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CHAPTERR 1 

GeneralGeneral Introduction 

Introductio n n 

Circadiann rhythms, i.e. rhythms of approximately 24 hours, are a common feature of all 
livingg systems (Pittendrigh, 1993). It means that functions and behaviors of an organism 
showw predictable changes with a regularity of about 24 hours, a regularity that allows the 
organismm to anticipate these changes. Circadian rhythms are, therefore, important adap-
tivee mechanisms. Physiological phenomena such as sleep and wakefulness, body tem-
peraturee and release of different hormones all exhibit circadian rhythms (Aschoff, 1981). 

Circadiann rhythms are endogenous, i.e. they are generated in the absence of any envi-
ronmentall  time cues (Moore, 1992). However, under natural environmental conditions 
thesee rhythms are entrained to light/dark, movements, social cues or other environmen-
tal'Zeitgebers'' (usually 24-h time cues),and temporarily interrelated.'Entrainment'and 
'internall  synchronization' are aspects of the circadian timing system, that appear to be 
importantt for adaptation and optimal functioning of the organism. In the literature on 
circadiann rhythms the term 'diurnal' is usually used for rhythms that have not been es-
tablishedd to persist under constant environmental conditions. Since our type of research 
didd not allow a study under freerunning conditions, we did not make this distinction. 

TheThe suprachiasmatic nucleus (SCN) 

Althoughh different areas of thee brain might be involved in circadian rhythm generation, 
thee suprachiasmatic nucleus (SCN) in the anterior hypothalamus is the anatomical basis 
forr the circadian timing system (Ralph et al. 1990).The SCN is located on both sides of 
thee third ventricle at the base of the brain, on top of the optic chiasm (Fig 1). Because of 
itss capability to generate near-24-hour rhythms in the absence of environmental cues, 
evenn in vitro, the SCN is called the'circadian pacemaker' (Rietveld 1990; Bos andMirmiran 

1990;1990; Moore 1992). 

Whenn environmental time clues are present, the SCN synchronizes the circadian rythm 
exactlyy with the 24-hour day, a mechanism that is called 'entrainment' (Moore 1992). The 
SCNN receives information about the environmental light/dark cycle by fibers from the 
opticc nerve (Dai et al. 1998). This input to the SCN is called the direct retinohypotha-
lamicc projection (RHT). In addition to this well-documented projection, the SCN also 
receivess inputs from other hypothalamic areas, from the mid-brain raphe serotonine 
neurons,, from the intergeniculate leaflet of the thalamus, and from circulating hormones 
(Moore(Moore 1996) (Fig 2). These projections may be important for entrainment to other stimuli 
thann light. 
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Withinn the SCN various types of neurotransmitters are found, of which the peptidergic 
transmitterr vasopressin (AVP) (seefig 1) seems to have a mainly excitatory action on its 
targett structures, whereas the action of y-aminobutyric acid (GABA), an amino acid 
neurotransmitter,, is mainly inhibitory (Buijs 1996). There are several more transmitters 
inn the SCN, such as vasoactive intestinal polypeptide (VIP), somatostatin (SS), and 

PVNN * 

* » .. * *

Fig.. 1 Anti-vasopressin stained section through the chiasmatic or preoptic region of the human 
hypothalamus.. PVN paraventricular nucleus; SCN suprachiasmatic nucleus; SON supraoptic nu-
cleus;; V third ventricle (from Swaab D.F. et al. 1996). 
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GENERALL INTRODUCTION 

neurotensinn (NT)), whose precise role is not yet clear. The number of projections leav-

ingg the SCN is rather small (Miller 1996). A substantial proportion of the output of SCN 

neuronss is to the SCN itself, which allows neuronal feedback. In addition, there are con-

nectionss with the contralateral SCN (Dai et al. 1998). Other projections are mainly re-

strictedd to hypothalamic target areas, where they modulate autonomic functions like 

heartt rate and temperature regulation. Outside the hypothalamus, projections to the 

paraventricularr thalamus (PVT) and to the lateral geniculate nucleus serve the modula-

tionn of sleep-wakefulness and feedback to the SCN respectively (Buijs 1996). Part of the 

circadiann timing system is shown schematically in Figure 2. Recent studies indicate that 

thee circadian timing system is far more intricate than described above, and that many 

componentss and connections of the system have yet to be unraveled (Moore 1996; Buijs 

1996). 1996). 

Fig.. 2 Diagram of the human brain (mid-sagittal section) showing some of the neural pathways 
byy which photoperiodic information reaches the circadian system. Abbreviations: SCN, supra-
chiasmaticc nucleus; PVN, paraventricular nucleus; SCG supracervical ganglion (fromSwaab D.F.). 
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CHAPTERR 1 

PerinatalPerinatal development of the SCN 

AA crucial question in this thesis is whether the biological clock of the fetus plays an 

activee role in the generation of diurnal rhythms before birth, or whether the observed 

fetall  rhythms are passively driven by the maternal biological clock. The first evidence 

suggestingg that the biological clock is functional in the fetus and is entrained by the 

motherr was provided by Deguchi (1975). He showed that rat pups born and raised un-

derr constant environmental conditions show a clear circadian rhythm of N- Acetyltrans-

ferasee (NAT) in phase with the maternal circadian rhythm. The SCN is responsible for 

thee generation of NAT in a circadian pattern. NAT, in turn, controls the production of 

melatonin,, which is well-known for its influence on the sleep/wake rhythm in man. Fur-

thermore,, Deguchi's experiments with pups raised by foster mothers showed that the 

biologicall  mother plays a dominant role in setting the phase of the fetal clock prenatally. 

Thiss does, of course, not mean that the connections of the fetal clock with other brain 

areass are already established, nor that it would be capable of inducing overt rhythms. 

Usingg deoxyglueosc uptake as a measure of neuronal activity, Reppert and Schwartz 

(1984)(1984) demonstrated an active fetal biological clock in both rat and monkey. Later stud-

iess in rats and hamsters demonstrated that the maternal SCN entrains the fetal SCN, 

particularlyy during the last trimester of gestation and during early postnatal life (Reppert 

andand Schwartz 1996). Synchronization of the activity of the maternal and fetal biological 

clockss has also been shown in sheep. Stark and Daniel (1989) showed a clear synchroni-

zationn between the phase of the circadian rhythm of vasopressin (VP) in the maternal 

andd fetal cerebrospinal fluid during the last trimester of gestation. Interestingly, they have 

alsoo shown that keeping pregnant ewes under constant light conditions eliminates both 

thee maternal and fetal VP rhythms. A similar disturbing influence of constant light on 

thee developing biological clock has also been shown in rats (Shibata and Moore 1988). 

Ann argument for a functioning prenatal biological clock in man comes from a study of 

Mirmirann and Kok (1991). They were able to demonstrate the presence of circadian 

rhythmss in both heart rate and body temperature in 'healthy'preterm infants, who were 

nursedd under constant environmental conditions starting at 30 weeks of postconceptional 

age--

Investigationn of the brain-region of the human SCN showed the presence of melatonin 

receptorss as early as the 18'h week of gestation (Reppert 1988). However, other morpho-

metryy studies indicated that the fetal SCN is still immature, since it contains only about 

13%% of the adult number of AVP-expressing neurons at 38-42 weeks of gestation. The 

periodd of rapid increase of the number of AVP-stain ing neurons in the SCN during the 

firstt few months postnatally coincides with the appearance of overt diurnal rhythms in 

thee child (Sivaab 1990).\r\V neurons in the human SCN are very scarce in prenatal life, 

andd develop at an even later postnatal age than AVP-neurons (Swaab et al.1994). On the 

basiss ot these immunocytochemical studies, the human SCN at term seems to be com-
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GENERALL INTRODUCTION 

parablee to the rat SCN around postnatal day 3, i.e. immature and not yet capable of pro-
ducingg overt rhythms. However, there are far more neurotransmitters in the fetal SCN 
thatt have not yet been quantified . Moreover, absence of neuropeptide immunoreactiv-
ityy alone does certainly not mean that the neurons are not there or that they are not 
functional.. We may conclude that SCN neurons seem to be able to express diurnal 
rhythmicityy well before this nucleus is capable of coordinating overt circadian rhythms. 
Animall  studies show that, before birth, the maternal SCN is essential for entrainment of 
thesee metabolic rhythms in the SCN (Reppert and Schwartz 1984; Reppert 1986). The 
mechanismm of entrainment in the fetus is, however, still unknown. 

Circadiann rhythm s in pregnancy 

Whenn we speak of circadian rhythms in pregnancy, we mean maternal rhythms, most ot 
whichh are also present in nonpregnant women, and rhythms of the fetus and placenta. In 
whatt way these rhythms are interrelated and influenced by each other is only partly un-
derstood,, and will be discussed in the next section. The study of circadian rhythms in 
humann pregnancy is especially hampered by the impossibility to distinguish the fetal 
fromm the maternal contributions to the observed rhythms. Most of our knowledge of 
circadiann rhythms in various physiological parameters in pregnancy summarized here 
iss therefore derived from invasive experiments in animals. 

EndocrineEndocrine rhythms 

Thiss summary is confined to the endocrine rhythms studied in this thesis. 
Thee daily variations in Cortisol are considered a paradigm of a circadian rhythm be-
causee of the large range of oscillation of Cortisol, and relative independence of the sleep-
wakee cycle (Aschoff 1979). This rhythm persists during pregnancy with peak levels at 7-
88 a.m. and the lowest levels between 6:30 pm and 1:30 a.m., albeit at increasing absolute 
levelss in the course of pregnancy {Vleugels et al. 1986). The circadian rhythm of mater-
nall  plasma estriol (E3), which is produced by the placenta and whose precursors is for 
90%% of fetal adrenal (DHEA-S) origin, reflects circadian functioning of the fetal adrenal 
(Meisetal.(Meisetal. 1983;Honnebieretal 1989). Circadian peak-levels of maternal plasma estriol 
coincidee with nadirs in maternal plasma Cortisol from 30 up to 35 weeks gestational age 
(Patrick(Patrick et al. 1980). Consequently, the fetal adrenal rhythm seems to be the opposite of 
thee maternal adrenal rhythm. Since maternal Cortisol crosses the placenta in primates to 
somee extent (Beitins 1973; Kittinger 1974), the fetal adrenal rhythm may simply be driven 
byy the maternal Cortisol rhythm (Honnebier et al. 1989). This hypothesis was confirmed 
byy the disappearance of circadian rhythms in maternal plasma estriol, ACTH and Corti-
soll  after fetal-maternal adrenal gland suppression with triamcinolone in five healthy preg-
nanciess (Arduini et al. 1986). Of the two other major estrogens, estrone (El) is mainly 
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CHAPTERR 1 

derivedd from maternal dehydroepiandrosterone (DHEA) and dehydroepiandrosterone 
sulphatee (DHEAS). Estrone parallels the rhythm in Cortisol with a phase lag of 2-3 hours. 
17-Estradioll  (E2) is for approximately 50% of maternal origin. Consistent kinetics are 
nott available for this hormone because the fetal contribution shows considerable 
ultradian,, circadian and individual variations (Siiteri 1966; Simmer et al.1974). Orca-
diann rhythms in maternal progesterone are positively correlated to estriol rhythms up to 
355 weeks of gestation. Then circadian rhythms disappear, a change that seems to be due 
too a sudden rise in fetal adrenal activity in the human pregnancy near term, suggesting 
thatt fetal adrenal function is breaking free from maternal influence. Studies of nonhuman 
primatee fetuses demonstrated circadian rhythms in fetal Cortisol, DHEA-S, and proges-
teronee (estriol is unique for human pregnancy) with peak values in fetal adrenal hor-
moness at 03:00 a.m. and in maternal Cortisol at 06:00-12:00 a.m. (Walsh et al. 1984; Challis 

1980). 1980). 

RhythmsRhythms in uterine activity 

Inn this thesis we will not report on circadian rhythms in uterine activity because we 

judgedd the assessment of contractions over 24h recording unreliable with the now avail-

ableable external tocodynamometers. Since, however, a circadian pattern in uterine activity 

hass been suggested to be one of the Zeitgebers for the fetus (Nathalnielsz 1980; Mirmiran 

andand Lunshof 1996), we now briefly summarize the literature on this topic. The most re-

centt and most reliable study on diurnal and gestational patterns of uterine activity in 

normall  human pregnancy was performed by Moore et al. (1994). In their study, a com-

puterr algorithm was used to identify the deflections that are typical of contractions and 

too reject atypical waveforms. Contractions, monitored with an ambulatory tocody-

namometer,, occurred predominantly at night, with a daymight ratio of 1:2 at 28-32 weeks. 

Mostt circadian rhythms in uterine activity have been studied in nonhuman primate spe-

cies.. Several investigators found a circadian pattern in intra-amniotic pressure in rhesus 

monkeyss (Harbert 1977, Harbert and Spisso 1980; Ducsay et al.1990). These studies 

showedd consistent circadian rhythms in intra-amniotic pressure (acrophase near the onset 

off  the dark phase) which were in antiphase to uterine blood flow rhythms. The uterine 

activityy rhythm disappeared after infusion of dexamethasone, and could be shifted by 

alterationn of the light/dark cycle. Whereas intra-amniotic pressure recordings offer an 

indirectt measurement of uterine activity, electromyographic (EMG) recordings of uter-

inee muscle activity provide direct measurement of uterine smooth muscle activity. Us-

ingg this method, two different types of myometrial contractility may be observed during 

thee last third of gestation in the nonhuman primate: contractures, with a duration be-

tweenn 1.5-3 minutes, that cause small (5-10 mm Hg) increments in intra-amniotic pres-

suree and are present throughout pregnancy, and contractions, typical of labour, that are 

veryy short (< 1 minute) myometrial events, which can raise intra-amniotic pressure by 
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GENERALL INTRODUCTION 

20-400 mm Hg in labour (Taylor et al. 1983), In the nonhuman primate, circadian rhythms 
inn myometrial activity are characterized by a shift from contractures to contractions 
occurringg around the hours of darkness. This circadian pattern of uterine activity could 
bee due to an underlying rhythm in the sensitivity of the myometrium to oxytocin, and 
too a 24-h rhythm in maternal plasma oxytocin, with peak values around the moment of 
contractionss (Honnebier 1993). The much higher sensitivity to oxytocin during dark-
nesss that is found in intact pregnant animals, was absent in the fetectomized monkeys. 
Thiss finding, combined with strongly reduced estradiol concentrations in fetectomized 
animals,, suggests that rhythms in fetal adrenal steroid secretion may, either directly or 
indirectly,, be involved in the circadian regulation of myometrial sensitivity (Taylor et al. 

1983;1983; Honnebier 1993). Experiments in constant darkness established the endogenous 
circadiann nature of rhythms in uterine activity, which were coupled to the freerunning 
rhythmss of maternal endocrine parameters. 24-hourly endocrine changes in the mater-
nall  circulation may thus be involved in the generation of a 24h-rhythm in myometrial 
activityy and may contribute to the circadian timing of delivery (Honnebier 1993). A cir-
cadiann pattern in human labour is well established with respect to both the onset of 
labourr shortly after midnight, and the hour of birth, which peaks between 24.00 and 
12.000 h in uncomplicated labour (See for review Heres and Pel 1995). 

FetalFetal rhythms in movements and breathing 

Onlyy since the introduction of the technique of ultrasound in obstetrics, has objective 
monitoringg of fetal activity in human pregnancy become possible. The first use of ultra-
soundd to examine circadian rhythms was published by Boddy and Dawes (1974). In this 
earlyy report they described how fetal breathing increased after maternal meals or glu-
cosee intake, and that the time spent breathing showed a circadian rhythm. These find-
ingss have been confirmed in several subsequent studies and were summarized by Patrick 
andd Challis (1980). They found a minimum in breathing activity between 7 p.m. and 
midnightt and a maximum between 1 and 7 a.m. when the mother was fully asleep. Such 
aa circadian rhythm in fetal breathing activity was demonstrated by de Vries et al. (1987) 

inn fetuses as early as 20-22 weeks of gestational age. A circadian pattern in fetal move-
mentss did not become visible until after 30 weeks of gestation (de Vries et al. 1985; Roberts 

etet al. 1979) and tended towards a greater incidence of movements during the night than 
duringg the day. Patrick et al. (1982), who studied patterns of gross fetal body movements 
continuouslyy over 24-hours during the last 10 weeks of pregnancy, only found a signifi-
cantt peak in activity between 9 p.m. and 1 a.m. at 38-39 weeks of gestation. Contrary to 
fetall  breathing activity, neither the number nor the incidence of gross fetal body move-
mentss was related to maternal meals or glucose concentrations (Patrick et al. 1982). 
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CHAPTERR 1 

FetalFetal heart rate rhythms 

Consideringg the widely employed fetal heart rate monitoring in obstetrics, surprisingly 
littl ee has been published on circadian rhythms in human fetal heart rate (Meis PJ 1992). 

Patrickk et al. (1982) and Visser et al.{J 982 J were the first to report on fetal heart rate 
rhythms.. In pregnancies near term, Patrick found a minimum mean hourly fetal heart 
ratee between 2 and 6 a.m. that corresponded with a trough in mean hourly maternal 
heartt rate between 12 p.m. and 7 a.m. Besides a circadian pattern in mean heart rate, 
Visserr et al (1982) reported a circadian pattern in FHR variability with a maximum be-
tweenn 9 p.m. and 3 a.m. Since after 30 weeks of pregnancy fetal movements with a dura-
tionn longer than 3 seconds are always accompanied by heart rate accelerations (Timor-

TritschTritsch 1978), it is not surprising that the circadian variation in accelerations parallels 
thee rhythm in fetal movements. Patrick (Patrick et al. 1984) found that the longest mean 
durationn of fetal heart rate accelerations and the shortest mean interval between 
accelerationss occurred between 10 p.m. and 2 a.m., whereas the number of accelerations 
inn this period did not increase. They concluded from these acceleration patterns, to-
getherr with the concomitantly increased fetal activity, that fetuses at term may have pro-
longedd periods of wakefulness during the late evening. The more recent introduction of 
computerisedd cardiotocography (CTG) facilitated the identification of circadian pat-
ternss in the various computerised heart rate parameters. Recent studies of fetal circa-
diann biorhythms particularly aimed at identifying diurnal changes in measures of heart 
ratee variation, which are generally used as indices of fetal well-being (Giraldi et al. 1993; 

ArduiniArduini et al 1993; Snijders et al. 1992). 

CircadianCircadian rhythms in fetal behavioral states 

Thee combination of visible motility and fetal heart rate is what is called "fetal behaviour" 

(Nijhuis(Nijhuis 1992). While in the second trimester the behaviour does not seem to be too 

well-- organized, in the last four weeks of pregnancy fetal behaviour can be described 

almostt totally in terms of fetal behavioral states. These behavioral states are constella-

tionss of physiological and behavioral variables that are stable over time and recur re-

peatedlyy in similar forms in all infants (Nijhuis 1992). Prechtl originally developed the 

conceptt of behavioral states for the description of 5 different states in neonates: quiet 

sleepp (1), active sleep (2), quiet awake (3), active awake (4), crying (5) (Prechtl 1974). 

Usingg ultrasound to visualize fetal body movements and eye movements, and 

cardiotocographyy to record fetal heart rate, Nijhuis identified 4 distinct behavioral states 

inn the fetus (1F-4F), corresponding to states 1 to 4 of the neonate (Nijhuis et al. 1982). In 

thee near term fetus the mean duration of the various states ranges from about 10 to 40 

minutes,, with a rest-activity cycle ranging from 60 to 90 minutes (Visser 1982). Littl e is 

knownn about the diurnal variations in fetal behavioral states because it is difficult to 

makee ultrasound recordings of the human fetus for longer than a few hours. Fetal heart 

16 6 



GENERALL INTRODUCTION 

ratee trends, however, can be monitored for long periods of time and specific FHR pat-
ternss relating to the different fetal behavioral states can be clearly defined (Nijhuis et al. 

1982).1982). Muro et al. (1996) analyzed FHR trends in full-term normal fetuses for a continu-
ouss 24-h period to detect diurnal variations in resting phase (corresponding to IF) and 
non-restingg phase (corresponding to 2F-4F). Significant differences between day-time 
andd night-time were only present for the length of the resting phase, with longer mean 
durationss at night (25.4  13.2 minutes) than during the day (22.1 7 minutes). Rest-
ingg phase corresponds with non-REM (rapid eye movements), and non-resting phase 
correpondss with REM periods, which depend on different regulatory mechanisms 
(Koffwarget(Koffwarget al 1966). The finding that diurnal variations in maternal hormonal factors 
seemm to have a relatively greater influence on non-REM periods than on REM periods is 
explainedd by the absence of the blood-brain barrier in the hypothalamus, which is con-
sideredd the center of nonREM sleep (Reppert et al. 1984). 

MaternalMaternal coordination of fetal circadian rhythms 

Animall  studies have shown that an intact maternal SON is a necessary factor for mother-
fetuss entrainment of prenatal circadian rhythms {Reppert and Schwartz 1986), Many 
circadiann rhythms are generated by the maternal SCN, which may entrain the fetal bio-
logicall  clock, including Cortisol (and/or corticotropin-releasing hormone, CRH), mela-
tonin,, glucose availability, body temperature, and uterine contractures. Results from sev-
erall  studies suggest that fetal pituitary-adrenal function may be influenced by maternal 
glucocorticoids.. The human placenta has been demonstrated to be permeable to both 
maternall  Cortisol (Beitins 1973; Levitz 1978) and synthetic glucocorticoids (Arduini et 

al.al. 1986; Challis et al 1981; Patrick et al. 1981). Interventions that eliminate or suppress 
maternall  adrenal cortical rhythms have been shown also to eliminate rhythms in estriol 
(Challis(Challis et al. 1981), fetal breathing, (Patrick et al. 1981) ACTH, estriol and heart rate 
variabilityy (Arduini et al. 1986; 1987). From the results of these studies it seems that the 
exposuree of the fetus to maternal adrenal-cortical rhythms may be a major Zeitgeber 
forr fetal circadian rhythmicity (Meis 1992). Melatonin is possibly another major Zeitgeber: 
itt suppresses SCN activity and entrains circadian rhythms. The circadian rhythm of 
maternall  melatonin, which easily passes the placenta as well as the blood-brain barrier, 
mayy directly influence the fetal SCN to be in phase with the maternal clock. Daily mela-
toninn administration has been shown to entrain rats and hamsters prenatally (Davis and 

MannionMannion 1988). In the sheep fetus the daily melatonin rhythm seemed to entrain the 
dailyy rhythm in fetal breathing activity (Houghton et al. 1993). In contrast, the latter study 
showedd that diurnal variations in maternal and fetal prolactin were unaltered by changes 
inn the melatonin rhythm and appeared to be under the control of the external light-dark 
cycle.. Indeed, a study of pregnant rats and guinea-pigs confirmed the idea that environ-
mentall  lighting can reach the fetus at intensities sufficient to influence fetal physiology 
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Fig.. 3 A diagrammic representation of the possible mechanisms underlying the genesis of daily 
hormonall  and behavioral rhythms before birth (from McMillen 1989). 

throughh the primary visual system (Jacques et al. 1987). In the precocious sheep, the 
visuall  pathways for entrainment, including the retino- hypothalamic tract, are devel-
opedd well before birth (Torrealba 1993). In the human, being more altricious than sheep, 
itt is not yet known whether the development of responsiveness to light occurs prenatally 
However,, many other environmental/maternal Zeitgebers can be imagined to entrain 
circadiann rhythms in the fetus. 

Ass neither adrenalectomy nor pinealectomy alone were able to prevent maternal en-
trainmentt in rats (Reppert and Schwartz 1986b), it seems that a redundant system origi-
natingg from the maternal SCN is able to entrain the fetal clock. Figure 3 shows a dia-
grammaticc representation of the possible mechanisms underlying the genesis of fetal 
rhythmss (from McMillen and Nowak 1989). 

Fetall  heart rate monitorin g in pregnancy 

Sincee the introduction of ultrasound in obstetrics, fetal heart rate (FHR) monitoring 
withh the use of ultrasound has been one of the most frequently applied methods for the 
surveillancee of high risk pregnancies in clinics. The objective of antepartum testing is to 
identifyy fetuses at risk for in-utero damage or death. Daily Non-Stress Tests (NST) are 
commonn practice in hospitalized patients with fetuses that are compromized due to vari-
ouss reasons. Most clinicians base their decision for or against elective delivery on FHR 
results.. However, strong and unequivocal recommendations about the frequency, dura-
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tionn and timing of FHR monitoring are lacking (Pircon et al. 1991; Miller 1998). The 

majorr problems with FHR monitoring relate to the reading and interpretation of the 

CTGG tracings (van Geijn 1996). Since the introduction of FHR monitoring, several clas-

sificationn systems have been used to recognize certain fetal heart rate patterns (de Haan 

1971).1971). On the basis of these classification systems a number of scoring systems have 

beenn developed to facilitate the unequivocal assessment of FHR traces. An example of 

suchh a scoring system is that of Myer-Menk/Fischer, which is still commonly used (Fischer 

etet al. 1976). However, various studies have demonstrated that, in spite of the use of scor-

ingg systems, the inter- and intra-observer variation of antepartum CTG's is large (Donker 

1199i99i J. The need for quantitative and objective FHR analysis are partly met by the devel-

opmentt of computerised FHR analysis systems (van Geijn 1996). Besides, clinicians 

shouldd be informed on the impact of various (patho-) physiological aspects of fetal be-

haviourr on FHR and FHR variability. 

ComputerisedComputerised fetal heart rate analysis 

Computerr analysis of the FHR tracing was introduced in the hope of providing a more 
objectivee and therefore reproducible means of FHR reporting. Several investigators have 
validatedd computer analysis by comparing individual FHR indices with umbilical artery 
pHH at birth (Smith etal. 1988; Ribbert et al. 1991; Guzman etal. 1996). Conclusions from 
thesee studies were that especially measures of FHR variability (i.e. short term variability, 
longg term variability, and duration of episodes of low and high variability) predicted 
umbilicall  artery acidemia at birth. 

Thee computer analysis method described by Dawes and Redman in a series of articles 
(Dawes(Dawes et al. 1996 [review]) is internationally accepted for clinical use. The development 
off  their fetal heart rate analysis system and the adjustment of the algorithms to their 
clinicall  experience has been based on more than 43,000 FHR records. Still, the need for 
moree knowledge on various (patho-) physiological aspects of fetal behaviour on com-
puterisedd FHR parameters remains (van Geijn 1996). 

AntenatalAntenatal surveillance of the growth-retarded fetus 

Fetall  testing in intra-uterine growth retardation (IUGR) starts with identification of the 

growth-- retarded fetus. Sonographic estimation of fetal size is not accurate, although it 

mayy help to identify IUGR if it is based on at least two measurements (Owen et al. 1996). 

Fromm a retrospective study using neonatal catch-up growth to identify IUGR, it was con-

cludedd that assessment of umbilical artery waveforms by Doppler ultrasound may pro-

videe a more accurate method to screen for IUGR than assessment of fetal size (Bates et 

al.al. 1996). It is generally agreed that assessment of umbilical artery blood flow should be 

onee of the baseline investigations for fetal surveillance in pregnancies complicated by 

IUGRR (Snijders and Hyett 1997). This agreement is based on the outcomes of several 
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randomizedd controlled trials in high risk pregnancies, in which a strong association was 

establishedd between absent or reversed umbilical artery end-diastolic flow and poor peri-

natall  outcome (Alfirevic and Neihon 1995). The final decision for or against elective de-

liveryy is still based on the results of FHR-monitoring. As mentioned before, the intro-

ductionn of computerised FHR analysis has improved the accurate assessment of the fetal 

condition,, but how to determine the best timing for delivery is still a matter of discus-

sionn (Snijders and Hyett 1997, Guzman et al. 1996). Apart from the degree of FHR ab-

normalities,, the decision of delivery is dependent on gestational age and estimated fetal 

weight.. Also when FHR-monitoring and Doppler assessment are combined, gestational 

agee appears to be a confounding factor in predicting fetal distress (Weiner et al. 1996). 

Thee authors ot this latter study concluded again that intensive FHR-recording is required 

inn case of absent end-diastolic umbilical flow, but that expectant management is justi-

fiedfied as long as the FHR parameters are within normal limits., Biophysical profile (BPP) 

testingg is another way to determine fetal condition and comprises ultrasound assess-

mentt ot amniotic fluid volume, respiratory movements, body movements and tone, as 

welll  as FHR-monitoring (Manning et al. 1993). There is much discussion on the added 

valuee of BPP to FHR-monitoring as method of fetal surveillance (Miller et al. 1996). 

However,, although the assessment of fetal movements is time-consuming, more knowl-

edgee on fetal behaviour will enable a better interpretation of FHR patterns. Ribbert (1993) 

wrotee a thesis on assessment of fetal well-being in growth retardation, in which she showed 

thatt the development of abnormal behavioural states and changes in qualitative move-

mentss precede changes in FHR in the course of fetal deterioration (Figure 4). In her the-

Abnormall umbilical artery waveforms i 

Abnormall behavioural states development r. 

Qualitativee movement changes 

Reducedd amniotic fluid volume 

Heartt rate decelerations 

Reducedd heart rate variation 

Reducedd general movements 

Reducedd breathing movements 

Absencee of movements 

Terminall heart rate pattern 

Fig.. 4 Sequence ot changes in the various biophysical variables occurring with progressive fetal 
adaptationn and deterioration as proposed by Ribbert LSM (1993). 
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sis,, most data are presented in relation to cordocentesis results, which reflect the intrau-
terinee fetal condition more directly than Apgar scores or umbilical pH values in the new-
born.. However, as cordocentesis has a risk of inducing fetal loss of 1 -2%, this method is 
nott suitable for routine fetal surveillance. Doppler ultrasound of the fetal circulation is 
nott appropriate either for routine fetal surveillance. Although the phenomenon of "brain 
sparing",, by which is meant the decrease in vascular resistance in the middle cerebral 
arteryy (Scherjon 1993), is associated with fetal deterioration, this index may return to 
normall  in cases of imminent fetal death (Forouz and Tiati 1996). 

SafetySafety of ultrasound in pregnancy 

Ultrasoundd is used both for FHR-recording and for sonography. Although ultrasound at 
highh intensities is associated with biological effects in mammals (AIUM 1993), at present 
noo "side effects" from exposure to diagnostic levels of ultrasound in human pregnancy 
havee been demonstrated {Miller  1998). One randomized controlled study reported an 
increasedd number of babies in the lower birthweight centiles in the group allocated to 
receivee frequent ultrasound scans compared to a control group receiving a single scan 
(Newnham(Newnham 1993). The authors of that study suggested that multiple scans might restrict 
fetall  growth due to an effect on bone growth, but the results were not conclusive (Evans 

1996).1996). The American Institute for ultrasound in Medicine (AIUM ) and the Food and 
Drugg Administration (FDA, USA) published intensity levels below which no significant 
biologicall  effects are confirmed (AIUM, 1992; FDA 1994). In order to assess circadian 
rhythmss in fetal heart rate, we exposed fetuses to nearly continuous 24-hour pulsed ul-
trasound.. The safety levels of the ultrasound FHR-recorder we used (Hewlett Packard 

(HP)(HP) Ml350A, Hewlett Packard GMBH, Boeblingen, Germany) had been calculated by 
thee independent Netherlands Institute for Health Research (TNO), Leiden, the Nether-
landss before the start of our study. The TNO results showed that, irrespective of the du-
rationn of FHR- recording, the ultrasound output of HP Ml350A was far below the ac-
ceptedd intensity limits as published in the recommendations of AIUM (1992) and FDA 
(1994).. Table I. shows the ultrasound indices of the HP Ml350A monitor compared to 
thee accepted intensity levels according the AIUM and FDA recommendations. 

Circadiann rhythm s in the neonatal period and in infancy 

Ann important function of maternal cntrainment during perinatal development may be 

too prepare the fetal circadian timing system for later independent life (Mirmiran et al. 

1992).1992). It is quite possible that the postnatal development of human circadian rhythms is 

affectedd by disturbances during perinatal life, for instance when the intimate mother-

fetuss relationship is interrupted prematurely. Preterm infants stay in the neonatal inten-

sivee care unit for several weeks in a constant temperature inside the incubator, under 
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Tablee I Ultrasound indices of the HP M1350A recorder compared to the accepted intensity lev-
elss according the AIUM (1992) and FDA (1994) recommendations. 

Ultrasoundd Intensity Index 

SA'l'A A 

(Spatiall  Averae Temporal 

Averagee Intensity) 

Powerr  needed to cause an 

increasee in temperature of 1 °C. 

Safetyy l imi t for  cavitation ** * 

(amplitudee of ultrasonic pressure 

pulsess expressed in MPa) 

Safetyy levels according to 
A IUM/FDA ' ' 

200 m\V / cm 

400 m\V (tor 1 transducer element) 

1066 m\V (tor 7 transducer elements 

11 MPa 

Outpu tt  level of HP M1350A 
FHR-- recorder  * 

4.99 mW / cm 

0.6355 mVV (1 transducer element) 

4.455 mVV (7 transducer elements) 

0.0188 MPa 

(i.e.(i.e. intensity levels, below which no significant biological effects are confirmed) 

Testt results of Netherlands Institute for Health Research (TNO). 

Indexx of ultrasound intensity, based on pulse frequency and beamwidth 

Cavitationn involves ultrasonic interactions with small gas bubbles. Collapsing of bubbles can produce 
biologicall  effects. 

constantt light conditions in a noisy environment. Apart from affecting the circadian tim-

ingg system, such constant conditions may affect other aspects of the behaviour and so-

maticc development of the prematurely born infant. Several studies have demonstrated 

thatt infants nursed in an environment which maintains diurnal cycles grow faster, are 

lesss often ill , and develop sleep-wake states sooner than infants cared for in constant 

lightingg (Mann 1986 et al; Fajardo et al. 1990; Miller et al. 1995). In spite of the lack of 

severall  maternal entrainment factors, significant circadian rhytms in body temperature 

andd heart rate were present in respectively seven and five out of twelve preterm infants 

nursedd under constant conditions (Mirmiran et al. 1991). The data from this rather small-

scalee study suggested the presence of a functional biological clock in the majority of 

infantss born at a gestational age of 28 weeks or more. The existence of free-running 

circadiann rhythms in infants has been suggested before (Klehman 1963). However, most 

off  the earlier studies failed to demonstrate circadian rhythms. Short observation peri-

ods,, averaging data from different infants, and irregularity of environmental conditions 

mightt have accounted for the lack of circadian rhythms in these reports (review: Davis 

1981).1981). In contrast with the findings of Mirmiran (1991), a similar study of rhythms in 

prematuree babies in constant conditions (Tenreiro et al. 1991) showed a poor develop-

mentt of circadian rhythms. Circadian and ultradian rhythms appeared and disappeared 

erraticallyy in successive weeks, and did not increase with chronological age or after the 

startt of discontinuous feeding. Only when babies were moved to a ward where lights 

weree dimmed at night, there seemed to be an increased incidence of circadian rhythmicity 
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inn heart rate. Differences in analysing methods and interference of illnesses may have 

accountedd for the different outcomes of the studies of Mirmiran and Tenreiro. Both au-

thorss claimed that the circumstances of their experiments closely approximated those of 

aa constant routine, a method for minimizing exogenous influences upon rhythms (Mi-

norsnors and Waterhouse 1984). It is doubtful whether circadian Zeitgebers are really absent 

att neonatal intensive care units, because visiting hours, nursing activities and medica-

tionn schemes inevitably induce circadian time-clues (Ardura et al. 1997). 

Withh respect to circadian rhythms in term infants, a few principles of developmental 

chronobiologyy developed by Hellbrugge (1960) are still endorsed by rhythm research-

erss (Glotzbach et al. 1994; Sitka et al. 1993; Ardura et al. 1997b): 

((1)1) different physiological functions develop circadian rhythms independently of each 

other;; (2) during the course of development of a circadian rhythm, the range of oscilla-

tionn increases; (3) in man, monophasic circadian oscillations develop from polyphasic 

rhythms. . 

Sitkaa et al. (1994) found significant circadian rhythms in body temperature on the sec-
ondd day of life in all 17 full-term infants, but in cardiovascular functions circadian 
rhythmss were only found in two thirds of them. At the age of 4 weeks there was an 
increasee in amplitude of the temperature rhythm and phase variability between the in-
dividuall  infants decreased. The measured circadian temperature rhythm seemed to be 
endogenouss and not caused by different activity levels. The less strongly marked expres-
sionn of circadian periodicity in cardiovascular functions might be caused by a higher 
susceptibilityy to exogenous factors. Short phases of activity or crying caused distinct 
increasess in blood pressure and heart rate, which can mask cardiovascular rhythms 
(Tenreiro(Tenreiro et al. 1991). Other studies (Glotzbach et al. 1994; Ardura et al. 1997b) showed 
thatt circadian rhythms in body temperature, heart rate and activity further increased 
betweenn the age of 1 and 3 months. The fact that acrophases of rhythms in newborns 
foundd by Sitka et al. (1994) differed from their mothers showed that endogenous oscilla-
torss are already effective in neonates and that the rhythms are not exclusively imposed 
byy the mothers. 

Muchh research has been performed on the development of diurnal sleeping patterns in 
infantss (Kleitman and Engelman 1953; Hellbrugge 1960; McMillen 1991;Elias etal. 1986; 

KeenerKeener et al. 1988). A recent review (Lohr and Siegmundl999) on ultradian and circa-
diann rhythms of sleep-wake and food-intake behaviour during early infancy distinguished 
twoo observable processes in the development of these rhythms that started in the first 
weekss of life and increased over the next few months: the alternation in the periodic 
structuree of behavior (i.e. decreasing ultradian and increasing circadian components) 
andd the process of synchronization to external time (i.e. entrainment). Again, these ob-
servationss confirm the principles postulated by Hellbrugge fourty years ago. 
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Chronobiometricall  methods for  analysing Orcadian rhythm s 

Previouss studies on putative fetal circadian rhythms were confined to the description of 
thee averaged rhythm found in a whole studygroup, and no chronobiometrical analyses 
weree performed to assess the significance of rhythms in individual pregnancies (de Vries 

etet al. 1987; Patrick et al. 1982; Visser et al. 1982). However, the objective demonstration of 
thee statistical significance of the observed rhythms and of their reproducibility are pre-
requisitess for the physiological interpretation of the results of circadian rhythm studies. 
Inn order to be able to define normal reference patterns, detect alterations associated with 
pathologies,, and show the effects of environmental factors, a detailed quantitative de-
scriptionn of the observed 24-hour patterns is necessary (Van Cauter 1979). Depending 
onn the data obtained, there are various chronobiometrical methods to quantify circa-
diann rhythms [Monk etal.l 992; Brown et al. 1992; Van Someren et al. 1999). When data-
samplingg is limited to a 24-hour span, cosinor analysis is often the method of choice for 
rhythmm analysis {Minors and Waterhouse 1990). Even though the detailed shapes of cir-
cadiann rhythms can vary considerably among variables, they can often be approximated 
byy a sinusoidal curve. The fitted curve is described in terms of the mesor  or mean value 
-- the level at which oscillation takes place; the amplitude - the distance between peak 
valuee and the mesor; the acrophase or time of peak - that is, its placement in time; and 
thee period of the rhythm - which is, in the case of circadian rhythms, always about 24 
hourss (see Figure 5). Because human circadian rhythms are asymmetrical in nature (e.g. 
thee sleep-wake cycle is an 8-hour/16-hour, rather than a 12-hour/l 2-hour, alternation), 
fittingg a single sinusoidal curve provides an unreliable estimation of the rhythm param-
eters.. The asymmetry of the waveshape is often more accurately described by the inclu-
sionn of a second (i.e. 12-hour period) or third (i.e. 8-hour period) harmonic curve. Pa-
rameterss quantifying the circadian waveshape may then be derived from the best-fit curve 

Fig.. 5 Rhythm parameters when a cosine curve has been fitted to the data (from Pel and Heres 
1995). . 
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andd used in further analyses. The times of occurrence of the maximum and minimum 

off  the best-fit curve are often referred to as the acrophase and the nadir  respectively. 

Thee circadian amplitude may be estimated as 50% of the difference between the maxi-

mumm and the minimum of the best-fit curve (Van Cauter 1990). 

Aimm and outline of the present thesis 

Thee central question of this thesis is whether the expression of circadian rhythms in the 
fetuss and neonate can be regarded as a sign of fetal and neonatal well-being. 
Chapterr  1 reviews the literature on circadian rhythms, with emphasis on information 
onn the development of circadian rhythms in perinatal life, as has been obtained from 
bothh in vitro and in vivo animal and human studies. Literature on fetal heart rate (FHR) 
monitoringg is also reviewed.Chronobiometrical methods for analysing circadian rhythms 
aree summarized in brief, with special attention to Cosinor-analysis that was applied for 
thee studies discussed in this thesis. 

InIn Chapter  2, on methodology, we describe an interactive computer program, based on 
thee algorithms described by Dawes et al. (1996), which we especially designed for the 
analysiss of continuous 24-hour FHR recordings. A mathematical description of the analy-
siss algorithms is presented. A comparison between the analysis outcomes from this pro-
gramm and from the commercially available Oxford 8002 Team Cardio-Toco-Graphic 
(CTG)) analysis system, applied to simultaneous recordings, has been included. 
Inn Chapter  3 a discordant anencephalic twin pregnancy was studied to test the hypoth-
esiss that the fetal brain is necessary for the expression of a circadian rhythm in fetal heart 
rate.. Whereas the importance of a functional maternal suprachiasmatic nucleus (SCN) 
forr the expression of overt prenatal rhythms is well established (Reppert 1984;1986; 

GriffioenGriffioen 1992), it is not yet known whether, or to what extent, the fetal brain contributes 
too the observed fetal rhythms. Assuming that the fetal brain is necessary for the expres-
sionn of prenatally observed rhythms in FHR, we expected the circadian FHR rhythm in 
thee anencephalic fetus of a discordant twin pregnancy to be absent. The findings in the 
discordantt twin pregnancy were compared to those in three normal twin pregnancies. 
Chapterr  4: Working with the assumption that the fetal brain plays an important role in 
thee generation and/or expression of diurnal rhythms, it was hypothesized that the pres-
encee of fetal diurnal rhythms in itself may reflect fetal well-being (Meis 1992). Deterio-
rationn of the fetal condition would obliterate diurnal rhythms (Arduini 1990), or cause 
themm to lose their phase- relationship with the other rhythms. We quantified diurnal 
rhythmss in various computerised fetal heart rate parameters and fetal movements in 26 
individuall  normal third-trimester pregnancies to assess the presence of diurnal rhythms, 
andd to define normal reference patterns to detect alterations associated with pathologies. 
Thee chronobiometrical outcome data were compared to the maternal diurnal rhythms 
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inn heart rate, rest-activity, and plasma hormones, to assess the role of maternal entrap-

ment. . 

Inn Chapter  5 we subsequently quantified diurnal rhythms in three clinically relevant 

fetall  heart rate parameters in 26 pregnancies complicated by intra-uterine growth retar-

dationn (IUGR).Chronobiometrical outcomes were compared with the data from the 26 

normall  pregnancies described in chapter 4 to test whether a bad fetal condition affects 

thee presence of diurnal rhythms in fetal heart rate. This possibility was further investi-

gatedd by assessing the effect of fetal deterioration by repeated recordings in individual 

fetuses.. The role of maternal Cortisol as "Zeitgeber" for fetal diurnal rhythms was inves-

tigatedd by recording fetal heart rate before and after maternal betamethasone treatment 

inn nine lUGR-pregnancies. As maternal betamethasone treatment was supposed to ob-

literatee fetal diurnal rhythms, either by its direct effect on the fetal SCN, or indirectly - by 

eliminatingg the fetal adrenal steroid secretion (Arduini 1986; 1989), we expected circa-

diann rhythms in FHR-parameters to be absent after treatment. 

Chapterr  6: maternal entrainment during perinatal development is presumed to be nec-

essaryy for preparing the fetal circadian timing system for later independent life (Mirmiran 

1992).1992). The postnatal development of human circadian rhythms may be affected by dis-

turbancess during perinatal life. Prenatal birth, resulting in a stay in the neonatal inten-

sivee care unit under conditions of constant light and constant temperature may not only 

havee direct effects on the presence of postnatal diurnal rhythms, but may also have a 

negativee effect on the development of the infants' sleeping rhythms. 

InIn the first section of this chapter we focussed on circadian rhythms in the direct perina-

tall  period. By comparing prenatal rhythms with postnatal rhythms in 15 individual 

IUGR-- children, born between 29 and 36 weeks of gestation, we determined both the 

presencee of a functional biological clock early in the third trimester of pregnancy, and 

thee role of maternal "Zeitgebers" for the expression of fetal and neonatal circadian 

rhythms. . 

Inn the second section we compared the diurnal sleeping rhythms of 17 term and 18 

pretermm neonates during postconceptional weeks 40 - 60, in order to evaluate thee effect 

off  disturbance of maternal entrainment on the development of postnatal diurnal sleep-

ingg rhythms. 

Inn Chapter  7 the clinical relevance of short-term effects of maternal food intake and 

maternall  betamethasone treatment on fetal heart rate is evaluated, while taking into ac-

countt the influence of diurnal rhythmicity. The first study quantifies the influence of 

maternall  food intake on the outcomes of computerised analysis of fetal heart rate. The 

secondd study focusses on the short-term effects of maternal betamethasone treatment 

onn computerised fetal heart rate parameters. 

Inn Chapter  8, the General Discussion, we address the consequences of our findings for 

circadiann rhythm research and clinical application in monitoring high-risk pregnancies. 
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Wee conclude that the fetal brain appears to play an important role in the generation of 
circadiann rhythms in perinatal life. From our findings in fetuses and preterm born 
neonates,, we assume that a functional biological clock is present in the human fetus and 
iss synchronized by the mother. This maternal-fetal synchronization probably does not 
reachh into the postnatal period. Cortisol, which was thought to be one of the major ma-
ternall  Zeitgebers for prenatal rhythms, does not seem to play a crucial role in the genera-
tionn of FHR-rhythms. We rather endorse the idea that there is a high degree of redun-
dancyy in the mechanisms subserving fetal entrainment. Due to the large individual dif-
ferencess in observed rhythms, diurnal FHR-rhythms in itself cannot be regarded as a 
signn of fetal well-being. However, in individual fetuses changes in the phases of diurnal 
rhythmss in accelerations (ACC) and short term variability (STV) may be the first sign 
off  imminent fetal distress. With further development of ambulant cardiotocographic 
devices,, this knowledge on changing circadian rhythms could possibly be applied in the 
monitoringg of high risk pregnancies. We, further, propose mechanisms for the genera-
tionn of diurnal heart rate rhythms in perinatal development that underlie our findings. 
Wee consider that the findings of this thesis must be interpreted as results of human stud-
ies,, with all their innate restrictions. Included are several suggestions for future research 
too expand our knowledge on the development of the 'human circadian system and its 
influencess on fetal physiology and illness. 
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Abstract t 

Thiss paper introduces a newly developed program for fetal heart rate (FHR) analysis. It 
incorporatess the only internationally accepted analysis method described by Dawes et 
al.. (1977 - 1991) and was specially designed to analyse long-term recordings for study-
ingg the effects of the circadian rhythm on FHR analysis results. The program features 
thee possibility to analyse these long-term recordings, to adapt limiting analysis param-
eters,, and is interactive, allowing the user to select interesting regions for analysis. It also 
featuress the possibility to automatically subdivide a recording into regions of shorter 
durationn and to analyse these regions sequentially. These features are not supported in 
commerciallyy available programs. A detailed description of the analysis algorithms is 
presentedd since the analysis method was never fully published. The program outcomes 
weree validated by making simultaneous recordings with a commercially available CTG 
analysiss system, which is implemented with Dawes' analysis methods. No substantial 
differencess were found for the analysis parameters which are widely used for clinical 
surveillancee of high-risk pregnancies. 

Introductio n n 

Computerisedd fetal heart rate (FHR) analysis is becoming an important tool for clinical 

surveillancee of high-risk pregnancies. Although computerised FHR analysis is generally 

recognisedd as a major improvement in monitoring high-risk pregnancies (GUZMAN, 

1996),, more knowledge on the (patho-) physiological mechanisms behind FHR pat-

ternss will make it even more important. It is known, for example, that fetal heart rate and 

fetall  activity show a day-night rhythm (see for a review: MEIS, 1992). To assess the influ-

encee of these so-called circadian rhythms on the outcomes of computerised FHR analy-

sis,, we recorded FHR continuously over 24 hours in both normal and complicated preg-
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nancies.. Commercially available systems for FHR monitoring and analysis are fully au-

tomated,, have strict conditions for recording duration and cannot process 24-hour re-

cordings.. Also, the analysis method or limiting parameters cannot be adapted to the 

desiress of researchers. Since it was not possible to analyse 24-hour recordings with one 

off  the commercially available systems, we developed an FHR analysis program, which is 

especiallyy suitable for analysing long-term recordings and for analysing selected parts of 

thesee recordings. 

Thee analysis method used by the program is based on the only internationally accepted 

methodd for clinical use described by Dawes and Redman in a series of articles (DAWES 

etal.,, 1977- 1991). In these publications Dawes and Redman describe the development 

off  their fetal heart rate analysis system and the adjustment of the algorithms to their 

clinicall  experience on more than 43,000 FHR records. This paper, however, fully de-

scribess the resulting algorithms in detail, which Dawes and Redman refrained from. The 

publicationss of Dawes et al. were reviewed and detailed information was also gained 

tromm personal communication with the late professor Dawes. The description leads to a 

betterr understanding of the FHR-parameters, which are widely used among clinicians 

forr the assessment of fetal condition in high-risk pregnancies. 

Methodss &  Material s 

Equipment Equipment 

AA fetal CTG monitor {M1350A, Hewlett-Packard) was used to make FHR recordings. 

Thee instrument uses pulsed ultrasound techniques to determine the FHR. The ultra-

soundd probe is placed on the abdomen of the patient, fixed by elastic bands, in such a 

wayy that the tetal heart is within the ultrasound beam. The ultrasound probe features 

sevenn crystals providing a wide beam for locating and tracking the fetal heart. The beam 

narrowss when the fetal heart is detected, hereby reducing ultrasound exposure. Using 

thiss technique it is possible to measure heart rate recordings from 25 weeks of gestation. 

DataData acquisition 

AA separate communication program (called'1350.EXE') receives one data block per sec-
ondd from the CTG recorder containing four equidistant (0.25 sec) heart rate samples 
each.. In general, the heart rate (HR in beats per minute, BPM) is calculated from the 
beat-to-beatt interval (T in msec) with HR=6E4/T. A new heart rate value comes avail-
ablee at each next beat and is calculated from the previous beat-to-beat interval. This 
resultss in a discrete heart rate curve with steps of variable duration. The CTG recorder 
usess moving window averaging to be able to supply one heart rate value every 0.25 sec.The 
heartt rate samples are stored in a series of files containing up to 7200 samples each. This 
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wayy it remains possible to import the raw data files into spreadsheet programs for de-

tailedd analysis and presentation purposes. 

Analysis Analysis 

EVALUATIONN OF ANALYSIS RESULTS 

Recordingss were made in 42 women, gestation ranging from 25 to 42 weeks, all admitted 
too the hospital for fetal surveillance on various indications. The analysis program was 
evaluatedd by comparing the results of these 42 recordings with those of a commercially 
availablee CTG Analysis System (Oxford Sonicaid System 8002 Team) implemented with 
Dawes'' algorithms. The commercial system uses ultrasound techniques to determine 
thee FHR but does not feature any heart rate output signal. For this reason the CTG monitor 
wass used simultaneously to acquire the heart rate recording as a set of raw data files. 
Thesee raw data files were used for off-line analysis by the program. 

STUDYY OF THE EFFECTS OF THE ORCADIAN RHYTHM 

Thee influence of the circadian rhythm on analysis results was determined from 24-hour 
recordingss of 26 normal fetuses. It was assessed whether the 24-hour variation of a par-
ticularr FHR parameter really represented a statistically significant circadian rhythm. A 
detailedd description of this technique is beyond the scope of this article but is reported 
byy Lunshofetal. (1998). 

Theory y 

Thiss section describes the FHR analysis method and the way the parameters are deter-
minedd from a heart rate recording obtained with the CTG monitor. When looking at a 
heartt rate recording (see figure 1), the heart rate can be seen to vary continuously when 
consideringg a long period (> 1 minute, long-term variation) but also when considering 
aa shorter period of time (1 minute, short-term variation). Sometimes the recording shows 
aa considerable increase in heart rate ('acceleration') after which it is restored to the level 
off  before the increase. To be able to quantify these temporal changes in heart rate (dis-
cussedd in the next paragraphs), a reference curve is derived from the heart rate curve, 
whichh is not affected by temporal changes in heart rate. With this so called 'baseline', it 
cann be assessed when the heart rate is increased and to what extent. Since some analysis 
parameterss are derived from the heart rate data in relation to the baseline, it is very im-
portantt that the baseline is determined appropriately. 

Thee remainder of this paragraph explains the analysis algorithms sequentially. Since the 
recording,, stored on disk, may contain artefacts, these are first removed by a two-step 
rejectionn algorithm. Then the baseline is determined, after which other FHR parameters 
cann be derived that describe the heart rate variation. 
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RejectionRejection algorithm 

Whenn loading heart rate files, the program applies a two-step rejection algorithm (Dalton 
ett al., 1977) that assesses which heart rate samples of the recording must be declared 
invalid.. First, an out of range rejection is featured to exclude high or low FHR values 
outsidee the range 30-200 BPM. The next rejection step filters spikes (short peaks) from 
thee recording caused by external effects (movements or electromagnetic interference). 
Too assess whether a heart rate sample is recognised as a spike, the underlying heart pe-
riodd is considered. This interval (T in msec) is derived from the sample heart rate (HR) 
withh T =6E4/HR. The average inter beat interval of each sample i is compared to the 
averagee of the valid fraction of the former three samples (Tv,(i)) and is declared invalid 
iff  it falls outside the range: 

0.66  T (i) < T (i) < 1.55  T (i) 
avgvv ' sv ' avg 

Iff  none of three previous intervals is valid, the sample is not rejected. 

FHR-epochsFHR-epochs and FHR-minutes 

Thee whole recording is subdivided into epochs, lasting 3.75 seconds each, to conform to 
Dawes'' literature. For each epoch the average heart rate is determined from the valid 
(nott rejected by the rejection algorithm) heart rate samples. In this way, 16 heart rate 
valuesvalues per minute are obtained (see figure 2). A remarkable consequence of the Dawes 
methodd is that a whole minute is declared invalid even if only one of its epochs is invalid. 
Thee average inter beat interval during epoch i is called TE(i) and is calculated from HRE(i) 
withinn that epoch and is expressed in msec: TE(i)=6E4/HRE(i). 
Thee remainder of this document refers only to the average heart rate or interval within 
epochss (HRE or TE) or within minutes (HRM). 
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Fig.. 1 The program displays the recording after opening the files. This 30-minute recording shows 
continuouss slow variation in the heart rate as well as periods of considerable increase in heart rate 
calledd 'accelerations'. The baseline is derived from the heart rate recording by low pass filtering 
andd is used as a reference for the determination of heart rate parameters. 
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BaselineBaseline determination 

Afterr applying the rejection algorithm the baseline is obtained from the heart rate curve 

usingg a low pass Infinite Impulse Response (IIR) filter. The IIR filter is configured as a 

two-wayy exponential smoothing filter using equation: 

TE ff (i) = C  TE(i) + (1-C)  TE f ( i - l ) with i = [1..N] 

Wheree TEf i) is the average heart interval of epoch number i, TEf(i) represents the fil-
teredd heart interval of epoch number i, obtained after each of the two filtering steps, N is 
thee number of epochs within the region marked for analysis and C represents the filter 
coefficient.. Dawes chose C = 0.05 (personal communication), giving a cut-off frequency 
att 1/600 Hz and a 40 dB/decade roll-off. The resulting time constant of about 100 sec 
guaranteess a slowly varying baseline from which prominent heart rate changes can be 
clearlyy distinguished (see figure 1). 

Thee beginning of the baseline and parts of the recording that follow after signal loss, 
showw transients, because the history of the signal is unknown and because of the filter's 
settlingg time. This deviation from the preferred baseline introduces errors in the deter-
minationn of FHR parameters at the time of the transient and especially affects short-
lastingg recordings. Dawes et al. (1982) described a method to estimate the baseline start-
ingg point (TE ) which serves as the signal history level (TEf(0) in equation above) for 
thee IIR filter, and is used to replace invalid parts of the recording before filtering. Appen-
dixx A describes how the baseline starting point is found. Furthermore, large variations, 
likee 'accelerations' or 'decelerations', would influence the baseline substantially. For this 
reason,, al TEs differing more than 'some' limit from TE , , are set to TE before filter-
ing.. Dawes chose a two-step limit in such a way that after filtering, the heart rate continues 

66 epochs 
perr minute 

FHR.II)) " 15 samples 
 per 3.75 sec epoch 

NN epochs 

FHRK16)) FHRellT) FHRe(32) 

FHRmlli i FHRra(2i i FHRraljl l 

tt(NN r 

F H R m i MM i 

MM  minu tes 

M inu te s s 

Fig.. 2 The FHR is obtained four times per second. An epoch lasts 3.75 seconds and contains 15 
samples.. One measurement minute holds 16 epochs. Epochs in a recording are numbered starting 
att 0. The 1st.. 16th epoch reside in the first FHR-minute etc. The 0'" epoch is not included in the first 
FHR-minutee (see 3.5. Short term variation). A full M minutes recording contains N epochs. 
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abovee or below the baseline for 10 minutes at the most. The procedure starts with a 60 
msecc limi t for TE and is adj usted to 150 msec if the heart rate curve continues more than 
100 minutes above or below the baseline. 

AccelerationsAccelerations and decelerations 

Inn obstetrics onee speaks about an 'acceleration' to denote a period of increased heart rate 
(relativee to the baseline). In fetuses of more than 30 weeks of gestation,'accelerations' 
relatee to fetal movement (NATALE, 1984), whereas 'decelerations' (periods of reduced 
heartt rate) can be associated with acute moments of fetal hypoxia (VISSER, 1990). In 
youngerr fetuses, these relations are less clear (PILLAI , 1990). An increase in heart rate is 
identifiedd as an 'acceleration' if the heart rate curve rises at least 10 BPM above the base-
linee for at least 15 sec. The magnitude of the 'acceleration', with unit 'Raised BPM', is 
foundd by dividing the area enclosed by the heart rate and baseline curves (in BPM*sec) 
byy the duration (in seconds, defined by two consecutive baseline crossings). 
'Decelerations',, with unit'Lost BPM', are determined just like'accelerations'but relate to 
aa significant decrease in heart rate below the baseline. 

Short-TermShort-Term Variation (STV) 

Variabilityy in heart rate is controlled by the autonomic nervous system (PANINA, 1995). 
Itt distinguishes STV, range and long-term variation (see figure 3). With deterioration of 
thee fetal condition, variability decreases and the heart rate might even become constant 
inn the succumbing fetus. The STV (Dawes et al., 1991; Street et al., 1991), normally pre-
sentedd in a graph, is defined as the average change in heart interval (msec) between con-
secutivee epochs and is calculated for each minute't': 

Fig.. 3 Heart rate variability is represented by the short-term variation (a) and range (b) curves. 
Thee episode status (c) is drawn in the same window and is derived from the range curve using the 
detectionn limits indicated by (d) (see text). It distinguishes three levels, indicating: an episode of 
highh variability (fetal activity), an episodes of low variability (fetal quiescence) and not classified 
(greyy line). Notice the moment of signal loss (e). 
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ii  I6(t-1) + 16 

STV(t)) = — I I ATE(i) - ATE(i-l ) I 
166 i=16(t-l)+l 

Thee 0th epoch was not included in the determination of HRM( 1) but is used here to be 

ablee to find the 16 differences within the first STV minute. The STV is not computed in 

minutess with invalid epochs or when a 'deceleration' is in progress (variability during 

'decelerations'' has other meanings than normal variability). The short term variation is 

alsoo presented as a number (STV ) by averaging the STV values of all valid minutes 

withinn the analysis region. 

FHR-RangeFHR-Range and episodes 

Thee 'range' is a parameter that relates to the maximum variability. It is determined for 
eachh minute from the difference between the highest and lowest of both the fetal heart 
intervall  and basal heart interval (the baseline describes the basal heart rate vs. time). 
Thee range curve is used to identify episodes of high and low variability (Dawes et al., 
1985).. Episodes of high variability are often related to fetal activity (Pillai et al., 1990), 
whichh is not necessarily related to movement, as it is for'accelerations', whereas episodes 
off  low variability relate to fetal quiescence or ill condition (if there is no alternation with 
highh episodes). For the calculation of the "range" (Dawes et al., 1990; Street et al., 1991) 
inn measurement minute't', a set of epoch intervals, ST| (t), of both the epoch heart rates 
andd the baseline values is recorded. Baseline values are included to recognise continuous 
'accelerations'' which is important for high episode (activity) and low episode (quies-
cence)) distinction: 

STt(t)) = [TE(16(t-l) + l),...,TE(16(t-l) + 16),TEbasc(16(t-l) + l),...,TEbasc(16(t-l) + 16)] 

wheree TE ^(i) represents the interval belonging to the baseline at epoch i. Let STF(t) be 

thee set of intervals for measurement minute"t", then the"Range" is defined as the differ-

encee between the highest and lowest interval: 

R(t)) = MAX{S TE(t)l - MIN |STE(t)} 

Thee range in minute "t" (R(t)) is not determined (Street et al., 1991) if: 1) One or more 

epochss are (declared) invalid within that minute; 2) A 'deceleration' is in progress be-

causee variation during decelerations do not signify the same favourable effect as during 

otherr pieces of a recording (like at the time of accelerations), 3) All HREs in that minute 

"t""  drop below the corresponding baseline values. 

Ann episode of high variability is detected if the range, R(t), remains higher or equal to 32 

msecc for at least 5 of 6 minutes. An episode of low variability is detected it the range, 

R(t),, remains below or equal to 30 msec for at least 5 of 6 minutes. 
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LongLong Term Variation (LTV) 

Thee LTV is a number that indicates variability within the analysis region. Clinicians use 

thee LTV together with the STV and range parameters to assess the condition of the fetus. 

Sincee it is based on the 'range', which is defined per minute, it is used as a 'long-term' 

variabilityy parameter compared to the STV, which represents variability between 'ep-

ochs'.. One would expect LTV to be defined in a similar way as STV but representing 

heartt rate variability within a prolonged period of time; the definition is slightly differ-

ent,, though. The LTV (Dawes et al., 1985,1990; Street et al., 1991) is defined as the aver-

agee 'range' within the analysis region, whereas the STV is determined from the average 

'change'' in TE per minute. In normal pregnancies the range in one minute will most 

likelyy be larger than the STV (as can be seen in figure 3 within that minute and so will the 

LTVV With progressive deterioration of fetal condition, both STV and LTV gradually fall 

(STREET,, 1991). The LTV is calculated from the range by averaging over the valid number 

off  minutes (K) in an analysis region of M minutes: 

ii t H - ( M - l ) 

LTVMM = -L Z R(t) 
RR t=ti 

withh tl being the first minute within the analysis region. R(t) is assumed 0 for invalid 
minutes. . 

Programm features 

Whenn loading heart rate sample files, the program (see flow diagram in figure 4) applies 

thee described two-step rejection algorithm to skip invalid heart rate samples before av-

eragingg within HREs. Since HREs are used for further analysis it is possible to save them 

too an epoch file (ASCII). These epoch files can also be loaded instead of sample files. The 

heartt rate curve is displayed as soon as the HREs are available. The user can invalidate 

portionss of the recording and is enabled to select a part of the recording for analysis. 

Afterr analysing the selected region, the baseline is displayed superimposed on the heart 

ratee curve (see figure 1). The STV, Range and episode status are displayed in a separate 

graphh (see figure 3). Statistical results like average FHR, average baseline, STV, LTV, du-

ration,, percent of signal loss/acceleration/deceleration' count and high/low episode count 

aree available in a separate window (see figure 5). 

Thee program gives the user the option to subdivide the recording in smaller portions for 

automaticc analysis while the results are appended to an export file. This is especially 

usefull  for analysing long-term recordings. 

Sincee the program is especially designed for research purposes, most of its limiting pa-

rameterss (rejection limits,'acceleration/deceleration' detection limits, high/low episode 

detectionn limits) can be adjusted. It is also possible to select alternative analysis methods 

(whichh go beyond the scope of this article). 
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F i g.. 4 Flow d i a g r am of fetal heart rate analysis p r o g r a m. 
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Resultss of Analysis 

Analysiss results (epoch based): 
Epochh interval 
Firstt epoch nbr 
Lastt epoch nbr 
Regionn duration 
Epochh signal loss 
Meann baseline 
Meann HR 
SDD of mean HR 
Accelerationn count 
Meann Acceleration 
Meann Ace. duration: 35.16 sec 
Decelerationn count: 6 
Meann Deceleration : Unknown 
Meann Dec. duration: Unknown 

Minutee classification: 

3.755 sec 
0 0 
565 5 
2122.500 sec 
0.188 % 
141.766 BPM 
141.900 BPM 
7.366 BPM 
8 8 
8.977 Raised BPM 

Analysiss results (minute based) 
Firstt ninute 
Lastt minute 
Analysiss minutes 
STU U 
Inualidd STU minutes 
LTU U 
Inualidd LTU minutes 
Loww episode count 
Durationn low episodes 
Highh episode count 
Durationn high episodes 

1 1 
35 5 
355 min 
7.522 msec 
2.866 % 
39.933 msec 
2.866 % 
1 1 
100 min 
2 2 
177 min 

Categoryy A 
Categoryy B 
Categoryy C 
Categoryy D 
Unclassified d 

5:266 mm:ss (15.37%), 3 periods, aug. 1:49 mn:ss 
17:000 mm:ss (48.06%), 3 periods, aug. 5:46 mm:ss 
10:000 mm:ss (28.27%), 4 periods, aug. 2:30 mm:ss 

2:566 mm:ss (8.30%), 2 periods, aug. 1:28 nm:ss 

Ace .. Distributio n 

Dec.. Distributio n 

Ace .. Dur . Distr . 

Dec.. Dur . Distr . 

Expor t t 

Repor t t 0k k 

Fig.. 5 Statistical results like average FHR, average baseline, STV, LTV, duration, percent of signal 
loss,'acceleration/deceleration'' count and high/low episode count are available in a separate win-
dow.. Classification of a fetal heart rate recording into categories is under investigation and is not 
describedd in this paper. 

Results s 

EvaluationEvaluation of the technique 

Outcomess of simultaneous FHR recordings analysed with the described program and 

thee commercial system are given in table l. BHR (or Basal Heart Rate, which is described 

byy the baseline) was the only parameter of which the results differed significantly al-

thoughh this difference is of minor importance (1 BPM, 0.7%; paired T-test; p=0.04). 

Nonee of the other quantified FHR parameters showed significant differences. Although 

the'deceleration11 parameter shows a big difference, this difference is not statistically sig-

nificantt because of the low 'deceleration' count. The difference in signal loss between 

bothh systems is probably due to the unavoidable different position of the two ultrasound 

transducerss on the abdomen of the patient, especially at younger pregnancies (i.e. before 

322 weeks). 
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Tablee 1 Results of FHR analysis made by the program and the commercially available analysis 
system.. Average values are presented (95% confidence intervals). 

Analysiss parameter 

Recordingg duration (min) 

Basall  heart rate (BPM) 

Accelerationn count 

Decelerationn count 

Shortt term variability (ms) 

Highh episode count 

Loww episode count 

Commerciall  system 

34 4 

142.7 7 

5.7 7 

0.6 6 

6.8 8 

8.5 5 

9.3 3 

(31-37) ) 

(139.4-146.0) ) 

(4.4-7.1) ) 

(0.2-1) ) 

(6.2-7.4) ) 

(5.7-11.3) ) 

(6.3-12.3) ) 

New w 

34 4 

143.7 7 

5.3 3 

0.2 2 

6.8 8 

8.7 7 

8.7 7 

program m 

(31-37) ) 

(140.6-146.8) ) 

(3.8-6.8) ) 

(0.03-0.4) ) 

(6.0-7.6) ) 

(5.3-12.1) ) 

(5.3-12.0) ) 

D% % 

0.0 0 

+0.7 7 

-7.0 0 

-66.7 7 

0.0 0 

+2.4 4 

-5.4 4 

Significance e 

--

+ + 

--

--

--

--

--

Signall  loss was 3.5% (2.0-5.0) for the Hewlitt-Packard M1350A and 6.6% (3.8-9.4) for the Oxford 
Sonicaidd system 8002 Team. 

EffectsEffects of arcadian rhythm 

Thee influence of circadian rhythms was determined for those FHR parameters that are 
relevantt in monitoring high-risk fetuses, i.e. BHR, 'accelerations', 'decelerations', STV 
andd LTV. The program proved very convenient for this purpose since it was possible to 
automaticallyy subdivide the 24-hour recordings into regions of one hour. The analysis 
resultss of all these one-hour regions were automatically appended to an ASCII file. This 
ASCIII  file was read by third party software for presentation. Figure 6 shows the hourly 
meanss of the basal heart rate (BHR), the STV and the 'acceleration' count of 26 normal 
humann fetuses. A detailed discussion of these results is reported by Lunshof et al. (1998). 

Discussion n 

Forr the study of the influence of the circadian rhythm on FHR parameters, 24-hour re-

cordingss were made using ultrasound techniques. Literature on bioeffects of ultrasound 

(MII  LLER et al., 1998) in pregnancy indicates that, although ultrasound at high intensities 

iss associated with biological effects, at diagnostic levels such bioeffects are not reported 

evenn at prolonged exposure. The American Institute for Ultrasound in Medicine (AIUM ) 

andd the Food and Drug Administration (FDA, USA) published intensity levels below 

whichh no significant biological effects are confirmed (AIUM , 1988). Calculations made 

byy TNO, health-research, Leiden, the Netherlands, showed that, irrespective of thee dura-

tionn of FHR-recording the ultrasound output of the used CTG monitor was far below 

acceptedd intensity limits. 
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Fig.. 6 Hourly mean deviation ) from daily mean of Basal Heart Rate (BHR) in beats per 
minutee (BPM) and Short Term Variability (STV) in milliseconds (msec) and the mean'accelera-
tion'' count per hour (ACC) in 26 normal human fetuses. Black bars indicate the night period 
duringg which lights were off (from Lunshof et al., 1998). 

Althoughh Dawes' analysis methods are widely accepted, from a technical point of view 

somee peculiarities must be considered. Dawes' analysis is based on the mean FHR inter-

vall  of 3.75 second epochs. Since averaging removes higher frequency components within 

thee epochs, a different variability may be observed, when epochs of different duration 

aree used. Therefore, the numerical values of STV, Range and LTV, and thus the clinical 

interpretation,, all depend on the specific epoch duration that was chosen. 

Thee range, describing the maximum variability within each measurement minute, is 

definedd in such a way that its magnitude increases at times of high FHR variation, as 

wouldd be expected, but also at times of increased heart rate ('accelerations').'Accelerations' 

indicatee an increase in FHR in relation to the baseline and not necessarily an increase of 

'variation'' of the heart rate curve itself. 

Onee would expect LTV to be considered for a prolonged period compared to STV. This 

iss not the case, however. In the unlikely case of TEs changing continuously between a 

maximumm above and a minimum below the baseline, the STV and LTV would give the 

samee result. 
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Duee to averaging techniques, a fetal CTG monitor needs time to settle when the heart 
ratee suddenly changes. This so called 'step response' was tested for the used CTG moni-
torr by simulating the beating fetal heart with a loudspeaker attached to the ultrasound 
probe.. The loudspeaker was stimulated with a 120 BPM (2 Hz) saw tooth signal and 
suddenlyy changed rate (within one interval) to 150 BPM (2.5 Hz). The CTG monitor 
showedd an average rise time (10-90%) of 1.5 seconds when changing to this new value. 
Thee average fall time was 2.0 seconds when changing from 150 BPM (2.5 Hz) back to 
1200 BPM (2 Hz). These response times vary among different types of CTG monitors 
(Fetall  monitor test, Hewlett-Packard application note shows quick response of HP CTG 
monitors)) and hence the HRE values will vary. For this reason it might be difficult to 
comparee STV results obtained from different types of CTG monitors. 

Conclusions s 

Thiss paper introduces a newly developed program for FHR analysis and presents a de-

tailedd description of Dawes' analysis algorithms. 

Byy comparing the analysis results of the program with the commercial analysis system it 

cann be concluded that the program offers a suitable alternative for FH R analysis for clinical 

use.. Since the software features the possibility to adapt limiting analysis parameters it 

mayy also be of great value for analysis of heart rate recordings of, e.g., experimental ani-

malss like mice or rats. The option to select any region of a recording for analysis could be 

off  great advantage when studying temporal effects of drug treatment, e.g., in clinical 

pharmacology. . 

Thee program will be incorporated in an automation project at the Department of Ob-

stetricss of the Academic Medical Center to analyse high-risk pregnancies immediately 

afterr recording. 

Thee FHR analysis program, called FetalHrt.EXE, is written for the Windows operating 

system.. It is available as shareware for use in experimental settings and can be obtained 

byy contacting the author at the correspondence address. 

APPENDIXX A 

Reducingg transient effects in baseline determination 

Transientt effects are found when a filter is applied to discontinuous signals due to filter's 

settlingg time. A FHR recording shows discontinuities at the beginning of the recording 

andd at times of signal loss. Transient effects can be minimised by replacing invalid or 

unknownn parts of the recording with an estimated value before filtering. 
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Thee estimation method starts with the frequency distribution (with a 0.25 BPM heart 

ratee resolution) of the region to be analysed. Sometimes the frequency distribution shows 

moree than one peak in which peaks at higher rates account for 'accelerations' in the re-

cordingg and the size of the peaks depend primarily on the total 'acceleration' duration. 

Thee first prominent peak at the lower heart rate is a good entry for the estimation of the 

baselinee starting point. The lower peak is found by scanning the frequency distribution 

fromm left (e.g., 100 BPM) to right (e.g., 160 BPM) and a peak search begins from the 

pointt where l/8th of the area under the curve is reached (this prevents less prominent 

heartt rate values from being detected as the peak). A value is detected as the peak if the 

nextt 5 nonzero heart rate elements are of lower frequency. The heart rate belonging to 

thee first detected peak serves as the baseline 'entry' HRE , with interval TE f msecl. 
rr / entry' entry l ' 

InIn figure 7, the indicated top is detected as the peak and the accompanying heart interval 
servess as the baseline reference. 
Thee baseline entry would be a good estimate of the baseline starting point if the record-
ingg started with a considerable increase in heart rate ('acceleration'). If there was only 
littl ee heart rate variation in the first few minutes, however, it would not be a good esti-
mate.. Therefore, the average epoch heart rate of all epochs in the first four minutes (or 
lesss if not available) is calculated, with intervals that fall in the range: TE  i*  10 msec, 

ÖÖ entry ' 

withh i = [1..4] and starting with i=l . If no epochs intervals fall in the range TE 0 
msec,, the range is extended to TErcf.  20 msec and so on until an average epoch heart 
ratee can be determined or still no epoch intervals fall in the range TE  40 msec. If an 

rr O entry 

averagee epoch heart rate can be determined, it serves as the baseline starting point (TE ). 
Otherwisee the baseline starting point is assumed to be 6E4/TE [BPM]. 
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Summary y 

Inn a discordant anencephalic twin the hypothesis was tested that the fetal brain is neces-
saryy for the expression of a diurnal rhythm in fetal heart rate. 24H fetal heart rate re-
cordingss were made in a discordant anencephalic twin pregnancy and in three normal 
twinn pregnancies. Cosinor analysis was used to assess rhythmicity in fetal heart rate and 
maternall  heart rate or activity. Correlations between maternal and fetal rhythms were 
calculated.. A significant diurnal rhythm was found for the fetuses of the control twins, 
butt in neither of the fetuses of the discordant anencephalic twin pregnancy. The mater-
nall  rhythm was 1-2 hours in advance of the heart rate rhythms in all fetuses except the 
anencephalicc one, whose heart rate did not show any correlation with the maternal diur-
nall  rhythm. 

Wee conclude that the fetal brain contributes to the generation of the diurnal rhythm in 
fetall  heart rate and synchronization of maternal-fetal rhythms. 

Introductio n n 

Inn the human adult, the presence of a diurnal rhythm in many physiological functions 
hass been well established. The "biological clock" in the brain, which regulates these 
rhythms,, is located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus. 
Inn the fetus a diurnal rhythm in mean heart rate and motility exists from mid-gestation 
onwardss [10,11,17,19].The fluctuations in fetal heart rate are strongly related to the 
maternall  diurnal rhythm. Whether, or to what extent, the fetal brain contributes to the 
diurnall  rhythm in fetal heart rate is not yet known [1,6,17]. 

AA twin pregnancy with discordant anencephaly offered a unique opportunity to study 
thee role of the fetal brain in the generation of prenatal diurnal rhythms. In this study we 
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reportt our findings from a 24h continuous fetal heart rate recording of a normal and an 
anencephalicc fetus at 35 weeks of gestation. We compare the presence of a diurnal rhythm 
inn heart rate in this discordant anencephalic twin pregnancy with the findings in three 
normall  twin pregnancies. 

Subjectss and methods 

Inn a 27-year-old primigravida, a twin pregnancy with discordant anencephaly was found 
byy routine ultrasound at 14 weeks of gestation. The parents decided to continue the preg-
nancy.. During pregnancy the anencephalic fetus developed hydramnios. The patient was 
admittedd to hospital at 32 weeks because of mechanical discomfort. The normal fetus 
showedd normal growth and cardiographic recordings were optimal. After informed con-
sent,, a continuous 24h heart rate recording was made of both twins from 14.00 p.m. till 
14.000 pm at 35 weeks of gestation. A Hewlett Packard M1350A ultrasound heart rate 
monitorr was used for the heart rate recording. Maternal rest-activity was simultaneously 
recorded,, using a small ambulatory wrist monitor [7]. The anencephalic fetus died dur-
ingg delivery at 37 weeks of gestation. Postmortal examination showed a "classic" case of 
anencephaliaa with an absent cerebrum including hypothalamus and cerebellum. Only 
rudimentss of the pituitary gland were found, together with hypoplastic adrenal glands. 
Threee twin pregnancies of comparable gestational age served as controls. The clinical 
dataa of all patients are shown in Table I. Patients 2 and 3 were admitted to hospital be-
causee of mild hypertension. In patient 4 discordant fetal growth was diagnosed by ultra-
sound.. Continuous 24h fetal heart rate monitoring was performed in the same way as 

Tablee I Clinical data ot a discordant anencephalic twin and three "normal" twins 

Casee Fetus 1/2 Gestational Gestational Delivery Sex Zygosity Weight Apgar Neonatal 

ageatrec.. age at birth mode Score?' problems 

(weeks) ) 

1--

2_ _ 

1 1 

2 2 

1 1 

2 2 

-anenc. . 

-normal l 

35 5 

35 5 

36 6 

377 5/7 

366 1/7 

366 6/7 

355 4/7 

vaginal l 

S.C. . 

vaginal l 

S.C. . 

male e 

female e 

female e 

female e 

female e 

female e 

male e 

male e 

bi/ygotic c 

bizygotic c 

bizygotic c 

monozygotic c 

1565 5 

2690 0 

2340 0 

1570 0 

1935 5 

1990 0 

2155 5 

2410 0 

0 0 

10 0 

10 0 

9 9 

10 0 

10 0 

10 0 

10 0 

diedd * 

dur.. del 

--

--
--

diedd ** 

pneum. . 

**  died during delivery 

*"*"  died of pneumonia at age of 2 months 
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describedd for the discordant anencephalic twin. The only methodological difference was 
thatt we recorded maternal heart rate instead of maternal rest-activity simultaneously 
withh the fetal heart rate in these control pregnancies. A Polar sporttester (Polar Electro 

OY,OY, Finland) was used for measuring maternal heart rate every minute over 24h. 
Fetall  heart rate data were analysed on-line and stored as mean heart rate per minute and 
averagedd per hour. For statistical analysis of diurnal rhythm a cosinor analysis was per-
formedd on the fetal heart rate means. This method is based on fitting the data to a cosine 
functionn of a fixed period length (i.e. 24 hours) by the method of least squares [2,9]. The 
followingg parameters of the fitted function were used for comparison among the sub-
jects:: mesor (24h mean); amplitude (differences between the maximum and the mesor 
values)) and acrophase (time of the peak of the rhythm). The statistical significance of 
thee cosine fit is expressed as F-statistic. For each pair of twins the correlation between 
thee heart rate rhythms of fetus 1 and fetus 2 were calculated. Similar tests were performed 
too examine the level of correlation between fetal and maternal rhythms. 

Results s 

AA representative part of the original fetal heart rate recording of the discordant anen-
cephalicc twin is shown in Figure 1. Figure 2 shows the mean fetal heart rate of the anen-
cephalicc fetus and its twin over 24 hours, together with the day-night rhythm in mater-
nall  activity. The 24h rhythm in fetal heart rate and maternal heart rate of the three con-
troll  twins are shown in Figures 3,4 and 5. In Figure 6 the diurnal rhythms in fetal heart 
ratee of all fetuses are presented in terms of amplitude, mesor, acrophase and F-statistic. 
Thee mean heart rate data of all control fetuses show a diurnal rhythm with an amplitude 
betweenn 2-8 beats per minute; a mesor heart rate of 140-151 beats per minute; and an 
acrophasee between 3.00 and 7.30 p.m. Cosinor analysis demonstrated that the diurnal 
rhythmm in fetal heart rate was significant at the 1 percent's level (F stat > 5.85, df=(2,21)) 
inn all control fetuses, except for one which showed a rhythm with a significance at the 10 

BB "  J 

Fig.. 1 Representative fetal heart rate (FHR) recording of the discordant anencephalic twin. Ges-
tationall  age 35 weeks. Trace A: FHR of the normal twin. Trace B: FHR of the anencephalic twin. 
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clocktimee (hours) 

Fig.. 2 Discordant anencephalic twin. Fig. 2a and b: Mean fetal heart rate per hour is plotted for 
bothh twins (solid line). Maternal activity is shown in fig. 2c (solid line). A cosine tit with a period 
off  24 hour is plotted as a dashed line. The night period of the mother is indicated by a black bar on 
thee x-axis. fhr an = tetal heart rate in anencephalic twin; fhr22 = fetal heart rate in healthy twin; m 
actt = maternal activity. 

percent'ss level (F stat = 2.55). No significant diurnal rhythm was found for the anen-

cephalicc fetus (F stat = 0.29) or for its normal twin (F stat = 0.95), despite a profound 

significantt diurnal rhythm in maternal activity (F stat = 12.3). In Figure 7a it is shown 

thatt the correlation between the individual fetal heart rate rhythms in all three control 

twinss is clearly higher than the correlation between the anencephalic fetus and its twin. 
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Fig.. 3 Twin pregnancy 2. Fig. 3a and b: Mean fetal heart rate per hour is plotted for both twins 
(solidd line). Maternal heart rate is shown in fig. 3c (solid line). A cosine fit with a period of 24 hour 
iss plotted as a dashed line. The night period of the mother is indicated by the black bar on the x-
axis.. fhr = fetal heart rate; mhr = maternal heart rate. 

Thee correlations of the individual fetal heart rate rhythms and the maternal heart rhythms 

aree significant for the three control twins, with the maternal acrophase being 1-2 hours 

inn advance of the fetal acrophase (Figure 7b). Figure 7c shows that there is no significant 

correlationn between the anencephalic twin's heart rate rhythm and its mother's activity 

rhvthm. . 
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Fig.. 4 Twin pregnancy 3. Fig. 4a and b: Mean fetal heart rate per hour is plotted for both twins 
(solidd line). Maternal heart rate is shown in fig. 4c (solid line). A cosine fit with a period of 24 hour 
iss plotted as a dashed line. The night period of the mother is indicated by the black bar on the x-
axis.. fhr = fetal heart rate; mhr = maternal heart rate. 

Comment t 

Diurnall  rhythms in mean fetal heart rate are well established [ 10,11,17,19). In the third 

trimesterr of pregnancy, the fetal heart rate rhythm is correlated with the maternal heart 

ratee rhythm. However, the mechanism regulating this phenomenon is still unknown 

[1,10,17].. Animal studies indicate that the fetal brain plays an active role in the genera-

tionn of diurnal rhythms before birth [ 12 j . 
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Fig.. 5 Twin pregnancy 4. Fig. 5a and b: Mean fetal heart rate per hour is plotted for both twins 
(solidd line). Maternal heart rate is shown in fig. 5c (solid line). A cosine fit  with a period of 24 hour 
iss plotted as a dashed line. The night period of the mother is indicated by the black bar on the x-
axis.. fhr = fetal heart rate; mhr = maternal heart rate. 

Inn accordance with the studies of Yoshizato [20],Terao [16], van der Moer [8] and 
Kurauchii  [5], the fetal heart rate pattern of the anencephalic fetus in our study corre-
spondss with the absence of the central nervous system from the level of the medulla 
oblongata,, which maybe present in a rudimentary form. This was indeed confirmed by 
thee findings from the autopsy material which showed that cerebrum including 
hypothalamuss and cerebellum were absent. 
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Fig.. 6 Circadian analysis of fetal heart rate (fhr). Data from 4 twin-pregnancies (1 twin with 
discordantt anencephaly). Each point represents one fetus. The circadian rhythm is described by 
fourr parameters: amplitude, mesor, F-statistic and acrophase (arrows indicate the normal twin of 
thee anencephalic fetus). 

Thiss case offered a unique opportunity to explore whether the fetal brain is important 
forr the expression of a diurnal rhythm in fetal heart rate in humans. Three control twin 
pregnanciess were studied in the same way to compare the presence of diurnal rhythms 
inn "normal" twins with the findings in the discordant anencephalic twin. The presence of 
aa clear diurnal rhythm in fetal heart rate in all normal twin pregnancies and the absence 
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Fig.. 7 A: correlation between both fetuses in each pair ot twins. B: correlation between the indi-
viduall  fetal heart rate rhythms (fhr) and the maternal heart rate rhythm (mhr) in three control 
twins;; the dashed lines connects the coefficients (corr.coeff.) of each pair of twins. C: correlation 
(corr.)) between both fetal heart rate rhythms and the maternal activity (mact) in the discordant 
anencephalicc twin pregnancy. 

off  these rhythms in the anencephalic fetus despite an intact maternal diurnal rhythm 

supportss our hypothesis that the fetal brain is indeed crucial for the generation of a fetal 

diurnall  rhythm. 

Thee question arises why the normal fetus in this discordant anencephalic twin did not 

showw a diurnal rhythm. The mechanism of "tactile communication between twins in 

utero""  [ 14] could partly explain this phenomenon: several studies [3,4,13-15] have dem-

onstratedd a remarkable synchronicity of fetal heart rate, movements and behavior pat-

ternss between both fetuses in normal twins. It is hypothesized that the movements of 

onee fetus may provoke movements in the other fetus, and that this "tactile communica-

tion""  accounts for simultaneous fetal heart rate patterns in both fetuses. The importance 

off  twin-twin interactions for similar heart rate patterns in twins is confirmed by the 

highh correlation coefficients between the heart rate rhythms of the normal twins (Figure 

7a).. This high correlation can not be explained by monozygosity, as two control twins 

weree bizygotic (Table I). The correlation coefficient of the discordant anencephalic twin 

iss markedly lower, but still just reaches significance (Figure 7a). Anencephalic fetuses 

withh a defect hindbrain show qualitatively and quantitatively abnormal motor behavior, 

characterizedd by forceful, jerky general movements, which are of large amplitude and 

occurr in burst-pause patterns [18]. It is plausible that such forceful movements of the 

anencephalicc fetus in our study influenced the behaviour and heart rate of its twin and 

weree responsible for the disturbance of the diurnal rhythm of the normal fetus. 
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Fromm this study of a discordant anencephalic twin pregnancy in which we explored the 

rolee of the fetal brain for the generation of diurnal rhythms in fetal heart rate, the follow-

ingg conclusions can be drawn: 

1.. The fetal brain might indeed contribute to the generation of a diurnal rhythm in fetal 

heartt rate. 

2.. The diurnal fetal heart rate rhythm "follows" the maternal heart rate in normal preg-

nancyy by 1-2 hours. Although the exact mechanism still remains unknown, the ab-

sencee of such a correlation in the anencephalic fetus suggests that the "fetal brain" is 

thee intermediatory factor between maternal input signals and the expression of overt 

fetall  diurnal rhythms. 

3.. The demonstrated influence of the anencephalic twin on its normal twin, as well as 

thee high correlation between co-twins strenghtens the hypothesis of "tactile commu-

nication""  between twins. 
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normalnormal pregnancy: Outcomes of computerised analysis of 

continuouscontinuous 24-hour fetal heart rate recordings. 

Simonee Lunshof, MD ', Kees Boer, MD, PhD ', Hans Wolf, MD, PhD ', Gerdien van Hoffen -, 

Nerimann Bayram, MD1, Majid Mirmiran, MD, PhD : 

'' Academie Medical Center, department of obstetrics and gynaecology, Amsterdam, the Netherlands. 
:: The Netherlands Institute for Brain Research, Amsterdam 

AmAm } Obstet Gynecol 1998; 178:247-54 

Introductio n n 

Theree are at present at least two clinically relevant reasons that make it of interest to 
assesss diurnal fetal heart rate rhythms in individual, normal pregnancies. In the first 
placee it is important to know to what extent the various computerised FHR-parameters, 
whichh are now commonly used as criteria of fetal well-being, are influenced by the time 
off  day of monitoring. In the second place the presence of fetal heart rate rhythms may in 
itselff  be a sign of fetal well-being as is suggested by some authors.1 

Severall  authors have described the presence of diurnal rhythms in mean fetal heart rate 
(FHR),, fetal heart rate variation, fetal heart rate accelerations, and fetal movements.13 It 
hass also been shown that the diurnal rhythm in mean fetal heart rate is related to the 
diurnall  rhythm in mean maternal heart rate (MHR).4 However, all previous studies on 
putativee fetal diurnal rhythms drew conclusions from averaged data for the whole study 
groupp only, while no chronobiometric analyses were performed to assess the signifi-
cancee of the rhythms found in the individual pregnancies. Another point of discussion 
iss whether the origin of diurnal fetal rhythms is extrinsic (i.e. totally imposed by the 
mother)) or, at least partly, intrinsic.' "7 

Inn this study of 26 normal pregnancies, we quantified the presence of diurnal fetal rhythms 
inn various computerised fetal heart rate parameters in order to define normal reference 
patternss and an objective basis for comparison with pathological pregnancies. Continu-
ouss 24-hour FHR- recordings were analyzed off-line. Diurnal rhythms in the various 
parameterss were assessed by modified Cosinor analysis." 

Too assess the maternal influence on the fetus, maternal diurnal rhythms in mean heart 
ratee and maternal plasma levels of melatonin and Cortisol were quantified in, respec-
tively,, 15 and 17 of the 26 pregnancies studied. Because of their reproducibility and large 
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amplitude,, these hormone rhythms can be used as marker of the status of the circadian 

pacemakerr in the mother. In addition, we measured estriol, because it reflects, at least 

partly,, fetal adrenal function.This applies, to a lesser extent, to progesterone.9 The effect 

off  gestational age on the presence of diurnal rhythms was also taken into account. 

Subjectss and Methods 

FHR-recording FHR-recording 

Twenty-sixx healthy pregnant women with uncomplicated singleton pregnancies par-

ticipatedd in the study, after informed consent was obtained. Gestational age varied be-

tweenn 26 and 38 weeks. Fetal heart rate was continuously recorded for 24 hours, starting 

betweenn 11.00 and 12.00 A.M, using a Hewlett Packard M1350A ultrasound heart rate 

monitorr with kinetogram function (Hewlett-Packard GMBH, Boeblingen, Germany). 

Recordingg took place at the department of obstetrics of the Academic Medical Center, 

Amsterdam. . 

MHR-recording MHR-recording 

Simultaneously,, mean maternal heart rate was measured every 3 minutes during 24 hours, 

usingg a Polar sporttester (Polar Electro OY, Finland). An ambulatory wrist monitor was 

usedd to measure maternal activity over a period of 3-5 days,10 including the recording 

dayy in hospital, to verify if the observed maternal rhythm during the 24-hour recording 

wass comparable with the woman's diurnal rhythm at home. 

MaternalMaternal plasma hormones 

Inn 17 women, plasma levels of melatonin, Cortisol, estriol and progesterone were meas-

uredd at three-hour intervals over the 24-hour observation period. Blood samples (6 ml) 

weree taken from a heparinized catheter introduced into a maternal arm vein. Samples 

weree immediately centrifuged at 4°C and plasma was frozen at -20°C for subsequent 

analysis.. Progesterone was analysed, using a commercial RIA (Orion Diagnostica, Espoo, 

Finland).Finland). Estriol and Cortisol were determined by fluorescence polarisation immunoassay 

onn a TDx analyser. (Abbott Laboratories, North Chicago, IL) at the Academic Medical 

Center,, Amsterdam. Melatonin was analysed by RIA at the Netherlands Institute for Brain 

Research,, Amsterdam." All samples from any individual patient were measured in the 

samee assay for each hormone. 

FHR-analysis FHR-analysis 

Thee FHR monitor supplied an analog signal for fetal heart rate and fetal activity that was 

sampledd at a rate of 4 times per second, and that was converted from analog to digital. 

62 2 



NORMALL PREGNANCY 

Thee sample values were stored in a personal computer. Analysis of fetal heart rate and 
fetall  activity was performed off-line, using FetalHrt 3.2, a FHR-analysis program devel-
opedd in the Academic Medical Center, Amsterdam, which is based on the Dawes-Redman 
criteria.':: With the help of this program, FHR data were averaged over 3.75 min. epochs, 
afterr which the basal heart rate (BHR) was calculated for the 24-hour recording. BHR is 
bestt defined as mean fetal heart rate after exlusion of accelerations and decelerations. 
Afterr fitting the baseline according to the Dawes algorithm, the occurrence of 
accelerationss and decelerations, their duration (seconds) and size (in raised beats per 
minutee ) were determined. As measures of fetal heart rate variability, short term vari-
abilityy (STV) (i.e. the average change in pulse interval between consecutive epochs (in 
milliseconds),, and long term variability (LTV) (i.e. the averaged range between the small-
estt and the largest pulse interval per minute) were calculated. Moreover high episodes 
(i.e.. periods with a range > 32 ms for at least 5 of 6 consecutive minutes) and low epi-
sodess (range < 30 ms for at least 5 of 6 consecutive minutes) were counted. For analysis 
off  diurnal rhythms all FH R-parameters were calculated per hour. Of each FHR-param-
eter,, the deviations around the daily mean were plotted at 1 -hour intervals for the whole 
studyy group. All parameters, except for the count of high or low episodes, were 
chronobiometricallyy examined for each individual fetus. For the occurrence of high and 
loww episodes individual cosine fitting was not possible because of the large amount of 
unclassifiedd periods (i.e. periods during which the criterion that 5 of 6 consecutive min-
utess must be either high or low was not fulfilled). We did not study decelerations, be-
causee they hardly occurred in the FHR-recordings of the 26 pregnancies studied. We 
wil ll  report on the presence of diurnal rhythms in all parameters mentioned above, with 
speciall  attention to diurnal rhythms in BHR, STV and acceleration count,because these 
aree the three most important fetal heart rate parameters for fetal monitoring. 

AnalysisAnalysis of diurnal rhythms 

Thee averaged data per hour of BH R, acceleration count, duration and rate, STV and LTV 
weree analyzed for each subject separately by a modified Cosinor analysis/ This method 
iss based on fitting a sum of cosinusoidal components with fixed period lengths to the 
seriess of data, by the method of least squares." Because human circadian rhythms are 
oftenn asymmetrical in nature (i.e. the sleep-wake cycle is not a 12h/12h alternation, the 
asymmetryy of the waveshape is described by the inclusion of components other than the 
24-hourr period.s For each individual we fitted a cosine with a period of 24 hour, a 12-h 
cosinee function and occasionally an 8-h cosine, or a combination of a 24-h and a 12-h or 
8-hh cosine to the data series. The statistical significance of the cosine fit is expressed as 
F-statistic.. On the basis of the obtained F-statistics of the various fits, it was decided for 
eachh FHR-parameter which was the best cosine to describe the data in the majority of 
subjects.. The fitted function is defined by its mesor (rhythm adjusted mean), amplitude 
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(50%% of the difference between the maximum and the minimum of the best fit curve), 

andd acrophase (time of the maximum of thee best fit curve). The software package Table-

CurveCurve (Jandel Scientific GmbH, Erkrath, Germany) was used for fitting cosine functions 

too the data. 

Maternall  heart rate data were also averaged per hour. Circadian analysis took place in 

thee same way as described for the FHR-parameters. 

DiurnalDiurnal rhythm in fetal activity and maternal plasma hormones 

Fetall  movements were measured with the kinetogram function of the HP Ml 350A fetal 

heartt rate monitor, which has shown to be a reliable method to record the presence of 

grosss fetal body movements.14 The averaged time spent moving by the fetus was calcu-

latedd per 5 minutes and plotted per hour. 

Diurnall  rhythmicity in maternal plasma hormones was quantified in the same way as 

describedd for FHR-parameters. 

StatisticalStatistical analysis 

Inn addition to the chronobiometric statistics, correlations between diurnal rhythms in 

MHRR and fetal BHR were calculated to assess the phase relationship between these 

rhythms.Thee presence of a fetal rhythm in BHR and STV was compared to the presence 

off  maternal plasma hormone rhythms by Chi-squared (Fisher-exact) tests to assess 

whetherr the presence of significant maternal hormone rhythms could predict the pres-

encee of significant fetal heart rate rhythms. Linear regression was performed to test 

whetherr gestational age influenced the significance of the diurnal rhythms in BHR, STV 

andd ACC, as expressed in their F-statistic, mesor and amplitude. In all analyses, a level of 

pp < 0.05 was considered to be significant. 

Results s 

FetalFetal heart rate parameters: BHR, STV, and ACC 

Inn Figure 1, the mean deviations around the daily mean (  s.e.m.) of the Basal Heart 

Ratee (BHR), Short Term Variability (STV), and Accelerations Count (ACC) are plotted 

att 1-hour intervals for the whole study group. 

BHR BHR 

Inn the majority of pregnancies the mean diurnal rhythm in fetal BHR was best described 

byy the combination of a 24- and 12-hour cosine function. In 18 of the 26 fetuses (69%) 

thee obtained F-statistic (F-stat)for the sum of the 24- and 12-h curve fit reached signifi-

cancee (i.e. F-stat > 2.87; degrees of freedom=4,23). Fig.2 illustrates the result of the 
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Fig.. 1 Hourly means ) of Basal Heart Rate (BHR) in beats per minute (bpm), Short Term 
Variabilityy (STV) in milliseconds (ras), Acceleration Count per hour (ACC) in 26 normal human 
fetuses.. Black bars indicate the night period during which lights were off. 
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Fig.. 2 Mean Basal Heart Rate (BHR) ) in 18 out of 26 fetuses, showing a significant rhythm, 
bestt described by a combined 24- and 12-hour cosine fit. The dashed area indicates the night 
periodd during which lights were of. 
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Tablee I Evaluation ot the best fit for 6 different heart rate parameters, mean values of significant 
rhvthmss from 26 control fetuses. 

FHR-Parameter r Significant t 
Diurnal l 
Rhythm m 

n(%) ) 

BHRR (b/min) 

LTVV (ms) 

STVV (ms) 

ACCC count 

ACCC duration 

(ms) ) 

ACCC rate 

(raisedd b/m) 

19(73%) ) 

10(38%) ) 

12(46%) ) 

4(15%) ) 

8(31%) ) 

9(35%) ) 

Bestt Fit in 
Majorityy of 
Subjects: : 

n(%) ) 

24+12h h 

18(69%) ) 

24+l2h h 
7(27%) ) 

24+12h h 

10(38%) ) 

24+12h h 

3(12%) ) 

24h h 
5(19%) ) 

24+12h h 

7(27%) ) 

MESOR R 
off  Best Fit 

%% conf.int) 

137.40 0 

(134.91-139.89) ) 

55.48 8 

(47.41-63.55) ) 

9.52 2 

(7.74-11.30) ) 

20.96 6 
(14.1-27.82) ) 

38.8 8 

(35.78-41.82) ) 

9.96 6 

.28-11.64) ) 

AMPLITUDE E 
off  Best Fit 

%% conf.int) 

ACROFASE E 
off  Best Fit 

NADIR R 
off  Best Fit 

%% conf.int.) j % conf int.) 

7.36 6 

(5.82-8.90) ) 

10.83 3 
(7.44-14.22) ) 

1.96 6 
(1.38-2.54) ) 

5.97 7 

(3.06-8.88) ) 

8.00 0 
(7.38-8.62) ) 

1.96 6 
(1.40-2.52) ) 

14:23 3 
(12:26-16:20) ) 

02:39 9 

(01:36-03:42) ) 

2:26 6 

(23:41-05:11) ) 

03:29 9 

(22:38-08:20) ) 

5:35 5 

(23:02-12:08) ) 

01:57 7 

(00:45-03:09) ) 

04:30 0 

(03:58-05:02) ) 

13.16 6 

(11:07-15:25) ) 

12:34 4 

(09:54-15:14) ) 

15:07 7 

(08:32-21:42) ) 

17:35 5 

(11:02-00:08) ) 

07:43 3 

(02:40-12:46) ) 

BHRR = Basal Heart Rate; LTV = Long Term Variation; STV = Short Term Variation; ACC = Acceleration. 

Tablee II Evaluation of the best fit  for maternal plasma hormones, average of significant fits in 17 
controll  patients. 

Cortisoll  (umol/1) 

Melatonin n 
(pg/ml) ) 

Estnoll  (umol/1) 

Progesterone e 
(nmol/1) ) 

Significant t 
Diurnal l 
Rhythm m 

n(%) ) 

JJ 5 (88%) 

16(94%) ) 

55 (29%.) 

3(18%) ) 

BESTT FIT 

n(%) ) 

24+12h h 

15(88%) ) 

24+12h h 
16(94%) ) 

24+12h h 

55 (29%) 

24+l2h h 

2(12%) ) 

MESOR R 

%% conf.int) 

0.64 4 

(0.56-0.72) ) 

17.19 9 

(9.41-24.97) ) 

0.32 2 

(0.13-0.51) ) 

536.74 4 

AMPLITUDE E 

,, conf.int) 

0.34 4 

(0.28-0.40) ) 

23.92 2 

(12.92-34.92) ) 

0.06 6 

(0.03-0,09) ) 

57.44 4 

ACROFASE E 

%% conf.int.) 

08:45 5 

(08:10-09:20) ) 

03:20 0 

(02:44-03:56) ) 

22:55 5 

(21:599 23:51) 

20:03 3 

NADIR R 

%% conf. int.) 

23:59 9 
(22:47-01.11) ) 

16.44 4 

(14:43-18:45) ) 

10:21 1 

(04:16-16:26) ) 

12:41 1 
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curvee fitting in these 18 fetuses: the averaged data with standard errors of these fetuses 
aree shown together with the mean of the individual best cosine fits to demonstrate the 
closee fit to the actual data. In one subject a 24-h fit  alone yielded a significant F-statistic 
(i.e.. F stat > 3.49; df=2,23). Thus altogether, in 73% of the subjects, a significant diurnal 
rhythmm in BHR was present. The mean mesor of the BHR for the significant 24- and 12-
hh fits was 137.4 b/m, with an amplitude of 7.36 b/m.The basal heart rate showed a broad 
maximumm in the afternoon around 2.23 P.M., and a narrower minimum in the night, 
aroundd 4.30 A.M. (Table I). 

Variability Variability 

AA significant diurnal rhythm for STV and LTV, which was opposite to the rhythm in 
BHR,, was present in respectively 46% and 38% of the fetuses studied. For both STV and 
LTVV the best fit  to describe the data in most fetuses that showed a diurnal rhythm was 
againn a combination of a 24- and 12-hour cosine function. For two cases, in which the 
summ of the 24- and 12-hour fit  to the STV-data did not reach significance, the 24-hour fit 
alonee was significant. For LTV this was the case for three subjects. STV and LTV varied 
onn the average with 4, respectively 21 ms over the day. Both STV and LTV had their 
acrophasess around 2.30 A.M. and their nadirs around noon (Table I). 

Accelerations Accelerations 

Thee acceleration count per hour showed a significant diurnal rhythm in only 4 of the 26 
fetusess (15%). In three of these fetuses the diurnal rhythm was best described by a com-
binedd 24- and 12-hour fit  (shown in Fig. 4), in one fetus the 24-hour fit alone reached 
significance.. Eight fetuses (31%) showed a significant diurnal rhythm in acceleration 
duration,, and for nine fetuses (35%) the diurnal rhythm in acceleration rate was signifi-
cant.. Acceleration duration was the only FHR-parameter that was best described by a 
24-hourr cosine fit alone. The rhythm in acceleration rate was again best described by a 
combinedd 24-hour and 12-hour cosine. Although the acrophases of the acceleration count, 
durationn and rate occurred at night, and the nadirs during daytime, the maximum and 
minimumm values varied widely among these few fetuses (Table I). 

FetalFetal activity 

Eightt fetuses (31 %) showed a diurnal rhythm in fetal activity. In 6 of them the best fit  to 

describee the data was a 24h fit, and in two fetuses the combination of a 24h and 12h 

cosinee fitted the data best. Four other fetuses did not show a diurnal rhythm in activity, 

butt a significant 12h rhythm instead. 

MaternalMaternal rhythms in heart rate and plasma hormones 

Figuree 3 shows the mean deviations around the daily mean (  s.e.m.) plotted at 1-hour 
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intervalss of the mean maternal heart rate and the maternal plasma hormones, measured 

inn respectively 15 and 17 women. 

Thee diurnal rhythms in both maternal heart rate and all plasma hormones measured 

weree best described by a 24- and 12-h cosine fit. A significant diurnal rhythm in Cortisol 

andd melatonin was present in, respectively, 15 and 16 of the 17 women in whom we meas-

uredd hormone levels. In 5 of the 17 women, a significant rhythm in estriol was present. 

Onlyy 3 women showed a diurnal rhythm in progesterone. See Table II . for the biometrical 

descriptionn of these rhythms. 

Fourteenn ot the 15 women in whom we were able to measure maternal heart rate simul-

MHR R 

12 2 

CORT T 

PROG G 

MEL L 

i i 

188 24 6 
clocktime e 

12 2 

Fig.. 3 Hourly means (  SEM) of the mean Maternal Heart Rate (MHR) in 15 women, and of 
plasmaa levels of Cortisol (cort), progesterone (prog), melatonin (mel), and estriol (E ) in ^preg-
nantt women. Black bars indicate the night period, during which lights were off. 
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taneouslyy with fetal heart rate recording, showed a significant diurnal rhythm in mean 
heartt rate, best described by a combined 24-hour and 12-hour cosine fit. Of these 14 
pregnancies,, 13 fetuses (93%) showed a significant diurnal rhythm. In Fig.4 the mean of 
thee best fits of the maternal heart rate data and the fetal BHR- data of these 14 pregnan-
ciess are simultaneously shown. MHR and fetal BHR showed a significantly positive cor-
relationn in these 14 pregnancies, with correlation coefficients varying between 0.37 and 
0.89.. The time lag between maternal and fetal heart rate varied between -2 to +2 hours, 
withh one outlyer of -4 hour. 

Wee also obtained data on maternal activity over 3-5 days of 20 women. In all these women, 
theree was a diurnal rhythm in activity present during the 24-hour stay in hospital, which 
wass similarr to the rhythm during the other days. 

EffectEffect of gestational age and hormone rhythms on FHR-rhythms 

Gestationall  age, varying between 26 and 38 weeks (median 33 weeks), was positively 
correlatedd to the amplitude of the fetal BHR rhythm (r=0.42) and to the F-statistic of 
ACCC (r=0.45), but not to any of the other fetal heart rate rhythm parameters tested. A 
correlationn between gestational age and the presence of a significant diurnal rhythm in 
anyy of the maternal plasma hormone rhythms was not found. The presence of a signifi-
cantt diurnal rhythm in fetal BHR or STV was unrelated to the presence of a significant 
rhythmm in any of the maternal plasma hormones measured. 

88 -, 1 

-100 H—i—[—j—i—MI —r~i—n—i—i—rn—m—i— i i i —r~ 
122 18 0 6 12 

clocktimee (hours) 

Fig.. 4 Mean "best fits" of mean Maternal Heart Rate (MHR) and mean Fetal Heart Rate (FHR) 
inn 14 pregnancies. Dashed area indicates the night period, during which lights were off. 
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However,, BHR and Cortisol showed a positive phase-correlation, and BHR and mela-

toninn a negative one. The rhythm in BHR was also negatively correlated to the rhythm in 

STV.. A significant negative phase-correlation existed between melatonin and Cortisol, 

withh correlation coefficients varying between -0.95 and -1.0. 

PregnancyPregnancy outcome 

Alll  women delivered at term (median 278 days). Mean birthweight was 3454 grams (range 

2410-44655 grams). All children were healthy at birth, except for one, in whom a rupture 

off  the tentorium cerebelli was diagnosed after a vaginal breech delivery. 

Discussion n 

Previouss studies emphasized the presence of various diurnal fetal rhythms in normal 
humann pregnancy, but those studies drew conclusions only from averaged data of sev-
erall  pregnancies.23 ^ To describe diurnal rhythms for individual fetuses quantitatively, 
wee applied chronobiometric analyses to the outcomes of continuous 24h fetal heart rate 
(FHR)) recordings in 26 normal pregnancies. The parameters for heart rate and variabil-
ityy used in this study have proved to be good measures for fetal condition as judged by 
thee clinical outcome of more than 20,000 records,12 and are commonly used in clinical 
practice.. For almost all parameters, the sum of a 24-hour and a 12-hour cosine fit, which 
yieldedd an asymmetrical waveform, described the data better than a 24-hour fit alone. 
Thiss is inherent to the sleep-wake cycle in the human, which is asymmetrical in nature.8 

Parameterss quantifying the circadian waveshape were derived from the best-fit curve 
(i.e.. acrophase and amplitude). As we intended to describe diurnal rhythms, we only 
usedd frequency components with periods of 24-, 12-, and 8-hours for the curve fitting 
procedure. . 

BHR BHR 

Fetall  basal heart rate (BHR) can be compared to mean fetal heart rate (FHR), but shows 

smootherr pattern, because it is not influenced by the occurrence of accelerations or 

decelerations.. Except for differences in standard errors, the averaged 24-h data of those 

fetusesfetuses which showed a significant diurnal rhythm in BHR (Fig 3) highly resembles the 

averagedd 24-h BHR data in the whole study group (Fig.1). The same applies for the 

acrophasee and nadir of the diurnal rhythm in BHR, which correspond with earlier find-

ingss of other authors.4 '5 However, from the averaged data in the whole study group it 

cannott be detected that 27% off  the fetuses did not show a significant diurnal rhythm in 

BHR.. This demonstrates the restrictions of describing group phenomena, and shows 

thee advantage of quantifying diurnal rhythms for individual fetuses. 
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FetalFetal heart rate variability 

Thee finding that STV and LTV showed a rhythm which was opposite to the rhythm in 
BHRR is in agreement with previous studies.1 However, it is remarkable that only 46% 
andd 38%, respectively of the fetuses showed a circadian rhythm in STV and LTV , com-
paredd to 73% in BHR. Again, from the averaged data of the whole group (Fig.1), the 
relativelyy low prevalence of significant diurnal rhythms in STV within the group could 
nott be deduced. Our data show maximum values of STV and LTV during the night and 
aa broad minimum between 10.00 A.M. to 15.00 RM (Table 1). These acrophases and 
nadirss are based only on those cosine fits which reached significance, and thus cannot 
bee simply compared to the maximum and minimum values of FHR parameters that 
weree reported by Visser et al. (1982 ).3 The time of day at which variability is lowest coin-
cidess with the time fetal heart rate recordings are usually performed in the clinic. Before 
wee conclude from this that evening testing would be preferable,!6 we must keep in mind 
thatt the averaged diurnal variance in STV of 4 ms only applies to half of the normal 
fetusess that we have studied. It is thus not allowed to apply the findings in this small 
groupp of normal pregnancies to the clinical management of high risk pregnancies. Moreo-
ver,, it is questionable whether FHR-monitoring should take place at the time of day at 
whichh variability is highest or lowest. This can only be indicated by clinical studies. 

Accelerations Accelerations 

Patrickk et al. (1982) described a diurnal pattern in the mean duration of accelerations 
withh a peak between 23.00 and 2.00, coinciding with the daily peak in gross fetal move-
ments.. 4 However, he only reported averaged data from 12 pregnancies at 38-40 weeks of f 
gestationall  age. The averaged data of our whole study group showed a similar peak.but 
chronobiometricall  analysis revealed that only a minority of the individual fetuses showed 
aa diurnal rhythm in duration, size, and number of accelerations. 95%-confidence inter-
valss for all three parameters were very large. Thus we can only state that the incidence, 
size,, and duration of accelerations show acrophases during the night, and nadirs during 
thee day. 

FetalFetal movements 

Aboutt one-third of the fetuses showed a significant diurnal rhythm in activity. Com-

paredd to other parameters, the percentage of fetuses which showed a significant 12-hour 

rhythmm in activity was relatively high (15%). In many cases, the data of the individual 

fetusess (not shown) also showed ultradian activity rhythms with periods much shorter 

thann 12 hours, corresponding with the fetal rest-activity cycles, which have been de-

scribedd by several authors.17 '*  We have not quantified these short periodicities, because 

thiss study focused on the description of diurnal rhythms. 
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MaternalMaternal influence on fetal rhythms 

InIn those 14 pregnancies in which we compared the diurnal rhythm in maternal heart 

ratee (MHR) with the diurnal rhythm in fetal BHR, these rhythms were highly correlated. 

Onn the average the MHR was almost continuously 1 hour in advance of the fetal BHR, 

butt the individual data showed that the lag between the maternal and fetal rhythm var-

iedd between -2 and +2 hours. It is thus unlikely that the fetus passively follows the diur-

nall  rhythm of the mother. It seems more likely that the fetal and maternal diurnal oscil-

latorss are in phase, but that the heart rate rhythms of both mother and fetus are at the 

meantimee under the masking influence of hormones, activity or emotions. 

Itt is remarkable that in these 14 pregnancies the prevalence of a significant rhythm in 

BHRR was 93% instead of the 73% in the whole study group. This suggests that the pres-

encee of a maternal diurnal heart rate rhythm is necessary for the generation of fetal diur-

nall  rhythms. We therefore agree with Honnebieret al (1988)19 that fetal diurnal rhythms 

aree to a large extent driven by the mother. The mechanism by which the mother influ-

encess fetal rhythms is still a matter of discussion. 

Patrickk (1982)4 suggested that the maternal Cortisol rhythm synchronizes fetal adrenal 

rhythmss by negative feedback on the fetal pituitary-adrenal axis. The finding that elimi-

nationn of maternal Cortisol rhythms inhibits diurnal rhythmicity in fetal adrenal hor-

mones,, FHR-variability, breathing and movements supports this theory of maternal Cor-

tisoll  as Zeitgeber for fetal diurnal rhythms.I5 However, althoughh maternal Cortisol may 

indeedd affect the fetal adrenal, it is unlikely that the diurnal rhythm in BHR is under 

directt control of the fetal pituitary-adrenal axis. Studies in patients affected by Cushing's 

syndromee show that Cortisol is not involved in the regulation of diurnal heart rate 

rhythms.200 In the adult, diurnal rhythms are driven by the biological clock, located in the 

suprachiasmaticc nuclei (SCN) of the hypothalamus.The information from this circa-

diann oscillator reaches the heart by means of the autonomic nervous system.21 It is still a 

matterr of discussion whether the fetal SCN plays such a role in the generation of prenatal 

diurnall  rhythms. Although studies in the squirrel monkey show that fetal SCN neurons 

expresss a metabolic rhythm, the human biological clock is still very immature during 

fetall  life.22,21 Glucocorticosteroid receptors are present in abundance in the suprachias-

maticc nucleus (SCN) during early development in rat.24 This indeed makes synchroni-

zationn of the fetal SCN by Cortisol possible. From animal studies there is evidence that 

thee maternal melatonin rhythm could also be involved in the regulation of FHR-rhythms.6 

Inn the human SCN melatonin receptors show up as early as the 18th week of gestation.22 

Moree evidence for a role of the fetal brain in the generation of fetal diurna! heart rate 

rhythmss came from our previous study, in which the anencephalic fetus in a discordant 

twinn pregnancy did not show a significant diurnal heart rate rhythm despite a profound 

maternall  heart rate rhythm.7 We thus hypothesize, that despite the immaturity of the 
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fetall  SCN, this nucleus is already capable of transferring maternal information on diur-

nall  rhythms to the fetal heart. 

UltradianUltradian rhythms 

Apartt from the presence of a diurnal rhythm in BHR in the majority of fetuses,the pres-
encee of a diurnal rhythm in the other fetal parameters varied widely among the 26 nor-
mall  pregnancies studied. This implies that the presence of fetal diurnal rhythms in itself 
doess not reflect fetal well-being, because many fetuses in good condition did not show 
significantt diurnal rhythms in FHR- parameters. The question remains why some fe-
tusess showed diurnal rhythms and others did not. 

AA possible explanation could be that in those cases in which diurnal rhythms were ab-
sent,, ultradian rhythms overruled the presence of diurnal rhythms. Indeed, many 24-
hourr data-series, which did not show a significant diurnal rhythm, often showed ultradian 
rhythms.. In normal adult life diurnal rhythms dominate ultradian rhythms as a conse-
quencee of the prevailing day-night scheme. It might be that information on the day-
nightt cycle, which reaches the fetus through the mother, is less able to impose a diurnal 
rhythmm than the information experienced in the "outside world". Another explanation 
couldd be that the relatively immature fetal biological clock is not able to transmit all 
informationn properly to target organs like the heart and the adrenals since e.g. the SCN-
efferentss are still lacking.623 Other oscillators that are known to be present in the brain, 
aree apparently more powerful during fetal life, and give rise to ultradian rhythms such as 
thee well described rest-activity cycles with periods around 60-90 minutes.31718 Follow-
ingg this hypothesis, it is not surprising that fetal movements, FHR-variability, and 
accelerationss that are strongly influenced by rest-activity cycles, often show more pro-
nouncedd ultradian rhythms than diurnal rhythms. 

Conclusions s 

AA significant rhythm in BHR was present in the majority of fetuses, and seems to be 

underr maternal control. Cortisol and/or melatonin may act as messengers that send in-

formationn on maternal diurnal rhythms to the fetal biological clock. The maternal en-

trainmentt of diurnal rhythms during pregnancy may have important physiological con-

sequences.. There is evidence that neurological development of preterm children exposed 

too a nursery environment with diurnal cycles improves.2? This is an indication that en-

trainmentt of the circadian system during fetal life is a necessary preparation for extra-

uterinee life. 

Ultradiann oscillators in the fetal brain may dominate the immature SCN, and may thus 

bee responsible for the absence of significant diurnal rhythms in various FHR-param-

eters. . 
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Thee large differences in the presence of diurnal rhythms among the healthy fetuses we 

studiedd may result from the large variability in maturation of the SCN.23 This explana-

tionn fits in the present neural-developmental concept that variability in neural develop-

mentt is, within certain limits, an expression of normality. :fr 
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DiurnalDiurnal rhythms in pregnancies complicated by intra-uterine 
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Abstract t 

Objective:Objective: To assess the clinical relevance of diurnal rhythms in fetal heart rate (FHR) 
parameterss in pregnancies with intra-uterine growth retardation (IUGR). 
StudyStudy design; Modified cosinor analysis was applied to the outcomes of computerised 
analysiss of 24-hour FHR-recordings in 26 IUGR-pregnancies and compared to 26 nor-
mall  pregnancies. Repeated recordings were used to estimate the effect of fetal deteriora-
tion.. The effect of clinical variables on diurnal rhythms was assessed by stepwise regres-
sion. . 

Results:Results: Diurnal rhythms in basal heart rate were highly correlated to maternal heart rate 
rhythmss in both IUGR- and normal pregnancies. Rhythms in acceleration count and 
shortt term variability varied more in IUGR. Inversion of rhythms with proceeding fetal 
deteriorationn could explain this variation. 

Conclusions:Conclusions: The large range in chronobiometrical outcomes in IUGR does not allow 
generall  conclusions. Within individual fetuses inversion of diurnal rhythms in accelera-
tionn count and short term variation may predict fetal distress. 

Keywords:: diurnal rhythms, fetal heart rate, IUGR. 
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Introductio n n 

Amongg the various methods of clinical surveillance of high risk fetuses, computerised 
fetall  heart rate recording is becoming an important tool in the management of fetal dis-
tress.. Factors such as maternal condition, gestational age, Doppler findings, and fetal 
behaviourr are all known to affect computerised FHR indices. However, littl e is known 
aboutt thee diurnal variations of FHR patterns in intra-uterine growth retardation (IUGR). 
Recently,, we published a study on diurnal rhythms in 26 normal pregnancies' in which 
wee quantified the presence of diurnal rhythms in computerised FHR parameters for in-
dividuall  fetuses. We concluded that the presence of fetal heart rate rhythms in itself may 
nott be a criterion for fetal well-being, but findings from normal fetuses cannot simply be 
appliedd to IUGR fetuses. Indeed, some authors reported that the diurnal rhythms in 
heartt rate variability and acceleration count are lost or inversed in case of severe IUGR2 \ 
However,, their conclusions were based on averaged data for the entire group studied, 
whichh may be very misleading as we have shown before1. The aim of the present study 
wass to assess whether the degree of fetal compromize in IUGR affected the presence of 
diurnall  rhythms, in Basal Heart Rate (BHR), Short Term Variability (STV), Accelera-
tionn Count (ACC) and Deceleration Count (DEC) as the most relevant parameters in 
clinicall  surveillance of high risk fetuses2343. 

Patientss and methods 

Patients Patients 

Twenty-sixx pregnant women with singleton pregnancies, hospitalized in the Academical 
Medicall  Center in Amsterdam for fetal surveillance due to suspected IUGR, partici-
patedd in the study after informed consent. Suspicion of IUGR was defined as an 
ultrasonographicallyy estimated abdominal circumference below the 5th % of a standard 
referencee curve6. In all women IUGR was either accompanied by Doppler abnormalities 
(i.e.. pulsatility index in the umbilical artery >95 percentile of normal reference limits7, 
orr by the presence of pre- eclampsia (PE) or pregnancy-induced hypertension (PIH), or 
byy both. PE and PIH were defined according to the ISSHP (International Society for 
Studiess of Hypertension In Pregnancy) criteria8. IUGR was ascertained by assessment 
off  the individualised birthweight ratio (IBR), which is defined as the ratio between ac-
tuall  birthweight and expected birthweight according to the Dutch birthweight curve9. 
Ann IBR <0.8 is considered as severe growth restriction comparable with a birthweight 
<5thh percentile10. 

FHR-recording FHR-recording 

Fetall  heart rate was continuously recorded for 24 to 26 hours (Hewlett Packard M1350A). 
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Inn most patients recording started between 10.00 and 12.00 A.M. For patients from whom 

wee obtained more than one recording, we selected the recording nearest to the moment 

off  fetal distress for analysis. All patients had bedrest. During recording, patients contin-

uedd their normal activities depending on their individual condition (watching televi-

sion,, seeing visitors, and leaving bed for bathroom visits). Meals were served at 8.30 A.M., 

01.000 P.M., and 06.00 P.M.. Lights went off around 10.00 P.M until about 7.30 A.M, with 

aa light intensity of about 25 lux compared with a light level of 250-500 lux during day 

time. . 

MaternalMaternal heart rate recording 

Simultaneouslyy with FHR, maternal heart rate was measured every 3 minutes during 24 

-- 26 hours, using a Polar sporttester {Polar Electro OY, Finland). 

FHR-analysis FHR-analysis 

Fetall  heart rate was sampled at a rate of 4 Hz. Analysis of fetal heart rate and fetal activity 

wass performed off-line, using a computer program for long-continued FHR-analysis 

(FetalHrt(FetalHrt 2.3, Dobbe, Academic Medical Centre, Amsterdam, the Netherlands), as described 

elss where'.With this program fetal basal heart rate (BHR),the occurrence of accelerations 

(ACC)) and decelerations (DEC), and fetal heart rate variability, measured as short term 

variabilityy (STV) and long term variability (LTV) were calculated according to the Dawes 

algorithm".. For analysis of diurnal rhythms mean BHR, STV and ACC-and DEC were 

calculatedd per hour. 

AnalysisAnalysis of diurnal rhythms 

Forr analysis of diurnal rhythms we used the same methods as we described previously 
forr normal pregnancies'. The averaged data per hour of BHR, ACC, and STV were 
analyzedd for each subject separately by a modified Cosinor analysis12. Because human 
circadiann rhythms are often asymmetrical, the asymmetry of the waveshape is described 
byy the inclusion of components other than the 24-hour period. For each individual we 
fittedfitted combinations of 24-h, 12-h and 8-h cosines to the data series. For each FHR-
parameterr it was then decided which was the best fit to describe the data in the majority 
off  subjects, as determined with F-statistics. The fitted function was defined by its mesor 
(rhythmm adjusted mean), amplitude (50% of the difference between the maximum and 
thee minimum of the best fit  curve), acrophase and nadir (time of the maximum and 
minimumm of the best fit curve). Software package Table-Curve (Jandel Scientific.Erkrath, 

Germany)Germany) was used for fitting cosine functions to the data. 

Maternall  heart rate data were also averaged per hour. Circadian analysis was performed 
inn the same way as described for the FHR-parameters. 
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StatisticalStatistical analysis 

Wee compared the prevalence and characteristics of diurnal rhythms in FHR-parameters 

off  the 26 complicated pregnancies with 26 normal pregnancies studied previously1. 

StepwiseStepwise regression was used to study the involvement of various clinical variables in 

chronobiometricall  outcome variables: Strength of the rhythm {= explained variance 

(RJ));; amplitude; mesor, and time of acrophase and nadir. Clinical variables studied were: 

1.. Diastolic blood pressure; 2. gestational age; 3. time interval between recording and 

delivery,, or fetal death in those cases in which we decided against intervention because 

off  very poor prospects; 4. presence of Doppler abnormalities at the time of recording; 5. 

individualisedd birthweight ratio; 6. anti-hypertensive treatment with methyldopa 7. fe-

tall  sex, and 8. season of recording (summer versus winter). Given the large number of 

possiblee predictors as compared to the number of observations, stability of the regres-

sionn results was verified by randomly exluding observations; only stable results are re-

ported.. Cross-correlations between diurnal rhythms in MHR and fetal BHR were cal-

culatedd to assess phase relationships between these rhythms. In all analyses, significance 

wass tested at the 5% level (p<0.05). 

Results s 

OutcomeOutcome of pregnancy 

Tablee I. summarizes the patient characteristics of the study group. Gestational age at 
recordingg varied between 26 and 38 weeks, comparable with the group of normal preg-
nancies1.. Seven women were treated with methyldopa. Twenty-one patients suffered 
fromm pre-eclampsia (PE). Pregnancy induced hypertension (PIH) was present in two 
patients,, whereas in three patients IUGR was not accompanied by hypertension. Two 
patientss had received one dose of Phenobarbital (75 mg intramuscularly) within 24 hours 
beforee the start of recording. No other medication was given. The interval between re-
cordingg and end of pregnancy varied from 1 to 21 days. In four pregnancies the end of 
thiss interval was defined by fetal death; all other pregnancies were terminated by caesarean 
sectionn because of fetal distress. In 19 pregnancies fetal distress occurred within one 
weekk after recording. The individualised birthweight ratio (IBR) was < < 0.8 in all but one 
fetus.. This fetus (IBR- 0.85) died prenatally - four days after the recording - at a gesta-
tionall  age of 26 weeks. 

FHRFHR parameters: basal heart rate, short-term variability, acceleration and deceleration 
count. count. 

Fig.. la.-c. shows the mean deviations around the daily mean ) of the BHR, STV, 

andd ACC at 1-hour intervals for the 26 IUGR fetuses and the 26 normal fetuses (fig. 
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ld-f) .. Decelerations (not shown) were so scarce that no further analysis was performed 

onn these data. In the majority of cases that showed a significant diurnal rhythm in any 

heartt rate parameter, this rhythm was best described by a combined 24-h/12-h cosine 

function.. The chronobiometrical outcome data of the significant 24-h/12-h fits were 

thereforee used in all further analyses. 

BasalBasal heart rate 

Thee prevalence of a significant diurnal rhythm in BHR in growth retarded fetuses (88%) 

wass not different from that in normal fetuses (73%) (Chi-square test: p:0.17). In Table II 

wee compared the chronobiometrical outcome data of the 22 significant 24-h/12-h fits of 

thee growth retarded fetuses in this study, with the 18 significant 24-h/12-h fits of the 

normall  fetuses. (For the combined 24-h/12-h cosine function significance was reached 

withh an F statistic (4,23) >2.87). The mean mesor of the best fits was 143 bpm, which is 

higherr than in the normal fetuses (137.4 bpm) (p=0.003) (Table II) . The amplitude was 

nott significantly different between both study groups (p=0.15). Whereas the nadir in 

BHRR was found in the latter part of the night for both growth retarded and normal fe-

tuses,, the acrophase occurred almost six hours later in the growth retarded fetuses (Ta-

blee II) . 

Tablee I Characteristics of 26 IUGR- and 26 normal pregnancies (median and range, unless oth-

erwisee indicated) 

IUGR R Controls s 

Gestationall  Age at recording (weeks) 

Intervall  Recording - Delivery (days)* 

Birthweightt (grams) 

Individualisedd Birthweight Ratio 

Dopplerr abnormalities present (n) 

Preeclampsiaa present (n) 

Highestt diastolic blood pressure (mm Hg) 

Apgarr Score at 5' 

pHH umbilical vene at birth 

Seasonn of recording: summer vs. winter (n)** 

311 (26-38) 

5.55 (1-21) 

1152(610-2265) ) 

0.66 (0.37- 0.85) 

18 8 

22 2 

108(75-130) ) 

8.5(3-10) ) 

7.20(7.01-7.28) ) 

13:: 13 

(26-38) ) 

44(5-103) ) 

3454(2410-4465 5 

1.11 (0.8-1.4) 

--

--

75(65-85) ) 

10(8-10) ) 

--

11:: 14 

**  In four cases fetal death defined the end of the interval. 
***  Summer ranged from 21 March till 21 September. 
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IUGRR fetuses Normall fetuses 

122 1! 12 2 

BHR R 

STV V 

ACC C 

timee (hours) 

Figg 1 Diurnal pattern of basal heart rate (BHR) in beats per minute (bpm), short term variabil-
ityy (STV) in milliseconds (ms), acceleration count per hour (ACC) in 26 IUGR fetuses (a-c) and 
inn 26 normal fetuses (d-f). Data are shown as deviation from the mean . Dashed area 
representss the night period during which lights were oft. 
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ShortShort term variation 

Twelvee IUGR fetuses showed a significant diurnal rhythm in STV. In seven of them the 
rhythmm was best described by a combined 24h/ 12h cosine fit. Both acrophases and nadirs 
inn the individual growth retarded fetuses were largely scattered over night and day re-
spectivelyy (Table II) . In the control group the distribution over the night and day of 
acrophasess and nadirs of the individual fits was more than two times smaller than in the 
growthh retarded fetuses. The mesor and amplitude of the two groups studied were not 
significantlyy different {p-0.08 and p=0.7 respectively). However, in the IUGR-group, 
confidencee intervals were large (Table II) . 

Accelerations. . 
Inn only five growth-retarded fetuses a significant diurnal rhythm was present in accel-
erationn count per hour. In four of them the diurnal rhythm was best described by a com-
binedd 24h/ 12h fit. This low prevalence is comparable with that in normal fetuses (p=0.7). 

Tabell  II Prevalence of fetal diurnal rhythms in 26 IUGR-pregnancies and 26 normal pregnan-
cies.. Chronobiometrical outcome data are given for significant 24h/12h-fits as means % Con-
fidencefidence Intervals). 

BHRR STV ACC 

IUGRR Controls IUGR Controls IUGR Controls 

Significantt diurnal 

rhythmm n (%) 

Significant t 

24hh + 12hf i tn(%) 

MESORR of signif. 

24hh + 12hfit* 

AMPLITUD EE of 

signif.. 24h+12h fit* 

ACROPHASEE of 

signif.. 24h+12h fit* 

NADI RR of 

signif.. 24h+12h fit* 

233 (88%) 

222 (85%) 

143.0 0 

(140.4-145.6) ) 

6.0 0 

(4.7-7.2) ) 

20:10 0 

(18:51-21.29) ) 

05:47 7 

(03:57-07:37) ) 

19(73%) ) 

18(69%) ) 

137.4 4 

(134.9-139.9) ) 

7.4 4 

(5.8-8.9) ) 

14:23 3 

(12:26-16:20) ) 

04:30 0 

(03:58-05:02) ) 

12(46%) ) 

77 (27%) 

6.57 7 

(2.91-10.23) ) 

1.79 9 

(0.58-3.0) ) 

03:25 5 

(22:08-08:42) ) 

19:29 9 

(12:09-02:49) ) 

122 (46%) 

10(38%) ) 

9.52 2 

(7.74-11.30) ) 

1.96 6 

(1.38-2.54) ) 

02:26 6 

(23:41-05:11) ) 

12:34 4 

(09:54-15:14) ) 

5(19%) ) 

4(15%) ) 

10.3 3 

(0-29.6) ) 

5.8 8 

(0-13.3) ) 

16:34 4 

4(15%) ) 

3(12%) ) 

21.0 0 

(14.1-27.8) ) 

6.0 0 

(3.1-8.9) ) 

03:29 9 

(12:53-20:15)) (22:38-08:2 

06:15 5 

(02:13-10:1 1 

15:07 7 
T)) (08:32-21:4 

**  Basal Heart Rate (BHR) with mesor and amplitude in beats per minute, Short Term Variation (STV) with mesor 

andd amplitude in milliseconds, and Acceleration Count (ACC), with mesor and amplitude in number of accelerations 

perr hour, Acrophase and amplitude in hour: minutes. 
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Thee mean mesor of the individual fits was comparable in growth retarded fetuses and 
normall  fetuses (p=0.2). Neither did the amplitude differ between both groups (p=0.1). 
However,, in the IUGR-group acrophases of the significant fits occurred during the day 
andd nadirs occurred at night, whereas the rhythms in the control group were the exact 
opposite,, with acrophases at night and nadirs during the day. 

Cross-correlationCross-correlation between mean maternal heart rate and fetal basal heart rate. 

Inn 16 patients we were able to measure maternal heart rate (MHR) and fetal BHR simul-
taneously.. All these women showed a significant diurnal rhythm in mean MHR which 
wass best described by a combined 24h/12h cosine fit  (F statistic (4,23) >2.87). Of these 
166 pregnancies, 15 fetuses (94%) showed a similar significant diurnal rhythm in BHR. 
MHRR and fetal BHR showed a significantly positive correlation, with coefficients vary-
ingg between 0.46 and 0.99 with a time lag between maternal and fetal heart rate between 
-22 to +2 hours.These findings were comparable with normal pregnancies, in which cor-
relationn coefficients ranged from 0.37 to 0.89, with similar time lags (Fig. 2A+B). 

A.. Mean fits of MHR and FHR B. Mean fits of MHR and FHR 

inn 16 pregnancies with IUGR in 14 normal pregnancies 

122 18 0 6 12 12 18 0 6 12 

clocktimee (hours) 

Figg 2 Mean fits of maternal heart rate (MHR) and fetal basal heart rate (BHR) in 16 IUGR preg-
nanciess (A) and in 14 normal pregnancies (B). Dashed area represents the night period during 
whichh lights were off. 
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EffectEffect of clinical variables on FHR rhythms. 

Inn three stepwise multiple regression analyses, the influence of (1) the diastolic blood 
pressuree ; (2) gestational age; (3) interval till delivery or fetal death; (4) pulsatility index 
off  the umbilical artery; (5) IBR; (6) anti-hypertensive treatment with methyldopa; (7) 
fetall  sex, and (8) season of recording on the strength of the rhythm of the fits for BHR, 
ACCC and STV was assessed. As only two patients were treated with Phenobarbital, this 
variablee was not included in the regression. Visual inspection of diurnal rhythms in these 
patientss did not suggest any differences due to Phenobarbital. Regression results are 
shownn inTablc III . Regarding BHR,the strength of the rhythm was negatively correlated 
withh both gestational age at recording and diastolic blood pressure. For ACC, the strength 
off  the rhythm was positively correlated with gestational age at recording as well as with 
thee interval till delivery. The diurnal rhythm in STV was not significantly correlated with 
anyy of the variables studied. Regarding only the significant fits for BHR, the amplitude 
off  the fit  was negatively correlated with diastolic blood pressure and interval until deliv-
ery,, and positively correlated with gestational age. The mesor only had a significantly 
negativee correlation with gestational age at time of recording (Table III) . Too tew fetuses 
showedd a significant rhythm in STV and ACC to conduct regressions with the amplitude 
andd mesor of the significant fits as dependent variable. Cross-correlation did not yield 
significantt outcomes either. 

Tablee II I  Results of the stepwise regression analyses for variables which influence the strength ot 

thee rhythm of the 24h/12h fits for BHR and ACC, and the amplitude and mesor of the significant 

24h/12hh fits for BHR. R- - coefficient of multiple determination, F = F-statistic, (..,..)= degrees of 

freedom,, beta = standardized partial regression coefficient, p = significance. 

variabl ee beta p 

StrengthStrength of the rhythm of the 24h/12h fits for BHR: R' = 0.35,F(2, 23)=6.27, p<0.007 

Gestationall  age at recording -0.45 0.015 

Diastolicc blood pressure -0.36 0.045 

StrengthStrength of the rhythm of the 24h/12h fits for ACC: R = 0.39,F(2, 23)=7.25,p<0.004 

Gestationall  age at recording 0.54 0.004 

Intervall  until delivery or fetal death 0.40 0.02 

AmplitudeAmplitude of the significant 24h/12h fits for BHR: R: = 0.74, F(3, 17)=16.15, p<0.00003 

Diastolicc blood pressure -0.65 0.0001 

Gestationall  age at recording 0.57 0.0003 

Intervall  until delivery or fetal death -0.28 0.04 

MesorMesor of the significant 24h/12h fits for BHR: R = 0.27, F(l, 20)=7.55, p=0.01 

Gestationall  age at recording -.52 0.0i2 
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Figg 3 Mesor and time of acrophase and nadir of ACC, STV and BHR in a series of four 24-h 
recordingss in one patient, showing the inversion of the diurnal rhythm in ACC and STV, together 
withh the fall in the daily mean (mesor) of these variables. Recordings took place at 32, 33,35, and 
366 weeks of gestation. Dashed area represents the night period during which lights were off. 
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TheThe effect of fetal deterioration on diurnal rhythms: Findings from repeated measurements. 

Wee had the opportunity to perform repeated 24-h FHR-recordings until shortly before 
fetall  distress in four patients. In all these data series the rhythm in ACC inverted at the 
timee that the acceleration count per hour fell. Also the rhythm in STV inverted at the 
timee that the STV dropped. The rhythm in BHR did not change. As an example of these 
findings,, fig. 3 shows the changes in both mesor and rhythm of ACC, STV and BHR in 
onee patient, who was recorded four times between 32 and 36 weeks of gestation. A 
caesareann section for fetal distress was performed two days after the last recording. A 
boyy was born (venous umbilical pH 7.20;birthweight 1750 grams i.e. IBR 0.6; birthweight 
centilee 5%). In this fetus the rhythm in ACC inverted at 35 weeks, with the acrophase 
shiftingg from night to day, about one week before fetal distress occurred. At 36 weeks, 
twoo days before caesarean section, the rhythm in STV inverted. The rhythm in BHR 
remainedd unchanged during the course of our observations. 

Comment t 

Inn the present study, we focussed on the identification of diurnal rhythms in BHR, STV, 
andd ACC as the most relevant parameters in clinical surveillance of high risk fetuses2 \ 
Byy comparing diurnal heart rate rhythms in growth retarded fetuses with those in nor-
mall  fetuses ',we showed that the findings in normal fetuses cannot simply be applied to 
growthh retarded fetuses. 

ComparisonComparison of diurnal rhythms in FHR parameters between growth retarded fetuses and 

normalnormal fetuses. 

Thee many similarities in the prevalence and characteristics of the diurnal rhythm in 
BHRR between growth retarded and normal fetuses (Table II) confirm earlier conclu-
sionss that this rhythm is to a large extent driven or synchronized by the mother13. The 
highh correlation between MHR and BHR in both normal and growth retarded fetuses is 
ann important argument for this conclusion. Therefore the diurnal rhythm in BHR seems 
too have littl e value for detecting fetal deterioration. Multiple regression showed that the 
amplitudee of the diurnal rhythm in BHR was even larger in fetuses in relatively worse 
condition,, with a short interval to go before the development of fetal distress. It is known 
thatt with progressive deterioration of the fetal condition in growth retarded fetuses 
ultradiann rhythms become less clear4. It is obvious that the disappearance of ultradian 
rhythmss results in a less concealed diurnal rhythm and an even higher correlation be-
tweenn BHR and MHR than in normal fetuses. The growth retarded fetuses only differed 
fromm the normal fetuses in that respect that the acrophase in BHR occurred in the evening 
insteadd of in the afternoon. This shift in acrophase is easily explained: most patients 
compliedd with the advised after-dinner rest and, as a consequence of resting, MH R and 
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BHRR fell at the time of the expected daily maximum. This interference with the normal 

diurnall  pattern was not seen in the healthy pregnant women, probably because these 

womenn were not used to resting during the day. Multiple regression showed that the 

amplitudee of the fetal BHR rhythm was negatively correlated with diastolic blood pres-

sure.. It is well known that in preeclamptic women the normal fall in blood pressure (BP) 

duringg the night is attenuated or even inversed in relation to the severity of the disease 

byy an unknown mechanism14. In normal pregnancy, the nocturnal fall of blood pressure 

iss accompanied by a parallel fall of heart rate (HR). Thus, the negative correlation be-

tweenn the amplitude of the BHR rhythm and the level of blood pressure may reflect the 

simultaneouss attenuation of HR and BP rhythm. 

Mostt striking in the outcomes of diurnal analysis of STV in growth retarded fetuses is 

thee large scattering of all chronobiological parameters (Table II) . The wide confidence 

intervall  for the mesor of STV shows the large inter-fetal variability in fetal condition 

withinn the IUGR studygroup. This heterogeneity is also manifest trom the interval be-

tweenn recording and delivery or fetal death, which, in the study group, varied between 1 

andd 21 days (Table I.). The olten unpredictable course ot fetal deterioration is a problem 

commonlyy encountered in observational studies on IUGR1"" \ These inter-fetal differ-

encess affected also the amplitude, acrophase and nadir of the individual best fits of ST V-

rhythms.. The finding that the range of both acrophase and nadir was more than twice as 

largee as in normal fetuses gives rise to the assumption that the diurnal rhythm in STV 

mayy be altered in some growth-retarded fetuses. 

Thee most interesting aspect of the outcomes of diurnal analysis of ACC, is that the 

acrophasess and nadirs of the ACC-fits in growth retarded fetuses show an opposite diur-

nall  pattern compared to those in normal fetuses. This finding is in agreement with the 

feww earlier reports on diurnal rhythms in growth-retarded fetuses. One of these studies 

reportedd disappearance of diurnal rhythms in accelerations and variability one week 

beforee delivery in fetuses who suffered from fetal distress at birth2. Another study found 

absencee or inversion of diurnal rhythms in heart rate variability in growth-retarded fe-

tusess compared to normal fetuses'. However, these authors did not perform chronobio-

metricc analyses on their data, and only drew conclusions from averaged data for the 

wholee study group. We have shown in our previous study that results obtained in such a 

wayy must be interpreted with caution, because inter-fetal differences were large1. 

ChangesChanges in diurnal rhythms in STV and ACC in relation to fetal detoriation 

Regardingg diurnal rhythms in four pregnancies longitudinally, it is striking that the 

acrophasee and nadir of the rhythm in STV changed dramatically just before pregnancy 

wass terminated because of fetal distress. Simultaneously with this change in phase, the 

firstt signs of fetal distress were visible as a drop in the mesor of ACC, and a beginning 

decreasee in the mesor of STV It seems thus very likely that diurnal rhythmieity in STV 
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alterss by worsening of the fetal condition. It is even more interesting that an inversion in 
diurnall  rhythmicity in ACC seems to precede signs of fetal distress by about one week. 
Although,, of course, we cannot draw a final conclusion from this relatively limited data-
series,, it seems of great interest to confirm this outcome in further studies. It the rever-
sionn in ACC-rhythm will turn out to be a consistent announcement of fetal distress, it 
mayy be important for the management of high risk pregnancies. 

ConclusionsConclusions with regard to the origin of diurnal rhythms in fetal heart rate 

Fromm human and animal studies it is known that diurnal fluctuations in parasympathetic 

tonee control the circadian rhythm in mean heart rate1718. We assume that in the fetus, the 

diurnall  rhythm in BHR is also under control of the autonomic nervous system.Apart 

fromm the maternal influence on the diurnal rhythm in BHR, we know from a previous 

studyy on diurnal FHR rhythms in a discordant anencephalic twin pregnancy1" that the 

fetall  brain is necessary for the expression of a diurnal rhythm in mean heart rate. This 

fitss the concept that the fetal biological clock, the suprachiasmatic nucleus (SCN), that is 

closelyy connected with the autonomic centres in the hypothalamus plays an active role 

inn establishing a diurnal rhythm in heart rate20. 

Thee change in diurnal rhythms in STV and ACC which we found in some growth-re-
tardedd fetuses forms a further argument for an active role of the fetal brain in establish-
ingg diurnal rhythmicity, because the shift or inversion of diurnal rhythm in these pa-
rameterss occurred without a change in BHR and MHR rhythm. As the rhythm in MHR 
parallelss the rhythm in blood pressure, a possible inversion of blood pressure in severe 
casess of preeclampsia does not seem to be the cause of this shift in STV and ACC rhythm. 
Itt seems more plausible that a change in autonomic activity in the fetal brain is responsi-
blee for changes in fetal activity patterns as a first indication of impending distress. This 
possibilityy is in agreement with the outcome of a study of Weiner et al.21 in which the loss 
off  middle cerebral artery vasodilationn as expression of loss of autonomic reactivity pre-
cededd deterioration of FHR tracings by a few days. It would be an interesting issue for 
furtherr research to study the possible correlation between cerebral Dopplers and diur-
nall  rhythms. However, as long as we have no strict evidence for an overt functioning of 
thee SCN before birth22, we must admit that the change in ACC and STV rhythms may 
alsoo be caused by maternal stimulation. Our clinical impression is that the anxious mother 
iss during daytime frequently stimulating the fetus mechanically in order to get a response 
thatt will reassure her that the baby is still alive. In case of reduced fetal activity as energy 
savingsaving mechanism in the compromized fetus, this tactile stimulation could cause an 
"artificial""  shift in the acrophase of ACC and STV from night to daytime. 

ConclusionsConclusions for clinical management of IUGR fetuses 

Inn this study we showed that findings on diurnal heart rate rhythms in normal fetuses 
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cannott simply be applied to growth retarded fetuses. Especially the large range in chrono-

biometricall  variables in IUGR fetuses does not permit general recommendations for 

performingg FHR monitoring at a special time of day. Within individual IUGR fetuses, 

changess in diurnal rhythms in ACC and STV may indeed be valuable for predicting fetal 

distress.. In particurlar when an inversion in the diurnal rhythm of ACC accompanies a 

decreasee in the amount of ACC, this may be a first sign of impending fetal distress, even 

iff  FHR-variability is still in the normal range. We realize that 24h FHR monitoring is 

oftenn too great a burden for the patient, and is therefore not a useful addition to the 

clinicall  management of the patient with IUGR. Nevertheless, for the right interpretation 

off  FH R monitoring, clinicians should be informed on the impact of diurnal fetal rhythms 

ass one of the various (patho-) physiological aspects of fetal behaviour on the outcome 

off  computerised FHR parameters. 
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Abstract t 

Inn nine IUGR-pregnancies 24-hour FHR-recordings were made before and after 

betamethasonee treatment to study the influence of Cortisol on diurnal FHR-rhythms. 

Maternall  and fetal rhythms were correlated and did not change after betamethasone. We 

concludee that diurnal FHR-rhythms are synchronized by the mother by another mecha-

nismm than adrenal control. 

Introductio n n 

Inn a previous study on diurnal rhythms in normal pregnancy, we quantified rhythms in 
variouss computerised fetal heart rate (FHR) parameters. We concluded that the diurnal 
rhythmm in basal heart rate (BHR), which was present in 73% of the fetuses and was cor-
relatedd to the maternal heart rate (MHR) rhythm, is driven by the mother by an un-
knownn mechanism1. It has been postulated by others that the diurnal variation in mater-
nall  Cortisol controls fetal rhythms2. In 9 pregnancies with intra-uterine growth retarda-
tionn (IUGR) we tested this hypothesis by comparing maternal and fetal heart rate rhythms 
beforee and after betamethasone treatment, which abolishes the diurnal rhythm in ma-
ternall  Cortisol completely. 

Patientss and Methods 

Fromm a study group of 26 IUGR-pregnancies, nine patients treated with betamethasone, 

weree selected for this study. Betamethasone was given intramuscularly in 2 doses of 14 

mg,, 24 h apart. Atter informed consent, we made two 24-h FHR-recordings (Hewlett 

PackardPackard M1350A, Boeblingen Germany): One recording was made prior to the first in-

jectionn of betamethasone, a second recording started one day after the second dose. In 

twoo women, we measured plasma-cortisol at 3h-intervals during both 24-h FHR-record-

ings.. MHR was measured simultaneously with FHR (Polar Electro OY, Finland). FHR-

parametcrss for analysis were: basal heart rate (BHR), acceleration count (ACC), and short 

termm variability (STV).The methods for analysis ol FHR-parameters and diurnal rhythms 

weree described in a previous article'. A paired t-test was used to compare the chronobio-
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metricall  outcome parameters of the recordings made before and after betamethasone 

treatment. . 

Results s 

Plasma-cortisoll  showed a significant diurnal rhythm before betamethasone treatment. 
Afterr treatment, plasma-cortisol levels were 10- to 20-fold lower (around 0.05 |imol/l) 
andd did not show any rhythmicity. Six fetuses of the study group showed a significant 
rhythmm in BHR both before and after betamethasone administration. One fetus showed 
aa significant rhythm in BHR before, but not after betamethasone therapy. In one other 
fetuss the opposite occurred. The prevalence of a diurnal rhythm in BHR of 78% (7/9) 
bothh before and after betamethasone therapy, was comparable to 73% in normal preg-
nanciess (p=0.8 x2-test) and 88% in all 26 IUGR-pregnancies (p=0.5). The prevalence of 
aa diurnal rhythm in STV and ACC was 11% (1/9) before - and 44% (4/9) after 
betamethasonee therapy (p=0.14). None of the fetuses showed a rhythm in ACC before 
betamethasonee administration, whereas three fetuses (33%) showed a significant rhythm 
inn ACC after therapy (p=0.07). These prevalences of diurnal rhythms in STV and ACC 
didd not significantly differ from those in all 26 IUGR-pregnancies, and in 26 normal 
pregnancies.. In all women measured, a significant rhythm in MHR was present both 
beforee and after betamethasone which was correlated to the rhythm in fetal BHR (Fig-
uree 1). The amplitude of the BHR rhythm was the only parameter that was significantly 
lowerr (4.8 versus 6.3 bpm) after betamethasone therapy (paired t-test:p=0.03) 

5 5 

afterr betamethasone 

12 2 

clock-timee (hours) 
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Figg 1. Mean fits of maternal heart rate (MHR) and fetal basal heart rate (BHR) in six 1UGR preg-
nanciess before (A) and after maternal betamethasone treatment (B). In (B) the mean MHR fit 
representss five patients, as MHR sampling failed in one patient. Dashed area represents the night 
periodd during which lights were off. 
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Comment t 

Thee finding that the prevalence and correlation of diurnal rhythms in MHR and BHR 

weree not altered by maternal administration of betamethasone contradicts a crucial role 

off  maternal Cortisol in the generation of FHR-rhythms. As diurnal rhythms in BHR, 

STT V and ACC in these 9 IUGR-pregnancies were comparable to those found in larger 

studygroupss of both IUGR- and normal pregnancies, we assume that our conclusion is 

nott restricted to IUGR-pregnancies only. Further studies in other types of patients are 

neededd to corroborate our idea that FHR rhythms are driven by the mother, allbeit by 

anotherr mechanism than adrenal control. 
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Abstract t 

Objective:Objective: To test the hypothesis that circadian rhythms are present in early postnatal 
life,, and "preset" in the prenatal period, we compared the presence and characteristics of 
circadiann heart rate rhythms in 15 growth-retarded children before and after preterm 
birth. . 

StudyStudy design: For each individual, we made both a continuous 24-h fetal heart rate re-
cordingg within 2 weeks before birth and a similar neonatal heart rate recording within 
thee first week after birth. Circadian rhythms were analyzed by applying a modified 
Cosinorr analysis. Chronobiometrical outcome measures from pre- and postnatal record-
ingss were compared. Furthermore, the influence of several clinical variables on circa-
diann rhythmicity was determined by stepwise regression. 

Results:Results: Pre- and postnatally, a combined 24h/12h/8h fit of heart rate showed a signifi-
cantt rhythm in 15 and 12 subjects respectively. The phases of the prenatal and postnatal 
3-- harmonic fits showed a significant correlation. No correlation was found between 
prenatall  and postnatal rhythms with respect to the strength of the circadian rhythm, 
expressedd in percentage of explained variance and amplitude, nor with respect to the 
mesorr of the fits. 

Conclusions:Conclusions: The presence of circadian heart rate rhythms in the majority ol preterm 
bornn growth-retarded infants nursed under constant conditions supports the concept 
off  a functional biological clock in early human development. As in adults, best fits of 
circadiann rhythms often have 24h,12h and/or 8h components. Despite the significant 
correlationss between the phases of these rhythms before and after birth, we could not 
provee that the biological clock of the fetus is "preset" for postnatal life. 
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Introductio n n 

Thee presence of a circadian rhythm in fetal heart rate (FHR) is well established in the 

thirdd trimester of human pregnancy (Meis 1992; Lunshof 1998). It has also been shown 

thatt the circadian rhythm in mean FHR is strongly correlated to the circadian rhythm in 

meann maternal heart rate (MHR) (Patrick 1984; Meis 1992; Lunshof 1998). Moreover, 

circadiann rhythms are difficult to detect in the neonatal period, whereas circadian rhythms 

havee been observed for a variety of parameters with advancing age (Rivkees 1997). It 

thereforee seems plausible that the observed 24h rhythms of the fetus are to a large extent 

drivenn by the mother, as has been postulated previously (Honnebier 1989). This concept 

wass supported by the immaturity of the human SCN at birth as found by immunocyto-

chemistry,, and by a rapid increase in AVP staining of the SCN during the first postnatal 

months,, which coincided with the appearance of various overt circadian rhythms in the 

infantt (Swaab 1990; 1994). On the other hand, there are arguments for an active fetal role 

inn the generation of prenatal rhythms. Animal studies in rodents have shown that a fetal 

circadiann clock oscillates before birth (Reppert and Schwartz 1984). In rat loss of mater-

nall  rhythms does not prevent the development of fetal rhythms, but causes free-running 

off  fetal rhythms (Shibata 1988). Total absence of a circadian FHR rhythm in an anen-

cephalicc fetus of a discordant twin pregnancy supported the idea that the fetal brain is 

cruciall  for the generation of fetal rhythms (Lunshof 1997). From these combined find-

ingss it can be hypothesized that the observed fetal rhythms are not the result of passive 

responsess to maternal rhythms, but that a functional biological clock is present in the 

fetall  brain, which is set by the clock of the mother by the mechanism of entrainment. 

Thiss "presetting" of the biological clock in the prenatal period may be an important 

mechanismm to prepare the fetal circadian timing system for later independent life 

(Mirmiran(Mirmiran 1992). Animal studies have shown that maternal presetting of the fetal clock 

iss involved both in postnatal adaptation and in the initiation of parturition (Reppert 

1989).1989). The concept of "presetting" of the biological clock in the fetus implies that prenatally 

observedd rhythms will be maintained in the direct postnatal period. 

Inn the human neonate circadian rhythms are hard to detect immediately after birth, due 

too the masking effects of ultradian rhythms driven by infant-care schedules (Rivkees 1997). 

Still,, circadian rhythms in several biobehavioral parameters (e.g. body temperature; heart 

rate;; food-intake; sleep-wake patterns etc) have been demonstrated in both preterm and 

termm infants (see for review Rivkees 1997; Lbhr 1999). However, it has never been investi-

gatedd whether, and to what extent, neonatally observed rhythms are related to prenatally 

observedd rhythms. 

Thee aim of the present study was, therefore, to test the hypothesis that circadian rhythms 

inn early postnatal life are "preset" in the prenatal period. We investigated to what extent 

thee prenatally observed FHR rhythms sustained their phase and amplitude alter birth 

byy comparing circadian heart rate rhythms in 15 growth-retarded children belore and 
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afterr preterm birth. In a previous study we had already established that the prenatally 
foundd FHR rhythms in these fetuses were significantly correlated to MHR rhythms 
(Lunshof(Lunshof submitted). Immediately after birth, all 15 children of the present study were 
admittedd at the neonatal intensive care unit (NICU), where infants are nursed in con-
stantt ambient lighting and temperature. As masking influences are minimalized at the 
NICU,, this setting seemed very well suited for the purpose of studying the effect of "pre-
setting""  of circadian rhythms in direct postnatal life. 

Patientss and Methods 

Fromm a study group of 26 pregnancies with intra-uterine growth retardation (IUGR) in 
whichh we assessed circadian rhythms in various FHR-parameters (Lunshof submitted), 15 
childrenn participated in the study after informed consent of the parents. Only children 
whoo were admitted at the neonatal intensive care unit (NICU) of the Academic Medical 
Centerr were included. Other selection criteria were that the infants had no congenital 
malformationss and no intracranial hemorrhage on ultrasound, had not been given any 
sedatives,, and had no need of respiratory aid or phototherapy during the 24h period of 
recording.. All these 15 children were delivered by caesarean section because of fetal dis-
tresss at a gestational age of 29 - 36 weeks. In 13 pregnancies one or more courses of 
betamethasonee were administered antenatally to the mother to induce fetal lung matu-
ration.. In 4 patients betamethasone treatment was given within 4 days before the day of 
FHR-recording.. Patient characteristics are shown in Table I. 

Tablee I Patient characteristics of 15 growth retarded children. Values are given as median (range) 
unlesss otherwise indicated. 

genderr ratio F:M 9:6 

gestationall  age at birth (weeks) 32 
(299 - 36) 

postnatall  age at recording (days) 3 
(1 -7) ) 

birthweightt (grams) 1075 
(610-- 1750) 

Individualisedd Growth Ratio (IGR) 0.53 
(0.39-0.71) ) 

Apgarr score < 7 at 5' n = 3 

Numberr of prenatally administered courses of betamethasone 2 
(0 -3) ) 

Betamethasonee treatment within 4 days before prenatal recording (n=) 4 

Coffeinee treatment during postnatal recording (n=) 3 
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Prenatally,, continuous 24h fetal heart rate recordings were made within 2 weeks before 

birthh using a Hewlett Packard M1350A ultrasound FH R-monitor. Postnatally, 24h heart 

ratee data were recorded continuously with a Hewlett Packard neonatal intensive care 

monitorr (model 78834A). Both prenatal and postnatal heart rate data were stored for 

orf-linee analysis. Depending on thee condition of the baby, postnatal recording took place 

ass soon as possible in the first week of life. During the recording period all infants were 

nursedd inside the incubator in the neonatal intensive care unit. The room was illumi-

natedd continuously and the incubator temperature was regulated automatically and kept 

constantt over the 24h period. Depending on the age of the infant, the incubator tem-

peraturee was set at 30-34°C over the entire 24h period. All infants were givenn either con-

tinuouss intravenous feeding, or intra-gastric feeding every 2 hours. 

Analysiss of diurnal rhythm s 

Thee mean fetal Basal Heart Rate (BHR), which is best defined as mean fetal heart rate 
afterr exclusion of accelerations and decelerations was calculated per hour, using FetalHrt 

3.23.2 (Dobbe and Lunshof [submitted]), an FHR-analysis program developed in the Aca-
demicc Medical Center, Amsterdam, which is based on the Dawes-Redman criteria (Dawes 

1991)..1991).. Neonatal heart rate data were directly derived from the NICU-monitors and av-
eragedd per hour. For analysis of circadian rhythms we used the mean hourly heart rates 
off  24 hours of recording. The hourly means of fetal and neonatal heart rate were analyzed 
forr each subject separately by a modified Cosinor analysis using the Chronolab software 
(Mojón(Mojón 1992). Because human circadian rhythms are usually asymmetrical, 24-h, 12-h 
andd 8-h cosine harmonics were included in order to better fit  the waveshape (Van Cauter 

1979).1979). The fitted function is defined by its mesor (rhythm adjusted mean), amplitude 
(50%% of the difference between the maximum and the minimum of the best fit curve), 
andd its phase, expressed as orthophase and bathyphase (time of the maximum and mini-
mumm of the3-harmonic fit). Furthermore the variance accounted for by the fitted curve 
wass calculated. 

Statisticall  analysis 

Non-parametricc correlation (Spearman Rank Correlation) was used to compare chrono-

biometricall  outcome parameters of pre- and postnatal recordings. 

Stepwisee regression was used to study the predictive value of various clinical variables 

onn the chronobiometrical outcome parameters of both prenatal and postnatal rhythms. 

Withh respect to prenatal rhythms, independent variables in the analysis were: (1) gen-

der;; (2) gestational age at recording; (3) tetal growth ratio (FGR); (4) number of courses 

off  betamethasone; (5) occurrence of recent betamethasone treatment (i.e. within 4 days 

beforee recording). For the postnatal analyses similar dependent variables were used. In-

dependentt variables in the analysis ot postnatal rhythms were: (1) gender; (2) postnatal 
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agee at recording; (3) FGR; (4) number of courses of prenatal betamethasone; (5) caf-
feinee treatment. Given the large number of possible predictors as compared to the number 
off  observations, stability of the regression results was verified by randomly excluding 
observations;; only stable results are reported. In all analyses, significance was tested at 
the5%level(p<0.05). . 

Results s 

Averagedd data of the pre- and postnatal 24h recordings are shown in Figure 1. The pres-
encee of significant rhythms was comparable in prenatal and postnatal heart rate record-
ings:: the 3-harmonic fit reached significance in 15 children prenatally compared to 12 
childrenn postnatally (%:- test p=0.07). Inspection of the fitted curves indicated that in 
twoo postnatal recordings significance was due to the ultradian components of the 3-
harmonicc fit, whereas the 24h component was not significant. The respective percent-
agess of explained variance by the 3-harmonic fit  ranged from 25% to 94% (median 80%) 
prenatally,, and from 26% to 89% (median 69%) postnatally. There was no correlation 
betweenn the prenatally and postnatally explained variance (Spearman R=.13, p=0.7), 
norr were the prenatally and postnatally amplitude (Spearman R=-.06, p=0.8) or mesor 
(Spearmann R=.17, p=0.6) significantly correlated. As the nocturnal occurrence of the 
minimaa (i.e. bathyphases) of pre- and postnatal fits were the best defined circadian phase-
parameters,, these bathyphases were used in comparing phases of pre- and postnatal 
rhythms.. The phaselags between pre- and postnatal rhythms varied widely as is shown 

150 0 
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clocktime e 
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Fig.. 1 Hourly means of heart rate in 15 children before and afterbirth. 
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Fig.. 2 Correlation between prenatal and postnatal time of bathypphase in 15 children. Due to 
thee circular character of phase data, postnatal bathyphases were expressed in such a way that their 
phasee angle to the prenatal bathyphase did not exceed 12 hours. 

inn Figure 2. Because of the circular character of circadian rhythms, we decided that the 

maximumm phaselag between pre- and postnatal rhythms would always be within -12 

andd +12 hours. Although a significant correlation (Rho=0.73, p=0.006) between pre-

andd postnatal bathyphases was found, randomly assigned bathyphases did also corre-

latee significantly if analysed in this way. 

Stepwisee regression (backward and forward) showed that both the amplitude (R2=.43; 

3== .65; p=0.008), and the explained variance (R2=.29; (3= .54; p=0.04) of the prenatal fit 

weree positively influenced by the number of betamethasone courses. Postnatally, the 

amplitudee of the fit  was positively influenced by the postnatal age at the time of record-

ingg (R:=.3 1; P= .55; p=0.03).None of the other clinical parameters studied had a signifi-

cantt predictive value on the chronobiometrical outcome parameters. 

Discussion n 

Thee presence of a circadian rhythm in heart rate in the majority of neonates in this study 

supportss the hypothesis of a functional biological clock in preterm infants. If prenatal 

heartt rate rhythms were passively imposed, we would have expected to find a lower 

prevalencee postnatally compared to prenatally, especially in infants nursed at a NICU in 

constantt ambient lighting and temperature. Given the restrictions of human research, 

thiss setting with its minimized time cues seems to be the closest one can get to a "con-

stantt environment" for studying the development of circadian rhythms in early develop-

ment.. However, we admit that visiting hours, nursing activities, and medication schemes 

mayy induce both circadian and ultradian time cues (Rivkees 1997; Ardura 1997). 
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Wee found it remarkable that multiple courses of maternal betamethasone administra-
tionn had a significant positive influence on the strength of a circadian heart rate rhythm 
beforee birth. This effect did not reach into postnatal life. Recent publications have re-
vealedd that repeated administration of antenatal corticosteroidss induces prolonged sup-
pressionn of the maternal pituitary-adrenal axis and fetal adrenal with lower Cortisol lev-
elss than a single course (Bench 1999; French 1999). It may be that this "accumulating" 
effectt has accounted for the observed significant positive effect, although it is not clear 
whetherr this reflects a direct entrainment effect on the fetal SCN. As glucocorticoid 
receptorss are present in many regions of the brain, and have many organizational and 
regulatoryy effects, many other influencing mechanisms downstream from the SCN are 
possiblee (Rosenfeld 1993). With respect to postnatal heart rate rhythms the positive in-
fluencefluence of postnatal age on the amplitude of the circadian rhythm is in line with previ-
ouss studies on development of circadian rhythms in infants (Sitka 1994; Glotzbach 1994). 
Thee significant correlations between the bathyphases of the pre- and postnatal heart 
ratee rhythms do not prove that the biological clock may indeed be "preset" in prenatal 
life.. Contrary to the high correlation between maternal and fetal heart rate with phase-
lagss within -2 to +2 hours, as found in previous studies on circadian FHR rhythms 
(Lunshof(Lunshof 1997; Lunshof 1998; Lunshof submitted),phaseiags between pre- and postnatal 
rhythmss varied from -10 to +10 hours. Only in 3 cases did phaselags fall within -2 to +2 
hours.. Indeed, significant correlations could also be found with randomly generated 
phases,, due to the circular aspect of circadian phase determination. We therefore con-
cludee that the combined results of the present study and of our previous studies suggest 
thatt a functional biological clock, causing overt FHR rhythms, is present in the human 
fetus,, and that this clock is synchronized by the mother. However, the results of this study 
doo not support the idea that this maternal-fetal synchronization reaches into the post-
natall  period. This conclusion corresponds with outcomes of previous studies: contrary 
too studies in rodents which show prenatal synchronity between mother and fetus, which 
continuess after birth, maternal-infant synchronity of circadian phase does not seem 
universall  in primates (see for review Rivkees 1997). A possible reason for the failure to 
detectt "pre-setting" in our study may be that the imperfect "constant environment" after 
birthh has after all influenced postnatal rhythms. Nor can we deny the possible influence 
off  fetal distress, which had been the reason to terminate of pregnancy in most cases. We 
thereforee do not know to what extent the findings of circadian rhythms in thiss particular 
groupp of preterm IUGR-infants are representative for the circadian system in normal 
humann development. It may be that neurological adaptation to extra-uterine life due to 
prematurity,, and to prenatal stress due to IUGR have influenced our results. However, a 
"normal""  control group, studied in the same settings, will never be available, because 
pretermm birth is inherent in non-normality. A study of "normal" term infants in these 
settingss seems reprehensible on ethical grounds. 
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Abstract t 

Objective:Objective: To test the hypothesis that preterm birth and subsequent hospital-stay may 
interferee with the start of sustained night-sleeping or "settling" in infants. 
Methods:Methods: We compared the development of sustained night-sleeping in 17 term and 18 
pretermm born infants from weekly 24h sleep-wake charts during 20 weeks after discharge 
homee or home birth. Stepwise multiple regression analyses were used to assess the influ-
encee of variouss biological and environmental variables on the start of settling 
Results:Results: Sustained night-sleeping started at a comparable postconceptional age and after 
aa similar period after home-arrival in term and preterm born infants. Birth rank order 
>1,, parental care giving at night, sleeping in parental room, and breast-feeding (nurs-
ing)) postponed settling in all babies (n=35). Among the preterm infants, boys settled 
laterr than girls irrespective of their medical history, and the number of feedings was 
positivelyy correlated with time of settling. 

Conclusions:Conclusions: Preterm birth and subsequent hospital stay have no influence on the devel-
opmentt of a circadian sleeping pattern. Parental care giving behaviour and nursing are 
majorr determinants of time of settling 

Introductio n n 

Twenty-fourr hour variations in various body functions (e.g. body temperature, hormones, 

heartt rate, sleep-wake cycle) are called circadian rhythms. Circadian rhythms are often 

referredd to as 'diurnal' when it is not established that they persist under constant envi-

ronmentall  conditions. These circadian or diurnal, rhythms are generated by the biologi-

call  clock, located in the suprachiasmatic nucleus (SCN) in the anterior hypothalamus. 

Maturationn of the central nervous system (CNS) is therefore a prerequisite for the ex-

pressionn of circadian rhythms. The finding that postnatal development of sleep-wake-
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fulnesss patterns in term infants is parallelled by a strong increase in the number of vaso-
pressin-expressingg neurons in the SCN ' reinforces the importance of an endogenous 
componentt for the expression of circadian rhythms. However, exogenous factors like the 
light/darkk cycle and other environmental time cues synchronize, or "entrain", the daily 
sleep-wakee cycle to a 24 hour pattern. In studying the development of a diurnal sleeping 
patternn both endogenous and exogenous components of circadian rhythms must be taken 
intoo account. 

InIn the field of circadian rhythm research, there are relatively many studies on sleeping 
behaviourr in infants. Apparently, this topic draws attention because of its large practical 
impactt on infant care in both the clinical and home situation. In the initial literature on 
circadiann sleep-wake patterns in infants the importance of CNS maturation was empha-
sizedd 2,\ Later literature particularly stresses the influence of environmental factors like 
breast-- feeding 4, infant temperament and parental attitudes \ and light-dark regimes (1 

onn development of a circadian sleeping pattern in infants. In a previous study on prena-
tall  circadian rhythms, we suggested that maternal entrainment of circadian rhythms 
duringg fetal life may have important physiologic consequences for postnatal life7. Preterm 
bornn infants lack this maternal entrainment during a considerably long (4-13 weeks) 
period.. We hypothesized that this temporal disruption of maternal entrainment might 
interferee with the development of overt circadian rhythms in preterm infants. In the 
presentt study, which focussed on the phenomenon of "settling" (i.e. start of sustained 
night-sleeping),, we tested this hypothesis by comparing the development of settling in 
termm and preterm born infants. Therefore we determined the time of settling in relation 
too both postconceptional age and period after discharge home / home birth in both 
groups.. Besides, we assessed the influence of various biological and environmental vari-
abless on settling using stepwise multiple regression analyses. 

Methods s 

Subjects Subjects 

Afterr informed consent we recruited the parents of 18 preterm born infants, and 17 term 
bornn infants. Two infants in the preterm group had a spontaneously preterm birth. These 
twoo infants had a weight that was appropriate for gestational age (AG A). All other preterm 
bornn infants were delivered by caesarean section because of fetal distress in the presence 
off  intra-uterine growth retardation (IUGR) and/or pregnancy induced hypertension 
(PIH).. The severity of IUGR was ascertained by assessment of the individualised 
birthweightt ratio (IBR), which is defined as the ratio between actual birthweight and 
expectedd birthweight according to the Dutch birthweight curve8. An IBR <0.8 is consid-
eredd as severe growth restriction comparable with a birthweight <5th percentile9. There 
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wass one set of twins in the preterm group. Gestational age at birth varied between 27 

weeks"44 djvs and 34 weeks *'dav (median 31 weeks'"diVS), birthweight varied between 610 

andd 1760 grams (median 1118 grams). Except for two infants, all preterm born infants 

weree born in the Academic Medical Centre of Amsterdam and stayed for a period of 3 to 

844 days (median 12 days) at the intensive care unit of the neonatal department where 

lightss are continously on. Subsequently they were nursed at the medium care unit of the 

neonatall  department in either the AMC or a general hospital. At the medium care units 

lightss are dimmed during the night but no strict day-night scheme prevails. The total 

stayy in hospital of all preterm born infants varied between 28 to 93 days (median 44 

days).. The two infants born in general hospitals were nursed there at medium care units 

forr respectively 36 and 42 days. 

TermTerm infants were all born between 39 and 42 weeks gestational age (median 40 weeks+4 

d,,ys).. Four infants in this group were delivered by caesarean section and stayed with their 

motherr at the maternal ward during the first 6 days of life. The gestational age of all 

infantss was derived from the date of the mother's last menstrual period and confirmed 

byy ultrasound in the first trimester. The postconceptional age was calculated by the ad-

ditionn of the infant's gestational age and postnatal age. Patient characteristics are sum-

marizedd in Table I. 

Tablee I  Patient characteristics. Values are given as median (range) unless otherwise indicated. 

gestationall  age (vvks 'dlv') 

birthweightt (grams) 

Individuall  Birthweight Ratio 

hospitall  stay (days) 

malee versus female 

birthh order Is' versus 2/3'h 

Apgarr score at 5' < 7 

Breastt fed at study entry (n) 

postconceptionall  age(wks) at home-arrival 

Pretermm infants 
(n=18) ) 

31" " 
(27(27AA-34--34-]] ) ) 

1118 8 
(610-- 1760) 

0.75 5 
(0.47-- 1.1) 

44 4 
(28-93) ) 

9:: 11 

13:5 5 

2 2 

5 5 

38 8 
(36-45) ) 

Termm infants 
(n=17) ) 

4 0" " 
(39'11 -41, h) 

3500 0 
(25300 - 4465) 

1.1 1 
(0.77-- 1.3) 

0 0 
(0 -7) ) 

7:: 10 

12:5 5 

0 0 

14 4 

40 0 
(39-41) ) 
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Sleep-wakeSleep-wake records 

Parentss were asked to fill  in a 24-hour sleep-wake chart of the baby on a fixed day in the 
weekk during 20 consecutive weeks (example shown in Figure 1) starting within 2 weeks 
afterr birth or home arrival of the baby. Together with the sleep-wake chart, they were 
alsoo asked to fill  in a weekly questionnaire on the following items: the number of nights 
inn the past week during which the baby had slept through the night; whether the baby 
wass breast- or bottle fed, and the daily number of feedings during that week. At the end 
off  the study period parents filled in a questionnaire on the sleeping circumstances of 
theirr babies; the parent-infant interactions at bedtime and during night waking; and 
nursingg / weaning status of the infants during the course of the study. 

Statistics Statistics 

Outcomee measures of interest were longest sustained sleeping period at night for each 
weekk during the study, and starting week of sleeping through the night or "settling", which 
wass defined as sustained sleep for at least six hours between 7 h pm and 7 h am. Out-
comess were compared between preterm and term infants using a a non-parametric test 
(Mann-Whitneyy U-test) because of unequal standard deviations. 
Stepwisee regression was used to estimate the influence of various biological - and envi-
ronmentall  characteristics on time of settling. The dependent variable was: time of set-
tlingg expressed in weeks postconceptional age. To estimate the effect of environmental 

,™™ .. . ,. special 
§ff  -sleeping v = feeding 

clocktime e 

Fig.. 1 Example of sleep-wake chart. Settling occurred in postconceptional week 48. 
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factorss in the whole study group (n=35), the following variables were included in the 
analysis:: 1. birth rank order; 2. own sleeping room versus parents' room; 3. falling asleep: 
alonee or with parents; 4. parent-infant interaction during night wakening: comfort in-
fantt in its own bed, or hold infant till falling asleep ; 5. level of environmental sound 
accordingg to parents: quiet or noisy; 6. feeding at entry of the study: breast-fed, or bot-
tle-fed.. 7. week of weaning. 

Separately,, the following "biological" variables were studied for the preterm group (n= 17): 
1.. sexe; 2. gestational age at birth; 3. individualised birthweight ratio (IBR); 4. length of 
hospitall  stay; 5. daily number of feedings 6. Apgar score at 5'. Given the large number of 
possiblee predictors as compared to the number of observations, stability of the regres-
sionn results was verified by randomly excluding observations; only stable results are re-
ported.. In all analyses, significance was tested at the 5% level (p<0.05). 

Results s 

Ass is shown in Table I both study groups were comparable in respect to the ratio of boys 
versuss girls (Chi-squared test p=0.6), and the proportion of first borns versus 2-3th borns 
(Chi-squaredd test p= 0.95). As expected, the IBR differed extremely between both groups 
(Kruskall-Walliss median test p=0.0001). Only the two spontaneously born AGA-infants 

O -- preterm 

^^  i i i i  i 1 1 1 1 1 1 1 — 

400 42 44 46 48 50 52 54 56 58 60 62 
postconceptionall age (weeks) 

Fig.. 2 Longest sustained sleep period during the night. Averaged data for 17 term and 18 preterm 
infantss from 40 - 60 weeks postconceptional age. 
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inn the preterm group had an IBR of 1.0 and 1.1 respectively. One infant in the term 
group,deliveredd by a secondary caesarean section because of fetal distress at 39 weeks of 
gestation,, turned out to be small for gestational age (birthweight 2530 grams; IBR 0.77). 
Twoo sevrelygrowth retarded infants in the preterm group had Apgar scores at 5' of 6 and 
55 respectively, but recovered uneventfully. Five of the preterm infants and 14 of the term 
infantss were breast-fed at the entry of the study (Chi-squared p=0.003). At the end of the 
200 weeks' study period 3 preterm and 4 term infants were still completely breast-fed. 
Developmentt of a diurnal sleeping behaviour was comparable between term and preterm 
infants.. Figure 2 shows the increase in duration of the longest sleeping-bout at night for 
bothh groups. Settling started between 4 -21 weeks (median 10) after home-arrival or 
birthh in the term group and between 4 - 29 weeks (median 11.5) after home-arrival in 
thee preterm group (Mann-Whitney U-test: p=0.58). Postconceptional age at settling was 
444 - 62 weeks (median 50) in term infants compared to 44 - 65 weeks (median 51.5) in 
pretermm infants (Mann-Whitney U-test: p=0.52). On the average postconceptional age 
att home-arrival was lower and varied more in the preterm group (Mann-Whitney li -
test:: p=0.04) (see Table I). However,as the scatterplot in figure 3 shows, postconceptional 
agee at home-arrival was not correlated with age of settling. After the end of the 20 weeks' 
studyy period five babies from the preterm group (29%) and two babies from the term 
groupp (11%) (chi-squared test: p=0.1) were not yet settled. Stepwise regression (back-

64 4 

60 0 

56 6 

<  52 

48 8 

o o 
D.. 44 

40 0 

OO O 

O O 
o o 

o o 

0 0 
o o 

o o 

o o 

o o 

o o 

o o 

•• term infants 
OO preterm infants 

355 40 45 

Postconceptionall age at home-arrival (weeks) 

Fig.. 3 Postconceptional age at settling versus age at home-arrival in 17 term and 18 preterm 

infants. . 
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termm boys -

termm girls -

pretermm boys -

pretermm girls -

#--

--

 \-

i i 

• • 
• • 

i i 

a a 

* * 

HH

] ] 

* * 

40 0 455 50 55 60 65 

postconceptionall week of settling 

70 0 

p=0.044 (Mann-Whitney IMest) 

Fig.. 4 Postconceptional week of settling in relation to sex and study group. Median, interquartile 
range,, 10,h - 90lh percentile, and extreme data points are shown. 

wardd and forward) showed that of all environmental factors included, parental refrain 

fromm taking the baby out of its bed during night wakening (p=0.009); a lower birth rank 

orderr (p=0.008); early weaning (p=0.01); and own sleeping room (p=0.04) had a posi-

tivee influence on early settling (R2=.51; F(4,30)=7.68; p<0.0002). From the "biological" 

factorss tested in the preterm group, male sex of the baby (p=0.008) and number of 

feedingss (p=0.04) postponed settling (R:=.45; F(2,15)=6.12; p<0.01). Indeed, among 

thee preterm infants, boys settled significantly later than girls (Mann-Whitney U-test: 

p=0.04),, whereas term boys and girls did not differ in this respect. There was no signifi-

cantt difference in settling between term and preterm boys nor between term and preterm 

girlss (Mann-Whitney U-test: p=0.8). In the whole study group, sex of the baby added as 

variablee to the significant environmental variables in the regression analysis did not con-

tributee to a higher R2. Figure 4 shows the mean postconceptional week of settling in 

relationn to sex and studygroup. 

Comment t 

Fromm our findings that settling occurs at the same postconceptional age, but also after a 

similarr interval after home-arrival in term and preterm infants, we conclude that neither 
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prematurityy nor IUGR interferes with the entrainment of sustained night-sleeping. A 
previouss study on sleep-wake rhythms in preterm and term infants 10 reported similar 
resultss with respect to time of entrainment, which was defined as consolidation of the 
majorityy of sleep episodes at night, which is not the same as settling. Those authors con-
cludedd that length of exposure to environmental time cues rather than neurologic matu-
rityy determines the entrainment of a circadian sleeping rhythm. However, they did not 
identifyy major Zeitgebers for entrainment. In our opinion a certain maturational state of 
thee CNS is a prerequisite for the development for sustained night-sleeping. However, at 
home-arrival,, which marked the start of the study-period, all preterm infants had reached 
att least a postconceptional age of 36 weeks. Thus, we can only conclude that from 36 
postconceptionall  weeks onwards the necessary pathways for the entrainment of a circa-
diann sleeping rhythm are present. From the finding that preterm and term infants de-
velopp night-sleeping after a similar period in the home environment, we can conclude 
thatt lack of the maternal circadian Zeitgeber influence before home-arrival does not 
hamperr the development of a circadian sleeping pattern, even if the premature infants 
stayedd for a long period in an incubator. During this period they were nursed under 
constantt conditions, i.e. constant light illumination, a constant temperature, and a noisy 
environment.. This conclusion is in agreement with a study of Mann6, who did not find 
anyy difference in the development in a circadian sleeping pattern after the expected date 
off  delivery between preterm infants which were randomly nursed under constant con-
ditionss or at a day-night nursery. 

Ass stepwise multiple regression outcomes showed that neither severe growth-retarda-
tionn nor low Apgar-scores had an adverse effect on the development of night-sleeping, it 
seemss that prenatal distress or hypoxia does not affect the development of a functional 
circadiann system. Experiments in rat investigating the effect of pre-, peri- and postnatal 
malnutrionn on the development of circadian aspects of behaviour did not demonstrate 
anyy significant effects of earlier malnutrion on circadian rhythms ". One human study 
foundd a delayed development of circadian patterns in body temperature in term infants 
withh low one minute Apgar scores 12. Although we did not find such an association with 
respectt to the development of night-sleeping, it is remarkable that particularly within 
thee preterm group male sex was related with delayed settling. Both in human and animal 
studiess gender difference with a higher susceptibility to the negative effects of IUGR on 
CNSS development in males than in females has been demonstrated '\ So, it can be imag-
inedd that in this rather small population studied, the possibly negative effects of IUGR 
onn circadian sleeping behaviour are only detectable for the most susceptible gender group. 
Ann alternative explanation maybe that a number of sex differences have been reported 
inn the SCN '4. The significant effect of the number of feedings on time of settling in the 
pretermm group is not surprising, although it must be realized that the cause-effect rela-
tionshipp of this effect may be just reverse because parents might be inclined to feed their 
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babyy when it is signalling at night. Term infants had on average the same number of 

feedingss at settling, but preterm infants had more feedings during the first 10 weeks of 

thee study. This can explain the lower means of "longest sustained sleep period during the 

night""  til l 50 weeks postconceptional age (Fig 1). 

Majorr factors in the home-environment which we found to influence the moment of 

settlingg in both preterm and term infants were comparable with Zeitgebers found in 

otherr studies1516. 

Bothh weaning status and parental care-giving habits at night significantly were related to 

thee time of settling independently of each other. However, in the individal situation these 

factorss often co-exist: an infant on breast feeding is often sleeping next to the mother, 

andd a mother who is breastfeeding is more easily inclined to comfort her crying baby at 

nightt by nursing it. The other way around, a baby who is used to be nursed at night, is 

entrainedd to signal to be nursed. Keener', who used an infra-red camera to observe the 

infant'ss sleeping behaviour at night, found that all infants awakened during the night. 

Somee of them soothed themselves and returned to sleep. However others signalled and 

requiredd care giving from their parents. In the latter group Keener found indeed more 

infantss on breast-feeding. 

Inn summary, we conclude that: 

1.. premature birth (in combination with prenatal malnutrition) and subsequent tem-

porall  lack of maternal Zeitgebers does not affect the development of sustained night-

sleeping. sleeping. 

2.. From 36 postconceptional weeks on, there is a functional circadian system with re-

spectt to the entrainment of night-sleeping. 

3.. In both term and preterm infants parental care-giving at night besides weaning status 

aree strongly related to settling. 

ACKNOWLEDGEMENTS S 

Wee thank Gerdien Kortes, Marinka Post, and Monique Reijers for their contributions to 
thee study, and Wilma Verweij for correcting the English. 

References s 

1.. Swaab DF, Hofman MA, Honnebier MBOM. Development of vasopressin neurons in the human supra-
chiasmaticc nucleus in relation to birth. Dev bram Res 1990:53;289-93. 

2.. Kleitman N, Engelman TB. Sleep characteristics of" infants, ƒ Appl Physiol 1953:6;269-82. 
3.. Parmalee Jr A, Wenner W, Schulz H. Infant sleep patterns from birth to 16 weeks of age. / Pcdiatr 

1964:69;390-6. . 
4.. Elias MF, Nicolson NA, Bora C, Johnston J. Sleep/wake patterns of breast-fed infants in the first 2 years of 

life.. Pediatrics 1986:77;322-9. 
5.. Keener MA, Zeanah CH, Anders TF. Infant temperament, sleep organization, and nighttime parental 

interventions.. Pediatrics 1988:81;762-71. 

112 2 



THEE PERINATAL PERIOD AM ) INFANCY 

6.. Mann NP, Haddow R, Stokes L, Goodlcy S, Rutter N. Effect of night and day on preterm infants in a 
newbornn nursery: randomised trial. Br Med J 1986:293;1265-7. 

7.. Lunshof S, Boer K, Wolf H, van Hoffen G, Bayram X, Mirmiran M. Fetal and maternal diurnal rhythms 
duringg the third trimester of normal pregnancy: Outcomes of computerised analysis of continuous 
twenty-four-hourr fetal heart rate recordings. Am ƒ Obstet Gynecol 1998;178:247-54. 

8.. Kloosterman GJ. On intrauterine growth, the significance of prenatal care. Int ƒ Gyn Obstet 1970;8:895-
912. . 

9.. Sanderson D, Wilcox M. The individualised birthweight ratio: a new method ol identifying intrauterine 
growthh retardation. Br j Obstet Gynaecol 1994; 101: 310-4. 

10.. McMillen G, Kok JSM, Adamson TM, Deayton JM, Nowak R. Development of eircadian sleep-wake 
rhythmss in preterm and full-term infants. Pediatr Res 1991 ;29: 381-4. 

11.11. Gipolla Neto J, Recine EGIG, Menna-Barreto LS, Marques N, Afeche SG, Schott C, Fortunato G, Sothern 
RB,, Halberg F. Perinatal Malnutrion, Suprachiasmatic Nuclear Lesioning and Circadian-Ultradian as-
pectss of Spontaneous Behavior of Albino Rats. Advances in Chronobiol, Part B, 1987, ed. Liss AR:473-89. 

12.. Petersen SA, Wailoo MP, Williams SR. Low Apgar scores at birth are associated with delayed develop-
mentt of eircadian patterns of body temperature in babies, ƒ Physiol Physiol 1993;467:294P. 

13.. Kjellmer I, Liedholm M, Sultan B, Wennergren M, Wallin Gotborg C, Thordstein M. Long-term effects of 
intrauterinee growth retardation. Review. Act Paediatr 1997 (S);422:83-4. 

14.. Swaab DF, Van Someren EfW, Zhou JN, and Hofman MA. Biological rhythms in the human life cycle, 
andd their relationship to functional changes in the suprachiasmatic nucleus. Buijss RM et al (Eds.). Progress 
inin Brain Research 1996;111:349-368. 

15.. Keener MA, Zeanah CH, Anders TF. Infant temperament, sleep organization and nighttime parental 
interventions.. Pediatrics 1988;81:762-71. 

16.. WolkeD, Sonne B,Riegel K,Ohrt B.Osterlund K. An epidemiologic longitudinal study of sleeping prob-
lemss and feeding experience of preterm and term infants in southern Finland: comparison with a south-
ernn German population sample. /Pediat 1998;133(2):224-31. 

113 3 





CHAPTERR 7 

Short-termShort-term effects on fetal heart rate parameters 

Chapterr  7 A Maternal food intake has no effect on fetal heart rate parameters 

Simonee Lunshof', Kees Boer', Sanne Höweler1, Caroline Hulsman J an Ruijter:, Hans Wolf', Edu 

Mulder' ' 

Departmentt of Obstetrics and Gynaecology, Academie Medical Centre, Amsterdam; 

'Departmentt of Visual System Analysis, Netherlands Ophthalmic Research Institute, Amsterdam; 

Departmentt of Obstetrics, Neonatology, and Gynaecology, University Medical Centre, Utrecht. 

PrenatPrenat Neonat Med 1999;4:457-460 

Abstract t 

ObjectiveObjective To assess whether maternal food intake must be considered an important vari-
ablee in fetal heart rate (FHR) monitoring. 

MethodsMethods We determined various FHR parameters in 25 healthy pregnant women at 36-
422 weeks of gestation. 2-h FHR recordings were made twice in a randomized counter-
balancedd fashion, once without and once after a 450 Kcal breakfast. 
ResultsResults There were no dramatic differences in any of the studied parameters (basal FHR, 
long-termm and short-term variation, incidence of heart rate pattern A) between the ma-
ternall  fasting and non-fasting states. 

ConclusionsConclusions Maternal food intake does not have an important effect on the outcome 
parameterss of FHR monitoring. 

Introductio n n 

Numerouss studies have appeared on the effects of maternal blood glucose concentra-
tionn on fetal body and breathing movements'9. It is generally accepted that fetal body 
movementss are unaffected by moderate to high glucose levels, either naturally induced 
(meals)) or induced by an oral or intravenous glucose load'6, with a few exceptions' *: 
fetall  breathing activity has been found to increase 1-2 h after maternal meals, a glucose 
drink,, or bolus injection'"''. Surprisingly, reports on the possible effect of maternal glu-
cosee intake on fetal heart rate (FHR) parameters are almost non-existent. 
Inn two 24-h studies of diurnal variations in fetal movements and heart rate, no mention 
iss made of any relationship between the maternal meals and FHR'1". Gilli s et ai ob-
servedd increases in long-term FHR variability and the number of accelerations 30-60 
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minn after a 50-g maternal glucose drink (mimicking the effect of a 800 Kcal meal), but 

foundd no change in basal heart rate1 ]. They speculated that the increase in FH R variation 

wass related to glucose- induced changes in fetal behavioural state. 

FHRR monitoring is commonly used to assess the fetal condition in the clinic and, in-

creasingly,, in the patient's home environment. However, the effect on FHR parameters 

off  changes in maternal blood glucose level that occur under physiological conditions is 

unknown.. To assess whether the maternal fasting or non-fasting state has any implica-

tionss for FHR monitoring in the near-term fetus, we investigated FHR parameters on 

twoo occasions, once without and once following a 450 Kcal standard breakfast. Fetal 

behaviourall  state cycling was taken into account. 

Patientss and Methods 

Twenty-fivee healthy women with singleton near term pregnancies participated in the 

studyy after informed consent had been obtained. All women were non-smokers and had 

noo history of (gestational) diabetes. Mean gestational age at recording was 37  ̂ weeks 

(rangee 36-41 weeks). The interval between the second recording and delivery was 14 

dayss on average (range 1- 36 days). Thirteen girls and twelve boys were born between 

3737++ -- and 42+0 weeks of gestation (mean 40+0 weeks). Mean birth weight was 3345 g (range 

25800 - 4600 g). All infants weighed > 10th centile for gestational age and had an Apgar 

scoree > 7 at 5 min. Four women underwent caesarean section because of fetal distress (n 

== 2) or abnormal presentation (n = 2). Two other infants were admitted to the neonatal 

caree unit because of suspected infection. Although this was confirmed in one, the other 

babyy developed viral meningitis caused by the Coxsackie B virus; he recovered without 

furtherr complications. All other women had uneventful deliveries and normal pregnancy 

outcomes.. There were no significant differences in outcome variables between the groups 

fastingg on day 1 or day 2. 

FHRR monitoring took place in the home environment of the women to minimize mater-

nall  exercise and stress. In each woman, two 2-h FHR recording were made within a pe-

riodd of four days. Both recordings were made at the same time in the morning to avoid 

thee influence of diurnal fluctuations in FHR3'-. On both occasions the women had been 

fastingg overnight before recording. On one of the two days at which recording took place, 

thee women continued to fast during the recording, on the other day they had consumed 

aa standard breakfast just before start of the FH R recording. Treatment order, i.e. whether 

thee breakfast was given on the first or second day of recording, was in a random counter-

balancedd fashion. The standard breakfast consisted of two sandwiches and one glass of 

milkk or juice (420-450 Kcal)13. Coffee or tea were not permitted because of reported 

effectss of caffeine on FHR14. We chose a recording length of 2 h, as blood glucose levels in 

pregnancyy remain high for about that period of time',13. We did not determine maternal 

bloodd glucose level in our subjects, as other studies already established that the glucose 
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responsee after a standard breakfast is highly reproducible16 r . 
FHRR monitoring was performed with a portable cardiotocograph (Oxford Sonicaid, 
Chichester,, UK). Maternally perceived fetal movements were noted by means of a 
handheldd pushbutton and also stored into this device. FHR and fetal movements were 
analysedd off-line using the Sonicaid System 800018. Mean basal heart rate, short-term 
(STV)) and long-term variation (LTV), and the numbers of accelerations and movements 
weree calculated over 30-min episodes. The 2-h FHR records were also judged visually 
andd divided into episodes of fetal heart rate patterns (HRPs) A and B1920. HRPs C and D 
weree not observed among our recordings. HRPA shows a stable basal heart rate with 
narroww bandwidth oscillation and only occasional accelerations. HRPB has a much wider 
bandwidthh with frequent accelerations coinciding with fetal body movements. In the 
healthyy near term fetus, the presence of behavioural states 1F ('quiet' sleep) and 2F ('ac-
tive'' sleep) can be accurately identified by the episodes of HRPs A and B, respectively19. 
AA three-factor ANOVA including two repeated measure factors, i.e. treatment condition 
(fastingg vs breakfast) and time (the four 30-min episodes), and one grouping factor (treat-
mentt order) was used to evaluate each FHR parameter. The Newman-Keuls post hoc 
testt was performed to determine differences between the 30-min episodes when appro-
priate. . 

Results s 

Treatmentt order (fasting on recording days 1 or 2) had no effect on any of the param-

eterss listed in Table 1. Data were therefore combined for further analysis. 

Alll  fetuses showed normal alternation between episodes of HRPA and HRPB, both dur-

ingg maternal fasting and after breakfast. Neither treatment condition affected the epi-

sodee durations of HRPs A and B or their percentage incidences. HRPA occurred for 24.4 

(2.2)%% and 27.5 (3.4)% of total recording time during maternal fasting and after break-

Tablee I Fetal heart rate parameters during maternal fasting and following a standard 450 Kcal 

breakfast.. FHR monitoring was carried out for 2 h. Data are presented as mean M for each of 

fourfour successive 30-min episodes. 

FastingFasting After breakfast 

0-33 min 30-60 min 60-90 min 90-120 min 0-30 min 30-60 min 60-90 min 90-120 min 
Parameter r 

HRPAA (% of time) 26.5(6.0) 30.1(6.1) 19.0(4.9) 22.3(5.7) 34.0(6.4) 19.9(5.2) 24.6(4.8) 30.7(6.4) 

Basall  FHR (bpm) 134(2) 131(2) 133(2) 133(2) 134(2) 133(2) 137(2)*  134(2) 

Accelerationss (No.) 6.1(0.6) 7.0(0.7) 7.7(0.7) 7.5(0.7) 5.2(0.6)*  7.6(0.7) 7.4(0.6) 7.8(0.7) 

Long-termm variation (ms) 46.6(2.0) 48.3(2.6) 52.4(3.0) 53.1(4.1) 45.1(2.7) 51.9(3.6) 48.5(2.8) 49,4(3.4) 

Short-termm variation (ms) 8.1(0.4) 8.5(0.4) 8.9(0.4) 8.9(0.6) 7.9(0.4) 8.9(0.4) 8.2(0.4) 8.6(0.5) 

Movementt count (No.) 18.4(3.8) 22.3(5.0) 18.6(2.5) 18.2(3.0) 13.8(2.0) 20.1(4.1) 17.2(2.9) 16.8(3.5) 

**  :P<0 .05 
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fast,, respectively (N.S.). However, HRPA was not equally distributed over the 2 h of re-
cording,, although the effects of time and treatment condition were not statistically sig-
nificantt (Table 1). 

Thee only significant results were a slight increase in basal FHR at 60-90 min and a de-
creasedd number of accelerations at 0-30 min after breakfast (P < 0.05 for both effects of 
time;; Table 1). 

Discussion n 

Thiss study compared FHR parameters in a group of fetuses who were monitored both 

duringg maternal fasting and after a standard breakfast. There were no dramatic differ-

encess in FHR parameters between both treatment conditions. Two small changes were 

found:: a decreased number of accelerations and an increase in basal FHR which oc-

curredd 0-30 min and 60-90 min after breakfast, respectively. 

Inn the present study, episodes of HRPs A and B were found with normal cyclic alterna-

tion,, both during fasting and after breakfast. We found no difference in the overall 

incidencess of HRPA between the maternal fasting (24.4%) and fed state (27.5%). These 

valuess correspond well with previously reported incidences of HRPA in the near term 

fetuss w : i . However, the percentage of time spent in HRPA(%HRPA) varied considerably 

overr the 2 h of recording and was highest during the first 30 min after breakfast (not 

significant;; Table 1). This may explain the somewhat lower values of the number of 

accelerationss (P < 0.05), LTV, STV, and fetal movement count during this episode as 

comparedd with the other 30-min episodes. Basal FHR is known not to be different be-

tweenn HRPs A and B2122. 

Thee small increase in FHR 60-90 min after breakfast was not related to the distribution 

off  fetal quiet sleep (Table 1). This change most likely was an effect of chance due to the 

multiplee statistical comparisons, although an effect of glucose cannot be ruled out com-

pletely.. In near term pregnant women, the blood glucose level after overnight fasting is 

aboutt 4mMol/Lsl\ Maternal glucose increases to a maximum of 6mMol/L 30-60 min 

afterr a 450 Kcal breakfast, followed by a gradual decrease to about 5 mMol/L during the 

nextt hour. Fetal glucose levels correlate well with the maternal levels and the glucose 

peakk in the fetal blood occurs approximately 10 min after the maternal peak1"1"4. So, the 

observedd increase in FHR (3-4 bpm) 60-90 min after breakfast might have been due to 

thee raised fetal glucose content which was at its maximum at that time. Others, however, 

inducingg a much higher increase in blood sugar level by a 50-g glucose drink, found 

unalteredd basal FHR, whereas FHR variation and the number of accelerations were in-

creased". . 

Ourr results on FHR parameters and fetal movement count are in line with the majority 

ott studies that showed no change in fetal body movements after meals or induced rises 

inn glucose concentration1"'1. All valuess obtained in this study fell within the normal range 
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forr each parameter23. We conclude that it makes no difference for the assessment ot the 

fetall  condition near term whether FHR monitoring is performed after maternal fasting 

orr after breakfast. 
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Abstract t 

Objective:Objective: To study the short-term (0-48 h) effects of maternal betamethasone adminis-
trationn on computerised fetal heart rate (FHR) parameters. 

StudyStudy design: In 36 pregnancies at increased risk for preterm delivery, FHR was recorded 
immediatelyy before the start of betamethasone treatment and for 48 h (at 6-h intervals) 
thereafter.. Multiple linear regression models were used to assess the possible effects on 
FHRR parameters of gestational age, diurnal rhythm, clinical indication for treatment, 
numberr of courses, and use of tocolytic drugs. 

Results:Results: Within 12 h after the start of treatment, significant increases occurred in FHR 
accelerations,, and short-term and long-term FHR variability (36%, 28% and 22%, re-
spectively),, whereas basal FHR showed a 5% decrease. Short-term variability decreased 
byy 10% at 42-48 h. The observed changes were most pronounced in fetuses at 29-34 
weekss of gestation. Decelerations only occurred in 4 out of 11 compromised fetuses dur-
ingg therapy. 

Conclusions:Conclusions: There are particular changes in FHR parameters during the first 48 h after 
betamethasonee administration. These changes are transient, but may have adverse ef-
fectss on the compromised fetus. 

Introductio n n 

Syntheticc corticosteroids (betamethasone, dexamethasone) are widely used in the peri-

natall  period to enhance lung maturity. Antenatal steroid administration to pregnant 

womenn with threatened preterm delivery has proven to successfully prevent sequelae of 

prematurity,, such as the respiratory distress syndrome1. In contrast, the effects of post-

natall  steroids given to premature infants with bronchopulmonary dysplasia are equivo-

cal2.. So far, no long-term adverse effects of antenatal corticosteroid therapy given once 

inn pregnancy have been found \ but this type of studies needs extension. Recent findings 
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inn the fetus and neonate have focused attention on a variety of extrapulmonary effects of 
corticosteroids,, including short-term side effects on metabolic, endocrine, immunologi-
cal,, cardiovascular, and CNS function41!. Maternal betamethasone administration has 
beenn described to transiently reduce fetal movements and heart rate variability, which 
aree commonly used as indicators of the fetal condition711. These reductions were most 
profoundd 48-72 h after the first of two injections of betamethasone (doses 24 h apart) in 
studiess that comprised 1-h recordings made on each of five successive days. Betametha-
sonee readily crosses the placenta and fetal levels keep pace with the rapidly increasing 
maternall  levels during the first few hours after administration of this drug12. It may, there-
tore,, be anticipated that betamethasone already exerts an effect on the fetus shortly after 
injectionn to the mother, but this information is not available. We studied the temporal 
effectt of maternal betamethasone administration on various fetal heart rate (FHR) pa-
rameterss during the first 48 h after the start of treatment, and took into account the 
possiblee influences of the time of day at which betamethasone was administered, time of 
dayy at which FHR recording occurred,gestational age, clinical indication for steroid treat-
ment,, use of tocolytic drugs, and the number of courses of betamethasone administra-
tion. . 

Subjectss and Methods 

Subjects Subjects 

Thiss study was approved by the local ethical committee. Thirty-six pregnant women at 

255 - 32 (mean 29.5) weeks of gestation (wGA) and at high risk for preterm delivery par-

ticipatedd after informed written consent was obtained. Six patients participated twice in 

thee study. There was one twin pregnancy and the two fetuses were recorded simultane-

ously.. Forty-three sets of observations were obtained. Clinical information and outcome 

off  pregnancy are presented in Table 1. All infants did well in the neonatal period, except 

forr one case who showed respiratory distress syndrome (Table 2). Five study groups were 

distinguished.. Women with threatened preterm labour(TPL) were treated with either 

ritodrinee (group 1) or nifedipine (group 2). The use of these tocolytic drugs was 

randomizedd as part of an ongoing study to compare their tocolytic effects and maternal 

andd fetal side-effects1 \ Group 3 comprised pregnancies complicated by preeclampsia (n 

== 1), intrauterine growth retardation (IUGR; n - 1), or both (n = 9). Preeclampsia was 

definedd as the presence of both diastolic blood pressure > 90 mmHg and proteinuria > 

0.33 g/L.u IUGR fetuses were defined as having an ultrasonographically estimated weight 

<< 5th ccntile of a standard reference curve1 \ Doppler blood flow velocity waveforms of 

thee umbilical artery were abnormal in all pregnancies in this group (Pulsitility Index < 

5thh centile for gestational age)ih, except for one pregnancy complicated by preeclampsia 
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only.. Six out of the ten preeclamptic patients were treated with methyldopa. During the 
488 hour study period, four patients in this group underwent Caesarean section (CS) on 
accountt of suspected fetal distress (Table 2). Their results were excluded leaving a total 
off  39 sets of observations for analysis. Women with preterm rupture of the membranes 
(PROM)) without uterine contractions formed another group (group 4). Group 5 com-
prisedd pregnant women treated with betamethasone for'miscellaneous reasons' e.g. vagi-
nall  bleeding, placenta previa, or cervical cerclage. The patients in groups 4 and 5 did not 
receivee any other medication than betamethasone. 

Tablee 1 Clinical data and outcome of pregnancy in five distinctt groups of patients treated with 
betamethasonee to enhance fetal lung maturation. Data are presented as mean (range) or number 
( " )

Patientss («) 

Completedd sets of 

observationss (n) 

Gestationall  age 

att recording (d) 

att birth (d) 

Intervall  recording 

too delivery (d) 

Delivery y 

Vaginall  («) 

CS(«) ) 

Birthh weight (g) 

Birthh weight centile 

(mode) ) 

Apgarr < 7 at 5' (n) 

Sex x 

Male(w) ) 

Femalee (n) 

Pretermm labor 

groupp 1 gr o uP 2 

(Ritodrine)) (Nifedipine) 

6**  5 

77 7 

217(210-224)) 198(180-226) 

237(211-269)) 237(193-289) 

20(1-56)) 29(3-106) 

44 3 

22 2 

2150(1715-3110)) 2000(1045-3200) 

50-755 25-50 

00 0 

66 1 

11 4 

I U G R / P E E 

groupp 3 

11 1 

9 9 

210(197-224) ) 

216(198-237) ) 

6(1-16) ) 

0 0 

11 1 

1050(500-1750) ) 

10-25 5 

3 3 

5 5 

6 6 

PROM M 

groupp 4 

5 5 

5 5 

196(175-215) ) 

211(184-226) ) 

15(3-44) ) 

5 5 

0 0 

1540(1185-1895) ) 

50-75 5 

0 0 

4 4 

1 1 

Miscellaneous s 

groupp 5 

9 9 

11 1 

204(176-228) ) 

2511 (220-285) 

47(7-93) ) 

7 7 

2 2 

2390(1700-3510) ) 

25-50 0 

0 0 

6 6 

3 3 

Totall  group 

36 6 

39 9 

206(175-228) ) 

230(184-289) ) 

24(1-106) ) 

19 9 

17 7 

1780(500-3510) ) 

25-50 0 

3 3 

22 2 

15 5 

IUCJR:: intrauterine growth restriction; PE: preeclampsia; PROM: preterm rupture of membranes; 

**  : including one pair of twins; CS: Caesarean section; d: days; g: grams. 
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BetamethasoneBetamethasone treatment 

Betamethasonee (Celestone Chronodose, Schering-Plough, Berlin, Germany; 24 mg) was 

administeredd intramuscularly in two doses 24 h apart. Since clinical practice did not 

alloww for standardization ot betamethasone administration, the timing of the first dose 

variedd widely among the patients. This occurred between 08:00 and 20:00 h in 95% of 

thee cases and on average between 13:00 and 14:00 h. Betamethasone treatment was re-

peatedd ten days later (second course) if delivery had not occurred and preterm delivery 

wass still expected. 

FetalFetal heart rate recordings 

Fetall  heart rate was monitored with a cardiotocograph (Oxford, Sonicaid Ltd., Chiches-
ter,, UK) and analyzed off-line by the System 8000 FHR analysis program17. Basal FHR 
(bpm),, short-term (STV; ms) and long-term variation (LTV; ms), and the numbers per 
hourr of accelerations (ACC; > 15 bpm and > 15 s) and decelerations ( > 15 bpm and > 
155 s) were calculated by this program for each recording. Seven recordings lasting 90 
minn each were obtained from each individual during the study period. One recording 
wass made immediately before the administration of the first dose ot betamethasone (con-
troll  recording). Thereafter six other recordings were made at intervals of approximately 
66 h during the next 48 h, except during the night (24:00 - 07:00 h). 

StatisticalStatistical analysis 

Statisticall  analysis was carried out in three main steps. First, using linear regression analy-

sis,, we tested whether the FHR parameters of the control recordings were influenced by 

thee time of day at which these recordings had been made. Three groups of recordings 

madee at 07.00 - 12.00 h, 12.00 - 18.00 h, and 18.00 - 24.00 h, were compared using two 

dummyy variables. 

Second,, a multiple linear regression model with dummy variables was used to deter-

minee it FHR parameters changed significantly from their pre-treatment levels after 

betamethasonee administration. Dependent variables were the FHR parameters during 

eachh 6-h episode, expressed as the absolute change from their pre-treatment level. Inde-

pendentt variables were a series of eight dummy variables, indicating the time lapse be-

tweenn the first dose of betamethasone and the start of recording. The first dummy was 

givenn the value 1 if the recording was made during the first 6-h episode after administra-

tion,, and the value 0 if not. The second dummy was given the value 1 if the recording fell 

inn the second 6-h episode, and 0 if otherwise. Dummies 3 through 8 were defined simi-

larly. . 

Inn order to avoid biased significance levels, multiple observations on the same individual 

weree taken into account by including tor each ot these individuals a s eparate dummy 

variable. . 
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Tablee 2 Clinical data and pregnancy outcome of four preeclamptic patients who underwent 
Caesareann section (CS) within the study period because of suspected fetal distress based on ab-
normalitiess of the FHR pattern. 

Case**  IUGR Doppler Indication for CS Interval GA at Birth pH Remark 

abnormalityy beta-CS birth(wk) weight (g) 

11 + + prolonged bradycardia 22 h 30'4 1040 7.19 

22 + + prolonged bradycardia 23 h 30"1 1075 7.13 

33 + + flat FHR pattern; 27 h 28 '; 855 7.07 IRDS 

repetitivee decelerations 

44 - - flat FHR pattern; 41 h 32 : 1750 7.24* 

repetitivee decelerations 

IUGR:: intrauterine growth restriction; Doppler abnormality: increased pulsatility index of the umbilical artery; 

+ / - :: presence or absence; 

Intervall  beta-CS: interval (h) between the first dose ot betamethasone administration and CS; 

pH:: pH of the umbilical vein at birth; * arterial pH of the baby within 1 h after birth; 

IRDS:: idiopathic respiratory distress syndrome. 

Thee estimated regression coefficients gave the average change in FHR parameter for each 
off  the eight successive 6-h episodes. The t-test was used to determine whether a particu-
larr coefficient was significantly different from zero, indicating a significant rise or fall in 
thee FHR parameter in that episode. Note that by using dummies rather than time series 
analysis,, we avoided imposing a monotonously increasing or decreasing trend. 
Third,, to test whether the outcome measures of step 2 were affected by the time of day at 
whichh FHR recording had taken place, we re-estimated the equations of step 2 by follow-
ingg the step 1 procedure. Only for those intervals in which step 2 revealed a significant 
changee in any of the FH R parameters, additional regression procedures were carried out 
too study the effects of the clinical indication for treatment, gestational age at recording 
(pregnanciess < 29 wGA vs those >29 wGA),and the number of courses of corticosteroid 
administrationn (one or two). The effects of these variables were evaluated with the t-test 
usingg P < 0.05 as level of significance. 

Results s 

Theree was no significant relationship between the time of day at which the control re-

cordingss were made and the values of any of the FHR parameters (step 1 of analysis). 

Forr all sets of observations combined (n = 39), the effects on each FHR parameter of the 

firstfirst and second doses of betamethasone are shown in Fig. \a-d. Step 2 of analysis showed 

aa significant decrease in basal FHR 6-12 h after the first dose, whereas FHR variation 

(bothh LTV and STV) andACC gradually increased during the first 12 h, reaching a maxi-

mall  change from pre-treatment levels 6-12 h after injection. The mean changes were -
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Fig.. 1 Mean changes (  SEM) from baseline levels of (a) basal fetal heart rate (BHR), (b) the 
numberr of accelerations (ACC), (c) long term variation (LTV), and (d) short term variation (STV) 
duringg the 48 h study period after the start of betamethasone treatment as observed in the total 
groupp (n - 39 sets ot observations). The arrows indicate the time of administration ot the first 
andd second doses of betamethasone. 
* :P<0.05;; **:P<0.01 
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5%,, 22%, 28%, and 36%, for FHR, LTV, STV, and ACC, respectively (P < 0.01 for all). 
Basall  FHR and its variation were negatively correlated both before treatment ( R = -0.54 
andd R = -0.48 for LTV and STV, respectively) and 6-12 h after the first dose of 
betamethasonee ( R = -0.57 and R = -0.55, respectively; n =39 and P < 0.01 for all four 
relationships.. After the second dose, there were no significant changes in FHR, LTV, or 
STV,, but ACC increased again 0-6 h after injection (28% from pre-treatment level; P < 

0.01;; Fig. \,b). At the end of the48-h study period, LTV and STV were both reduced by 
10%% as compared with control values, but only for LTV the change was statistically sig-
nificantt {P < 0.05; Fig. l,c). Decelerations hardly occurred among the recordings and 
weree not further analysed. 

Afterr inclusion of the time of day at which the serial recordings had been made (step 3 of 
analysis),, most t-values were slightly reduced because of the presence of two extra dum-
miess in the model. However, the described changes in FH R, ACC, LTV, and STV, and also 
theirr levels of significance remained unaffected. 

Thee changes in FHR parameters seen in the total group occurred similarly in each of the 
distinctt clinical groups and did not differ significantly between these groups. Gestational 
agee at the time of drug administration appeared to be an important variable. All changes 

_0__ #1 _B_ #2 - ._ #3 _A_ #4 

Cont.. 0-6 6-12 12-1818-2424-3030-3636-4242-48 Cont. 0-6 6-12 12-1818-2424-3030-3636-4242-48 

Timee (h) -- Time (h) 

Fig.. 2 Course of basal FHR (a), long-term FHR variation (b),and the numbers per hour ot FHR 
accelerationss (c) and decelerations (d) in four fetuses of preeclamptic patients who were deliv-
eredd during the 48-h study period because ot emerging clinical signs ot fetal distress. 
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inn FHR parameters which occurred 0-12 h after the first dose of betamethasone were 

significantt in the fetuses studied between 29 and 33 wGA (n = 24), but not in the younger 

fetusess (n = 15). Also the increase in ACC seen 0-6 h after the second dose of 

betamethasonee was only significant in the fetuses treated atter 28 wGA (P < 0.01). As 

gestationall  age at the time of betamethasone administration was highly correlated with 

thee number of courses, there was no significant additional effect of the latter per se. 

Fourr preeclamptic patients underwent CS within the study period, as clinical signs of 

fetall  distress emerged after betamethasone administration (Table 2). These included: 

pathologicall  decelerations or a flat FHR tracing with repetitive decelerations. Impaired 

fetoplacentall  blood flow (raised umbilical-artery PI values but no absent end-diastolic 

flow)flow) had been demonstrated before the start of treatment in 3/4 fetuses (Table 2). Com-

puterisedd FHR analysis (results not known to the physicians) demonstrated no major 

changee in basal FHR (Fig. 2,a), but a gradual decrease in LTV (Fig. 2,fr), STV (data not 

shown),, and ACC (Fig. 2,c). The number of pathological decelerations on the other hand 

increasedd considerably over time (Fig. 2,d).Three fetuses appeared to be acidotic at birth 

(Tablee 2). Although determination of the umbilical cord pH failed in case 4, the arterial 

pHH value obtained within 1 h after birth (7.24) indicates that also this fetus most likely 

wass acidotic at birth (Table 2). 

Comment t 

Thee present study aimed to determine the acute effects on FHR parameters of two doses 

off  betamethasone maternally administered 24 h apart. The study was confined to the 

firstfirst 48 h of therapy, but, as three 90-min recordings were made per day, the corticoster-

oidd effects were investigated much more extensively than in previous studies. In those 

studiess FHR monitoring was performed for 30-60 min on each of five successive days, 

butt evaluation of the betamethasone effects did not start until about 24 h after the first 

dosee had been given711. Therefore, the present study was designed to provide essential 

informationn about the early cardiovascular effects of betamethasone. Such data are not 

onlyy important for obstetric management in case of threatened preterm delivery, but 

alsoo for clinical surveillance of the neonate when treated with corticosteroids. 

Inn the total study group, we found primary effects , i.e. a decrease in basal FHR and 

increasess in FHR variability and ACC 0-12 h after the first betamethasone dose, with 

thee largest effects 6-12 h post injection. Secondary effects, appearing after the second 

dosee of betamethasone showed that ACC were increased again (0-6 h) and that FHR 

variabilityy was decreased (18-24 h), whereas basal FHR remained unchanged during 

thiss 24 h period. These effects were most pronounced in the fetuses studied between 29 

andd 34 wGA, but were not related to the time of day at which betamethasone was admin-

istered,, time of day at which FHR recording occurred, clinical indication for treatment, 

usee of tocolytic or antihypertensive drugs, or the number of courses. 
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AA FHR-decreasing effect of corticosteroids has also been found in studies on preterm 
humann infants (dexamethasone) and fetal sheep (betamethasone, dexamethasone, Cor-
tisol)1821.. The decrease in FHR generally occurred within one to several hours after the 
startt of corticosteroid administration, indicating the involvement of cytosolic glucocor-
ticoidd receptors (GRs), and was associated with an increase in arterial blood pressure18 

2222.. The latter is a known effect of corticosteroids and is assumed to result from increased 
peripherall  vascular resistance22 24. The decrease in FHR is generally believed to be caused 
byy a vagally- mediated baroreceptor response to increased systolic blood pressure18 ". 
Corticosteroidss may foster hypertension by augmenting vascular tone through 
potentiationn of the action of vasoconstrictor hormones, such as norepinephrine, angi-
otensinn II, arginine vasopressin, endothelin, and thromboxanes, but the precise mecha-
nismm is far from understood24. Corticosteroids may also influence FHR directly either 
throughh enhanced epinephrine synthesis within the heart25 or through binding to GRs 
inn brainstem nuclei26. The finding that all observed changes in FHR parameters were 
onlyy statistically significant in the fetuses at 28-34 wGA, suggests non-functional GRs, 
orr absence or lack of GRs in the fetal brain, heart, or vessels before that age. 
Thee increase in FHR variability can be explained to a large extent by the known inverse 
relationshipp between basal FHR and its variation27, which was also found in a previous 
studyy on the effects of corticosteroids7. It has been demonstrated in normal pregnancy 
thatt about 50% of the variation in FHR variability is accounted for by changes in heart 
ratee itself8. To this extent heart rate variability reflects the degree of autonomic nervous 
systemm control of heart rate28. Our results are in keeping with this finding, although the 
amountt of explained variation was lower in the present study (~ 30%). The increase in 
FHRR variability may also have resulted from changes in peripheral vascular resistance 
mediatedd through increased levels of catecholamines, which feed back via the barore-
ceptorr loop 29. 

Itt is unclear why ACC were increased 0-12 h and 24-30 h after the first dose of 
betamethasone.. The increase in the secondary phase of this study has also been reported 
byy others9. Fetal body movements have been found to be reduced 24-48 h after the start 
off  betamethasone treatment71011. Although there is a strong association between ACC 
andd fetal body movements in near-term pregnancy, this relationship is poor before 32 
wGA,, i.e. the age at which most fetuses were monitored in the present study30. In addi-
tion,, no changes were found in limb movements and nuchal muscle activity after 
betamethasonee infusion into the fetal sheep19. So, it seems unlikely that the increases in 
ACCC are due to increased fetal bodily activity. However, the possibility exists that 
corticosteroidss lower the threshold for accelerations to occur. 

Thee primary and secondary effects of betamethasone on FHR parameters were, apart 
fromm the increases in ACC, not identical. The secondary effects included unaltered basal 
FHRR between 24 and 48 h and a decrease in FHR variability 42-48 h after the first dose of 
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betamethasone.. These observations in the secondary phase of the study corroborate 
previouss results7"11. At the end of our study period, we just noticed the beginning of the 
significantt decreases in LTV and STV which have been previously demonstrated to last 
untill  the fourth day after the start of betamethasone treatment7 ". The secondary effects 
ott betamethasone may involve the relatively slow action of corticosteroids on cytosolic 
GRss in the fetal brain. The primary effects may merely reflect the immediate effect of 
corticosteroidss on non-genomic GRs in the regulation of peripheral vascular tone.There 
iss no evidence to date that corticosteroids may jeopardize the fetal condition. In an ex-
tensivee Doppler study of fetal and uteroplacental blood flow velocity waveforms, Cohlen 
etet al.:i>  found no changes in resistance to blood flow nor signs of fetal brain sparing (in-
dicativee of hypoxemia) after maternal betamethasone administration. Moreover, nei-
therr in the present study nor in previous reports, a corticosteroid-induced change was 
foundd in the occurrence of FHR decelerations, which are also important markers of fetal 
hypoxemia710.. Remarkably, in pregnancies with umbilical artery absent end-diastolic 
flow,, betamethasone treatment was recently shown to be transiently associated with im-
provedd fetoplacental blood flow {and presumably improved fetal oxygenation)30,but this 
resultt awaits thorough evaluation in independent future studies. However, it has been 
shownn in chronically instrumented fetal sheep, that a single dose of 12 mg dexametha-
sonee administered to the ewe resulted in a 10-20% reduction in fetal arterial PG\ by 1 h 
afterr the injection. This reduction remained present for the next 24 h; i . Although hy-
poxicc levels were never reached in these healthy sheep fetuses, this observation, as pointed 
outt by the authors, raises questions as to the possible hazard of corticosteroid therapy in 
thee compromised human fetus. Indeed, we found fetal deterioration, as indicated by a 
rapidd increase in FHR decelerations, to occur in 4/11 IUGR fetuses after betamethasone 
administration.. We did not refrain from intervention in these four cases who all turned 
outt to be acidotic at birth. If, or to what extent, betamethasone treatment was causally 
relatedd to the retal deterioration cannot be concluded from this study and further re-
searchh is warranted. However, it may be hypothesized that corticosteroids augment hy-
poxiaa in the compromised fetus who can otherwise still cope with its intrauterine needs 
underr marginally hypoxic conditions. We argue for termination of pregnancy in cases 
withh pre-existing abnormal Doppler waveform patterns which show an increase in FHR 
decelerationss during or immediately after betamethasone therapy. The transient changes 
inn FHR parameters usually seen in most other cases likely do not jeopardize the fetal 
condition. . 
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GeneralGeneral Discussion 

Introductio n n 

Circadiann rhythms are present in many physiological and behavioural phenomena in 
most,, if not all, species. In the last decades a vast amount of studies have shown the 
existencee of circadian rhythms in man and, by now, the importance for our well-being of 
synchronizationn of internal rhythms with the 24-hour day is well established (Shephard 

1997;1997; Moore 1997; Van Someren 1997). Desynchronization, either due to shift work or 
longg flights across several time zones strongly affect one's well-being (Arendt 1987; Czeisler 

1990).1990). Desynchronization can also accompany diseases like blindness or affective disor-
derss (Espezel 1996; Wirz-Justice 1986). Several types of disorders of the circadian system 
aree now recognized, and for some of these disorders treatments are available (Rivkees 

1997).1997). In addition, the importance of the internal circadian rhythms for the results of 
drugg treatments is now getting attention from the field of pharmacology (Reinberg 1996). 

Increasingg evidence indicates that the circadian timing system is a fundamental 
homeostaticc system that influences human physiology and behaviour throughout de-
velopment,, starting during fetal life (Rivkees 1997). The general conclusion from studies 
onn the role of the maternal circadian system for 24h rhythms in myometrial activity, 
hormoness and delivery was, indeed, that an endogenous circadian system governs all 
physiologicall  processes that occur in primate pregnancy and delivery (Honnebier 1993). 

Inn addition to maternal rhythms, circadian rhythms in pregnancy also comprise fetal 
rhythmss in heart rate, movements, breathing, behavioural states and hormones (Meis 

1992).1992). It is still a matter of discussion in what way these fetal rhythms are related to the 
well-establishedd maternal circadian system (Mirmiran 1992). 

Thee most important questions in research on circadian biology are (1) whether a par-
ticularr biological rhythm is "endogenous" and (2) if and how the characteristics of the 
rhythmm under study depend on changes in environmental factors or on the condition of 
thee individual (Honnebier 1993). The main aim of this thesis was to answer these ques-
tionss with respect to fetal and neonatal circadian rhythms as far as the limitations of 
humann studies permit. For this purpose we studied maternal and fetal rhythms in hor-
moness and heart rate parameters in the third trimester of normal pregnancy and in preg-
nancyy complicated by intra-uterine growth retardation (IUGR), as well as neonatal 
rhythmss in heart rate and sleeping behaviour of preterm and term born babies. The 
centrall  question of these studies was whether the expression of circadian rhythms in the 
fetuss and neonate can be regarded as a sign of fetal and neonatal well-being. 
Rivkeess (1997) stated that, with the continued elucidation of circadian system develop-
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mentt and influences on human physiology and illness, it is to be expected that consid-

erationn of circadiann biology will become an increasingly important component of clini-

call  care. This thesis on circadian rhythms in the normal and growth-retarded fetus and 

neonatee was meant to contribute to elucidating of the human circadian system by de-

scribingg its development in the perinatal period. 

Chronobiologicall  nomenclature 

Circadiann rhythms are rhythms with a period length of approximately 24 hours. An 
importantt characteristic of these biological rhythms is that they persist under constant 
environmentall  conditions. The term 'endogenous'  is used to indicate that such rhythms 
arisee within the organism and are not imposed by the environment (Rietveld 1990), Ex-
ogenouss synchronizing cues or 'Zeitgebers' adjust or "entrain "  the biological rhythms 
soo that the organisms remain in phase with their surroundings. In literature on circadian 
rhythmss the term 'diurnal '  is usually used for rhythms of which it is not established that 
theyy persist under constant environmental conditions. However,'diurnal' originally re-
ferss to day-time events as counterpart of'nocturnal' (Halberg 1973). Since our type of 
researchh did not allow a study under freerunning conditions, we have used the terms 
circadian'' and 'diurnal' indifferently. We are aware of the shortcomings of both terms, 
butt the recommended alternative '24h-p eriodicity '  (Honnebier 1993) is not yet a gen-
erallyy accepted term in the field of obstetrics. 

Methodss for  describing circadian rhythm s 

Previouss human studies on putative fetal circadian rhythms were restricted to the de-

scriptionn of the averaged rhythm found in a whole studygroup, whereas no chronobio-

metricall  analyses were performed to assess the significance of rhythms in individual 

pregnanciess (de Vries 1987; Patrick 1982; Visser 1982). As we have demonstrated in Chap-

terr 4, conclusions on circadian rhythms which are obtained from averaging data of a 

groupp may be very misleading. Moreover, the objective demonstration of the statistical 

significancee of the observed rhythms and of their reproducibility are necessary to define 

normall  reference patterns, to detect alterations associated with pathologies, and to show 

thee effects of environmental factors. Among the various mathematical models that have 

beenn applied to assess circadian rhythmicity (Sokolove 1978; Nelson 1979; Van Cauter 

1979;1979; Monk 1992; Brown 1992), we have chosen the modified cosinor method (Van Cau-

terter 1979) for analysing our data. Using this method, possible asymmetry of the waveshape 

cann be accurately described by the inclusion of a second (i.e. 12-hour period) or third 

(i.e.. 8-hour period) harmonic curve. The cosinor method is especially suited for data 

whichh are limited to a 24- hour span {Minors 1990). A prerequisite for the cosinor method 
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iss that measurements are equally spaced and that the variable studied follows a sinusoi-
dall  pattern over 24 hours. Fetal and neonatal heart rate are variables that can be very well 
fittedd by the cosinor method. In contrast, rest-activity is an example of a variable for 
whichh the cosinor methods sometimes fails to detect a circadian rhythm (Van Sotneren 

1999).1999). We are aware of the limitations of this method. However, we choose to analyse all 
variabless studied in the same way, because such an approach enabled us to compare 
chronobiometricall  outcome parameters between the various variables studied, and be-
tweenn individual fetuses and infants. We refrained from applying more recently devel-
opedd non-parametric analysing methods, because such methods are not suited for data 
seriess limited to 24 hours. 

Computerisedd fetal heart rate analysis 

Nowadays,, several computer analysis programs (Farmakides 1995) are applied for fetal 
surveillance,, of which the commercially available Oxford 8002 program developed by 
Dawess and Redman (Dawes 1996) is the one most commonly used in clinics. 
Sincee it was not possible to analyse 24-hour recordings with any of the commercially 
availableavailable systems, we developed a new FHR analysis program (described in Chapter 2), 
forr analysing long-term recordings. The method of analysis of our program was based 
onn the Dawes/Redman parameters, because these have been validated and adjusted thor-
oughlyy in many studies for over more than 20 years (Dawes 1996; Street 1990; Visser 

1991;1991; Guzman 1996). For the first time, we now described the Dawes/Redman algorithms 
mathematically,, with the additional help of the late professor Dawes. In our opinion, 
knowledgee of applied algorithms leads to a better understanding of the FHR-param-
eterss among clinicians, who often base their decision for or against elective delivery on 
FHRR results. The program was evaluated by comparing the results of 42 recordings with 
thatt of the commercially available Sonicaid System 8002 CTG Analysis System, imple-
mentedd with Dawes' algorithms (see Chapter 2). From this comparison we concluded 
thatt the program offers a suitable alternative for FHR analysis for clinical use. Since our 
softwaree features the possibility to change limiting analysis parameters, this offers many 
opportunitiess for research purposes (e.g. analysing heart rate recordings of other spe-
cies).. The possibility to select any region of a recording for analysis is of advantage in the 
studyy of temporal effects of drug treatment. From a technical point of view, we have 
addedd some critical notes to the Dawes' analysis methods. These especially refer to the 
durationn of 3.75 ms chosen for epochs. It must be realized that, since averaging removes 
higherr frequency components, a higher variability may be observed when shorter ep-
ochss are used. Therefore, the numerical values of Short Term Variation (STV), Range 
andd Long Term Variation (LTV), and thus the clinical interpretation, are all dependent 
onn the epoch duration that was chosen. We propose less rigid and therefore more sensi-
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tivee alternatives for detecting accelerations and decelerations, as well as for the defini-

tionss of STV and LTV, although they have not yet been thoroughly examined. We em-

phasizee that these critical notes are put forward from a technical point of view. From a 

clinicall  point of view, these parameters have proven to yield a quite reliable interpreta-

tionn of the fetal condition (Dawes 1996; Street 1990; Visser 1991; Guzman 1996). How-

ever,, although the diagnostic accuracy of currently available computerised fetal heart 

ratee analysis systems appears to be at least level with that of experienced clinicians (Devoe 

1996),1996), there is still need for further research. Close collaboration between engineers and 

clinicianss is a prerequisite for further advances in this field (van Geijn 1996). 

Thee role of the fetal brain in the generation of prenatal circadian rhythm s 

Previouss studies on circadian rhythms in human pregnancy indicated that the observed 

24hh rhythms of the fetus are to a large extent driven by the mother (Honnebier 1993). 

Thiss idea was primarily based on the immaturity of thee human SCN at birth as found by 

immunocytochemistry,, in combination with the disappearance of rhythms after birth 

andd their gradual development in the neonatal period (Honnebier 1989;Swaab 1990; 1994). 

Inn addition, coincident with the appearance of various overt circadian rhythms in the 

infant,, a rapid increase in AVP staining SCN was found during the first postnatal months. 

However,, there are also arguments for an active fetal role in the generation of prenatal 

rhythms.. Absence of neuropeptide immunoreactivity alone does certainly not mean that 

thee neurons are not there, nor that they are not functional, and not all neurotransmitters 

inn the fetal SCN have been quantified yet. The presence of melatonin receptors was shown 

ass early as the 18th week of gestationn (Reppert 1992). By measuring metabolic activity in 

thee fetal SCN, Reppert and Schwartz (1984) demonstrated that a circadian clock is oscil-

latingg in both fetal rat and monkey. Using the same technique, Shibata (1988) showed 

thatt disruption of the maternal circadian system does not prevent the development of 

circadiann rhythms in the rat fetus. This finding points to an active role of the fetal brain 

inn the generation of prenatal rhythms. Human research faces, of course, too many re-

strictionss to come to strong conclusions. In this controversy, a case of a twin pregnancy 

withh discordant anencephaly (described in Chapter 3) offered a unique opportunity to 

verifyy the idea that the fetal brain is crucial for the expression of overt circadian rhythms. 

Thee presence of a clear diurnal rhythm in fetal heart rate in three normal twin pregnan-

ciess and the absence of these rhythms in the anencephlic fetus despite an intact maternal 

diurnall  rhythm supported our idea that the fetal brain is involved in the expression of 

prenatall  circadian rhythms. The finding that the normal fetus in the discordant anen-

cephalicc twin did not show a significant diurnal rhythm either, maybe explained by the 

disturbingg influence of its anencephalic twin-brother. The results from this study also 

strengthenedd the idea that the presence of diurnal rhythms in fetal heart rate may be a 
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signn of fetal well-being (Meis 1992). In our later study of 26 normal pregnancies to test 
thiss hypothesis, we found that 7 healthy fetuses did not show a significant diurnal rhythm 
inn basal heart rate. This latter finding seemed to contradict the crucial role of the fetal 
brainn in the expression of diurnal rhythms. However, the absence of a diurnal rhythm in 
thee normal fetuses may well be explained by the presence of strong ultradian rhythms 
whichh hampered the detection of diurnal rhythms. In the anencephalic twin the overall 
oscillationn in fetal heart rate was so much smaller that this could not possibly have inter-
feredd with the detection of a diurnal rhythm. In addition, in none of the normal fetuses 
wass such a low F statistic found as in the anencephalic fetus (0.29). Even more remark-
ablee was the loss of correlation with the diurnal rhythm of the mother in the case of the 
anencephalicc fetus. In all normal pregnancies the maternal rhythm in either heart rate 
orr actvity was positively correlated to the heart rate rhythm of the fetus but phase-lagged 
betweenn -2 and +2 hours. We dare to conclude from these combined findings that in-
deedd the fetal brain, and most probably the fetal SCN, is necessary for the fetal entrain-
mentt by the mother. This conclusion still fits the concept that fetal rhythms are to a large 
extentt driven by the mother (Honnebier 1993). However, the observed fetal rhythms are 
nott driven by passive responses to maternal rhythms. Our interpretation is as follows: 
thee fetal circadian clock is set by the clock of the mother by the mechanism of entrain-
ment,, for which the presence of a "normal" fetal brain, with probably a functional SCN, 
iss necessary. Animal studies showed the potential function of maternal communication 
off  circadian phase to the fetus for both postnatal adaptation and the initiation of partu-
ritionn {Reppert 1989). 

Maternal-fetall  entrainment 

Animall  studies have shown that an intact maternal SCN is a necessary factor for mother-
fetuss entrainment of prenatal circadian rhythms {Reppert and Schwartz 1986). Among 
thee many possible maternal Zeitgebers are Cortisol (and/or corticotropin-releasing hor-
mone,, CRH),melatonin>glucoseavailability,body temperature and uterine contractures. 
Wee found significant maternal rhythms in Cortisol and melatonin in nearly all 17 nor-
mall  pregnancies in which we studied these hormone rhythms. In only a minority of 
thesee women were significant diurnal rhythms in estriol and progesterone present. How-
ever,, in none of the hormones measured was the strength of the diurnal rhythm corre-
latedd with the strength of diurnal rhythms in fetal heart rate parameters. The presence of 
aa positive phase-relationship of diurnal rhythms in basal heart rate (BHR) and Cortisol 
andd a negative phase-relationship of BHR and melatonin does not give a definite answer 
too the question whether one of these hormones may act as Zeitgebers for fetal diurnal 
rhythms. . 
Otherr authors have suggested that the exposure of the fetus to maternal adrenal-cortical 
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rhythmss maybe a major Zeitgeber for fetal circadian rhythmicity (Challis 1981; Patrick 

1981;Arduini1981;Arduini 1986; 1987). However, in none of these studies were sophisticated chrono-

biometricall  methods used to assess the significance of rhythms. Results were based on 

averagedd group data, except for one study of a non-representive case of a totally adrena-

lectomizedd woman with a history of radiation of the sella turcica. As radiation effects in 

thee hypothalamic area were very likely in this patient, this case does not seem appropri-

atee tor a study on circadian rhythms. Contrary to these earlier reports we found that 

maternall  administration of betamethasone caused arrhythmicity in maternal plasma 

Cortisoll  levels, but did not alter the prevalence and correlation of diurnal rhythms in 

BHR,, STV, and accelerations in nine IUGR-fetuses. These findings contradict a crucial 

rolee of maternal Cortisol in the generation of FHR-rhythms. Melatonin, another possi-

blyy major Zeitgeber (Davis 1988; Houghton 1993). is not likely to be the sole factor for 

entrainmentt either. We endorse the idea that there is a high degree of redundancy in the 

mechanismss subserving fetal entrainment (Hastings 1998). This concept is derived from 

aa series of extirpation studies (Reppert and Schwartz 1986), which showed that neither 

adrenalectomyy nor pinealectomy alone were able to prevent maternal entrainment in 

rat. . 

Apartt from the possible entraining factors mentioned above, there are a lot of maternal 

behaviourall  rhythms (i.e. food intake; sleeping behaviour; social life) which may act in 

concertt to entrain the fetal biological clock. The influence of social cues must not be 

neglectedd as it has been shown that even the rhythmic ingestion of food can entrain 

fetusess in SCN-lesioned pregnant rats (Reppert 1989). The potent influence of rhythmic 

foodd intake on circadian rhythms is not in contradiction with our conclusion that it 

makess no difference for the assessment of the fetal condition whether FHR monitoring 

iss performed after maternal fasting or breakfast (Chapter 7). Possible entrainment ef-

fectss on FHR parameters by the timing of breakfast are not nullified by skipping break-

fastt once. In addition, while important effects of maternal food intake for the assessment 

off  the fetal condition were absent, we did find small but significant differences in BHR 

andd accelerations between maternal fasting and non-fasting state. Whether the influ-

encee of ambient light acts as an entraining factor in the human fetus, as has been shown 

forr precocious animals (Jacques 1987; Torrealba 1993), can only be speculated. The retino-

hypothalamicc tract has been identified in a human newborn with a gestational age of 36 

weekss (Glotzbach 1992). It would be an interesting issue for further research whether the 

humann fetal clock responds to light in utero. By application of "bili-blankets", developed 

forr phototherapy in neonatology, on the abdominal skin of pregnant women, experi-

mentss with different light-regimes could be performed in the human fetus. Besides, post-

mortemm histopathological and tracing studies (Dai et al. 1998) of the retinohypotha-

lamicc tract in human fetuses of different gestational age are needed. 
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Mechanismss for  the generation of circadian rhythm s in FHR-parameters 

Thee studies on circadian rhythms in pregnancyy in the present thesis especially focussed 
onn fetal heart rate. Firstly, fetal heart rate is the most accessible parameter that can be 
obtainedd in the human fetus. Secondly, monitoring of fetal heart rate is important for 
fetall  surveillance, and more knowledge on various physiological and pathological influ-
encess on heart rate parameters is needed to increase their relevance for clinical care. 
Animall  experiments and mathematical methods indicate that an endogenous circadian 
rhythmm in heart rate is mediated by the circadian pacemaker in the SCN. Information 
fromm the SCN reaches the heart via sympathie innervation (Warren 1994; Lemmer 1995; 

UeyamaUeyama 1999). 

Studiess in rodents have demonstrated that the SCN affects the pineal and the adrenal 
neuronallyy via the paraventricular nucleus (PVN) and the intermedio-lateral cell col-
umnn of the spinal cord (Buijs 1997; Tedemariam-Mesbah 1998). In humans the ana-
tomicall  organization of the hypothalamus is largely similar to that in rodents (Dai 1998a; 

1998b;1998b; 1998c), and it is therefore assumed that the SCN drives the heart rate rhythm via 
sympathiee pathways in PVN, brain stem, and spinal cord (Tedemariam-Mesbah 1998; 

ScheersScheers 1999). Assuming that fetal heart rate is driven by similar mechanisms, the ab-
sencee of a diurnal heart rate rhythm was to be expected in the case of fetal anencephaly 
Fromm clinical studies (Panina 1995; van Ravenswaaij-Arts 1990) and studies in pregnant 
baboonss (Stark 1999) it is concluded that mean heart rate and heart rate variability are 
governedd by different mechanisms. From this point of view it was not surprising that 
circadiann rhythms in mean heart rate in growth-retarded fetuses were comparable to 
heartt rate rhythms in normal fetuses, whereas diurnal rhythms in both STV, and LTV, 
andd accelerations seemed to change with fetal deterioration. We suggest that the loss of 
thee known inverse relationship of heart rate and heart rate variability that we observed 
inn the study group of growth-retarded fetuses maybe explained by the different govern-
ingg mechanisms of these parameters. Interestingly, our results in growth retarded fe-
tusess are comparable to those found in patients with congestive heart failure, who are 
characterizedd by an imbalance of the autonomic nervous system (Panina 1995). The 
autonomicc dysfunction in these patients consists of an augmentation of sympathetic 
drivee and a withdrawal of parasympathetic tone, which results in loss of circadian rhythms 
inn heart rate variability, while a circadian variation in mean heart rate is preserved (Panina 

1995).1995). The circadian rhythm in heart rate seems to reflect a consistent prevalence of the 
sympatheticall  component during the day and a prevailing parasympathetical compo-
nentt during the night. Heart rate variability on the other hand, seems to be more sensi-
tivee to the changing dynamic control mechanisms that regulate autonomic activity, like 
fluctuationss in blood pressure, ventilation, and hypothalamic activity (Panina 1995). A 

differencee in sensitivity to autonomic activity might also explain why changes in heart 
ratee variability and accelerations are the first signs of fetal deterioration or hypoxia. 
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Maskingg factors of circadian rhythm s in pregnancy 

Ass none of our studies took place under constant environmental conditions, we must 

realizee that various "external masking effects" may have influenced the observed circa-

diann rhythms. Furthermore, there are always masking factors that are due to the behav-

iourr of the individual (i.e."internal masking factors") which influence circadian rhythms, 

evenn under constant conditions. Both external and internal masking may either distort 

orr improve circadian rhythms. If internal masking effects and the endogenous clock are 

inn phase with each other, the effect is an amplification of the observed rhythm (Minors 

1989).1989). The finding that maternal and fetal heart rate rhythms in normal and IUGR-

pregnanciess were highly correlated, but phase-lagged between -2 to +2 h pointed at in-

ternall  masking influences of hormones, activity or emotions in both mother and fetus. 

AA clear example of external masking was the shift of the acrophase in BHR from after-

noonn to evening in patients with IUGR. One may explain this shift by the attenuating 

effectt of an after-dinner rest on the expected acrophase in the afternoon. The studies on 

thee short-term effects of maternal food intake and maternal betamethasone administra-

tionn on fetal heart rate parameters took into account the masking effects of these factors 

onn circadian heart rate rhythms. The well-established ultradian rhythms in fetal behav-

iour,, which are organized into behavioural states in the near term fetus and show ranges 

fromm about 10 to 40 minutes with a rest-activity cycle ranging from 60-90 minutes (Pillai 

1992;1992; Visser 1982), certainly have a strong influence on circadian rhythms. In some of 

thee minority of normal fetuses that showed no significant diurnal rhythm in heart rate, 

wee found strong ultradian rhythms which seemed to overrule the presence of diurnal 

rhythms.. In this respect, it is interesting that the amplitude of the diurnal rhythm in 

BHRR was relatively large in growth-retarded fetuses with a short interval to go before the 

developmentt of fetal distress. As it is known that ultradian rhythms attenuate with pro-

gressivee deterioration of the fetal condition (Visser 1990a),we proposed that the increase 

inn amplitude with a worsening fetal condition in fact reflected the decreased masking by 

ultradiann rhythms. Parameters of heart rate variability and accelerations are even more 

influencedd by ultradian fetal rest-activity cycles. This might have contributed to the rela-

tivelyy lower prevalences of circadian rhythms in STV and ACC in both normal and 

growth-retardedd fetuses compared to BHR-rhythms. However, in the deteriorating fe-

tus,, other mechanisms may be responsible for the relatively low prevalence of STV and 

ACCC rhythms. As we have mentioned in the previous paragraph, heart rate variability is 

moree sensitive to changes in autonomic activity that occur as compensation for fetal 

hypoxiaa than heart rate. This may result in a decreasing circadian rhythm. In addition, 

thee known absolute decrease in STV and ACC in the compromized fetus may hamper 

thee detection of circadian rhythms (Snijders 1992). 

Ann example of increased circadian rhythmicity caused by internal masking might be the 

correlationn between circadian rhythms in Cortisol and heart rate. Other authors (Arduini 
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1986;1986; 1987; Meis 1992 ) interpreted this correlation as an example of multi-oscillarity, in 
whichh the circadian rhythm in heart rate was thought to be completely dependent on the 
oscillatoryy maternal Cortisol levels. However, we do not subscribe to their theory, be-
causee we have shown that the fetal heart rate rhythm is maintained after maternal 
betamethasonee administration, which abolished maternal Cortisol rhythms. Naturally, 
wee admit that there are many other masking factors which may influence observed fetal 
rhythmss in pregnancy, because studies in pregnancy are exemplary for the phenom-
enonn of masking. It is important to realize that masking must be distinguished from 
entrainment.. Whereas entrainment implies direct influence of "Zeitgebers" on the SCN, 
maskingg is based upon factors from outside the biological clock that influence overt 
rhythmss without direct SCN involvement. 

Circadiann rhythmicit y as measure of fetal well-being? 

Whenn the presence of fetal diurnal heart rate rhythms in itself indeed reflects fetal well-
beingg as has been suggested previously (Meis 1992), then circadian rhythmicity in heart 
ratee is expected to be a universal finding in normal pregnancy. Although the majority of 
thee normal fetuses which we studied showed a circadian rhythm in heart rate, only a 
minorityy of normal fetuses showed a circadian rhythm in heart rate variability and 
accelerations,, which confined this statement to only one fetal heart rate parameter {i.e. 
BHR).. Moreover, we observed that especially diurnal rhythms in BHR were even more 
pronouncedd in severely compromized fetuses shortly before the occurrence of hypoxia. 
Inn the above paragraphs we already described some plausible mechanisms which may 
explainn this phenomenon. On account of these findings in normal and growth-retarded 
fetusess we conclude that the presence of fetal heart rate rhythms in itself cannot be re-
gardedd as sign of fetal well-being. However, in repeated recordings of deteriorating fe-
tusess we found some striking changes in the phases of diurnal rhythms in STV and ACC. 
Thesee changes occurred simultaneously with absolute decreases of these parameters, 
whichh are known to relate to imminent fetal distress (Snijders 1992). In this respect, the 
observedd inversion in diurnal rhythmicity in ACC is most interesting, because this in-
versionn preceded signs of fetal distress by about one week. The inversion in the diurnal 
rhythmm in STV occurred somewhat later, just before fetal distress was apparent. We hy-
pothesizedd that a change in autonomic activity in the fetus is responsible for these changes. 
Thiss possibility fits into the concept that FHR-parameters differ in their sensitivity to 
adaptingg mechanisms that cause changes in autonomic activity. As accelerations repre-
sentt fetal activity well in pregnancy beyond 30 weeks of gestation (Natale 1984), this 
seemss the most sensitive fetal parameter to monitor compensating changes to hypoxia 
inn the fetus. The observation that fetal activity is the first changing parameter in the 
coursee of fetal deterioration in IUGR was also made by Ribbert (1993), who found changes 
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inn qualitative movements as the first sign of imminent fetal distress. Accelerations in 
heartt rate can, however, be easier and more accurately monitored than fetal movements. 
24HH FHR- recording is therefore at present the most obvious means to detect circadian 
phase-changess as first signs of imminent fetal distress in compromized fetuses. 
Thee theory that changing autonomic activity in the fetal brain is responsible for the first 
visiblee signs of impending distress is supported by a study of Weiner (1994). He found 
thatt loss of middle cerebral artery vasodilatation as expression of loss of autonomic re-
activityy preceded deterioration of FHR by a few days. From our studies, we cannot de-
ducee whether the changing phase in ACC and STV must be regarded as an autonomic 
compensationn mechanism or a loss of autonomic reactivity. Therefore, it would be an 
interestingg issue for further research to study the possible correlation between cerebral 
Dopplerss and diurnal rhythms. Animal experiments will be needed to elicit the exact 
pathwayss by which the observed changes are effected. For example, carotid sinus nerve 
denervationn in fetal sheep experiments have shown that the carotid sinus nerve afferents 
appearr to have a delicate influence on tonic sympathetic and parasympathetic activity in 
normoxia.. In acute hypoxia, with small changes in pH, the carotid sinus nerve reflex 
seemss responsible for the observed changes in heart rate variation (Kozuma 1997). How-
ever,, the mechanisms by which heart rate variation falls during long term hypoxia is still 
unknown.. In respect to long term hypoxia, as occurs in IUGR, Kozuma (1997) suggested 
possiblee changes in the gain of the carotid chemo- reflex, in circulating catecholamines, 
orr in brainstem activity. Another adaptive neuroendocrine response to hypoxia that may 
bee related to the observed changes in autonomic activity is the vasopressin response 
becausee of its role in the redistribution of blood flow in favour of essential organs like 
thee brain, the pituitary, the heart and the adrenals (Iwamoto et al. 1979; Pohjavuori and 

FyhrquistFyhrquist 1980; Daniel 1983; Wood and Tong 1999). 

Implication ss for  clinical management in IUGR fetuses 

Thee results of our studies on circadian rhythms in normal and IUGR-pregnancy may 

contributee to a better understanding of the various (patho-)physiological aspects of fe-

tall  behaviour. To this end, knowledge on fetal circadian rhythms may help the clinician 

too interpret computerised outcomes of FHR tracings correctly. However, as we have stated 

inn our studies of both normal and IUGR pregnancies, our findings do not permit gen-

erall  recommendations for the clinical care of high risk fetuses. Firstly, even in the group 

ott normal fetuses, the prevalence and characteristics of the diurnal rhythms differed 

largelyy among individual fetuses. The averaged diurnal variance in STV of 4 msec, which 

wee found in this group, only applied to half the number of the fetuses studied. Besides, 

thee question is whether FHR monitoring should take place at the time of day at which 

variabilityy is highest or lowest. We do not simply subscribe to the conclusions from other 
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authorss who recommend evening testing, because at that time of day STV is relatively 
highh (Petrikovsky 1996). In the group of IUGR-fetuses the range in chronobiometrical 
variabless was even considerably larger than among the normal retuses. This large range 
inn outcome data does not permit general recommendations for performing FHR moni-
toringg in IUGR-pregnancies at a special time of day. However, in individual IUGR-fe-
tusess changes in diurnal rhythms in ACC and STV may be valuable for predicting fetal 
distress.. In particular an inversion in the diurnal rhythm in ACC may be a first sign of 
impendingg fetal distress, even if FHR-variability is still in the normal range. Because 24h 
FHRR monitoring is too great a burden for the patient with the current available equip-
ment,, clinical management of thee patient with IUGR can only profit from this observa-
tionn if cardiotocographic devices are further developed for the patient's convenience. 

"Presetting""  of circadian rhythm s for  postnatal lif e 

Thee presence in prenatal life of a functional clock, which is entrained by the maternal 
clock,, suggests that the circadian time keeping system may be of adaptive value for the 
speciess even in early development (Reppert 1989). Studies in various eutherian mam-
malss have shown that maternal "presetting" of the fetal clock is involved in both postna-
tall  adaptation and the initiation of parturition (Reppert 1989). We assumed that "preset-
ting""  may be of adaptive value for the human as well in preparing the circadian timing 
systemm of the fetus for later independent life (Mirmiran 1992). The proposed "preset-
ting""  of the biological clock in the fetus implies that prenatally observed rhythms will be 
maintainedd in the direct postnatal period. We were the first to investigate to what extent 
thee prenatally observed rhythms in 15 growth-retarded human fetuses sustained their 
phasee and amplitude after preterm birth. The presence of circadian rhythms in heart 
ratee was comparable before and after birth, which reinforced the concept of a functional 
biologicall  clock. This idea was further strenghtened by the fact that all these preterm 
bornn children were nursed in an environment with minimized time cues. Therefore, cir-
cadiann time cues were not likely to be responsible for the observed rhythms. On the 
contrary,, our data could not prove that the biological clock may indeed be "preset" in 
prenatall  life. Phaselags between pre- and postnatal rhythms varied from -10 to +10 hours, 
whereass prenatal maternal and fetal heart rate rhythms showed phase-relations within -
22 to +2 hours (Chapter 4 and 5). We therefore conclude that the combined results of our 
studiess suggest that a functional biological clock is present in the human fetus and is 
synchronizedd by the mother. However, this maternal-fetal synchronization may not reach 
intoo the postnatal period. It is remarkable that we found postnatal circadian rhythms in 
heartt rate in the majority of the children studied, whereas other studies in preterm in-
fantss revealed the presence of ultradian rhythms but no apparent circadian rhythms 
(Glotzbach(Glotzbach 1995; Tenreiro 1991). Differences in analysing methods, infant-care sched-
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ules,, and patient differences probably may have accounted for the discrepancies in re-

sults.. In this respect, it is interesting that a study of Mirmiran (1991), which was con-

ductedd at the same neonatal intensive care unit (NICU) as our study but used different 

analysingg methods (chi-square periodogram), also demonstrated the presence of circa-

diann rhythms in body temperature and heart rate in about 50% of preterm infants. At 

thiss NICU, children were nursed in constant ambient lighting and temperature. Given 

thee restrictions of human research, this setting seems to be the closest one can get to a 

"constantt environment". Therefore, we do not assume that the absence of circadian 

rhythmss in other studies is due to settings with more minimized circadian time cues 

thann at our NICU. It is more likely that the longer observation periods in some studies 

(e.g.(e.g. Tenreiro 1991) brought in interference of illnesses that hampered detection of circa-

diann rhythms. We do not know to what extent the results in this particular group of 

growth-- retarded preterm born infants are representive of the circadian system in nor-

mall  human development. However, a "normal" control group, studied in the same set-

tings,, will never be available since even preterm-born appropriate for gestational age 

(AGA)) infants can not be regarded as "normal". Whether neurological adaptation to 

extra-uterinee life due to prematurity, or prenatal stress due to IUGR might accelerate 

maturationn of the SCN is not known. The earlier general view of accelerated brain matu-

rationn in fetuses that were subjected to "stress" in utero (Cunningham 1993), is contra-

dictedd by various recent publications (Friedman 1995; Chari 1996), in which an associa-

tionn between preeclampsia/IUGR and accelerated fetal neurologic and physical devel-

opmentt was denied. 

Developmentt  of circadian sleep-wake patterns in term and preterm born infants 

Pretermm birth and subsequent hospital stay at a neonatal intensive care unit disrupts 

maternall  entrainment. Prenatal maternal entrainment may have important physiologi-

call  consequences for postnatal life and a temporary lack of entrainment caused by preterm 

birthh was, therefore, presumed to affect the development of the circadian system in the 

neonatall  period. We tested this hypothesis in our study on sustained night-sleeping (i.e. 

"settling"),, which is an example of an overt circadian rhythm with a great practical im-

pactt for parents. The development of a circadian sleeping pattern within a period of 20 

weekss after birth or home-arrival was comparable between term and preterm born 

(SGA)-infants.. Both groups "settled" at a similar postconceptional age and after a simi-

larr period in the home-environment. This latter finding was earlier reported by McMillen 

ett al. (1991), who assumed that length of exposure to environmental time cues maybe 

all-importantt in the entrainment of circadian sleep-wake rhythms. We concluded that 

temporaryy lack of maternal Zeitgebcrs as a consequence or preterm birth does not affect 

thee development of a circadian sleeping pattern. Exogenous factors like parental care-
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givingg at night and weaning status were strongly related to settling, but we cannot indi-

catee at present the causality of these relationships. The significant later settling in preterm 

boysboys compared to preterm girls may either point at a sex-dependent susceptibility to the 

negativee effects on IUGR on CNS development or to sex-related differences in the SCN. 

Forr any of these effects there are clues in literature (Kjellmer 1997; Swaab 1996). As our 

studyy was too small to draw conclusions in this respect, this would be an interesting 

issuee for further research. 

Conclusions,, clinical implications, and suggestions for  further  research 

Thiss thesis has addressed the development and the possible role of fetal circadian rhythms 
inn early human development. We have paid special attention to circadian rhythms in 
fetall  heart rate parameters and their possible implications in clinical care of high risk 
pregnancies.. In addition, we have described the maternal influences on the fetal biologi-
call  clock before and after birth. Our data indicate that the fetal brain plays an important 
rolee in the generation of circadian rhythms in fetal heart rate. The maternal circadian 
systemm sets the phase of circadian heart rate rhythms, but these rhythms are not driven 
passivelyy by the mother. There are arguments for redundancy of maternal Zeitgebers, 
whichh is illustrated by the fact that arrhythmicity in maternal Cortisol, a major Zeitgeber 
forr the fetus, does not influence circadian rhythms in fetal heart rate. Our findings that 
changess in the phase of circadian rhythms in heart rate variability and accelerations may 
bee the first visible signs of impending distress indicate changes in autonomic activity in 
thee fetal brain which occur in IUGR as an early indication of fetal deterioration. Rhythms 
inn fetal basal heart rate do not change or diminish by progressive chronic hypoxia. The 
relativelyy low sensitivity of heart rate to changes in autonomic activity compared to heart 
ratee variability, has also been found in adults (Panina 1995). The finding that even strong 
circadiann rhythms in BHR can be found in fetuses with a short interval to go before the 
occurrencee of fetal distress, can be explained from loss of ultradian rest-activity cycles, 
whichh have a masking effect on circadian rhythms. Because of masking, it is not possible 
too assess whether the observed fetal rhythms are endogenously generated. The mainte-
nancee of the presence and phase of prenatal heart rate rhythms in preterm neonates 
nursedd in a "constant" environment indicates a functional circadian system at this early 
stagee of human development. Another argument for the endogenous nature of the ob-
servedd fetal circadian rhythms is the absence of rhythmicity in case of anencephaly. 
Thee results of this thesis can lead to a better understanding of one of the various (patho-) 
physiologicall  aspects of fetal behaviour. The acquired knowledge on fetal circadian 
rhythmss may be helpful for the clinician in the correct interpretation of computerised 
outcomess of FHR tracings. In individual fetuses changing of circadian rhythms may 
helpp in predicting fetal distress. However,we refrain from general recommendations for 
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clinicall  care, because of the known heterogeneity among growth-retarded fetuses, and 

thee many not yet elucidated questions on "the best time of delivery" in these compromized 

fetuses. . 

Furtherr research on possible correlations between diurnal rhythms and cerebral Dopplers 

inn growth retarded fetuses could help to better understand the often so unpredictable 

coursee ot fetal deterioration. In addition, animal experiments will be needed to elicit the 

exactt pathways by which the observed changes are effectuated. In this thesis we have 

tocussedd on diurnal rhythms in computerised FHR-parameters, because these are the 

mostt relevant clinical measures of the fetal condition. Prechtl (1992) argued that changes 

inn the quality - more than the quantitity - of complex movements are reliable markers of 

neurall  dysfunction with high prognostic value. However, qualification of fetal behav-

iourr is not suited for long- term studies on diurnal rhythms. Development of sophisti-

catedd ambulant ultrasound devices that accurately register fetal heart rate and move-

mentss would allow long-term studies on diurnal rhythms of the quantity of fetal behav-

iour.. Such long-term studies would also enable the application of non-parametric ana-

lysingg methods which facilitate detection of circadian rhythms and the disturbance of 

somee variables such as activity (Van Someren 1999). Comparison of circadian rhythmicity 

betweenn preterm SGA and AG A infants of comparable postnatal and postconceptional 

agee might add useful information to solve the controversy with respect to the effect of 

prenatall  stress on neurological maturation (Cunningham 1993; Friedman 1995; Chari 

1996).1996). In addition, the possible influence of sex-differences on development of circadian 

rhythmss could be studied in this way. Environmental light- experiments in these preterm 

infantss would amplify the knowledge on the development of the retinohypothalamic 

tractt at a preterm stage (Glotzbach 1992). Such experiments would also throw more light 

onn the effect of environmental light on brain development in general and the SCN in 

particularr in the neonatal period(Affln« et al. 1986; Fajardo et al 1990; Miller et al 1995). 

Postmortemm histopathological and tracing studies of both SCN and retino- hypothalamic 

tractt (RHT) (DaietaL 1998a, 1998b, 1998c) in brains of preterm infants/fetuses are needed 

too confirm experimental results. 

Wee are aware that the findings of this thesis must be interpreted as results of human 

studies,, with all their innate restrictions. Although experiments in animals help us a great 

deall  in unraveling the various aspects of the circadian system, the results of those ex-

perimentss cannot be simply transferred to the human. Only by achieving more knowl-

edgee on the development of the human circadian system and its influences on fetal physi-

ologyy and illness, can we expect to obtain useful new instruments for clinical care of the 

fetuss and newborn. With the continued elucidation of the developing human circadian 

system,, it is to be expected that consideration of circadian biology will also become an 

increasinglyy important component of the clinical care of the youngest. A chronobiological 

approachh may lead to improvements in the obstetric and neonatal practice. 
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SUMMARY Y 

Increasingg evidence indicates that the circadian timing system is a fundamental 
homeostaticc system that influences human physiology and behavior throughout devel-
opment,, starting during fetal life. Indeed, circadian rhythms in many maternal and fetal 
variabless have been observed during pregnancy. Whereas the importance of the mater-
nall  circadian system for the generation of circadian rhythms has been well established, 
thee contribution of the fetus to the observed prenatal circadian rhythms is still being 
discussed.. This thesis has addressed the questions whether (1) fetal diurnal rhythms in 
humann pregnancy are "endogenous" and (2) how the characteristics of diurnal rhythms 
changee with the fetal condition in normal pregnancy and pregnancy with intra-uterine 
growthh retardation. Special attention was paid to circadian rhythms in computerised 
fetall  heart rate (FHR) parameters and their possible implications in clinical care of high 
riskk pregnancies. In addition, we described maternal influences on fetal biological 
rhythmss before and after birth. Since our type of research did not allow a study under 
freerunningg conditions, we did not make a distinction between the terms 'circadian' and 
'diurnal'' with respect to the rhythms studied. 

Chapterr  1 reviewed the literature on circadian rhythms, focussing on information on 
thee development of circadian rhythms in perinatal life, as obtained from both in vitro 
andd in vivo animal and human studies. In addition, we reviewed literature on fetal heart 
ratee monitoring, which is the most accessible way of obtaining information on fetal cir-
cadiann rhythms. Chronobiometrical methods for analysing circadian rhythms were 
brieflyy summarized with special attention to Cosinor-analysis as applied in this thesis. 
Inn Chapter  2 we described an interactive computer program, which was specially de-
signedd for analysing continuous 24-hour FHR recordings. We were the first to present a 
mathematicall  description of the commonly used analysis algorithms developed by Dawes 
andd Redman Knowledge of applied algorithms may lead to a better understanding of 
thee FHR-parameters among clinicians, who often base their decision for or against elec-
tivee delivery on FHR results. 

Fromm the results of a comparative study of analysis outcomes from our program and the 
commerciallyy available Oxford 8002 Team cardio-toco-graphic (CTG) analysis system, 
wee concluded that our program offers a suitable alternative for FHR analysis for clinical 
use.. Besides, our software features various options for changing analysis parameters and 
selectingg regions for analysis, which offers great advantages for research purposes. The 
diagnosticc accuracy of currently available computerised fetal heart rate analysis systems 
appearss to be at least at the same level as that of experienced clinicians. Still, we encour-
agee close collaboration between engineers and clinicians for further advances in this 
field. . 
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Chapterr  3 reported on a discordant anencephalic twin pregnancy, which was studied to 

testt the hypothesis that the fetal brain is necessary for the expression of circadian fluc-

tuationss in fetal heart rate. We found a clear diurnal rhythm in fetal heart rate in three 

normall  twin pregnancies, while these rhythms were absent in the anencephalic fetus, 

despitee an intact maternal diurnal rhythm. These findings supported our hypothesis 

thatt the fetal brain plays a crucial role in the expression of fetal circadian rhythms. Moreo-

ver,, these results also strengthened the idea that the presence of diurnal rhythms in fetal 

heartt rate may be a sign of fetal well-being. 

Inn Chapter  4 we reported the findings of a study of 26 individual normal third-trimes-

terr pregnancies in which we quantified diurnal rhythms in various computerised fetal 

heartt rate parameters, and fetal movements. Aim of this study was to assess whether the 

presencee of diurnal rhythms is an expression of fetal well-being, as well as to define nor-

mall  reference patterns to detect alterations associated with pathologies.We found that 

thee majority of fetuses showed a circadian rhythm in basal heart rate (BHR), whereas 

significantt rhythms in heart rate variability, accelerations, and activity were present in 

onlyy 30% to 50% of the fetuses. The absence of a diurnal rhythm in some of the normal 

fetusess may well be explained by the presence of strong ultradian rhythms which ham-

peredd the detection of diurnal rhythms. The normal variation in neural development 

mayy also partly account for differences between fetuses. From the close relationship found 

betweenn maternal heart rate and fetal heart rate, we concluded that the mother probably 

entrainss fetal circadian rhythms. The presence of a positive phase-relationship of diur-

nall  rhythms in BHR and Cortisol and a negative phase-relationship of BHR and mela-

toninn did not give a definite answer to the question whether one of these hormones may 

actt as "Zeitgeber" for fetal diurnal rhythms. 

Chapterr  5 focussed on diurnal rhythms in FHR-parameters in pregnancies with intra-

uterinee growth retardation (IUGR). Firstly, we assessed the possible clinical relevance of 

diurnall  rhythms in FHR-parameters in IUGR by comparing diurnal rhythms of 26 

growth-retardedd fetuses with the data from 26 normal pregnancies. Diurnal rhythms in 

BHRR were highly similar between both study groups. Rhythms in acceleration count 

(ACQQ and short term variability (ST V) varied widely in IUGR, which could be explained 

byy inversion of rhythms in some deteriorating fetuses. The large range in chronobio-

metricall  outcomes in IUGR did not allow general recommendations for FHR-monitor-

ingg at a special time of day. However, within individual fetuses inversion of diurnal 

rhythmss in ACC and ST V may predict fetal distress. 

Secondly,, we investigated the role of maternal Cortisol as putative "Zeitgeber" for fetal 

diurnall  rhythms by recording fetal heart rate both before and after maternal betametha-

sonee treatment in nine IUGR-pregnancies. Maternal and fetal heart rate rhythms did 

nott change after betamethasone administration, and were highly correlated on both oc-

casions.. We concluded from these findings that adrenal-cortical hormonal control is not 
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thee major maternal "Zeitgeber" for fetal circadian rhythms in IUGR. 

Inn the first section of Chapter  6 we focussed on circadian rhythms in the perinatal pe-

riod. . 

Byy comparing prenatal with postnatal rhythms in 15 preterm born small-for-gestational 
agee (SGA)-children, information could be collected on both the presence of a functional 
biologicall  clock early in the third trimester of pregnancy and the role of maternal 
"Zeitgebers""  for the expression of fetal and neonatal circadian rhythms. The presence of 
significantt circadian heart rate rhythms in the majority of these children, nursed in an 
environmentt with minimized time-cues, was in support of a functional biological clock 
inn early human development. However, our data could not prove that the biological clock 
mayy indeed be "preset" in prenatal life. Phaselags between pre- and postnatal rhythms 
variedd from -10 to +10 hours, whereas prenatal maternal and fetal heart rate rhythms 
showedd phase-relations within -2 to +2 hours. These combined findings indicate that 
thee maternal-fetal synchronization may not reach into the postnatal period. 
InIn the second section of this chapter the hypothesis was tested that preterm birth and 
subsequentt hospital-stay may interfere with the start of sustained night-sleeping or 
"settling"inn children. We found, however, a similar development of circadian sleeping 
patternss in term and preterm born infants. Environmental influences like parental care 
givingg and nursing seemed to be major determinants of time ot settling. 
Inn Chapter  7 the clinical relevance of short-term effects of maternal food intake and 
maternall  betamethasone treatment on fetal heart rate was evaluated, while taking into 
accountt the influence of diurnal rhythmicity. The influence of maternal food intake on 
thee outcomes of computerised analysis of fetal heart rate was quantified in a randomized 
counterbalancedd study. It was concluded that it makes no difference for the assessment 
off  the fetal condition whether FHR monitoring is performed after maternal fasting or 
breakfast. . 

Inn respect to the short term effects of maternal betamethasone treatment on computer-
isedd fetal heart rate parameters, we found significant changes in FHR-parameters occur-
ringg within 12 h after the start of treatment. These changes were not related to time of 
dayy of recording, and therefore not due to circadian variation. Although these changes 
weree transient, adverse effects on the compromized fetus could not be precluded. 
Thee combined results of our studies were discussed in Chapter  8. We concluded that 
thee fetal brain is likely to contribute to the expression of diurnal FHR-rhythms. From 
ourr findings in fetuses and preterm born neonates, we assumed that a functional bio-
logicall  clock is present in the human fetus and is synchronized by the mother. The ma-
ternal-fetall  synchronization probably does not reach into the postnatal period. Cortisol, 
whichh was proposed to be one of the major maternal Zeitgebers for prenatal rhythms, 
doess not seem to play a crucial role in the generation of FHR-rhythms. We rather en-
dorsee the idea that there is a high degree of redundancy in the mechanisms subserving 
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fetall  entrainment. Due to the large individual differences in observed rhythms, diurnal 
FHR-rhythmss in themselves cannot be regarded as a sign of fetal well-being. However, 
inn individual fetuses changes in the phases of diurnal rhythms in ACC and STV may be 
thee first sign of imminent fetal distress. Technical developments are needed to allow clini-
call  application of this finding. Since heart rate variability is more sensitive to changes in 
autonomicc activity that occur as compensation for fetal hypoxia, than heart rate, this 
mightt explain why changes in ACC] and STV are the first signs of fetal deterioration or 
hypoxia. . 

Thee studies on circadian rhythms in pregnancy in the present thesis especially focussed 
onn fetal heart rate because this is the most accessible parameter that can be obtained in 
thee human fetus, and because monitoring of fetal heart rate is important for fetal sur-
veillance. . 

Wee considered that the findings of this thesis must be interpreted as results of human 
studies,, with all their innate restrictions, and included several suggestions for future re-
searchh to expand our knowledge on the human circadian system and its influences on 
fetall  physiology and illness. Only with more information on the developing human cir-
cadiann system, can we expect circadian biology to become an increasingly important 
componentt of the clinical care of the youngest, which will hopefully lead to improve-
mentss in obstetric and neonatal practice. 
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Uitt vele onderzoeksresultaten blijkt dat het "circadiane systeem" een homeostatisch 
systeemm is dat de fysiologie en het gedrag van de mens tijdens diens hele ontwikkeling 
fundamenteell  beinvloedt. Men neemt al tijdens de zwangerschap circadiane ritmes in 
veell  maternale en foetale variabelen waar. Terwijl het belang van het maternale circadiane 
systeemm voor het tot stand komen van deze ritmes ondubbelzinnig vaststaat, staat de 
bijdragee van de foetus aan de waargenomen prenatale circadiane ritmes nog steeds ter 
discussie.. De studies in dit proefschrift waren gericht op het beantwoorden van de vraag 
off  (1) foetale circadiane ritmes in de humane zwangerschap 'endogeen' zijn, en (2) of 
kenmerkenn van circadiane ritmes veranderen onder invloed van de foetale conditie tijdens 
dee normale zwangerschap en bij een zwangerschap met intra-uteriene groeivertraging 
(IUGR).Wee hebben ons hierbij in het bijzonder gericht op circadiane ritmes in 
gecomputeriseerdee foetale hartslag parameters en de mogelijke implicaties daarvan op 
hett klinisch beleid bij "high risk" zwangerschappen. Daarnaast is de moederlijke invloed 
opp foetale biologische ritmes vóór en na de geboorte beschreven. Aangezien dit soort 
onderzoekk zich niet leent voor studies onder continue omgevingsomstandigheden 
hebbenn we bij de beschrijving van de ritmes geen onderscheid gemaakt tussen de term 
'circadiaan'' en 'diurnaal'. 

Hoofdstukk 1 geeft een overzicht van de literatuur over circadiane ritmes, speciaal gericht 
opp informatie over de ontwikkeling van circadiane ritmes in de perinatale periode, zoals 
diee verkregen is zowel uit vitro als in vivo studies bij dier en mens. Daarnaast werd de 
literatuurr over foetale hartslag registratie beschreven omdat dit tijdens de zwangerschap 
dee meest toegankelijke parameter is om informatie over foetale circadiane ritmes te 
verkrijgen.. De beschikbare chronobiometrische methoden voor het analyseren van 
circadianee ritmes zijn kort besproken, waarbij wij ons vooral hebben gericht op de 
Cosinor-analysee zoals wij die in dit proefschrift hebben toegepast. 
Inn hoofdstuk 2 is een interaktief computer programma beschreven dat speciaal 
ontworpenn werd voor de analyse van 24-uurs foetale hartslag registraties. Er wordt een 
mathematischee beschrijving gegeven van de de door Dawes en Redman ontwikkelde 
analysee algoritmes die alom gebruikt worden in de obstetrie. Kennis van toegepaste 
algoritmess kan tot een beter begrip van foetale hartslag parameters leiden bij clinici, die 
hunn beslissing vóór of tegen een electieve geboorte vaak baseren op foetale hartslag 
resultaten.. Op grond van de resultaten van een vergelijkende studie van analyse 
uitkomstenn van ons programma met het commercieel beschikbare Oxford 8002 Team 
CTGG analyse systeem, concludeerden wij dat ons programma goed voldoet voor de foetale 
hartslagg analyse in de kliniek. Daarnaast biedt onze software verschillende mogelijkheden 
voorr het veranderen van analyse parameters en het selecteren van stukken uit een 
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langdurigee registratie, wat grote voordelen heeft voor onderzoeks doeleinden. De 

diagnostischee nauwkeurigheid van de huidig beschikbare computer analyse sytemen is 

tenminstee zo goed als die van ervaren clinici. Voor verdere ontwikkelingen op dit gebied 

iss nauwe samenwerking tussen technici en clinici noodzakelijk. 

Inn Hoofstuk 3 wordt een discordante anencephale tweeling zwangerschap beschreven, 

diee bestudeerd werd om de hypothese te toetsen dat de foetale hersenen noodzakelijk 

zijnn voor de expressie van een circadiaan patroon in de hartslag. Wij vonden een duidelijk 

diurnaall  ritme in toetale hartslag in 3 normale tweeling zwangerschappen, terwijl 

dergelijkee ritmes niet aantoonbaar waren in de anencephale foetus ondanks een intact 

maternaall  circadiaan ritme. Deze bevindingen ondersteunden onze hypothese dat de 

toetaletoetale hersenen een cruciale rol spelen bij het tot stand komen van foetale circadiane 

ritmes.. Bovendien bevestigden deze resultaten het idee dat de aanwezigheid van diurnale 

ritmess in de foetale hartslag een teken van foetaal welbevinden kunnen zijn. 

Inn hoofdstuk 4 worden de resultaten gerapporteerd van een studie van 26 normale 

derdee trimester zwangerschappen, waarin de diurnale ritmes van verschillende 

gecomputeriseerdee foetale hartslag parameters en bewegingen werden gekwantificeerd. 

Hett doel van deze studie was niet alleen om vast te stellen of een goede foetale conditie 

altijdd samengaat met de aanwezigheid van diurnale ritmes, maar tevens om de normale 

referentiee waarden te bepalen om veranderingen in geval van pathologie vast te kunnen 

stellen.. De meerderheid van de toeten vertoonde een circadiaan ritme in basale hartslag 

(BHR),, terwijl er voor hartslag variabiliteit, acceleraties, en aktiviteit slechts sprake was 

vann een significant ritme in 30% tot 50% van de toeten. De afwezigheid van een diurnaal 

ritmee in sommige normale toeten zou goed verklaard kunnen worden door de 

aanwezigheidd van sterke ultradiane ritmes die de detectie van diurnale ritmes 

bemoeilijken.. De verschillen tussen individuele toeten zouden ook deels veroorzaakt 

kunnenn worden door de normale variatie in neurologische ontwikkeling. Op grond van 

dee sterke correlatie tussen de maternale en foetale hartslag ritmes concludeerden wij dat 

dee moeder waarschijnlijk de foetale circadiane ritmes stuurt of "entraineert". De 

aanwezigheidd van een positieve correlatie tussen de fasen van de diurnale ritmes in BHR 

enn Cortisol, en een negatieve correlatie tussen de fasen van BH Ren melatonine, gaf echter 

geenn uitsluitsel over de vraag of één van deze hormonen een "Zeitgeber" functie zou 

kunnenn hebben voor foetale diurnale ritmes. 

Hoofdstukk 5 was gericht op de bestudering van diurnale ritmes in foetale hartslag pa-

rameterss tijdens zwangerschappen met intra-uteriene groeivertraging (IUGR). Ten eerste 

werdd de mogelijke klinische relevantie van diurnale ritmes in foetale hartslag param-

eterss bepaald door de diurnale ritmes van 26 IUGR toeten te vergelijken met de data van 

266 normale zwangerschappen bestudeerd in hoofdstuk 4. De diurnale ritmes in BHR 

vann beide studiegroepen kwamen echter zeer goed overeen. Ritmes in acceleratie 

frequentiee (ACC) en short term variability (STV) varieerden binnen de IUGR groep 
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sterk,, wat verklaard zou kunnen worden door een fase-omkering van deze ritmes in 
sommigee foeten waarvan de conditie verslechtert. Door de grote spreiding in chrono-
biometrischee uitkomsten in IUGR kunnen er geen algemene aanbevelingen gedaan 
wordenn voor foetale hartslag bewaking op een bepaald tijdstip op de dag. Echter, in 
individuelee foeten kan een omkering van het diurnale ritme in ACC en STV foetale nood 
voorspellen. . 

Tenn tweede werd de rol van maternaal Cortisol als mogelijke "Zeitgeber" voor foetale 
diurnalee ritmes onderzocht door de foetale hartslag in 9 IUGR zwangerschappen te 
registrerenn voor en na betamethason toediening aan de moeder. Maternale en foetale 
hartslagg ritmes veranderden niet na betamethason toediening en waren in beide metingen 
sterkk aan elkaar gecorreleerd . Wij concluderen hieruit dat de hormonale functie van de 
bijnierr niet de belangrijkste maternale Zeitgeber kan zijn voor foetale circadiane ritmes 
inn het geval van IUGR. 

Inn het eerste deel van hoofdstuk 6 worden prenatale en postnatale ritmes in 15 prematuur 
enn dysmatuur geboren kinderen vergeleken. Hierdoor kon niet alleen informatie worden 
verkregenn over de aanwezigheid van een functionele biologische klok in het 3e trimester 
vann de zwangerschap, maar ook over de rol van maternale "Zeitgebers" voor de expressie 
vann zowel foetale als neonatale circadiane ritmes. De aanwezigheid van significante 
circadianee hartslag ritmes in de meerderheid van deze kinderen, die verpleegd werden 
inn een omgeving met zo min mogelijk "time-cues", ondersteunde het idee dat er een 
functionelee biologische klok aanwezig is tijdens de vroege ontwikkeling. Daarentegen 
kondenn onze data niet waarmaken dat de biologische klok al vóór de geboorte zou worden 
afgesteldd ("preset"). Fase verschillen tussen prenatale en postnatale ritmes varieerden 
vann -10 tot +10 uur, terwijl de fase in maternale en foetale hartslag ritmes voor de geboorte 
varieerdenn tussen -2 en +2 uur. Combinatie van deze resultaten wijst er eerder op dat de 
maternale-foetalee synchronisatie niet lijk t voort te duren tot in de postnatale periode. 
Inn het tweede deel van dit hoofdstuk werd onderzocht of premature geboorte en het 
daaropvolgendd ziekenhuis-verblijf mogelijk interfereert met de start van "doorslapen" 
("settling")) bij zuigelingen. Er werd echter eenzelfde ontwikkeling van circadiane 
slaappatronenn in a terme en prematuur geboren kinderen gevonden. Omgevings factoren 
zoalss het verzorgingsgedrag van de ouders en het geven van borstvoeding leken 
gerelateerdd te zijn aan het moment van doorslapen. 

Inn hoofdstuk 7 werd de klinische betekenis van kortdurende effecten van maternale 
voedingsinnamee en maternale betamethasone behandeling op de foetale hartslag 
geëvalueerd,, rekening houdend met de invloed van diurnale ritmes. De invloed van 
maternalee voedingsinname op de uitkomsten van gecomputeriseerde foetale harslag 
analysee werd bepaald in een gerandomiseerde "counterbalanced" studie. De conclusie 
wass dat het geen verschil maakt voor het bepalen van de foetale conditie ot de foetale 
harslagg meting in nuchtere toestand of na ontbijt wordt verricht. Als korte termijn effecten 
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vann maternale betamethason behandeling werden significante veranderingen in 

gecomputeriseerdee foetale hartslag parameters gevonden die al optraden binnen 12 uur 

naa de start van de behandeling. Deze veranderingen waren niet gerelateerd aan het mo-

mentt van de dag van meting, en dus niet toe te schrijven aan circadiane variatie. Negatieve 

effectenn hiervan op de bedreigde foetus kunnen niet worden uitgesloten. 

Uitt de verzamelde resultaten van onze studies zoals in hoofdstuk 8 besproken, conclu-

deerdenn wij dat de foetale hersenen bij lijken te dragen aan de expressie van diurnale 

foetalee hartslag ritmes. Op grond van onze bevindingen in foeten en prematuur geboren 

babiess wordt verondersteld dat er een functionele biologische klok in de humane foetus 

aanwezigg is die wordt gesynchroniseerd door de moeder. Deze matcrnaal-foetale 

synchronisatiee lijk t geen invloed meer te hebben in de postnatale periode. Cortisol, 

waarvann gedacht werd dat het één van de belangrijkste maternale "Zeitgebers" voor 

prenatalee ritmes zou zijn, lijk t uit onze waarnemingen geen cruciale rol te spelen bij het 

tott stand komen van foetale hartslag ritmes. Het lijk t aannemelijk dat er een overvloed 

vann mechanismen is die dienen voor foetale entrainment. Door de grote individuele 

verschillenn in waargenomen ritmes kunnen diurnale foetale hartslag ritmes op zichzelf 

niett beschouwd worden als teken van een goede foetale conditie. Echter, in individuele 

foetenn kunnen veranderingen in fase van diurnale ritmes in acceleraties (ACC) en short 

termm variability (STV) een eerste teken zijn van dreigende foetale nood. Door verdere 

verbeteringg van ambulante cardiotocografïsche apparatuur zou deze kennis over 

circadianee veranderingen klinisch kunnen worden toegepast voor de bewaking van "high 

risk'' zwangerschappen. De verklaring voor de waarneming dat veranderingen in ACC 

enn STV de eerste tekenen zijn van foetale verslechtering of hypoxie zou kunnen zijn dat 

hartslagg variabiliteit gevoeliger is dan de gemiddelde hartslag voor veranderingen in 

autonomee aktiviteit als compensatie van foetale hypoxie. 

Dee studies naar circadiane ritmes tijdens de zwangerschap in dit proefschrift waren 

speciaall  gericht op de foetale hartslag omdat dit de best toegankelijke parameter is in de 

humanee foetus, en ook omdat registratie van foetale hartslag klinisch belangrijk is bij de 

foetalee bewaking. Wij zijn ons ervan bewust dat de bevindingen van dit proefschrift 

geïnterpreteerdd moeten worden als resultaten van humaan onderzoek met alle daarbij 

behorendee beperkingen. Er werden verscheidene suggesties gedaan voor toekomstig 

onderzoekk om onze kennis van het humane circadiane systeem en de invloeden ervan 

opp foetale fysiologie en ziekten te vermeerderen. Alleen door groeiend inzicht in het zich 

ontwikkelendee humane circadiane systeem kan de circadiane biologie een factor van 

betekeniss kan worden in het klinisch beleid rond de geboorte, en hopelijk leiden tot 

verbeteringenn in de obstetric en neonatologie. 
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Stellingen n 
bijj  het proefschrift 

"Circadiann rhythms in the normal and growth retarded fetus and infant". 

1.. De aanwezigheid van foetale hersenen is een voorwaarde voor het tot stand komen van 
eircadianee ritmes in foetale hartslag. 

2.. Ook op het gebied van de perinatale ontwikkeling van eircadiane ritmes geldt het concept 
uitt de ontwikkelingsneurologie dat variabiliteit - binnen zekere grenzen - een uiting is van 
normaliteit. . 

3.. In humane studies naar de aanwezigheid van eircadiane ritmes onder niet-continue 
omstandighedenn dienen conclusies gebaseerd te zijn op individuele chronobiometrische 
analyses. . 

4.. Het is een misverstand te denken dat de term "diurnaal" juister is dan "circadiaan" in de 
beschrijvingg van 24-uurs ritmes onder niet-continue omstandigheden. 

5.. "Lichaamstaal" krijgt een geheel andere betekenis als het gaat om communicatie tussen 
meerling-foetenn vóór de geboorte. 

6.. Het circadiaan slaappatroon van zuigelingen zegt meer over de ouders dan over het kind. 

7.. Ook vóór de geboorte lijk t het autonome zenuwstelsel onze conditie te bewaken. 

8.. In studies over eircadiane ritmes geldt maar al te zeer dat "the absence of evidence is not 
thee same as the evidence of absence." (Peter Nathanielsz 1991). 

9.. De te beperkte prijsverlaging van de antiretrovirale middelen voor Afrik a zal 
resistentievormingg in de hand werken. 

10.. Door de invoering van kortere werktijden voor specialisten in opleiding krijgt het begrip 
"inn huis zijn" eindelijk zijn normale betekenis terug. 

11.. Als iedere ouder een "mappa" wordt, zijn er veel problemen opgelost. 

Simonee Lunshof 
211 juni 2000 
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