Instrumentation
(AAMI) has produced a detailed standard for semi-auto-
mated and automated devices [8].

The present situation, therefore, is that manufacturers
may market expensive blood pressure measuring devices
without being obliged 10 provide evidence of their aceu-
racy. Many validation studies of wnbulatory blood pres-
sure measuring devices have been performed with a va-
ricty of protocols and differing criteria for assessment,
making compurison of the assessment difficult and com-
parison of one device with another almost impossible.

Because validation studies ave time-consuniing to pet-
form, the time-lag between manufacture and publication
of an independent evaluation in a reputable journal is of-
len so long that manalactuters may be ready to market
a modification of the ordiginal device and the outcome of
any evaluation is thereby rendered obsolete and of litde
acadentic imerest,

The British THypertension Society (BHS) is of the opinion
that evaluation of ambulatory blood pressure measuring
systems must be standardized for the Tollowing reasons,
(1) Continued uncontrolled narketing will inevitably re-
sult in the manufacture and sale of inaccurate devices; this
has clear innplications for clinical practice, the most im-
portant ol which is inappropriate diagnostic and manage-
ment decisions; and (2) without a standardized approach
to evaluation, comparison of results hetween laboratories
is not possible and work may have to be repeated with
the conseguent waiste of scarce resources,

The BLIS Working Party on Blood Pressure Measurement,
having reviewed the possible approaches to the problem,
concluded that while the AAMI standard [8] is the most
comprehensive recommendation on validation available,
it has a number of deliciencies; it does not cover all as-
pects of evaluation, e.g. interdevice variability, ambulatory
assessment and patient acceptability are not included and
there are deficiencies in the statistical methodology; it is
obtainable only from the AAMI oftices on payment of a
fee, and is not, therelore, as accessible as a journal pub-
lication; it contains detailed recommendations for man-
ulucturers of ambulatory devices which, though neces-
sary in a standard, are not a requirement of an evalua-
tion protocol. The Working Party decided, therefore, to
prepare a protocol that would serve as a standardized
procedure for the evaluation of ambulatory blood pres-
sure measuring devices and to make recommendations
for the adoption ol this standard procedure, Thouglh the
Working Party’s briel was to prepare a protocol for am-
bulatoty devices the principles of the procedure that fol-
low can be applicd to any automated or semi-automated
blood pressure measuring device [9].

General considerations

The basis of this device evaluation is the comparison
between blood pressure measured by the device being

tested and simultaneous measurements made by an es-
ablished technique, the ‘gold standard’. ‘The test meth-
ods must allow for variation in the design and technology
ol ambulatory measuring devices.

Two features of the programme described in this pa-
per need elaboration, First, before embarking on what
is a complex and labour-intensive protocol, the Work-
ing Party placed considerable emphasis both on observer
training and on the capability of a number of devices
of the model being tested to give consistent measure-
ments. The AAMI standard recommends that two ob-
servers should measure blood pressure independently
against the test device in the main validation phase [8].
‘The main advantage of using two trained observers is that
the conclusion of the validation test is strengthened by
having two independent standard measurements against
which to judge the test device [9]. If the observers have
already been shown to be in close agreement, it is only
necessary to have one observer take the measurement.
fowever, o minimize bias, it is advisable that separate
obscrvers cach measure blood pressure in approximately
half the subjects. This modification to the AAMI standird
has the advantage of substantially reducing the cost of
performing the main validation test.

In this protocol observer agreement is strictly assessed
before the evaluation; if an observer is inaccurate re-train-
ing is easily accomplished at this stage. However, with the
AAMI standard, observer agreement is assessed at the end
ol the validation, and in the event of the observers not be-
ing in agreement the entire procedure has to be repeated.
It is preferable that observer agreement be assessed be-
lore the study begins so that this eventuality is avoided. 1f
the test stndard, namely the mercury sphygmomanome-
ter and the observer, cannot be brought to the highest
possible level of accuracy before the main validation pro-
cedure, further testing is pointless. Likewise, interdevice
variability should be assessed before the validation test
begins, since substantial differences between devices of
the same model will render device validation impracti-
cable.

Sccond, in drafting this protocol we attempted o de-
termine the minimial criteria for a statistically valicl as-
sessment while also being alert to the demands that
the validation tests impose on an assessment laboratory.
Whereas it might be desirable to perform the main com-
parative validation when the device is new and, repeat
the test after a period of time in use, this would effec-
tively nearly double the time and expense of the study.
We compromised, therefore, by postponing the main val-
idation test until the device has been in use for a period
of time, and we arbitraxily chose a minimum period of 1
month. We believe this to be justified on the basis that
the accuracy of a measuring device after use is of more
relevance than immediately after purchase, before it has
been subjected to the wear and tear stresses of daily use
that might alter accuracy.

Unlike the AAMI standard [8], direct intra-arterial meas-
urement is not included in the present protocol for the
following reasons, First, systolic and diastolic blood pres-
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sure values obtained by the direct technique are differ-
ent from measurements obtained by indirect methods
[10,11]. Second, clinical practice uses data obtained by
the indirect rather than the direct technique. Third, there
are ethical considerations in the use of intra-arterial meas-
urement which preclude its use for the evaluation of
blood pressure measuring devices in most laboratories.

In an ellort 10 minimize unnecessary testing, the pro-
gramme has been designed so that the device passes
through different phases of evaluation, entry to each test
phase being dependent on the successlul completion of
ihe preceding phase.

A standard merciny sphygmoranometer, the compo-
nents of which were carefully checked before the study,
is used as a reference standard for all tests rather than a
random zero sphygmomanometer [12] because there is
evidence that the twndom zero sphygmomanometer sys-
tematically undercstimates diastolic pressure [13-16].

The quality of the stethoscope is also crucial to the eval-
uation procedure. Stethoscopes with badly fitting ear-
pieces and poor quality diaphragms preclude precise aus-
cultation of Korotkofl sounds. The Littman stethoscope
(3M Company, Minnesota, USA) or its equivalent is rec-
ommended,

The general principles of auscultatory measurement have
been outlined in previous publications of the British
Tlypertension Society [17,18).

In the protocol we use the term model © denote a par-

ticular brand of sphygmomanometer and the term device
to denote individual sphygmomanometers.

Methods

The evaluation programme consists of six |)I|zlscs‘(l?ig.
1): 1, Observer training and assesstnent; 11, Before-use in-
terdevice variability assessment; 111, In-use assessment; 1V,
Alter-use interdevice variability assessment; V, Device val-
idation; and VI, Preparation of report.

Phase I: Observer training and assessment

Observer training

‘Two trained observers are required for thie evaluation of
a device. Each training day consists of two phases.

Film training. The obscrvers, each of whom should un-
derstand the principles of blood pressure measurement,
e.g. trined nurses, are retrained in blood pressure meas-
urement using the British lypertension Society video film
Blood Pressure Measurement [19]. 1t is recommended

that audiograms are obtained rom the observers to de-
tect any hearing deficit. The first part of the film training
demonstrates the technique of blood pressure measure-
ment and is followed by an assessment period in which
the trainees can test themselves against a standard mer-
cuty sphygmomanometer as the mercury column falls
against a background of recorded Korotkoll sounds. Ob-
servers should not move on to the next stage until they
have satishied this assessment. The video flm lasts 30 min.

1. OBSERVER TRAINING

OBSERVER ASSESSMENT -

ACCURACY CRITERIA

L
T 1

SATISFIED NOT SATISFIED

11. BEFORE-USE INTER-DEVICE VARIABILITY

ACCURACY CRITENIA
|

SA TISI-!IED NOT SA T'ISFIED

111. IN-USE ( FIELD ) PHASE

| WITHDRAW FROM
VALIDATION
A A 1A
CCUR CYICHITER PROCEDURE
T —

SATISFIED NOT SATISFIED —f

\

1V. AFTER-USE INTER-DEVICE VARIABILITY

ACCURACY CITERIA
I

I 1
SATISFIED NOT SATISFIED

V. DEVICE VALIDATION

DEVICE GRADING
Fig. 1. Validation procedure.

Eapert training. In this phase, an expert in blood pres-
sure measurement takes the trainee observers through
the different stages of measurement as recommended by
the British Hypertension Society [17]. Diflicult aspects
of interpretation, such as the auscultatory gap and bias,
should be discussed and illustrated by example using a
multi-aural stethoscope.

Observer assessment

‘Two (or more) observers are tested for accuracy against
each other and against an expert observer. The expert
observer should have had extensive experience in blood
pressure measurement and he/she should have correctly
interpreted 95% of a test sequence, e.g. the sequence in
the British Hypertension Society video [19], before each
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training assessment. I the expert observer is inaccurate
this will become apparent in the analysis.

The test procedure tkes the ollowing form (Fig. 2):

(1) Two observers are scated at a beneh fited with
emporary partitions so that cach observer is iso-
lated in a booth in which the only objects are
a mercury column, a stethoscope, a pencil and a
blank sheet of paper. When more than one ob-
server is being trained and assessed it hecomes
dillicult to prevent an observer who is unsure of
a reading from gaining sight of a neighbouring
obsciver's reading, and it is necessary, thercfore,
to separate the observers by a series of partitions.

(2) I a similar adjoining booth an expert observer
deflates a bladder attached to the arm of a sub-
ject

(3) The subjects’ blood pressures should be in the
range 110/60 1o 240/120.

(4) The bladder is connected 1o each of the columns
of mercury in the observer booths so that all
columns of mercury fall simultaneously for each
ol the blinded obscwvers and the expert, all of
whom wiite down their measurements,

(5) Ten measurements are made by cach observer on
cach of five subjects giving a total of 50 mecas-
urcments for cach observer.

‘The accuracy criteria for the test procedure arc:

(1) 90% of systolic and diastotic dillerences  be-
tween trainees and the expert may not difler by
more than Smmltlg and 98% by not more than
LOmml lg;

(2)  85% of systolic and diastolic differences between
cach trainee may not diler by more than 5 mmtlg
and 95% by not more than 10 mmkHg;

(3) failure 0 achieve this degree of accuracy requires
a repeat training and assessment session for the
failed observer(s).

Tralnees

Pnrullon | Pmllllon(g

Hg

Subject

N
Experl J

Fig. 2. Testing observer agreement in Uree trainees.

Familiarization session

As devices for ambulatory blood pressure measuremen
are complex, familiarizaton is important. The observer:
should be instructed in the use of the devices to b
tested, preferably by a representative of the manufacturer
Practice measurements should be made on a number o
subjects.

Phase II: Before-use interdevice variability assessment

if only one device is tested for validation, it is possible
in the event of the assessment proving unfavourable tc
the test device, that the device is unrepresentative of the
product and the inaccuracy might have been due to poos
calibration or to some other fault that might occur only
occasionally [20]. 1t is also possible that the first device
to be tested might be accurate but unrepresentative. Be
cause of these potential differences between machine:
we suggest that at least three devices should be tested
for interdevice variability before proceeding to validation
and if differences emerge between devices further test
ing should not be conducted until the manufacturer ha:
identified the source of error and provided three device:
which are in agreement. The recommendation to select
three devices is based on economic and feasibility con
siderations.

Semi-automated devices for blood pressure measure
ment should have a facility permitting connection witl
a mercury sphygmomanometer to check device calibra
tion, and it is likely that future models of devices whicl
presently do not readily lend themsclves to calibration
will provide this facility. Although calibration details van
from one system to another, the test is usually performe
by counecting the device to a mercury sphygmomanome
ter with a Y-connector. The automatic pressure measut
ing system and the blood pressure detection mechanis
(i.e. microphone, oscillometry, etc.) are disabled so tha
the device acts simply as a manometer. Pressures withi
the system are then compared throughout the pressur
range on the mercury column.

Test requirements

lhe test requirements are:

(1) 95% of measurements should be within 3 nunli
or 2%, whichever is the greater.

(2) If the device fails to meet the manufacturer's cal
ibration criteria it is not tested further.

Phase llI: In-use (field) assessment

The three devices used for the interdevice assessmen
are pext used to test the accuracy and performance o
the device during and after the use for which it wa:
designed, i.e. 24-h ambulatory monitoring. The purpost
of this phase is to subject the ambulatory blood pres
sure measuring system to a period of fairly strenuous usc
before performing the main validation test. Each of the
three devices are placed on six subjects with a wide range
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of pressure on 8 days over a 4-week period. At the end
of this period the performance of the device is assessed.

Test requirements
The test requirements are:

(1) Tach of the three devices is 1o be worn for 24h
by cight subjects with a wide range ol pressures
using a total of 24 subjects.

(2) 24 h ambulatory measurements are taken at
15min intervals from 0900-2200h (56 mecasure-
ments), and at 30 min intervals from 2230-0830h
(19 measurements), giving a total of 75 readings
for the 24 h;

(3) 600 recordings per device are taken;

(4) 1800 recordings per model are taken.

Performance criteria
The performance criteria are:

(1)  Most ambulatory blood pressure measuring sys-
tems have programmed editing criteria and these
are leflt in operation for this phase. If the in-
structions allow the operator to modify the edit-
ing programme, the programme recommended by
the manulacturer is chosen,

(2) The measurements obtained over each 24h pe-
riod are classified as follows (Table 1):

(a) Mflations. The towl number of inflations
mude by the device.

(b) Valid readings. Those readings accepted by
the system as genuine blood pressure measure-
ments.

(¢©) KRejected readings. Those blood pressure
readings that are rejecied either by the recorder
or the decoder as not being genuine blood pres-
sure measurements,

(d) Aborted readings. Those occasions when an
inflation fails to produce a reading of any kind.
(&) Day/night readings. The rato of valid
dlay/night readings.

(3) If a device fails 1o record any pressure in the 24h
period and/or the subject may not have complied
with instructions on a particular recording day,
that 24 h recording is repeated.

(4) At least 70% of readings should be valid for 22
of the 24 recording days.

(5) Failure to achieve this level of performance means
that no further testing is carried out.

The purpose of this phase is to ensure that a period of
time in use does not make the system inaccurate; it is not
intended primarily as an assessment phase though the in-
formation on performance may be useful. However, there
is little point in proceeding to the main validation test if
the device performs extremely badly as an ambulatory
recording system.

Table 1. Example of in-use assessment.

Sub- \ \ D:N
ject i \4 V% R A D) (N)  ratio
Ideal 75 75 100 0 0 60 1S 3:1

1 94 65 69 3 26 52 13 4:1

2 97 68 70 0 29 55 13 4.2
3 89 75 84 1 13 61 14 441
4 84 75 89 0 8 61 15 4.1:1
5 94 75 79 0 10 61 15 411
6 98 75 77 1 12 70 15 4.7:1
7 88 75 85 1 13 60 15 41

8 93 75 82 1 15 62 15 4.1
9 79 70 89 0 9 55 15 371
10 84 70 83 1 12 55 15 371
11 100 69 69 2 29 54 15 36:1
12 88 75 85 0 13 60 15 4:1

13 84 71 85 0 13 59 12 49:1
14 82 75 91 0 6 61 15 41:1
15 85 73 86 0 12 58 15 391
16 89 75 84 0 13 63 13 48:1
17 82 64 78 0 18 51 13 391
18 84 75 89 1 8 60 15 4:1

19 93 69 74 0 24 55 14 391
20 90 69 77 1 20 54 15 3.6:1
21 81 75 93 0 61 15 411
22 81 73 95 0 60 15 4.1:1
23 79 75 95 0 4 60 15 4:1

24 95 73 77 3 19 59 14 421

Total 2104 1734 83 339 1405 346 411
ldeal 1800 1800 100 0 0 1440 360 3:1

-
E

I, number of inflations; V, number of valid readings; V/I1%, percentage of
valid readings per inflation; R, rejected; A, aborted; D, day; N, night.

Patient/subject acceptability

In this assessment each subject is asked to make com-
ments on the following aspects of device performance
which are printed as headings, allowing five or six lines
for comment on each topic. While this is not an elimina-
tion stage, the information may be helpful later in making
an overall assessment of performance, and the comments
may indicate arcas of improvement for the manufacturer.
‘The headings for comment are:

List any problems

General impression

Comfort/discomfort

Interference with activity

Interference with sleep

Problems with noise

Anxiety factors

Difliculty in using

Clarity of user instructions

Comparisons with other devices used by subject

Suggestions for improving device

611



012

Journal ot Hypertension 1990, Vol 8 No /7

The subjects should be asked to keep a diary card in
which they are asked 10 make @ particular note of activity
at the time of cach amibulatory measurement.

IV: After-use interdevice variability assessment

At the end of the month of ambulatory assessment the
three devices are retested for interdevice variability, as
in the before-use interdevice variability test, o determine
whetlier there has been any change in interdevice agree-
ment alter use.

1f all three devices give measurements that are in agree-
ment at the time of purchase as well as after a period
in use, it suggests, at least, that the model is being manu-
factured to perform consistently. If, however, all three de-
vices give discordant mieasurements, {urther assessment
is pointless and the model cannot be recommended.
Il one device is discordant but the remaining two are
consistent, further evaluation is reasonable on the ba-
sis that one inaccurate device might have been included
by chance. This occurrence may indicate, however, that
overall production of that model is not satisfactory and
the finding should be included in the final report. 1f only
one device is discordant it is removed while the other two
are retained f[or the validation test. I all three devices are
discordant no further testing is carried out.

Phase V: Device validation

If there has been no alteration in interdevice variability
after the month of use, one device is arbitrarily selected
rom the three devices for the main validation test. Be-
cause blood pressure measuring devices are of varying
designs it is necessary to allow some flexibility in the val-
idation methodology. The following tests allow validation
of devices with controllable and rapid deflation rates.

Subject selection

In the selection of subjects it is not sufficient to merely
specifly that subjects shall have blood pressures within a
specilied range (as required by the AAMI standard [8])
because there may be a tendency (arising out of conve-
nience) o recruit more subjects in the lower pressure
range than those with higher pressures.

The tests should be performed with the adult blad-
der supplied with the device; the dimensions should be
noted and a similar bladder should be used for the com-
parative test. The circumference of the arms should be
measured to ensure that the bladder being used is ade-
quate for the subject, ie. the bladder should be of suf-
ficient length to encircle 80% of the arm circuniference;
only the cull and bladder should be changed for obese
arms, since it is important to ensure that the saune micro-
phone is used throughout the validation test.

Subject selection is also dependent on the circumstances
under which the device will be used. If the device is in-
tended for a specid patient population, such as preg-
nant or pacdiatiic patients, it must be validated in these
groups; the recommendations in this paper are for adult
patients. Likewise, patients with archythmias, such as atriad
fibriftation, should not be included; if validation in these
circumstances is required subject selection must be di-

rected accordingly. Subjects in whom Korotkolf sounds
persist to near zero should be excluded from the study.

The criteria {or selection are as follows;

(1) 85 subjects;

(2) age range 15-80 years;

(3) at least 15% of blood pressures in each of the
(ollowing categories of systolic pressure (mmtig):
100-140, 140-180, 180-220, 220-240;

(4) at least 20% of blood pressures in each of the fol-
lowing categories of diastolic pressure (tnumHg):
60-80, 80-100, 100-120.

Devices with controllable deflation rates

This test is based on simultaneous same-ari measure-
ment between the test device and a standard mercury
sphygmomanometer. It is the ideal test, and blood pres-
sure measuring devices should incorporate the facility for
this form of validation. The test should be performed in
a warm, quiet room. The procedure is as follows:

(1) Connect the test device via a T-tube to a standard
mercury manometer and pump bulb (Fig. 3).

(2) Place the cuff of the test device on the subject’s
arm according to the manufacturer’s’ instructions.

(3) For auscultatory devices, place the microphone
over the brachial artery.

(4) For devices with ECG gating, place the electrodes
according to instructions.

(5) ‘The inflation mechanism of the device is activated
and one obsetver records pressure simultaneo-
usly with a stethoscope and mercury sphygmo-
manometer in 43 subjects and a second trained
observer does likewise in the remaining 42 sub-
jects (the subjects should be distributed between
the observers to ensure that each observer has a
representative number of subjects with high and
low pressures).

(6) An independent observer charts the pressure
reading of the device so that neither observer
is aware of the other's reading,

(7) Three measurements are made by each observer
and tabulated for analysis of systolic and diastolic
alues; these measurements are not averaged as
recommended in the AAMI standard because by
so doing, the variability of error within a partic-.
ular subject may be climinated, thus incorrectly
indicating greater accuracy.

(8) A ol of 255 measurements between observers
and the test device are analysed.

(9) Documentation must be provided for data omit-
ted for legitimate technical reasons; once a sub-
ject is included, before the data-gathering phase,
the data for that subject should not be excluded
from the study if blood pressure values are ob-
tainable; if blood pressure measurements from
cither the reference method or the ambulatory
device are unavailable, data entry for.that subject
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may be excluded with an accompanying explana-
ton, and additional subjects must then be entered
into the study 10 easure a sample size of 85,

Hg

Tast Davice

{’Eff o J
SR | (]

bk
Obsorvar ”

Subject

Fig. 3. Design for simultaneous measurement between mercury
standard and test devices.

Accuracy criteria. The pereentage of test device meas-
urements differing from the mercury standard by 5, 10
ad 15 mmib g or less are caleulated (Table 2) and plotted
(Appeadix A; Pigs 4 and 5); the device is then graded as
A B, C or D according to the criteria in Table 3. To reach
aparticukur grade all three camulative pereentages should
exceed the tabulated vatues. Though the mean, standard
deviation of measurements and the mean and standard
deviation of the differences are not used for grading pur-
poscs, they should be provided, as in Table 2, for infor-
mation.

Devices with rapid deflation rates

The ubove test cannot be performed with devices that de-
flale at rates greater than Smmillg/s because faster rates
da not alfow a sulliciently accurate measurement by an
auscultating obscrver, leading 1o an inaccurate compati-
son between the test and the reference device [21]. At
fast dellation rates an auscultating obsenver will tend 10
underestimate: systolic and overestimate diaswolic pres-
sure by recording the first definite pressure phase at
which Korotkoll sounds are audible as the systolic value
and the Tast definite phase of audible sounds as the dias-
tolic. The device may have a facility for slowing the eate of
deflation so that the above test can be performed but it is
important to determine that this modilication of the usual
operational mode does not alier the accuracy of meas-
urement, Other factors that may preclude simultancous
same-arm testing are confusion between noise from the
device and the Korotkoll sounds, failure of the inllating
mechanism to reach the required pressure, and uneven
deflation, making accurate auscultation itnpossible.

The atternatives to simuliancous measurements in the
same arm are either simultancous measurements in the
opposite arms or sequential measurements in the same

arm. We favour the latter approach because if simulta-
neods measurements are to be performed in opposite
armis it is necessary first to determine that the interarm
differences are small enough to prevent the introduction
of error; this would require simultaneous measurements
in both arms in all 85 subjects, a major undertaking in
itsell. Furthermore, sequential same-arm measurements
are closer to simultaneous same-arm measurements than
Opposite arm measurements (Appendix A).

Table 2. Fxample of device validation for twa paired measurements of
systolic and diastolic pressures in 85 subjects.

Readings (%)
Obs/ Mean Diff

device n 4 s, + s <5 <10 <15 G

Obs 1 127 1524 27

. . =16 67 an 98 B
Device 127 151 4: 25
1
(Jhs.. 1 127 91 £ 15 PSP 67 91 97 B
Device 127 B8 i 15
Obs, 2 128 1514 22
-2 %0 66 87 97 B
Device 128 148 22 £ ’
Obs.2 128 12 s 9 o B

Device 128 89 4 12

Observers (Obs) 1 and 2 measured blood pressure in 42 and 43 subjects,
respectively. DIff,, difference; G, grade.

Table 3. Grading criteria based on comulative percentage of readings

Difference hetween standard and Lest device immtig

Grade =5 <10 <15

A 80 a0 95

B 65 85 95

C 45 75 90

(D] Worse than € Waorse than Worse than C

Sequential same-arm measurements between the test de-
vice and a standard mercury sphygmomanometer are car-
ricd out as follows:

(1) A trained observer measures blood pressure with
a stethoscope and a mercury sphygmonmanomerer
deflating at 2mmilg/s.

(2)  Onc minute later, measurement is made in the
same arm with the test device, which is ‘blinded’
from the observer.

(3)  One minute later again, the obscrver repeats a
measurement with the mercury sphygmomanome-
ter,

(i) The sequence 2-3 s repeated thiee gimes in 85
subjects to give 255 readings,

() The difference is caleulated, 1 the device pres-
sure lics hetwveen the first and third pressure the
difference is zero; otherwise, the nearer of the
two readings is subtracted to give the difference,
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Fig. 4. Plot of pressuie difference and mean pressure for test de-
vice and observers in 85 subjects for systolic pressure (n = 255).
Reference lines for 0, £5, 210 and £ 15 mmtig differences are
shown.
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Fig. 5. Plot of pressure difference and mean pressure for test de-
vice and observers.in 85 subjects for diastolic pressure (h = 255).
Reference lines for 0, £5, 10 and £ 15 mmHg differences are
shown.

(6) The data are recorded and analysed as for devices
with controllable deflation rates.

Phase VI: Report of evaluation

The final report should be prefaced with subject data that
define the key characteristics of the subjects in the study:
these data should include the number of subjects, the
ranges ol systolic and diastolic pressures and the num-
bers of subjects for each pressure level, age and arm cir
cumference measurement,

Assessment ol basic user information and
service/maintenance facilities

All technical problems encountered during the valida
tion tests are recorded, so that the information is avail
able for reference, including a description of any prob
lems encountered, the date of occurrence of any break
down, date of repair, effect on validation procedure, com
ments on agency/manufacturer efficiency, estimated costs
of service and appropriate recommendations to the man
ufacturer for improving the equipment.

Basic information

The information provided in operational manuals is ofter
delicient. Without appropriate specifications and opera
tional instructions it is difficult 10 obtain an optimal per
formance. The information listed in Appendix B shoulc
be provided and deficiencies in this regard should be
listed in the report.

Acknowledgements

The report should state whether the equipment was pur
chased for the evafuation or if it was donated by the man
ufacturer. The data analyses should be carried out by the
laboratory doing the evaluation. [ the analyses were car
ried out by the manufacturers, this should be stated.

Discussion

The expanding role of ambulatory measurement is cre
ating a large potential market and it is important to anti
cipate the consequences of uncontrolled proliferation o
vely expensive ambulatory systems which are not sub
jected o critical evaluation, The Working Party on Blooc
Pressure Measurement of the British Hypertension Soci
cty, which has previously made recommendations on th
accurate measurement of blood pressure [17,18,22] wa
given a mandate by the society to prepare recommen
dations for the evaluation of ambulatory devices. Whe
the Working Party began considering the problem it ap
peared that the AAMI standard [8] might be adopted witl
minor modilications as a standardized protocol for th
general evaluaton of ambulaory devices, However, care
ful consideration of the AAMI standard revealed a num
ber of methodological and statistical problems and it wa
considered necessary 1o draft a protocol directed specif
cally at evaluation of ambulatory devices for clinical usc
rather than dealing (as the AAMI has done very eflec
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tively) with manufacturing standards. In so doing, the
Working Party acknowledges gratefully the strong influ-
ence that the AAMI has had in initiating thinking in this
complex subject, and many of the AAMI recommenda-
tions are incorporated in this protocol.

One drawback of the AAMI standard is that it is not pul-
lished in a medical journal. Of greater importance is the
failure of the standard to provide a test for interdevice
variability, a test for the device in the ambulatory setting
and a test for accuracy after a period of use, This proto-
col addresses these areas as well as making recommenda-
tions on the information that should be supplied by the
manufacturer, and permits an assessment of patient ac-
ceptability of the device. Though this protocol provides
an assessment of performance during ambulatory use it
is important to recognize that blood pressure measure-
ments are usually made with the subject at rest; an am-
bulatory device that meets the criteria of the present pro-
tocol cannot be assumed to be accurate during physio-
logical manoeuvres, such as exercise, isometric handgrip,
Valsalva manoeuvre, etc. Moreover, the protocol does not
test the device in the variety of positions in which ambu-
latory measurement may be made.

Since the AAMI standard was published, methods of sta-
tistical analyses in the evaluation of devices have also
changed. Most notably, the correlation coeflicient, once
regarded as the basis of comparison for studies of one
device against another, has been largely abandoned be-
cause it may suggest close accuracy when there are, in
Tact, gross dilferences between the devices being com-
pared [23,24]. ‘Therefore, more suitable statistical meth-
ods are recommended here.

We regard the AAMI criteria of acceptable inaccuracy
(mean diflerence of 5 mmlIg with a standard deviation
of 8mmllg) [8] as too liberal. We have devised, there-
fore, a system of grading, grade A being an unachieved
accuracy level to date, which it is hoped future ambula-
tory devices will attain.

The Working Party is conscious that following the recom-
mendations in this protocol is an onerous task and has
endeavoured to keep the procedures as simple as pos-
sible. Towards this end, the entire procedure has been
designed to ensure that expensive and time-consuming
tests are not performed on devices which do not meet
cerlain basic accuracy criteria. For example, the most dif-
licult test, the main validation test requiring the partici-
pation of 85 subjects with a wide range ol pressures, is
not performed until the device has been field tested and
proven not to have developed interdevice vardability dur-
ing a period of ambulatory use. The procedure, nonethe-
less, is necessarily lengthy and requires considerable in-
volvement of trained personnel and careful supervision,
but if ambulatory measurement is to realise its full poten-
tial it is imperative that strict standards are applied with-
out delay.

However, the adoption of these standards by the manu-
facturers of blood pressure measuring devices may not
be easily effected. Manufacturers cannot be obliged to

guarantee the accuracy of their product, though it is likely
that the legislative harmonization being prepared by the
Commission of the European Communities with regard
to essential safety requirements of medical devices will be
extended to other aspects of device performance, such
as accuracy [25]. Also, we expect that reputable man-
ufacturers will welcome the opportunity of having am-
bulatory blood pressure measuring devices evaluated in-
dependently according to a generally accepted protocol.
Unfortunately, the presence of a national standard is not
a guarantee of accuracy and it will be many years before
there is any acceptable standard in Britain and Ireland.
The British Standards Institution is presently preparing
a standard for automated devices, The British Hyperten-
sion Society has made application to the Institution for
a standard for semi-automated devices (personal com-
munication 10 E.O'B). However, even if there was an ac-
ceptable standard for ambulatory devices, manufacturers
would not be obliged to comply with it and the need for
independent evaluation would still exist.

Manufacturers of ambulatory blood pressure measuring
systems must be encouraged 1o have their product eval-
uated independenty according to an approved evalua-
tion procedure. This process, which will necessarily take
time, could be influenced beneficially if editors of general
medical, clinical pharmacology and hypertension journals
critically evaluated the evidence supporting the accuracy
of ambulatory blood pressure measuring systems used in
research studies. Fealth authorities and sponsoring or-
ganisations should not continue to purchase equipment
which has not been evaluated adequately.
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Appendix A: Statistical considerations

Introduction

Diflerent observers and dilletent devices never agrec ex-
actly, in the sense of giving the same blood pressure [or
all subjects. The comparison of two sets of blood pres-
sure reaclings thus takes the form of assessing the amount
of disagreement. Methods of comparison are described
and illustrated in this appendix. However, statstical meth-
ods cannot indicate what is or is not acceptable agree-
ment for an individual subject or a group of subjects; this
decision must be based on clinical considerations.

Whether two observers or two devices are compared, the
philosophy of the recommended approach is 1o consider
the distribution of the dillerences between the blood
pressure obtained for each individual subject. H more
than wo sets of measurements are available the same
approach is used w compare each pair. Graphs are par-
ticularly useful. There is no place in this analysis for the
calculation of correlation coeflicients or hypothesis tests.

Initial analysis

In the presentation of evaluation data it is common prac-
tice to begin by producing a scatter plot of the two sets

of blood pressure data (observer and test device). These
plots usually show systolic and diastolic pressures sepa-
rately, although they can both be shown in a single plot.

The scauer plot can be a uselul first step, but it is in-
eflicient as all the information is usually clustered near
the line. We have, therefore, used a better way of assess-
ing the discrepancies by plotting the differences between
the measurements of the observer and the device, against
their average, as in Figs 4 and 5. This plot shows the dif-
ferences in blood pressure explicitly, and also indicates
whether the distribution of the dilferences varies accord-
ing o the level of blood pressure. We use the average
blood pressure here, as this is the best estimate of the
true blood pressure for that patient at that time. This
nicthod of plotting, which can be extended to give more
inforiation (see below), is recomunended in preference
to the conventional scatter plot.

Quantification of agreement

The assessment of agreement is based on both the av-
erage differences between the methods ol measurement
and the variability in the differences. The average agree-
ment between the two sets of blood pressure measure-
ments is the mean of the differences from each sub-
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ject (and is equal to the difference between the overall
means), There are theee approaches to the assessment
of the variability component of agreement,

(1) The proportion of differences that are greater
than some reference value, say 10 mmllg, can be
calculated. ‘The reference values can be superim-
posed on the scatter diagram.

(2) The values outside which a certain proportion, say
10%, of the observations fell can he calculated.
This is done simply by ordering the data and

_taking the range of values left after a percentage
ol the sample is removed from cach end. These
values can also be superimposed on the scatter
diagram.

(3) ‘The standard deviation of the intrasubject dif-
ferences can be calculated. On the assumption
that the differences will be normally distributed,
which is usually reasonable for blood pressure
data, the range of values expected to encompass
most intrasubject differences can be calculated.
For example, 90% of diflerences can be expected
1o lie between the mean —1.645 sd. and the
mean +1.645 s.d. These two values are called
the 90% limits ol agreement. They can also be
superimposed on the scatter diagram.

Methods (1) and (2) do not require any assumptions
about the distribution of the diflerences, but they are
generally less reliable than those obtained using normal
distribution theory, especially in small samples. 1lowever,
if there are one or more outliers (extreme discrepan-
cies between observers or methods), an empirical ap-
proach may be preferable. In this protocol, we have cho-
sen to use the percentage of differences within certain
limits (method 1), a simple approach that can be used
for all phases of the evaluation. For the device validation
phase (phase V) three of these assessments are made,
relating to the percentage of diflerences within 5, 10 and
15 mmlig. A device is then graded according to these re-
sults using the criteria in Table 3.

Grading and method of validation

Table 4 illustrates the rationale for calculating the dif-
ferences in the sequential test, using the grading crite-
ria given in Table 3. In this analysis, 85 subjects with a
wide range of blood pressure had sitnultancous meas-
urements taken with mercury sphygmomanometers by
two trained observers in the same arm and simultaneo-
usly in the opposite arm by a third trained observer, the
sequence being repeated three times so as to provide se-
quential measurements in both arms. The results in the
table, therefore, are derived from 255 measurements.

In the first two lines, the grades for simultaneous same-
arm measurements are shown and grade A status is
reached for both systolic and diastolic pressures. This is

Table 4. Cffect of test methodology on grading analysis.

Differences between standard
and test device (mmHg)

Grade *© <5 <10 <15

Simultaneous, SBpP A 89 97 99
same arm DBp A 91 100 100
Sirnultaneous, SBP B 74 95 98
opposite arm pip C 64 G4 99

1. Sequential, ssp B 69 91 98
same annm bir A 04 99 100

Il Sequential, SBP A 85 98 99
opposite arm psp A 92 99 100

DBP, diastolic blood pressure; SBP, systolic blood pressure.

the ‘gold standard’ 1n the second pair of lines, the data for
simultancous opposite-arm measurements are presented
and a grade B rating is obtained for systolic and grade
C for diastolic pressure; clearly this analysis is much in-
ferior to the first. In the third pair of lines (sequential
1) same-arm sequential measurements are analysed, the
differences being calculated by comparing the mean of
the first and third mercury measurements with the sec-
ond measurement (which corresponds to a test device); a
grade A rating is achieved for diastolic but only a grade B
for systolic pressure. Clearly this is better than opposite-
ann measurcments but is not as good for systolic pres-
sure as simultaneous same-arm measurements. However,
this analysis is mathematically flawed in that the relation-
ship between the first and third mercury measurement
is assumed to be linear, which need not be so. In the
fourth pair of lines (sequential {1) the analysis is based
on the assumption that the diflerence between the first
and third blood pressure reading need not be linear, and
the difference is calculated as follows. If the second (test)
pressure lies between the first and third pressure the dif-
ference is zero; otherwise the nearer of the two readings
is subtracted to give the dilference. This correction tech-
nique restores the sequential analysis to parity with the
simultaneous same-arm analysis by bringing the systolic
rating to grade A,

Power

The calculation of an appropriate sample size for the de-
vice validation (phase V) is, to some extent, arbitrary. If
the observed proportion of dilferences within 5 mmlig
is 80%, then a 95% confidence interval for this propor-
tion will be 5% with a sample size of 85 subjects (225
observations), the size recommended in the AAMI stan-
dard [8]. We believe that a smaller sample may be ac-
ceptable, but we have decided to remain with the AAMI
recommendations of 85 subjects until working data be-
come available as the protocol is used, when it may be
possible o nitke power calculations that would effect a
reduction in this large sample size.
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Appendix B: Basic information

Model identification: When manufacturers incorporate
modifications into externally identical or indistinguish-
able versions ol a model, this should be clearly indicated
by model number and full details as o how the model
differs [rom eatlicr versions should be provided. In par-
ticular, the likely elfect of all such modificadons on the
performance and accuracy of the model should be stated.
Costs: The cost of the recorder, thie decoder, computer
analysis facilities and all components should be listed.
The consumables needed for device operation and their
cost should be provided.

Compliance with standard(s): The standard adopted by
the manulacturer should be stated.

Validation studies and resuldts: The results of validation
assesstents by the manufacturer, and/or by independent
laboratories should be summarized to provide the follow-
ing details: the method of validaton, the number of sub-
jects, any special features in subject selection, e.g. preg-
nancy, childhood, the cmge of blood pressuces, the heart
rate range, the accuracy requirements and the statistical
analysis employed. ‘The [ull references for all published
validation studies should be listed together with the ad-
dresses of the laboratorics.

Instructions for use: These should be clearly stated in a
step-by-step layout. lllustradons are helpful in this con-
text.

Patient instruction card: A card should be provided for
distribution to patients using the ambulatory recorder,
which gives simple operational instructions together with
instructions as o what precautions to take i the event
of the device malfunctioning,

Power supply: The mains voliage and the frequency must
be shown and whether or not a transformer is nceded
1o adupt the decoder. If the latter applies, the frequency
must also be converted as the movement of certain parts
may be affected, with resultant inaccuracies. The most
suitable batteries for the device should be listed and
those capable of being recharged should be indicated.
The number of recordings obtainable for a set of bat-
teries, or per charge, and the warning system {or battery
failure should be indicated.

Instructions for care and maintenance: The operator
should be given clear instructions on the day-to-day care
of the equipment and the need for regular maintenance.
Product warranty information should be provided. Am-
bulatoty devices should have [ull warranty cover for at
least 1 year after the date of purchase.

Service facilities: "l'he location of national and interna-
tional service facilities should be listed. It is regrettable
that some manufacturers appoint agents who, though
competent with certain ranges of medical devices, have
litde or no knowledge of specialized blood pressure mea-
suring equipment. Potential purchasers should be aware
of this problem and check that the agent is competent
to provide the necessaty facilities. An estimate of the cost
of routine servicing out of warranty together with an esti-

mate of the costs of transporting the equipment for ser-
vicing should be given. Maintenance contracts are avail-
able for some ambulatory sysiems and details of these
should be provided.

Dimensions: The dimensions of the recorder and its total
weight with batteries, pump, etc., should be indicated.
The means of atachment, waist-belt, shoulder-strap, or
bag, ctc., should also be stated.

List of components: All major components of the sys-
tem should be listed. The dimensions of the bladders
supplicd and the dimensions of the range of bladders
available should be indicated. A 35 X 13cm bladder is
strongly recommended for routine use in most adults by
the British Hypertension Society [17].

Method(s) of blood pressure measurement: The basic
methiod of pressure detection, for example, auscultatory
or oscillometric, should be stated and if more than one
method is used the indications for changing methods and
the means of denoting this on the recording should be
stated. With Korotkoll sound detecting devices, the use of
either phase IV or phase V as the diastolic end-point must
be disclosed. If data are derived from recorded measure-
ments, such as mean pressure, the method of calculation
must be stated.

Artefuct editing: Some ambulatory devices have in-
built systems [or editing artefactual measurements. The
method of doing this and the rationale should be stated.
Reliable and accurate devices should require only mini-
mal cditing and this should be performed automatically
by the device. It should not be necessary for the op-
erator to have 1o screen the device measurements for
bizarre recordings that are likely to be artefactual. We
have refrained, therefore, from making recommendatons
on artefact editing.

Facility for checking device accuracy: Blood pressure
measuring devices should be provided with a facility for
accuracy assessment against a reference system whereby
simultaneous measurement can be performed on the
same arm with the device which is being tested and
the reference system. Some ambulatory systemis function
with rapid deflation rates but in some models it is pos-
sible to switch to a slower deflation rate. These devices
should be tested using the rapid deflation rate, as switch-
ing to a slower mode may give results which do not re:
flect the accuracy of the device in use. Special considera-
tion has to be given to the method of testing and to the
interpretation of data with these devices.

Facility for device recalibration: The manufacture
should state the intervals at which recalibration becomes
necessary and a simple method for checking accuracy
should be provided. If recalibration is required, the man
ulacturer should state whether this can be done by the
owner, and if so, how.

Factors affecting accuracy: Many factors may affect the
accuracy of ambulatory recordings, such as arm move
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ment, exercise, arm position, cuff or cloth friction. All
these factors should be listed by the manulactarer,

In patients with cardiac arthythmias, it is diflicult and
sometimes impossible to obin an accurate measure-
ment of blood pressure with a standard mercury sphyg-
monanometer. in these subjects the likelihood of obtain-
ing an accurate ambulatory record is remote, and unless
sound validation of accuracy is available for arrhyth-
mias it should be assumed that ambulatory devices are
probably inaccurate in these patients. The manufacturer’s
literature should carry a statement along the following
lines: “I'his instrument has not been validated in patients
with arrhythmias’,

Operator training requirenment: Some ambulatory sys-
tems require considerable expertise on the part of the
operator if accurate measurements are to be obtained,
whereas other systems require relatively litle instruction.
These requireiments should be stated.

Computer analysis: Some wmbulatory systems are com-
patible with personal computer systems. The exact re-

quirements for linking with computer systems and their
cost should be stated. 1 the ambulatory system is depen-
dent on its own computer for ploting and analysis this
should be made clear and the cost of the computer fa-
cility, if it is an optonal extra, should be stated.

Clear instructions should be provided for setiing tecord-
ing conditions (e.g. frequency of recordings during de-
fincd periods, on/oll condition of digital display); retriev-
ing recordings and saving data to disk; retrieving data
from disk; displaying numerical data and graphics; im-
porting data into statistical/graphic/spreadshect soltware
programs; prituing resulis (excerpts or total).

I'he manulacturer should list compatible computers (PC
or other) and printers together with memory require-
ments, compatible graphic adaptors, additional software
or hardware requirements (including interfaces and ca-
bles if these are not supplied).

Problem list and solutions: Finally, a list of common op-
erational problems should be listed with the means of
detection and remedy.
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