AMBULATORY BLOOD PRESSURE
MONITORING

Modeling of Circadian Blood Pressure
Variation by Square Wave Fitting



Promotiecominissie

Promotor: Prof. Dr. E.S. Geisema
Promotor: Prof. Dr. A.J. Man in 't Veld

Overige leden: Prof. Dr. Ir. LH, van Bemmel
Dr. A H. van den Meiracker
Prof. Dr. M.A.D.H. Schalekamp

The studies presented in this thesis were carried out in the Department of Internal
Medicine 1 of the Universilty Hospital 'Dijkzigt’ and in the Department of Medical
Informatics, Erasmus University Rotterdam

The investigations were financially supported by the Netherlands Heart Foundation
(NHS 86.070) and by the Cardiovascular Reseach Foundation Rotterdam. Financial
support by the Netherlands Heart Foundation for the publication of this thesis is gratefully
acknowledged.



Voor mijn ouders

Aan Kristine






Chapter 1
Chapter 2
Chapter 3
Chapter 4

Chapter 5

Chapter 6

Chapter 7

Chapter 8

Chapter 9

Chapter 10

Chapter 11

Chapter 12
Chapter 13

Table of Contents

Introduction
The Blood Pressure Recording System
Analysis of the Blood Pressure Signal

A New Model for Diurnal Blood Pressure Profiling:
The Square Wave Fit Compared to Conventional
Methods

On the Quantitative Analysis of 24-Hour
Blood Pressure and Heart Rate Patterns

Dependency of Square Wave Fit Parameters on
Measurement Frequency, Noise, and Nocturnal
Biood Pressure Change

Square Wave Fitting of Non-Invasive Blood Pressure
Recorded in Normotensive Ouipatients

Square Wave Modeling of Circadian Variaiion of
Heart Rate and Blood Pressure in Renal Transplant
Recipients on Cyclosporine vs Azathioprine

Decreased Circadian Blood Pressure Variation Up to
Three Years After Heart Transplantation

Abnormal Diurnal Variation of Blood Pressure, Cardiac
Oultput and Vascular Resistance in Cardiac Transplant
Recipients

Assessment of Diurnal Variation of Heart Rate and
Blood Pressure in Cardiac Transplant Recipients by
Square Wave Fitting

Summary

Samenvatting

Curricuium vitae

Dankwoord

19
31

57

81

87

103

121

137

147

163
173
181
188
191






Chapter 1

Introduction






Introduction

Clinical Importance of Diurnal
Blood Pressure Patterns

The conventional cuff measurement of blood pressure as measured in the doctor'’s office
is the cornerstone of our knowledge of the risks associated with hypertension'. In the
petiod from 1940 to 1970, there was an increasing awareness of the intrinsic variability
of blood pressure®® and the fact that the conventional clinic meastrements of pressure may
in some patients be quite unrepresentative of their overall levels of pressure®>, This lack
of precision and accuracy of the clinic blood pressure has since then been contirmed by
many investigators using ambulatory blood pressure monitoring®®, These studies resulted
amongst others in the concept of "white coat hypertension"? , which is by now a well-
recognized diagnostic artifact and not an independent risk factor for cardiovascular disease
(see Verdecchia® and the references therein), The 24-hour average ambulatory pressure
appears to be a better reproducible parameter than clinic blood pressure'™", and it
correlates better with the presence and severity of cardiovascular morbidigy®'*" and with
cardiovascular mortality®. For these reasons, ambulatory blood pressure monitoring is
increasingly used, not only in research but also in clinical practice'®.

The technique of ambulatory blood pressure monitoring vields large numbers of
measurements {typically 50 to 100 for cuff and over 100,000 for coniinuous
measurements), which include blood pressure values during the full range of daily
activities, This vast amount of data has raised the question which measure of pressure may
give the best prediction of risk. There may not be a simple answer to this question because
it is conceivable that different aspects of blood pressure might be responsible for different
pathogenic effects, or they may be symptomatic for different defects in the blood pressure
regulation'®. Tt may be, for example, that the average level is more important in producing
left ventricular hypertrophy, whereas the peaks in blood pressure trigger the rupture of an
atheromatous plaque.

The most prominent and consistent finding in the 24-hour blood pressure pattern is the
nocturnal decrease in blood pressure. The mechanism behind this so-called ditrnal or
circadian blood pressure variation has been extensively discussed'®. Although a
sinusoidal, intrinsic thythm of circadian blood pressure regulation has been postulated in
man®, experiments in shift workers'??, in subjects immobilized by orthopedic plaster
casts®, in subjects confined to bed % and in subjects in whom the precise paitern of daily
activities was known? did not confirm the presence of such a rhythm and these
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observations have convincingly demonstrated that the daily pattern of activity and sleep
is by far the most prominent denominator of the diurnal blood pressure variation.
Cross-sectional studies have demonstrated that attenuation of the diurnal blood pressure
variation is related to target organ damage. There is evidence of increased left ventricular
mass?*?2, more advanced silent cerebrovascular damage®, and a more frequent history of
stroke™ in hypertensive subjects in whom the nocturnal decrease in blood pressure is
attenuated in comparsion with subjects having a normal circadian blood pressure
variation. It has been argued that the worse outcome in subjects in whom the nocturnal
decrease in blood pressure is attenuated may be more closely associated with a higher
average blood pressure over the 24 hours than with an altered diurnal blood pressure
thythm itself **. In a recent longitudinal study $ however, the cardiovascular morbidity and
mortality remained increased in subjects having an attenuated divrnal variation of blood
pressure in comparison with subjects having a normal divrnal variation, even after
adjustment for the average 24 hour blood pressure values,

Definitions of Diurnal Blood Pressure Variation

Although the association of attenuation of the diurnal blood pressure variation with
cardiovascular morbidity and mortality is now well established, the nocturnal blood
pressure fall itself appears to be ill-defined. Van Ittersum® recently reviewed 42 studies
using 24-hour ambulatory blood pressure monitoring. In 13 studies, the nocturnal blood
pressure fall was calculated as the difference of blood pressure during sleep and
awakeness, whereas the 29 other studies employed the difference of average blood
pressure between fixed clock time periods. In the latter studies, 17 different time periods
had been used to define the day and the night period. Fagard et aP*? found nine different
definitions for these periods in a meta-analysis of the relationships of daytime and night-
time pressures and left veniricular hypertrophy. Others counted 12 different time
schedules®. Surprisingly, the definition of the night and the day period may even differ
between major studies of the same group of investigators®®, The various definitions of
the day and night period probably reflect the wide spectrum of investigated patient groups
and the expectation of the investigators about the sleep and activity patterns in the
particular group of subjects under study. The different definitions persist in spite of an
attempt of standardization in 1990 by the International Consensus Conference on Indirect
Ambulatory Blood Pressure Monitoring®.

Although many different definitions of the daytime and nighttime are used, this does not
mean that a proper definition of these periods is irrelevant. Various investigators have
demonstrated that the day-night blood pressure difference depends on the definition
chosen®*34° and this observation precludes comparison of results from studies employing
different calculation schemes. The use of a fixed-time method within a group of subjects
is also not without problems, since there may be considerable differences in activity
patterns between subjects. Different investigators®34#2 aoree that important differences
from the actual awake or asleep blood pressures, or both, may accur when daytime and
nighttime blood pressures are assessed by fixed-time methods, particularly when sleeping
habits are discordant from arbitrarily set limits or when the morning and evening transition
periods are not excluded, These findings probably also explain that the nocturnal blood
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pressure fall within subjects assessed by a fixed clock time calculation scheme is poorly
reproducible®®*6, A method that adapts to the different sleep and activity patterns may
therefore be useful for an analysis of the diurnal blood pressure variation that is more
consistent than fixed clock-time calculation schemes.

A consensus concerning how the day-night blood pressure should be calculated is
desirable because of the possible differences in the strength of the relationships of the
various pressures with target organ damage and cardiovascular risk. The variety of
definitions hampers the comparability of studies and might preclude possible meta-
analysis of the available material from several sources. It has recently been suggested that
the most meaningful method for defining the day and the night period is by using the
subjects' reports of waking and sleeping times*’. The use of diaries, however, is
cumbersome. Of more fundamental importance is that this method cannot be used for
possible re-analysis of studies in which these times have not been noted and in which
other definitions of the day and night have been used.

Aim of the Present Thesis

The present thesis introduces a method that estimates the nocturnai blood pressure change
from the blood pressue profile itself, withowt using clock time information. The method
is based on a model of 24-hour blood pressure consisting of two complementary periods
of constant pressure, a so-called square wave. Determination of the transience times
between the periods is performed individually, using a least square error criterion. The
method is evaluated for continuous intra-arterial blood pressure registration and compared
to other methods which model the circadian variation. The applicability of the method
under various conditions is investigated in artificial blood pressure profiles by means of

a Monte Carlo experiment, and subsequently tested in profiles recorded by cuff

measurement in subjects having a normal or an attenuated diurnal blood pressure

variation. The method is applied to intra-arterial blood pressure registrations recorded in
cardiac transplant recipients, and the attenuated nocturnal blood pressure fall in these
subjects is hemodynamically characterized.

The following questions were investigated.

- What is the performance of the blood pressure recording system and analysis
software?

- How does the square wave model compare to other models of circadian blood
pressure variation, and which model best describes the circadian rhythm?

- What is the dependency of the square wave parameter estimation on the
measurement frequency, the between-measurement variation and the magnitude
of the diurnal blood pressure variation?

- Can the square wave fit be applied to 24-hour blood pressure registrations obtained
by means of non-invasive measurement, and can it be used in outpatients in whom
daily activities are less restricted than in hospitalized subjects?

- Does the square wave fit estimation of the period of low pressure correspond with
the period of bed rest?

- What is the hemodynamic basis of the attenvated circadian variation of blood
pressure in cardiac transplant recipients?
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Chapter 2

The Blood Pressure Recording System






Introduction

In the present studies, continuous 24-hour ambulatory blood pressure was measured in the
brachial artery of the non-dominant arm with an Oxford Medilog blood pressure recording
system. The system consists of an infra-arterial cannula connected by a manometer tubing
to a transducer perfusion unit and a miniature tape recorder, The transducer and recorder
are worn on the chest at heart level and allow free movement of the subject under study.
Various groups have used this blood pressure recording system for research purposes'™,
Van Montfrans introduced the system in The Netherlands, and provided an elaborate
description in his thesis*. This chapter describes the blood pressure measuring and
recording apparatus, and the recording procedure as it is performed in our department. The
chapter finishes with a descripiton of the technical characteristics of the system as it was
used by us,

Catheter

The catheter system consisis of a Teflon cannula connected to the transducer perfusion
unit by means of a manomeler tubing, The disposable cannula (Seldicath-cannula,
Laboratoire Plastimed, Saint-Leu-la-Forét, France) has a length of 11 cm with an external
diameter of 1.0 mm. Afier cannulation of the brachial artery, the cannula is connected with
Luer connectors to the transducer perfusion unit by means ofa 70 cm long manometer
tubing with an internat diameter of 0.6 mm. The catheter system is filled with a
heparinized isotonic saline solution.

Transducer Perfusion System

The transducer perfusion unit (Brunel Laboratories, Oxford, Oxfordshire, UK.) is
depicted in Figure 1. This model was introduced in 19782 It consists of an epoxy resin
cast body in which a transducer and a flushing device arc fitted. The miniature
semiconductor strain-gauge pressure transducer (AE 831 RV Class 1, Aksjeseiskapet
Mikro-Elketronikk, Horten, Norway) converts the blood pressure signal to an electric
signal that is subsequently recorded. The transducer has a rated pressure range of 0 to
760 mmHg (0 to 1.0 Bar). Non-linearity and hysteresis are smaller than 0.5% of the full
scale, and thermal zero shift is smaller than £0.4 mmHg/°C. The transducer is fitted
together with its electronic circuit over a small volume well in the body of the perfusion
unit. The power is supplied by the recording system. The frequency characteristic of the
catheter transducer manometer system is flat to 15 Hz (2 dB), and the resonance
frequency is approximately 20 Hz,

Continuous flushing of the intra-arterial catheter by a heparinized saline solution prevents
that the cannula becomes occluded by blood clots. The reservoir of the fransducer
perfusion unit has a volume of 40 mL, It is filled with a sterilized heparinized isotone
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Figure 1. Transducer perfusion unit (reprinted from instruction manual)

saline solution via a hypodermic needle which is punctured through a rubber bung.
Pertusion is maintained by a miniature peristaltic roller pump that delivers approximately
2.0 mL/h. The maximum pressure developed is 500 mmHg, which ensures that perfosion
is independent of blood pressure. The pump motor is powered by a separate mercury
button battery. A bubble trap prevents that air bubbles that may dissolve from the
heparinized saline solution enter the catheter transducer system. A resirictor separates the
catheter system from the large compliance of the pump and reservoir system. The
transducer perfusion device weighs about 300 g.

Recording System

The blood pressure signal, after being converted to an electrical signal by the transducer,
is recorded on an Oxford Medilog tape recorder (Medilog Recorder L, Oxford Medical
Instruments, Oxford, England). To attain a stable recording sensitivity throughout the
registration, the blood pressure signal is recorded on tape by pulse width modulation
{Figure 2). For signal moduiation a triangular carrier wave with a frequency of 40 Hz is
used. The output voltage of the fransducer is continuously compared with the catrier wave
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voltage, and at the intersections of these two signals, pulses are generated and recorded
on tape. A positive pulse is generated where the carrier wave becomes larger than the
signal, and a negative pulse is generated at the intersection where the carrier wave
becomes smaller than the signal. The time interval t, between a negative puise and the
next positive pulse is linearly related to the voltage. In order to correct for small variations
in tape speed, t, is divided by the distance befween two negative pulses t.. Tape speed is
maintained by phase-locked motor speed control that reduces speed variations to a
maximum of 2%. The recorder weighs approximately 400 g.

A A

Blood
pressure signal

Trianguwlar carrier

wave -
<'n =
Pulse width : | f
moduiated signhal
Ec
Time oL

o
Figure 2. Pulse width modulation. The pressure signal voltage from the transducer, here
depicted as linearly increasing, is compared fo a 40 Hz carrier wave voltage. Af infersections
of the hwo waveforms, positive {carrier voltage increases over signal voltage) and negative
{carrier voltage decreases below signal voltage) pulses are recorded on tape. Ratios of pulse
interval times t./t, are related to transducer voltage and therefore to blood pressuve.

Modifications of the Original Recording System and
Recording Procedure

In their first blood pressure recordings, van Montfrans and co-workers found a
considerable drift of 5-15 mmIg during the first hours of the registration. This
phenomenon appeared to be caused by a dependency of the fransducer recording system
on battery voltage’ and on temperature®. Battery voltage decay induced both drift and a
change of pressure sensitivity of the recording system. It occurred mainly during the first
hours of the regisiration since voltage decay is most obvious during that period. Battery
voltage induced drift ranged up to 10 mmHg in the physiologicai range of blood pressure

23



{50-250 minHg) taking info account the normal battery decay during the registration. The
problem was circumvented by the application of a voltage stabilizing circuit.
Temperature induced drift is predominantly caused by the transducer and its electronic
circuit and amounts to approximately 0.5-1.0 mmHg/°C. [fthe transducer and recorder are
at room temperature during the calibration procedure, a drift of approximately 10 mmHg
is likely to occur within the first hours of a registration while the vnit warms up to skin
temperature. Afler that no sizeable drift is seen, To avoid temperature induced-drift, the
transducer-recording system is pre-warmed to 30°C in a heat cabinet before calibration
and recording. In order to maintain a stable temperature, the transducer-recording system
is worn on the body in a padded pouch under the clothing, during the registration.

With these technical and procedural modifications, drift was reported to be smaller than
5 mmHg?,

Recording Procedure

Before use, the reservoir, transducer and all connections were sterilized with ghatare-
aldehyde 2% in 0.3 M NaHCQ,. The recording device and the transducer perfusion device
were slowly pre-warmed to 30°C in a heat cabinet for at least 3 howrs. Before the start of
the registration procedure, a calibration pressure sequence of 50, 150 and of 200 mmHg
was recorded. Pressure was applied with a hand-inflatable air manometer system (Amtek
Texim 5093 PM, Tradinco Instrumenien Apparaten B.V., Berkel en Rodenrijs, The
Netherlands). Each pressure level was maintained for at least onc minute,

The subjects who participated in the studies were instrumented in the cardiovascular
research laboratory of the Department of Internal Medicine 1 of the University Hospital
Dijkzigt. After undressing to the waist they lay recumbent with the non-domiinant arm
extended and exo-rotated. After palpation of the brachial artery, the skin was sterilized
with chlorohexidine 0.5% in ethanol 70%. The skin and subcutis were anaesthesized with
a 2% fidocaine solution, and a Teflon catheter was introduced in the brachial artery by
means of the Seldinger technique, 1-2 cm above the antecubital crease. After cannulation
of the brachial artery the cannula was connected to a manometer extension tube, and the
cannula and the extension (ube were flushed with saline, carefully removing alf trapped
air. The perfusion transducer unit and recorder were fitted at heart level in a padded
harness. After stripping of the exiension tube to the skin, the elbow was loosely bandaged.
Subsequently the clothes were fitted again, leaving the transducing perfusion unit and the
recorder under the clothes. After it was confirmed that the quality of the blood pressure
wave was sufficient by visualizing the signal on a monitor, the blood pressure registration
was started,

At the end of the day the subjects were seen again. During this visit, the perfusion
reservoir of the catheter manometer system was filled, and a second calibration procedure
was performed, At the end of the registration on the next day, a third calibration sequence
was recorded after which the cannula was removed. A pressure bandage was applied to
the puncture site which was left in place at least 12 hours,

Each registration was documented with the personal details of the subject, the date and
time of the start and the end of the registration, and the time and pressure levels of the
calibration sequence recording,
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Safety of Intra-Arterial Blood Pressure Recording

Arterial cannulation is associated with a documented appreciable morbidity®, However,
most centers routinely performing intra-arterial measurement of blood pressure have
reported that significant complications are exceedingly rare. The Northwick Park group®
in a clinical audit of 1000 cases of intra-arterial cannulation reported one major
complication; an infected pseudoaneurysm of the brachial artery'®. Minor complications
reported where local hematoma (4-5%), hemorrhage (1-2%), discomfort at the insertion
site (3%), and vaso-vagal reaction at insertion of cannufa (i-2%). Median nerve
compression by hematoma formation has also been reported with the Oxford technique'.
Other recognized complications of prolonged radial artery cannulation are radial artery
thrombosis, embolic phenomena, bacteremia and septic complications. In a review of the
first 600 intra-arterial measurements performed in our centre by means of the Oxford
technique, we found short-lasting paresthesias of the finger tips (<1%), transient white or
blue discolorations of the fingers (<1%), and hematomas at the puncture site (<1%).
Infections, arterial occlusion, or nerve damage did not occur.

Replay and Data Aquisition

The recordings were replayed at 60-fold speed using an Oxford PMD 12 or Oxford PB-2
replay unit (Oxford Medical Instruments, Oxford, England). In order to obtain an overall
impression of signal quality, the pressure signat was written on paper by means of a chart
recorder {1A2000, Gould Inc., Cleveland, Ohio, USA). For further analysis, the analog
signal from the replay unit was converted to digital values with a quantification precision
of 12-bits (0 to 4095) by an AT CODAS AD-convertor (Dataq Instruments Inc. Abron,
Ohio, USA) installed in a personal computer (Olivetti XP/7, Olivelti, Ivrea, ltaly). The
sensitivity of the AD-convertor was adjusted to the output voltage of the replay unit using
a DI-420 pre-amplification unit {Dataq Instruments Inc.). The signal was sampled with a
frequency of 10 kHz, corresponding to 167 Hz real time. The digitized signal was stored
on the magnetic disk of the computer system for later analysis (see Chapter 3).

Technical Characteristics

The technical specifications of the blood pressure recording system are published by the
manufacturer?. A more thorough evaluation of the system can be found in the thesis of
van Montfrans*. The most important limitations of sytem as described by these authors are
a limited frequency response, and a temperature induced drift up to 5 mmHg.

We measured the technical characteristics of the combination of transducer, recorder and
replay system using the calibration sequences of 22 unselected blood pressure recordings.
This has the advantage that the performance is assessed as it is in daily practice instead
of under controlled evaluation conditions. In this way, the lincarity, drift, and signal to
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noise ratio of the complete measuring system were assessed. The tape speed stability, the
signal to noise ratio and the frequency response of the recorder were measured by means
of artificial signals.

Linearity

Linearity of the recorder transducer system was assessed as the difference of the measured
150 mmHg calibration pressure level and the level that was calculated by interpolation
between the 50 mmHg and the 200 mmIg pressure levels, The results are listed in Table
t. The mean+SD of the average deviation was 0.0940.38 mmHg (range, -0.65 to
(.95 mmHg).

Signal to Noise Ratio
For the measurement of the signal to noise ratio (SN-ratio) of the whole system, the
standard deviation of the signal during the application of calibration pressures was
calculated. The standard deviation appeared to be independent of pressure and ranged
from 1.9 mmHg to 2.8 mmHg

(SN-ratio 30 dB to 32.dB). Table I, Drift and Deviation from Linearity

For the measurement of the Caleulated from Calibration Sequences in Unseleeted
SN-ratio of the recorder and Blood Pressure Registrations

replay system alone, constant

Deviation

voltage levels corresponding to front Drift at Drift at
50 mmHg, 150 mmHg, and 200  Regisiration Lineatity 50 mmHg 200 mmHg
mmHg were applied to the (mmHg) (mmifg)  (mmHg)
recorder for 60 seconds. The
standard deviation of the é 83;’ ;g ég
recorded signal ranged from 3 0'10 _0'1 1'5
1.2 mmHg to 1.6 mmHg, which 0.42 45 24
corresponds to approximately 0.08 37 0.4
40% to 50% of the standard 4 0.06 4.1 42
deviation of the whoele system. 7 0.07 58 3.9
The corresponding SN-ratio of § 0.95 0.9 -0.4
the recoder and replay systemis 9 0.82 7.0 8.3
36 dB to 38 dB, which is in 10 -0.65 5.4 5.0
accordance with the speci- Il -0.03 3.7 2.5
fication of the manufacturer 12 -0.42 3.7 3.6
(better than 30 dB). ii g?g Z; 32

. 15 -6.69 2.8 4.0
Drif : 16 0.26 32 6.6
Three recordings could not be 17 0.10 6.8 46
used for the assessment of drift g .0.24 1.6 51
since in these only one g 0.15 1.0 5.0
calibration  sequence was 99 0.46
recorded. In the remaining 19 21 -0.33
recordings, drift was measwed 22 0.19 . .
as the maximum deviation of the  pfo-n6p 0.09+0.38  3.8+2.8 4.142.4

second and third calibration line

26



from the first calibration line at 50 mmHg and at 200 mmHg. The results are shown in
Table 1. Drift was independent of pressure level and amounted to 3.8+2.8 mmHg at a
pressure level of 50 mmHg (range, -3.7 mmHg to 7.5 mmHg) and to 4.142.4 mmHg at a
pressure level of 200 mmHg. In eight registrations, drift was larger than 5.0 mmHg. The
drift occurred mainly between the first and second calibration (data not shown).

Frequency Response
According to the manufacturer?, the frequency response of the whole blood pressure
measurement system including the catheter is flat up to 8 Hz (-3 dB) and decreases sharply
at higher frequencies. The frequency response is limited by the 40 Hz pulse width
modulation sampling of the recorder and, more importantly, by a 10 Hz low-pass filter
that is part of the replay unit and serves to remove carrier wave effects from the signal’.
The limited frequency response of the recorder, but also the attenuation and reflection of
the pressure wave by the catheter transducer system may cause distortions and blunting
of the arterial pressure wave form as it is recorded on tape. These effects were assessed
for systolic and diastolic pressure by Millar-Craig” who measured blood pressure directly
in the aorta of a dog by means of a
catheter tip transducer and compared it to

10 the blood pressure that was measured
¥ simultaneously by an Oxford Medilog
= system. He found an underestimation of

o systolic and diastolic pressure which was

g S 1o on average 3% and always smaller than

,35 —— B 5 mmHg in the range from 90 mmlig to
&g Y 190 mmHg,

8 We verified the frequency response of the

g recorder by recording electronically

< 0.1 generated sine waves of increasing

1 2 3 5 8 10 frequencies. The frequency response (sce

Frequency (Hz) Figure 3 for an example) was found to be

Figure 3. Frequency response of the Medilog Il identical to the specifications of the

recorder (recorder ) manufacturer, i.e. flat up to 8 Hz (-3 dB).

Tape Speed Stability

Short term tape speed stability was assessed by recording a | Hz saw-tooth wave during
150 seconds. After replay and AD-conversion of the signal, the coefficient of variation of
the distances between the saw-tooth tops was calculated. The short term tape speed
variation ranged from 1.3% to 1.5%. Tape speed stability during the day was assessed by
comparing the actual time of the second calibration procedure with the measured time.
The deviation was never more than 20 minutes, i.e. 1.4% of 24 hours.

Discussion

The deviation from linearity in our measuring system is simall (0.09+0.38 mmHg, range,
-0.65 to 0.95 mmHg). The quantitative effect of the deviation from linearity in our studies
will be even smaller, since the blood pressure signal was calibrated by interpolation
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between all calibration levels instead of by interpolating between the {owest and highest
calibration levels (see Chapter 3).

The noise that we measured in the Oxford Medilog system will add some variation to
hemodynamic parameters. The addidtional variation will be most prominent in parameters
that are based on a single pressure measurement, e.g., the systolic pressure. In the
experiments for the evaluation of the blood pressure analysis program (see Chapter 3) we
measured a standard deviation of the systolic pressure over 36 s periods that was in the
range fiom 2.0 mmHg to 10.0 mmHg with an average value of 6.3 mmHg, If these values
are corrected for the standard deviation of the measurement system, assuming a value of
1.5 mmHg, the true standard deviation of systolic pressure will be on average 0.2 mmHg
smaller than the measured standard deviation (range, 0.7 mmHg to 0.1 mmHg). The
standard deviation added by the measurement system to the standard deviation of
parameters that are measured over & number of samples will be considerably smatler, e.g.,
for the mean arterial pressure typically less than 0.02 mmig. The contribution of the
measurement system to the uncertainty of parameters that are calculated over time periods
tonger than one minute is negligible, because of the large number of measurements
involved and the considerable long term intrinsic blood pressure variation.

A more important source of error is the drift of the recording system which influences all
measured pressures. The drift amounted on average to 4 mmHg and occurred despite the
inclusion of a voltage stabilizing circuit and pre-warming of the recorder and transducer
unit. Most of the drift occurred between the first and the second calibration, and, probably,
during the first hour of the registration since the most important cause of drift is an
adaptation of the measuring system to skin temperature’. We did not assess the exact
pattern of drift during the registration, and corrected the effect of drift by linear
interpolation between the recorded calibration sequences. The exact merits of this
correction procedure are unknown. However, assuming that the sign of the drift does not
change befween two calibration sequences, a compensation for drift by means of linear
interpolation will decrease the maximal average error over the time period by 50%.
Assuming this model and assuming that drift only occurs between the first and the second
calibration on the first day of the registration (typically at 8:00 hour and at 16:60 hour),
the maximal error of 24-hour mean arterial pressure is 0.8+0.5 mmHg, and the maximat
error in the nocturnal change of mean arterial pressure is 1.8:+1.3 mmHg, Differences
between registrations in the same individual, or between individuals will not be biased by
drift if both groups are measured under the same conditions.

Conclusion

We found that drift and wave form distortion are the most important sources of error for
measuring blood pressure with the Oxford Medilog system. Although we did not assess
the quantitative effect of the drifi on the measurement of 24-hour blood pressure, the
effect is probably less than (.8+0.5 mmHg for the 24-hour average blood pressure, and
less than 1.8+1.3 mmEIg for the nocturnal change in blood pressure. The bias will be much
smaller if the study outcome is the difference between blood pressure registrations
recorded under similar conditions.

We did not repeat the measurements of the effects of wave form distortion of the blood
pressure curve performend by Millar-Craig?, since most of our studies are based on the
measurement of mean arterial pressure, which is insensitive to wave form distortion.
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However, in Chapter 10 we assessed stroke volume from the pressure curve by a pulse
contour method. Blunting of the arterial waveform makes the location of the dicrotic notch
more difficult to detect. This detection of the dicrotic notch will be evaluated in Chapter 3.
The blunting of the pulse waveforin also induces a systematic error in the estimation of
the stroke volume. The quantitative effect of this systematic error is limited by the fact
that we only calculated relative changes in the stroke volume within the same individuals.
The magnitude of this error, however, remains unknown,

10.
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Chapter 3

Analysis of the Blood Pressure Signal






Beat Parameters

During the contraction phase of the heart, the systole, blood is expelled from the left
ventricle and forced into the aorta. This results in a sharp increase of aortic blood pressure.,
At the end of the contraction phase, aorta pressure decreases rapidly until the aortic valve
closes. The ventricle relaxation phase, the diastole, is characterized by a graduval decrease
of blood pressure as blood tlows to peripheral vessels against the vascular resistance.
Frequently the diastole starts with a small increase of pressure, the dicrotic noteh, resulting
from the abrupt closing of the aortic valve, The rhythmic expulsion of blood from the
heart, the action of the aortic valve and the hemodynamic characteristics of the arterial tree
determine the shape of the blood pressure curve, During the propagation of the pressure
pulse along the vascular system, the contour of the blood pressure wave gradually
changes, resulting in an increase of systolic pressure and a decrease of mean artetial
pressure. This phenomenon is caused by wave distortion due to the inhomogeneous
structure of the arterial tree, and by the vascular resistance.
Figure 1 demonstrates an example of the blood pressure curve in the brachial artery.
Various phases of the heart action can be recognized in the pressure curve,
The beginning of a beat is defined by a steep risc of blood pressure. This steep ascent,
called the upsiroke, reaches from the end-diastolic pressure (EDP) to a maximum called
the systolic pressure (SP). Note that the end-diastolic pressure level is not determined by
the current beat, but instead by the previous beat. The pressure increase during the
upstroke is called pulse pressure. After the systolic pressure, blood pressure decreases
rapidly. Following the closurc of the aortic valve,
Blood | | recognizable as the dicrotic notch (DN), the blood
TPressufe [ t pressure decreases more slowly and with some
(mmHg) | seat variations to the end-diastolic pressure that marks the
, beginning of the next upstroke. The minimum
pressure during this phase is called the diastolic
pressure {DP). The period between the systolic
pressure and the subsequent end-diastolic pressure is
referred to as the downstroke. The duration of the
beat, the period between the starl of two successive
upsirokes, is called the interbeat interval (I} or beat
length, The instantancous heart rate (IHR) is
calculated from the interbeat interval according to (1).
In this formula, THR is expressed in beats per minute

g Time (bpm) and interbeat intervat in seconds.

T >
Figure 1. Blood pressure in the
brachial artery as a fiunction of IHR = EQ )
time. EDP indicates end-diastolic Il

pressure; SP, spstolic pressure;
DP, diastolic pressure; DN, dicrotic
notch; I, interbeat inferval or beat
fength.
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is caleulated as the area under the pressure
curve (hatched) divided by the inferbeat
inferval II,

The integrated mean arterial pressure (MAP)
is defined as the true average pressure during
the beat, i.e., the area under the pressure
curve of the beat divided by the interbeat
interval (Figure 2).

Estimation of Stroke Volume, Cardiac
Output and Total Peripheral Resistance from
the Pulse Contour

Stroke volume was assessed by a corrected
pulse-contour method developed by Smith
et al*?. The calculation of stroke volume
from the pulse contour is based on a simple
relation between flow and pressure in time?’,
The total amount of biood that is ejected in
the aorta during the systole depends on the
specific impedance to tlow in the aorta, Z,,,
and on the driving force, i.e., the product of
the increase in blood pressure during the
systole and the length of the systole. This

product corresponds to the pulsatile systolic area (PSA), which is delimited by the level
of end-diastolic pressure at the start of the beat, the blood pressure curve and the time of

the dicrotic notch (Figure 3).

The relation between flow and pressure in time is expressed in (2).

3

i i\\\\\k\}-\ <€~ EDP
A

BN

Figure 3. The pulsatile systolic area PSA is
delimited by the end-diastolic pressure level
EDP, the dicrotic notch DN and the pressure
curve.

sy = =2
S @)
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PSA can be obtained from the blood pressure
signal directly. The value of 7, appears to be
dependent on the instantancous
hemodynamic condition of a subject.
Wesseling et al® investigated this dependency
of Z,, on blood pressure, heart rafe, and on
total peripheral resistance.

With increasing blood pressure, the cross-
section of the aorta increases and the
compliance decreases in an age-dependent
way. The net effect of these phenomena is
that Z,, increases with mean arterial blood
pressure.

The value Z_, decreases with heart rate. This
can be explained by the increase of
impedance of the arterial tree towards the
periphery. The longer the duration of the
gjection period is, the more impedance the
pressure wave will meet on its way. The
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value of 7, will therefore increase with beat length, and decrease with heart rate. The
dependency of Z,, on heart rate is strongest in arteries with a low compliance, and is
independent of total peripheral vascular resistance.

Based on these findings, Wesseling determined correction factors for mean arterial
pressure and heart rate (3).

PS4 * (a + bxIHR + c*MAP)
d

SV = &)

The values of the correction factors a, b, ¢, and d are age-dependent and are provided by
Stok® and Wesseling®.

Although on average the correction factors are appropriate, the exact value of Z,, for the
individual subject is still unknown, and in order to calculate true values for stroke volume,
the corrected pulse contour method niust be calibrated for individual subjects against a
method that measures an absolute value, e.g. a dye-dilution method or an
echocardiographic technique. [f such a calibration is not available, however, the corrected
pulse contour method can still be used to calculate relative changes of stroke volume.
The stroke volume is used to calculate the instantaneous values of cardiac output and totat
peripheral resistance, i.c., the values of these parameters during the current beat. These
values ate later used fo calculate, e.g., 20-minite averages of these paramelers, weighing
the instantaneous values with the corresponding beat tengths, Instantaneous cardiac output
ICO is calculated from heart rate and stroke volume (4).

ICO = 8V * IHR 4)

Instantancous total peripheral resistance ITPR is estimated from mean arterial pressure
and cardiac output, assuming a right atrial pressure of 0 mmHg (5).

rrr = MAL 5)
ICO

Since stroke volume was not calibrated against a true value, in our studies stroke volume,
cardiac output and total peripheral resistance are expressed only as percentages of their
24-hour averages, which were set at 100%.

The accuracy of cardiac output measurement by means of this method has been
established by comparison of cardiac output estimated by the pulse-contour method with
cardiac output simultaneously estimated by thermodilution in seven patients undergoing
a coronary bypass graft operation®. The two methods were well correlated (1=0.94; n=64)
over the range of cardiac output values that were measured during surgery(2.5 to
8.0 I./min). The standard deviation of the differences between the methods expressed as
the mean of the methods was 10.6%. The line of linear regression between the methods
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was CO,=0.3+0.94*CO,,, in which CO,, and COy, are the cardiac output estimated by
the pulse contour method and by thermedilution, respectively. This implies a small,
cardiac output dependent bias of the pulse contour method with respect to the
thermodiluation method. The bias is probably somewhat smaller than calculated by the
authors. The standard deviation of the measurement repeatability is 7% for the
thermodifution method and 2.5% for the pulse contour method®. Since neither of the two
parameters can be considered to be an independent variable, the correct method for
calculating the regression line is by means of weighted orthogonal regression’. Whereas
linear regression minimizes the square error of the Y-variable, orthogonal regression
minimizes the weighted combined square ctror of both variables and therefore results in
a slightly larger regression slope, in particular when the variable with the [argest standard
deviation is incorrectly used as the independent variable in the calculations for linear
regression. A more fundamental limitation of the comparison between the two methods
which is mentioned by the authors® is that in fact there is no golden standard to which the
measurement of cardiac output can be compared. Although estinwation of the cardiac
oulpui by the thermodilution technique is well accepted, the assumptions that underly its
use may not allways be fulfilled®. Therefore, it cannot be excluded that the differences
between the methods are caused in part by the thermodilution method. Assuming,
however, that the thermodilution measures cardiac output correctly and that the regression
equation represents the error of the pulse contour method, the bias in the calculation of the
pulse contour can be estimated. For values of cardiac output during the day of 2.5, 5, and
10 L/min, and a nocturnal decrease in cardiac outpul of 20%, the nocturnal changes as
calculated by means of the pulse contour method are 17.7%, 18.8%, and 19.4%
respectively, indicating a small underestimation of the nocturnal decrease in cardiac
output by the pulse contour method.

Calibration and Editing

For the calibration of the digitized signal ihe program PRE-ANALYSIS was developed
{Turbo Pascal 0.0, Borland International Inc., Scotts Valley, California, USA). This
program allows the investigator to inspect the signal in a graphical form on a computer
display. The investigator uses the program (o specify the date and time of the start and the
end of the registration and the calibration pressures applied with each calibration level. In
addition, the investigator may exclude parts of the signal from analysis. The user interface
of the program employs a pointing device (mouse).

Calibration of Time

A linear relationship is assumed between the sample sequence number and the sample
time. The scaling parameters are caleulated by linear interpolation from the times of the
start and the end of the registration and the number of samples that has been recorded
during this period. The date and time of an event in the recording are calcufated from the
sample sequence number of the first sampie of the event.
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Calibration of Pressure

The PRE-ANALYSIS program employs three calibration sequences in the registration.
The calibration sequences are recorded at the beginning of the registration, after
approximately 8 hours, and at the end of the registration. Each calibration sequence

Registration: 16 o J.G.C. Kuilper
B
Signal type Calibration no. Cailibralion pressure (mm Hg)
(5 ) Calibration level 2 200
3810 B 1

3800

HEE

10 I Jasd
sample (#) |6 000 000 L= 25 000 [ P 6 025 000
time =9 [
{dhim s) [0 18:03 00 0:02 30 ) 0 18:05 30

Figure 4. Schematic representation of the display of the calibration and signal editing progrant.
The last calibration level (200 nunHg) of the second calibration sequence is displayed. Daia in
italics can be modified on the screen for the specification of calibration pressures (upper panel)
or modification of the range of the pressure axis (lefi) and time axis (bottom). Button symbols on
both aves allow horizontal and vertical navigation through the signal and scale modification of
the window by single mouse clicks. Subject name is fictitious.

consists of three consecutive pressure levels of 50 mmHg, 150 mmHg and 200 mmHg,
each with a duration of at least 60 s. The calibration is calculated by linear interpolation
between consecutive calibration levels, and by linear extrapolation for pressures smaller
than 50 mmHg or larger than 200 mmHg, Drift occurring hetween calibration sequences
is compensated by linear interpolation between the calibration sequences.

The program detects the calibration sequences and subsequently displays the calibration
pressure levels, delimited by square brackets, for visual contrel (Figure 4). The
investigator specifies the pressure corresponding to each of the calibration levels. Though
the specification of calibration pressures can be completely automated, this is not
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implemented. The investigator is confronted with the calibration sequences as they are
recorded, as a visual check of the signal quality.

Excluding Signal Fragments from Analysis by Observer Verification

At this stage of the editing procedure the investigator can inspect all parts of the
registration and specify intervals that are to be excluded from the analysis. The
investigator specifies a signal fragment by superposing a pair of markers on the signal
(Figure 5) and by indicating that the signal fragment between these markers is an artifact,
In the present studies, no signal fragments were excluded from analysis by this procedure.
Both the time scale and the pressure scale of the display can be changed, allowing the
investigator, e.g., to show in detail a pressure interval that is of interest or to display an
overview of a time period that is of interest, The ranges of the axes can be changed to
specific values by directly specifying the mininum, the maximum or the range of an axis.
The axes can also be modified by aclivaling button symbols for scaling

Regisiration: 16 ' J.G.C. Kuijper

E EE' Signal type
Artifact

4095 [

4085

r 1
10 ] |
sample (#) |5 000 000 10 000 L L ) 5 010 000 |
time == =] P 1
(d him 5)10 16:20 00 0:01 00 Lok 0 16:21 00

Figure 5. Schemalic representarion of the calibration and signal editor, demonstrating the
exclusion of signal from beat to beat analysis. A blood sample was drawn through the intra-
arferial catheler on the first recording day af 16:20 hour. During blood sampling the manomerer
{ube was obstructed, and the pressure in the fransducer system increased by the action of the
flushing pump. The signal fragment is marked by a pair of square brackets, These are added to
the signal by clicking the "+ bution (above, left) and subsequently dragged by means of the
computer mouse fo the positions that delimit the intended signal fragment. Subject name is
fictitious.
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(outer Lo symbols) and translation (e.g. ) that are depicted beside each axis. This allows
the investigator to zoom in and zoom out or to scroll throught the signal, both in the
horizontal and vertical direction, by single mouse clicks. Both axes are provided with a
symbol (middle rrs symbol) for the restoration of the original zoom factor.

Beat to Beat Analysis

Introduction

The process of the detection of individual beats in the digitized blood pressure registration
and the calculation of the beat parameters is called beat to beat analysis. The computer
program ANALYSIS was developed to perform this analysis (Turbo Pascal 6.0, Borland
International Inc., Scotts Valley, California, USA). The result of the beat to beat analysis
is a file containing calibrated, time-stamped parameters of all beats detected in the
registration. This file serves as a basis for further calculations, e.g., calculation of the
24-hour average.

In all segments of the signal classificd as blood pressure curve, the analysis program
detects individual beats and calculates the beat parameters. This process is described in
detail below. In short, the characteristic contour of a beat in the brachial artery is detected
by searching for a rapid increase and subsequent decrease of blood pressure (peak),
immediately followed by a more gradual decrease of pressure that is terminated by a
pressure increase (frougl). A peak-trough combination is considered to be a candidate
beat (see Detection of Candidate Beats). Since the end-diastolic pressure at the beginning
of a beat is determined by the preceding beat, and the beat length is determined by the
start of the next beat, valid beat parameters can be calculated only it a beat is immediately
preceded and followed by other beats., Therefore, the program rejects the first and the last
candidate beat of a series. Candidate beats are considered to be part of a series if the
distance between the starting points of the peaks is at most 3.0 s, Later during the analysis
procedure, more stringent criteria are applied to beat length (see Additional Criteria).
After detection of a candidate beat, the program tests the upstrokes of the candidate beat
and the next candidate beat for continuous pressure increase (see Upstroke Criteria and
Feature Extraction). During this procedure, the times of systolic pressure, diastolic
pressure and end-diastolic pressure are determined. If both upstrokes are valid, the start
and the end of the candidate beat can be determined, This allows testing of the candidate
beat using additional criteria (see Additional Criteria). If a candidate beat is rejected, it
is not considered as a reliable delimiter of the next candidate beat, in particular since the
end-diastolic pressure may not be estimated correctly. Therefore, the next candidate beat
is rejected as well. If al tests are passed, beat parameters are calibrated to mmIg and
seconds and are stored in a file on computer disk.

Detection of Candidate Beals

The signal classified by the investigator as blood pressure signal is searched for a rapid
increase and subsequent decrease of blood pressure {peak), immediately followed by a
more gradual decrease of pressure that is of longer duration and terminated by a pressure
increase (frough). For this purpose, simple and computationally efficient detectors are
used that are most sensitive to the speed of pressure change during the peak and trough.
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Since the width of the peak and trough are proportional to the beat length, the detectors
are continuously adapted to heart frequency during the analysis. Small peaks and troughs
are not detected by the application of a threshold for detection.

Let B(t) be the function that describes the blood pressure signal as a function of time t, and
let ii be the average beat length over the last 10 beats. The detection of peaks and troughs
in the blood pressure signal is implemented by a filter

¥Y(¢) = B(t+w) - B(t-w) ,
with w=0.1%{i s for the peak detector and w=0.2%j/ s for the trough detector (Figure 9). In
words, this filter calculates the pressure difference in the blood pressure signal over a
peried of 0.2*j1 s for the detection of a peak, and over a period of (.4%ji s for the detection
of a trough. The transfer fonction® of Y(¢) is

G(f) = 2fsin(2mwwf) .
The filter induces a phase shift of ©/2. The amplitude spectrum, depicted in Figure 0, is

A(f) = 2| sin(2mwf) | .

anh 1 .
A
hod | '
‘
)
A
17 '
- )
W “ !
> Ny
: of . § ¥
0 %258 25 3715 &
44 >
f (Hz)
(a) (b

Figure 6, (a) Impulse response of Y{). (b) Amplitude spectra of Y() for w = 0.1s (- ., maximum
af 2.5 Hz) and w = 0.25 (e, maximun af 1.25 Hz), These amplitude spectra correspond to the
Jilter settings for the peak and trough detector at an average heart rate of 60 bpm over the last
10 beats (ii = 1.0 s). With these settings, the maximum sensitivity is at 2.5 Hz for peak detection
and at 1.25 Hz for trough detecrion.

The filter is a simple band-pass filter. At a heart rate of 60 bpm (i = 1.0 s), the bandwidth
of the filter is between 1.2 and 3.8 Hz for the peak detector and between 0.6 and 1.9 Hz
for the trough detector. In other words, the filter for peak detection is most sensitive to
rapid pressure changes, and the filter for trough detection is sensitive to slower pressure
changes.

A peak is detected as the filtered signal changes frem positive to negative. This zero-
crossing corresponds approximately to the maximum of the blood pressure signal, since
the filtered signal is /2 ahead of the original signal, In order to prevent small peaks from
being detected, a threshold value of -102, corresponding to 5-10 mmHg, is applied to the
filtered signal. Peak time is defined as the time of occurence of the detected peak.

40



A trough is detected at zero crossing
of the filtered signal from negative to
positive, applying a threshold of
+102. Trough time is defined as the
time of occurence of the detected
frough. Trough detection commences
at 0.2%ii s after peak time, and peak
detection starts 0.2%ii s afer trough
time (sec Figure 7).

A more intuitive description of the
detector function is obfained by
considering the detector as a first-
derivate calculator. A peak, being a
local maximum of the signal, is
detected as the first derivative of the
signal changes from positive to
negative. The first derivative of the
signal at a given time ¢ is calculated
as the pressure difference of the
signal 0.1%ii s after f minus 0.1%j s
before 1, divided by 0.2%*i s.
However, since only the zero-crossing
of the detector is of interest, the
division by 0.2%ii s is omitted.
Upstroke Criteria and Feature
Extraction

The upstroke, the ascending part of a
beat (Figure 7), is searched in the

Figure 7. Delection of candidate beats. A peak
detector is applied to the signal (a). The calculated
value at (a) is postiive (A) and the detector is moved
along the signal until the position (b, peak time} where
the output (B) is smaller than a negative threshold
value. At this point a peak is detected. Subsequently a
trough detector is applied 1o the signal ai point (c),
0.2*ii 5 after (b). The trough detector is moved along
the signal until (d) (trough time), where the ouiput (D)
is larger than a threshold value. At this poini, a trough
is detected. Subsequently a peak detector is applied to
the signal at (a°), 0.2%i s after (d).

interval from 0.2%ii s before trough time to 0.1%ii s after peak time of the current candidate
beat. First, the trough minimum pressure is located and marked as the diastolic pressure.
Subsequently, the maximum pressure in the peak is detected and marked as the systolic
pressure. When there are two or more minima or maxima having the same pressure level,
the last minimum or the first maximum are marked as diastolic and systolic pressure,
respectively. Subsequently, the maximum pressure ascent between the diastolic and
systolic pressure is determined. The pressure ascent is calculated as the pressure increase
in 25 ms (i.e. 4 samples). The program then searches backwards from the maximum
pressure ascent until the pressure ascent is smaller than 0.1 of the maximal value or until
a local minimum is detected, and marks this point as end-diastolic pressure. Subsequently
the program verifies that pulse pressure is at least 1/40 of signal range, and that the
pressure rise during the upstroke is not interrupted by a decrease of pressure before 80%

of the pulse pressure level is reached.
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Additional Criteria
In the following cases, a candidate beat is rejected:
Interbeat interval too short
The interbeat interval is shorter than 40% of the average interbeat intervai over the 10
preceding beats. In the majority of cases such a short interbeat interval is caused by an

!
I
1
)
i
!

F
Figure 8. Rejection of candidate beats in case of detection of an exirasystole. Sinece the beat
length of candidate beat B is shorter than 40% of the average beat length over the last 10 beals,
candidate beat C is classified as an extrasystole, and candidate beats B and C are rejected.
Since the extrasystole induces an increase of puise pressure of candidate beat D that is not
considered representative of normal blood presswre regulation, candidate beat D is rejected as
well. In some cases, the pressure rise of beat Cis small and will remain undetecied In such a
case candidate beat B is iikely to be rejected on the basis of an increased beat length, In this
case, hwo candidaie beats (B and D) instead of three will be rejected.

extrasystole. Therefore, the next two candidate beats are skipped, since the end-diastolic
pressure of the current beat and the increased pulse pressure of the next beat are not
considered to be representative of the normal blood pressure regulation (Figure 8). At the
beginning of the analysis procedure, the average interbeat interval is set to 0.8 s.

Interbeat interval too long
The interbeat interval is longer than {70% of the average interbeat interval over the the
10 preceding beats, or longer than 1.6 s. At the beginning of the analysis procedure, the
average interbeat interval is set to 0.8 s, This criterion may identify an extrasystole in
which the pressure rise of the extra contraction is not defected (Figure 8).

Upstroke too long or too short
The duration of the upstroke is shorter than 10% or longer than 30% of the interbeat
interval.

Path length criterion not met
The ratio path length upstroke / path iength downstroke is smaller than 0.33 or larger than
1.2. The path length of the upstroke and downstroke are calculated by summing the
absolute values of the pressure differences between the individual samples of the upstroke
and the downstroke, respectively.

42



Detection of the Dicrotic Notch

The dicrotic notch is detected as the first local minimum after the systolic pressure,
Detection is based on the cutput of a simple combined band-pass and first derivative filter.
If no local minimum is found, a second derivative filter is used to detect the maximal
decrease of the first derivate of the signal. The filter parameters were adjusted to each
individual registration by visual inspection of the detection results.

Construction of 24-Hour Profiles

In the present studies, average values of hemodynamic parameters were calculated over
periods of 3 minutes and over periods of 20 minutes. In order to caleulate the integrated
average values of mean arterial pressure, cardiac output and total peripheral resistance
over these periods, the instantenous (beat to beat) values of these parameters were
weighted with the duration of the beat. Since stroke volume, systolic pressure, diastolic
pressure, end-diastotic pressure, heatt rate and interbeat interval were considered as time
point values, these parameters were averaged without a weighing factor. The averages and
standard deviations over 24-hour periods of all parameters were calculated from the
averages over 3 minute periods or 20 minute periods, respectively.

Since the pulse contour method does not allow calculation of the absolute values of stroke
volume, cardiac output and total peripheral resistance, these parameters were expressed
as a percentage of their 24-hour average value, which was set at 100%.

Evaluation of the Analysis

Cutline of the Evaluation Procedure

The performance of the algorithm used for blood pressure analysis was quantified by
comparing results of the ANALYSIS algorithm to reference beafs oblained by visual
inspection. A graphical editor EDIT was developed to generate such reference values
(Turbo Pascal 6.0, Boriand International Inc., Scotts Valley, California, USA). This editor
displayed the blood pressure signal with superimposed results of beat detection by
ANALYSIS, and allowed correction of the results of the blood pressure analysis program
by visual inspection of the signal.

For the evaluation of ANALYSIS, the sensitivity and specificity of the detection algorithm
were caleulated, In addition, the errors in the values of the hemodynamic characteristics
calculated in the present studies were assessed.

Materials and Methods

Blood Pressure Registrations
The algorithm was evaluated in 24-hour blood pressure registrations obtained from a
database of recordings in subjects that had been referred to the department of Internal
Medicine I of the Dijkzigt Hospital for the assessment of hypertension (see Chapter 9).
The mean age of these subjects (22 men and 1 woman) was 4¢ vears (range, 18 to 60
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years), They did not use any medication for at least 3 weeks before the blood pressure
recording, The average 24-hour values (meantSD) in these subjects were 105+14 mmHg
for mean arterial pressure, and 7549 bpm for heart rate.

A typical registration contains approximately 100,000 heart beats. Since editing of such
a large number is not feasible, samples were taken from the registration by selecting 24
intervals of 36 seconds of blood pressure signal distributed equidistantly over the 24 hours
of each registration. These intervals were selected by a computer program in such a way
that they did not contain parts of the registration which were used earlier to optimize the
filter for the detection of the dicrotic notch. In this way 864 seconds of signal,
corresponding to approximately 1000 beats, were obtained from each subject.

Generation of Reference Beals

A dedicated editor EDIT was developed for the generation of reference values under
visual inspection of the blood pressure signal. EDIT displays an overview of a 36 s signal
fragment and two more detailed views of 8 s and 4 s, respectively (Figure 9). In both
detaifed views, the beats detected by ANALYSIS are marked by an indicator at the
maximum pressure (beat mark). The start of the beat, the start position of the dicrotic
notch and the end of the beat are indicated by time marks. In the most detailed view, the
investigator can add or delete individual beats by adding or deleting beat marks. In
addition, the position of the time marks can be changed. The 36 s view (upper panel) and
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Figure 9. Sereen display of the program EDIT that is used for the generation of reference beais.
The position of the start of the dicrotic noich of the third complete beat in the lower panel as
detected by ANALYSIS is to be corrected (arrow). The marker that indicates the position that is
to be corrected has been selected by superposition of a hair line. The selected marker can be
moved through the signal to the correct position. The name of the subject is fictitious.
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the 8 s view (middle panel} serve as a display of the context of the beat that is edited in
the 4 s view (lower panel),

After the editing process, the program parses the marks, checks for validity of user input,
and calculates the hemodynamic parameters of the edited beats, These investigator-
validated parameters (reference beats or reference results) arc written to a file for later
comparison with results obtained by ANALYSIS. Since both the position of the first and
the last sample of a beat may be changed by the referce during the editing process, these
positions cannot be used to find matching pairs of beats during the comparison of
ANALYSIS results with refercace beats. Instead, the position of the first maximum after
the beginning of the beat was used as beat identification.

Sensitivity and Specificity
Results of a dichotomous classification method compared to a reference classification are
commonly cxpressed in terms of sensitivity and specificity. Given N paired results

Table 1. Classification Parameters Used for the Calculation of Sensitivity and
Specificity of the Detection Algorithm

Method A
T -
Reference + TP FN TP+FN
method
R - FP ™ FP+EN
TP+FP TN+FN N

TP true positive, TN frue negative, FN false negative, FP false positive.

obtained by a dichotomous classification method A and a reference method R, a cross
table of results can be constructed (Table 1), and sensitivity and specificity can be
calculated according to (9).

e TP
Sensitivity | = ————
TP +FN
®
TN
Specifici = —
Iy

The sensitivity of the detection algorithm of ANALYSIS can be calculated according to
this method, using the number of beats identified both by ANALYSIS and the referee as
{rue positive, and the number of beats identified by the referee but not by ANALYSIS as
Jalse negative. However, this method does not allow the calculation of the specificity of
the blood pressure analysis algorithm. Although the number of beats identified by
ANALYSIS and rejected by the referee corresponds to false positive, the momber of beats
not identified by ANALYSIS nor by the referce, frve negative, is unknown, To
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circumvent this problem, the specificity was cstimated by a time ratio (time ratio
specificity), using the lengths of signal classified rather than the number of beats. The
length of the signal containing no beats according to both ANALYSIS and visual
inspection was used as true negative. The length of the signal containing beats according
to ANALYSIS but not according to visual inspection was used as faise positive. This
length was calculated by adding the durations of the beats identified by ANALYSIS that
were rejected during visual inspection. In order to assess the validity of this
approximation, sensitivity was also calculated in this manner (time ratio sensitivity), The
resuits of both methods were almost identical (Table 2), suggesting a reliable estimation
of the specificity by the time ratio as well.

Ervor in the Estimation of Hemodynamic Parameters
The hemodynamic characteristics of the subjects under study were assessed by quantifying
the diurnal profile and the shorl ferm variability of systolic pressure, mean arlerial
pressure, diastolic pressure, interbeat interval, heart rate, cardiac output, stroke volume
and total peripheral resistance. The estimation of these characteristics by ANALYSIS was
assessed by a comparison with characteristics calculated from reference beats. The
comparison was not based on paired beat-to-beat differences, since such a comparison
could only include beais that were detected both by the referee and the program which
would bias the results.
For practical reasons, this evaluation could not be performed in the entire 24-hour blood
pressure registration. Instead, the 24 periods of 36 s of blood pressure signal that were
used for the calculation of sensitivity and specificity were used. This procedure generated
a vast amount of statistics, Therefore, and since some results were very similar to each
other, a selection from the results is presented. Blood pressure is represented by systolic
pressure, being the most variable parameter, and by mean arterial pressure. The latter
parameter is presented since it can be interpreted in correlation with cardiac output and
total peripheral resistance. The results for diastolic pressure and enddiastolic pressure are
very similar to the results of mean arterial pressure and are therefore omitted. The
interbeat interval is presented rather than heart rate, since the interbeat interval can be
derived directly from the signal and is intuitively more meaningful than the instantaneous
heart rate, Results of cardiac oulput, stroke volume and total peripheral resistance are all
presented. The following characteristics of each of these parameters are presented for the
individual registrations,

» 24-hour average

For systolic pressure, mean arterial pressure and intetbeat interval, averages over
each of the 24 periods of 36 s were calculated from reference values. The 36 s error was
calculated as the difference between the ANALYSIS 36 s average and the reference 36 s
average. Results are presented as mean+SD of the 24 reference 36 s averages and as the
mean of the 24 corresponding 36 s errors, These values were not calculated for stroke
volume, cardiac output and total peripheral resistance since the 24-hour values of both the
reference method and ANALYSIS were by definition 100% (see Chapter 2).

» nocturnal change

In accordance to the studies in Chapter 9° and Chapter 10'™ the day was defined as
the period between 8:00 hour and 20:00 hour, and the night was defined as the period
between 0:00 hour and 6:00 hour. This definition was chosen to exclude the iransience
periods between the day and night. The nocturnal change was defined as the night-day

46



difference of the mean level over both periods and was calculated for the reference 36 s
averages and for the 36 s average errors. The pooled standard deviation of the night-day
difference was caleulated according to

2 2
— (nnigln‘ -1 )Sm'ghl + (n day -1 )Sdgy
]

( ”nighl tn -2 )

Srright—day
day
with 124, and #,,,, the number of 36 s periods during the day and night, respectively, and
Sy and 5., the standard deviation of the 36 s averages over the day and night,
respectively. Results are presented as the night-day difference of the reference value, the
pooled standard deviation of the night-day reference value and the night-day difference
of the error.

» 24-hour average of short term variability

For each registration, the standard deviation within each of the 24 periods of 36 5
was calculated as a measure of short term variability, For each period the error was
calculated as the ANALYSIS/reference ratio of 36 s standard deviations. Results are
presented as meantSD of the reference 36 s standard deviations and as the mean of the
36 s error, The results for stroke volume, cardiac output and total peripheral resistance are
not calculated since they were not used in the present studies.

» nocturnal change of short ternt variability

Results are presented as the night-day difference of the reference 36 s standard
deviations, the pooled standard deviation of the night-day difference, and as the night-day
difference of the 36 s error. These values were not calcufated for stroke volume, cardiac
output and total peripheral resistance since the nocturnal changes in these parameters yere
not used in the present studies,
The individual results were summarized by group mean + SD. Normal distribution was
tested by the Shapiro Wilk statistic'', Significance of difference from zero was established
at a 0.05 significance level, using a t-tests for normally distributed parameters and by a
signed rank test' otherwise.
In addition, the correlation of the nocturnal change of mean arterial pressure with the
nocturnal change of cardiac output and total peripheral resistance was quantified with the
Pearson correlation coefficient in both the reference results and the ANALYSIS results.
All statistical computations were perfomed with SAS statistical software (SAS V6.04 for
Personal Computers, SAS Institute Inc., Cary, North Carclina, USA).
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Results
Sensitivity and Specificity

Table 2 displays the lengths of registration parts as classified by visual inspection of the
ANALYSIS results, and the derived values of time ratio sensitivity and time ratio
specificity. In addition, the values of sensitivity based on the number of classified beats
are shown. On the average, 817 s of the signal consisted of valid blood pressure signal
(true positive plus false negative, individual data not shown), ie., 94.6£5% of the
registration (range, 75% to 98%; median 96%). The mean+SD of the time ratio sensitivity
was 97.315.8% (range, 74.1% to 100.0%; median 99.3%). The values of sensitivity and
time ratio sensitivity were almost identical. The time ratio specificity was 88.2::15.6%
(range, 51.2% to 100.0%; median 93.5%). In eight registrations, the time ratio specificity
was smaller than 90%. In all registrations, however, the number of erroncously detected

Table 2. Classification of ANALYSIS Results by Visual Inspection

True False True False  Time Ratio Time Ratio
Positive Negative Negative Positive Sensitivity Sensitivity Specificity
Registration (s} (s} (s) (s) {%0) (%) (%)

| 823 7.2 19 14.7 99.1 993 56.5

2 815 17.2 27.8 4.1 97.9 96.9 87.2

3 831 2.8 20.1 0 98.5 98.5 100.0

4 823 1.1 204 19.5 99,9 99.8 51.2

5 812 11 21.7 19.2 98.7 98.7 53.1

6 784 2 553 22.5 99.7 997 71.1

7 790 5.2 53.7 14.9 99.3 99.4 783

] 693 101.9 64.5 43 87.2 859 93,7

9 612 33.4 189.1 20.8 94.8 95.2 864

10 811 35.6 17.5 0 95.8 97.0 100.0

11 841 0.6 19.9 2.2 99.9 99.9 89.9

i2 841 1.2 217 0 99.9 99.8 100.0

13 845 0 i8.7 o 100.0 100.0 100.0

14 243 0.6 20 0 G99.9 99.9 100.G

15 328 7.7 255 2.7 99.1 98.8 90.4

16 838 2.5 21.7 1.5 99,7 99,7 93.5

17 563 197.3 98.7 4,9 74.0 782 95.3

i8 842 0.7 21.2 0 99.9 99,9 100.0

19 806 333 23 1.7 96.0 97.2 93.2

20 821 83 32.6 2.4 99.0 98.8 932

21 842 0.6 21 0 999 99.9 100.0

22 806 4.7 53.6 0 99,4 99.5 100.0

23 795 1.5 65.4 2.4 99.8 99.7 96.5
Range 563-845 (-197.3 17.5-189.1 0-29.8  74.1-100.6 78.2-100.0 51.2-100.0
Mean+SD 79674 21444 41439 64489 973458 97.2:52 8B2+15.6

Median 821 52 217 2.4 993 99.4 93.5

Table shows lengths of signal classified as true positive, false negative, true negative and false
positive in the evaluation of ANALYSIS, and sensitivity and specificity calculated from time
ratios. Sensitivity calculated from the mumber of beats classified is shown as well,

438



6F

Table 3. Reference Values and ANALYSIS Errors for Systolic Pressure

(umoys

Pressure Level (mmHg) Short Term Variability (mmHg)
Registratio 24-hour Average Nocturnal Change 24-hour Average Nocturnal Change
n Reference Error Reference Error Reference Error Reference Exror
1 119+16 0.0 =317 0.0 4.6+2.3 1.00 -2.1£2.1 0.00
2 115+14 0.0 -21x11 -0.1 5.0+1.8 1.00 -1.5%1.7 0.00
3 109411 0.0 -16=7 02 6.1+£3.0 1.00 <2.1£3.0 0.00
4 145421 0.0 -42+8 0.0 51423 1.00 -2.0£2.0 -0.01
5 149428 0.0 -62=8 0.0 7.3+4.0 1.00 ~4.7£23 0.01
6 155416 0.0 ~30£9 -0.1 6.8+£2.5 1.00 1.5%2.7 0.00
7 156429 0.0 4721 -0.1 8.8+3.3 1.00 2.8£3.1 0.00
8 153421 -0.3 -32=18 -0.2 6.0+£2.6 0.98 -1.7£2.9 0.02
9 173+16 0.0 -12z18 0.0 5.7£2.0 1.00 2.022.1 0.01
10 141224 -0.1 -40£16 -0.3 6.1£2.3 0.99 <2.7£2.0 -0.03
11 14719 0.0 -36£10 0.0 6.1£2.6 1.00 ~1.6£2.6 0.00
12 148+14 0.0 -29+8 0.0 6.1£2.5 1.00 1.1£2.5 0.00
13 171£21 0.0 -37£15 0.0 6.0£2.3 1.00 -0.9£2.6 0.00
14 16128 0.0 ~56x15 0.0 7.1£1.9 1.00 -0.3+1.9 0.00
15 149424 0.1 ~43%£12 -0.3 7.6£3.5 0.99 -1.2£2.8 0.00
16 138=16 0.0 -27+12 -0.1 6.1x2.7 1.00 -0.3£2.2 0.00
17 125+13 -0.3 -16+10 -0.8 4.5+2.1 1.00 -2.242.1 0.11
18 12920 0.0 ~27£12 0.0 6.8+4.1 1.00 -3.3+4.4 0.00
19 140£24 0.0 -43x14 0.1 5322 1.02 -3.2+1.6 0.06
20 145x12 -0.1 -2+8 0.0 9.1£2.4 0.9 0.8+1.9 0.00
21 132+12 0.0 -18+9 0.0 6.4x4.1 1.00 -4.1+33 0.00
22 12611 0.0 -17£10 -0.1 4925 0.99 0.6£2.7 0.01
2 136+12 0.0 -21+8 0.0 6.5£3.9 1.00 0.1£2.8 0.00

meantSD 14184165 -0.03+0.09 -30.6£14.6% -0.09£0.18% 6.27+1.17 1.00£0.01 -1.33x1.79% 0.01=0.03§
* p<0.0001; T, p<0.001; T, p<0.01; §, p<0.05
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Table 4. Reference Values and ANALYSIS Errors for Mean Arterial Pressure

Pressure Level (mmHg) Short Term Variability (mmHg)
Registratio 24-hour Average Nocturnal Change 24-hour Average Nocturnal Change
n Reference Error Reference Error Reference Error Reference Error
1 84410 0.0 -1724 0.1 3.6£22 1.00 -1.8£2.1 0.01
2 81+10 0.0 -15=7 0.0 4.0£1.6 1.00 -1.0£1.6 0.00
3 776 0.0 -6=6 -0.1 44424 1.00 -0.9+2.7 0.01
4 11517 0.0 -33x6 0.0 4.0+£1.9 0.99 -2.0£1.7 -0.01
5 118+21 0.0 466 0.0 5.1£2.9 1.00 -3.3%1.6 0.01
6 119+13 00 2547 -0.1 5525 1.00 1.0£2.8 0.00
7 116217 0.0 -27£12 -0.1 6.7£2.5 1.060 -2 1+£2.4 0.00
8 121+18 -0.3 2715 -0.4 4,525 0.97 -1.3+£2.8 0.02
9 12912 0.0 -5x14 0.1 4.5+1.8 0.99 1.5+1.9 0.00
10 10513 0.0 24211 0.0 4321 1.00 -2.2%1.9 0.02
11 111x14 0.0 249 0.0 5.1£2.2 1.00 -0.9£2.3 0.00
12 113£13 0.0 267 0.0 4.6+2.4 1.00 -0.1+£2.4 0.00
13 11612 0.0 -21=x8 0.0 4.0x1.8 1.00 -0.7£2.1 0.00
14 10918 0.0 -3429 0.0 4.5£1.6 1.00 0.0+1.6 0.00
I3 11417 00 -30=8 -02 6.3£2.7 0.99 -1.1422 0.01
16 103=10 0.0 -15%9 -0.1 5.0+2.2 0.99 0.222.0 0.00
17 87+8 0.0 77 0.0 ENEI 0.96 -1.6+1.4 0.02
18 9711 0.0 -18+8 0.0 5.1+£2.8 1.00 20431 0.00
19 96+14 0.0 -20x9 0.1 4,0+1.8 1.01 -2.5%1.4 0.05
20 102£10 0.1  -1£8 0.0 5.3£2.3 0.99 0.9£1.3 0.00
21 1059 0.0 -12&7 0.0 5.1£3.1 1.00 2.7+2.6 0.00
22 98£10 0.0 -13£10 -0.1 3.8+2.1 1.00 14+2.2 0.00
23 10510 0.0 -17x7 0.0 5.5£2.8 1.00 0.8=1.8 0.00

mean=SD  105.2£13.6 -0.0240.08 -20.1=10.5% -0.04£0.10  4.740.85 1.00£0.01 -0.90%1.38F 0.01x0.01%
%, p<0.0001; f, p<0.001; %, p<0.05
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Table 5. Referemce Values and ANALYSIS Errors for Interbeat Interval

Beat Length (ms) Short Term Variability (ms)
Registratio 24-hour Average Nocturnal Change 24-hour Average Nocturnal Change
n Reference Error Reference Error Reference Error Reference Error
1 661140 -1 28840 -3 3727 1.00 36426 -0.02
2 811157 0 27788 0 5826 1.00 16+28 -0.01
3 895217 -2 407+138 -8 7341 0.99 31245 -0.03
4 835+£147 -1 26360 -2 51+18 1.00 13£17 -0.01
5 720492 0 98+69 0 47+18 1.00 -14+16 0.00
6 915117 0 50+£109 0 4217 1.00 -4+20 0.00
7 644:£87 0 160+54 1 29+10 .98 11=7 -0.01
8 804=100 4 90=106 7 47x22 1.01 10+19 0.03
9 996+95 0 137%65 ) 4520 0.98 -1£22 -0.02
10 707137 3 249=96 -11 62+41 0.98 4440 -0.09
11 776143 9 272=65 0 62=x19 1.00 -3£21 0.00
12 846=115 0 146=104 0 3325 1.00 18+24 -0.01
13 815£104 0 109+98 0 3311 1.00 ~-1x11 0.00
14 725+121 0 22779 0 30£19 1.00 38=11 0.00
15 738134 -1 188+92 2 60+£27 1.00 28+28 -0.02
16 872+134 0 24982 1 66+30 1.00 5023 0.00
17 1241£178 -18 320498 -44 54£25 0.88 -3£28 -0.27
18 783275 0 75£58 0 28+9 1.01 -6x0 0.05
19 946179 -2 36088 -8 60=21 0.97 -3£21 -0.04
20 838=127 1 20133 0 37+14 1.00 -3£9 0.00
21 813144 0 213103 0 47x19 1.00 1£16 0.01
22 984=134 -1 125::128 0 7929 0.98 16£23 -0.01
23 733112 0 12175 0 45+19 1.00 17420 0.00

meantSD 831130 -1.0£4.0  193x103*  -3.1x9.7 49.8+13.9 0.99£0.03§ 12.7£17.9% -0.02+0.06%
* p<0.0001, T p<0.01, { p<0.05 for difference with zero; § p<0.05 for difference with 1.0
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reference 8.7%, p<0.001), respectively. The median errors appeared to be small compared
to the reference values, There was, however, a considerable scatter of the error in
individual registrations. These appeared to be significant (two-tailed t-test, significance
at p<0.05; data not shown) for registrations 3 and 9 for cardiac output, registrations 5 and
9 for stroke volume, and registrations 1, 3 and 9 for total peripheral resistance. In these
instances, the nocturnal changes of cardiac output and stroke volume were overestimated
and the nocturnal change of total peripherai resistance was underestimated. The group
average errors of these parameters were sirongly determined by these registrations.

The Pearson coefficient for correlation within the group of the nocturnal change of mean
arterial pressure with the nocturnal change of cardiac output was 0.42 (p=0.046) for
reference values and 0.49 (p=0.02) for ANALYSIS results. The correlation coefficients
of the nocturnal change of mean arterial pressure with the nocturnal change in total
peripheral resistance were 0.16 (n.s.) for reference values and 0,12 {n.s,) for ANALYSIS

results.

Table 6. Reference Values and ANALYSIS Errors for Necturnal Change in Cardiac
Output, Stroke Volume and Total Peripheral Resistance

Nocturnal Change in

Nocturnal Change in Nocturnal Change in Total Peripheral
Cardiac Output Stroke Volume Resistance
Registratio (%0 24-Hour Average) (% 24-Hour Average) (% 24-Hour Average)
n Reference Error Reference Error Reference Error
1 -49114 2.9 -13+£18 4.6 46+26 -17.1
2 -25119 -1.2 7E12 -0.8 4+15 0.5
3 -31+8 6.7 1019 7.9 26112 -7.4
4 -37£15 1.8 -11£10 2.1 10+10 -1.9
5 -40+10 33 -30+8 3.7 448 -3.5
6 -8:13 0.8 -418 0.9 -12412 -0.8
7 -36+16 -1.4 -14£13 -1.4 15:10 0.7
8 -18£20 -4.6 -8£13 -3.8 -6+£14 3.7
9 -20+:14 13.3 -7L9 14.1 1612 -12.6
10 -401:22 0.5 -10x15 -1.1 20+19 -1.3
11 -35£16 -2.7 -2411 -2.8 1115 2.8
12 -0t 14 1.0 12+8 1.2 -19+11 -0.8
13 -23424 -0.1 -8114 -0.1 0+£20 0.2
14 -48+20 3.1 -23411 4.0 2014 -4.1
I3 -30+£19 -0.5 -§+9 -0.1 3+13 -0.7
16 -35&14 32 -10£12 4.3 2211 -34
17 -23+14 4.0 1+8 0.8 16£43 -4.4
18 -15£13 -0.5 -7£11 -0.5 -3£12 0.5
19 -45%19 34 -14+13 29 29414 -3.5
20 =249 1.3 2412 1.7 148 -1.2
21 -25£15 0.2 -2+16 0.3 1313 -0.2
22 -8£10 0.1 4+17 0.0 612 -0.5
23 -8+15 0.1 919 0.1 -11£15 -0.2

meantSD  -26,3+14.0% {5+£3.5%  -5.6:103% 1.7£3.8%  8.7x15.6F -2.4+4.7%
* p<(),0001, 7 p<0.05, I p<0.001 for difference with zero
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Discussion

Sensitivity and Specificity
For the evaluation of the performance of ANALYSIS, signal fragments were selected
from 23 blood pressure registrations. The signal fragments were obtained in 24 samples
distributed equidistantly over each registration. In this way, a total signal length of
five hours and 30 minutes was evaluated. The signal fragments appeared to be of good
quality; more than 95% of the signal contained valid beats as judged by visual inspection.
This result is not representative for a random blood pressure recording obtained by means
of the Oxford Medilog system, since the registrations were obtained from our database of
registrations, and recordings of poor signal quality are not included in the studies and are
therefore not present in our registration database, The registrations used in this evaluation,
however, were not selected on signal quality and may therefore be considered as
representative of the database and of the studies performed in our centre,
Since it was not possible to calculate the specificity of the ANALYSIS program on the
basis of the nuinber of beats, sensitivity and specificity were calculated from the fength
of registation classified, The values of sensitivity that were calculated from the number
of beats classificd were almost identical to the values of sensitivity based on time rafios,
suggesting a good estimation of specificity as well by time ratio specificity. The
sensitivity of ANALYSIS was satisfactory with a median value of 99.3%. The median
value of specificity was 93.5%. For 15 registrations, the specificity was larger than 90%,
and in these registrations less than 1% of the total number of beats detected by
ANALYSIS was detected erroncously. In eight registrations, the specificity was smaller
than 90%. In these registrations, 10% to 49% of the signal fragments that were classified
by visual inspection as being of insufficient qualtity or containing artifacts were classified
as valid signal by ANALYSIS. Since the largest part of the registration was of good
qualtity, the number of erronecusly detected beats as compared to the total number of
detected beats was small. In one of these eight registrations (registration 9), 5% of the total
number of beats as detected by ANALYSIS consisted of erroneously detected beats, in the
other 7 registrations this was less than 3%. The quantitative effect will be discussed
below.

Error of the Estimation of Hemodynamic Parvameters
The errors of 24-hour average of blood pressure (<0.3mmHg) and of the night-day blood
pressure change (<0.8mmHg) in the individual registrations appeared to be small
compared to the intrinsic variation of blood pressure. The short term variability of blood
pressure was estimated with an accuracy better than 2%, and the nocturnal change of short
term variability of blood pressure with an accuracy better than 5%, except in two
registrations (6% and 11%). In the group, the error was very small and in most cases non-
significant,
With the exception of registration 17, the errors in the estimation of the interbeat interval
parameters were small, For registration 17 there was a considerable underestimation of
24-hour average level, nocturnal change, short term variability and nocturnal change of
short term variability of interbeat interval. The heart rate of this subject was unexpectedly
fow during the whole registration, and it appeared that a 36 s period at the end of the night
was rejected by the analysis program, since the beat length during that period was longer
than the artifact rejection limit of ANALYSIS.
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Although the median error of the nocturnal change of cardiac output, siroke volume and
total peripheral resistance were smail compared to the reference values, four registrations
(numbers 1, 3, 5, and 9) caused a considerable increase of the group average error for
these parameters. These registrations contained approximately 5-10% of beats in which
the position of the dicrotic notch was detected too late (see Figure 12 for an example).
These errors occur mainly during the night, causing an overestimation of stroke volume
and cardiac ouiput during the night, and therefore an underestimation of the absolute value
of the decrease of these parameters during the night. This can be explained by the lower
heart rate and therefore the lower values of the first and second derivative of the signal
during the night. The number of these errors can probably be diminished by limiting the
search to the part of the beat that contains the dicrotic notch, using nomograms for the
duration of the systole, and applying a beat length dependent threshold value instead of
Zero passing.

In addition to these errors, registrations 5 and 9 contained fragments of damped signal in
which not all abnorimal waveforims were rejected by ANALYSIS.
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Summary

For the characterization of diurnal blood pressure variation, we developed a simple
mathematical model which nevertheless does justice to the specific form characteristics
of individual blood pressure registrations. Analysis was based on 24-hour continuous
inlra-arterial measurements of blood pressure obtained in 23 hospitalized patients swith
mild to moderate untreated essential hypertension (ineant-SD of mean arterial pressure
112213 mmHg). The day-night difference for mean arterial pressure varied markedly
{mean 18.6 mmHg, range 6.8 - 36.0). Inspection of the profiles suggested a model of
blood pressure consisting of two contiguous, complementary periods of constant pressure,
a so-called square wave. Determination of the times of transience between both periods
(segmentation) was performed individually, using a least square error criterion. Results
were compared to those obtained by conventional methods including analysis by Fourier
modeling. The square wave fit accounted for a larger fraction (66%) of circadian variance
of mean arterial pressure than modeling based on segmentation by visual inspection (59%,
considerable observer bias) or by clock time (50%). Application of the Minnesota Cosinor
method resulted in the poorest description (47%). Segmentation based on harmonic
modeling (61%) appeared to be cumbersome (10 harmonics needed), and the significance
of additional information offered over the square wave fit is dubious. Observer bias makes
segmentation by visual inspection unsuitable for assessment of the circadian variance of
blood pressure. Even when daily activities are strictly regulated (hospital environment),
circadian variance is not well modeled by clock time. As compared to harmonic analysis,
square wave fitling is simple, and it appears to best model the circadian variance. The
method can aiso be applied to data obtained from non-invasive ambulatory blood pressure
monitoring.

Introduction

Blood pressure tends to be highest in the morning, decreasing gradually during the day to
reach its lowest values at night, The actual blood pressure pattern found is strongly
influenced by factors like the amount of physical activity and periods of rest'?,
Nevertheless, a constant and prominent feature in healthy men is a fall of blood pressure
during the night, which constitutes a major fraction of the total divrnal blood pressure
variation®, The question as to whether there is an internal biological "blood pressure
clock" analogous to the one responsible for the circadian variation of certain hormone
levels and body temperature is still open. Various pathologies have been shown to alter
circadian blood pressure fluctuations. For instance, a paradoxical rise in blood pressure
at night was found in patients with sleep apnoea syndrome?, preeclamptic toxemia® and
autonomic neuropathy®. A more or less constant 24-hour blood pressure level was
observed in patients with malignant hypertension’, pheochromocytoma®, and Cushing's
syndrome®. Also after heart transplantation an abnormal circadian blood pressure profile
has been described'. Since in these patients it appeared to be very difficult to unravel the
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quantitative effect of various intrinsic and extrinsic factors on blood pressure level, there
is a considerable interest in an objective quantitative description of the circadian blood
pressure variation.

In most analyses, characterization of 24-hour blood pressure was based on averaging
records at fixed clock times or, slightly better, after synchronizing records refative to the
time of waking, These procedures segment the profile into a high-pressure period, roughly
corresponding to the day, and a low-pressure period corresponding to the night. The
difference in mean blood pressure value over the two periods then corresponds to
circadian variation.

Obviously, proper and objective description of 24-hour biood pressure variation is served
by a mathematical model. The Minnesota Cosinor method!', which has been used most
often, is probably one of the least accurate methods since the basic assumption that the
high- and low- pressure periods have the same length is incorrect and violates the reality
of the diurnal life cycle. Nowadays, most investigators agree that the reported sinusoidal
pattern of blood pressure variation probably is an artifact caused by averaging individual
records without synchronization for such variables as time of sleep, time of waking, or
type of activity. An alternative approach is Fourier analysis, a technique by which the
individual 24-hour blood pressure profile is modeled as a superposition of cosine
functions. Recently, in a report describing blood pressure profiles of shift workers, Chau
et al' reported such a method. By statistical analysis of their 24-hour blood pressure data,
they found that four harmenics were needed to model the profile. However, when more
harmonics have to be used, as will be shown fo be the case in our material, the
interpretation of the synthesized signal, and therefore the defermination of blood pressure
shifts, is rather cumbersome,

In the present study we describe a new mathematical model for the characterization of
24-hour blood pressure profiles. This model describes the profile as a square wave with
exactly one period of high pressure and one period of low pressure. The duration of the
two periods is only constrained by the requirement that their sum equals 24 hours. We
applied this model to a collection of 23 recordings of 24-hour intra-arterial blood pressure
measurement and compared the results with those obtained by other methods.

Methods

Subjects and Blood Pressure Measurements

In a group of 23 male subjects with moderate essential hypertension (mean + SD of
24-hour mean arterial pressure, 112+13 mmHg; range, 86-138 mmHg), blood pressure
was recorded continuously for a period of 24 hours. All patients gave informed consent
to undergo intra-arterial measurements, which were approved previously by the Ethical
Committee of the Dijkzigt Hospital. None of the subjects had received treatment for
hypertension for at least 3 weeks. All subjects were otherwise healthy. During blood
pressure registrations, patients were hospitalized, but were not restricted in their activities.
Blood pressure registrations were obtained by means of the Oxford technique'® by which
blood pressure is continuously measured via a catheter in the brachial artery and is
recorded on an Oxford Medilog I recorder (Oxford Medical Systems, Oxon, England).
The catheter is permanently flushed with a heparin solution to prevent clotting. Recorder,

60



transcucer, and perfusion unit are worn at heart level, which allows free movement of the
patient.

Preprocessing of the Blood Pressure Signal

Blood pressure registrations were replayed and read into an Olivetti XP/7 computer
system (Olivetti, Ivrea, Italy) with a sampling frequency of 160 Hz. For this procedure an
AT-Codas AD-converter (Datag Instruments, Akron, Ohio, U.8.A.) with an accuracy of
12 bits was used. Subsequently, the blood pressure signal was analyzed by a computer
program, which calculated systolic pressure, diastolic pressure, mean arterial pressure, and
pulse interval of each beat,

A 24-hour blood pressure registration consists of about 100,000 heart beats. Such a large
number is rather impractical for analysis. Morcover, the data contain short-term
fluctuations, e.g., the respiratory blood pressure variation. These fluctuations are evidently
not to be considered as a part of the circadian variation, and their effect should be
excluded when various models of circadian variation are compared quantitatively. For
these reasons, we calculated 20-minute averages of blood pressure and heart rate values
and uvsed these values as input for further analysis. A time period of 20 minutes was
chosen to attain a substantial data reduction while preserving the forin characteristics of
the circadian blood pressure variation, as was judged by visual inspection.

Blood Pressure Modeling

For analysis of the 24-hour blood pressure profiles, a new model was developed and
applied. The method based on this model, i.e., fitting a square wave to each individual
profile, is outlined in detail below. Results were compared with existing methods such as
segmentation based on visual
inspection of records by two

140 1 S A
§\§\‘\\\\§ ----- § independent observers, segment-
R B , . R
R .\ ation by clock time, the Cosinor

s
4

Method, and Fourier modeling
as reported by Chau et al'?,
Since these methods have been
described in detail elsewhere,
they are summarized only in an

Mean Arterial Pressure (mmHg)

4BPy, = Appendix. The  method
introduced by Chau, however,
80 - W will be discussed in detail, since
L tiown  as part of the present research,
. . . V.. its applicability was carefully
0 6 12 18 24 analyzed.
Time of Day (hours)

Figure 1. Representation of a 24-hour profile of mean The square wave fitfing

arterial blood pressure (MAP) (thin line), being a ypical method

example from our patient group. A square wave fit (thick Figure 1 shows a 24-hour profile

line) and its corresponding parameter values are shown. ; . :

Hatched area indicates "night” as indicated by the square ofmegn arterial pressure, being
: a typical example from the

rqve fit. Dashed line repres cosinor fit. . . . .
wave fit ted line represents a cosinor fi patient group. Visual inspection
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of the individual profiles shows a marked fall of blood pressure during the evening and
the night, Transition from the period of low to high blood pressure is rather abrupt. In
conlrast, the transition from high to low blood pressure appears to be more gradual and
also the length of the period of low pressure differs from profile to profile, although it is
generally shorier than the period of high pressure. These observations on individual
profiles suggest a square wave model of 24-hour blood pressure. In this model, a 24-hour
blood pressure profile is represented by a wave form consisting of two alternating
contiguous periods of fow and high pressure. There are no restrictions to the duration of
these periods, except that their suin equals 24 hours.

To find the best fitting square wave for a given blood pressure profile, cross correlation
values of the profiles with all possible different square waves are determined. The best
fitting square wave is identified by the highest cross correlation value. The square waves
are generated as discrete functions, only defined at the time points corresponding to actual
measurements. Thus, for a blood pressure profile consisting of N equidistant samples (in
this material 72 mean values over 20 minutes each), N*(N-1) different square waves exist.
This can easity be verified by considering that the minimal length of the low pressure
period is 1 time unit (20 minuies), the maximal length of the low pressure period is N-1
time units, and that for each of these alternatives, there are N different possibilities for the
phase of the square wave.

As a first step, both the blood pressure profile and each square wave are standardized to
a mean of zero and a standard deviation of 1.0. The purpose of this scaling operation is
to standardize outcomes of the cross correlation values to a range from 1.0 to -1.0. A value
of 1.0 corresponds to a perfect fit, whereas a value of -1.0 corresponds fo the worst
possible fit. Subsequently, for each square wave the cross correlation value is calculated
as the average product of the 72 corresponding values of the square wave and the blood
pressure profile. The maximum among the N*(N-1) values obtained in this way, cc ..,
identifies the best fitting square wave, This square wave is used to segment the original
btood pressure profile in a high and a low pressure period. The fit resulting from this
procedure is optimal with respect to the square error. The squared value of cc,,,, expresses
the fraction of total variation of the 24-hour blood pressure profile accounted for by the
model. The percentage of total 24-hour variability (PVA) accounted for by the fitted
square wave may therefore be expressed as

PVA = cc

max

* 100

The square wave model is characterized by a set of four parameters: {,,, time point of
passage of blood pressure from the low to the high pressure period; 4,4, time point of
passage of blood pressure from the high to the low pressure period; BPy, observed mean
blood pressure during the high pressure period; BP,, observed mean blood pressure
during the low pressure period. These parameters are illustrated in Figure 1. Other
parameters may be calculated from these: BP,,,,, 24-hour mean pressure; {, -t » lOW
blood pressure period; BP,-BP,,,, difference of mean observed blood pressure during
the high and low pressure period. The circadian variation around BP,,.,, is characterized
by three parameters: BPyn - BPyyy, typ and {ioun.
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Figure 2. Representation of square wave parameters of a 24-hour bleod pressure profile with
a modeled high and low pressure span of 115 mimHg and 75 namHg respectively, and a time of
passage lo the high and low pressure period of 7:00 how and 23:00 howr, respectively. The iwo
vectors (U and D) define a circular representation of the modeled blood pressure profile (virtual
data, panel A). Mean vectors from our palient group and corresponding 95%6 confidence regions
are shown in Panel B.

Since time of day is periodic, a circular representation, comparable to the cosinor display
technique’ can be used. In such a representation, a square wave is characterized by two
vectors, U and D, originating from the midpoint of a circle. The angles of the vectors with
the vertical direction correspond to t,, and f,, respectively, whereas their lengths
correspond to BPy,,;, and BP,,,. These two vectors define a circular representation of a
square wave, as is demonstrated in Figure 2A, For a sample of square waves, a confidence
cllipse for the mean vectors U,,,.., and D,..,may be calculated assuming a bivariate normal
distribution.!"* For an illustration based on our patient material, see Figure 2B.
Significance of the mean vectors is established if the confidence ellipses do not overlap
the midpoint of the circle. For the classification of individual square wave paramefers, a
reference ellipse may be calculated. Blood pressure profiles with square wave parameters
outside the reference area are to be considered as not belonging to the same class®.

The square wave model assumes a bimodal distribution of 24-hour blood pressure. To
establish whether such a distribution could be demonstrated in our subjects, a group
histogram of 24-hour blood pressure was constructed after standardization of the
individual profiles to the same mean and standard deviation, For these two parameters, the
group averages of mean and standard deviation in individual profiles were substituted.
Most studies on circadian blood pressure variation are based on cutf measurements. The
use of incidental measurements, however, has a detrimental effect on the precision, and
in some cases, on the accuracy of model parameter estimation. To assess the sensitivity
of the square wave fit to these effects, 200 profiles consisting of incidental measurements
were simulated for each subject as follows. Of each blood pressure profile, mean and
standard deviation of 20-minute periods were known, Single measurements for each
period were generated by drawing at random from the normal distributions defined by
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these parameters, a so-called Monte Carlo experiment. Square wave parameters obtained
from these 200 profiles were compared with values obtained from the corresponding
profile consisting of continuous measurements. Mean and standard deviation of these
differences were calculated in each individual, and subsequently averaged over the group.
These parameters indicate the inaccuracy and imprecision, respectively, which are
introduced by the use of incidental measurements for the average subject. Also, the
standard deviation of the mean difference over the group was determined over the 200
experiments. This parameter indicates the imprecision in the group mean.

Comparison to Conventional Methods
Obviously, segmeniation of 24-hour blood pressure in two periods is a simplification of
reality, and thercfore a patent “trath”, on the basis of which the methods can be verified,
does not exist. However, the plausibility of the times of transience between the high and
low pressure period, as obtained by square wave fitting and by harmonic analysis, can be
assessed by a comparison to the results of visual inspection. We assumed that if two
observers agreed about a value for t,, or 4., this was a plausible time of transience.
However, since we used 20-minute averages of blood pressure, a difference of 20 minutes
between resuits should be allowed, and in such a case both values were considered to be
plausible transience times. In all other cases, it was assumed that there was no single
evident vatue for the time of transience. In these cases, plausibility of i, or ty,,, could not
be verified, and the recordings were excluded from the comparison.
We used the remaining values to determine whether the results of the various models were
biased. For this purpose, we compared model values of t,, and t,,, to average observer
results, Significance of'a tendency toward “later” or “carlier” values was tested two-sided
at a probability level of 0.05 (sign test with ties'®). The bias was assessed quantitatively
by calculating the mean and standard deviation of the differences.
Another method to compare the appropriateness of the various models is based on
comparing the percenfage of total variance in 24-hour blood pressure profiles that is
characterized by each model (PVA); for the square wave fit, it was calculated directly
from cc,,,,. For the other models it was calculated according to its definition

Var iance, ..

PVA = 100

Variance
acteual

A model that uses more characteristics can be expected to explain more of circadian
variation than a model that uses fewer parameters. When models are compared in this
way, the number of parameters that a model uses has therefore to be taken into account.

Results

Visual Inspection

The time points of transience from the low to the high pressure period as determined by
both observers show a good correspondence (Figure 3). In three cases, observer 2
indicated these points of transience earlier than observer 1, and in none of the cases later
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Figure 3. Scatterplots show comparison of 1, (lefl panel) and t .., (vight panel) as indicated
by two independent observers. Dashed line is the line of identity. Overlapping values are
slightly shified. 1., and i,,., time of (ransience to the high and low blood pressure period,
respectively.

{not significant). In only one case was this difference more than one 20-minute period. On
the average, the difference between observers is very small, having a mean value+SD of
0:07+£0:25 howss. For t,,,., however, this correspondence is worse. In 12 cases, observer
2 indicated a later value for ty,,, than observer {, and in three cases an earlier value. This
indicates a bias of obscrver 2 toward later values for t,,,, (p<<0.05). For eight values, this
difference is more than 20 minues. For alt 23 subjects, the mean value 5D of the
difference is 0:29£1:09 hours.

Only the cases in which ebservers differed no more than 20 minutes about the transience
times were used to test the plausibility of square wave and Fourier modeling outcomes,
This reduces the number of values available to 22 for t,, and to 15 for iy,

Square Wave Method

Table 1 displays results of square wave fitting of the blood pressure profile of the 23

subjects together with their mean and standard deviation. Of the values of t,,, 90% are in
the range 5:30 to 8:30 hour. The distribution of't,, in this range seems uniform. Of the
values of t,,,,, 90% are in the range between 20:00 and 0:30 hour. The distribution of t 4,
is skewed: most blood pressure profiles have a time of passage from the high to the low
pressure span between 23:00 and 0:00 hour, but in some profiles this passage occurs 2-3

hours earlier; in none does this occur more than halfan hour later. The distribution of cc,,
and PVA is also skewed. Low values of PVA and cc,,,, seem to coincide with low values
of BPyg-BPy,,, but have no evident refation with t gr.t . Figure 2B is a graph
representative of mean square wave parameters of our group.

We compared the values of t,,, and t,,, obtained by square wave fitting to corresponding
values obtained by visual inspection (Figure 4A, Table 2). In 21 of 22 profiles, values of
top Were similar. For ty,,,, this was the case in 10 of 15 profiles, with a bias toward later
values than observers. For both parameters, the mean difference with observer results was
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Table 1. Results of Square Wave Fitting to Individual Profiles of Mean Arterial Blood
Pressure

tup tdmwl tup'td'o\m BP high BPIcn-\r BPhigh'BP low BPmean PVA

Subject (lkm) (hm) (hun}  (mmHg) (mmHg) (mmHg) (mmilg) cc.. (%)
i 8:00 23:20 8:40 109.2 93.1 16.14 1034  0.75 504

2 7:00 020 640 107.2 81.5 25.61 100.0 087 75.5

3 820 22:20  10:00 94,1 83.2 10.87 89.6 0830 64.7

4 8:20 2320 9:00 110.0 92.7 17.28 1035 0.83 636

5 6:20 2320 7:00 143.5 124.3 16,21 1379 079 62.9

6 740 21:20  10:20 139.5 127.5 12.00 1343  0.72 517

7 6:20  22:40 7:40 125.9 93.1 32.77 1154 0.94 88.4

3 6:40 19:40  11:00 129.1 105.9 23.22 1185 0.86 745

9 6:00 2340  6:20 131.7 99.3 32.42 1232 0.79 629

10 5:40 20:00 940 116.6 9L3 25.31 1064 0.89 78.5

11 5:40  0:20 5:20 131.7 121.5 10.25 129.5 046 213
12 6:40  0:20 6:20 119.3 95.8 23.52 113.1  0.90 80.6

13 6:40 2320 720 106.2 88.3 17.41 1009 079 62.7
14 6:00  20:00  10:00 124.4 105.0 19.44 1163 0.80 646
15 6:00 20:00 10:00 119.2 91.4 27.830 1076 0.88 76.6

16 7:20  0:00 7:20 107.9 91.2 16.73 102.8 073 529
17 946 21:40  12:00 104.5 93.1 1144 98.8 0.60 36.1

i8 8:40 1933 13:20 131.8 109.9 21.98 119.6 0.87 76.0

19 6:40  0:20 6:20 FI7.S 90.5 27.07 1104 085 719
20 7:00 2340  7:20 130.3 92.2 38.11 118.7 0.94 882
21 8:20 020 8:00 89.5 78.6 10.96 859 0.69 483
22 740 2340  8:00 130.6 100.6 30.05 1206 0.88 77.1
23 6:20  23:00  7:20 121.9 91.2 3071 1125 0.89 799
Mean 7:05 2237 829 119.2 97.5 21.75 111,7 0.81 66.1
SD I:04 1:43 2:01 13.9 13.0 8.05 131 0.1t 162

BP,..,, average 24-hour mean arterial pressure; BPy., Bpy,., average mean arterial pressure
observed during the high and low pressure period, respectively; 1, Ly, times of transience to
the high and low pressure period, respectively; cc,.,, cross correlation value of best fitting
square wave; PVA, percentage of 24-hour variance modeled.

negligibly small, but for t,, there was a considerable scatter. The standardized group
histogram of 24-hour blood pressure (Figure 5) clearly demonstrates a bimodal
distribution of blood pressure in our patient group. About one third of the samples is
contained in a small peak, which represents the distribution of pressures up to 104 mntg.
This peak has a median value of approximately 96 mmHg. About two thirds of ihe
samples is contained in a larger peak, which has a median value of approximately
118 mmHg. The median values in the distributions are similar to the average values of
BP,,, and BP,,;, as determined by square wave analysis, which are 97.4 and 119.2 mmHg,
respectively.
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The sensitivity of square wave parameters to the use of incidental measurements is
demonstrated in Table 3. The estimation of square wave parameters from incidental
measurements is unbiased; the scatter in the estimation of individual and group
parameters, however, is considerable.

Segmentation Based on Modeling With Multiple Harmonics

We determined the number of harmonics to be used in the Fourier model according to the
two criteria that are described in the Appendix. In Table 4, runs-test values for our sample
of 23 subjects are demonstrated, For each number of harmonics, maximal, minimal, and
mean vaiues of z over the 23 subjects are given. In the column farthest to the right the
number of cases with z outside the 95% prediction area is displayed. The table shows that,
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Table 2. Comparison of Modeled Transience Times o Results of Visual Inspection

ty, (n=22) tionm (=15}
Mean+5D Mean+SD
of No. of of No. of
difference differences  biased difference differences  biased
(hours) < 0:20 hours towards (hours) < 0:20 hours towards
Later
Square wave model 0:06 £ 0:35 21 - 0:01 £ 1:26 10 values
Segmentation based on a Earlier Later
4-harmonic Fourier model -1:37 £ [:35 4 values 0:45 % 1,07 3 values
Segmentation based on a
8-harmonic Fourier model -0:12 & 0:54 19 - -0:04 £ 1:30 7 -
Segmentation based on a Earlier
10-harmonic Fourier -0:25 £ 0049 12 values  -0n15+ 1122 8 "

madel

A positive difference indicates later model values, Bias towards later or earlier values was
calculated from the sign of the differences (sign test with ties, p<0.05). t,, and t,,,, times of
transience to the high and low pressure period, respectively.

according to the first criterion, only Fourier models with 10 or 11 harmonics are adequate.
According to the second criterion, models with eight up to 12 harmonics are acceptable.
This is in contrast to the study presented by Chau, in which, according o the second
criterion, four or five harmonics were sufficient to model circadian blood pressure
variation.

A possible explanation for this difference may be that we used 20-minute averages of
blood pressure, whereas the original study by Chau was based on one single measurement
in each period of comparable length. To validate this hypothesis, we simulated single
measurements from our data by a Monte Carlo experiment, and subsequently determined
the number of harmonics needed in the model. This procedure was repeated 20 times.

Table 3. Sensitivity of Square Wave Parameter Estimation to the Use of Incidental
Measurements

tup tdmm BPhigh BPluw BPmean
(howrs} (hours) (mmHg) (mmHg) (mmHg)
Inaccuracy in the individual subject -0:04 -0:05 1.26 -0.27 0.00
Imprecision in the individual subject  1.00 1:01 2.84 220 0.90
Imprecision in the group average 0:51 0:32 3.65 0.75 0.06

Inaccuracy, imprecision are represented by the mean and standard deviation, respectively, of
the difference with values calculated from continuous measurement. BP, ., average 24-hour
mean arterial pressure; BPy;,, BP,, average mean arterial pressure observed during the high
and low pressure period, respectively; t,, and ty,,,, times of transience to the high and low
pressure period, respectively.
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According to the first criterion, five
harmonics (15 cases} or six harmonics
(five cases) were needed. The second
criterion required three (three cases), four
(four cases), five (eight cases) or six (five
cases) harmonics in the Fourier model. It
may be concluded that the use of single
measurements instead of averages of
continzous measurements reduces the
number of harmonics (hat is needed for an
adequate fit. This may be explained by the
random variation between single blood
75 100 1265 150 pressure measurements that obscures
systematic variation that remains from an
inadequate fit. To establish the sensitivity
of the method to the number of harmonics
in the Fourier model, we performed
calculations using a model of four, ¢ight
and 10 harmonics,

The average values for t,, andgf,
obtained by Fourier modeling are displayed in Table 5. A comparison to values obtained
by visual inspection is given in Table 2. As expected, the plausibility of results of the
4-harmonics model is poor, agreeing within 20 minutes with observer results in only four
of 22 cases for t,, and in three of 15 cases for ty,,,. Both parameters are biased in such a
way that, on the average, the duration of the fow pressure period is underestimated by
more than 2 hours as compared to the observers. Applying an eight-harmonics model
gives a considerably larger number of plausible values, and the 10-harmonics modet

Relative Frequency

Mean Arterial Pressure (mmHg)

Figure 5. Histagram of standardized 24-hour
mean arterial pressure, which illustrates the
bimodal character of diurnal blood pressure
profiles in our group.

Table 4. Results of Runs Test

Number of No. of cases
harmonics Zppin Zosx  Zimean zgy  0of 221.96 or z<-1.96
1 -60.65 -2.35  -4.61 1.41 23

2 -4.48 -1.85 -3.09 0.73 21

3 -4.75 -1.42 3,03 0.82 21

4 -4,27 -142  -2.81 0.90 18

5 -4.26 -0.90 224 0.71 14

6 -2.50 -0.07 -141 0.73 5

7 -2.61 003 -1.33 0.70 4

g 212 0.06 -0.90 0.86 I

9 -2.13 095 -0.62 0.72 2"

10 -2.13 191 -0.20¢1 0.98 1

11 -1.85 .67 032¢% 0.86 0

i2 -1.42 261 0.64 0.92 1

Minimum (2,,,), maximum (z,,.), mean (2.} and standard deviation (zg,) of the z-values
resulting from application of the runs-test to the residuals of harmonic analysis using 1 to
12 harmonics (1=23). *, p>0.05 (second criterion}; T, p>0.05 (first criterion).
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results in the largest number of plausible values for t,, and t;,,, agreeing with observers
in 12 of 22, and in eight of 15 cases, respectively (Figure 4B). For the 10-harmonics
model, however, there is a tendency toward earlier values of t,, as compared with visual
inspection (p<0.05). The number of plausible values obtained by any of the Fourier
models is lower than the number obtained by square wave fitting, For t,,,, the scatter of the
differences with visual inspection is larger for the Fourier models than for the square wave
model, as appears from the values of the standard deviation, For t,,,, the scatter is
comparable.

MeanSD of blood pressure gradients obtained by Fourier nrodels using four, eight and
10 harmonics over our group of 23 subjects were 7.444.1, 16.546.7 and 20.649.2
mmHg/hour for sl,, (see Appendix), and -7.5+3.6, -17.8+7.9 and -21.24+7.6 mmHg/hour
for sly,,m, respectively. Values obtained by the models with four and eight harmonics are
smaller than those obtained by the model with 10 harmonics. Since the latter model
provides a better fit to the original blood pressure profiles, we conclude that the four- and
eight-harmonic modeis underestimate blood pressure gradients, The underestimation by
the eight-harmonic model seems in conflict with the fact that adequacy of the fit has been
established. Adequacy though is considered to be achieved if residuals of the fit of the
entire 24-hour profile show no random positive or negative sequence. In periods of a
shorter duration, e.g., at the sides of the trough, there may stif be a systematic pattern in
the residuals.

Quantitative Comparison of Methods
We calculated the percentage of total 24-hour variance in individual profiles that the

various models in this study accounted for. Mean and standard deviation of these values

Table 5. Comparison of Models

mean + SD of  Number of typ tiomn
Method PVA (%) parameters (h:m) {h:m)
Square wave 66+ 16 3 7:05 % 1:04 22:37 & 1:43
Observer | 58+ 18 3 6:55 + 0:53 22:52 & 1:06
Observer 2 56+ 17 3 6:49 £ (153 23:21 £ 0:45
Clock time 50+ 18 l (7:00 £ 0:00) (23:00+ 0:00)
Minnesota Cosinor
Method ' 47+ 19 2 _ _
Segmentation based on a 4-
harmonics Fourier model 44 -+ 22 3 5:13 + 1:40 24:10 4 1:27
Segmentation based on a 8-
harmonics Fourier model 60+ 18 3 6:38£1:12 22:32+ 1:41

Segmentation based on a 10-
harmonics Fourier modei 6l £ 19 3 6:24 + 0.54 22:14 + 1:40

PVA, percentage of 24-hour variance modeled; t,, and t,,, , times of transience to the high and
low pressure period, respectively.
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are displayed in Table 5, together with the number of parameters of each model. When
appropriate, the mean values of t,, and §,,, as determined by the method are also
dispiayed in the two right columns,

Discussion

Visual Inspection

The good correspondence between the two observers demonstrates that in most 24-hour
registrations of heart rate and blood pressure, an evident and circumscript transience to
a period of higher activity is visible, In contrast to the small interobserver variation, there
was a considerable scatter in the indicated times of transience between profiles, which
indicates that even in the synchronizing hospital environment, activity patterns as they
appear from the registrations may vary considerably, Apparently, segmentation based on
clock time does not do justice to the interindividual variation in the circadian variance of
blood pressure,

On the other hand, it is evident that in a considerable number of blood pressure profiles,
there is no evident single value for 1y, The observer bias foy,l, that we have
demonstrated, will cause segmentation of blood pressure profiles by visual inspection to
be observer dependent. Therefore, it cannot be used for a reproducible assessment of the
circadian blood pressure variation. Similar problems can be expected for t,, when the rise
of blood pressure in the morning is substantially reduced, as is the case in various
pathological states that diminish the circadian variance. Since the characterization of
circadian variance is of most interest in these cases, this is also an important limitation to
the use of visual inspection.

Square Wave Method

Our comparison clearly indicates that models of circadian blood pressure variation based
on segmentation of the profile in a contignous high and low blood pressure span may
cover a considerable fraction of total 24-hour blood pressure variance. In this respect, the
models based on segmentation compare favorably to the Minnesota Cosinor method. The
model of segmentation is further supported by the bimodal distribution of bload pressure,
which we demonstrated in this study. When the objective of blood pressure modeling is
such a segmentation, the presented square wave fitting technique is optimal with respect
to the square error. Moreover, since values for t,, and (4, are calculated to yield a best
fit to a given profile, it is expected that the method yields valid results also when subject
activities are not synchronized in time.

The time of passage fo the high pressure span as determined by square wave fitting of
mean arterial pressure compared well to results obtained by visual inspection using clock
time, heart rate, and blood pressure information. When observers agreed about the time
of passage to the low pressure span, square wave fitting resulted in a good or reasonable
approximation of this time point. In many cases, however, there is apparently no evident
single point in time of transience from the high to the low pressure span. Therefore, the
interpretation of t,,, as obtained by square wave fitting must be limited to its
mathematical definition, i.e. the best fitting time of transience to the low blood pressure
period. The method is conceptually simple, and its parameters are easy to interpret.
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Application of the method needs no human interpretation, and therefore offers immediate
and objective resulis.

In concordance with di Rienzo et al'?, we found that the estimation of mean 24-hour blood
pressure can be based on incidental measurements, Also, the estimation of t,, and ty,,, by
square wave fitting is unbiased. We conclude that the method can be applied in smaller
data sets obtained in noninvasive ambufatory blood pressure measurements. An indication
of the imprecision and inaccuracy of parameter estimation that results from the use of such
material can be found in Table 3.

Clock Time

Surprisingly, modeling of circadian blood pressure variation by segmentation based on
fixed clock time accounts for a large fraction of 24-hour variation when compared with
some other, more sophisticated, methods in this study. Without fitting, more of circadian
variation is described by the clock time model than by the cosinor model, even though the
first model uses only one parameter whereas the fatter needs two parameters, Two causes
are responsible for this good performance. First, the period of rest and the period of
activity are synchronized in the subjects of our study. Second, since the subjects did not
work during the blood pressure registration, blood pressure during the period of activity
was relatively constant. Segmentation based on fixed clock times is easy to perform, and
the interpretation of its parameter, i.e., the difference of mean observed blood pressure
during the two time periods, is straightforward. However, the description of circadian
variation by this model is expected to be less adequatc when activities are not
synchronized.

Apart from common hospital activities, like meals and the times of night rest, no
synchronization of activities was forced on the subjects in our group. Some subjects
showed a matked lowering of blood pressure during the early evening to a level that was
comparable to levels during the night, probably as a consequence of relaxation, while
others maintained a rather constant level of blood pressure until the beginning of the
period of night rest. Tor ¢, there was also a considerable scatter in the values. Modeling
of blood pressure by fixed clock time periods cannot account for such differences.

Minnesota Cosinor Method

The cosinor method has been developed for the detection and quantification of
biorhythms, When only the frequency of the rhythm is known, the use of a cosine is an
obvious choice since harmonic analysis is a well-known tool of analysis of pericdic
phenomena and is theoreticaily well established. Also, it may well describe fluctuations
that are sinusoidal, like the circadian fluctuation of cortisol level. Individual blood
pressure profiles, however, do not have a sinusoidal shape; in particular the duration of
the low blood pressure period is in general shorter than the duration of the high period,
and the morning rise of blood pressure is abrupt instead of gradual. However, many
authors have used this method for the characterization of circadian blood pressure
variation, The fact that, in spite of these drawbacks, this method has been reported to give
acceptable results is caused by summation of blood pressure profiles in a group of
recordings. Since the abrupt rise of blood pressure during the morning will be at slightly
different times in the various recordings, the sum profile will show a faint, elongated rise
of blood pressure that resembles the ascending side of a sine, but that is not a
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characteristic of individuat blood pressure profiles. The cosinor method is therefore less
appropriate to assess individual blood pressure profiles, and as expected, accounts for only
a relatively small part of the actual circadian blood pressure variation. This is not only
caused by the use of fewer parameters than the models that characterize circadian
variation by segmentation, since it performs less well than clock time which uses only one
parameter.

Segmentation based on Modeling with Muitiple Harinonics

Similar to the square wave fit, the method presented by Chau et ai'? segments 24-hour
blood pressure in a high and a low pressure span and specifies the times of transience
between these spans. This segmentation accounts for a percentage of total 24-hour
variation that is nearly as high as square wave modeling, which is optimal in this respect.
In addition to the square wave fit parameters, blood pressure gradients at the transience
times are calculated,

Various factors influence the validity of these blood pressure gradients sl,, and sl -
First, their values depend on the number of harmonics in the model. The relevance of this
number is stressed by the very poor performance of the four-harmonic model applied to
our data and by the different blood pressure gradient values oblained by the various
models. This number is dependent on the number of measurements in the profile.'®
Furthermore, it is dependent on the between-measurement variation, as we have
demonstrated, and on the statistical criterion used to decide on this number. In our
material, at least 10 harmonics were needed in the Fourier model. We could partially
attribute the discrepancy to the use of single measurements in the former study, which
introduces additional between-measurement variation. Furtherimore, the subjects in the
study by Chau et al'? had 8-hour labor tasks during the registration, This may have caused
a more sinusoidal form of individual blood pressure profiles, and such profiles may be
described by fewer harmonics. As a consequence of the increased number of harmonics
needed for the modeling of our material, a new criterion using visual identification of
borders of the low pressure span was needed to determine times of transience between
high and low pressure. This makes the procedure laborious and subjective.

Second, global criteria are used to decide on adequacy of the fit, whereas blood pressure
gradients are a local property of the signal, for which the fit may not be adequate, I this
is the case, estimation of blood pressure gradients sl,; and slg,,,,, may be biased. For these
reasons, blood pressure gradients obtained by this method are greatly influenced by the
method of measurement and subsequent analysis, and it is not evident that the values
presented so far are in fact mainly determined by the analyzed blood presswre profiles, The
values should be interpreted with great care, and their use is limited by the incomparability
between different measurement protocols, When estintation of blood pressure gradients
is not among the purposes of blood pressure modeling, square wave fitting is a more
objective and direct way of estimating t,,, tywn BPyg, and BE,,, and is optimal with
respect to the least square error of the fit.

An interesting finding of the present study is the discrepancy between t,; as determined
by visual inspection and square wave fitting on one hand and the Fourier modef with 10
harmonics on the other hand. In a few cases, harmonic analysis resulted in values of' t,,
that were 2-4 hours earlier than the values determined by observers or by square wave
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fitting. Since harmonic analysis indicates the largest gradient in the ascending track of
blood pressure, we conclude that in these cases, the major part of the blood pressure rise
is not at the time of'the largest gradient, but occurs more gradually later in the morning.
Since the gradient has been reported to be largest just afier wakening, this suggests that
segmentation based on the sieeping and wakening times is in some cases less appropriate
for the modeling of circadian blood pressure variation.

The conclusions based on the current study are valid for hospitalized patients and probably
hold for any population with a constant level of activity during the day. Additional
research, however, is needed to assess the percentage of variation that the model accounts
for in blood pressure profiles of outpatients.

Appendix - Conventional Methods of Modeling

Visual Inspection

Two independent observers, who were familiar with blood pressure registrations but not
acquainted with the square wave fitting method, were asked to divide the 24-hour
registrations of mean arterial pressure in twvo complementary periods of activity and rest.
For this segmentation, the combined information of clock time and 24-hour graphs of
heart rate and systolic, diastolic, and mean arterial blood pressure was used. Subsequently,
the average of mean arierial blood pressure observed during both periods was calculated.
In this way, the 24-hour blood pressure profile was modeled as two periods of constant
pressure. Values of't,, and ty,,,,, were compared to detect observer bias. For this purpose,
the sign of the difference between both observers was tested for random distribution at a
significance level of 95% (sign test with ties'®). Furthermore, mean values and standard
deviations of the differences were calculated.

Segmentation by Clock Time

If the activity of a group of subjects is tightly coupled to the time of day, as is the case in
a hospital environment, their activities will be synchronized rather strictly. In such a case
clock time may be used to select periods of high and low blood pressure. We used the
times of turning off the lights and of serving breakfast in the hospital (23:00 hour and
7:00 hour, respectively) to segment blood pressure profiles in two periods and modeled
the 24-hour blood pressure profile using the average blood pressure during these two
periods.

Minnesota Cosinor Method (One Harmonic)

This method enables the detection of a sinusoidal rhythm and the objective and
quantitative determination of its amplitude and phase. It has been used by its authors'*"
and others?®?! to describe circadian blood pressure variation. Elaborate and critical
reviews of the method are given by van Cauter and Huyberechts? and Bingham et al®.
in short, the method fits a cosine with a period of 24 hours to a blood pressure profile. The
phase of the fitted cosine is inverted and referred to as “acrophase”. Amplitude and
acrophase of the fitted cosine are subsequently used to describe circadian variation.
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Segmentation Based on Modeling With Multiple Harmonics

The method described by Chau et al'? quantifies the shape of a 24-hour blood pressure
profile by Fourier modeling. The number of harmonics that is used in the model is
determined by a statistical criterion. The modeled profile is not used to calculate circadian
variance directly; instead, it is used to segment the original profile in a high and a low
pressure period. This procedure thus defines a set of parameters identical to the square
wave fit, which are used as characteristics of circadian blood pressure variation.

The segmentation is performed by identification of the minimum of the synthesized
profile, followed by determination of the inflection points at both sides of this minimum
{see Figure 6A for an example). These points are taken to be the points of transition
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Figure 6. Modeling of circadian variation of blood pressure by harmonic analysis, using four,
eight and 10 harmonic models. For the four-harmonic model (Panel A), inflection points in the
model nearest to the minimum pressure (O) define t,, and t,,,, This results in unrealistic values
and a short modeled low pressure period. For the eight- and 10-harmonic models (Panels B and
C), a relevant subset of inflection points is selected visually (0). From these, inflecfion points
with the largest blood pressure gradients (indicated by s, and sl,,,,) define 1., and {4,
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between the period of low and of high blood pressure. In addition, the slopes in the
modeled blood pressure profile at these poinis are determined. These parameters indicate
the maximum blood pressure gradients of the synthesized function and serve as additional
characteristics of circadian variance. We will refer to them as sl and sly,,, respectively.
In this way, the method characterizes diurnal variation by a total of six parameters.

A fundamental part of the method is the determination of the number of harmonics needed
for an adequate fit. Since the procedure for this determination is not explicitly described
by Chau et al’?, it will be outlined here. A fit of a Fourier model to a single blood pressure
profile is considered adequate if the distribution of positive and negative values of the
residuals of the fit is random. To establish whether in a fit this criterion is fulfilled, the
sequence of residuals in their chronological order is subdivided into alternating
subsequences of positive and negative values. Such subsequences are called runs and for
such runs a statistical test can be appiied to verify a null hypothesis of random
distribution®’, In fact, the expectation value E(r) of the number of runs and the
corresponding standard deviation S(r) under the nuil hypothesis are known. Thus, for a
single fit yielding R runs, the test statistic

_ R - E)
S(r)

may be defined. This statistic is approximately standard normally distributed under the
null hypothesis. This implies that each profile has a probability smaller than or equal to
0.05 to produce a z-value outside the range -1.96<z<1.96. In the original study by Chau
et al'?, the mean z-value (z,,..,) and the number of z-values out of the reference range were
used to decide on adequacy of a Fourier model. According to their analysis, four
harmonics were needed for an adequate fit of their blood pressure registrations. The exact
criterion used for this decision, however, is not explained. For an objective comparison
of our resulis to those obtained by Chau et al'%, an unambiguous definition of this criterion
is required. For this purpose, we investigated two possible criteria,

When the z-values resulting from n independent fits are considered to be a sample of n
elements from a standard normal distribution, it may be tested whether the mean value of
z found for n fits is compatible with zero, The means calculated from a sample of n follow
a normal distribution with (in this case) zero mean and a standard deviation of 1/Vn.
Therefore, assuming a significance of 95%, harmonics should be added to the model untit
the mean value of z is in the range from -1.96/¥n to 1.96/V/n,

The study of Chau et al'? uses a sample size of forty-five 24-hour blood pressure
registrations (n=45}, corresponding fo a 95% prediction range for 7z, from -0,292 to
0.292. Using this criterion, none of the Fourier models presented in their study describes
the systolic pressure adequately, and a model with five harmonics is adequate for diastolic
pressure only. A different and more permissive criterion can be formulated using the
probability levels of z-values resulting from individual fits. If the mode! is adequate, each
profile has a probability smaller than or equal to 0.05 to produce a z-value outside the
range -1.96<z<1.96. The 95% prediction interval for the maximum number of z-values
out of this range in a sample of n elements is subsequently calculated assuming a binomial
distribution. From n=45 it follows that only Fourier models that result in four or fewer
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z-values out of the range -1,.96<2<1.96 are acceptable at a significance level of 95%. For
the data presented by Chau, this appears to be the case for both systolic and diastolic
pressure if a Fourier model with 5 harmonics is used; a Fourier model with four harmonics
is sufficient for diastolic pressure only. Since they concluded from their data that four
harmonics offered an acceptable fit for both pressures, probably neither the first nor the
second criterion has been used.

To establish the sensitivity of the method to the number of harmonics used, we performed
calcuiations using a Fourier model with four harmonics as in the study by Chau, a model
with 10 harmonics as is required by our first criterion, and a model with eight harmonics,
which is sufficient according to the second criterion. The use of more than four harmonics,
however, requires a modification of the original segmentation procedure. In the study by
Chau, the limits of the low and high pressure span correspond to the inflection points in
the synthesized blood pressure profile nearest fo the minimum pressure (Figure 6A). The
addition of more harmonics to the model, however, increases the number of inflection
points, and therefore decreases their distance. As a consequence, a fit modeled by, for
instance, eight harmonics produces low pressure spans with a duration of approximately
two hours, which obviously is an unrealistic value. Therefore, we modified the algorithm
of Chau et al as follows. Each 24-hour blood pressure profile in our sample included a
large period of relatively low pressure, approximately during the period of rest. This
period induced a minimum pressure in the modeled profile, and a surrounding trough. The
sides of this trough were identified visually. Some of these sides appeared short and steep,
and showed one inflection point, which was selected as a transition between the high and
low pressure span, In some profiles, however, the transitions were gradual and elongated,
and contained two or three inflection points, as is illustrated in Figure 6B and 6C. In such
cases, the inflection point with the largest blood pressure gradient was chosen. This
modified algorithm was applied when more than 4 harmonics were used in the Fourier
model.
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To the Edifor:

In a recent article in Hypertension, Degaute and coworkers' applied the periodogram
method as published by van Cauter in 19792 for the modeling of 24-hour profiles of blood
pressure and heart rate, Although we agree with the authors that the objective description
of such profiles is served by a mathematical model, the use of harmonic analysis for this
purpose is not without hazards. A question of particular interest concerns the number of
harmonics that should be used in the model, especially when the analysis is aimed at the
extraction of particular form characteristics of the underlying waveform. Degaute et al',
fitting at most three harmonics, postutated a bimodal form of 24-hour blood pressure and
heart rate protfiles. However, the adequacy of their fit should be established by a statistical
criterion demonstrating random distribution of the fit’s residuals. Surprisingly, Degaute
et al' did not provide data relevant to this matter, although the original publication of
van Cauter included two tests for this purpose.

In a recent study by Chau et al’, also based on intermittent blood pressure measurements,
at least four harmonics were needed to model circadian variation. Qur own research on
continuous blood pressure measurements® indicates a need for at least twice this number
and explains the smaller numbers found in studies based on periodic (cuff) measurements
by between-measurement variation. It seems therefore ualikely that conclusions on form
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Figure 7. Line plot shows simulated blood pressurve (solid line), modeled by the periodogram
method as described by Degante et al’ (dashed line). The two maxima in modeled blood pressure
do not represent the form of the actual biood pressure profile during the day, instead, they are
induced by the nocturnal blood pressure fall.

83



characteristics of blood pressure profiles may be based on a three-harmonic model.

To demonstrate the pitfalls associated with harmonic modeling, we constructed an
artificial 24-hour blood pressure profile, containing no variation except a pressure fall
during sieep from 23:30h to 7:30h (solid line in Figure 1)}. Modeling with the described
periodogram technique, using at most three harmonics, yields a bimodal profile (dashed
tine) with a profound nocturnal nadir at 3:20 hour and morning and evening acrophases
at 11:30 hour and 19:20 hour, respectively. These results are very similar to those reported
by Degaute et al' (3:39 hour for the nadir, and acrophases at 10:53 hour and 20:00 hour),
Since in our simple example there is no variation whatsoever during the day, the morning
and evening acrophases must be interpreted as modeling artifacts, induced by the
nocturnal blood pressure fall. Indeed, looking at the profiles of, for example, systolic
pressure in Figures | and 2 in the article by Degaute et al', these profiles may be as well
inferpreted as trimodal, with a third peak at approximately 14:00 hour. We conclude that
the bimodality postulated by the authors is rather a consequence of the modeling technigue
than of blood pressure, Modeling attifacts such as those in this simple example may be
detected by an examination of the residuals, If such an analysis is not performed, the
quantification of form characteristics is not justified.

Also, we do not agree with the authors’ statement that the reliability with which diurnai
variation can be detected is dependent on the value of the amplitude expressed as a
percentage of the 24-hour mean. For instance, adding a constant value to the
measurements leaves the form of the profile intact and, as a consequence, the reliability
of rhythm detection. However, this procedure diminishes the amplitude expressed as a
percentage of 24-hour mean. In our opinion, only the modeled variance expressed as a
percentage of total 24-hour variance is relevant for this purpose. Since values of modeled
and total variance are not reported, we conclude that there is no indication in their article
that diurnal variation is more reliably detected in diastolic than in systolic pressure.
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Introduction

In Chapter 4', the square wave {it was introduced for the modeling of the circadian
variation of blood pressure. The method performed satisfactorily in profiles consisting of
continuously recorded blood pressure in healthy subjects, The precision and the accuracy
of the square wave fit parameter estimation, however, depend on the amplitude of the
diurnal variation, and may therefore be decreased if the diwnal variation of blood pressure
is attenuated. The parameter estimation is also dependent on the number of samples in the
registration, and on the noise that is introduced in the signal by the measurement error and
by blood pressure fluctuations, We assessed the dependency of the square wave fit on such
variables by so-called Monte Carlo experiments. In these experiments, the square wave
fit was applied to different square waves contaminated with noise. Precision and accuracy
were assessed by comparing the parameters resulting from these fits to their predefined
values.

Methods

Precision and Accuracy

The quality of a method of measuring is conveniently described in terms of precision and
accuracy. Precision is a measure of reproducibility. it is by convention expressed as the
standard deviation of repeated measurements of the same feature. Note that a smaii
standard deviation indicates a high precision. The systematic error or bias of a
measurement is defined as the average ditference of repeated measurements and the true
value. A positive bias indicates that the measurement overestimates the true value,
whereas a negative bias incidcates an underestimation. Accuracy refers to the absence of
bias, and hence a high accuracy implies a small absolute value of bias.

General Outline of the Monte Carlo Experiments

For the Monte Carlo experiments, a squarc wave model of diurnal blood pressure variation
contaminated with normally distributed ("white") noise was assumed. In all experiments,
the standard deviation of the noise was 8.0 minHg throughout the 24 hours. This is
approximately the value we have found in normotensive outpatients (see Chapter 7) after
rejection of outliers, and corresponds to values reported by Berardi and co-workers? in
non-invasive blood pressure measurements,

The precision and accuracy of the square wave fit parameter estimation are determined
by the number of measurements in the profile, and by the signal to noise ratio (SN-ratio},
i.e., the ratio of the variances contained in the square wave and in the noise. The number
of samples in the profile is determined by the investigator who selecis the frequency with
which the blood pressure is measured, whereas the SN-ratio depends on the blood pressure
pattern in the subject under study, and on the quality of the measurement. In the square
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wave model assumed for the Monte Carlo experiments, the SN-ratio is determined by the
ratio between the square wave amplitude and the standard deviation of the noise (AN-
ratio), and by the lengths of the low and high period.
Monte Carlo experiments were performed for different sampling frequencies and for
different lengths of the low and high period. In each experiment, the AN-ratio was varied
in eleven steps between zero and 4.0, For gach value of the AN-ratio, a large number (see
below) of artificial 24-hour profiles contaminated with white noise was generated by
means of SAS statisticaf sofiware (SAS V6.04 for Personal Computers, SAS Institute Inc.,
Cary, North Carolina, USA). Subsequently, a square wave was fitted to each profile, and
the square wave parameters amplitude and t,, were determined. These values were
subsequently used to calcutate the precision and accuracy of the square wave parameter
estimation for the corresponding AN-ratio.

Dependency on Sampling Frequency
The dependency on the sampling frequency was assessed by fixing the length of the low
period to 8 hours and by generating artificial profiles with a sampling frequency of 2.5 per
hour and six per hour, The first value was chosen since most non-invasive ambulatory
blood pressure profiles in our department are recorded with a frequency of approximately
2.5 measurements per hour, and the value of six measurements per hour was chosen since
we consider this the highest measuring frequency that is acceptable to most subjects,
although some authors have reported frequencies up to 8 measurements per hour®. In this
way 300 profiles consisting of 60 sample in 24 hours, and 100 profiles consisting of 144
samples in 24 hours were gencrated.

Dependency on Length of Low and High Period
The dependency of the square wave fit on the length of the low and high period was
assessed by fixing the sampling frequency

at 2.5/hour and sctting the length of the 6
low period to four, eight, and 12 hours,
respectively. For each length of the low 51
period, 300 profiles were generated. z
E 4
Amplitude E 3]
The accuracy of the amplitude estimation ;‘:-i
was calculated as the average ditference of E 5]
the amplitude from the predefined values. u
The precision was calculated as the 1]
standard deviation of this difference. When
interpreting the values for precision it 0 ————
o 1 2 3 4 5 6 T 8

should be considered that the standard .
Sampling Fraquency (fhour)

deviation of the amplitude estimation Figure 1. Line plot represents the standard
cannof decrease l.)elow the standard .0 S caused by the sampling error of the
deviation SE of the difference between two night-day difference of mean arterial pressure
“statistical" samples. If both samples have g5 g fimction of sampling frequency. Data are
and equal standard deviation SD, as is the  calenlated for a standard deviation over the
case in the present model, SE depends on  high and low period of 8.0 mmHg and a length
the number of observations n; and n, in the of the fow period of 8 hours. Dashed lines

two Sanlples according t0 (1), indicate the samplingﬁ‘equericies usedfor the
Monte Carlo experiments.
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and therefore on the length of the low and high square wave period and on the sampling
frequency (for an example see Figure 1). For a proper inferpretation of the precision, the
standard deviation of the square wave amplitude must be compared to this lower limit.

Transience Times

For the caleuiation of the statistics of clock time, a technique must be used that takes the
circular aspect of these data into account. Methods that apply fo such data have been
developed for the analysis of directional data’. A description of these techniques is
supplied in an Appendix. In short, clock time values are expressed as unit vectors with a
length of 1.0 (by definition) and a direction that is given by the angle with zero on a 24-
hour clock. Average and dispersion of a number of clock times arc determined by
calculating the vector average of the corresponding unit vectors, the so-called mean
directional vector (MDV). The direction of the mean directional vector corresponds to the
average time, whereas the length of the mean directional vector (MDVL) is a measure of
dispersion. The range of the MDVL is between zero and 1.0, If all vectors have the same
direction, the length of the average vector is 1.0, whereas the length is approximately zero
if there is no preferential direction in the vectors. Therefore, the MDVL is inversely
related to dispersion, and proportional to precision,

The precision and accuracy of the estimation of transience times was calculated as
follows. The differences of the modeled values for t,, from the predefined values were
expressed as unit vectors as described above. Subsequently, precision and bias of the
estimation of t,, were calculated as the length and angle, respectively, of the vector
average of these unit vectors. The calculations were performed for t,, only, since ty,,, has
identical values for precision and opposite values for bias.

Significance of Square Wave Fit

The assumption that underlies the fitting of a square wave to a blood pressure profile is
the presence of a square wave pattern, or a square wave-like pattern, in the blood pressure
profile. The presence of such a pattern can be assessed by testing a null hypothesis H, that
the square wave provides no better a description of the blood pressure profile than its
simple mean. Thus, H, is rejected if the residuat variance around the fitted square wave
is significantly smaller than that around the 24-howr mean, The ratio between these two
variances can be calculated directly from cc,,,’, since this parameter represenis the
fraction of the total variance that is modeled by the square wave fit. Under the nult
hypothesis, this ratio will follow an F-distribution after correction for the degrees of
freedom, (one degree of freedom is lost with the estimation of the simple mean, and four
degrees of freedom are lost with the estimation of the square wave parameters). Thus, for
a profile consisting of n measurements, the I-ratio is calculated according to (2),
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F= * @

7 CChmax

and for statistical significance of the square wave fit at a level of p<0.05, one requires
that F>Fp g5, 1 y-4y-

In (2) it can be seen that the statistical power of this test is dependent on ce,, and
therefore on the SN-ratio in the profile. Rejection of non-significant fits from a sample of
blood pressure registrations may therefore be expected to attenuate the accuracy of, e.g.,
the amplinide of the square wave fit, since fits with a small AN-ratio will be preferentially
rejected. The effect of rejecting non-significant fits was investigated by repeating the
calculation of the precision and accuracy of the estimation of amplitude and t,, for

significant fits only.
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Figure 2. Line plots represent standard ervor (leff panels) and bias (vight panels) of
square wave fit amplitude estimation as a function of amplitude to noise ratio for a
measuring frequency of 2.3 and siv measurements per howr. Data are calculated for a
length of the low period of 8 howrs and a standard deviation over the high and low period
of 8.0 mmHg. Upper panel, all fits; lower panel, significant fits only. Horizontal dashed
lines in lefi panels represent the standard error due to the samiple size ervor for a

sampling frequency of 2.5/hour (upper line) and 6/howr (lower line).
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Results

Amplitude

The precision and accuracy of the square wave amplitude are depicted in the upper paneis
of Figure 2. As expected, the precision and accuracy increase with increasing AN-ratio.
For AN-ratio’s smaller than 1.0, the precision and accuracy sharply decrease. As expected,
the precision and accuracy are better for the high sampling frequency than for the low
sampling frequency. For an AN-ratio of zero, however, these values are independent of
sampling frequency. In this case, only the noise is modeled, and the percentage of noise
that can be modeled is independent of the sampling frequency. The positive bias of the
amplitude estimation implies that some noise is modeled by the square wave fit.

If only the significant fits are considered (lower panels of Figure 2}, the precision of the
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Figure 3. Line plots represent the standard ervor (Teft panels) and bias (right panels) of
the square wave fit amplitude estimation for different lengths of the low period. Data are
calculated for a sampling frequency of 2.5/howr and a standard deviation over the high
and low period of 8.0 mmHg. Upper panel, all fits; lower panel, significant fits oniy.
Horizontal dashed lines in left panels represent the standard error due to the sample size
error for lengths of the low period of 4 hours (upper line), 8 howrs (middle line), and
12 hours (lower line).

93



amplitude estimation appears (o increase dramatically. In fact, the standard error decreases
below the sampie size induced standard error. The bias, however, increases, in particular
for the low sampling frequency. These two phenomena can be explained by selection bias.
Fits with a larger modeled amplitude tend to be more significant, and selection of
significant fits will therefore preferentially exclude fits that have a smail amplitude. This
selection results in an increase of the average amplitude in the remaining fits, and in a
decrease of the variation. Since the fraction of significant fits decreases with sampling
frequency, the selection bias is most prominent for the low sampling frequency.

In Figure 3, the dependency of amplitude estimation on the length of the low period is
depicted for a sampling frequency of 2.5/hour, The precision increases as the length of the
low period approaches 12 hours. It can be easily verified that for a given amplitude, the
variance in a square wave is maximal if the low and high period have an equal length, and
that the SN-ratio is therefore optimal if the length of the low period is 12 hours. For the
three square waves having lengths of the low period of 12 hours, 8 howrs, and 4 hours, the
SN-ratios are quantitatively related to each other as 9:8:5, respectively. This explains the
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Figure 4. Line plots represent precision (lefl panels) and bias (right panels} of t,-estimation as
a function of the AN-ratio for different sample frequencies. Precision is represented by the length
of the mean directional error vectors. Upper panels, all fits; lower panels, significant fits only.
At,,, difference of modeled with predefined value of t,,
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increase of precision with increasing
length of the low period. The bias of
the square wave amplitude 1.0 -
estimation, however, is insensitive 0.9
to the length of the low period. If
only significant fits are considered,
the standard error decreases
considerably at the cost of an
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Fraction of Significant Fits

In Figure 5, the fraction of square wave fils for which p is smaller than 0.05 is displayed.
In order to attain a percentage of at least 90% significant fits, the AN-ratio should be at
least 1.5 for a sampling frequency of 6/hour. For a sampling frequency of 2.5/hour, this
ratio should be at least 2.0 (2.5 if the length of the low period is 4 hours),
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Discussion

The results of the Monte Carlo experiment in the present study are in accordance with
what is expected on theorefical grounds. The quality of the fit improves with an increasing
sampling frequency, increasing amplitude of the square wave, and decreasing difference
between the lengths of the high and the fow period. The first phenomenon can be
explained by decreasing sample error, and the last two phenomena can be explained by
an increasing signal to noise ratio.

[f blood pressure is measured six times an hour, and a length of the low period of
cight hours is assumed, the square wave parameters can be reliably estimated if the
amplitude is not smaller than the standard deviation of the noise. In such profiles, the
mean+SD of the amplitude error are smaller than 0.5+2.0mmHg, whereas the sample
standard error alone is 1.4 mmHg. The bias of't, is a few minutes, with a mean directional
error vector length of 0.96, which corresponds to a standard deviation of approximately
1.0 hour. About 20% of the fits have a p-value <0.05. 1f the AN-ratio is smaller than 1.0,
the bias of the amplitude estimation increases to such an extent that the modeled
amplitude will not decrease. In fact, if no restrictions are imposed on the {it, the average
modeled amplitade will increase as the AN-ratio approaches zero. Since the underlying
square wave disappears, it no longer restricts the phase and the length of the low period
of the fitted square wave which thereby becomes “fiee” to optimally fit to the noise.

If blood pressure is measured 2.5 times an hour, the square wave parameter estimation is
reliable if the AN-ratio is not smaller than 1.5. In such profiles, the mean+SD of the
amplitude ervor are 0.542.5mmHg, whereas the sample standard error alone is 2,2 mmHg.
In this case, the bias of {, is a few minutes as well, with a mean directional error vector
length of 0.96. About 40% of the fits have p<0.05. Since in healthy subjects the AN-ratio
is approximately 1.5, blood pressure recordings should not consist of fewer than 2.5
measuremenis an hour. Preferably, the sampling frequency should be higher, since the
AN-ratio will not be constant in the group, and the amplitude in the registrations with the
lowest AN-ratios will be overestimated. In groups that may be expected to have an
attenuated blood pressure rhythm, the blood pressure should be measured even more
frequently. The necessity for an adequate number of samples is common to the square
wave and other models of circadian variation, An alternative segmentation method
described by Chau and co-workers* was applied in 24-hour profiles consisting of 96
measurements, whereas profiles that were modeled by the periodogram method by
Degaute et al’ consisted of 144 measurements.

As an example, consider a blood pressure profile recorded in a normotensive subject
having a mean arterial pressure of 100 mmHg during the day-time, and of 85 mmllg
during the nighttime. The profile is recorded with a frequency of 2.5 measurements per
hour, and the lenght of the low pressure period is eight hours. Assuming a standard
deviation of blood pressure of 8.0 mmHg, the AN-ratio is approximately 2.0, The square
wave fit overestimates the amplitude in this profile by 0.4 mmHg (Figure 2, upper right
panel). The sample size related imprecision of the ampiitude is 2.2 mmHg, and the
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additional imprecision induced by the square wave fit is negligible (Figure 2, upper left
panel).

In a hypertensive subject having 25% higher values of the 24-hour average blood pressure,
of the nocturnal decrease in blood pressure, and of the standard deviation, the AN-ratio
is identical. Because of the larger standard deviation in this subject, the bias and
imprecision are increased by 25% in comparision with the normotensive subject. The bias
of the amplitude is therefore 0.5 mmElg, the sample size related imprecision is 2.8 mmHg,
and the square wave induced imprecision is approximately 0.1 mmHg,

In order to establish whether the square wave fit can be used to assess the diurnal variation
of blood pressure in an existing set of registrations, it must be established whether the AN-
ratio in the profiles is sufficient for the given sampling frequency. If it is assumed that the
group under study is homogeneous and that the length of the low pressure period is
approximately 8 hours, the AN-ratio can be tentatively estimated from the fraction of
significant fits in the group. This fraction must be at least 40% in profiles consisting of 60
samples, and at least 20% in profiles consisting of 144 samples. The values for different
sampling frequencies can be derived from Figure 5.

The square wave amplitude can be used as a quantitative measure of the circadian
variation of blood pressure only if the blood pressure rhythm is not severely attenuated,
since the estimation is positively biased for small amplitudes, In cases of severe
aftenuation, the square wave fit can still be used to obtain qualitative information on the
blood pressure rhythm, First, the estimation of't,,, is less sensitive to the AN-ratio and may
still be valid with the given AN-ratio. Tn this case, the distribution of this parameter over
24 hours may reveal differences between groups. Second, the fraction of significant fits
in a group provides a qualititive measure of the diurnal variation in the group.
Exclusion of non-significant fits does not improve the assessment of ihe square wave
amplitude since it increases amplitude-dependent bias. It can be used, however, to obtain
a more reliable estimation of the transience times in the group.

In the current Monte Carlo experiment, the precision and accuracy of the square wave fit
can be increased at will by increasing the sampling frequency. For blood pressure profiles,
this is not possible. This is in part due to the practical limitations of cutf measurements,
but these can be overcome by continous blood pressure measurement which generates a
24 hours profile consisting of more than 100,000 samples. A more fundamental problem
is that the variation during the low and high pressure period in the blood pressure profile
does not consist of white noise. Instead, the various fluctuations of blood pressure during
the night and the day must be considered as an autocorrelated form of noise. Increasing
the sampling frequency will therefore increase the information over the actual blood
pressure during the high and low pressure period only to a limited extent.

Conclusion

In conclusion, this study confirms that the precision and accuracy of the square wave fit
parameters are dependent on the measuring frequency, the length of the high and low
period, and on the AN-ratio. In most healthy subjects, the amplitude of the diurnal
variation is approximately 1.5 times the standard deviation over the day and night, and in
such cases the square wave parameters can be reliably estimated in profiles consisting of
2.5 measurements per hour, If the amplitude is attenuated, but larger than the value of the
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standard deviation over the day and night periods, the square wave fit can still be applied,
but a higher measuring frequency is required. If the diurnal amplitude is smaller than the
standard deviation, the square wave amplitude cannot be estimated reliably, but the
transience times may stifl indicate the presence of a rhythm. In all cases, the percentage
of square wave fits that are significant must be calculated to verify (he validity of the
method. The non-signficant fits should not be rejected since this introduces bias in the
modeling.

Appendix - Analysis of Directional Data

Introduction

For an adequate analysis of clock time values, the circular character of these data must be
taken into account. This can be intuitively understood by considering two clock time
values t;, 5 minutes before midnight, and £, , 5 minutes afier midnight, These fwo values
are almost identical and intuitively have an average value of 0:00 hour (midnight) and a
standard deviation of a few minutes. However, if the values 23:55 hour and 0:05 hour are
used to calculate the parameters of a normal distribution, an average of 12:00 hour (noon)
and a standard deviation of 16:51 hour is found. This problem can be mitigated by
expressing the values as differences with an estimated average, e.g. 0:01 hour, and by
subsequently expresssing the values as the differences with the estimated mean, i.e.
-0:06 houwr and 0:04 hour, respectively. The mean+8D of these new valucs is
0:00+£0:07 hour, which is better in accordance with expectation. For more dispersed values
of clock time, however, this algorithm is of no value. For example, the average time of
midnight and noon cannot be estimated in a rational way.

For the analysis of clock time values, methods can be used that have been developed for
the analysis of directional data, The development of many of these techniques was
originally inspired by problems in the Earth sciences’, c.g., for the analysis of the
orientation of geological characteristics in the landscape. According to these techniques,
directional data are represented by unit vectors, and characteristics of the distribution of
directional data are derived from these unit vectors.

Mean Vector Time and Dispersion
Clock times can be thought of as unit vectors, as can be understood by considering a unit
vector as the hour hand of a clock with a 24-hour scale. The unit vector is represented by
the angle & with the X-axis. Since the zero point of clock time is at midnight (24:00 hour),
which is by convention at 90 degrees with the positive X-axis, and the mathematical
convention is to measure angles in the counterclockwise direction from the positive
X-axis, clock time t is converted to O by (3).
n 2T Rf

2 24

3

with 0 expressed in radians and t in hours on a scale from 0:00 to 24:00 hour.
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The dominant direction in a set of vectors can be found by computing the resultant vector
R. The X and Y components of R for n unit vectors are calculated according to:

"
X, Zm cos 0,

B " .
Y, = Zi=l sin 0,

“)

in which 0; denotes the direction of the unit vectors, The X and Y coordinates of the mean
directional vector R are caleulated according to:

X
_C_:_’
n
(5)
Yr
s ==
n

The direction  of the mean directional vector is calculated as the inverse tangent of the
ratio of S and C:

S
0 = arctan | — (6)
C

and the length of the mean directional vector R is calculated as:
R =y () + (5 )

The length of the mean resultant vector ranges from zero to one. It is a measure of
dispersion, but expressed in the opposite sense, i.e. large vaiues of R indicate that the
observations are tightly bunched together with a small dispersion, while values of R near
zero indicate that the vectors are widely dispersed. Other directional statistics can be
computed, including circular analogs of the standard deviation, mode, and medjan.
Equations for these are given by Gaile®.

Circular distributions are conveniently described by the von Mises distribution, which is
a circular variant of the normai distribution and is determined by the mean direction 8 and
a concentration parameter k. The von Mises distribution is unimodal and symmetric
around the mean direction. As the concentration parameter increases, the likelihood of
observing a directional measurement very close to the mean direction increases. If K is
equal to zero, all directions are equally probable, and the distribution becomes a circular
uniform one.
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It is difficult to determine x directly, but the concentration parameter can be estimated
from R, if it is assumed that the data are a sample from a population having a von Mises
distribution. Tables of x calculated by maximum likelihood estimates from R are provided
by Davis® and Mardia’,

Test for Randomness

A simple hypothesis that can be tested is that the directional observations are random. In
other words, there is no preferred direction, or the probability of occurrence is the same
for all directions. [f it is assumed that the observations come from a von Mises
distribution, the hypothesis is equivalent to stating that the concentration parameter k is
equal to zero. The test is performed by calculating R according to (7). This statistic is
compared to a tabulated critical value of R for the destred level of significance. If the
computed statistic exceeds the critical tabulated value, the null hypothesis k=0 is rejected
and the observations may be presumed to come from a population having a preferred
orientation. Critical values for R for various levels of significance are given by Davis® and
Mardia®. The test can also be applied to the difference of paired observations. In this way,
in analogy to, e.g., a paired t-test, the significance of the directional difference between
pairs of obgervations can be assessed. The test for random orientation was originally
developed by Lord Rayleigh at the turn of the century. A more recent description is given
by Mardia’.

Test for a Specified Trend ,

It may be of interest to test the hypothesis that the observations are compatible with a
specific preferred direction. Exact tests of the hypothesis that a sample of observations has
been taken from a population having a specified mean direction require the use of
extensive charts in order to set critical values®. A simpler alternative is o estimate a
confidence angle around the mean direction of the sample, and to verify if this angie is
sufficiently large to encompass the hypothetical mean direction. Before computing the
confidence angle, the data should be inspecied or tested for compatibility with a von Mises
distribution. Subsequently, the Rayleigh test should be applied o confirm: that a
statistically significant mean direction does exist. The approximate standard error of the
mean direction, given in radians, is

|
SE = (8)

nRK

Assuming that estimation errors are normally distributed, the confidence interval may be
estimated as

0+ ZSE )

in which Z, is the critical value for a standard normal distribution at a significance level a.
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Square Wave Fitting of Non-Invasive
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Introduction

In Chapter 4', a square wave model of circadian blood pressure variation was introduced
and compared to existing models. The model was evaluated on profiles consisting of
continuous intra-arterial blood pressure measurements recorded in subjects who were
hospitalized in order to standardize environmental conditions. Intra-arterial recording,
however, is an invasive method and it is not available to most investigators.
Hospitalization is costly in terms of patient time and money and although it standardizes
recording conditions, the parameters obtained in this condition may not be representative
of the normal day to day blood pressure behaviour®, In the present study we therefore
investigate the applicability of the square wave fit for modeling 24-hour profiles
consisting of non-invasive measurements obtained in normotensive outpatients, Since the
activities of these subjects were not synchronized, the relation between the transience
times of the square wave model and the times of rising and going to bed will be analyzed
in particular,

Table 1, Characteristics of Subjects and Blood Pressure Recordings

Average 24-hour Average 24-hour Time of Iu.ne of
No. of Going to
Subject Age(y) M ) Heart Rate Mean Arterial Rise

casurements (bpm) Pressure (mmHg)  (hours) Bed
p {hours)

1 48 63 74 101 7:45 23:00
2 45 54 67 87 10:45 0:00
3 34 60 63 89 8:15 23:00
4 31 60 91 90 4:45 22:00
5 45 6! 76 94 9:36 1:30
6 47 48 70 90 7:30 0:00
7 44 54 79 105 8:15 23:15
8 35 57 72 93 7:30 0:30
9 48 61 81 117 6:10 22:00
10 53 56 83 89 8:45 23:30
11 45 55 74 94 6:40 23:00
12 43 56 60 109 7:20 23:30
13 42 6l 80 101 6:33 23:50
14 3t 49 63 88 11:00 1:45
15 43 55 70 98 8:50 22:45
16 36 58 75 Sl 6:00 23:00
17 51 63 68 102 5:30 22:00
mean 42 57 73 96 7:42 23:26
sD 6.7 4.4 8.1 8.4 1:39° 1:05°

* 8D estimated from mean directional vector length (see (8) in Appendix of Chapter 6)

105



Subjects and Methods

Subjects

The biood pressure
registrations for the present
study were recorded during the
placebo phase of a study on the
effect of fluvastatine and
gemfibrosil on  vascular
reactivity. Subjects for this
study were recruited among
male subjects with a combined
hyperlipedemia (serum
cholesterol 6.0-8.5 mmol/L and
fasting serum triglycerides
2.5-8.0 mmol/L) who were 20
to 50 years of age. Smokers,
subjects  with signs  of
atherosclerosis, and subjects
with a clinic systolic blood
pressure larger than 163 mmHg
or a diastolic pressure larger
than 100 mmHg, were
excluded. The subjects were
otherwise healthy and did not
use any antihypertensive
medication. All subjects gave
informed consent to participate
in the stady which was
approved by the Medical
Ethical Comittee of the
University Hospital Dijkzigt.

Blood Pressure Registrations

Ambulatory blood pressure
registrations were recorded by
means of a  Spacelabs
ambulatory blood pressure
measurement device
{Spacelabs monitor model
90207, Spacelabs Inc.
Redmond, WA, USA). Blood
pressure was measured in the
non-dominant arm. From
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Figure 1. Profiles of mean arterial pressure and heart rate
recorded in subjects 11 and 14 with fitted square waves (see
Results for explanation). The hatched area indicates the
period of bed rest according fo the diaries. Note that the
period of bed rest and the square wave fit have different
phases for the two subjects.
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7:00 hour to 22:00 hour blood

120
S 110 pressure was measured at
JE: v00 20 minute intervals and from
,&f 22:00 hour to 7:00 hour at
: s0 30 minute intervals
I a0 (63  measurements). The

subjects were advised to
continue their daily activities
during the recording period,

~
[~

120

@ 110 but to be inactive and hang
b 100 their arm by their side during
g

. each measurement. Apart from
13 o .

R a visit to the cardiovascular
g 80 faboratory to apply the blood

pressure measuring device, the
subjects were not restricted in
their  activities, and in

140
130 particular were not instructed
120 . .

T 110 4 about the period of night rest,

The subjects kept a diary in
which they noted the time they
went to and rose from the bed.
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Figure 2. Mean arterial pressure (MAP) and heart rate  profiles  was  performed
(HR) recorded in subject 4 {see Resulfs for explanation). In according to a method
the profile of mean arterial pressure, the square wave fit is described by Parati et al’. This
determined by a short period of high pressure during the day h o
. method estimates the range in
rather than by the nocturnal decrease in blood pressure hict 95% ¢ i
(upper panel). By restricting the possible length of the low which 0 N e
period of the fitted square wave fo a range of 5 to 13 hours
(middle panel) the fit is determined by the circadian biood
pressure variation. NRF, non-resiricted fit; RF, restricted [if

0 6

12
Time of Day (hours)

measurements are contained as
the mean+28D, and rejects the
values outside this interval. We
applied the method to the
combined profiles of heart rate and of systolic, diastolic, and mean arterial pressure,
rejecting measurements in which at least one of these four parameters was outside the
interval mean+2SD of the corresponding data distribution. The combined application of
selection criteria, however, increase the rejection rate considerably (in our data to 18%).
Therefore, the sefection interval was extended (o a range that contained approximately
95% of the observations (combination of four measurements). As the new selection
interval the mean+2.58D was chosen, and by this modified procedure, 5.7% of the
measurements were rejected.

Nocturnal Change of Blood Pressure

The nocturnal change of blood pressure was calculated as the difference between the
period of bed rest according to the diary and the complementary period. Arbitrarily,
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subjects were classified as
"dippers" if the nocturnal
change of blood pressure was
more than 10 mmHg and more
than 10% of the 24-hour
average pressure, and as
"non-dippers" otherwise,

Square Wave Fitting

In Chapter 4, an algorithm was
described for fitting square
waves to profiies consisting of
cquidistantly spaced data. This
algorithm was developed for
the analysis of blood pressure
profiles obtained by the Oxford
technique*, This technique
continuously measures 24-hour
ambulatory intra-arterial blood
pressure with little hindrance
for the subject under study, and
technical disturbances of the
blood pressure recording are
almost always of such a short
duration  that in  most
regisirations a  complete
24-hour profile of
representative e.g. 20-minute
averages can be calculated, If
blood pressure is measured
non-invasively, however, a
compromise must be found
between the frequency of
measurements and hindrance
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Figure 3. Profile of mean arterial pressure and heart rale
recorded in subject 10 (see Resudts for expianation).
Although there is a normal circadian variation of heart rate
(lower panel), there is no appareni paitern of circadian
blood pressure variation, and as a consequence, resiriction
of the square wave fit (middle panel) does not improve the
modeling of the circadian blood pressure variation in
comparison with unrestricted square wave fitting (upper
panel).

of the subject. For this reason, blood pressure is often measured with a higher frequency
during the day than during the night. An additional problem with cuff measurements is
that in most cases some of the measurements will fail or will only succeed at a re-attempt
a few minutes after the first measurement. Both mechanisms cause that blood pressure
profiles obtained by non-invasive measurements most often consist of non-equidistantly
spaced data. Since the present study is based on existing blood pressure recordings using
such non-invasive measurements, the square wave fitting algorithm was modified. The
non-equidistantly spaced character of these measurements was accomodated by using the
time interval between measurements as a weighing factor in the calculations, Such a
weighing is necessary if the measurements are not averaged over fixed time periods before
they are used as input for the calculations, in order to correct for the fact that a period with
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a high sampling frequency, e.g., the day, contributes with more measurements to
parameter calculations, e.g,, the 24-howr average.

Fitting a Square Wave to Unevenly Spaced Data
To find the best fitting square wave for a given profile, cross correlations of the profile
with all possible different square waves are calculated. The best fitting square wave is
identified by the highest cross correlation coefficient. The square waves are generated as
discrete functions, only defined at the time points of the actual measurements. For a
profile consisting of N measurements, N*(N-1) square waves exist. This can easily be
verified by considering that the low pressure period consists of at least one measurement
and at most of N-1 measurements, and that for each of these alternatives, there are N
different possibilities for the phase of the square wave.
As a first step in the modified fitting procedure, the profile P that is to be analyzed and
each square wave are standardized to an average level of zero and a standard deviation of
1.0. The standardization is performed by calculating the weighted mean and weighted
standard deviation over the profile, weighing each measurement with the length of the
time period until the next measurement, The weighted mean is subtracted from the
individual measurement values, and the resulting differences are divided by the weighted
standard deviation, Subsequently, for each possible square wave the cross correlation
coeflicient cc is calculated as the weighted average cross product of the N corresponding
values of the square wave and the blood pressure profile. The highest cross correlation
coefficient, co,,,, identifies the best fitting square wave. The transience times of the
square wave to the high and low period, t,, and t,,,,,, respectively, are used to segment the
original blood pressure profile in a high and low period. The low and high level of the
modeled square wave, Py, and Py, respectively, are computed as the weighted average
of the original profile over these two periods. The amplitude of the square wave is
calculated as the difference Py,-Py..
The procedure described above specifies the general principle of fitting by cross
correlation. Since, however, a square wave is a sitnple waveform, the calculations for the
filting procedure can be considerably simplified. First, the low and high levels of the
square waves which are to be fitted can be calculated directly. Since the standardized
square wave has an average value of zero and a standard deviation of 1.0, it follows that
the values of the low level (SW,,,) and high level (SW,;,») of the standardized square wave
are determined by the duration of these periods only, and can be calculated from, e.g., the
tength of the low period L according to (1), in which L is expressed in hours on a scale
from zero to 24 hours.

s~ |24 -1

low ‘\ L
(1)

high — \m
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The square waves that are fitted consist of two constant levels, and therefore the
calculation of the average cross product, which employs N multiplications, can be reduced
to calculating the weighted average of two cross products, i.e. the cross products of SW,,.
and of SWy;, with the corresponding weighted average levels of the profile, weighing the
cross products with L and 24-L, respectively. The number of calculations can be further
decreased by caleulating only the average value over the profile that corresponds to, e.g.,
the low level of the square wave that is to be fitted, and by deriving the average level that
corresponds {o the high level from this value, If can be easily demonstrated that for each
square wave to be fitted, the cross correlation coefficient can be calculated directly from
the {ength of the low period and the weighted average level S, of the corresponding
period of the standardized profile according to (2).

cc = —§ )
low

ile the di X arc i ) , Cf i X 'si A
While the different square waves are fitted, S, can be calculated recursively from
previous values in order to further reduce the number of numerical operations.

Statistics of Clock Time

For the calculation of the statistics of clock time, a technique nwst be used that takes the
circular aspect of these data into account, Methods that apply to such data have been
developed for the analysis of directional data®, A description of these techniques is
supplied in the Appendix of Chapter 6. In short, clock time values are expressed as unit
vectors with a direction that is given by the angle with zero on a 24-hour clock. Average
and dispersion of clock times are determined by calculating the vector average of the unit
vectors, The direction of the average vector corresponds to the average time, whereas the
length of the average vector is inversely related to dispersion,

Conventional Statistics

Clock time statistics were calfculated by means of techniques for the anaiysis of
directional data, In addition, classical mean and standard deviations were calculated as an
illustration of the difference between the two techniques. Correlation of clock times with
diary times was assessed by the Spearman rank correlation coefficient. Before the
correlation calculations, the clock times were expressed as the deviation from their median
value. The purpose of this procedure was to correct for the circular aspect of the clock
times and to express the difference between, e.g., the clock times 23:59 hour and 0:01
hour as 2 minutes rather than as 23 hours and 58 minutes. For parameters other than clock
time, normal distribution was tested by the Shapiro Wilk statistic®, and the significance
of difference from zero was assessed using paired or unpaired t-tests for normally
distributed parameters and by a signed rank tests” otherwise. For the assessment of
statistical significance, a 0.05 significance level was chosen. All statistical computations
were perfomed with SAS statistical software (SAS V6.04 for Personal Computers, SAS
Institute Inc., Cary, North Carolina, USA).
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Results

Subjects and Blood Pressure Registrations

Seventeen male subjects aged 42+6.7 yr participated in the study. The clinical
characteristics of these subjects are listed in Table 1. All subjects were awake from 11:00
to 22:00 hour, and all subjects were asleep from 1:45 to 4:45 hour. The registrations
appeared to be of sufficient quality. Of all scheduled measurements, 95.7% succeeded,
and after the removal of outlying measurements (5.7%), an average of 57+4.4
measurements remained in the profiles.

Square Wave Fitting

In most profiles of heart rate and mean arterial pressure, the divrnal variation was modeled
adequately by the square wave model, as was judged by visual inspection, and the fits
appeared to follow the different periods of night rest in most subjects. Figure 1 depicts two
of such square wave fits in profiles of mean arterial pressure and heart rate. In some
profiles, however, although a normal pattern of diurnal rhythm was present, the square
wave fit appeared to be determined by a period of high blood pressure or heart rate during
the day and not by the nocturnal blood pressure fafl. An example of such a profile is given
in Figure 2,

We did not encounter this problem in square wave modeling of continuously measured
blood pressure in hospitalized subjects'. The phenomenon has been encountered before,
however, in a study employing non-invasively measured blood pressure by Fagard and
co-workers®, This investigator improved the fitting by restricting the length of the low
period. We adopted this modification, restricting the length of the low period to a range
from 5 to 13 howrs (restricted square wave fif). These values correspond to the range we
reported in a study based on continuously measured blood pressure!’.

This modification was evaluated by visual inspection of the profiles and of the square
waves calculated by restricted and non-restricted fitting. It a difference between the fits
occurred, it was classified as an improvement, an indifferent change, or a deterioration.
A change was classified as an improvement if the restriction imposed on the fit improved
the description of the diurnal variation, An improvement occurred in profiles in which,
despite a normal circadian variation, the unrestricted {it was deterimined by a short period
of high blood pressure or heart rate during the day, as was the case in the example of
Figure 2. A change was classified as indifferent if it did neither improve nor deteriorate
the modeling of the diurnal rhythm as judged by visual inspection. Most changes
classified as indifferent occurred in profiles in which no apparent diurnal rhytin was

Table 2, Adequacy of the Description of Diurnal Variation by Restricted vs
Non-restricted Square Wave Fitting
No  Indifferent
Change Change

Heart rate il 3 3 0 17
Mean arterial pressure o I 6 0 17
Changes are classified by visual comparison of restricted to non-restricted square waves fits

Improvement Deterioration  Total
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Table 3. Group Statistics of Diurnal Variation

HR

MAP

Amplitude
Restricted
Non-restricted

Ccl‘l‘l&‘(
Restricted
Non-restricted

No. of Significant Fits
Restricted
Non-restricted

1, {hmy [MDVL]
Restricted
Non-restricted

tdo\vn (h : m) [M DVL}
Restricted
Non-restricted

17.0£7.9 bpm  15.7+£7.2 mmHg
18.4+7.6 bpm 17.9+6.1 mmHg

0.67+0.12
0.69+0.10

11
I3

8:19{0.76]'
7:38 [0.63]"

22:51 [0.78]’
21:52 [0.75]'

0.67:0.17
0.71£0.12

11
12

7:32 [0.85]"
8:30 [0.86]'

22:39 [0.71}
22:25 [0.45]'

Values denote meantSD or, for clock times, the mean
directional vector time and mean directional vector length

{(MDVLY). bpm, beats per minute; *, p<0.03

deteciable, An example of
such a profile is given in
Figure 3.

in none of the cases, the
modeling of diwmnal
variation deteriorated by
restricting the length of
the low period. The
results of the comparison
of restricted and non-
restricted  square wave
fitting are summarized in
Table 2.

Square Wave Paramelers
The parameters calculated
from the 24-hour profiles
of heart rate and mean
arterial  pressure  are
summarized in Table 3.
The square wave
amplitude appeared to be
independent of 24-hour
average blood pressure
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{data not shown), and therefore the absolute value of this parameter is displayed rather
than a percentage of the 24-hour average. The number of significant fits and the values for
the amplitude and the cross correlation coefficient are larger for non-restricted fits. Such
differences are expected since the non-restricted fit allows inclusion of a larger fraction
of the total variance in the square wave model. This explains the larger values for cc,,
and the larger number of significant fits, and a tendency to larger values for the amplitude.
The values for t,, and ., will be discussed in the next section.

Figure 4 depicts the relation between the decrease in mean arterial blood pressure during
the period of night rest as indicated in the diary, and the p-value of the square wave fit.
A noctirnal decrease in blood pressure {arger than approximately 10 mmHg tends to give
a significant fit whereas a less prominent nocturnal blood pressure change tends to give
a non-significant fit, in particular in restricted fits.

Comparison of Transience Times to Diary Times

In Figure 5, the individual values of t,, and {,, are compared to times of rising from and
going to bed as recorded in the diaries. The differences of {ransience times with the diary
times are summarized in Table 4 and in Figure 6. For both heart rate and mean arterial
pressure, the differences with the diary times are small, and reach statistical significance
only for t,,,, modeled

by means of nom- apled, Deviations of Transience Times from Diary Times
restricted fitting in the
heart rate profiles. HR MAP
There is a tendency to
larger values for

t,ps restricted fit

and smaller values for A MDVT (him) [MDVL] 0:38 [0.86] -0:06 [0.89]
¢ in comparison A meanSD (h:m) 0:51+2:17  -0:22+£2:08
down P Correlation with diary time of rise 0.65% 0.777

with the diary times,

and hence a tendency b non-restricted fit

to a longer period of AMDVT (htl;l) [MDVL] 0:03 [0.74]  0:48 [0.91]
A mean+SD (h:m) -0:51£3:39  0:49+1:47%
deled bi
modeled low  bload Correlation with diary time of rise 0.71% 0581

pressure and heart rate
than the period of bed  laown testricted fit

rest. This patiern is AMDVT (h:m) [MDVL] -0:37 [0.86] -0:52 [0.75]

more pronounced with A mean+SD (%1::31) -0:30+2:13  1:3443:24

non-restricted fitting Correlation with diary time of 0.35 0.591
going to bed

than with restricied '
fitting. In addition, the  fawns NON-restricted fit

non-restricted fit tends & MDVT (h:m) [MDVL] -1:41 [0.84]1 -1:22 [0.49)
to give more variation A meaufSD (Fl:m)_ ' -1:48+£2:21%  -1.314£5:22
. . . Correlation with diary time of 0.28 0.69*
in the differences with .

going fo bed

the diary times. The
average deviation of
tiown from the time of
going to bed and the
scalter of this

Values represent mean directional vector times (MDVT) and
-lengths (MDVL) in 17 subjects. Mean+SD are included in the
table as an illustration of the difference between the two
statistical techniques and do not represent study results.

. A, difference of modeled transience times with diary times;
deviation are much #p<0.01, 7p<0.001, ip<0.05 for differences with zero
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Figure 5. Comparison with diary times of values of t,, (upper plots) and §,.,, (lower plots)
calenlated in profiles of heart rate (left) and mean arterial pressure (vight) by meeans of restricted
(cohunms 1 and 3) and non-restricted (colummns 2 and 4) square wave fitting. ®, fits with p<0.05;
o, fits with p=0.05; dashed line is line of identity.
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larger than the deviation of t,;, from the time of rise and the corresponding variation. For
all parameters, the differences of transience times with diary times are smaller for
significant fits than for non-significant fits, For mean arterial pressure, the transience
times are correlated with the corresponding diary times, i.e., later times of rise and going
to bed are associated with later values for t,, and t,,,,, , respectively. For heart rate, the
correlation is only significant for t,,.

Figure 7 depicts the deviations of't,, from the diary time of rise in relation to the the cross
correlation coefficients in the individual profiles of mean arterial pressure. The smallest
deviations appear to coincide with the fargest cross correlation coefficients. The deviations
from the diary times are smallest in restricted fits, Of the 17 subjects, 12 were "dippers".
As expected, these "dippers" have the largest cross correlation coefficicnt values and the
smallest deviations of t,, from the diary times. In 11 of the 12 "dippers", the square wave
fit was significant.

Restricted Fit Non-restricted Fit

18h
18h

12h 12h
Figure 6. Circular plois show average diary times of rising and going to bed (grey lines) and
the deviations of the transience times from these diary times. The Individual values of these
deviations are averaged and displayed on the plot as the difference with the corresponding
average diary time rather than with zero. Vector lengths are inversely related to the dispersion
of the differences (see Appendix of Chapter 6). HR, heart rate; MAP, mean arterial pressure;
* p<0.05 for difference with zero.

Discussion

The square wave fit was applied for the modeling of circadian variation of heart rate and
blood pressure profiles that were obtained by non-invasive measurement in outpatients.
The diurnal variation was well modeled, as was judged by visual inspection. In a minority
of the profiles, the modeling was improved by restriction of the allowed lengths of the low
modeied peried. In a previous study employing continuous intra-arterial blood pressure
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recordings in  hospitalized
subjects!, such a restriction was
not necessary. T'wo reasons can
be mentioned to explain this
difference, First, the subjects in
the present study continued
their daily activitics, and
traveled to and from the
hospital during the registration.
In the subjects in the present
study, blood pressure during
the day was therefore probably
less constant than in the
subjects in the previous study,
Indeed, in six of the biood
pressure profiles recorded in
the present study there was an
interval of several hours during
the day that was characterized
by relatively high pressure, A
second reason s the smaller
number of measurements in the
present study, which was on
average 57, whereas the
profiles in the previous study
consisted of 72 data points,
Moreover, each data point in
the previous study was
calculated by averageing more
than 1000 measurements,
which considerably reduces the
inter-sample  variation and
therefore improves the quality
of the fit. These facts also
explain  that the value
0.814+0.11 for cc,, of the
square wave model of mean
arterial pressure which we
reported in the previous study,
is larger than the value
0.71%0.12 which we found for
the unrestricted square wave
model in the present study.

In comparison with the
previous study, we found a
lower value of the square wave

Rosiricled FI Non-resiricted Fit

oA Al Subjects oh
{n=17)

1an
45

18n
49

on Dippers on

Significant Fits
(n=11) (n=12)

T8h
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180
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o Signifleant Fits In Dippers
(n=11)

18h
g
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Figure 7. Circular plots show deviations of 1, from diary
times of rise and cross correlation coefficients in mean
arterial pressure profiles. The deviation of t,, from diary
fimes is vepresented by the angle with the vertical axis and
the cross correlation coefficient by the distance to the centre
of the unit circle.
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amplitude (15.7+7.2 mmHg vs 22.848.1 mmHg). It is well known that the nocturnai
decrease of blood pressure is proportional to average 24-hour blood pressure®. Probably
the lower average mean arterial pressure in the subjects in the present study
{96+8.4 mmHg vs 112+13.1 mmHg in the previous study) can partially explain the lower
value of the amplitude, although we were not able to demonstrate a relation between the
square wave amplitude and the average 24-hour blood pressure. An alternative
explanation may be that the sleep in the subjects in the present study was disturbed by the
repeated cuff inflations of blood pressure measurement. Although Schwan and Erjksson'®
reported that non-invasive blood pressure measurement does not change the blood
pressure during sleep, their study did not assess the effect of blood pressure measurement
on baseline nocturnal blood pressure, but instead measured the short term reaction of
blood pressure on nocturnal cuff inflation, Therefore, it cannot be excluded that during
non-invasive blood pressure measurement baseline nocturnal blood presswre is elevated.
The use of diary times for the calculation of diurnal blood pressure variation is
cumbersome. Most often, investigators rely on the use of fixed clock times for the
calculation of daytime and nighttime blood pressure!!. The assumption of a {ixed time
period for the night rest in a group of unrestricted subjects, however, is probably not
realistic. In the present study, for example, there was a wide range of times of awakening
and going to bed, and the period during which all subjects were in bed had a length of 3
hours only. The transience times estimated by the square wave fit from mean arterial
pressure were correlated to the diary times of rising and going to bed, and the average
differences are small and insignificant. The square wave fit can therefore be used to
estimate the daytime and nighttime blood pressure directly from the recorded profiles. The
square wave fit therefore probably assesses the diurnal blood pressure variation better than
the use of fixed clock times, in particular in unsynchronized subjects, This hypothesis is
supported by a recent study by Fagard et al® of 24-hour blood pressure profiles recorded
in heaithy young men during a weekend when they went to bed at variable and often
unusual times. The diurnal! variation was modeled by means of two fixed clock time
methods, a cusum technique, and the square wave fit. The nocturnal change of biood
pressure calculated from the diary period of bed rest was best estimated by the square
wave fit, both with respect to accuracy and precision. When the analysis was restricted to
a subset with a usual sleeping pattern, the square wave fit remained the best estimator,
with exception of a fixed clock time model that excluded the transience periods between
the day and the night from the analysis, and that was slightly more accurate.

Although in all but one profiles of mean arterial pressure there was an evident diurnal
rhythm of blood pressure, six of the 17 restricted square wave fits did not reach statistical
significance. This may be explained by a small nocturnal decrease of blood pressure in
these profiles, as was demonstrated in Figure 4 and in the Monte Carlo experiments in
Chapter 6. Also, the considerable blood pressure variation during the day that was
observed in some profiles partially obscures the square wave pattern of the profile.
Another important reason is that the number of observations in the profiles is rather small
for the estimation of the four parameters of the square wave model. The limited number
of measurements has a detrimental effect on the statistical power of the fit, and therefore
on the fraction of signifcant fits, as was demonstrated in our Monte Carlo experiments. In
the present registrations consisting of on average 57 samples, fits were significant in
profiles with a nocturnal decrease in biood pressure larger than approximately 10 mmHg,
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Increasing the number of measurements in the 24-hour blood pressure profile will not only
increase the accuracy and precision of the square wave {it parameter estimation, but will
also increase the sensitivity of the fit. This results in significant fits in profiles having a
nocturnal blood pressure decrease that is smaller than 10 mmHg, and in a larger fraction
of significant fits.

We conclude that the square wave fitting may be used to assess the diurnal variation of
heart rate and blood pressure in non-irvasive blood pressure measurements in outpatients.
it is advisable fo restrict the lenght of the low period to a range from 5 to 13 hours.
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Square Wave Modeling of Circadian
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Introduction

In the previous chapters, we have introduced the square wave fit for the modeling of
circadian blood pressure variation, In Chapter 4, the modef was evaluated for blood
pressure profiles recorded intra-arterially in hypertensive but otherwise healthy subjects
having a normal circadian variation of biood pressure. In Chapter 6 the dependency of the
square wave fit on the amplitude of the circadian variation of blood pressure, the
measurement frequency, and the ratio of the lengths of the low and high pressure periods
was investigated. Tt was concluded that the square wave fit may be used to characterize
the circadian variation of blood pressure recorded by 60 cuff measurements in 24 hour in
subjects having a normal circadian variation of blood pressure. The fraction of significant
fits may be used to assess whether this condition is fllfilled, i.e., whether the circadian
variation of blood pressure in the study group is sufficient to apply the square wave fit.
In Chapter 7, the circadian blood pressure variation was modeled in profiles consisting of
cuff measurements cbtained in outpatients having a normal circadian blood pressure
variation. In some of these subjects, the quality of the fit improved if the length of the low
period was restricted (o a range of § to 13 hours. This appeared to be the case in subjects
in whom the unrestricted square wave fit was determined by a peried of several hows of
high pressure, which was probably related to the physical activity during the day.

In the present study we illustrate the effect of a small amplitude of the circadian blood
pressure variation on the estimation of the square wave fit parameters, For this purpose,
the square wave fit is applied to registrations of renal transplant recipients, who may be
expected to have an attenuated circadian variation of blood pressure’. The fit was applied
twice in the same subjects under two different immunosuppressive regimens, ie.,
prednisone and azathioprine vs. prednisone and cyclosporine A. In a previous analysis of
these data?, it was concluded that cyclosporine in comparison with azathioprine immuno-
suppression attenuates the circadian variation of blood pressure. The two different
immunosuppressive regimens thus allowed us to assess the circadian blood pressure
variation in identical subjects having two different blood pressure rhythms. In this
population we measwred the fraction of significant fits, the validity of the model
parameters, and the effect of restricting the square wave fit.

Subjects and Methods

Subjects

The present study of square wave fitting employs blood pressure registrations recorded
for a study of the effect of cyclosporine on hemodynamic, renal, and biochemical
parameters®. Patients for this study were recruited among renal transplant recipients who
were enrolled in a prospective randomized clinical trial, which was designated to evaluate
the effects of two different immunosuppresive regimens, i.e., prednisone combined with
cyclosporine or prednisone combined with azathioprine, on long-term graft function and
incidence of rejection periods, For this trial cyclosporine-treated renal transplant recipients
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who were 6 months or longer after transplantation, were randomly allocated to either
continuation of cyclosporine treatment, or conversion from cyclosporine to azathioprine-
based immunosuppresion. For the present study renal transplant recipients without pre-
existent hypertension, a clinic blood pressure of 150/95 mmHg or higher during
antihypertensive treatment, and who were allocated to conversion from cyclosporine to
azathioprine, were selected. Patients with diabetes mellitus, previous graft rejection or
signs of autonomic neuropathy were excluded. The first 18 consecutive patients fulfilling
these criteria and willing to give written informed consent were studied. About 50% of the
patients who were converted from eyclosporine to azathioprine did not meet all criteria,
mainly because of pre-existent hypertension which could not be attributed to the use of

cyclosporine.

Blood Pressure Registrations
The first 24-hour blood pressure profiles were recorded while patients were on

cyclosporine and the second measurement was done 16 weeks later when patients were
on azathioprine therapy. During both studies the patients used the same dose of
prednisone. All antihypertensive medication (betablockers in 13 patients and
calciumchannel biockers in eight patients) was discontinued three days prior to the studies.
Ambulatory blood pressure registrations were recorded by means of a Spacclabs
ambulatory blood pressure measurement device (Spacelabs monitor model 90207,
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Figure 1. Profile of mean arterial pressure recorded in subject 2 using azathioprine
immunosuppression. At 15:28 hour, mean arterial pressure was measuved as 79 mmHg, whereas
the measurement 20 minutes later failed. This combination induces a dip in the profile that is
approximately 30 nmnHg deep and has a width of 40 minutes. The square wave fit accomodates
this prominent dip by modeling it in the low period, which therefore cannot start later than
15:28 howr. With restricted fitting, the length of the low period cannol exceed 13 hours, and
therefore the end of the low period t,, cannot be later than 4:28 hour (Tower profife), although
the blood pressure rise to daytime level occurs at 5:19 hour. For this profile, the restricied
square wave fit was classified as being less in accordance with the circadian paitern of blood
pressure than the value of {,, obtained by non-restricted filting (npper profile).
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Spacelabs Inc. Redmond, WA, USA). Blood pressure was measured in the non-dominant
arm. In patients who had undergone hemodialysis access surgery in the non-dominant
arm, the dominant arm was used. From 7:00 hour to 22:00 hour blood pressure was
measured at 20 minute intervals and from 22:00 to 7:00 hour at 30 minute intervals
(63 measurements). Patients were advised to continue their activities during the recording
period, but to be inactive and hang their arm by their side during each measurement.
Patients kept a diary in which they noted the time of meals, their physical activities and
the time they went to bed and woke up. Subijects with an interval of two hours or longer
without any measurement were excluded from the study.

Analysis of Heart Rate and Blood Pressure Profiles

Outlier analysis was performed according to the method described in Chapter 7, which
excludes measurements in which the value of either systolic pressure, diastolic pressure,
mean arterial pressure, or heart rate, is outside the range meant2.5%*SD of the
corresponding data distribution, In accordance with the previous analysis by van den
Darpel et al, the night-day difference was calculated from hourly averages, and the night
was defined as the period in which all subjects were asleep, and the day as the period
during which all subjects were awake (sce Results). In addition, the circadian variation of
heart rate and blood pressure was medeled by restricted and non-restricted sguare wave
fitting as described in Chapter 7. The validity of square wave modeling of the material
was assessed by calculating the percentage of fits that were significant, as described in
Chapter 6. The restricted square wave fits were compared o the non-restricted fits by
means of visual inspection, and the changes induced by restricting the square wave fit
were classified as an improvement, a deterioration, or as an indifferent change (sec
Chapter 7).

Statistics

Clock time statistics were calculated by means of techniques for the analysis of
directional data’, using paired differences to assess the differences between groups, as has
been described in the Appendix of Chapter 6. In addition, classical mean and standard
deviations were calculated as an itlustration of the difference between the two techniques.
For the calculation of standard deviations the clock times were expressed as the difference
with the average clocktime on a scale from ~12:00 hour to 12:00 hour.

The numbers of significant fits were compared by a Fisher exact test'. For other
parameters, normal distribution was tested by the Shapiro Wilk statistic®. Significance of
difference from zero was assessed using paired or unpaired t-tests for normally distributed
parameters and by a signed rank® test otherwise. For the assessment of statistical
significance, a 0.05 significance level was chosen. All statistical computations were
perfomed with SAS statistical software (SAS V6.04 for Personal Computers, SAS
Institute Inc., Cary, North Carolina, USA),
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Results

Subjects, Diaries and Registrations

In one of the subjects, a period of more than two hours was missing from one of the two
registrations, and this subject was excluded from the analysis. After this exclusion, eleven
male and six female kidney transplant recipients, aged 39+13 years, remained in the study.
The time between transplantation and the first measurement ranged from 6 to 89 months
{mean, 24 months). At the time of the first study the daily cyclosporine dose was
5.4+1.4 mg/kg, and at the time of the second study the azathioprine dose was
1.8+1.4 mg/kg. During both studies the dose of prednisone {mean, 10.4 mg; range, 7.5 to
12.5 mg) was identical. All subjects were awake from 9:00 to 22:00 hour, and all subjects
were asleep from 1:00 hour to 5:30 hour.

After removal of outlying values (2% in the first and 3% in the second registration),
93+4% of all reading attempts of the first and 92+8% of the second recording remained
in the profiles.

Restricted vs Non-restricted Square Wave Fitting

In approximately half of the profiles of hearl rate, and in most of the profiles of mean
arterial pressure recorded under azathioprine medication, the diurnat variation was
modeled satisfactorily by non-restricted square wave fitting, as was judged by visual
inspection. Restriction of the length of the low period of (he square wave fit, however,
gave a considerable improvement of the modeling of the diurnal variation (Table 1). An
improvement occurred in profiles in which the non-restricted square wave fit was
determined by a period of high pressure or heari rate during the day, or by a few outlying
values. Most of these changes occurred in the profiles of heart rate. Indifferent changes,
i.e., changes that were neither an improvement nor a deterioration, occured in profiles in
which no apparent diurnal rhythm was present, This was the case in most profiles of mean
arterial pressure recorded during azathioprine immunosuppresston. In one profile of mean
arterial pressure (Figure 1}, the modeling of diurnal variation was deterioriated by
restricting the square wave length,

Table 1, Changes of Adequacy of Deseription of the Diurnal Variation of Blood
Pressure and Heart Rate by Restricted vs Non-restricted Square Wave Fitting

No Indifferent

Change Change Improvement Deterioration  Total

Heart rate 17 3 14 0 34
(cyclo, aza) 8.9 @, 1) (7,7) (17,17)
Mean arterial pressure 17 10 6 1 34
{cyclo, aza) 7,10 (7,3} (3,3) ®, 1) (17,17}

Changes are classified by visuat comparison of restricted to non-restricted square wave fits.
Values between brackets represent changes for cyclosporine {cyclo) and azathioprine (aza)
separately.
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Parameters of the 24-Howr Profiles of Heart Rate and Mean Arterial Pressure
The parameters caleulated from the 24-hour profiles of heart rate and mean arterial
pressure are summarized in Table 2, Compared to azathioprine immunosuppression, the
average 24-hour blood pressure appears to be higher during cyclosporine medication (18
vs 107 mmHg, p=0.0001) whereas the nocturnal decrease in blood pressure calculated

from fixed time periods is smaller (4.1 vs 11 mmHg, p=0.01). The diurnal variation of
mean arterial pressure as assessed by the standard deviation over 24 hours, by the

amplitude of the square wave fit, or by cCn., does not differ between the
immimosuppressive regimens, Similar to the observations in Chapter 7, the values of the
amplitude and cc,,,, are larger, whereas {,, tends to be later and t,,,,, tends to be eatlier in

Table 2. Statistics of Diurnal Variation of Heart Rate and Mean Arterial Pressurein 17

Renal Transplant Recipients during Azathioprine and Cyclosporine
Immunosuppression

Significance

of
Difference
Arzathiopiine Cyclosporine Between
Medication
»
HR MAP HR MAP HR MAP
24-Hour average 86+11 bpm 10714 mmHg 87+[5bpm 118+15 mmHg ns 0.0001
Nocturnal change -24%11 bpm* ~11£7.0 -22£11 bpm* -4 1E10mmHg ns 0.0}
mmHg*
Diurnal SD 1643 bpm  FO+1.9 mmHg 1434.5bpm  9.7£2.7mmHg ns  ns
Amplitude
Restricted fit 2378 bpm 1443 mmHg 22+7.4 bpm 46,0 mmHg ns ns
Non-restricted fit 28+10bpm  17£5.6 mmHg  28+13 bpm  19£7.2 mmHg ns ns
Ccma\‘
Restricted fit 0.67+0.13 0.56+0.13 0.69+0,10 0.53+0,14 ps  ms
Non-restricted fit 0.7240.11 0.6220.11 0.72+0.08 0.58+0.10 ns ns
No. of significant fits
Restricted fit 13 4 13 4 ns  ns
Non-restricted fit 14 7 14 5 ns 8BS
L, (hem) [MDVL]
Restricted fit $:17[0.95)F  T:58[0.7417 7470911y 9:18[0.23] ns -
Non-restricted fit 8:46 {0.92]F T:S8[0L74)y &SS5([0.89]7 12:23[0.i8] ns -
fygmn  (him} [MDVL]
Restricted fit 21:19 [0.88]r 22:14{0.67)7 21:32[0.86]F 22:10[033] ns -

Non-restricted fit 18:38 [0.59]F 20:04 [0.33]) 1833 [0.54]F  20:59 [0.27]

ns

Values denote meantSD, or, for clock times, the mean directional vector time and, between square
brackets, mean directional vector length (MDVL), The nocturnal change difference is calculated as the
difference between 1:00-6:00 hour, and 9:00h-22:00 hour. Diurnal standard deviation is calcutated over
I hour averages. *, p<0.0001; T, p<0.05; ns, not significant; -, not caleulated because of non-significant

values in at Ieast one group.
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non-restricted fits as compared to restricted fits.

The transience tines will be discussed in detail in comparison with the diary times (see
below). However, at this point we indicate that the average values of t,, and t,, are
significant in the profiles of heart rate recorded under both immunnosuppressive regimens,
in other words, they appear not be distributed randomly over the 24 hours. The average
transience times modeled in mean arterial pressure are significant only in the profiles
recorded under azathioprine medication. The scaiter in the transience times calculated
from heart rate and mean arterial pressure is smaller when these are modeled by restricted
fitting. The scatter in 1,,,, modeled by non-restricted square wave fitting in the profiles of
mean arterial pressure recorded during azathioprine medication is so large that the
average value of ty,,, does not reach statistical significance.

Comparison of Transience Time Values to Diary Time Values

In Figure 2, the individual values of t,, and ¢, are compared to times of rising from and
going to bed as recorded in the diaries. Statistics of these comparisons are summarized in
Table 3 and in Figure 3. The times of rising and going to bed as recorded in the diaries
differ only slightly and non-significantly between the twvo immunosuppresive regimens.
For heart rate, the transience times calculated by square wave fitting differ from the times
recorded in the diaries. On average, t,, is later than the time of rising, and ty,, is carlier
than the time of going to bed, in other words, the period of low heart rate is longer than
the night rest. This pattern is independent of medication and is more pronounced if
transience times are calculated by non-restricted fitting. In addition, the deviations of ¢,
and {,,, from the corresponding diary times tend to be larger when the fransience times
are madeled by non-restricted instead of restricted square wave fitting. The average
deviation of't,,,, from the time of going to bed and the scatter of this deviation are much
larger than the deviation of t,, from the time of rise and the corresponding variation.
Most observations on the transience times calculated from the heart rate profiles are also
true for the transience times calculated firom the profiles of mean arterial pressure recorded
during azathioprine medication, However, in these profiles the average value of t,, is not
later than the time of rising. The period of low modeled biood pressure fends to be longer
than the period of bed rest, but this is caused only by the values of ty,,, that are
significantly earlier than the times of going to bed.

The values of t,, modeled in profiles of mean arterial pressure, when compared to the
diary times (see upper right plot in Figure 2) suggest that some subjects in the
cyclosporine group still have the normal increase of blood pressure at morning rise. These
are the subjects depicted near the line of identity. In other subjects, however, the modeled
increase of blood pressure occurs approximately 12 hours later, in the first part of the
evening, Apparently the blood pressure profiles of these subjects are in anti-phase with
the normati blood pressure profiles. For the whole group of mean arterial pressure profiles
recorded under cyclosporine immunosuppression, the differences between the diary times
and the corresponding transience times cannot be discerned from a random distribution.
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Figure 2. Comparison of values for t,,, (upper plots) and iy, (Iower plots) calculated in profiles
of heart rate (lefl) and inean arterial pressure (vight) by means of restricted (columns 1 and 3)
and non-resiricted (columms 2 and 4) square wave filling. ®, values under azathioprine
medication; ©, values under cyclosporine; =, line of identity; """, line of anti-phase with
fdentity.
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Table 3. Comparison of Square Wave Transieitce Times t,, and t,,,, to Diary Times of
Rising and Going to Bed, respectively

Azathioprine (@) Cyclosporine {0}
HR MAP HR MAP
Time of rising
MDVT (h:m) [MDVL] 7:31 {0,971 7:31[0.97)* 724 [0.96]* 7:24 [0.96]*
meanSD (hin) 7:31£1:00 7:31+1:00 7:24+1:07 7:24+1:07

t,p restricted fit
AMDVT (h:m) [MDVL]  0:48 [0.97)*7  0:10 [0.82]* 0:16 [0.93]*  4:08 [0.29]
A mean+8D (hm) 0:48+1:00F  0:0432:25 0:12+0:30 5:19+5:34
t.p DoOn-restricted fit
AMDVT (hum) [MDVL]  1:17 [0.94)*F 0:09 [0.83]* 1:30 {0.881%} 6:02[0.23]
A mean+SD (h:m) L19£1:22 1 0:00+2:23  1:38+2:04 §  5:4545:58 1

Time of going to bed
MDVT (h:m) [MDVL] 23:32[0.971% 23:32[0.97]* 23:15[0.98]* 23:15 [0.98]*
meantSD (h:m) 23:32+0:59  23:32+0:59  23:15+0:45  23:1520:45

tgoun TEStricted fit
AMDVT (him) [MDVL]  -2:07 [0.86]*1 -1:31 [0.701%} -1:34 [0.85]*F -1:04 [0.30]
A mean+SD (h:m) “2:0842:07 7 -1:53£3:16  -1:37£2:15 ¢  -0:3345:52
taawns DON-Testricted fit
AMDVT (h:m) [MDVL]  -4:33 [0.57)%F -3:060.37) -4:17 [0.581*F -1:52 [0.20]
A mean+8D (han) -4:41£3:57 §  -2:3045:45  -4:18+3:51 § -0.4546:05

Table values indicate mean directional vector times (MDVT) and -lenghts (MDVL) of 17
subjects. Meant:SD are included in the tabie as an illustration of the difference between
statistical techniques and do not represent study results, A, difference of modeled transience
times with diary times; *, p<0.03 for non-uniform distribution of time values; 1 p<0.05,

T p<0.01, § p<0.001 for difference with zero,

Discussion

Twemnty-four-howr Blood Pressure

In comparison to a previous analysis of these data’, one subject in whom a period longer
than two hours was missing during the morning period of one of the registrations was
excluded. This did not alter the study results, i.e., an increase of 24 hour mean arterial
pressure and an attenuation of the nocturnal decrease in blood pressure under cyclosporine
in comparison to azathioprine immunosuppression. In the previous study?® it was
demonstrated that the differences between the immunosuppressive regimens were
associated with an increase in renal vascular resistance, a decrease of renal blood flow and
glomerular filtration rate, and higher levels of thromboxane B,, prostaglandin E,, and
atrial natriuretic peptide during the use of cyclosporine.
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Figure 3. Cirenlar plots show average diary times of rising and going fo bed (grey lines) and
the deviations of the iransience times obtained by resiricled square wave fitting from these diary
times. The individual deviations are averaged and displayed on the plot as the difference with the
corresponding average diary time rather than with zero. Vector lengths are inversily related to
dispersion (see Appendix of Chapter 6). Insignificant vectors are displayed in grey. HR, hearf
rate; MAP, mean arterial pressure; ¥ p<0.05 for difference with zero.

Restricted vs Non-resiricted Square Wave Fit

In accordance with the findings in Chapter 7, the modeling of diurnal variation of mean
arterial pressure and, in particular, heart rate by the square wave fit was improved by
restricting the length of the low period to a range of 5 to 13 hours. The improvement
occurred in profiles in which the unrestricted fit was determined by outlying values or by
a period of high heart rate or blood pressure during the day. Since restricted fitting appears
to best model the circadian variation, we will discuss the results of the restricted fit only.

Validity of Square Wave Parameters

The validity of the application of the square wave fit to the present registrations was
assessed by caleulating the number of significant fits. Under the assumption that the
circadian variation is sufficiently large to be modeled by the square wave fit (see
Chapter 6), the expected percentage of significant fits is at least 40%. The number of
significant square wave fits in the 17 profiles of heart rate in the present group was 14
(82%) during cyclosporine and 13 (76%) during azathioprine medication. These values
are approximately identical to the values obtained for the heart rate profiles of the
normotensive subjects described in Chapter 7 (11 out of 17 registrations, 65%), and
suggest that the diurnal variation is reliably estimated by the square wave fit.,

The number of significant fits in the profiles of mean arterial pressure recorded in the
present renal transplant recipients during both cyclosporine and azathioprine medication
was considerably smaller than in the normotensive subjects described in Chapter 7 (24%
vs 65%). Therefore the square wave parameters of mean arterial pressure in the renal
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transplant recipients under both immunosuppressive regimens must be considered
unreliable. This explains that we did not find a difference in the magnitude of the
circadian variation of mean arterial pressure betiveen both groups when this was modeled
by the square wave amplitude or cc,,,, whereas the diurnal variation of blood pressure
assessed by a conventional method, i.e., calculated over fixed time periods, was smaller
during cyclosporine than during azathioprine medication. In Chapter 6 we found that the
bias of the square wave fit amplitude estimation increases as the amplitude of the diurnal
variation decreases.

This also explains the similar values of amplitude of the circadian variation of mean
arterial pressure in the normotensive subjects in Chapter 7, and the present renal transplant
recipients. When the magnitude of the circadian variation was modeled as cc,,,, , it
appeared 1o be significanily smaller in the renal transplant recipients under both immuno-
suppressive regimens than in the normotensive subjects (two-tailed t-test, p=0.04; data not
shown).

The precision and accuracy of the square wave parameter estimation can be increased by
increasing the sampling frequency, providing at least that the amplitude of the diurnal
vatiation is farger than the between-measurement standard deviation (sce Chapter 6). In
the present material, however, the amplitude of the divrnal variation as calculated from
fixed time periods (4.1 mmHg) is much smailer than the befween-measurement standard
deviation, which is approximately 8 mmHg (data not shown). Therefore, the amplitude
of the diurnal variation cannot be calculated in the present recordings by means of the
square wave fit.

Transience Times

The differences of the transience times with the diary times have an identical pattern in
the renal transplant recipients as in the normotensive subjects, i.e., a tendency to later
values for t,, and eatlier values for {4, althought the differences with the diary fimes and
the scatter therein appears to be larger in the renal transplant recipients. Morcover, during
cyclosporine medication, the differences of the transience times with the diary times in
profiles of mean arterial pressure appear to be randomy distributed. A closer look at the
distribution of values for t,, catculated from mean arterial pressure profiles recorded under
cyclosporine medication suggests that some subjects may have a normal rhythm whereas
others appear (o have an inverted rhythm. Such a inversion of phase of the diurnal blood
pressure rhythm has been observed by other authors in subjects receiving high doses of
glucocorticoids™,

Clock Time Statistics

The present material illusirates the necessity for appropriate statistical handling of clock
time values, For example, the average difference between the values of ¢, calculated by
restricted square wave fitting in profiles of mean arterial pressure recorded under
cyclosporine medication and the corresponding diary times appears to be 5:1945:34 hour
when calcutlated as the mean+SD which is highly significant by the signed rank test. The
appropriate statistic, i.c., Rayleigh’s test for the presence of a preferred frend, reveals that
in fact a significant deviation from diary time cannot be demonstrated in the present
material, The different results of the two techniques can be understood by observing the
corresponding scatter plot (Figure 2). In the signed rank test the values of the observations
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between 17:00h and 22:00h which are located under the line of anti-phase, are all 11 to
12 hours later than the diary time of rise. These observations will all increase the average
value of the difference considerably. In addition, high positive rank numbers will be
assigned to these observations, which causes the overestimation to become highly
significant. However, if the circular aspect of these data is appreciated, it appears that
these observations instead abolish the significance of the overestimation, since they point
in the opposite direction of the time of rising, This is illustrated in the scatter plot by their
presence near the line of anti-phase.

Corntclusions

The present study confirms that restricting the square wave fit improves the modeling of
circadian variation of heart rate and blood pressure, according to visual inspection of the
profiles of heart rate and blood pressure, and according to the correspondence of square
wave transience times and the period of bed rest as recorded in the subject diaries. The
square wave fit cannot be used, however, as a quantitative measure of circadian blood
pressure variation if the magnitude of the diurnal variation is too small, as is the case in
the present group of renal transplant recipients. Whether the diumnal variation is sufficient
for application of the square wave fit can be determined by the percentage of fits that is
significant (see Chapter 6). If the diurnal variation is too small to obtain a quantitative
measure, qualitative information on the divrnal variation may still be obtained from the
phase of the squarc wave fit. The parameter i, best represents the phase since it better
corresponds to the period of bed rest than ty,,,. By means of this parameter we found a
significant blood pressure rhythm during azathioprine but not during cyclosporine
immunosuppression. For a quantitative measure of circadian variation, however, one must
rely on the (unbiased) calculation of diurnal variation based on diary times or on one of
the many fixed clock time calculation schemes®.
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Introduction

The normal circadian blood pressure variation has been reported to be attenuated or
completely abolished in cardiac transplant recipients’. The reason for this attenuation is
not clear, but it has been suggested to be related to the force-fed pump characteristics of
the denervated heart or the use of glucocorticoids, or both™. A consequence of the
attenuation or abolition of the nocturnal reduction in blood pressure is an increase in the
24-hour pressure load, which may be especially injurious in cardiac fransplant recipients,
because of the development of cyclosporine-induced hypertension in a large proportion
of these subjects. Recently, evidence was provided that attenuation of the circadian bicod
pressure variation soon afler cardiac transplantation disappears within one year and that
a normal circadian rhythm of blood pressure is restored™. In the present study, we report
the results of invasive 24-hour blood pressure recording in cardiac transplant recipients
11 to 36 months afier transplantation. The findings indicate that more than one year after
cardiac transplantation, an attenuation of the circadian BP variation remains in most
subjects.

Table 1. Age, Sex, Time after Transplantation, and Dosages of
Cyclosporine and Prednisone in 17 Cardiac Transplant Recipients

Time after
transplantation  Cyclosporine  P'rednisone
Subject Age {yr} Sex (months) {mg/kg) (mg/kg)
1 18 M 13 53 0.18
2 22 M 12 14.9 0.15
3 30 F 21 54 0.11
4 32 F 36 9.1 0.15
5 32 M 33 6.3 0.13
6 38 M 12 7.1 0.14
7 38 M 12 6.1 0.15
8 42 M 24 33 0.11
9 43 M 12 5.5 0.11
10 44 M 12 4.6 0.09
i1 44 M 24 7.6 0.12
12 44 M 12 7.3 0.15
13 48 M 11 7.9 0.13
14 49 M 36 8.2 0.26
15 49 M 12 6.6 0.13
16 56 M 11 6.6 0.13
17 56 F 12 9.7 0.16
Mean 40 17 7.1 0.14
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Subjects and Methods

Subjects

Invasive 24-hour ambulatory blood pressure recordings were obtained in 17 cardiac
transplant recipients 17 months (range 11 to 36) afier transplantation. Clinical
characteristics of patients, the time intervals between transplantation and blood pressure
recording, and the dosages of cyclosporine and prednisone are listed in Table 1. No
patient received any antihypertensive agent at the time of the blood pressure recording.
Invasive 24-hour ambulatory blood pressure recordings were obtained also in 17 subjects
who were matched for age and average 24-hour mean arterial pressure. Recordings in
subjects were obtained as part of the assessment of their hypertension. No subject used
any medication for at feast 3 weeks before the blood pressure recording. All subjects gave
informed consent to participate in the study, which was approved by the Medical Ethical
Committee of the University Hospital “Dijkzigt”. All subjects were in the hospital at the
time of the blood pressure recording to standardize environmental conditions. During the
recordings, subjects were free to move within the hospital, but had their meals at fixed
times, went to bed at 22:30 hour and were awakened at 7:00 hour.

Blood Pressure Recordings

Ambulatory blood pressure was measured according to previously described methads.
Using the Seldinger technique, a 10 cm long, | nun diameter Teflon catheter was inserted
info the brachial artery of the nondominant arm after local anesthesia with a 2% lidocaine
solution. The catheter was connected to a miniature transducer-perfusion device which
was fitted in front of the chest at the level of the heart. The transducer signal was recorded
on magnetic tape with a portable tape recorder (Medilog Recorder 11, Oxford Medical
Instruments, Oxford, United Kingdom).

Data Analysis

The blood pressure signals were analysed off-line by a computer program that calculated
systolic, diastolic and integrated mean arterial pressure, pulse pressure, and pulse interval
of individuat beats. The diumal variations of blood pressure and heart rate were quantified
as the differences between average day and night values, Transient periods between day
and night were removed from the calculations by defining night as the period from 0:00
hour to 6:00 hour and day as that from 8:00 hour to 20:00 hour.

Values are presented as meantSD, Student’s t test was used for comparison,
A p-value <0.05 was considered statistically signiticant,

Results

The mean age of the 17 control subjects {one woman and 16 men) was 42+11 years.
Average 24-hour mean arierial pressure was 107£14 mmHg in cardiac transplant
recipients and 107+13 mmHg in control subjects. The group mean profiles of 24-hour

140



ambulatory mean arterial pressure and heart rate are shown in Figure 1. In the control
group, blood pressure markedly decreased during the night, whereas only a small,
nocturnal reduction was observed in the transplant group (Table 2), In contrast to this
attenuated day-night fluctuation, blood pressure in cardiac transplant recipients fluctuated
more during the day than in control subjects. In the transplant group, three short-lasting
but prominent reductions in blood pressure occurred at 8:00 hour, 12:00 hour, and
18:00 hour (i.e., soon after the meals). To quantify the effects of these decreases on
daytime blood pressure, and hence on the difference in blood pressure between day and
night, the beginning and end points of the decreases were identified visually, and an
artificial blood pressure profile without the decreases was constructed by interpolation.
As a result of this procedure, average daytime blood pressure increased by 2.2 mmHg.
In regard to the blood pressure data of individual subjects, only one cardiac transplant
recipient had a nocturnal reduction in blood pressure that was larger than the average
nocturnal decrease in controf subjects (Figure 2).
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Figure 1. Prafiles of invasive 24-howr ambulatory blood pressure recordings in 17 cardiac
transplant recipients and 17 conirol subjects. Group means of I-minute averages of mean arterial
pressue and heart rate are depicted,
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Table 2. Average Day and Night Values of Systolie, Diastolic and Mean Arterial
Pressures, Pulse Pressure and Heart Rate, and the Difference between These Yalues in
Cardiac Transplant Recipients and Control Subjects

Cardiac transplant recipients Control subjects
Night-Day Night-Day
Day Night Difference Day Night Difference

Systolic arterial pressure

(mmHg) 142417 132418 -10£12% 154418 [24£17 -31:121§
Mean arterial pressure

{(mmlHg) 108213 103+15 -54971 114£15 93413 -21497§
Diastolic artertal pressure

(mmHg) 90+11  86£12  -4+7% 91£12  74+10  -18+81§

Pulse pressure {mmHg) 5110 4649 -6L6% 63+£11 50410 -1348%§
Heart rate (beats/min) 105+13  83+13  -16+7% 82411  65+7  -15+8]

Values are meantSD. *, p<0.01; 7, p<0.05; 1, p<0.001 for within-group differences.
§, p<0.001 for between-group differences,

Heart rate was significantly higher in cardiac transplant recipients than in control subjects,
but the day-night difference in the two groups was of similar magnitude (Table 2),

Discussion

The principal finding of this study is the persistence of an abnormally low diurnal
variation of blood pressure in most patients one to three years after cardiac transpiantation,
The findings confirm some previous studies nsing noninvasive ambulatory blood pressure
recording techniques' but are at variance with those of van de Borne etal and von
Palnitz et al®. Those investigators found a reappearance of the normal circadian variation
of blood pressure late after cardiac transplantation. They both speculated that a reduction
in the dose of glucocorticoids after chronic cardiac transplantation could explain their
observation. This explanation remains questionable because the average daily dose of
glucocorticoids in the present study was similar to those used in the two aforementioned
studies.

With regard to medical treatiment, the present subjecis differed from those studied by van
de Borne et al’ and von Polnitz ef al®, in fwo important aspects. First, the average daily
dose of cyclosporine of 7.1 mg/kg of body weight in the present study was much higher
than that of 4.2 mg/kg of body weight in those of the other two studies. The subjects
needed this higher dose of cyclosporine, because they did not use the immunosuppressant
azothioprine. Cyclosporine is associated with an increase in blood pressure. Although the
mechanism responsible for this increase is not completely clear, cyclosporine has been
reported to cause fluid retention® and an increase in sympathetic nerve activity’. If these
effects of cyclosporine are dose-dependent, then the attenuation of the nocturnal blood
pressure reduction observed in the present study may be related to the relatively high dose
of cyclosporine, although we were unable to show a relation between the daily dose of
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cyclosporine used in cardiac transplant recipients and the nocturnal reduction in blood
pressure. Second, the present subjects, in contrast to most of those in the aforementioned
two studies, did not use antihypertensive medication. The antihypertensive medication
used by subjects in the aforementioned two groups predominantly consisted of of calcium
antagonists, angiotensin-converting enzyme inhibitors, and divretics. There is no evidence
that these agents have important influences on the 24-hour blood pressure profile in
normal hypertensive subjects, but their effect on diurnal blood pressure variation in heart
transplant recipients is unknown. However, no relation between antihypertensive drug
therapy and absence of a nocturnal reduction in blood pressure was found in cardiac
transplant recipients studied by Reeves et ai',

Although the present cardiac transplant recipients did not use antihypertensive medication,
this does not mean that their blood pressure was not increased. Average daytime
ambuiatory blood pressure in cardiac transplant recipients was 142/90 mmHg, Using the
same technique of blood pressure recording as in the present study and in a comparable
environmental setting, Pomidossi et af'’ reported an average daytime ambulatory biood
pressure in a group of normolensive and horderline hypertensive subjects of
120/64 mmHg (i.c., a considerably lower value than in cardiac transplant recipients).

A phenomenon that to the best of our knowledge has not been reported in cardiac
transplant recipients was three prominent decreases in blood pressure during the day
occurring soon afier eating. Ingestion of food is associated with vasodilatation in the
splanchnic circulation'’, In healthy subjects, this vasodilatation is usually not accompanied
by a reduction in blood pressure, because
of an increase in cardiac output and reflex-
vasoconstriction in other vascular beds
1213 Presumably owing to the absence of
cardiac sympathetic innervation, the
increase in cardiac output in response to
postprandial vasodilatation is insufticient
after heart transplantation and explains
why ingestion of food in this condition is
associated with a reduction in btood
pressure. Altiiough average daytime blood
pressure was lowered by the postprandial
reductions in blood pressure, this effect
was insufficiently large to significanty
influence the day-nigh difference in blood
pressure, We estimated that without the
postprandial reductions, the day-night
difference in mean arterial pressure would
increase from 5.3 to 7.5 mmHg, which is
markedly lower than the average
20.5 mmHg day-night difference observed
in the confrol group.
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the present study, heart rate in cardiac transplant recipients was almost 20 beats/min
higher than in control subjects. This higher heart rate was observed during both the day
and night periods; therefore, the absolute day-night difference of heart rate in cardiac
transplant recipients was similar to that in control subjects. The higher heart rate after
heart transplantation explains why, notwithstanding similar values of 24-hour mean
arterial pressure, pulse pressure was significantly lower in cardiac {ransplant recipients
than in control subjects.

Thus, attenvation of the normal circadian variation of blood pressure may occur up to
three years after heart transplantation. [n addition, cardiac transplant recipients may have
marked postprandial reductions in blood pressure, which because of their relatively short
duration have only a small effect on the day-night difference of blood pressure.
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Summary

An attenuated or absent nocturnal decline in blood pressure has repeatedly been
documented in cardiac transplant recipients. The present stdy was aimed to investigate
the hemodynamic mechanism underlying this abnormality.

In 23 cardiac transplant recipients (11 to 36 months after transplantation) and in 23 confrol
subjects, matched for age and 24-hour mean arterial pressure, invasive 24-hour
ambulatory blood pressure was measured by means of the Oxford technique. Beat to beat
relative values of stroke volume were determined by means of a pulse contour methoed and
refative changes of cardiac output (stroke volume x heart rate) and fotal peripherai
vascular resistance (blood pressure / cardiac output) over the 24-hour period were
calculated. The nocturnal decline in blood pressure was 20£8% (meantSD) in control
subjects, but only 5+9% (p<0.001) in cardiac transplant recipients. In control subjects the
nocturnal decline in blood pressure was associated with a nocturnal fall in cardiac output
of 24+13%, whereas vascular resistance as compared to day-time value did not change.
The small nocturnal decline in blood pressure in cardiac transplanf recipients was
associated with an attenuated nocturnal fall in cardiac output of 14+12% (p<0.05 vs
controls). In addition, vascular resistance as compared to day-time value was increased
by 9+9% (p<0.05) during the night. Both in cardiac transplant recipients and in control
subjects the nocturnal changes in blood pressure correlated with the nocturnal changes in
cardiac outpuf but not with the nocturnal changes in total peripheral vascular resistance.
This study confirms the attenuated nocturnal fall in blood pressure in cardiac transplant
recipients. Hemodynamically this attenuated blood pressure decline is characterized by
a reduced nocturnal fall in cardiac output and it is associated with a nocturnal increase in
vascular resistance.

Introduction

The normal nocturnal decline in blood pressure is absent or aitenuated after heart
transplantation'®, The mechanism underlying this hemodynamic abnormality is not
known, It has been suggested that during the night cardiac output as compared to the
resistance in the arteriolar vascular tree is relatively high'? This “inappropriately” high
cardiac output might be explained by an increase in venous return during nightiime
recumbency, for which, confrary to the normally innervated heart, no compensation occurs
by means of a decrease in cardiac inotropy and/or chronotropy. A coniributory factor to
this nocturnal mismatch between cardiac output and arteriolar vascular resistance could
be the impairment of the restraint of sympathetic outflow to the vascular tree due to the
interruption of the ventricular-baroreceptor reflex after heart transplantation™®,

The use of immunosuppressive therapy may also be involved in the attenuation of the
nocturnal decline in blood pressure after cardiac transplantation. Cyclosporine has been
reported to induce fluid retention’ and hence it may increase venous return during
nighttime recumbency. An absent nocturnal decline in blood pressure has been reported
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in patients with Cushing’s syndrome and patients treated with high doses of
glucocorticoids'®. In addition, van de Bome and coworkérs have recenily provided
evidence for reappearance of the normal circadian blood pressure variation in cardiac
transplant recipients afler reduction of the dose of glucocorticoids.

The aim of the preseat study was to define the hemodynamic abnormalities underlying the
absent or attenuated nocturnal fall in blood pressure in cardiac transplant recipients,
Therefore the diurnal changes of ambulatory intra-arterial pressure and heart rate were
measured in 23 cardiac transplant recipients and in 23 control subjects, matched for age
and 24-hour mean arterial pressure, Relative diurnal changes in stroke volume, cardiac
oulput and systemic vascular resistance were estimated using a pulse contour method,

Table 1. Dinrnal Changes in Hemodynamic Variables in Cardiac Transplant Recipients
With and Without Antihypertensive Medication

With Antihypertensive  Without Antihypertensive

Medication (n=6) Medication (n=17)

Mean Arterial Pressure (mmHg)

24-Hour Average 101+7 107+14

Nocturnal Change -3+12 -5+0%
Heart Rate (bpm)

24-Hour Average 87xi4 9312

Nocturnal Change 14267 -16+7%
Nocturnal Change (%)

Mean Arterial Pressure -4:12 -5+8*

Heart Rate -16L77 -1818%

Stroke Volume 749 3+10

Cardiac Output -8+9 -15+13%

Vascular Resistance 346 11+10%

Values are means+SD. Differences between the various hemodynamic parameters of the two
subgroups were not significant, bpin, beats per minute; *, p<0.05, 1, p<0.01, I, p<0.001 for
changes within groups.

Subjects and Methods

Subjects

Twenty-three cardiac transplant recipients (18 males, five females), average age 42 years
(range 18 to 56 years), who were all hemodynamically stable (cardiac index 3.740.8
L/min/m? (meant8D), left ventricular ejection fraction 65+8%) gave their consent to
participate in the study, which was approved by the Ethical Committee of the University
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Hospital “Dijkzigt”, The time interval between transplantation and intra-arterial blood
pressure recording was 16+8 months (range 11 to 36 months). All subjects used
cyclosporine {6.6+2.4 mg/kg per day) and prednisone (0.1440.03 mg/kg per day) as
maintainance immunosuppression. Six patients were receiving antihypertensive
medication, which included nifedipine in 3, captopril in 2 and nifedipine and furosemide
in | patient,

Invasive ambulatory blood pressure recordings in 23 subjects, matched for age and 24-
hour mean arterial pressure, served as controls. These blood pressure recordings were
obtained from our database of subjects, who were referred to us for assessment of their
hypertension. The mean age of these subjects (22 males and one female) was 40 years
(range 18 to 60 years). They did not use any medication for at least 3 weeks prior to the
blood pressure recording.

Invasive 24-Howr Ambulatory Blood Pressure Recordings

Cardiac transplant recipients and control subjects were in the hospital at the time the blood
pressure recordings were performed. Although the subjects were free to move within the
hospital they were restricted with respect to the timing of meals and bed-time. In this way
a certain degree of standardization over the registration period was obtained.

Invasive 24-hour ambulatory blood pressure was monitored according to previously
described methods''. By means of the Seldinger technique a 10 cm long, 1.0 mm diameter
Teflon catheter was introduced in the brachial artery of the non-dominant arm after local
anaesthesia with a 2% lidocaine solution. The catheter was connected to a miniature
perfusion-transducer device, which was fitted in front of the sternum at heart level, The
transducer signal was recorded on magnetic tape by means of a portable tape recorder
(Medilog Recorder 11, Oxford Medical Instraments, QOxtord, UK).

Registrations were read into an XP/7 computer system (Olivelti, Ivrea, [taly) with a
sampling frequency of 160 Hz and a quantitation level of 12 bits. A dedicated computer
program calculated pulse interval, and integrated mean arterial pressure (MAP) of
individuat beats, In addition, stroke volume (SV) was assessed by a corrected pulse
contour method developed by Wesseling et al."**, The accuracy of this method has been
established by comparison of cardiac output (CQO) estimated by the pulse contour method
with CO simultaneously estimated by thermodilution in patients undergoing a coronaty
bypass graft operation'’. The two methods were well correlated (1=0.94; n=64), and the
standard deviation of the differences between the methods against the mean of the
methods was 10.6%. CO was calculated by the equation CO=8VxHR, Total peripherat
vascular resistance was calculated as TPR=MAP/CQ, assuming a right atrial pressure of
0 mumHg throughout the 24 hours. Since stroke volume was not calibrated against a true
value, stroke volume, cardiac output and total peripheral vascular resistance were only
expressed as percentages of their 24-averages, which were set at 100%. For graphical
presentation of the various hemodynamic parameters, 20-minute averages were calculated.
As a measure of “short-term” as opposed to long-term or day-night variability of blood
pressure and heart rate the standard deviation of these two parameters for each subsequent
20 minute period was computed. The divrnal variation of the hemodynamic variables was
quantified as the difference between the average day and average nighttime values.
Transience periods between day and night and night and day were removed by defining
the day from 8:00 hours to 20:00 hours, and the night from 0:00 hours to 6:00 hours.
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Statistics

Normal distribution of the parameters was verified as described by Shapiro and Wilk"®.
Since all parameters appeared to be normally distributed, values are presented as
means+SD. The relationship between the various hemodynamic parameters is expressed
by Pearson’s correlation coefficient. To establish a statistical difference from zero and
between groups, Student’s unpaired and paired (-tests were used respectively. A p-value
<0.05 (two-tailed) was regarded as significant,
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Results

The 24-hour ambulatory blood pressure recordings appeared to be of good quality. In
cardiac transplant recipients 96+4% and in control subjects 97+4% of all beats could be
analyzed.

The 24-hour profiles of the absolute values of mean arterial pressure, heart rate and their
short-term variabilities of cardiac transplant recipients and control subjects are shown in
Figure 1. As compared to the controls, the nocturnal decline of blood pressure was
considerably smaller in cardiac transplant recipients (respectively 5 versus 21 mmHg,
Table 1). The 24-hour blood pressure profile of cardiac transplant recipients showed three
prominent dips in blood pressure that coincided with the timing of meals. The 24-hour
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Figure 1. Twenty-four hour trend plots of mean arterial pressure, heart rate and their "shori-
term” variabilities in 23 cardiac transplant recipients and 23 control subjects. Twenty-minte
averages of mean arterial pressure and heart vate are depicted, whereas the standard deviation
of eacl 20 minute period of blood pressure and heart rate Iis presented as a measure of “shori-
term” variability of these two parameters. o, Cardiac transplant recipienis; 0, control subjects
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blood pressure profile of control subjects showed a decrease in blood pressure in the early
afterncon and a smaller decrease in blood pressure late in the evening. As expected,
average 24-hour heart rate was considerably higher in cardiac transplant recipients than
in control subjects, but the absolute difference in heart rate between day and night of the
two groups was of the same magnitude (Table 1). As a consequence of the denervated
state of the transplanied heart, the standard deviation of heart rale over each 20 minute
period as a measure of short-term variability was considerably lower in cardiac transplant
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Figure 2. Twenty-four hour trend plots of the percentage changes of mean
arterial pressure, heart vate, stroke volume, cardiac ontput and total peripheral
vascular resistance in 23 cardiac transplant recipients and 23 control subjects.
Twenty-minute averages of the various hemodynamic paramelers are depicted.
e, Cardiac transplant recipients; 0, control subjects.
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Table 2, Diurnal Changes of Hemodynamic Variables in Cardiac Transplant Recipients
and Control Subjects

Statistical
Cardiac Transplant Control Subjects Significance of
Recipients (n=23) (n=23) Difference Between
Groups {p)
Mean Arterial Pressure {(mmHg)
24-Hour average 105+12 105x14 .8,
Nocturnal change -5+10% 212101 <(.001
Variability of Mean
Arterial Pressure {(mmHg)
24-Hour average 6.5+0.9 6.9+0.9 n.s.
Nocturnal change -1.3+1,0f -1.541.18 n.s.
Heart Rate (bpm)
24-Hour average 92+13 75+9 <0.004
Nocturnal change -16+7% -17+8% n.s.
Variability of Heart Rate (bpm)
24-Hour average 3.4+1.2 7.4+1.6 <0.001
Nocturnal change -0.8+0.8% -1.9£1.0% <0.001
Nocturnal Change (%)
Mean arierial pressure -5+9* -204£81 <(.001
Heart rate -18+87 -2249% 1.5,
Stroke votume 3410 -3411 n.s.
Cardiac output -14412% -24£13% <0.01
Vascular resistance 497 413 ILS,

Values are means+SDD. n.s. indicates not significant (p=0.05); bpm, beats per minute; * p<0.05,
T p<0.01, 1 p<0.001 for changes within groups.

recipients than in conirol subjects both during the day and the night. The short-term
variability of blood pressure in cardiac transplant recipients was of the same magnitude
as in control subjects, and as in controls, it showed a diurnal variation with a lower value
during the night than during the day (Figure 1).

Twenty-four hour profiles of the relative changes of mean arterial pressure, heart rate,
stroke volume, cardiac output and total peripheral vascular resistance of cardiac transplant
recipients and control subjects are shown in Figure 2. In control subjects the nocturnal fall
in blood pressure was associated with a marked nocturnal fall in cardiac output. Nocturnal
total peripheral vascular resistance as compared to the day-time value did not change
(Table 1). The nocturnal fall in cardiac output was almost completely caused by a fall in
heart rate and only a minimal, not significant, decrease in stroke volume. In cardiac
transpiant recipients the attenuated nocturnal fall in arterial pressure was associated with
an aftenuated nocturnal fall in cardiac output as compared to controf subjects, In addition,
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and in contrast to control subjects, nocturnal peripheral vascular resistance as compared
to its daytime value was increased. The attenuated nocturnal fall in cardiac output in
cardiac transplant recipients as compared to the control subjects was due to a slightly
smaller nocturnal fall in heart rate and the tendency of a nocturnal increase in stroke
volume (Table 1).

In order to assess possible effects of antihypertensive medication on the diurnal changes
in the hemodynamic variables, nocturnal changes of mean arterial pressure, heart rate,
stroke volume, cardiac output and systemic vascular resistance of the six cardiac
transplant recipients who used antihypertensive medication at the time of the registration
were compared with those changes of the 17 recipients without antihypertensive
medication.

Although for none of the hemodynamic parameters differences were statistically
significant, the nocturnal decrease in cardiac output tended to be even smaller in the
patients using antihypertensive medication, predominantly because of a tendency for a
nocturnal increase in stroke volume (Table 2).

Both in cardiac transplant recipients and in control subjects the nocturnal change in
arterial pressure correlated with the nocturnal change in cardiac ouput (+=0.72; p<6.001
for cardiac transplant recipients and r=0.45; p=0.03 for conirol subjects), but not with the
nocturnal change in total peripheral vascular resistance (Figure 3).

In cardiac transplant recipients the dips in blood pressure during the day were parallelled
by decrements in peripheral vascular resistance. The dip in blood pressure in control
subjects in the early afternoon was initially also associated with a decrease in vascular
resistance and subsequently with a fall in stroke volume and cardiac output, whereas the
smaller dip in blood pressure in the evening ran in parailel with a decrease in stroke
volume.
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Figure 3. Scattergrars showing percentage nocturnal change in cardiac output or fotal
peripheral vascular rvesistance versus percentuge noclurnal change in mean arferial
pressure in cardiac transplant recipients (@) and control subjects (0). Nocturnal changes
in cardiac output and mean arterial pressure corrvelated: v =0.72 ( p<0.001) for cardiac
franplant recipients and r = 0.45; (p=0.03) for control subjects), whereas nocturnal
changes in vascular resistance and mean arierial pressure did not correlate in either of the
hwo groups.
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Discussion

This study, using direct ambulatory blood pressure recordings, confirms the results of
previous studies showing that the nocturnal fall of blood pressure is markedly attenuated
in cardiac transplant recipients". Hemodynamically this attenuation of the nocturnal fall
in blood pressure is characterized by an attenuation of the nocturnal fall in cardiac output
and a moderate increase in total peripheral vascular resistance.,

The nocturnal changes in hemodynamics, i.e., a fall in cardiac output and an unchanged
total peripheral vascular resistance, observed in our conirol subjects agree well with data
reported in the literature in which cardiac output was measured either by indicator-
dilution'®'® or bicimpedance techniques'®. This suggests that changes in stroke volume
and hence cardiac cutput are estimated with reasonable accuracy with the puise-contour
method. Although a drawback of the pulse-contour method is that no absolute values, but
only changes in stroke volume can be measured, this was not a handicap in the current
study, since we were interested in within-subject changes in hemodynamics over the 24-
hour period. Obviously, an important advantage of the pulse contour method, especially
when applied to direct ambulatory blood pressure recordings, is that beat by beat
information about systemic hemodynamic alterations can be obtained in unrestricted and
undisturbed subjects outside the artificial environment of the cardiovascular laboratory.
The average nocturnai decrease in cardiac output was only 14% in cardiac transplant
recipients as compared o 24% in control subjects. The tendency of a nocturnal increase
in stroke volume as well as a somewhat sialler relative fall in heart rate accounted for this
difference. The reason for this attenvated nocturnal fall in cardiac oulput remains
uncertain, but probably the denervated state of the transplanted heart in this respect is most
important. As a consequence of the denervated state the transplanted heart is not exposed
to the normally occurring nocturnal increase in cardiac vagal and decrease in cardiac
sympathetic tone. In addition, the effects of an increase in venous return on cardiac output
during the night, is only indirectly and partially counteracted by cardio-pulmonary or
baroreflex mediated changes in the activity of the autonontic nervous system, through
changes in circulating catecholamines.

Besides the denervated state, the use of immunosuppressive therapy might also have
confributed to the attennated nocturnal fall in cardiac output. Cyclosporine is known to
induce fluid retention® and hence it may increase venous return during nighttime
recumbency, when extracellular fluid volume is shifted from peripheral to more central
parts of the body. An attenuation of the circadian blood pressure variation in patients with
Cushing’s syndrome and in patients using glucocorticoids has been reported by Imai and
coworkers'®. However, in contrast to the present findings in cardiac transplant recipients,
the attenuated circadian blood presure variation in patients treated with glucocorticoids
is hemodynamically characterized by a marked nocturnal increase in total peripheral
vascuiar resistance, whereas the normaily occurring nocturnal decrease in cardiac output
appears to be completely preserved®. It should further be remarked that the dose of
glucocorticoids nsed by the patients studied by Imai and coworkers was several times
higher than the dose of glucocorticoids used by the cardiac transplant recipients of this
study.
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Apart from the attenuated nocturnal decrease in cardiac output, another hemodynamic
abpormality encountered in cardiac transplant recipients was a nocturnal increase in total
peripheral vascular resistance. This nocturnal increase in vascular resistance is not easy
1o explain. To some extent it may be related to the fact that for the caleulation of vascular
resistance it was assumed that right atrial pressure remained stable at 0 mmHg throughout
the 24-hour period. Since in normal subjects the diurnal variation of right atrial pressure
as compared to the diurnal variation of mean arterial pressure is very low, the bias
introduced by omitting diurnal changes in right atrial pressure is relatively small.
However, for a subject with a relatively small nocturnal decrease of mean arterial
pressure, that is typical for the cardiac transplant recipient, an increase of 1 mmHg of right
atrial pressure during the night implies an overestimation of the nocturnal increase in
vascular resistance by approximately 1%. Accordingly the nocturnal increase in vascular
resistance is probably overestimated in our patients.

Besides the attenuated nocturnal fall in blood pressure the recordings of cardiac transplant
recipients showed 3 prominent dips in blood pressure during the day. These dips in blood
pressure coincided with the timing of meals and most likely are a direct consequence of
it, Since our subjects were in the hospital at the time of the blood pressure recording the
timing of meals was similar for cach subject, thus synchronizing these postprandial dips
in blood pressure in the groups. This may explain why the postprandial dips in blood
pressure were so clearly visible on the blood pressure traces. Hemodynamically, the dips
in blood pressure were associated with parailel decrements in total peripheral vascular
resistance, most likely caused by ateriolar vasodilatation in the splanchnic circulation, In
the control group the most marked fall in blood pressure during dayiime occurred in the
early afternoon, whereas smatl dips in blood pressure were seen in the morning after
breakfast and in the evening. The prolonged dip in blood pressure in the early afternoon
was due both to the consumption of the principal meal and a postprandial nap, which is
customary in our hospital.

Postprandial dips in blood pressure have been described in eldery subjects and in patients
with autonomic insufficiency®?%, In these subjects the postprandial dips in blood pressure
are sometimes symptomatic and even may cause syncope. As far as we know symptomatic
postprandial dips in blood pressure have not been reported yet in cardiac transplant
recipients and also our patients noticed no hypotensive symptoms in relation to ingestion
of food.

Although average daytime blood pressure was lowered by the postprandial dips in blood
pressure this effect was far too small to account for the attenuated nocturnal £all in blood
pressure. Without the dips in biood pressure, the estimated day-night difference in blood
pressure increased form 5 to 7 mmHg, which is still considerably smaller than the 20
mmHg day-night difference in blood pressure observed in the control subjects,

The continuous recording of the intra-arterial blood pressure signal provided an
opporfunity to determine the “short-term” variability of biood pressure and heart rate in
our subjects. In agreement with previous reports® short-term blood pressure and heart rate
variability in control subjects, like blood pressure and heart rate, showed a clear diurnal
variation with lower values during the night than during the day. As expected and related
to the denervated state of the transplanted heart, shorf-term heart rate variability was
markedly lower in cardiac transplant recipients than in control subjects. However, as in
control subjects heart rate variability in cardiac transplant recipients also showed a diurnal
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thythm with a significantly higher value during the day than during the night. Most likely,
a greater fluctuation in circulating catecholamines during the day related to difterent fevels
of activity explains the observed higher level of daytime heart rate variability.
Alternatively, and in accordance with studies showing evidence for regional structural
sympathetic reinnervation late after orthotopic cardiac transplantation®?%, it could be that
some of our patients had partial reinnervation of their transplanted heart. The short-term
variability of blood pressure in cardiac transplant recipients was of the same magnitude
as in the control subjects and, despite the attenuation of diurnal rhythm of blood pressure,
its diurnal rhythn: was comparable to that of control subjects. This finding indicates that
to a certain exfent the tonic level of blood pressure and its variability are regulated
independently, which is in line with the results of a previously reported study by our
group™s,

In conclusion, the nocturnal fall in blood pressure in cardiac transplant recipients is
markedty blunted because of an attenuation of the nocturnal fall in cardiac output as well
as a moderate increase in total peripheral vascular resistance. Apart from the attenuated
nocturnal fall in blood pressure another peculiar finding in cardiac transplant recipients
were marked postprandial dips in blood pressure. Finally, as opposed to the loss of long-
term (day-night) blood pressure variability, “short-term” blood pressure variability is fully
maintained in cardiac transplant recipients. “Unopposed” nocturnal increase in venous
return may be one of the pathogenetic factors involved in the attenuated nocturnal fall in
cardiac output and hence the attenuated nocturnal fafl in blood pressure observed in
cardiac transplant recipients. It seems worthwhile therefore to explore whether
venodilatory treatiment before patients go to sleep restores the normal diumal thythm. This
is not ony of interest from a theoretical but also from a clinical point of view.
Cyclosporine-induced hypertension occurs in the vast majority of cardiac transplant
recipients®?; an absent or attenuated nocturnal fall in blood pressure implies an important
increase of the blood pressure [oad. This may contribute to the vascular and renal
complications in these patients and plays a crucial role in the development of left
ventricular hypertrophy®*. A better understanding of the hemodynamic abnormalities
underlying the attenuated blood pressure profile in cardiac transplant recipients might
prove to be of value in the development of pharmacotherapeutic strategies that favourably
influence long-lterm prognosis in these patients.
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Chapter 11

Assessment of Diurnal Variation of
Heart Rate and Blood Pressure in
Cardiac Transplant Recipients by

Square Wave Fitting






Introduction

There is some controversy about the presence of a normal circadian variation of blood
pressure afler cardiac transplantation. Although the first studies on 24-hour ambulatory
blood pressure monitoring in cardiac transplant recipients reported an attenuation of the
nocturnal decrease in blood pressure (see the references in Chapter 10), other
investigators™® reported a return to a normal circadian variation in blood pressure in
months after transplantation. Gur own study®, using continuous intra-arteriaf blood
pressure measurement, demonstrated an attenuated circadian variation of blood pressure
up to three years after cardiac transplantation, using fixed time periods to calculate the
night-day difference of blood pressure. In the present study, we use this material to
investigate the applicability of the square wave fit for the detection of abnormalities in
circadian variation of heart rate and blood pressure.

Subjects and Methods

For the present study, the blood pressure registrations recorded for the study in Chapter 10
were used®. These intra-arterial ambulatory registrations were obtained in 23 cardiac
transplant recipients, 11 to 36 months after transplantation, and in 23 control subjects
matched for age and 24-hour mean arterial pressure. Six of the cardiac transplant
recipients received antihypertensive medication at the time of the registration. During the
blood pressure recordings, the subjects were hospitalized to standardize environmental
conditions. From these recordings, 24-hour profiles consisting of 20-minute averages of
heart rate and mean arterial pressure were constructed. The diurnal variation in the
individual profiles was modeled by restricted square wave fitting as described in
Chapter 7.

To detect abnormalities in the diurnal variation of mean arterial pressure in individual
cardiac transplant recipients, a reference area for normal phase and magnitude of the
circadian variation of blood pressure was constructed from the square wave parameters
of the control subjects, Since t,, describes the phase of circadian variation more precisely
than ty,,.,, as was demonstrated in Chapter 7, t,, was chosen as the parameter (o represent
phase, whereas cc,,, and the amplitude were chosen to represent the magnitude of the
diurnal variation.

Statistics

Statistical calculatations on clock time values were performed by means of the techniques
for directional data as described in Chapter 6. For the other values, the statistical
significance of differences between groups was assessed by unpaired t-tests. The number
of significant fits were compared by a Fisher exact test*. Correlation between the square
wave amplitudes and the 24-hour average levels of heart rate and mean arterial pressure
was calculated as the Spearman rank correlation coefficient. For the assessment of
statistical significance, a 0.05 significance level was chosen. All statistical computations
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were perfomed with SAS statistical software (SAS V6.04 for Personal Computers, SAS
Institute Inc., Cary, North Carolina, USA).

Results

Modeling of Profiles

The resuits of restricted square wave fitting in the profiles of heart rate and mean arteriat
pressure are displayed in Table i. In the control subjects, there was a positive correlation
between the 24-hour average levels of heart rate and blood pressure and the square wave
amplitudes of these parameters. In the cardiac transplant recipients, such a relation could

Tabie 1. Results of Restricted Square Wave Fitting in 24-Hour Profiles of Heart Rate
and Mean Arterial Pressure in Cardiac Transplant Recipients and Control Subjects

Cardiac Significance
Transplant Control of Difference
Recipients Subjects between
(n=23) (1=23) Groups (p)
Heart Rate
24-Hour average (bpm) 92+12.9 7549.3 <0.0001
Amplitude of diurnal variation
(bpm} 15.3+5.5 17.0+6.6 n.s.
t,p (hours) 7:34 [0.92] * 7:2210.92] * n.s,
CCpax 0.77£0.10 0.7520.11 n.s
No. of significant fits 22 21 1.8,
Correlation coefficient of amplitude
with 24-hour average 0.02 0.64 1
Moean arterial pressure
24-Hour average (mmHg) 105123 105£13.6 n.S.
Amplitude of diurnal variation
(mmTHg) 12.346.0 20.4+8.3 <0.001
t,» (hours) 5:51 [0.20} 0:45[0.89] * ne.
CCypax 0.62+0.13 0.78+0.14 <(.0001
No. of significant fits 16 21 n.s.
Correlation coefficient of amplitude
with 24-hour average 0.11 0511

Values are mean+SD or mean directional vector time [mean directional vector length].

¥, p<0.05 for mean directional vector time; T, p<0.001; I, p< 0.05 for Pearson correlation
coefficient; n.s., non-siguificant for difference between groups, n.c. not caleulated because
of non-significant value in one group.
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not be demonstrated. Therefore, the comparison of the amplitudes between the two groups
is based on the absolute values of the amplitude rather than the amplitudes expressed as
a percentage of the 24-hour average.

In most profiles of heart rate of both control subjects and cardiac transplant recipients, the
diurnal varation was adequately modeled, as was judged by visual inspection {data not
shown), This explains the high values of cc,,, the parameter that vepresents the fraction
of the variation in the 24-hour profile that is contained in the square wave model, and the
high proportion of significant fits (22 and 21 out of 23 profiles for cardiac transplant

Heart Rate Mean Arterial Pressure
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18h

12h
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Figure 1. Circular plots represent the divrnal variation of heart rate (lefi panels) and mean
arterial pressure (right panels) as assessed by restricted square wave fitting in 23 control
subjects (@) and 23 cardiac transplant recipients (0). The angle with the vertical axis represents
t,, and the distance to the cenfre of the circle represenis cc,,,.. (upper panels) or ampliiude (fower
panels).
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recipients and confrol subjects, respectively), As expected, the average 24-hour heart rate
is markedly higher in the cardiac transplant recipients than in the control subjects. The
nacturnal change in heart rate as calculated by the square wave amplitude, however, is
approximately identical in the two groups. The values for t,, of the heart rate profiles are
almost identical for cardiac transpiant recipients and control subjects, as is expected since
the environmentat condidtions were standardized in the subjects. Between the individuals
of both groups, however, there is a considerable scatter.

For the profiles of mean arterial pressure, there were marked differences between the
cardiac transpiant recipients and the control subjects, Since the subjects were matched for
blood pressure, the values of 24-hour mean arterial pressure are almost identical in both
groups. In the control subjects, the average value of t, in the profiles of mean arterial
pressure is about 30 minutes earfier than in the heart rate profiles. This difference,
however, does not reach statistical significance. The average square wave amplitude, the
average value of cc,, as well as the number of significant fits, are all considerably smaller
in the cardiac transplant recipients than in the control subjects. In contrast to the control
subjects, the average value of t,,, in the cardiac transplant recipients is non-significant, i.c.,
the distribution of t,, cannot be discerned from a random distribution. This implics that
in this group, a

preferential time for t,, oh

and thereby a
synchronized diurnal
blood pressure rhythm,
cannot be demonstated.
Figure 1 displays the
relation  between the
phase and the magnitude
of the diurnal variation in
profiles of heart rate and
mean arterial pressure of
both  groups.  The
individual observations
are somewhat  better
visible in the plots that
US€ CCpy, 10 represent the
magnitude of the diurnal
variation, since most of
these observations are
further from the centre of 12h

the circle and therefore Figure 2. (Same data as in upper right panel of Figure 1)
scattered over a w-lder Civenlar plot shows 1, and cc,,, oblained by restricted square
area that the observations yuaye fitting in profiles of mean arterial pressure of 23 control
that use the amplitude. It gypjects (@) and 23 cardiac transplant recipients (). The value of
appears that the 1, is represented by the angle with the vertical axis, and the value
amplitude  and  cCL. 0 G, b the distance to the centre of the unil circle. One of the
convey almost identical confrol subjects has a clearly abnormal pattern of circadian
information, and variation. The distribution of the other 22 control subjecis is used
to define the area of normal circadian variation.
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therefore only the plots that use ce,,, are discussed. In the profiles of heart rate, most
observations have values of't,, in the range from 5:40 to 8:20 hour, with exception of three
control subjects (values for t,, are 10:40, 10:40 and 11:40 hour, one observation is not
visible because of overlapping) and one cardiac transplant recipient (t,, at 16:40 hour).

Abnormal Civeadian Variation of Mean Arterial Pressure

In Figure 2, the individual values oft,, and of cc,,,, calculated from the profiles of mean
arterial pressure are displayed in detail. Of the 23 control subjects, 22 have values oft,,
in the range of 5:40 to 9:00 hour. One control subject, however, has a clearly distinct value
for t,, (18:20 hour) which is approximately 12 hours later than the average in the control
group, i.e., the subject is in anti-phase with the other controi subjects. The subject appears
to have a relatively small value of ¢, and thus the square wave fit in this subject is non-
significant. If this clearly outlying subject is omitted from the control group, the area in
which the distribution of the reimaining control subjects is contained may be considered
as a reference area for a normal circadian variation. Of the cardiac transplant recipients,
six subjects are within this area (three are not visible because of overlap) and are thus
classified as having a normal phase and amplitude of the diurnal variation of blood
pressure, whereas the other 17 are classified as abnormal.

Discussion

Modeling of Profiles

In the present study, diurnal variation of heart rate and mean arterial blood pressure in
cardiac transplant recipients and hypertensive subjects was assessed by means of the
square wave fit. In both groups, the circadian variation of heart rate was modeled
satisfactorily by a square wave according to visual inspection and fraction of significant
fits. A divrnal rhythm of heart rate was demonstrated in both groups by the presence of
a preferential time for t,,,. Despite a higher baseline value of heart rate in cardiac transplant
recipients, the diurnal rhythm as modeled by the square wave fit in this group was almost
identicai to the rhythm in the control subjects.

According to visual inspection and the fraction of significant fits, the diurnal variation in
the profiles of mean arterial pressure recorded in control subjects was adequately modeled
by the square wave fit, and a diurnal blood pressure rhythm could be demonstrated, with
t,, not significantly different from the value measured in the heart rate profiles. In the
group of cardiac transplant recipients, the rhythm was not statistically significant.

Correspondence of Square Wave Amplitude to Nocturnal Change in Blood Pressure

In Chapter 9, we have calculated the nocturnal change of blood pressure and heart rate in
these groups over fixed time periods. For this purpose, the night was defined as the period
from 0:00 to 6:00 hour and the day as the period from 8:00 to 20:00 hour. The nocturnal
changes thus calculated for heart rate (-16+7 bpm in cardiac transplant recipients and
-17+8 bpm in control subjects) and for mean arterial pressure in the control subjects
(-21£10 mmHg) are in accordance with the square wave amplitudes in the present study
(15.3£5.5 bpm, 17.04+6.6 bpm, and 20.4+8.3 mmHg, respectively). The nocturnal change
of mean arterial pressure according to fixed clock times was -54+10 mmEg in the cardiac
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transplant recipients, whereas the amplitude in these profiles as assessed by square wave
fitting was 12.3+6.0 mmHg. In agreement with our Monte Carlo experiments in Chapter
6, a possible explanation for this overestimation is that the amplitude of the diurnal blood
pressure variation is small in comparison with the 20-minute to 20-minute blood pressure
variation, If it is assumed that the present group of cardiac transplant recipients has a
normal phase of the circadian blood pressure variation and that only the amplitude is
attenuated, the sguare wave amplitude may be estimated from the fixed periods that were
used to define the day and night. Under this assumption, the square wave amplitude is 5
mmHg, whereas the standard deviation over the day and night periods are 8.9+3.7 mmIHg
and 5.3+1.8 mmHg, respectively, resulting in an amplitude to noise ratio (AN-ratio} of
about 0.7. From Figure 2 in Chapter 6, it appears that for an AN-ratio of 0.7, an
overestimation of the amplitude of 5 mmHg can be expected, which would approximately
explain the overestimation of the nocturnat change of blood pressure by the square wave
fit found in our cardiac transplant recipients (12,3 vs 5 mmHg), For an AN-ratio of 0.7,
however, the percentage of significant fits is approximately zero, as can be read from
Figure 5 in Chapter 6. Since we found 16 out of the 23 fits significant, the assumption that
only an attenuvated night-day difference underlies the abnormal nocturnal variation must
be wrong. A different explanation may be that the phase of the diurnal variation is
disturbed. Indeed, seven cardiac transplant recipients had a blood pressure profile that
was in antiphase with the control subjects, as is visualized in Figure 2 (subjects with t,,
in the range from 18:00 to 21:00 hours). Clearly, in these subjects the nocturnal blood
pressure change calculated over the fixed periods as defined above is reversed, which
attenuates the average nocturnal decrease in blood pressure. In the square wave maodel,
however, the phase of the {it in these seven subjects is reversed, whereas the amplitude
is approximately identical to the other cardiac transplant recipients. Inversion of the phase
was also demonstrated by Van de Borne and co-workers? using periodogram modeling in
cardiac transplant recipients. Such abnormatities of 24-hour blood pressure variation may
remain undetected if the assessment of the diurnal blood pressure variation is based on the
calculation of the nocturnal change of blood pressure, whether the calculations are based
on diaries or fixed time periods.

Cyclosporine

In our previous studies™ we hypothesized that the attenuation of the nocturnal decrease
in blood pressure in our cardiac transplant recipients may have been caused by the use of
cyclosporine. This medication induces fluid retention, and may therefore increase venous
return during nighttime recumbency. In cardiac transpiant recipients that received lower
dosages of this immunosuppressivum, a normal diurnal variation of blood pressure has
been reported'”. Further support for this hypothesis was recently provided by van den
Dorpel and co-workers®. These investigators reported an attenuated circadian variation of
blood pressure in renal transplant recpients receiving cyclosporine and prednisone as
immunosuppressive medication. The circadian variation of blood pressure was partially
restored when the cyclosporine was replaced by azathioprine. It is therefore likely that
cyclosporine alone or in combination with prednisone may altenuate the divrnal blood
pressure variation.

170



Conclusion

We have modeled the divrnal variation of heart rate and blood pressure by means of
restricted square wave fitting, In accordance with our previous studies’® we have
demonstrated an intact diurnal rhythm of heart rate and an attenuation of the diurnal
variation of blood pressure in cardiac transplant recipients in comparison o control
subjects by this modeling technique. In addition we demonstrated that seven of the 23
cardiac transplant recipients were in antiphase with the control subjects. We conclude that
the square wave fit may be used to detect an abnormal circadian variation of blood
pressure. The clinical relevance of the inversion of the phase of the circadian blood
pressure variation needs further investigation.
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Summary

Chapter 1 describes the rationale of ambulatory blood pressure monitoring and the
increasing insight in the relevance of the attenuation of the normal nocturnal decrease in
biood pressure as a marker of cardiovascular disease. Despite this well-recognized
relevance, there is still no consensus regarding how to define and calculate the nocturnal
bleod pressure fall, and many different methods have been used in various studies.
Since the nocturnal decrease in blood pressure is the most prominent and constant feature
of the 24-hout bload pressure profile, the present thesis investigates whether this feature
can be calculated directly from the blood pressure profile without using additional
information. For this purpose, a square wave model of diurnal blood pressure variation is
developed and evaluated. The following questions are investigated:

- What is the performance of the biood pressure recording system and analysis
softwarc?

- How does the square wave model compare to other models of circadian blood
pressure variation, and which model best describes the circadian rhythm?

- What is the dependency of the square wave parameter estimation on the
measurement frequency, the between-measurement variation and the magnitude
of the diurnal blood pressure variation?

- Can the square wave fit be applied to 24-hour blood pressure registrations obtained
by means of non-invasive measurement, and can it be used in outpatients in whom
daily activities are less restricted than in hospitalized subjects?

- Does the square wave fit estimation of the period of low pressure correspond with
the periad of bed rest?

- What is the hemodynamic basis of the attenuated circadian variation of blood
pressure in cardiac transplant recipients?

Chapters 2 describes the blood pressure recording system used in most of the present
studies. The Oxford Medilog blood pressure recording system allows continuous intra-
arterial recording of the blood pressure signal. The main sources of measuring error are
drift and signal damping. Because of the design of our studies, the quantitative effect of
drifl on the study results is very small. The quantitative effect of signal damping is limited
by the fact that only within-recording changes were measured.

Chapter 3 describes and evaluates the software used for the beat-to-beat analysis of the
blood pressure signal. The sensitivity and specificity of the beat defection are evaluated
on the basis of time ratios. The sensitivity was satisfactory with a median value of 99.3%,
The specificity is smaller (median value 93.5%; range 51.2% to 100%), but since the
largest part of the signal is free of artifacts, the number of erroneously detected beats is
always small in comparison with the the total number of beats detected {<5%). The errors
of the analysis algorithm are negligible for the blood pressure and heart rate statistics
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calculated in the present studies. The average error of the the nocturnal change of stroke
volume, cardiac output, and total peripheral resistance are larger but small in comparison
with the nocturnal change in these parameters,

In Chapter 4, we develop a simple mathematical mode! of diurnal blood pressure
variation which nevertheless does justice to the specific form characteristics of individual
blood pressure registrations. The model is evaluated for intra-arterial measurements of
blood pressure obtained in hospitalized patients with mild to moderate untreated essential
hypertension. Inspection of the profiles suggests a model of blood pressure consisting of
two contiguous, complementary periods of constant pressure, a so-called square wave.
Determination of the times of transience between both periods {(segmentation) is
performed individually, using a least square error criterion. Resulis are compared to those
obtained by conventicnal methods including a segmentation method based on Fourier
modeling. The square wave fit accounts for a larger fraction (66%) of circadian variance
of mean arterial pressure than modeling based on segmentation by visual inspection (59%,
considerable observer bias) or by clock time (50%). Application of the Minnesota Cosinor
method results in the poorest description (47%). Segmentation based on harmonic
modeling (61%) appears to be cumbersome because of the large number of harmonics
needed, and the significance of additional information offered over the square wave fit is
dubious, Observer bias makes segmentation by visual inspection unsuitable for assessment
of the circadian variance of blood pressure. Even when daily activities are strictly
regulated such as in a hospital environment, circadian variance appears to be modeled
considerably better by the clock time independent segmentation methods than by clock
time. As compared to harmonic analysis, square wave fitting is simple, and it appears to
best model the circadian variance,

In Chapter 5, we comment on the periodogram method as it was infroduced for the
modeling of divrnat blood pressure variation. We state that the bimodal distribution of
blood pressure during the day-time that is postulated by its authors cannot be conciuded
from application of the method presented. Instead, the nocturnal decrease in blood
pressure is likely to induce a bimodal distribution of blood pressure during the day-time
as an artifact in their model.

The precision and accuracy of the estimation of the square wave parameters in a 24-hour
profile depend on the number of samples in the profile and therefore on the sampling
frequency. The quality of the fit is also dependent on the variation that is contained in the
diurnal variation in comparison with the variation from other sources, such as the
measuring error and the short-time blood pressure variation, i.e., the signal-to-noise ratio.
This is of particular importance in non-invasive measurement, which combines a limited
measuring frequency with a larger imprecision when compared to intra-arterial
measurement. These dependencies are investigated in Chapter 6. By means of Monte
Carlo experiments in simulated blood pressure profiles, we investigate the dependency of
the square wave amplitude and transience times on the sampling frequency, ratio between
the amplitude of the divrnal variation and the noise, and the length of the high and low
blood pressure period. If the ratio of the amplitude of the diurnal variation and the
standard deviation of the noise is at least 1.5, i.¢., in most profiles of healthy subjects, a
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measuring frequency of 2.5/hour should suffice for the assessment of the square wave
amplitude. If this ratio is 1.0, a measuring frequency of at least 6.0/hour should be used.
Under these circumstances, the bias of the amplitude does not exceed 0.5 mmHg, whereas
the additional imprecision caused by the square wave fit over the sample size related
imprecision is smaller than 0.6 mmHeg. If the ratio is smaller than 1.0, assessment of the
amplitude is positively biased and the square wave fit cannot be used to assess the
amplitude of the diurnal variation. Whether in a group of profiles the diurnal variation is
sufficiently large for application of the square wave fit can be assessed by calculating the
fraction of significant fits. The square wave transience times are less dependent on the
magnitude of the diurnal blood pressure variation than the square wave amplitude. [f the
diurnal variation is not sufficient for amplitude assessment, information on the phase of
the diurnal variation may therefore in some cases still be obtained by means of the
calculation of the transience times.

In Chapter 7 we investigate the applicability of the square wave fit in blood pressure
profiles recorded by means of cuff measurement in healthy outpatients. In comparison
with intra-arterial blood pressure measurement, these registrations are characterized by
larger short-term blood pressure fluctuations and a smaller number of measurements. The
diurnal variation is modeled well by square wave fitting, and there is a good
correspondence between the modeled transience times and the period of bed rest, These
results are obtained after a modification of the fifting technique, which restricted the
length of the low period to the expected range, i.e., to a range of 5 to 13 howrs. The
subjects have a wide range of bed rest periods according to their diaries, and we postulate
that the change of blood pressure during this period is therefore probably better assessed
by square wave fitting than by clock time dependent methods, a hypothesis that has been
confirmed by recent work of other investigators, In our material, a significant square wave
fit approximately corresponds to a nocturnal decrease in blood pressure of 10 mmHg or
10%, which is by convention referred to as a "dipping" profile.

In Chapter 8 we illustrate the fimitations of the square wave mode! in renal transplant
recipients before and after conversion from cyclosporine to azathioprine inununo-
suppression, In a previous study it was demonstrated that during cyclosporine medication,
the diurnal variation of blood pressure was aftenuated in comparison with azathioprine
inununosuppression. During both immunosuppressive regimens, the diurnal variation of
blood pressure is insufficient for a quantitative assessment of diurnal variation by means
of the square wave fif. As a consequence, the square wave fit cannot demonstrate a
difference in the magnitude of the diurnal variation between the regimens. Differences
between the immunosuppressive regimens are found, however, by means of the
distribution of the transience times.

In Chapters 9, 10 and 11, the hemoedynamic characteristics of cardiac transplant
recipients are investigated by means of direct ambulatory blood pressure measurement,
Cardiac output, stroke volume, and total peripheral resistance are assessed by means of
a corrected pulse contour method. In accordance with other investigators, we find an
increase in 24-hour blood pressure and heart rate up to three years after transplantation.
The elevation of blood pressure is probably caused by the cyclosporine used by these
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patients. This immunosuppressant is known to cause fluid retention and an increase in
sympathetic nerve activity, and hypertension is a well-known side effect of this drug, The
increase in heart rate can probably be atiributed to the denervated state of the transplanted
heart, in particular absence of vagal tone.

Modeling of circadian variation based on fixed time periods demonstrates a normal
diurnal variation of heart rate, whereas the diurnal variation of blood pressure is
attenuated. This attenuation is partially explained by a decrease in blood pressure during
the day caused by three short-lasting dips in blood pressure, probably as a consequence
of food ingestion. In some profiles of cardiac transplant recipients, the diurnal blood
pressure rhythm appears to be reversed. Hemodynamicaily, the attenuated fall in nocturnal
blood pressure is characterized by an atfennated decrease of cardiac output. This relative
increase in nocturnal cardiac output might be explained by the increase in venous return
during nighttime recumbency, which cannot be compensated for by means of a decrease
in cardiac inotropy and chronotropy. A resiraint of sympathetic outflow to the vascular
tree due to an interruption of the ventricular-baroreceptor reflex after heart transplantation
could be a contributory factor to the nocturnal mismatch between cardiac output and
vascular resistance.

Immunosuppression most likely also plays a role in the attenuation of the diurnal blood
pressure variation afler cardiac transplantation. Since cyclosporine causes both fluid
retention and an increase in sympathetic nerve activity, it may enhance both
aforementioned mechanisms. The study in renal transplant recipients demonstrates that
cyclosporine may also attenuate the nocturnal fall in blood pressure independently of
cardiac denervation. The possible role of cyclosporine is corroborated by studies in which
a restoration of the normal circadian blood pressure variation after cardiac transplantation
is reported, since the subjects in these studies used a lower cyclosporine dosage than the
subjects in our study. Since cardiac transplant recipients are at an increascd risk of
cardiovascular complications, which may be related to the 24-hour blood pressure load,
a pharmacological sirategy aimed at reduction of both the cyclosporine dosage and the
venous return during the night may be of possible value in the improvement of long-term
prognosis in these patients.
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In conclusion, we have introduced a simple technique that models diurnal blood pressure
variation by segmenting the 24-hour blood pressure profile in a period of high and a
period of low pressure. The method can detect the presence or absence of a diurnal blood
pressure rhythm, and provide quantitative information on the amplitude and the transience
times. If the circadian variation is attenuated, the method does not estimate the amplitude
reliably but it can in some cases still provide information on the phase of the rhyihm.

Questions that need further investigation are:

Can the nocturnal decrease in blood pressure be reliably calculated by segmenting
a blood pressure profile in a day-time and a night-time period using the transience
times cafculated from the corresponding heart rate profile? This question is of
particular importance if the circadian blood pressure variation is too small for
direct calculation of the square wave amplitude from the 24-hour blood pressure
profile,

Can the robustness of the square wave fit be improved by optimizing criteria other
than the cross correlation coefficient? Such a technique would decrease the
necessity of an outlier rejection procedure.

The most important question concerns determination of the clinical importance of
the square wave fit amplitude in comparison with other measures of circadian
blood pressure variation with relation to target organ damage, morbidity and
mortality. These investigations may include re-analysis of data in published
studies.
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Samenvatting

Hoofdstuk 1 beschrijft de rationate van ambulante bloeddrukmeting, en het groeiende
inzicht in de relevantie van een verminderde nachtelijke bloeddrukdaling als een indicator
van cardiovasculaire ziekte. Hoewel deze relevantie algemeen onderkend wordt, bestaat
er toch geen consensus over de wijze waarop de nachtelijke bloeddrukdaling gedefiniderd
en berekend moet worden. In de diverse studies over dit onderwerp worden hiervoor dan
ook verschillende methoden gehanteerd,

De nachtelijke bloeddrukdaling is de meest in het oog springende karakteristick van een

24-uurs bloeddrukprofiel. In dit proefschrifl wordt onderzocht of hiervan gebruik kan

worden gemaakt om de nachtelijke bloeddrukdaling rechtstreeks vit de vorm van het
24-uurs bloeddrukprofiel te berekenen.

Voor dit doel wordt een blokgolfinodel van de 24-nurs bloeddrukvariatie ontwikkeld en

geévalueerd. De volgende vragen werden hierbij onderzocht:

- Wat zijn de karakteristicken van het bij de studies gebruikte meetsysteem en van
de programmatuur die is gebruikt voor de analyse van het geregistreerde signaal?

- Hoe verhoudt het blokgolfmodel zich tot bestaande modellen van 24-uurs
bloeddrukvariatie, en welk van deze modellen beschrijft de 24-uurs bloeddruk-
variatie het best?

- Wat is de invioed van de frequentie waarmee de bloeddruk wordt gemeten, de
bloeddrukvariatie tussen deze metingen, en de grootte van de nachtelijke
bloeddrukdaling op de betrouwbaarheid waarmee de blokgolfimethode de 24-uurs
bloeddrukvariatie meet?

- Kan het biokgolfinode! worden toegepast op niet-invasieve 24-uurs bloeddruk-
registraties, en op poliklinische metingen?

- Komt de door het blokgoltfimodel aangegeven periode van lage bloeddruk overeen
met de periode van nachtrust?

- Wat is de hemodynamische basis van de verminderde nachtelijke bloeddrukdaling
die na harttranspiantatie wordt gevonden?

In hoofdstuk 2 wordt het bloeddrukmeetsysteem dat we in enkele studies gebruikt hebben
beschreven. Met het Oxford Medilog systeem kan bij de ambulante patiént de bloeddruk
continu intra-arteri¢el gemeten worden. De belangrijkste fouten in de meting worden
veroorzaakt door drift en demping van het signaal, Door het ontwerp van de studies is het
kwantitaticve effect van de drift zeer gering. Het kwantitatieve effect van signaaldemping
wordt beperkt door het feit dat alleen verschillen binnen dezelfde bloeddrukregistratic
worden gemeten.

Hoofdstuk 3 beschrijft en evalueert de software die is gebruikt om het bloeddruksignaal
van har(slag tot hartslag {¢ analyseren. De sensitiviteil en specificiteit van het detectie-
algoritme worden geévalueerd aan de hand van de lengtes van het geclassificeerde signaal.
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De sensitiviteit was bevredigend; de mediane waarde was 99.3%. De specificiteit was
kleiner, met een mediane waarde van 93.5% en een bereik van 51.2% tot 100%. Doordat
weinig artefacten in het signaal voorkomen, is het signaal dat ten onrechte gebruikt wordt
in de analyse desondanks gering (<5% van het totaal). De fouten in de studie-uitkomsten
van bloeddruk en hartfrequentie blijken verwaarloosbaar kiein te zijn. De gemiddelde fout
in de berekening van het slagvolume, de cardiac ouiput, en de perifere vaatweerstand zijn
groter, maar blijven gering in verhouding tot de fysiologische veranderingen die hierin
optreden,

In hoofdstuk 4 wordt ecen eenvoudig model van bloeddrukvariatie ontwikkeld dat
gebaseerd is op de belangrijkste vormkarakteristick van het 24-uurs bloeddrukpatroon,
namelijk de nachtelijke bloeddrukdaling. Dit model wordt ge&valueerd aan de hand van
continue intra-arteriéle bloeddrukregistraties van personen met onbehandelde matige
hypertensie. Tijdens de registratie verbleven deze patienten in het ziekenhuis,

We modelleerden de 24-uurs bloeddruk als een blokgolf: twee aanééngesloten perioden
van constante druk die samen 24 uur lang zijn. De overgang tussen deze fivee niveaus
wordt voor ieder bloeddrukprofiel afzonderlijk bepaald (segmentatie) volgens een
kleinste-kwadratische-fout methode. De resultaten worden vergeleken met gangbare
methoden, in het bijzonder met een methode die is gebaseerd op harmonische analyse.
Segmentatie door middel van de blokgolfimethode modelleert een groter deet van de
dagelijkse bloeddrukvariantie (66%) dan door middel van het vog (59%, aanzienlijke
observer bias) of aan de hand van vaste tijden (50%). De "Minnesota Cosinor methode"
geeft de minst goede beschrijving (47%). Bij de sepmentatie gebaseerd op harmonische
analyse (01%) zijn veel harmonischen nodig waardoor de segmentatie een moeizaam
proces wordt, en bovendien is de betekenis van de extra informatie die wordt verkregen
dubieus. Segmentatie door middel van het oog gaat mank aan observer bias en is daardoor
niet geschikt is om de dagelijkse bloeddrukvariatic te kwantificeren, Zelfs als de
activiteiten van de studiegroep gesynchroniseerd zijn zoals bij ziekenhuisopname, blijkt
dat de tijdsonafhankelijke methoden van segmentatie de 24-uurs variantie aanzienlijk
beter modelleren dan de op tijd gebaseerde methode. In vergelijking met harmonische
analyse is de blokgolfinethode eenvoudig, en modelleert deze de variantie beter.

Hoofdstuk 5 beconmentarieert de "periodogram-methode" die is geintroduceerd om de
24-uurs bloeddrukvariatie te modelleren. Op grond van toepassing van dit model
concluderen de auteurs dat de bloeddruk overdag bimodaal is verdeeld (twee toppen
heeft). We stellen dat deze conclusie et getrokken kan worden, omdat de nachtelijke
bloeddrukdaling deze twee-toppigheid als een artefact in het toegepaste model induceert.

De precisie en juistheid waarmee van de blokgolfparameters van een 24-uurs bloeddruk-
registratie kunnen worden bepaald hangt af van het aantal meetpunten in de registratie en
daarmee van de meetfrequentie. De kwaliteit van de meting hangt verder af van de
verhouding tussen de grootte van de nachtelijke bloeddrukdaling en de bloeddrukvariatic
uit andere bron (ruis), zoals de korte-termijns bloeddrukvariabiliteit en tocvallige
meetfouten, Dit is met name van belang bij niet-invasieve bloeddrukmeting, een techniek
met een minder grote meetfrequentie en precisie dan continue intra-arteriéle meting. De
genoemde  afhankelijkheid wordt onderzocht in hoofdstuk 6. Door midde!l van
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zogenaamde Monte Carlo experimenten wordt met behulp van gesimuleerde
bloeddrukprofielen bepaald hoe de amplitude en de tijdstippen van overgang van het ene
drukniveau naar het andere afhangen van de meetfrequentie, de verhouding tussen de de
nachielijke bloeddrukdaling en de standaarddeviatie van de ruis, en de lengtes van de
periodes van hoge en lage druk.

Als de nachtelijke bloeddrukdaling tenminste 1.5 maal groter is dan de standaarddeviatie
van de ruis, hetgeen bij de meeste gezonden het geval is, is een meetfrequentic van 2.5 per
uur voldoende om de blokgolf-amplitude betrouwbaar te meten. Als de nachtelijke
bloeddrukdaling gelijk is aan de standaarddeviatie van de ruis, moet tenminsie 6 maal per
uur worden gemeten. Als aan deze voorwaarden wordt voldaan, wordt de amplitude met
niet meer dan 0.5 mmHg overschat, en neemt de standaarddeviatie van de meetfout met
ten hoogste 0.6 mmHg toe. Als de nachtelijke bloeddrukdaling kleiner is dan de standaard-
deviatie van de ruis wordt de methode onbruikbaar om de amplitude te bepalen omdat
deze te sterk wordt overschat, Of de nachtelijke bloeddrukdaling in een verzameling
registraties voldoende groot is om de blokgolfinethode te gebruiken kan worden bepaald
aan de hand van de fractie significante fits.

De overgangstijden tussen de periode van hoge en lage druk zijn in mindere mate
afhankelijk van de grootte van de nachtelijke bloeddrukdaling en de andere genoemde
factoren. In sominige gevallen kan daarom aan de hand van de overgangstijden informatie
over de fase van de bloeddrukdaling worden verkregen, ook als de amplitude niet meer
berekend kan worden.

In hoofdstuk 7 wordt het blokgolfinodel toegepast op 24-uurs bloeddrukmetingen van
normotensieve, poliklinische personen. Deze niet-invasieve metingen verschillen van
intra-arteriéle registratics door een geringer aantal metingen, en grotere bloeddrukvariatics
tussen de metingen. Het blokgolfimodel blijkt de 24-uurs bloeddrukschommeling goed te
modelleren, en de overgangstijden van het blokgolfimodel en het begin en einde van de
nachtrust volgens door de personen bijgehouden dagboekjes komen goed overeen. Deze
resuitaten worden verkregen na een aanpassing van de methode, namelijk een beperking
van de lengte van de periode van lage druk tot ten minste vijf, en ten hoogste 13 uur. Dit
bereik werd eerder met intra-arterigle metingen vastgesteld. Uit de dagboekjes blijkt
verder dat het slaap-waak patroon in de groep sterk uiteenloopt. Op grond hiervan
veronderstellen we dat de blokgolfinethode een betere methode lijkt om de circadiane
bloeddrukvariatie in deze groep te kwantificeren dan tijdsathankelijke methoden, een
veronderstelling die door een recente studie van anderen is bevestigd. Verder blijkt dat
significantie van de blokgolf-fit in deze registraties ongeveer overeenkomt met een
nachtelijke bloeddrukdaling van 10 mmllg of 10%, ofivel met een "dipping profile".

Hoofdstuk 8 demonstreert de beperkingen van het blokgolfinedel aan de hand van
patiénten na niertransplantatie bij wie de immunosuppressieve medicatie van cyclosporine
in azathioprine wordt veranderd. In een vorige studie bij dezelfde patiénten is aangetoond
dat tijdens het gebruik van cyclosporine de nachtelijke bloeddrukdaling zwakker is dan
tijdens het gebruik van azathioprine. Onder beide immunosuppressieve therapieén was de
diurnale bloeddrukvariatie te zwak om met het blokgolfimodel te kwantificeren. Het
biokgolfinode! is dan ook niet in staat om enig verschil in amplitude tussen de twee
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tussen de twee groepen aan te tonen. Wel werd een verschil gevonden tussen de groepen
in de verdeling van de tijd van overgang van de periode van lage naar hoge druk.,

In de hoofdstukken 9, 10 en 11 wordt door middel van arteriéle ambulante bloeddruk-
meting de hemodynamiek onderzocht van personen die één tot drie jaar cerder een hart-
transplantatie ondergingen. Slagvolume, hartminuutvolume, en de totale perifere
vaatweerstand worden geschat met een voor bloeddruk en hartfrequentie gecorrigeerde
"pulse contour" methode, We vinden in deve proep een verhoogde bloeddruk en
hartfrequentie. De verhoogde bloeddruk wordt waarschijnlijk veroorzaakt door het
gebruik van cyclosporine. Dit immunosuppressivam induceert vochtretentie en een
verhoogde sympathische actliviteil, en  hyperfensie is een bekende bijwerking. De
verhoogde hartfrequentie kan waarschijnlijk worden toegeschreven aan onderbreking van
de cardiale autonome innervatie, met name aan een verminderde vagustonus.

De circadiane variatie van de hartfrequentie, berekend met behulp van een vaste dag- en
nachtperiode, is in deze groep normaal, terwijl de nachtelijke bioeddrukdaling verminderd
is. Dit verminderde dag-nacht verschil in bloeddruk kan voor een klein deel worden
toegeschreven aan drie kortdurende bloeddrukdalingen overdag, die waarschijnlijk worden
veroorzaakt door de maaltijden. In enkele regisiraties blijkt het dag-nacht ritme van de
bloeddruk te zijn omgekeerd. De hemodynamische basis voor de verminderde nachtelijke
bloeddrukdaling is een verminderde nachtelijke daling van het hartminuutminuutvolume.
Een mogelijke verklaring voor deze in verhouding {e grote cardiac output gedurende de
nacht is de toename van de veneuze terugstroom naar het hart tijdens het liggen 's nachts.
BDeze wordt in het getransplanteerde hart niet gecorrigeerd door ecn verminderde inotropie
en chronotropie. Een beperking van de sympatische modulatie van de vaatweerstand door
de onderbroken ventriculo-baroreceptorreflex na harttransplantatie kan verder bijdragen
aan de discrepantie tussen hartminuuivolume en vaatweerstand die gedurende de nacht
bestaat.

Immunoesuppressie speelt zeer waarschijnlijk ook een rol bij de vermindering van de
circadiane bloeddrukverandering na harttransplantatic. Aangezien cyclosporine zowel
vochtretentie als toename van de activiteit van het sympatische zenuwstelsel veroorzaakt,
kan het beide genoemde mechanismen versterken. De studie bij patiénten na
nierfransplantatie Iaat zien dat cyclosporine de nachtelijke bloeddrukdaling kan
verminderen ook zonder dat het hait gedenerveerd is. De mogeliike rel van cyclosporine
wordt benadrukt door studies waarin de circadiane bloeddrukdaling zich enige tijd na
hartiransplantatie herstelt, aangezien de cyclosporinedosering in deze studies lager lag dan
in de onze, Het risico op cardiovasculair lijden na harttransplantatic is verhoogd, wellicht
metde als gevolg van de nog gemiddelde hogere 24-uurs bloeddrukbelasting. Een
farmacotherapeutische strategie gericht op vermindering van de cyclosporinedosering en
vermindering van de veneuze terugsiroom naar het hart gedurende de nacht is daarom
mogelijk van waarde bi} het verbeteren van de prognose van deze patiénten op lange
termijn.

Alles samenvattend hebben we een eenvoudige techniek geintroduceerd die de circadiane
bleeddrukvariatie modelteert door het 24-uurs bloeddrukprofiel in een periode van hoge
en een periode van lage druk te verdelen. Deze techniek kan aan- en afivezigheid van een
circadiaan ritme detecteren, en de amplitude en de overgangstijden tussen beide perioden
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kwantificeren. Als het circadiane ritme is verzwakt, kan de methode de amplitude niet
meer bepalen, maar vaak nog wel informatie over de fase van het ritme verschaffen.

Mogelijke vragen voor verdere studie zijn:

Kan de amplitude van de nachtelijke bloeddrukdaling worden berekend door het
bloeddrukprofiel in een dag- en een nachi-periode te verdelen, waarbij de
overgangstijden door de blokgolftechniek zijn berckend uit het overeenkomstige
hartfrequentie-profiel? Deze vraagstelling is met name van belang indien de
nachtelijke bloeddrukdaling te gering is om met behulp van de blokgolf-methode
rechtstreeks uit het 24-uurs bloeddrukprofiel te berekenen.

Kan de robuustheid van de blokgolf-methode worden verbeterd door een
optimalisatietechniek die niet is gebaseerd op de kruiscorrelatiecogfficiént? Dit is
van belang omdat hierdoor het belang van het verwijderen van sterk afwijkende
meectwaarden {uithijters) vit de registraties vermindert,

De belangrijkste vraag betreft de klinische relevantie van de blokgolf-maat van
circadiane bloeddrukvariatic met betrekking tot morbiditeit, mortaliteit en orgaan-
schade, en hoe deze zich verhoudt tot de relevantie van de verschillende andere
maten van circadiane bloeddrukvariabiliteit. Bij het beantwoorden van deze vraag
kan gebruik worden gemaakt van gegevens uit gepubliceerd onderzoek.
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Dankwoord

Gedurende het overgrote deel van de periode waarin een proefschrift {ot stand komt is de
blik van de onderzoeker vooruit gericht. Het is pas na de uitdrijvingsfase en vlak voor het
doorknippen van de navelstreng dat de onderzoeker in verbijstering neerzict op de
boreling en zich realiseert dat dit succesje weliswaar één moeder, maar ook vele vaders
heeft. De gedachten gaan terug langs het lange traject dat vanaf de conceptie doorlopen
is en de onderzoeker begint te beseffen wat er eigentijk allemaal gebeurd is. Deze
opkropping verklaart dat hij zijn meestal gortdroge bockwerkje afshuit met cen finale van
emoties en persoonlijke gedachten, hetgeen voor de niet-ingesijde mogelijk enigszins
bevreemdend werkt. Dit gezegd hebbend, kan ik verder vrijuit spreken.

Mijn dank gaat uit naar mijn promotor, professor dr, E.S. Gelsema. Edzard, jij hebt me
geleerd bevindingen te ordenca en te verwoorden. Iet ontwikkelen van deze kunde is
essentieel geweest voor het op gang komen van het onderzoek. Door mee (¢ denken op
de momenten dat het nodig was en me op de andere momenten vrijheid te laten heb je een
klimaat geschapen waarin het goed werken was. Je rustige aanwezigheid en permanente
beschikbaarheid waren de stabiele achtergrond waartegen ik me kon aftekenen. De enige
wanklanken waren Le beluisteren tijdens de wekelijkse koorrepetities.

Net zozeer gaat mijn dank uit raar mijn promotor professor dr. A.J. Man in ‘t Veld. Arie,
door je nooit-aflatende energie, ideetn en daadkracht ben je net zozeer “motor”™ als
“promotor” geweest. Je steun, vertrouwen, je rusteloos verder zoeken en je inzicht in de
(irjrelevantie van bevindingen waren onmisbaar voor dit onderzoek. Met genoegen
herinner ik me een recente zomeravond waarop we hoog boven de Kralingse grond
zweefden,

Dr. A H. van den Meiracker, Ton, niemand kan dagelijkse beslommeringen zo ver-
woorden als jij. Tk prijs me gelukkig dat mijn onderzoek nogal eens fot die
beslonumeringen behoorde. Met gedegenheid heb je de fundamenten onder een belangrijk
deel van de studies gemetseld. Je bent mijn drijfanker geweest in de tijd dat ik in Zwolle
in opleiding was, en hebt niet geaarzeld soms de rol van sleepboot op je te nemen. 1k dank
je voor je vriendschap.

Dr. G.J. Wenting, Gert-Jan, veel van wat voor voornoemde personen geldt, geldt a fortiori
voor jou, Je hebt me in alle opzichten en onvoorwaardelijk gesteund in onderzoek en
werk. Bovenal heb je het voor me mogelijk gemaakt om verdere stappen te nemen, Ik ben
Jje hiervoor bijzonder erkentelijk.

Dr. Ir. 1L. Grashuis, beste Jan, je bent voor mij in de eerste plaats een van de meest
markante en gastvrije gezichten van Rotterdam en van de vakgroep Medische Informatica
geweest, Daarnaast heb je voor de noodzakelijke organisatorische en mathematische basis
voor dit onderzock gezorgd. Voor beide dank ik je.

Professor dr. ir. LH. van Bemmel, Jan, dankzij jou heb ik naast mijn medische een exacte
achtergrond verworven terwijl dat cigenlijk helemaal niet mogelijk was, 1k dank je
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hiervoor, voor de gastvrijheid op de vakgroep Medische Informatica, voor je steun bij het
onderzoek en voor je bereidheid het voorliggende werk op zijn wetenschappelijke waarde
te beoordelen.

Professor dr. M.A.D.H. Schalekamp, Maarien, ik denk met genoegen terug aan het
persoonlijk contact tijdens congressen of informele bijeenkomsten van Inwendige
Geneeskunde I Tk dank je voor de gastvrifheid op deze afideling en voor je bereidheid dit
werk te beoordelen.

Dr. Ir. ALL.D. Beckers, beste Guus, vaak zijn we elkaars klankbord geweest voor
doorgemaakt wetenschappelijk, niet-wetenschappelijk en pseudo-wetenschappelijk liet
en leed. Je hebt de kiem gelegd van mijn inzicht in werkelijk belangrijke datastructuren.
Als kamergenoot en collega heb je meer voor me betekend dan ik in hier kan zeggen, en
ik ben daarom blij dat jij mijn paranimf wil{ zijn.

Dr. Ir. T.D. Meijler, beste Theo Dirk, net als Guus was je mijn klankbord en natuurlijk
sparring pariner voor woordgrapjes, waarbij die van jouw net iets frequenter en spifser
waren dan die van mij, Tk dank je voor je vriendschap,

Prof. Dr, Ir. A. Smeulders, Amold, mede dankzij jouw hulp en flexibiliteit heb ik een
voor mij belangrijk doel kunnen bereiken. Tijdens de beginfase van het onderzoek was je
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