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Criteria for validation of devices Data from 19 validation
studies has been analysed to show that the British
Hypertension Society/Association for the Advancement of
Medical Instrumentation protocols can be unified and greatly
simplified without compromising the validity of results by
implementing the following measures: eliminating the
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calibration and in-use phases; relaxing the ranges of blood
pressures required; reducing the number of subjects from
85 to 33; assessing results in a primary phase in order to
dismiss ‘hopeless’ devices after validation with 11 subjects;
and using validation aids, such as audio-visual recording of
comparative measurements.

The patient or the population? The paradox of
validation protocols There is a fundamental paradox in the
design of current validation protocols for testing blood
pressure monitors, The procedures are designed to answer
the question of whether a given monitor will, on average, give
valid readings for a population, but what we want to know in
practice is the probability that the monitor will give accurate
readings for a particular patient. The above considerations
make it clear that, with the current criteria of acceptability and
method of analysis, there will be a sizable number of individual
subjects for whom any given monitor will not be validated to
within 5 mmHg. The implications of this for validation studies
and the means of addressing the problem are discussed.

Frequency of measurements in intermittent
ambulatory blood pressure monitoring (ABPM) Various
approaches to deciding how frequently intermittent
measurements should be made are examined. It is concluded
that the number of measurements performed during 24 h
ABPM clearly should not be less than one every 30 min, both
for the day and for the night. When precision is of utmost
importance, the sampling rate can be increased. A full diurnal
curve is not always required in order to address individual
clinical problems, so recording during the night can sometimes
be omitted. Shorter recordings in the clinic offer a welcome
substitute for many routine situations, but backing up with full
24 h ABPM when a short segment exhibits no hypertension
seems mandatory, when important clinical decisions, such as
withdrawing treatment, are dependent on the result.

Editing of ABPM data The definition of the criteria for
editing series of blood pressure parameters derived
intermittently from ABPM proposed on the base of the
experience accumulated over the years in the leading centres
in the field. Strict application of these criteria may be applied
to give rigorous editing of data, which may be dependent on
several factors, including the number of available
measurements, the quality and reliability of the measuring
device and the aim of monitoring.

Methods of analysis There are more than 40 ABPM
systems on the market. Each of these has its own method for
analysing 24 h data and for plotting the data. This often leads
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to confusion on comparing the data and particularly on
comparing one 24 h plot with another, There is a case,
therefore, for the standardization of ABPM analysis and
plotting so that the plot and data should be readily
recognizable by the user, regardless of the device used, as is
the case, for example, with electrocardiographic recordings. A
computer program, DABL2000, provides the facility for simple
or sophisticated analyses depending on the requirements of
the user, a standardized method of plotting the data and the
capability of providing a computer-generated report of the
ABPM plot.

Definitions of daytime and night-time blood pressures
There is at present no consensus concerning the definitions
of daytime and night-time blood pressures and at least 10
different methods have been employed. The techniques can
be divided into clock-time-independent and clock-time-
dependent methods and, in addition, into ‘wide' methods,
which use all blood pressure measurements throughout the
24 h period, and ‘narrow’ methods, which exclude part of the
measurements. The awake or out-of-bed and asleep or in-bed
blood pressures are usually considered as the optimal
standards for daytime and night-time blood pressures, to
which other definitions are compared. The narrow clock-
time-dependent method, with a request to the subject to
observe the transition periods, provides the optimal definition
of daytime and night-time blood pressures.

Variability of intermittent ABPM recordings
Conventional ABPM using discontinuous readings taken every
16 min or so can give only a crude estimate of variability of
blood pressure and will clearly provide no useful information
about short-term changes. Variability of blood pressure is
reviewed in terms of a number of rhythms with a characteristic
periodicity, which may be intrinsically or extrinsically
determined, on which are superimposed extrinsic influences
and a certain amount of random error. One of the problems
with estimates of variability of blood pressure such as the SD
obtained from ABPM is that they have a low test-re-test
reliability. This may be improved by standardizing activity on
the two occasions and applying the method involving the root
of the mean squared successive differences.

Criteria for validation of devices
Eoin O'Brien

Introduction

Experience with the protocols of the British Hypertension
Society (BHS) [1] and the Association for the
Advancement of Medical Instrumentation (AAMI) [2] has
provided valuable insight into the methodological problems
associated with device validation. The two protocols have
many similarities, but there are some important differences

[3-8]. The protocols have been reconciled previously [9].
The differences between the protocols merit consideration
to facilitate manufacturers’ seeking to validate devices for
acceptance both in Europe and in the USA. One of the
objectives of the working group of the European Society of
Hypertension is to investigate the possibility of having a
common protocol, which would be accepted as the interna-
tional standard for the validation of devices for measuring
blood pressure [10]. In an attempt to unify the two proto-
cols and to simply the validation procedures, data from
19 device-validation studies performed in the blood
pressure unit in Dublin have been analyzed to determine
how the results would have been affected by smaller
samples and alterations of recruitment ranges [11].

Simplification of BHS/AAMI validation
procedure

The quest for harmonization and simplification of the two
protocols can be concentrated on the following areas.

Elimination of pre-validation phases

The BHS protocol is divided into two parts [1]. Part I
comprises the main validation procedure and has five
phases: before-use calibration of a device; in-use (field)
phase; after-use calibration of a device; static validation of
a device; and reporting results of evaluation [9]. Part II of
the BHS protocol consists of validation procedures for
special groups and circumstances: pregnancy, the elderly,
children, during exercise and various postures. Part 11 is
performed only if the device obtains grade A or B during
part [ of the validation. Assuming that all devices for self-
measurement have fulfilled the necessary requirements to
obtain a EU certificate, it is not necessary to subject these
devices to the first three phases of the BHS protocol.

Improving observation methodology

The most fallible component of blood pressure measure-
ment is the human observer. The traditional technique of
measuring blood pressure does not allow the result of the
measurement to be checked by independent observers,
thereby leaving the method open to bias. Another major
difficulty with the BHS protocol has been in training
observers and ensuring that they remain in agreement for
the period of the validation study. The Sphygmocorder, a
system in which the traditional method of measuring blood
pressure has been combined with audio-visual recording
technology to provide recorded data of the comparative
measurements, overcomes these difficulties and removes
the expensive need to employ observers throughout the
validatton procedure [12]. The Sphygmocorder has been

Table 1 Primary-phase requirements: 15 subjects
Comparisons must reach at least one of the following
<5mmHg <10 mmHg <16 mmHg
Simultaneous 25 35 40
Sequential 20 30 35
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Table 2 Secondary-phase requirements: 33 subjects
99 Comparisons must reach at least two of trrr)rérfonowingﬁ - 99 Comparisons must reach all of the following
<5 mmHg <10 mmHg <15 mmHg <5 mmHg <10 mmHg <15 mmHg
Simultaneous 80 85 95 60 80 90
Sequential 50 75 90 45 70 85
Table 3 Range requirements for primary phase (five subjects in 18 subjects (in total 33) are recruited, for whom

each category) and secondary phase (11 subjects in each
category)

Biood pressure (mmHg)

Medium

Low High
SBP <130 130-160 >160
DBP <60 80-100 >100

SBP, systolic blood pressure; DBP, diastolic blood pressure

validated for accuracv against the trained human observer
using the protocol of the BLIS [12}.

[c 1s recognized, of course, that not all validation centres
will have the Sphygmocorder and, where observers are
being used, the protocol must take into account the role of
education and certification of observers. Tiwvo developments
towards this end are to be welcomed. First, two CD-ROM
are available for training and assessing observers [13,14].
Second, Colson Ltd has developed an observer kit with two
connected observer stations, each with a mercury column, a
steady-deflation mechanism and a recording facility.

Reduction in numbers

Reducing the number of subjects required for validation
would simplify the procedure greatly and there are now
sufficient data from the many validation studies performed
to allow a review of the number of subjects required [11].
The use of simulators to augment the comparative
measurements also shows promise as a means of reducing
the number of hypertensive subjects presently demanded
by the protocols, but simulators themselves will have to be
validated before they can substitute for human subjects
[15].

Both the AAMI and BHS protocols require a sample size of
85 subjects with three pairs of measurements each. Original
power calculations were based on 85 pairs of measure-
ments, which did not allow for the fact that the sample size
required to prove the accuracy of a difference decreases as
that difference increases, which means that a smaller
sample is required to prove that a device is very inaccurate
than is required to prove that a device is accurate. Our data
support dividing the validation process into two phases: a
primary phase in which three pairs of measurements are
performed with 15 subjects and a device failing this phase
(Table 1) is eliminated from further testing, whereas one
passing it proceeds to a secondary phase, in which a further

comparisons must fulfil the criteria shown in Table 2.
These alterations did not substantially alter the results of
any of our studies, but they would have greatly simplified
the validation process [11].

Range of blood pressures

Experience has shown that recruiting subjects at the
extremes of high and low blood pressures is impractical.
Furthermore, because variability of blood pressure is greater
at these extremes, sequential comparisons are often unreli-
able. The relaxation of these requirements to those shown
in "Table 3 with an equal number of subjects being recruited
to each range facilitates the validation procedure without
unduly affecting resules [11].

Improving analysis of data

The data from a modified (simplified) validation procedure
based on the above will nced to be analysed. The software
program devised by De Gaudemaris is ideal for such a
purpose, in that it not only performs a full statistical
analysis but also plots the data according to the recom-
mended criteria [16].

Conclusion

If the above modifications can be incorporated in a collabo-
rative revision of the BHS and AAMI protocols, the process
of validation will be greatly facilitated. The benefit of such
a protocol would be threefold: more centres could perform
validation studies; more devices would thereby be vali-
dated; and European and American criteria for validation
would be satisfied, thereby giving the protocol more inter-
national applicability than has been possible so far.

The patient or the population?
The paradox of validation protocols
Thomas Pickering

Introduction

There is a fundamental paradox in the design of current
validation protocols for testing blood pressure monitors.
The procedures are designed to answer the question of
whether a given monitor will, on average, give valid read-
ings for a population, but what we want to know in practice
is the probability that the monitor will give accurate
readings for a particular patient. The answers to the two
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questions are not necessarily the same. The criteria that a
monitor must satisty both for the protocol of the British
Hypertension Society [ 1] and for that of the Association for
the Advancement of Medical Instrumentation (AANT) [2]
are based on pooled data from the population sampled; the
criteria for the latter are a mean svstematic error between
the monitor and a mercury sphygmomanometer within
+5 mmHg and a SD) of che individual validation readings
within 8 mmllg. Under the assumption that the errors of
the individual vahidation readings are normally distributed
around the mean crror, it can be shown that, for a monitor
that satisfics the AAMI criteria with a mean error of
+5 mmHg and SD of 8 mmHg, only 39% of the individual
readings that resulted in the ‘satisfactory’ rating will have
been within the £5 mmllg range that we would consider
acceptable. Similarly, a monitor with a mcan error of
3 mmHgand a SD of 5 mmllg should sull have only 65% of
individual readings within the =5 mmHg range. The
conventional way of displaving the individual error points
on the Bland-Altman plots confirms that there are many
individual readings outside the ®£5 mmllg range for most
of the published validation studies, but docs not identify
how these errors are distributed for the individual subjects.
However, when the individual subjects’ data are analvsed. it
is apparent that the errors for anv one subject tend to be
clustered and that the mcan error for one subject is not the
same as the mean error for the population. In fact, approx-
imately one-third of subjects whose data were recorded by
a monitor that satisfies both the British Typertension
Society and AAMI criteria are found to have a mean error
exceeding =5 mmllg (data from [17]).

Conclusions

The above considerations make it clear that, with the
current criteria of acceptability and method of analysis,
there will be a sizable number of individual subjects for
whom anv given monitor will not be validated to within
5 mmllg. What can we do about this? There are at least
three possibilitics.

Iirst, we could sct more stringent criteria for acceptability.
On theorctical grounds, we can show that, if, for example,
we demand a mean crror of 2 mmllg or less, with a SD no
greater than 4 mmHg, the proportion of readings within our
desired range (5 mmlig) would still be only 73%. There
is a practical limit to how stringent we can make the
criteria, however.

Second, we could change the analytical methods. We could
specify that there should be no screening of subjects on the
basis of the case of detection of their blood pressure read-
ings before testing and analyse according to the individual
as well as the population.

Third, we could emphasize that every monitor needs to be
tested on every patient. This would mean developing a

mini-protocol that could be used by clinicians in everyday
practice.

‘T'here are other considerations as well. Firse, the implica-
tions for the error of using simultaneous rather than
sequengal readings need to be taken into account. Second,
there has been virtually no research on individual differ-
ences in validation studies. For example, if a monitor fails
to be validated for one subject on one occasion, what is the
reproducibility of this? Will other similar monitors also fail?
What are the characteristics of subjects that result in poor
validation?

Frequency of measurements in intermittent
ambulatory blood pressure monitoring
Gert A. van Montfrans

Introduction

Ambulatory blood pressure measurement reduces vari-
ability of blood pressure in comparison with that for
conventional single measurements in the office by
providing numerous measurements over a short time and so
increases reproducibility. The obvious question of just how
many readings are needed to obtain the best possible
estimate of the prevailing pressure has been addressed by
several authors in various ways. First, the relation of the
duration of the interval between consecutive readings and
the accuracy of estimating the full 24 h average was inves-
tigated. Accuracy was expressed first as the difference
between the mean of a limited number of readings and that
of a grand total provided either by continuous intra-arterial
recording or by frequent intermittent ambulatory blood
pressure monitoring (ABPM) and second as the dispersion
of individual values around the mean obtained by taking a
limited number of point estimates of blood pressure
compared with that for very frequent sampling. Second,
more specifically the shape of the diurnal curve and the
reproducibility of short segments of the 24 h curve were
assessed in relation to the sampling rate. Third, some
authors sought to translate the benefit of ABPM over inci-
dental office readings into practical terms, by assessing the
relation between reproducibilicy and number of measure-
ments in terms of changes in statistical power. Studies from
the patients’ perspective, for example concerning willing-
ness to be subjected to a repeat study as a function of the
number of readings during the first recording, do not seem
to have been performed, although a large survey on accept-
ability of ABPM might contain the relevant data [18]. The
conclusions that end this brief review re-affirm most
aspects of current practice, but also it is recommended that
one repeats the collection of whole 24 h records in order to
increase specificity, when clinical decisions really matter.



Interval and accuracy of the full 24 h curve

T'he very first fully automated intermittent recordings used
to be taken at 15 min intervals, which duration was
probably sclected as a trade-off between obtaining as many
readings for plotting the diurnal curve as were acceptable
for subjects who were supposed to “follow their normal daily
routine’ [19]. More than 16 vears ago Di Rienzo ez a/. [20]
recorded complete sets of continuous Z4 b intra-arterial
data and compared those with single-blood-pressure waves
of the same recordings at intervals of 5, 10, 15, 30 and
60 min. For each of 20 subjects the intermittent measure-
ments at intervals of 5, 10, 15 and 30 nin provided a zero-
to-minimal difference from the reference blood pressure.
Average values of the single-blood-pressure waves were
often identical to those provided by the continuous
mcasurements in which all waveforms recorded throughout
the 24 h were included (differences were 1 mmlig or less).
For the samples taken ac 60 min intervals these differences
were still no more than 2-3 mmHg. However, this did not
hold for the SD. For the intervals of 5, 10 and 15 min differ-
ences amounted to =10% of the SD of the grand total
exceeding 100 000 beats. Intermittent recording of blood
pressure (which operates bese when readings are taken
with subjects motionless) clearly does not allow one to
appreciate the tull extent of vanability of blood pressure,
but gives a precise estimate of the 24 b average with read-
ings every 30 min. Similar data were obtained in another
study using intermittent non-invasive and continuous
intra-arcerial recording, that also took into account
reproducibility over a 4-week interval [21]. The SD of the
difference between the 24 h averages, both for the inter-
mittent and for continuously measured groups, decreased
by 59% for systolic and 42% for diastolic blood pressure
when the number of measurements analysed was increased
from two to 24. No furcher fall was scen when more than
24 values were considered for both groups. The difference
bertween mean values of blood pressure in the two record-
ings was hardly influenced by the sampling rates for the two
groups.

Palatini er al. |22] analysed the reproducibility of 24 h blood
pressures taken twice in 3 months for 508 hypertensive
paticnts in the HARVEST. Measurements were taken at
intervals of 10 min during the day and 30 min at night.
Analysis using a halved sampling rate caused only a small
drop in reproducibility, both of the averages and of vari-
ability. "This was in line with the modest sampling rates that
were recommended by authors of the studies mentioned
above. However, recent data on the same cohort lead one to
stress the importance of allowing only reproducible full 24 h
recordings to guide making of clinical decisions [23]. When
the differences in 24 h blood pressure exceeded
4 mmllg svstolic or 3 mmllg diastolic between the two
ABPM sessions, as was the case for a substantial number of
subjects, correlations to indices of organ damage were no
longer better than those for oftice blood pressure.
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Interval and the diurnal curve

Together with the increasing interest in the clinical rele-
vance of the diurnal profile of blood pressure, methodology
for how best to analyse the circadian variation without foss
of accuracy was proposed. There is no shortage of statistical
papers discussing the various methods [24], but a detailed
analysis of the optimal number of measurements combining
accurate assessment of the average level of blood pressure
with that of the drop in blood pressure at night and some
other measures of the diurnal profile was published by
"T'hijs er af. [ 25]. Single 24 h recordings for 97 normotensive
subjects were obtained with measuring intervals of 7.5 min
during the day (0800-2000 h) and 15 min at night. These
recordings served as a reference. Five different sampling
rates were analysed: of 15 and 15, 15 and 30, 30 and 30, 30
and 60 and 60 and 60 min for day and night-time intervals,
respectively. In contrast to the minimal impact of the
sampling rate on the estimation of the level of blood pres-
sure, the effects on the various parameters of the diurnal
profile such as 24 h SD), nocturnal fall in blood pressure and
the amphrtude of the Fourier curve were more pronounced
and  gradually increased with decreasing sampling
frequency. In terms of these criteria, a minimum of one
measurement cvery 30 min both during the day and during
the night scems an acceptable compromise between accu-
racy and acceptability for routine clinical practice.
lixpanding this kind of analysis to a between-ABPM repro-
ducibility study, also including subjects with higher blood
pressures, would be interesting, since variability of blood
pressure increases with increasing blood pressure.

Shorter periods

Again, authors of the first article on this subject used intra-
arterial continuous recordings as the frame of reference
[26]. Sub-periods averaged over 30 minand 1, 2,4, 8 and 12 h
were compared with individual daytime and 24 h values for
40 subjects. Short-time differences from 24 h averages for
the whole group ‘were frequently small’ but individual
differences exhibited a large scatter and this also applied
for short periods of daytime compared with the whole-day
average, removing the bimodality of rest versus activity.
With intermittent readings obtained in a strictly standard-
ized fashion, thus avoiding the large inherent vanability of
continuous measurement, however, reproducibility of
short-time 3 min readings was quite acceptable and in fact
similar to the reproducibility of the average 24 h blood
pressure obtained by ABPM. In that study the SD of the
differences fell progressively during the initial readings and
then more slowly until 25 measurements had been made
[27]. When variability is larger, such as for the elderly
hypertensive patient, longer ‘short’ periods may be needed
in order to achicve reasonable accuracy [28]. More studies
of this type, comparing short-term registrations with a full
data set, were discussed by Sheps ez al. [29] and Braun ez a/.
[30]. The latter ecmphasizes the importance of using the
same type of device when the biological variability of blood
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pressure is being cevaluated; clearly, one does not want to
add further noise to variability of blood pressure by using
different devices, cach wich its own technical peculiarities.

Short-term recording of course is attractive and convenient,
but the chances of misclassification cannot easily be ascer-
tamed from the available data. Braun ez o/, classified 25% of
hypertensive subjects wrongly as having office hvperten-
sion, on the basis of comparisons between conventional
sphygmomanometry and the Spacel.abs device. When
important decisions regarding treatment depend on it
verification by performing a full 24 h recording scems
appropnate, just as is being recommended for self-
recording of blood pressure.

Interval and sample size

Coats et al. |31] were the first to translate the better
reproducibility of ABPM versus conventional office read-
ings into clinical trial management [31]. They demon-
strated that the SD of the differences between duplicate
estimates of the diastolic blood pressure decreased from
12.3 mmHg for a single reading to 6.3 mmllg for the
average of at least 20 readings of the daytime ambulatory
blood pressure. Halving of the SD of the difference in blood
pressure between two measurements results in decreasing
the required sample size by 75% in a cross-over trial. These
findings were based on a reproducibility study concerning
100 subjects aged 18-72 years with mild-to-moderate
hypertension. Assuming that these variabilities also applied
to parallel-group studies, the authors proposed that, in
order to detect a difference of 5 mmHg for diastolic ambu-
latory blood pressure with a power of 80%, sample size in a
group-comparison study could be reduced from 250 to 67
subjects. However, considering the sample size for parallel
groups, these recommendations appeared too optimistic
and are certainly less generalizabie than was hoped.
Staessen ¢f @/ [32] convincingly showed for a sample from
the placebo-controlled Syst-Eur study on elderly subjects
with isofated systolic hypertension, in which two 24 h
recordings were performed with 1 year in between that,
both for clinic data and for ABPM, 40 subjects in each
group (not 33) were needed in order to detect a difference
in diastolic 24 h blood pressure of 5 mmllg caused by treat-
ment. These findings were not surprising, the authors
commented, since the berween-subject rather than the
within-subject variability determines the test statistic for
calculating power in parallel-group studies. Thus, the
general view is that, when one is using ABPM, at least in
parallel-group studies, one should not economize on sample
size. In the same article it was also shown that, in order to
detect stability of reduction in blood pressure throughout
the 24 h, one needs stable hourly reductions, calling for
more rather than fewer patients versus calculations based
on clinic readings. Indeed, hourly reproducibility of blood
pressure is much more variable than are whole-day or 24 h
averages [33].

Conclusions

T'he number of measurements clearly should not be less
than one every 30 min, both for the day and for the night.
When precision is of utmost importance, the sampling rate
can be increased in daytime to once every 20 or 15 min for
example. A full diurnal curve is not always required in order
to address individual clinical problems, so recording during
the night can sometimes be omitted. Shorter recordings in
the clinic offer a welcome substitute for many routine situ-
ations, but backing them up with a full 24 h recording when
a short segment exhibits no hypertension seems mandatory,
when important clinical decisions, such as on withdrawing
treatment, are dependent on the result. Likewise, a second
24 h recording should be considered in these cases in order
to obtain maximum accuracy.

Editing of ambulatory blood pressure
monitoring recordings
Marco Di Rienzo

Introduction

At present the vast majority of the non-invasive 24 h
ambulatory blood pressure monitorings (ABPM) performed
for clinical purposes are based on use of devices that
measure blood pressure in an intermittent fashion through
the automatic implementation of the traditional Korotkoff
or oscillometric technique. This article will be focused on
the definition of the criteria for editing series of blood-
pressure-derived parameters [usually systolic blood pres-
sure (SBP), diastolic blood pressure (DBP), mean arterial
pressure and heart rate] provided by these devices.

The editing procedure

The editing procedure is intended to identify and remove
the artefacts that possibly are present in the ABPM
data. As a general statement, the maximal accuracy in data
identification of artefacts can be expected when the
checking of the blood-pressure-derived parameters is
combined with the inspection of the signals from which the
parameters are estimated (i.c. the Korotkoff sounds in the
case of microphonic devices and the oscillometric signal for
the oscillometric devices). In most instances, however,
these signals are not made available to the user and the
blood-pressure-derived parameters are the only information
supplied by the monitoring device. In this case the correct
detection of the artefacts becomes a troublesome task and
misclassification errors are likely to occur. In fact, when
only the blood-pressure-derived parameters are provided,
an artefact can be identified with certainey if the value of
one or more parameters derived from a given automatic
measurement is clearly outside the physiological range or if
the value of one parameter is not congruent with those of



the other parameters derived from the same measurement
(c.g. DBP value > SBP valuce). Apart these ‘macroscopic’
artefacts which are, or should be. automatically detected
and removed by the built-in software that controls the
measuring device, we are left with the remaining ‘milder’
artefacts which escape automatic built-in removal proce-
dures and produce derived parameters that deviate only
marginally from values commonly scen in a clinical setting.
The correct identification of these ‘milder’ artefacts is
obviously more difficult and multi-step editing procedures
are required in order to minimize the chance of errors (i.e.
that a correct measurement is incorrectly classified as an
artefact or vice-versa). Usually, for each blood pressure
measurement, the value of each parameter is first
compared with a threshold value to verify whether it is
within the physiological range and then is subjected to
further controls, including checking the congruence of the
value concerned with the value of the other parameters
derived from the same measurement (e.g. SBP versus DBP,
SBP or DBP versus heart rate), checking the congruence
between the observed values and the information provided
by the patient in his/her diary and evaluating the context
(e.g. paving attention to the acceptance of an isolated
‘apparently good” value when it is interspersed among
several contiguous discarded measurements).

In Table 4 are shown the editing criteria proposed by the
consensus committee, on the basis of the experience
collected over the vears by the leading investigators
working in the field and of the guidelines emanating from
the Italian Society of Hypertension [34]. It is apparent
that, with the exception of the thresholds, most of the
other criteria are in part qualitative and can thus be applied
in a more or less strict way according to specific needs. A
strict application of these criteria will obviously result in
stringent editing of the data. This approach increases the
chance of eliminating ‘true’ artefacts but with some risk of
deleting ‘good’ values, too. Thus, the quality of the moni-
toring is enhanced at the possible cost of an excessive
pruning of the original data set. In contrast, a ‘weak’
application of the criteria will tend to preserve as many
values as possible at the cost of a less effective elimination
of artefacts.

The selection of the proper level of stringency of the
editing procedure to be performed depends on several
interdependent factors (see also Table 5).

The number of measurements performed over the 24k A large
number of measurements in the original data set will give
us the possibility to use a more stringent strategy in the
editing phase in case of quality of the monitoring. The orig-
inal number of measurements obviously depends on the
time intervals between assessments of blood pressure. By
programming an automatic measurement of blood pressure
every 15 min during the daytime and every 20~30 min
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during night-time, as i1s usually done, we can rely on
obtaining about 85-100 readings per monitoring.

The quality and veliabiliry of the measuring device igh quality of
the measurements and reliability of the built-in algorithms
for noise rejection reduce the need for stringent editing. It
should be emphasized, however, that, although the assess-
ment of the quality of the single reading is feasible (by
comparing the results obtained by the system being tested
with those simultaneously obtained by another validated
system), the built-in algorithms for noise rejection are
commonly not disclosed and therefore their evaluation can
hardly be performed by investigators independently of the
company which produces the device.

The aim of the monitoring "I'he quantity to be estimated as a
final objective of the ABPM (e.g. the mean value, SD, circa-
dian rhythm, day-night change, etc.) is the most important
factor in determining the editing strategy. For example, if
the goal of a study is the assessment of the 24 h mean
value, a number of samples as low as one every 30 min is
sufficient, but it is important that the available samples be
evenly distributed over time. Conversely, if the aim is the
evaluation of the 24 h SD, the number of values accepted
becomes important and at least one sample every 10 min is
required [20,35-37]. If the blood-pressure characteristics
for specific time periods (e.g. during the peak and trough
times for the assessment of the effects of an antihyperten-
sive drug) are to be evaluated, it is important to guarantee
that one will obtain an appropriate number of samples
concentrated in the periods of interest. Thus each quantity
to be evaluated has its own requirements in terms of a
minimal number of blood-pressure samples and their distri-
bution over time in order for it to be reliably estimated. A
few words to clarify this statement are required. The SBF,
DBP, mean arterial pressure and heart rate valucs are para-
meters characterizing each heartbeat. Their intermittent
assessment by traditional devices plus the further pruning
due to the editing procedure unavoidably results in an
aliasing error in the final data set [38]. The crror due to the
under-sampling becomes progressively greater as the
number of available samples decreases and its practical
impact on the final results depends on the quantity being
investigated. For a number of quantities that can poten-
tially be derived from the analysis of 24 h ABPM data,
quantification of the impact of the aliasing error has never
been performed and thus one should exercise caution in
estimating these quantities from intermittent measure-
ments before reliable data on their accuracy become avail-
able. 1t should be emphasized also that the under-sampling
not only can reduce the accuracy of the results but also, in
some instances, might even totally prevent onc obtaining
an accurate estimate of specific quantities. This seems to
be particularly the case for the spectral estimation of the
slower components of 24 h variability of blood pressure
from intermittent readings of blood pressure. In fact, it has
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Table 4 Editing criteria

First step based on the analysis of the signals from which the extracted
parameters are derived (if these signals are available)

Visual inspection of the microphonic or oscillometric signal, or both, and
removal of measurements associated with abnormal signals

Second step based on the analysis of derived parameters
Measurements are discarded if they meet the following criteria
Criteria based on thresholds
Pulse pressure > 150 or < 10 mmHg
Systolic blood pressure > 300 or < 50 mmHg
Diastolic blood pressure > 150 or <40 mmHg
Heart rate > 150 or < 40 beats/min (without explanation in
patient’s diary
Criteria based on the reciprocal relationship between parameters
E.g. diastolic > systolic blood pressure
Criteria based on changes of each parameter over time
E.g. sudden and marked (> 30%) increases or reductions in blood
pressure or heart rate, or both, compared with preceding values
{without explanation in patient's diary)
Criteria based on the congruence with the patient's diary
Criteria based on the context
E.g. particular attention should be paid to accepting isotated
‘apparently good’ values if they are interspersed among several
contiguous discarded measurements

been observed that, when fluctuations in blood pressure
over the 24 h are evaluated by Fourier analysis with four
harmonics, through the analysis of unevenly distributed
and relatively few blood-pressure samples, such as those
commonly provided by traditional ABPM devices, the
resulting spectrum s significantly different from  that
derived for the same subjects by the analysis of the contin-
uous intra-arterial blood pressure recorded simultancously
(G. Parati and S. Omboni, unpublished data).

Table 5 Factors to be considered for the selection of the
appropriate level of stringency in the editing procedure

Number of measurements performed over the 24 h

The larger the number of available measurements the greater the possible
stringency of the editing strategy

The number of measurements depends on the interval between samples
programmed on the system. If the intervals one measurement every 15 min
during daytime and one measurement every 20-30 min during night-time are
selected, then about 85-100 readings per day will be available

Quality and reliability of the measuring device

High-quality measurements and reliable built-in atgorithms for the detection and
rejection of artefacts reduce the need for stringent editing strategies

Target quantity to be estimated

The most important factor in determining the editing strategy is the quantity to
be assessed (e.g. the 24 h mean value, the 24 h SD, circadian rhythm
parameters, day—night change, etc.), since each guantity has a specific
requirement in terms of a minimal number of samples and their

distribution over time in order for it to be reliably estimated. Once an acceptable
level of signal quality has been attained, the editing strategy should be selected
in order to satisfy the minimal requirements for the estimation of the quantity
desired (Note: at present these minimal requirements are not available for every
quantity that can be potentially derived from ambulatory monitoring data)

Irom the foregoing, it is clear that the stringency of the
editing procedure should be such as to obtain a trade-off
between proper suppression of artefacts, which is required
for obtaining data of an adequate quality, and the need to
keep a sufficiently large number of measurements to allow
correct estimation of the quantity being investigated.

Methods of analysis
E. O'Brien

There are more than 40 systems for ambulatory blood pres-
sure monitoring (ABPM) on the market [39]. Each of these
has its own method for analysing 24 h data and for plotting
the data. "This often leads to confusion on comparing the
data and particularly comparing one 24 h plot with another.
Moreover, the software programs for this facility are often
very expensive. There is a case, therefore, for the standard-
ization of analysis and plotting of ABPM data so that,
regardless of the device used, the plot and data should be
readily recognizable by the user, as is the case, for example,
with electrocardiographic recordings. A computer program,
DABL2000, which has been developed in the blood pres-
sure unit at Beaumont Hospital, has a number of attractive
features, including the facility for simple or sophisticated
analyses, depending on the requirements of the user, a
standardized method of plotting the data and the capability
of providing a computer-generated report of the ABPM plot
[40,41]. The program can also provide a broad cardiovas-
cular profile of risk.

The DABL2000 program

DABL.2000 is a modular medical data-base system for the
management of cardiovascular illness, which includes
modules suitable for concentrating on one or more aspects
of cardiovascular disorders, such as hypertension, dyslipi-
daemia and arcerial disease. The program can store, retrieve
and display an array of clinical and cardiovascular data,
including ABPM data, concerning patients with hyper-
tension and other cardiovascular illnesses.

T'he DABL system has been in use in the blood pressure
unit of Beaumont Hospital for the past decade. DABL2000
is the eighth version of a series that has been developed
over this time, evolving to suit the changing needs of
contemporary clinical practice in cardiovascular medicine.
The latest DABL2000 Windows version provides unique
features to assist physicians in the diagnosis and manage-
ment of hypertension and cardiovascular disease, which
include automatic natural-language summaries, cardiovas-
cular-event-risk indicators and a facility for determining
whether goals of management of patients are being
achieved.
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DABL2000 plot of 24 h ambulatory blood pressure: level of blood
pressure is shown on the vertical axis, time of day on the horizontal
axis (this time is adjusted automatically to commence at the time of
initiation of a recording). Night-time is indicated by the darkly shaded
area; the white-coat-hypertension window is depicted by the hatched
area adjacent to the vertical axis; normal bands for systolic and
diastolic blood pressures are depicted by the grey bands; office or
clinic blood pressure is indicated by the vertical bar adjacent to the
vertical axis and 24 h systolic and diastolic blood pressures are
plotted. The computer-generated report reads 'Significant elevation of
day and night-time systolic and diastolic blood pressures, with a non-
dipping pattern for nocturnal diastolic pressure’.

DABL modules

DABL is designed in three modular forms; the first DABL
Cardiovascular, contains all the requirements for making a
complete cardiovascular assessment and for generating a
report. The second, DABL Blood Pressure, allows incorpo-
ration of the DABL program’s analysis and plotting schema
for 24 h ambulatory blood pressure, or for home measure-
ment of blood pressure. The third, DABL Resecarch,
completes the DABIL system and allows comprehensive
and elaborate statistical analyses to be performed on the
DABL data basc. This description will be confined to the
blood pressure module.

Module Il: DABL Blood Pressure

This module is designed for a more detailed assessment of
blood pressure, facilitating the inclusion of home and
ambulatory measurements of blood pressure. It contains
comprchensive details of the patient’s blood pressure. In
particular, details from a series of readings from an ambula-
tory blood pressure monitor can be stored and displayed
graphically or statistically. Ambulatory blood pressures are
loaded directly from the monitor or from files generated by
a manufacturer’s software. They are stored and displayed in
a format unique to DABL, whereby ABPM data are plotted
in a standard format (Fig. 1), regardless of their source,
against a background showing ranges of normality
throughout day and night to facilitate diagnosis and
comparison. Statistics are presented in basic or detailed
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form for systolic and diastolic blood pressures, heart rate
and mean arterial pressure for the initial hour, daytime,
night-time and full 24 h periods. Basic statistics consist of
mean, SD and load values, each of which is plotted for
visual reference. In addition to these median, leese
(excessive lowering of blood pressure), percentage load
under curve, coefficient of variation, root mean square of
successive deviations, number of load and lcese events,
duration of maximum load and leese events and empirical
and percentage dip values are available in the detailed
statistics. Durations of initial, daytime and night-time
periods can be set individually. Bit maps of plots can be
saved or copied to presentation software for case studies or
for an ABMP library. Referral and office blood pressures are
also analyscd. Finally, the program will produce an overall
indicator of severity of blood pressure and a natural-
language report, which can be printed.

"I'he data entered into this module can be studied for each
patient individually or stored in a data base for future
auditing and rescarch. The Blood Pressure Unit, for
example, has data on over 20 000 patients characterized in
terms of risk and ambulatory blood pressure in its data base.
DABL2000 is compatible with the major statistical pack-
ages such as SAS, SPSS and Excel. The program will
generate either simple working statistics or more complex
statistics for individual patients, or a more detailed analysis
can be performed.

Definitions of daytime and night-time blood
pressures
Robert Fagard

Introduction

There is at present no consensus concerning the defini-
tions of daytime and night-time blood pressures and at
least 10 different methods have been employed [42-44].
The techniques can be divided into clock-time-indepen-
dent and clock-time-dependent methods and, in addition,
into ‘wide’ methods, which use all pressure measurements
throughout the 24 h period, and ‘narrow’ methods, which
exclude some of the measurements. Modelling techniques
that do not involve reporting averages of raw data, such as
the cosinor method [45), Fourier analysis [40] and the
periodic spline model {47], will not be discussed because
they are unlikely to be introduced into clinical practice.

Definitions

Clock-time-independent methods

Awake and asleep blood pressure

The most obvious, meaningful and scientifically sound
method for defining daytime and night-time blood
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pressures would be to caleulate the blood pressures for
periods during which subjects are awake and asleep.
Delineations of daytime and night-time are usually based
on the times that subjects go to bed at night and get out of
bed in the morning [44,48-53]. Other techniques such as
electroencephalography and use of activity monitors {54]
have been used mainly for research purposes.

Disadvantages of using the out-of-bed (awake) and in-bed
(asleep) periods are that existing data bases do not alwayvs
include the relevant times, that errors in their reporting or
registration may occur and that they add to the complexity
of the methodology. In addition, reproducibility of the day
and the night-time blood pressures will be reduced if
subjects wake up or go to bed at different times on
different davs. Another disadvantage of using the times of
going to bed and rising is that the periods during which
subjects are awake during the night or take a nap or siesta
during the day are not considered; the importance of taking
this into account has been debated {50,55,56].

The diurnal variation is usually calculated as the difference
between the awake and asleep blood pressures (or vice
versa). It is expressed in absolute units of blood pressure or
as the percentage difference. Occasionally the night-time :
daytume ratio of blood pressure is used.

Square-wave method

ldema o1 o/ [57) introduced the square-wave-fitting
method to analyse the diurnal variation of blood pressure
because inspection of 24 h profiles suggested that a model
of blood pressure as two contiguous periods of constant
high and low pressure, a so-called wave, would be appro-
priate. The problem of the original method [57], namely
that one outlying pressure or a short period of only a few
pressure data could be identified as the low-pressure or the
high-pressure interval by the algorithm, could be overcome
by the implementation of restrictions, that is that the
high-pressure period had to last at least 10 h and the low-
pressure period at least 6 h [52,58]. An insuperable disad-
vantage is that the method identifies periods of high and
low blood pressure, which will coincide with the day and
the night in most instances, except for reverse dippers, who
constitute about 5% of the population [59]. Furthermore,
the correspondence of the transition times to the in-bed
and out-of-bed times is limited, particularly for subjects
with small awake—asleep differences in blood pressure [52].

Cumulative-sum analysis

Stanton ez @/, 160] identified by means of calculating cumu-
lative sums the mean blood pressures of the 6 h periods of
highest (crest) and lowest (trough) pressure. The advan-
tage claimed by the authors is the lack of dilutional errors
when subjects exhibit phase shifts in their sleeping/fawake
or inactive/active periods, or when these periods vary in
duration. However, the method shares the disadvantage of

the square-wave method, namely that it identifies a period
of highest and a period of lowest blood pressure, which do
not necessarily coincide with the day and the night.
FFurthermore, the 6 h crest period is relatively short but it
can be prolonged to last as long as 10 h [52].

Clock-time-dependent methods

The wide approach

In the wide methods the full 24 h is covered and two times
to calculate daytime and night-time blood pressures are
defined (e.g. from 0700 to 2200 h for the day and from 2000
to 0700 h for the night [61]; several other time periods
have been vsed [44,48-50,53,54])). A drawback of the wide
approach is that the predefined times do not usually corre-
spond to the awake and sleeping times and that the day and
the night may contain variable parts of the awake and
steeping periods, which may lead to differences among and
within individuals.

The narrow approach

The purpose of the narrow approach is to exclude the
morning and evening transition periods, during which blood
pressurc changes rapidly, from the analysis of the diurnal
profile. For example, daytime might last from 1000 to 2000 h
and night-time from 0000 to 0600 h [52,62], but also other
time periods have been used [49,51]. Subjects can easily be
instructed to observe these time intervals so that they are
up and about during the day and in bed during the night.
An argument against the narrow approach is that not all
available information is used for the analysis; however, all
blood pressures measured are included in the 24 h average
blood pressure, which should always be reported.

Comparison of daytime and night-time
pressures with the awake and asleep
pressures

Clock-time-dependent methods

The wide approach

Most authors found that the average daytime blood
pressures from the wide fixed-time method was lower than
the average awake blood pressure, but the differences were
very small, not excceding 2 mmHlg (Table 6). Night-time
blood pressure consistently overestimated the asleep blood
pressure, the average deviations ranging from 1 to 6 mmHg
for systolic blood pressure and from 1 to 4 mmlHg for dias-
tolic blood pressure in the various reports. Conscquently,
the dav-night differences were consistently underesti-
mated by the wide fixed-time methods, by 1-7 mmHg for
systolic blood pressure and 1-6 mmHg for diastolic blood
pressure. Divergences of the daytime and night-time blood
pressures from the awake and asleep blood pressures result
from the fact that the true out-of-bed and in-bed periods
do not coincide with day and night timings that are fixed in
advance [51-53}.

The narrow approach
The average daytime blood pressure was equal to or within



I mmllg of the awake blood pressure, the average
night-time blood pressures did not deviate by more than
32 mmllg from the asleep blood pressures and the results
for the day-night differences in blood pressure were similar
{49,51,52,63] (lable 7). The results obtained with the
narrow fixed-time method are therefore closer to the indi-
vidualized blood pressures than are those from the wide
fixed-time methods. particularly for the night and the
day—night differences. This resules from the fact that the
majority of the population goes to bed and wakes up within
the transition periods. However, deviations from the prede-
fined time schedules mav still cause potentially important
deviations from the awake and asleep blood pressures

[51,52].

Clock-time-independent methods

Square wave

lor a population without reverse dippers, a modified
square-wave method overestimated the systolic out-of-bed
blood pressure by approximately 1 = 1.5 mmllg (mean %
SD) the blood about
1.5 = 2 mmllg }52]. The in-bed systolic blood pressure
was underestimated by about 1 % 1.7 mmllg, whereas
there was no significant difference for diastolic blood pres-
surc. The day-night differences were overestimated by
approximatcely 2 = 2 mmllg.

and diastolic pressure by

Cumulative-sum analysis

Stanton e af. |60] compared che results from the cumula-
tive-sum analysis with those obtained with a narrow fixed-
time method. As could have been expected, the 6 h period
of highest blood pressure overestimated the 12 h daytime
blood pressure (from 0900 to 2100 h}, the difference being
5/3 mmHg. In contrast, the 6 h trough blood pressure was

Table 6
(awake) and in-bed (asleep) periods and to wide fixed-time periods

Daytir;we (mr;Hg)
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only 2/1 mmHg lower than the 6 h night-time blood pres-
sure (from 0100 to 0700 h). When the crest period was
extended to 10 h, Fagard er af. [52] found that the resulting
blood pressure overestimated the out-of-bed blood pres-
sure by about 2.5 = 2 mmHg; the 6 h trough was lower
than the in-bed blood pressure by about 2 + 1.5 mmHg.
The cumulative-sum analysis yielded the largest day-night
differences in blood pressure of all methods applied. It
should be noted that samples in these studies did not
include reverse dippers.

Reproducibility

Authors of the few studies that compared the reproducibil-
itics of vartous methods for the analysis of the diurnal
profile of blood pressure used the signed difference in pres-
sure between duplicate monitorings to assess group repro-
ducibility and used repeatability to assess individual
variation. "The reproducibilities of various daytime (awake,
fixed-time, crest and square-wave high) and night-time
(asleep, fixed-time, trough and square-wave low) average
blood pressures and of their differences appear to be excel-
lent, all deviations being within 2.5 mmllg [58,60,63].

Conclusions

"T'he out-of-bed (awake) and in-bed (asleep) blood pres-
sures are usually considered the optimal standard for
daytime and night-time blood pressures, against which
other definitions are compared. However, they may add to
the complexity of the analysis and errors may occur in
noting down the exact times of patients’ going to bed and
getting up. The major problem with fully automated clock-
time-independent analytical methods, such as square-wave
ficting and cumulative-sum analysis, is that they identify
periods of highest and lowest blood pressures, which do not

Systolic/diastolic daytime and night-time blood pressures and day-night differences in blood pressure according to out-of-bed

Nig;ht-tirr;e {mmHg)

Day-night difference

Reference Times (h) n Awake Fixed Asleep Fixed Awake-asleep Day—night
Hansen [49] 0630; 2230
Normal subjects 33 125/76 123/74 107/59 111/62 86%/78% 91%/84%
Diabetics 33 129/77 128/72 114/61 117/65 88%/80% 92%/90%
Stewart [55] 0700; 2000 319 145,7/89.2 146.9/89.9 126.7/74.2 133.0/78.6 12.9/16.6 8.8/12.3
Hypertensives 0700; 2200 145.8/89.5 130.4/76.8 10.5/14.1
0700; 0000 145.0/88.7 128.0/75.0 11.7/156.1
Gatzka [50] 0600; 2200
Normotensives 45 126/76 125/76 108/60 112/62 17.6/16.4 13.2/13.3
Borderline hypertensives 20 135/81 133/80 116/64 121/67 18.5/17.2 11.7/12.6
Essential hypertensives 56 146/93 145/92 129/78 132/80 17.7/156.6 12.9/12.4
Renal transplant recipients 45 137/88 137/88 129/79 130/80 8.6/9.2 6.5/8.1
Peixoto Fitho {45) 0700, 2200 50 139/83 138/82 119/71 121/73 18/11 17/9
Normotensives and hypertensives 0700; 0000 138/82 120/73 17/9
van lttersum [52] 0700; 2200 95 145.8/91.4 145.7/91.5 126.3/76.4 130.1/77.8 B86.7%.82.5%  89.2%/85.0%
Hypertensives
Fagard [53] 0700; 2200
Normotensives 91 1279/75.1 126.3/73.0 109.8/58.1 114.8/62.4 18.0/17.0 10.5/10.6
Those with usual living patterns 47 1272/742  126.0/73.2 110.1/57.6 112.0/59.3 17.1/16.5 14.1/13.9
Gosse [54] 0600; 2200 88 132/88 131/87 115/74 117/75

Normotensives and hypertensives

2All values are expressed as mmHg, unless indicated as percentages, where the night-time : daytime ratio of blood pressure is given.
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Table 7 Daytime and night-time blood pressures and day-night differences in blood pressure according to the out-of-bed (awake) and

in-bed (asleep) periods and to narrow fixed-time periods

Daytime (mmHg) Night-time (mmHg) Day-night difference®

Reference Times (h) n Awake Fixed Asleep Fixed Awake-asleep  Day-night
Gatzka [50] 1000-2300; 0100-0700
Normotensives 45 126/76 127/77 108/60 109/61 17.6/16.4 17.7/15.9
Borderline hypertensives 20 136/81 136/82 116/64 118/65 18.6/17.2 18.3/16.7
Essential hypertensives 56 146/93 146/93 129/78 130/80 17.7/15.6 16.2/13.5
Recipients of kidney transplants 45 137/88 137/88 129/79 130/80 8.6/9.2 71/72
van Ittersum [52} 1000-2300; 0100-0700 95 145.8/91.4 1455/91 126.3/75.4 125.9/75.4 86.7%/82.5% B7.7%/83.0%
Hypertensives
Fagard [53] 1000-2000; 0000-0600
Normotensives N 1279/75.1 1276/75.1 109.8/58.1 112.6/60.3 18.0/170 15.0/14.7
Those with usual living patterns 47 127.2/74.2 127.8/74.7 110.1/57.6 109.7/57.0 17.0/186.5 18.1/17.7
Staessen [64] 1000-2000; 0000-0600
Hypertensives 169 154/85 154/85 136/71 136/71
Hypertensives 168 153/84 154/84 136/70 137/70

®All values are expressed as mmHg, unless indicated as percentages, where night-time : daytime ratio of blood pressure is given.

necessarily coincide with the day and the night, for
example for subjects with a reversed dav—night pattern of
blood pressure. Among the fixed-time methods, the wide
methods, which cover the full 24 h include variable
portions of the actual periods of patients being awake and
aslecp in the arbitrarily defined day and night-times, which
might lcad to important group and individual differences
between the two approaches, particularly for the night-
time blood pressure and the day-night difference in blood
pressure. In addition, it is impractical to ask the subjects to
go to bed and ger up exactly at the predetermined times.
Narrow clock-time-dependent methods reduce these prob-
lems and yield daytime and night-time blood pressures and
day-night differences in blood pressure that are close to
the out-of-bed and in-bed values, provided that the
subjects go to bed and wake up within the predefined tran-
sition periods, which should not disrupt the usual living
patterns of most people. It is likely that the duration of the
transition periods and the simplicity of the method in
general make 1t applicable to the majority of individuals in
most populations, both for clinical purposes and for
epidemiological surveys. We therefore suggest that the
narrow clock-time-dependent method, with a request that
the subject observe the transition periods, provides an
optimal alternative definition of daytime and night-time
blood pressures [66].

Variability of intermittent ambulatory-
blood-pressure-monitoring recordings
Thomas G. Pickering

Introduction

"The justification for ambulatory blood pressure monitoring
(ABPM) is that blood pressure varies and a better under-
standing of the causes of such variability will greatly
improve our knowledge of its consequences. In principle,

ABPM can provide information on three aspects of blood
pressure: the average level, the diurnal rhythm and short-
term variability. Although it is generally assumed that the
average or true level of blood pressure is the main culprit
causing vascular damage, it would be surprising if the vari-
ability did not also contribute. Variability of blood pressure is
a complex issue and is the resule of internal and external
influences acting in various combinations. Conventional
ABPM using discontinuous readings taken every 15 min or so
can only give a crude estimate of variability of blood pressure
and will clearly provide no useful information about short-
term changes. Furthermore, it is customary to change the
frequency of readings during the night, for example to take
readings every 15 min during the day and every 30 min at
night. If the interval between readings varies in this way, the
level of blood pressure at night will be under-represented if
the simple 24 h average 1s computed. Therefore, a time-
weighted average level would be more appropriate.

ABPM is normally performed with free-ranging subjects,
whose activities will almost certainly exhibit significant
between-subject differences. If these differences are very
large, they will introduce a significant bias into the overall
mean level of blood pressure. A prime example of this
would be comparison of data from one subject studied on a
work day with data from another studied on a non-work day.
"I'his confounding factor is equally important for within-
subject comparisons. An example of this would be a study
assessing the effects of an antihypertensive medication, in
which the same subjects are monitored with and without
medication. Activity should as far as possible be held
constant from one occasion to another, to minimize the
potential confounding of the effects of the medication by
vartation of activity between occasions.

The major determinants of variability of blood
pressure

Variability of blood pressure can be considered in terms of a
number of rhythms with characteristic periodicities, which
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The major sources of blood pressure variability are shown. The open
boxes show rhythmical sources of variability; HF, high frequency; MF,
mid frequency; LF, low frequency.

may be intrinsically or extrinsically determined, on which
are superimposed extrinsic influences and a certain amount
of random crror (Fig. 2). Intrinsic rhythms include those
deriving from respiration, cvelical fluctuations in sympa-
thetic nervous activity and diurnal rhythms. loxtrinsic influ-
ences include the level of physical and mental arousal and
scasonal changes.

Much of the variability of blood pressure in free-living
people during the day can be attributed to the effects of
activity, rather than to intrinsic thythms. If the effects of
environmental stimuli and changes in physical activity are
minimized, the profile of blood pressure during the day
becomes relatively flat, with a fall of 10-20% occurring
during sleep [67]. It has also been shown that diurnal
changes in blood pressure in hospitalized patients are less
pronounced than those in patients studied in their nacural
environments [68]. Both the average level of blood pres-
sure and its variability are less during periods of rest in bed
than they are during periods of physical activity [69].
These findings support the view that the diurnal thythm of
blood pressure is more dependent on the cycle of rest and
activity than it is on the biological clock.

Posture and the effects of activity

Posture is an important source of variance of blood pressure
particularly in ambulatory monitoring studies. Changing
from the supine to the upright posture causes an increase
of diastolic blood pressure with little or no change of
systolic blood pressure. It has been shown that posture
accounts for a major portion of overall variance of blood
pressure in ambulatory monitoring studies [70]. However,
this finding can largely be explained by taking into account
the effects of the activities associated with different
postures rather than the postures themselves, The changes
of blood pressure occurring simply as the resule of changing
posture are rather modest. Coding for the average effect of
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15 commonly occurring activities (including sleeping) on
blood pressure (using the patient’s clinic blood pressure as
a covariate) can also account for much of the variance [71].
Time of day is a less important determinant of blood
pressure.

Spontaneous short-term variability

Short term variability of blood pressure, of which respira-
tory fluctuation is the dominant cause, can be assessed only
by beat-to-beat monitoring (c.g. using intra-arterial
recording, or, recently, by using devices such as the Finapres
and Portapres). Mancia o a/. [72] studied variabilities of
blood pressure and heart rate of a series of normotensive
and hvpertensive individuals using intra-arterial ABPM.
Variability was expressed as the SD (i.e. the absolute level)
and coefficicnt of variation (i.e. the percentage level),
measured over two intervals, namely 30 min (short-term
variability) and 24 h (long-term variability) calculated from
the hourly averages. The short-term variability was about
two-thirds of the magnitude of the long-term variability.
One of their principal findings was that both the mean
levels and the short-term variabilities of blood pressure and
heart rate tend to change in parallel: during sleep there are
decreases not only of blood pressure and heart rate, but also
of their variabilities. With increasing age, there is an
increase in short-term variability of blood pressure, but a
decrease in variability of heart rate [72]. Spectral analysis
has become very popular for analysing the short-term vari-
abilitics of blood pressure and heart rate, but it is not
applicable to the intermittent recordings made with
conventional non-invasive ABPM.

Comparison of variabilities of blood pressure
in normotensive and hypertensive subjects
Authors of several studies using intra-arterial ABPM have
shown that variability of blood pressure, usually measured
as the SD of the daytime blood pressure, tends to be higher
for hypertensives than it is for normotensives [73].
IHowever, if variability is normalized by calculating the
coefficient of variation, there is no longer any difference
between normotensives and hypertensives [73]. Floras ez a/.
[74] found that increasing variability of blood pressure was
related not only to higher mean pressures but also to
increasing age and diminishing baroreflex sensitivity.

How should variability of blood pressure be
expressed?

An important consideration is the choice of an absolute as
opposed to a relative measure of variability. The classic
example of the former is the SD (in this case expressed in
mmHg) and that of the latter is the coefficient of variation
(the SD expresscd as a percentage of the average level).
Which is more appropriate has been the subject of consid-
erable debate. In general, absolute measures of variability
are preferred, because they keep variability and level of
blood pressure distinct from each other. An important point
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to stress is that outliers in the data will have a much greater
effect on the variance or SD than chey will on the mean,
because they are derived from the square of the differences
of individual readings from the mean. Furthermore,
extreme positive and negative outliers will balance each
other out in the estimation of the mean level, but will have
the opposite cffeet for the estimation of variability. Since
such outlicrs are quite likely to be artefactual readings,
artefacts should ideally be climinated from the data. The
problem here s that we can never know which values are
artefacts and which are true but extreme readings. A way
out of this dilcmma is to use non-parametric measures of
variabihity, such as the interquartite range, which are less
susceptible to the influence of outliers. This type of
measure has been used relatively infrequently, but is valid
and is partcularly usctul when there are outliers and
artefacts.

Another measure is the root of the mean squared successive
differences (RMSSD) |75}, The crucial difference from
other measures of variability is that it takes into considera-
tion the time sequence of the readings. The RMSSD is
thus useful in situations in which short-term variability of
blood pressure needs to be distinguished from a trend or
step change in blood pressure. The cumulative-sum
method might be useful for detecting a step change of
blood pressure, such as occurs with the onsets of sleep and
wakefulness [76].

Reproducibility

One of the problems with estimates of variability of blood
pressure such as the S obtained from ABPM is that they
have a low test—re-test reliabilitv [77]. This can be
improved by standardizing activity on the two occasions.
T'he RMSSD method also improves it [78].
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