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Summary

A mathematical model for simulation of fetal heart rate
decelerations in labor

Fetal wellbeing during labor and delivery is commonly monitored through the cardiotocogram
(CTG), the combined registration of uterus contractions and fetal heart rate (FHR). From the
CTG, the fetal oxygen state is estimated as the main indicator of the fetal condition. How-
ever, this estimate is difficult to make, due to the complex relation between CTG and oxygen
state. Mathematical models can be used to assist in interpretation of the CTG, since they en-
able quantitative modeling of the flow of events through which uterine contractions affect fetal
oxygenation and FHR. This thesis describes the development of a model that can be used to
reproduce FHR response to uterine contractions during several clinical scenarios.

First, a model was developed that describes the relation between uterine contractions, maternal
and fetal hemodynamics, oxygen distribution within the feto-maternal circulation and cardio-
vascular (reflex) regulation in the fetus in response to deviations in blood- and oxygen pressures.
The model is partly based on previously presented models for cardiac function, chemoreceptor
control in adults and oxygen distribution in the fetal circulation. These modules are coupled
and scaled to meet requirements for the (pregnant) maternal and fetal condition. The model is
completed with a module for uterine contractions and a module of the vascular system of both
mother and fetus. A first clinical scenario was simulated with the model to test model response
to changes in cerebral blood flow during the descent of the fetal head in the birth canal. A
validation pilot was performed to investigate the quality of model outcome via expert opinion.
Experts were unable to discriminate between real and simulated signals, suggesting that the
model can be used for educational training.

Second, the model was extended with the baroreceptor reflex. This allowed simulation of a
second clinical scenario, where both chemo- and baroreflex pathways lead to a FHR decelera-
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iv SUMMARY

tion in response to uterine flow reduction during contractions. Results for the uncompromised
fetus show that partial oxygen pressures reduce in relation to the strength and duration of the
contraction. Furthermore, decelerations during several scenarios of uteroplacental insufficiency
were studied. Results for reduced uterine blood supply or reduced placental diffusion capacity,
demonstrated lower baseline FHR and smaller decelarations during contraction. Reduced utero-
placental blood volume was found to lead to deeper decelerations only. The model response in
several nerve blocking simulations is similar to experimental findings.

Third, the model was used to simulate a third type of decelerations, i.e. variable heart rate decel-
erations, originating from umbilical cord compression. Different degrees of compression were
investigated. An increase in contraction amplitude and duration leads to increased umbilical
cord compression grade and thus affects the extent of blood pressure increase, flow redistri-
bution and FHR response. There is a clear relation between fetal oxygenation, blood pressure
and the resulting FHR. The extent of umbilical compression and thus FHR deceleration is pos-
itively related to increased contraction duration and amplitude, and increased sensitivity of the
umbilical resistance to uterine pressure.

Fourth, gynaecologists, midwives and residents were asked to rate a set of both model-generated
CTGs and real CTGs for the three clinical scenarios. Although real tracings were more likely
to be recognized correctly, the suitability for use in simulation training was found to be almost
equal for real and computer-generated tracings. Due to limited numbers for early and variable
deceleration evaluation, statistical analysis turned out to be valid only for the CTG’s with late
decelerations. Additional comments from the respondents revealed that variability and regu-
larity of the simulated signals greatly influence the perception of a tracing. Clinicians agreed
that a tracing is suitable for use in simulation training when it is clear and free of physiological
incompatibilities, which is the case for all simulated tracings.

Fifth, the model was used to test the clinical hypothesis that administration of oxygen to the
mother may increase FHR during variable fetal heart rate decelerations. The model was used
to test the response of fetal oxygenation and heart rate to maternal oxygen increase following
100% oxygen administration. Model outcome suggests that FHR benefits from oxygen ad-
ministration as the duration and depth of FHR decelerations and fetal oxygenation improves.
However, the beneficial effect of maternal hyperoxygenation on FHR and oxygenation reduces
during more severe variable decelerations.

In conclusion, a model was developed to simulate the physiologic cascade from uterine contrac-
tion to changes in fetal heart rate. Model outcome for various scenarios is in correspondence
with findings from animal experiments. The model can be used in an educational setting for
the simulation of short-term changes in fetal hemodynamics and oxygenation status in response
to uterine contractions to increase insight into the complex physiology. In addition, it can be
integrated in a full-body delivery simulator to enhance obstetric team training.
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2 CHAPTER 1. INTRODUCTION

1.1 Introduction

Most pregnancies and deliveries are uncomplicated, but when an emergency occurs, this has
often lifelong consequences. In The Netherlands, antenatal and perinatal morbidity and mortal-
ity rates are relatively high in comparison with other countries in Europe [83, 97]. More recent
data from a Dutch perinatal audit shows that perinatal mortality for term deliveries (between 37
to 41 weeks of pregnancy) is reduced by 39% from 2001-2010 [85], however, data for preterm
deliveries and morbidity rates are not yet available, nor is a comparison with other European
countries.

Perinatal morbidity and mortality rates are associated with fetal distress due to metabolic acido-
sis [69, 75]. A timely recognition of fetal distress via fetal monitoring contributes to a prompt
and adequate intervention, and may thus positively affect fetal outcome. Fetal monitoring dur-
ing labor and delivery is currently mainly achieved via observation of fetal heart rate (FHR)
patterns, often in relation to uterine contractions. The simultaneous registration is known as the
cardiotocogram (CTG), which is widely available at the hospital labor ward, whereas monitor-
ing in the home delivery setting depends on non-continuous FHR detection without contraction
pressure registration.

During pregnancy, anticipation of adverse outcome takes place via referral of women at risk to
secondary or even tertiary pregnancy care, i.e. specialized labor care in a hospital. However,
not all emergencies during labor and delivery can be anticipated. It is therefore of the utmost
importance that obstetric personnel is capable of timely recognition of fetal stress and is well-
trained to react adequately to these emergencies.

The maternal circulation adapts to pregnancy by an approximate 40% increase in cardiac output
and blood volume [1, 33, 62], while the fetal circulation is optimized via regulatory mechanisms
to endure short hypoxic episodes, for example introduced by labor contractions [34]. Since the
fetus receives its oxygen via the placenta and umbilical cord, labor contractions that disturb
these blood flows are possibly harmful.

Although oxygen is delivered from the mother to the fetus via the placenta, their circulations are
separate, as they do not share blood or blood vessels (see Figure 1.1). The placenta provides an
exchange platform between those two circulations, not only for oxygen, but also for nutrients
and metabolic waste products. Oxygen exchange takes place via diffusion over the placental
membrane, a thin cell layer that separates fetal and maternal blood. The fetus is thus fully
dependent on its oxygen supply via the path of maternal respiration and circulation, uterine
blood flow, placental diffusion capacity and fetal umbilical flow towards the fetal body.

During labor and delivery, uterine contractions may influence oxygen delivery to the fetus neg-
atively: contractions can compress uterine blood vessels, contribute to umbilical cord compres-
sion, and induce fetal caput compression during descent in the birth canal [30, 39, 84]. This
affects local blood flow and often induces changes in oxygen transport and fetal blood pres-
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oxygen-poor blood
~—————"— from umbilical arteries

oxygen-rich blood
to umbilical vein
placental membrane

villous capillaries
with fetal blood

IVS with

maternal blood
) ) " &’;_‘_’____ from uterine artery
to uterine vein i <

maternal side

Figure 1.1: Schematic view of the placenta. Fetal oxygen-poor blood is transported via the
umbilical arteries towards the placenta. In the placenta, fetal blood enters the villous capillaries,
where it is oxygenated with oxygen from the maternal blood in the intervillous space (IVS) via
diffusion over the placental membrane. The villous capillaries fuse in the umbilical vein that
transports the oxygen-rich blood to the fetus. The IVS receives its blood via the maternal spiral
arteries that sprout from the uterine arterial circulation. The uterine vein collects blood from
the intervillous space, and thus has a lower oxygen pressure than the uterine artery.

sure [7, 78, 93]. The fetus responds to these changes by activation of a sparing mechanism to
maintain fetal blood pressure and economize oxygen consumption [93]. Hence at the expense
of peripheral perfusion, blood flow to the cerebral, myocard, adrenal and umbilical circulation
is increased to secure oxygen delivery to these critical organs. The FHR drops temporarily to
minimize cardiac work. This is recognized as a FHR deceleration.

Although often these short hypoxic episodes are well-supported by the fetus, long-lasting and/or
fast-repeated episodes may lead to fetal deterioration. It is difficult to assess fetal wellbeing ac-
curately, since no continous information on fetal oxygenation is available. During labor, the
main source of fetal wellbeing is the cardiotocogram (CTG), which is the simultaneous regis-
tration of fetal heart rate (FHR) and uterine contractions. However, the relationship between
these two signals is far from straightforward as it is influenced by chemo- and baroreceptor
feedback following changes in oxygenation and blood pressure. The trade-off between possi-
ble harmful effects of both intervention and awaiting for a safe vaginal delivery remains a daily
challenge.

Due to the high complexity and low incidences of emergencies during labor and delivery, ob-
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stetricians often cannot rely on previous experiences during a crisis. Simulation training can
provide both experience and skills in a safe environment, such that complications due to emer-
gencies can be reduced as much as possible. In the past decade, simulation of labor and delivery
emergencies has proven its value in the prevention of severe outcome of obstetric emergencies
[22, 23, 79]. Often labor scenarios are practiced with a simulation mannequin that can be ac-
companied with a patient monitor to emulate patient data. During a simulation scenario, both
the trainees and the instructor may influence the flow of events in the scenario, and thus the
physiologic state of the mother and fetus. E.g., providing oxygen to the mother will probably
affect maternal and fetal oxygenation. Furthermore, the trainees may also influence the phys-
iologic state through unanticipated actions, thus requiring flexibility of the instructor and the
simulator engine [127]. As the CTG plays an important role in clinical decision making, ide-
ally the CTG should also be available during simulation training. Some of the commercially
available simulators provide a CTG, however, these are all instructor- and/or script-driven and
do not include a physiological model.

Mathematical models provide an opportunity to study and simulate physiologic behaviour of a
system in many conditions. A physiologic model that relates uterine contractions and FHR can
thus not only be used to study the physiologic cascade between uterine contractions and FHR
response, it can also be used in a simulated clinical environment for training purposes. Unfortu-
nately, there is no mathematical model documented that describes the relation between uterine
pressure, blood flow, blood pressure, oxygen pressure in the fetal and maternal circulation,
baro- and chemoreceptor function, the sympathetic and vagal nerve system, and cardiovascular
effectors as heart rate, cardiac contractility, venous unstressed vessel volume, peripheral resis-
tance and cerebral autoregulation. These relationships are necessary to understand the physi-
ologic cascade from uterus contraction to FHR deceleration via the regulatory mechanisms of
the chemo- and baroreceptor and cerebral autoregulation.

1.2 Objective and outline

This thesis describes the design of a mathematical model that can be used to study and sim-
ulate FHR decelerations in labor evoked by uterine contractions. Figure 1.2 shows the re-
lationship between the functional submodules of the model that are needed to simulate the
cardiotocogram.

Although the previously-mentioned variables are not linked within one generalized feto-maternal
model, there are well-documented models available that describe parts of the above-listed func-
tions [5, 15, 40, 51, 52, 96, 108, 120, 122]. Although several of these models have been devel-
oped with other research or training purposes, some of these models can be coupled to cover
most of the required functions. However, these models need to be adapted to account for the
fetal cardiovascular working points (blood pressure, oxygen pressure, heart rate) [5, 122] and
extended to include cerebral oxygenation [108]. Furthermore, a contraction generator is needed
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Figure 1.2: Block diagram of the feto-maternal model. 1) The cardiovascular (cv) system of
mother and fetus are separate. 2) uteroplacental insufficiency (UPI) may affect uteroplacental
blood flow and volume and placental diffusion capacity via parameters in the maternal cv model
and/or the oxygen distribution model. 3) Oxygen distribution in mother and fetus is determined
by fetal oxygen consumption, blood flow and volume, oxygen exchange in the placenta and
arterial oxygen level in the mother. 4) Blood pressure and oxygen pressures in the fetus are
monitored by the baro- and chemoreceptor reflexes (BRR and CRR respectively), and may
evoke changes in cardiovascular parameters, including fetal heart rate (FHR). 5) Changes in
uterine pressure (from uterine contractions) may alter blood pressure and flow in the fetal or
maternal circulation, since these exert an external pressure on the intra-uterine blood vessels. 6)
The cardiotocogram follows from the individual signals. The model also provides information
on oxygenation, which is not clinically available.

to induce uterine pressure. The model has to be completed with a feto-maternal circulation
model to describe cardiac function, blood flows and blood pressure in the fetal and maternal
systemic circulation, the uterine, umbilical and fetal cerebral circulation.

The model is stepwise designed and tested. In Chapter 2 the model is introduced with a con-
traction generator, feto-maternal cardiovascular system, oxygen distribution [108] and vagal
nerve feedback towards the FHR [122]. The oxygen distribution model of S4 Couto et al. [108]
is extended with a compartment for cerebral oxygen content. Normal values for cardiovascular
output are compared to literature data. The model is tested with the scenario of caput compres-
sion during fetal descent in the first stage of labor. This causes local hypoxemia, and directly
affects the vagal nerve. A preliminary validation study is used to evaluate the quality of the
modeled CTGs.
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In Chapter 3, the model is extended with cardiovascular feedback from the chemo- and barore-
ceptor, scaled from an adult model [122]. The model is tested with the scenario of uterine flow
interruption during uterine contractions, which leads to a second type of FHR decelerations
[39]. Hence during labor contractions, the blood pool in the intervillous space is refreshed
poorly, and thus the amount of oxygen delivered to the fetus is reduced, which leads to fetal
hypoxemia. The chemoreceptor responds with an increase in vagal and sympathetic activity to
heart and blood vessels. This may lead to a secondary blood pressure response that activates the
baroreceptor. Different scenarios for uteroplacental insufficiency are simulated during labor.

In Chapter 4 the umbilical circulation in the model is extended such that the umbilical vein, mi-
crocirculation and arteries are modeled separately, and are thus individually compressible. The
model is tested for the third and main cause of FHR decelerations, i.e. decelerations originating
from partial and/or complete umbilical cord compression in relation with uterine contractions
[30, 84, 130]. This induces a simultaneous reduction in fetal oxygen delivery (hypoxemia)
and an increase in fetal blood pressure. Sheep experiments have shown different responses
for umbilical arterial and/or venous occlusion. Therefore these types of cord compressions
are simulated. Furthermore, the influence of contraction amplitude, duration and interval is
investigated.

In Chapter 5, the suitability of the simulated tracings from the model is evaluated by clinicians.
The simulated tracings are mixed with real tracings from a labor ward database and presented to
clinicians. The evaluation concerns two research questions, regarding the origin of each tracing
(computer-generated or real) and the suitability of each tracing for use in simulation training.
Both questions are rated on a 5-point Likert’s scale.

In Chapter 6, the model is used as a tool to investigate the question to what extent maternal
hyperoxygenation improves FHR during variable FHR decelerations [4, 63, 80]. In the model,
this is tested by increasing maternal oxygen content via partial pressure increase during repet-
itive umbilical cord compressions. The influence of hyperoxygenation on FHR for different
grades of umbilical cord compression is investigated.

Chapter 7 concludes with a general discussion and reflects on the broader perspective of the
findings in this thesis. As Chapters 2 to 6 are written to be self-contained, some overlap is
present in the introduction and methods sections of these Chapters.
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Abstract

Fetal wellbeing during labor and delivery is commonly monitored through the cardiotocogram
(CTG), the combined registration of uterus contractions and fetal heart rate (FHR). The CTG
gives an indication of the main determinant of the acute fetal condition, namely its oxygen state.
However, interpretation is complicated by the complex relationship between the two.

Mathematical models can be used to assist with the interpretation of the CTG, since they en-
able quantitative modeling of the cascade of events through which uterine contractions affect
fetal oxygenation and FHR. We developed a mathematical model to simulate “early decelera-
tions”, i.e. variations in FHR originating from caput compression during uterine contractions,
as mediated by cerebral flow reduction, cerebral hypoxia and a vagal nerve response to hypoxia.

Simulation results show a realistic response, both for fetal and maternal hemodynamics at term,
as for FHR variation during early decelerations.

The model is intended to be used as a training tool for gynaecologists. Therefore 6 clinical
experts were asked to rate 5 real and 5 model-generated CTG tracings on overall realism and
realism of selected aspects. Results show no significant differences between real and computer-
generated CTG tracings.
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2.1 Introduction

In current clinical practice, the main modality for intrapartum fetal monitoring in high risk
pregnancies is the cardiotocogram (CTG), the combined registration of fetal heart rate (FHR)
and uterine contractions. The interpretation of the CTG is based on several aspects. FHR
is evaluated on baseline level, short-term variability, long term variability, accelerations and
decelerations. Contractions are evaluated on frequency, duration and strength. The integral
interpretation of these aspects provides valuable information on fetal welfare.

Ideally, fetal welfare would be expressed in terms of fetal tissue oxygenation and acid-base
state. Although near-infrared spectroscopy seems to be a promising tool [61, 88], intrapartum
measurement of these parameters is currently not available in daily clinical practice. Fortu-
nately, fetal oxygen status is reflected in the fetal heart rate: in the body, the oxygen level is
monitored by the chemoreceptor that tends to economize oxygen consumption in hypoxia by
amongst others lowering FHR via the chemoreflex [14, 30, 43, 84]. However, FHR is also af-
fected by another regulatory mechanism, the baroreflex, that serves to maintain blood pressure
[14, 30, 84]. During labor and delivery, deviations in blood pressure (and thus FHR) are caused
among others by variations in intrauterine pressure, induced by uterine contractions, or changes
in tissue resistance due to autoregulation following fetal movements [84]. In addition, FHR is
also influenced by catecholamines [84] and by the metabolic state of the heart itself [ 14, 30, 84].
Hence evaluation of fetal welfare from the fetal heart rate signal is far from straightforward.

Mathematical models can be used to assist with the interpretation of the CTG, since all sub-
systems that contribute to heart rate regulation can be investigated individually. To study the
relation between physiologic processes, hypoxia and the CTG, a model of feto-maternal car-
diovascular function is needed, combined with the fetal regulatory feedback mechanisms (baro-
and chemoreceptor) and the intrauterine pressure from uterine contractions. Such a model could
not only be used for individual training on CTG physiology, it can also be used to drive man-
nequin reactions during team training of labor and delivery scenarios.

In this study a mathematical model is presented for the simulation of early decelerations in
labor. Early decelerations are periodical heart rate decelerations of > 15 bpm whose nadirs
coincide with the top of the uterine contractions, mirroring the contraction signal on the CTG.
They originate from caput compression during uterine contractions, and are believed to be in-
duced through a vagal stimulus mediated by the chemoreceptor in the brain that lowers the fetal
heart rate instantaneously [14, 30, 84]. Although the clinical relevance of early decelerations
is limited, they provide a suitable scenario for the first step towards a mathematical model for
studying the CTG, since only the chemoreceptor is involved. Future research may include the
more clinically relevant late and variable decelerations which also involve the baroreceptor.
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2.2 Materials & Methods

2.2.1 Physiology of early decelerations

We adopted the most likely mechanism for early decelerations [30, 84, 130]: during labor,
contractions may exert pressure on the fetal caput, thereby hindering cerebral circulation, and
thus the supply of oxygen towards the brain [30, 84, 118]. This causes local hypoxemia, which
stimulates the nervus vagus and will decrease fetal heart rate [30, 84, 92]. Once the contraction
diminishes, cerebral flow will restore and oxygen level in the blood will normalize [118]. This
will also restore vagal nerve fire rate to normal value and FHR will correspondingly return to
baseline level [14].

The interactions on physiologic level that influence the CTG are shown in Figure 2.1. In the
current work, baroreceptor influence on heart rate is neglected, since the baroreceptor is not
involved in heart rate regulation in early decelerations.

1 [ moset |
) cv system —  Output parameter of model is input for m

mother blood other model or shown on monitor @
flow, N

volume

4

contraction oxygen

uterine pressure

generator blood distribution model
00
/ flow,
\{ntractiop 1) cv system vol_ufn_e
5) ————— |fetus | L T
) / fetus blood pressure @@ "T7=--
(PR 3

fetal heart rate

Figure 2.1: Block diagram of the feto-maternal model. 1) The cardiovascular (cv) system of
mother and fetus are separate. 2) Oxygen distribution in mother and fetus is determined by fe-
tal oxygen consumption, blood flow and volume, oxygen exchange in the placenta and arterial
oxygen level in the mother. 3) Blood pressure and oxygen pressures in the fetus are moni-
tored by the baro- and chemoreceptor (BRR and CRR respectively), and may evoke changes in
cardiovascular parameters, including FHR. 4) Changes in uterine pressure (from uterine con-
tractions) may alter blood pressure and flow in the fetal or maternal circulation, since these
exert an external pressure on the intra-uterine blood vessels. 5) The cardiotocogram follows
from the individual signals.

2.2.2 Model of cardiovascular hemodynamics

The cardiovascular model is visualized in Figure 2.2. The model describes the relation between
blood pressure, blood flow, and cardiac performance. Properties that determine local flow and
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pressure are inertance, vascular resistance and compliance. In the maternal system, the circula-
tion is lumped into two parallel circuits (uterine and systemic (remaining) circulation). In the
fetal circulation, the pulmonary circulation is of minor importance and shunted to the systemic
circulation through the ductus arteriosus and the foramen ovale. We modeled the fetal heart as a
combined ventricle, and also combined the pulmonary and systemic circulation. We explicitly
modeled the umbilical and cerebral circulation while lumping the remaining circulation. All
arterial vessels are lumped within “systemic arteries”, assuming average blood pressure and
arterial pO, for all arterial vessels. Microcirculation and veins are modeled per circuit, and
allow local changes. The compliance in between the microcirculation and the venous system
represents the blood storage capacity of the microcirculation, and is needed for the calculation
of oxygen distribution. Inertance is only taken into account in the systemic arteries, since it
only plays a role in larger vessels with high blood acceleration.

Compliances and resistances are modeled in all compartments. For the vascular elements, the
following relations between pressure, volume and flow hold:

Ap = Rq,
dq
Ap = L1
P 3
1
= —(V-V,

2.1

with Ap [kPa] the blood pressure difference over the vessel, ¢ [ml/ms| blood flow, R [kPa -
ms,/ml] the vessel resistance, L [kPa - ms?/ml] blood inertance and C [ml/kPa] vessel compli-
ance. Unstressed vessel volume Vj [ml] represents the volume of blood in the vessel above
which pressure starts to build up, V [ml] represents total vessel blood volume. Furthermore, the
arterial and venous resistances R are multiplied with valve parameter c,,;,, to model the open
and closed state of the heart valves:

Ap
Qvalve = — 5> (2~2)
cvalveR

with:

B I, Ap>0
Cvalve = 106’ ApSO .

The valves are thus open in case of a positive pressure difference over the resistance and closed

(2.3)

in case of a negative pressure difference to prevent backflow.

The cardiac function is described with the one-fiber model that relates ventricular pressure and
volume to myofiber properties [5]. For the relation between myofiber stress 6 [kPa], ventric-
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Figure 2.2: Electric analog of the feto-maternal model. The maternal left ventricle (LV)
pumps blood towards the arteries (a, with resistance R, inertance L and compliance C), from
where a part is directed towards the uterine circulation (ivs and utv: intervillous space and uter-
ine veins) and the remainder to the systemic microcirculation (mc). The venous compartment
(v) collects both flows and directs them towards the heart. Two valves prevent retrograde flow
in the heart, both in the maternal and fetal circulation. In the fetus, the combined ventricle
(CV) pumps the blood towards the arteries (a), from where it is divided over the cerebral (cmc,
cv), umbilical (ummc, umv), and systemic circulation (mc). The venous compartment (v) col-
lects these flows before redirecting them to the heart. The uterine and all fetal compliances
experience external uterine pressure (Purerys)-

ular pressure p;, [kPa], ventricular volume Vj, [ml] and (constant) ventricular wall volume V,,
[ml] it holds [6, 12]:

o V
Sr _ (1 +3ﬂ) . (2.4)
DPiv Vw

Uniaxial cardiac fiber stress o consists of a passive and an active stress ¢, [kPa] and o, [kPa,
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according to:

or = 04(ls, L5, 14) + 0, (1) (2.5)

Passive stress o), is the contribution of the passive muscle to the total myofiber stress. The
length dependency of o), is given by:

. 0 ls < lspO
op(ls) = { Go(ert=ln) 1) 1> 10 (2.6)

0,0 [kPa] represents the scaling parameter for passive stress, ¢, [—] the curvature parameter for
passive stress-length relation and [0 [m] the sarcomere length at zero passive stress. Active
stress o0, originates from the stress generated by the sarcomeres. It can be modeled as function
of sarcomere length I, time elapsed since activation 7, and sarcomere shortening velocity /.
Length dependence, time dependence and velocity shortening dependence are described with:

GaUstJa) = f(ls)g(ZS7ta)h<ls)a (2.7)
with length dependency modeled as:

f(ls) — { 0 Is < Isa0 ) 2.8)

040 tanh?(cq(ls — Lsa0)) L5 > Lsao

In this formula, 6,0 [kPa] is a scaling parameter for active stress, ¢, [m~!] a curvature parameter
for active stress-length relation and ;49 [m] the sarcomere length at zero active stress. The time
dependency in (2.7) is given by [6, 12]:

0 ta <0
g(ls,ta) = sin(52) 0<t,< 7
) 1— sin2<n(tar—dw)) <ty <T 47
0 < T +1Ty
T = T1+ar(ls—Isp),
Ty = Ta1+aq(ls—Isp). 29)

The increase in sarcomere activation takes place in time interval 7, [us], while the decay takes
place during time interval 1, [s], and starts directly after 7,. The reference 7, and 7, are re-
spectively 7,1 and 7y, based on a reference sarcomere length [ .. The length dependencies
of 7, and 7, are described with the constants a, [us/um] and ay [us/um] respectively. Note
that activation is initiated at a frequency equal to the heart rate via #,. Shortening velocity I is
defined as:
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Is(t) = : (2.10)

The dependency of o, on [ is:

hi) = 1— (Zf(t)) . @.11)

ls,O

The shortening velocity at zero stress is represented by I [s/um]. The relation between
sarcomere length and ventricle volume is defined as [12]:

1

I 14372\ °

Vi

To obtain a complete system of equations, the constitutive equations are completed with equa-
tions of conservation of mass. Assuming blood to be incompressible, for each ventricle and all
compliances it holds:

dv

Z:qm(l‘)_QOut(t), (2.13)

where g;, [ml/ms] and g,,; [ml/ms] represent inflow and ouflow.

2.2.3 Contraction generator

Uterine contractions are responsible for uterine pressure pyerys in the hemodynamic system.
Contractions are modeled with several variables linked to clinical observable aspects in the
contraction signal: contraction duration T, [s|, peak strength p.,, [kPal, interval Tjy., [s]
(difference between initiation moment (Z.,, [s]) of two subsequent contractions) and baseline
level pyes [kPa]. Except for p,.s, these variables vary per contraction. A sine quadratic function
was used to model time dependence:

Puterus(t) = { proct eSS, o <1< et T . (2.14)
Prest, else
This pressure pyerus [kPa] is the external pressure applied to the uterine vessels and all fetal
vessels (see also section 2.2.2). On top of this overall effect of pyserys, 1t was assumed that,
during uterine contraction, the fetal caput was pressed into the maternal pelvis, leading to an
increase in cerebral resistance R, 0. This was modeled with a sigmoidal function [31, 104]
according to:
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Puterus —PQ )

Rcmc,O + (1 +cCcr1- Wed)Rcmc,Oe( RO

(2.15)

Rcmc =
Puterus —PQ )

1 +€( €R,2°P0O
In clinical practice, not all contractions lead to early decelerations; furthermore, deceleration
depth is not related to absolute uterine pressure. Therefore parameter W,; [—] can be set by the
user to generate a deceleration depth between 0 and 30 bpm by setting W,; between 0 and 1.
Parameter cg; [—] is responsible for the maximum increase in resistance, while the steepness
of the response in the physiological working point py [kPa] is determined by cg, [—]. All
parameter values can be found in the appendix.

2.2.4 Model for oxygen distribution

maternal circulation

i placental ! o
i circulation ; diff

fetal circulation  -mmimiomee

Figure 2.3: Conceptual model of the oxygen distribution model. The maternal arteries
supply new oxygen to the intervillous space (ivs). In the intervillous space, oxygen diffuses
towards the fetal umbilical (um) circulation. From the umbilical circulation, oxygen-rich blood
is forwarded to the central circulation and is mixed with venous blood before entering the
arterial (a) system. From the arterial system, blood is divided over the umbilical, cerebral (c)
and peripheral (mc) circulation. Oxygen is consumed in the fetal peripheral circulation and in
the cerebral circulation. The venous oxygen content is the mix of peripheral and cerebral blood
entering the venous system before mixture with blood from the umbilical vein.

Oxygen distribution calculation was done similarly as in the work of S4 Couto et al. [108].
Oxygen distribution between the different vessel compartments is determined by the interplay
between convective and diffusive transport and metabolic uptake. Convective transport takes
place in all blood vessels, diffusion in the placenta (intervillous space and villous capillaries),
and metabolic uptake in all microcirculation compartments, see also Figure 2.3. The change in
oxygen amount in a single compartment can be represented by the general equation:
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d(cO-V . .
% = (](COin — CO) — Od,'ff — Omet- (2.16)
Here oxygen concentration is given as cO [m® O,/m? blood], the blood volume of the com-
partment as V [m?], the flow through the compartment as g [m?/s], oxygen exchange between
compartments as Oy; s [m®> Oy /s], and metabolic oxygen consumption as Oy [m> O3 /s]. Oxy-
gen diffusion in the placenta is determined by the oxygen pressure difference in the intervillous

space (ivs) and the umbilical microcirculation (um) according to:

Odiff - D(pOZ,ivs - p02,um)> (2~17)

where D [m?® O,/s/mmHg]| is the placental diffusion capacity and pO, [mmHg]| the partial
oxygen pressure. Metabolic uptake is constant during normoxia, but is reduced when oxygen
concentration cO drops below a threshold concentration cOy;, [108]:

: ' >
Ormer = { Omet,O cO 2 cOy . (2.18)

Omer,0 + K;(cO—cOy) else

Oxygen content is calculated for all fetal volume compartments (at compliances) and in the
intervillous space. Oxygen concentration in the maternal arterial circulation is fixed at normoxia
level, thereby assuming that maternal oxygenation in the lungs is constant and sufficient.

In the blood, the majority of oxygen is bound to hemoglobin and only a small fraction is solved
and thus responsible for the partial oxygen pressure. The following relations hold for the ma-
ternal and fetal oxygen concentration in blood cO [54, 111]:

oHDb-S(p0»)
100

Here o [m® O, /g Hb] represents the maximum binding capacity of hemoglobin, Hb [g Hb/m? blood]

cO = + BpO;. (2.19)

the hemoglobin concentration and 8 [m® O,/m? blood/mmHg] the content of dissolved oxy-
gen as function of partial pressure. S(pO;) [%)] represents the saturation as function of partial
pressure:

100

1+ a9 -
pO3+c2-p0y

S(p0y) = (2.20)
For the fetus, this curve is steeper and more shifted to the left [81], as determined by parameters
c1 [mmHg?] and ¢, [mmHg?]. All other equations can be found in the paper of Si Couto et
al. [108]. Since our model has an additional compartment for the cerebral circulation, fetal
arterial oxygen content cO, r [m® O, /m? blood] now consists of the mix of blood from three
compartments:



CHAPTER 2. EARLY DECELERATIONS 17

COme * Gme +¢Oc¢ - qc + cOum * Gum
dme +49c + Gum
Parameter settings can be found in the appendix.

Oy s = 2.21)

2.2.5 Regulation model

The chemoreceptor monitors pO; in the arterial blood. Changes in pO; evoke sympathetic
and parasympathetic nerve response. During caput compression in labor, arterial blood pO; is
unchanged, while in the brain pO; levels will decrease due to diminished cerebral flow [118].
In response, the parasympathetic nerve (vagal nerve) will directly increase its fire rate, thereby
lowering fetal heart rate [14].

Heart period T [s] is modeled according to Ursino et al. [122], as a result of vagal and sympa-
thetic contribution to heart period (AT [s] and AT, [s] respectively):

T =Ty+ AT, + AT, (2.22)
where Ty [s] is an offset term. AT, is determined by vagal fire rate f, according to:
dAT,(t) 1

P r— (AT, (t) +Gry- fi(t = Dry)), (2.23)

where 77, [s] are respectively the time constant, Gr., [s?] the gain and D7, [s] the delay of the
vagal system. We added to the model of Ursino et al. [122] a description of the dependence of
the vagal nerve fire rate f, on the partial pressure in the brain pO; () [mmHg] according to:

pO7 ¢
fo=Ffoot+fun [ 1- 25 (2.24)
pO2.c0
7C’

During normoxia, when partial oxygen pressure equals pO; .o [mmHg]|, fire rate equals the
baseline fire rate f, o [s~!]. Hypoxia-related change in fire rate f,;, [s~!] is the maximum in-
crease of the fire rate obtained at zero oxygen pressure.

To, fun and pO, .o were set to fetal values (see appendix), the remaining parameters were
adopted from Ursino et al. [122]. Since arterial blood pressure and arterial pO, do not change
during early decelerations, AT was effectively constant.

2.2.6 Numerical implementation

The model was implemented in Matlab 2008a, with a time step of 1 ms for the cardiovascular
model and a time step of 1 fetal heart period for the oxygen distribution and regulation models.
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The latter models thus work with average flow and pressure over the cardiac cycle.

2.2.7 Validation method

For evaluation of the modeled CTG tracings, 6 gynaecologists-perinatologists were requested to
validate (in Dutch) a series of 10 CTG tracings with early decelerations. From the 10 tracings,
5 were computer-generated by the model and 5 were obtained from the hospital database (these
tracings were two years old to prevent possible recognition). Since short-term variability is
not provided by the model, short-term variability from real CTGs was isolated and added to
the modeled trace to enhance validation by clinical experts. The imposed variability is based
on a fourier analysis of variability of a real CTG (bandwidth of 10 bpm; 5 zero crossings per
minute). The same was done for the contraction signal.

The raters were asked to rate realism of the following aspects in the CTG tracing: fetal heart
rate baseline and variability; early decelerations delay, duration, depth and morphology; uter-
ine rest tone level and morphology; uterine contractions amplitude, frequency, duration and
morphology. The rating levels for each of the items were: realistic, fairly realistic or not real-
istic. All raters were also asked to classify the 10 tracings as real, computer-generated or not
distinguishable, the number of classified tracings was thus 60.

2.3 Results

2.3.1 Basic condition

For the basic condition, cardiovascular output is given in Table 2.1. Both fetal and maternal
hemodynamics are according to normal human values obtained from literature. Fetal blood
pressure target data were obtained from estimations with a mathematical model [116] instead
of measured data. Oxygen pressures in the feto-maternal circulation are similar to those mea-
sured, except for placental oxygen pressures, which are slightly higher than reported (44 (vs.
23.3-39.9) and 32 (vs. 24.6-29.3) mmHg for intervillous space and umbilical vein). Fetal and
maternal cardiac performance are shown in Figure 2.4 (respectively left and right panel), where
the relation is shown between ventricle volume and pressure (upper panel) and between sar-
comere length and stress in the myocardium (lower panel) during the cardiac cycle. Although
fetal and maternal cardiac volumes differ a factor ten, sarcomere length is in the same range.
Cardiac pressures and stresses differ approximately a factor two.
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Table 2.1: Model target values and results.

Variable Target value Unit N Reference
Maternal parameters
Systolic pressure 95+2 mmHg 19 [62]
103.8+ 10 34 [33]
118.0£8.3 12 [106]
97 model
Diastolic pressure 5042 mmHg 19 [62]
589+£11 34 [33]
68.5+£12.8 12 [106]
49 model
Cardiac output 6.37+1.48 1/min 50 [90]
8.56+0.51 19 [62]
7.35£1.25 34 [33]
5.88£1.96 12 [106]
7.15 model
Ejection fraction 0.734+0.01 ml 19 [62]
0.67+0.06 34 [33]
0.74+0.08 12 [106]
0.62 model
Uterine artery flow 500 — 700 ml/min NA [48]
830+284 18 [66]
712 model
Intervillous space pressure 15 mmHg NA | [48]
15 model
Intervillous space pO; 29.2(28 —33.9) mmHg 9 [66]
33.1£5.35 30 [128]
23.3(18 —-29) 4 [100]
37.5(24.0 —72.0) NA | [98]
39.9(27.5—-53.7) 25 [113]
44 model
Venous pressure 1-7 mmHg NA [84]
3-8 NA | [110]
6 model
Fetal parameters
Heart rate 135 bpm - -
135 model
Systolic pressure 58 mmHg - [116]
60 model
Diastolic pressure 26 mmHg - [116]
26 model
Mean arterial pressure 45 mmHg - [116]
40 model
Combined cardiac output 425 —450 ml/min/kg | NA | [82]
454 model
Ejection fraction 0.66+4 — 50 [109]
0.66 model
Umbilical artery flow 300 ml/min 252 | [36]
255-270 NA | [64]
273 model
Umbilical artery pO; 19.2+4.38 mmHg 33 [73]
18.3 178 | [113]
18 model
Umbilical vein pOy 24.6£6.5 mmHg 33 [73]
29.3 178 | [113]
32 model
Systemic microcirculation pO, | 1—15 mmHg 3 [121]
15 model
Cerebral flow 43.0420.0 ml/min/kg | 81 [65]
45 model
Cerebral microcirculation pO, NA mmHg NA | -
15 model
Venous pressure 1-14 mmHg 29 [59]
3 model
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Figure 2.4: Fetal and maternal cardiac performance during normal heart cycle. The
left side provides maternal cardiac performance: the heart performs at approximately double
pressure according to fetal values, with approximately a tenfold increase in ventricular volume,
ejection fraction thereby remaining the same. Cardiac stress as function of sarcomere length
shows that maternal cardiac stress is approximately doubled while sarcomere length is more or
less similar for mother and child. The right side shows fetal cardiac performance: the upper
panel represents a normal pressure-volume loop with an ejection fraction of 0.66 and a stroke
volume of 10 ml. Cardiac pressure is between 3 and 60 mmHg, respectively central venous
and arterial systolic pressure. The lower panel shows cardiac stress (o) in the sarcomeres with
corresponding myofiber length (/;) during the heart cycle.

2.3.2 Early decelerations

Early decelerations are the result of a cascade (see Figure 2.5) where the uterine contraction
increases cerebral resistance, thus reducing cerebral flow, which results in diminished oxygen
delivery to the vagal nerve in the brain which leads to a reduction in fetal heart rate. The model
predicts that the deceleration delay predominantly originates from the delay in reduction of
cerebral pO, following cerebral flow reduction, which is achieved in a few seconds. Only a
few variables changed during caput compression: cerebral flow (-58%), cerebral pO, (-20%)
and fetal heart rate (-30 bpm). Furthermore only a small reduction in mean arterial pressure
could be seen (-3 mmHg) as a consequence of reduced cardiac output. A small increase in pO;
was observed in the fetal microcirculation (+0.5 mmHg) since less oxygen was extracted in
the fetal brain. During contractions without caput compression (W,; = 0), no hemodynamical
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effect was seen, other than a slight increase in uterine blood pressure (+3%) in the first half of
the contraction, followed by a decrease (-3%) in the second half of the contraction, which led
to uterine flow changes of respectively -0.4% and +0.4%. Hence no (early) decelerations occur.

100

e

40 60 80 100 120

DN

40 60 80 100 120

TN

40 60 80 100 120

uterine pressure [mmHg]

cerebral flow [ml/min]
)
3

cerebral pO, [mmHg]

200

FHR [bpm]

o
S

40 60 80 100 120
time [s]

Figure 2.5: Cascade leading to early decelerations. The uterine contraction diminishes cere-
bral flow and thus oxygen delivery to the brain. Fetal pO; in the brain reduces, which evokes an
FHR reduction by the vagal nerve. Once the contraction diminishes, flow restores and oxygen
in the brain is quickly restored to baseline level. FHR is restored shortly after the contraction
has ended.

2.3.3 Validation

The validation study consisted of two parts: the rating of the 12 items in each of the 10 CTG
tracings; and a classification on origin (computer-generated/real/not distinguishable) per CTG.
Figure 2.6 shows an example of a CTG with early decelerations as given by the model and
the same CTG with added FHR variability and variations in contraction signal. Only 5 out
of 6 raters participated in part one. A few items were not rated, the total of rated items was
therefore 581 instead of 600. All 6 raters participated in part two and classified all 10 CTG
tracings. Validation results are given in Table 2.2. As can be seen, no statistical difference
can be detected between (rated) items in real and computer-generated tracings. Most items in
both real and computer-generated tracings were found to be realistic or fairly realistic. Only
6 out of 581 items were seen as unrealistic, mostly in computer-generated tracings: especially
one tracing got comments on deceleration delay being too long and a contraction morphology
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that trembled too heavily. The P-value indicates that it is unlikely that there is a statistical
significance between real and computer-generated tracings, but this needs to be confirmed with
more data, since statistical power is too small with this number of rated not realistic items.
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Figure 2.6: CTG signal as calculated with the model. Upper CTG: The fetal heart rate
(FHR) is shown as function of time in relation to the uterine pressure, decelerations follow
from vagal nerve hypoxia. Lower panel: for clinical evaluation, heart rate variability is added
to the calculated heart rate signal from the model. Pressure variation is also added to the uterine
pressure signal to obtain a more realistic tracing.

2.4 Discussion & conclusion

The model aims to link physiologic insights to heart rate changes during caput compression
in labor as much as possible. The combination of contractions, hemodynamics, oxygen dis-
tribution and chemoreceptor reflex enables the study of the effect of maternal or fetal (local)
cardiovascular changes on fetal hemodynamics and oxygen distribution.
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Table 2.2: Validation results. *The number of not realistic marked items is too small for
statistical analysis on this section.

Real CTG tracings | Computer-generated | P-value
CTG tracings
[N] [%] [N] [%]

Rated items N=285 N=293
Realistic 201 [34.6] 204 [35.1] 0.48
Fairly realistic 83 [14.3] 87 [15.0] 0.46
Not realistic 1 [0.2] 5 [0.9] *0.34
Classification of CTG’s N=30 N=30
Real 16 [26.6] 12 [20.0] 0.40
Computer-generated 9 [15.0] 10 [16.7] 0.56
Not distinguishable 5 [8.3] 8 [13.3] 0.44

Several models of the feto-placental circulation have been published before. Some of these
models have been developed to study doppler velocity waveforms in the fetal circulation to
help to interpret clinical data from hemodynamical monitoring [15, 40, 96, 120]. The model of
Pennati et al. [96] can be used for the investigation of pressure and flow rates in the complete
arterial and venous circulation. Huikeshoven et al. [51, 52] were the first to develop a model of
the feto-placental circulation of the lamb, including oxygen distribution. Still the latter model
lacks cardiovascular reflex control, and thus the ability to reproduce the CTG.

In our modeling approach of the cardiovascular system, we assumed that local differences in
blood flow, pressure and pO; between other organs than the explicitly modeled uterine, um-
bilical and cerebral compartments are not important. Therefore these organs were lumped in
one compartment: the systemic circulation. If other (patho)physiology is studied, the vascular
tree might need to be modeled in more detail, e.g. in case of cardiac hypoxia or congenital
cardiovascular anomalies. Furthermore, in the model maternal arterial oxygen concentration is
kept constant, assuming sufficient oxygen supply towards the placenta. However, once mater-
nal arterial oxygen concentration changes - e.g. due to inadequate breathing technique and/or
oxygen administration - inclusion of the lung circulation and gas exchange in the lungs and
tissues is necessary.

Even though we use average flow rates in the oxygen distribution model, we simulate the pul-
satile character of cardiovascular hemodynamics using the one-fiber model. The parameters in
this model have a clear physiological meaning, enabling for example a straightforward trans-
lation of changes in cardiac contractility and FHR into changes in flow. In addition, since the
model distinguishes between geometric and material properties, as opposed to the often used
time-varying elastance model [117], we can account directly for the effect of heart size. Finally,
the one-fiber model predicts cardiac function not only at organ level (pressure, volume), but also
at tissue level (stress, strain). Since tissue load is a stimulus for adaptation, the one-fiber model
can help to study developmental changes in both the fetal and maternal circulation throughout
pregnancy.
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Model parameters are related as much as possible to physiology and are therefore scalable.
Hence it was possible to obtain maternal hemodynamics from the non-pregnant situation by
applying only three principles: 1) a scaling of volume related quantities ((unstressed) volumes,
cardiac wall volume, compliances, inertances) to mimic the effect of physiologic blood volume
and cardiac output increase by 40% [62], 2) a reduction of peripheral resistance by 20% [33], 3)
and an increase of heart rate [33, 62, 106]. Further details can be found in the appendix. Fetal
cardiac parameters were obtained from scaling as well: since fetal heart rate is approximately
doubled in comparison with normal adult heart rate, all time-related parameters were divided
by a factor two. Furthermore, fetal mean blood pressure is approximately 50% of adult blood
pressure, hence cardiac stress level parameters were also divided by a factor two. Combined
with literature data on fetal flow- and volume distribution, it was possible to obtain represen-
tative fetal term hemodynamics. Since blood pressure values were not available from human
fetal measurements, we adopted the estimations of Struijk [116]. This seems reasonable, since
their blood pressure estimations are in accordance with fetal sheep data [24].

The relation between uterine pressure and cerebral resistance (2.15) is central to the simula-
tion of early decelerations. The contraction generator is a phenomenological description of
contraction-induced uterine pressure, similar to the one proposed by Bastos et al. [10]. The
model variables can be user-set to generate contractions of any length, amplitude and interval.
Since no experimental data is available for the relation between uterine pressure and cerebral
resistance, we modeled this relation according to the findings of Fung [31] and Rodbard [104]
for soft-walled vessels and tuned the parameters for maximum response to a reference uterine
contraction (see also the appendix).

The results show that the hemodynamics of mother and fetus can be represented with a rel-
atively simple model. All output variables are close to the target data. As expected, during
contractions with caput compression, only cerebral flow, cerebral pO, and FHR changed, thus
representing the physiologic cascade leading to early decelerations. Placental baseline oxygen
pressures are higher than reported in normal full term fetuses, despite normal fetal oxygen pres-
sures and a flow distribution in accordance with measured data. However, it should be noted
that oxygen pressure data - especially intervillous space oxygen pressure - differ considerably
between individuals and are only scarcely available (see Table 2.1). Unfortunately there is no
complete data set available of a fetus which reports all flow and oxygen values at different car-
diovascular sites. The high oxygen pressures in the placenta may be caused by the neglect of
shunt flow in our model. Parer [93] reports that only 70-90% of uterine blood flow and 80%
of fetal umbilical flow partake in oxygen exchange. These high shunt flows will not only lead
to lower placental, but also fetal pO, values. We did not attempt to improve model output by
incorporating shunt flow, in view of the scarcity of experimental validation data.

Validation of the model was performed on two levels: internal variable validation (e.g. blood
pressures, flows, etc.) and CTG validation. For basic condition, internal variables meet mea-
sured data, as follows from Table 2.1. However, it is not possible to validate each (internal)
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variable change during early decelerations, since changes in hemodynamics, oxygenation and
vagal nerve fire rate have not been measured under these circumstances. The majority of input
parameters could be chosen on physiologic grounds (e.g. via scaling, see appendix), other pa-
rameters were set to match patient data from literature. However, these data are not from the
same patient which may lead to discrepancies between model and (general) patient data.

The second validation method was done via experts’ opinion. We used three rating levels:
realistic, fairly realistic and not realistic. With two realistic and one non-realistic level, there is
a risk of bias towards realism. However, the risk is the same for both computer-generated and
real CTG’s. The overall judgement of the clinical experts showed that there was no significant
difference between real tracings and computer-generated tracings with respect to realism for
each of the evaluated items. The experts also had difficulties to distinguish real tracings from
computer-generated tracings. This suggests that the modeled CTG with early decelerations can
be used in simulated scenarios to represent real CTG tracings with early decelerations.

The implementation of early decelerations in the model is a first step towards a training tool
for understanding the CTG. Future applications should include late and variable decelerations
that are more relevant clinically. Since all model parameters can be adapted at any time during
a scenario, the model can be part of an educational training program, as it provides a lot of
opportunities for studying and reproducing the manifestation of fetal welfare in the CTG.

In conclusion, we developed a mathematical model that predicts a realistic CTG during early
decelerations in labor, based on a physiologic cascade consisting of uterine contraction, in-
creased cerebral resistance, reduced cerebral flow, vagal nerve hypoxia and reduced fetal heart
rate.

Appendix: Parameter assighment

The uterine pressure signal from the contraction generator provides a realistic master curve that
varies per contraction in length T.,,, strength p.,, and interval T;,,,, by means of a random
generator with a normal distribution. Parameter values of each contraction are thus based on a
mean (which is the value for the first contraction) and a standard deviation. Parameter settings
for the relation between uterine pressure and cerebral resistance (equation 2.15) could not be
derived directly from experimental data. Instead we tuned the parameters to obtain a maximum
response of -30 bpm for a contraction of 60 seconds and amplitude of 80 mmHg. This response
can be user-reduced by decreasing W, r¢. Table 2.3 represents the values used in this study for
the contraction generator as used in Figure 2.6. The parameters are based on real CTG’s with
early decelerations (different than the CTG’s used for the validation study).

All maternal model parameters (see Table 2.4) are based on pregnancy related changes in the
vascular system as reported in literature. Parameter values for blood volume, arterial and venous
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Table 2.3: Contraction parameters. The parameter values belong to the CTG from Figure
2.6.

Parameter Value | Unit
Prest 2.66 kPa
Pcon 7.98 +0.67 kPa
Tz?on 50 i5 S
Timer 2 1 0 + 1 0 N
CR,1 5 —
CR2 0.1 —
Do 13.3 kPa
Wed 0.67 —

Table 2.4: Maternal cardiovascular parameters.

Parameter | Value Unit Parameter | Value Unit
Vi 196 ml Viotal 7000 ml
Vivo Viw/3 ml Va0 700 ml
Lso 2.0 um Vio 4200 ml
Ls.a0 1.5 um Vit 0 500 ml
Ly al 2.0 um R, 7 kPa-ms/ml
() 0.6 kPa Rne 60 kPa - ms/ml
o) 0.15 kPa R, 3 kPa - ms/ml
00 150 kPa Rivs 450 kPa - ms/ml
cr 12| pum™' || Ruw 90 | kPa-ms/ml
Ce 1 um~—' || C, 42 ml/kPa
T 150 us || G, 840 ml/kPa
Ty 250 us Cut 0.8 ml/kPa
ar 100 | ws/um || L, 42 | kPa-ms”/ml
ay 400 | ps/um || Lo 0.01 um/us

HR, 0.5 1/s

compliances, unstressed arterial and venous blood volumes, and arterial and venous inertances
were scaled from non-pregnant adult values with a volume factor of 1.4 to mimic 40 % cardiac
output and blood volume increase [62] in pregnancy. Heart rate was increased from 65 bpm to
80 bpm [33, 62, 106]. Vascular resistance was decreased with 20 % [33]. The ratio between
placental and systemic flow used was 1:9, based on a term cardiac output of 11.7 % [28].
Cardiac parameters were adopted from Bovendeerd et al. [12] only ventricular wall volume has
been increased with the volume factor 1.4 to achieve a maternal term heart.

All fetal cardiovascular parameters (see Table 2.5) are set according to human values for a 3 kg
fetus as available from literature, or else for the sheep fetus. Cardiac output was aimed at 425-
450 ml/min/kg [82], with a stroke volume of 10 ml at an ejection fraction of 0.67 and heart
rate of 135 bpm. Fetal cardiac parameters were scaled for pressure and time with respect to
adult values for blood pressure and heart rate. Thus passive and active stress level parameters
0,0 and o, were lowered by a factor 2; rise and decay time dependencies in active stress
were shortened by a factor 2, while reference heart rate was increased with a factor 2. Total
vascular compliance value (6.6 ml/mmHg or 50 ml/kPa) was adopted from Huikeshoven et al.



CHAPTER 2. EARLY DECELERATIONS 27

Table 2.5: Fetal cardiovascular parameters.

Parameter | Value Unit Parameter | Value Unit
Vi 15 ml Viotal 330 ml
Vivo Vw/3 ml Va0 20 ml
Lo 2.0 um Vio 100 ml
Ls.q0 1.5 um Vim,0 90 ml
[s.al 2.0 um VCVO 7.2 ml
() 0.30 kPa R 6.0 kPa - ms/ml
[ ) 0.07 kPa Rone 200 kPa - ms,/ml
00 75 kPa R, 30 kPa - ms/ml
cp 12| um™" || Rumme 698 | kPa-ms/ml
Ca 1 um~! Rumy 2 kPa - ms/ml
Trl 75 us Remeo 1398 kPa - ms/ml
T4l 125 us Rey 2 kPa - ms/ml
ar 50 | us/um || C, 2.0 ml/kPa
ag 200 | ps/um || C, 35 ml/kPa
by 0.07 s || cum 11 ml/kPa
HR, 10 /s || C. 057 ml/kPa
Lo 0.05 | um/us || Ly 2 | kPa-ms?/ml

[51] including placental compliance. Arterial compliance was set to achieve a realistic arterial
pressure rise with a stroke volume of 10 ml, and was one third higher than the original value
of Huikeshoven et al. [51]. Cerebral compliance value was adopted from Pennati et al. [96].
The remainder was used for the venous compliance. Total blood volume was set at 110 ml/kg,
[60, 67], of which one third is in the umbilical circulation [132]. During the normal heart
cycle, the other two third was divided over the brain (8-11 ml, based on 12-17% fetal brain
weight from total body weight [16, 47] and 2.22 ml/100g blood volume [131]), the heart (5-15
ml during heart cycle: 10 ml stroke volume at an ejection fraction of 0.67), the arteries (14%
[41]) and the veins (remainder). Unstressed volumes were set to meet fetal blood pressure
as estimated by Struijk [116]. Vascular resistance was divided according to a cardiac output
distribution of 70% systemic, 20% umbilical [64] and 10% cerebral [66].

Oxygen model parameters (see Table 2.6) are adopted from Sa Couto et al. [108]. Total fetal
oxygen consumption was divided over 12% cerebral [107] and 88% systemic consumption.
Unfortunately this is a fetal lamb value, since no human data was available. Since oxygenation
changes tremendously after birth [105], we did not adopt human neonatal values. Fetal cerebral
oxygen consumption threshold was, similarly as peripheral consumption threshold, set at a half
of normal value.

Regulation model parameters (see Table 2.7) are adopted from the adult regulation model of
Ursino et al. [122]. For the majority of the parameters, a steady state was calculated and used
in our implementation of the model. Fetal regulation parameters were scaled with respect to
normal fetal arterial oxygen pressure and blood pressure.
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Table 2.6: Oxygen distribution parameters.

Parameter Value Unit
D 2.83-1078 m® 0, /s/mmHg
cOam 1.6-10"1 m? 0,/m? blood
Ometh 6.8-1072 m? 0,/m? blood
O s 3.9-1072 m? 0,/m? blood
Oumet me 3.08-1077 m® 0y/s
Oumet 4.20-1078 m® 0y/s
K 9.33-10°6 m? blood/s
o 1.34-1076 m? 0,/g Hb
B 3.1-1072 | m?® Oy/m? blood/mmHg
Hb,, 12-10* ¢ Hb/m? blood
Hby 17-10* g Hb/m? blood
Clym 2.34-10* rnran3
Com 150 Iang2
cLf 1.04-10* mmHg?
cf 150 mmHg?

Table 2.7: Regulation parameters.

Parameter | Value Unit
oo 5.85 s—1
P02.c0 14.8 | mmHg
Son 5 s
At -0.3 K
To 0.21 s
Tr,y 1.5 s
Gry 0.09 s
Dr, 0.2 K
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Abstract

Fetal wellbeing during labor and delivery is commonly monitored through the cardiotocogram
(CTG), the combined registration of uterus contractions and fetal heart rate (FHR). From the
CTQG, the fetal oxygen state is estimated as the main indicator of the fetal condition, but this
estimate is difficult to make, due to the complex relation between CTG and oxygen state.

Mathematical models can be used to assist in interpretation of the CTG, since they enable quan-
titative modeling of the flow of events through which uterine contractions affect fetal oxygena-
tion and FHR. We propose a mathematical model to simulate reflex “late decelerations”, i.e.
variations in FHR originating from uteroplacental flow reduction during uterine contractions
and mediated by the baroreflex and the chemoreflex.

Results for the uncompromised fetus show that partial oxygen pressures reduce in relation to
the strength and duration of the contraction. Above a certain threshold, hypoxemia will evoke
a late deceleration. Results for uteroplacental insufficiency, simulated by reduced uterine blood
supply or reduced placental diffusion capacity, demonstrated lower baseline FHR and smaller
decelerations during contraction. Reduced uteroplacental blood volume was found to lead to
deeper decelerations only. The model response in several nerve blocking simulations was sim-
ilar to experimental findings by Martin et al. [78], indicating a correct balance between vagal
and sympathetic reflex pathways.
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3.1 Introduction

For the monitoring of fetal wellbeing during labor and delivery, ideally oxygenation status
should be available. However, in current clinical practice only fetal heart rate and uterine con-
tractions can be monitored continuously. The combined record of these signals is called the
cardiotocogram (CTG). As oxygenation status is reflected in the fetal heart rate, the CTG is
often used to monitor fetal welfare.

A clinically important case of reduced oxygenation occurs in uteroplacental insufficiency (UPI),
where oxygen delivery to the fetus cannot satisfy demand, e.g. due to decreased uterine blood
flow or decreased transport across the placental membrane [30]. UPI can affect FHR at different
levels: it can reduce FHR baseline and variability, but also evoke uniform periodic changes in
FHR, the so-called late decelerations [29, 30, 44, 78, 94]. Late decelerations in the FHR signal
appear as a gradual decrease and return to FHR baseline, that is delayed (>30 seconds) with
regard to the contraction signal [76, 103]. In current clinical practice, late decelerations on
the CTG are classified as abnormal according to internationally accepted guidelines [2, 29, 76,
103]. There are two known mechanisms that lead to late decelerations: myocard hypoxemia
and reflex feedback [44, 78, 91]. In the case of myocard hypoxemia FHR decreases because
of lack of oxygen delivery to the heart. In the case of reflex late decelerations the reduction
of FHR is caused through chemo- and baroreceptor activation following transient reduction of
oxygen delivery to the fetus during contractions [44, 78, 91].

Clinical use of the CTG requires insight into the relation between oxygenation and heart rate.
Animal experiments have provided qualitative insight in this relation. Martin et al. [78] pro-
posed a conceptual model that depicts the different pathways that lead to reflex late deceler-
ations in fetal sheep (see also Figure 3.1). During labor, contractions are believed to reduce
uteroplacental flow [39], thereby reducing oxygen diffusion over the placental membrane. In
non-compromised fetuses, oxygen reserves are sufficient to compensate for this temporary re-
duction of oxygen delivery. In fetuses with uteroplacental insufficiency, the contraction will
lead to transient hypoxemia that triggers the chemoreceptor. This receptor activates the vagal
and sympathetic centers that affect four effectors, i.e. heart rate, contractility, peripheral resis-
tance and venous unstressed volume. These changes in cardiac and vascular parameters result
in changes in blood pressure that trigger the baroreceptor. This receptor in turn also activates
the vagal and sympathetic centers, again leading to changes in the four effectors. In addition to
this central reflex mechanisms, local autoregulation mechanisms, e.g. in the brain, cause local
vasodilation that also affect oxygen pressure and blood pressure levels. The final change in
FHR depends in the balance between the various feedback mechanisms.

The extent to which arterial oxygen level and blood pressure are restored provides information
on the reflex mechanisms. With regard to the baroreceptor feedback Martin et al. [78] reported
increased arterial blood pressure during late decelerations, but the subjects in a study by Parer
et al. [91] had either identical, increasing or decreasing blood pressure. Itskovitz et al. [53] did
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Figure 3.1: Block diagram of the role of the nervous system in late decelerations. A late
deceleration is triggered by a uterine contraction that is converted into an increase of the uterine
pressure p, reduces blood flow and oxygen transport to the fetus. Reduced arterial oxygen
pressure (pO; ) triggers the chemoreceptor to stimulate the vagal and sympathetic centers via
an afferent fire rate (f,.). The efferent vagal fire rate f, induces an increase in heart period 7',
whereas the efferent sympathetic fire rate to the heart () fy; induces a counteracting decrease
in heart period, along with an increase in cardiac contractility We. The efferent sympathetic
fire rate to the vessels (&) f;, induces an increase in peripheral resistance Ry, and a decrease
in venous unstressed volume V, . These changes in cardiac and vascular parameters result
in a change in arterial blood pressure p, that triggers the baroreceptor to stimulate the vagal
ad sympathetic centers via an afferent fire rate f,;. An increase in blood pressure leads to
an increase in heart period, through both the vagal and sympathetic pathway. In addition, it
leads to a decrease in contractility, a decrease in peripheral resistance and an increase in venous
unstressed volume through the sympathetic pathway. Fetal heart rate, the inverse of the heart
period, follows from vago-sympathetic balance.

not observe significant changes in blood pressure. To better understand the relative contribution
of the individual components of the fetal cardiovascular regulatory mechanism, Martin et al.
[78] also investigated the effect of selectively blocking various neuronal pathways. Yet, our
insight in the complex relation between oxygenation and heart rate remains incomplete, making
interpretation of the CTG to determine fetal oxygen state a difficult task.

Mathematical models can be used to assist in interpretation of late decelerations in the CTG,
since all subsystems that contribute to heart rate regulation can be investigated individually.
Previously, we used a mathematical model to investigate early decelerations [124] that are me-
diated by the chemoreceptor reflex only. In the current study, we extend this model with the
baroreceptor reflex and use it to reproduce and study the reflex pathways involved in late de-



CHAPTER 3. LATE DECELERATIONS 33

celerations. Therefore we investigate both the normal situation and various scenarios of UPIL.
Additional simulations are performed with blocked neuronal pathways to validate model out-
come with experimental data from Martin et al. [78]. In its current state, the model serves as a
research tool to understand better the complex relation between oxygenation and FHR. When
extended with a user interface, either screen based or in the form of a mannequin, it might be
used for individual and team training. The model also serves as a basis for a decision support
tool in obstetric practice.

3.2 Materials & Methods

3.2.1 Mathematical model

The model consists of several modules, describing cardiovascular function, uterine contraction,
oxygen delivery and cardiovascular regulation. Figure 3.2 gives an overview of the modules.
The first three modules have been presented in detail before [124], see also Figure 3.3, and
will be briefly described here and in the appendix. The regulation module is described in more
detail.

—  Output parameter of model is input for other

model and/or shown on monitor |
. —

cv system
mother blood
flow,
volume

blood flow}
volume,
diffusion
capacity

oxygen distribution

contraction
model

generator

uterine pressure

blood
flow,
volume

oxygen pressure

cv system
fetus

blood p

heart contractility, heart period,

Y
nstressed vessel volume  4) | CV regulation model

fetus

fetal heart rate

Figure 3.2: Block diagram of the feto-maternal model. Block diagram of the feto-maternal
model. (1) The cardiovascular (cv) system of mother and fetus is separate. (2) Uteroplacental
insuficiency affects maternal parameters in the circulation and/or in the placenta. (3) Oxygen
distribution in mother and fetus is determined by fetal oxygen consumption, blood ow and vol-
ume, oxygen exchange in the placenta and arterial oxygen level in the mother. (4) Blood pres-
sure and oxygen pressures in the fetus are monitored by the baro- and chemoreceptor reflexes
(BRR and CRR respectively), and may evoke changes in cardiovascular parameters, including
fetal heart rate. (5) Changes in uterine pressure (from uterine contractions) may alter blood
pressure and ow in the fetal or maternal circulation, since these exert an external pressure on
the intra-uterine blood vessels. (6) The cardiotocogram follows from the individual signals.
Partial oxygen pressure provides additional information. Adapted from [124].
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Figure 3.3: Electric analog of the feto-maternal cardiovascular model to compute pres-
sures p and ows g. The maternal arteries (subscript a, with resistance R, inertance L. and
compliance C) receive blood from the left ventricle (LV). The uterine circulation (ivs and utv:
intervillous space and uterine veins) and the remainder of the systemic microcirculation (mc)
run in parallel and fuse in the venous circulation (v). Retrograde ow in the heart is prevented via
valves. Intervillous space resistance Rivs is dependent on uterine pressure p,. In the fetus, the
combined ventricle (CV) forwards blood towards the arteries (a). Three compartments run in
parallel: the cerebral (cmc, cv), umbilical (ummec, umv), and systemic circulation (mc). They
all fuse in the venous compartment (v). Fetal cerebral microcirculation resistance is depen-
dent on arterial pO; through local autoregulation. Venous compliance and volume, systemic
resistance in the microcirculation, cardiac contractility and heart period are all under reflex
regulation. The uterine and all fetal compliances experience external uterine pressure (py;).
Adapted from [124].

3.2.1.1 Cardiovascular function

The vascular tree is modeled separately for mother and fetus, both with a systemic circulation
in parallel to the placental circulation (see Figure 3 for an electrical analog). For the fetus, the
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cerebral tree is also explicitly modeled (in parallel). Properties of the (blood in the) vascular tree
are represented by discrete elements. A resistance R accounts for the characteristic impedance
of the large arteries and veins and the viscous pressure loss in the small vessels. An inertia L
accounts for resistance of the blood to acceleration in the arterial compartments. A capacitance
C accounts for the ability of the large vessels to store blood, where pressure starts to build up
once vascular volume exceeds the (unstressed) volume V. The valves are modeled as ideal
diodes.

Maternal cardiac function is modeled with the left ventricle, for the fetus a combined ventricle
is used. The one-fiber model [5] is used to relate cardiac pressure p and volume V to myofiber
stress via sarcomere length. Myofiber stress consists of an active part, related to cross-bridge
formation and a passive part, related to matrix formation. Active stress is proportional to a
contractility parameter W, where W = 1 represents normal contractility. It is initiated every
heartbeat at a cycle time 7.

The cardiovascular model is subject to influences from uterine contractions and regulation. As
shown in Figure 3.3, uterine contractions affect hemodynamics of mother and fetus through
changes in uterine pressure p,;, that acts as an external pressure to the uterine vessels and all
fetal vessels and the fetal heart. It may also affect the resistance R;,; of the vessels in the
intervillous space. As shown in Figures 3.1 and 3.3, the baroreflex and the chemoreflex affect
three components in the cardiovascular model, the heart (through changes in contractility W¢
and heart period T), the peripheral vessels (through changes in the peripheral resistance R,,.)
and the veins (through changes in the unstressed venous volume V). In addition, cerebral
autoregulation causes cerebral resistance R, to vary in response to cerebral arterial oxygen
content.

3.2.1.2 Uterine contraction

The effect of uterine contractions is modeled through changes in uterine pressure p,, with a
sine quadratic function to mimic the contraction shape. The interval, duration and contraction
strength can be varied from contraction to contraction. Uterine contractions are responsible for
uterine flow reduction through an increase of the resistance of the vessels in the intervillous
space [39, 71]. We used a sigmoidal function [31, 104] to describe this increase. Parameters
were choosen such that the transition from minimum to maximum resistance occurs for uterine
pressures between 35 and 65 mmHg [71].

3.2.1.3 Oxygen distribution

The model for oxygen distribution is based on the work of S4 Couto et al. [108] and was de-
scribed before [124]. In short, oxygen concentration in a vessel compartment is determined
by the interplay between metabolic uptake and diffusive and convective transport. Convec-
tive transport represents oxygen delivery through blood flow, and thus takes place in all blood
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vessels. Diffusion takes place in the placenta only (intervillous space and villous capillaries).
Metabolic uptake, i.e. oxygen consumption, takes place in all microcirculation compartments.
It is modeled as constant during normoxia, but reduces linearly with oxygen content once this
content drops below a theshold value [108, 124].

In the present study we simulate the condition of uteroplacental insufficiency (UPI), that leads
to a decrease in oxygen diffusion over the placental membrane. This diffusive transport Oy; ff
is determined by the difference in oxygen pressure pO; between the intervillous space and the
umbilical microcirculation. In turn, the oxygen pressure in the intervillous space is determined
from the balance between convective and diffusive transport to the intervillous space. The
blood volume in the intervillous space is taken as 35% from the total uteroplacental blood
volume. The relation between oxygen concentration and partial oxygen pressure is described
with the oxygen dissociation curve which is different for mother and fetus [54, 111]. Reduced
oxygen supply during UPI can be due to reduced diffusion capacity (DC), placental flow (q,;),
uteroplacental blood volume (V,;) or maternal oxygenation status (pO; and cO).

3.2.1.4 Regulation

The regulation model is based on the work of Ursino et al. [122]. Deviations in arterial blood
pressure and oxygen pressure are sensed by the receptors, processed in the central nervous
system in the sympathetic and vagal centers and result into changes of cardiac contractility,
heart period, resistance of the peripheral vessels and unstressed volume of the veins.

The first step in the regulation process involves the receptors (see appendix for mathematical
details). The baroreceptor responds to rise of arterial pressure p, above a reference pressure py ,
through an increase in its afferent fire rate f,;,. The arterial oxygen pressure level is translated
into three fire rates. As a main effect, the arterial chemoreceptor responds to a decrease in
arterial oxygen pressure pO; through an increase in its afferent fire rate f,. . In addition, the
central nervous system may respond to a decrease in pO; by changing the threshold fire rates
for sympathetic activity to heart f, , and vessels f;, , . These threshold fire rates are constant
during normoxia, but decrease when arterial oxygen pressure drops below a threshold values
PO, 51 and pO; , p, for activity to the heart and the vessels, respectively. Finally, cerebral
hypoxia may lead to an increase in vagal offset f,,,. This offset fire rate is zero during normoxia,
but increases when cerebral oxygen pressure drops below a threshold value pO; ;, ..

The second step involves the central nervous system, where the afferent and threshold fire rates
are processed by the sympathetic and vagal centers (see appendix). The vagal center increases
its efferent fire rate f, in response to increases in the baroreceptor fire rate f,;, the chemore-
ceptor fire rate f,. and the offset vagal fire rate f,,. The sympathetic center has two efferent
pathways, the alpha-sympathetic pathway that affects the vessels and the beta-sympathetic path-
way that affects the heart. Both pathways increase their fire rate with increasing chemoreceptor
fire rate f,., decreasing baroreceptor fire rate f,, , and decreasing threshold fire rates f, , or
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Jsp.o-

The third step involves the effect of the vagal and sympathetic fire rates on heart and vessels
(see appendix). An increase of the vagal fire rate f, leads to an increase of the heart period 7.
An increase of the beta-sympathetic fire rate fy, leads to a decrease of the heart period 7" and
an increase of cardiac contractility We. An increase of the alpha-sympathetic fire rate fj, leads
to a decrease of the venous unstressed volume V,, o and an increase of peripheral resistance Ry

Apart from the central regulaton, cerebral autoregulation is included, through which cerebral
resistance R, varies between a minimum and maximum depending on cerebral arterial oxygen
content (see appendix).

Many input-output relations in the regulatory model are nonlinear, this is detailed in the ap-
pendix. In addition both the receptor and the effector models include low-pass filtering and
delay times, at a typical time scale of 0.2-5 s.

The overall effect of the regulation model is that an increase in blood pressure evokes a barore-
ceptor response that leads to a decrease in heart rate and contractility, a decrease in vascular
resistance and an increase in venous unstressed volume. This will lower the blood pressure.
A decrease in oxygen pressure evokes a somewhat contradictory response. Through the vagal
pathway it leads to a decrease in heart rate, thus lowering blood pressure and cardiac output.
Through the beta-sympathetic pathways it leads to an increase in heart rate and contractility,
thus increasing blood pressure and cardiac output. Through the alpha-sympathetic pathways it
leads to a decrease in venous unstressed volume, which increases blood pressure and cardiac
output, and an increase in peripheral resistance, which increases blood pressure but reduces
cardiac output. The final effect in terms of changes in blood pressure, cardiac output, oxygen
state and heart rate depends on the balance between these individual effects.

Parameter settings for all modules can be found in the appendix.

3.2.2 Simulation protocol

The cascade following contraction-induced hypoxemia in a term fetus is investigated with sim-
ulations with an intact nervous system and simulations with blocked neuronal pathways.

3.2.2.1 Model simulations with intact nervous system

Simulations with intact nervous system are performed to investigate the overall model response
during late decelerations. This is done both for fetuses with and without UPI. Parameter settings
per simulation can be found in Table 3.1.

Uncompromised fetus
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Table 3.1: Settings for simulations with intact nervous system. For the UPI simulations,
only the parameter values that differ from the reference situation are given.

Uncompromised UPI
Parameter Putret | UPI-BUF [ UPI-DIF | UPI-FLOW Unit
Viur.0 500 250 ml
DC 2.83-1078 1.42-1078 m? 0, /s/mmHg
Rivs0 450 990 kPa - ms/ml

The uncompromised fetus is simulated with a reference contraction with a duration of 60 s and
an amplitude of 70 mmHg, which is referred to as p, .r. This is a reference situation with
maximal effect on uterine flow reduction to investigate model response to uterine contractions
without UPI.

UPI

As opposed to the simulation with the uncompromised fetus, uteroplacental insufficiency is sim-
ulated by changing one of three oxygen supply-related parameters with a factor two. Firstly,
in simulation UPI-BUF, where uteroplacental blood volume is reduced by 50% to reduce the
oxygen buffer function of the placenta. Secondly, in simulation UPI-FLOW the uteroplacental
resistance is doubled (where R is the sum of R;,s and R, ,,), to reduce convective oxygen trans-
port to the placenta by 50%. Thirdly, in simulation UPI-DIF the placental diffusion capacity
is decreased by 50% to reduce diffusive transport of oxygen. Parameter settings are listed in
Table 3.1.

Contraction variations

To investigate the relation between contraction strength, duration and interval on oxygenation
and fetal heart rate in the uncompromised fetus, a series of contractions is simulated based on
the reference contraction. The series consists of three contractions with half the amplitude of
the reference contraction, followed by three reference contractions, then three reference con-
tractions with a doubled interval (4 minutes instead of 2), and finally three contractions with
double duration of the reference contraction. To enhance clinical interpretation, artificial FHR
variability and high frequency variations in the uterine contraction signal are added to the CTG
as described before [124].

3.2.2.2 Model simulations with blocked neuronal pathways

To investigate model response on the level of neuronal pathways, simulations are performed
in which the three pathways are blocked one at a time. Blocking of the alpha receptors is
simulated by fixing alpha-sympathetic nerve fire rate f, at its normal level. Hence the effectors
unstressed venous vessel volume (Vo) and peripheral resistance (R,,) cannot respond to alpha
activity following chemo- and baroreceptor activation. Blocking of the beta receptors was done
via fixed beta-sympathetic nerve fire rate f;,. Cardiac contractility (W¢) and heart period (7)
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Table 3.2: Fixed fire rates used in model simulations with blocked neuronal pathways.

Blockade type | Parameter | Value | Unit
alpha fop 25 g1
beta fn 10.7 5!
vagal f 5.8 57!

cannot respond to chemo- and baroreceptor activation, as they are the effectors of beta activity.
The vagal nerve was blocked via a fixed vagal nerve fire rate f,. Hence the effector heart period
(T') cannot respond to chemo- and baroreceptor activation. Parameter settings for the blocking
studies can be found in Table 3.2. Model outcome is compared to experimental data from
Martin et al. [78], who invoked hypoxemia by directly by periodic occlusion of the maternal
hypogastric artery. In our model this protocol was mimicked by varying uterine resistance Ry
according to the reference contraction (p,; s), while keeping the uterine pressure p,, acting
upon the fetus constant.

3.3 Results

3.3.1 Intact nervous system
3.3.1.1 Uncompromised fetus

The results of the reference contraction are shown in the left panel of Figure 3.4. It can be seen
that the reference uterine contraction leads to a reduction of uterine flow to zero and transient
arterial hypoxemia. Mean arterial pressure (MAP) is hardly affected, but FHR reduces with 15
bpm. FHR deceleration delay with respect to the uterine pressure signal mainly originates from
the delay in arterial pO, following uterine flow reduction (31 seconds between both nadirs, 33
seconds after the top of the contraction). The nadir of the FHR coincides approximately with
the nadir of pO, reduction indicating that the delay in the regulation process is minor.

In the oxygen distribution graph (Figure 3.5) it can be seen (left panel) that pO, reduces at all
sites of the feto-placental circulation. In the cerebral microcirculation, pO, reduction is less
than in the systemic circulation, due to autoregulation in the brain and reflex vasoconstriction
in the systemic circulation. The change in cerebral and peripheral resistance leads to a redis-
tribution of flow, increasing flow in the brain at the expense of systemic flow (see lower left
graph). The umbilical flow remains constant.

3.3.1.2 UPI

Results of UPI simulations are shown in the right panel of Figure 3.4. Reduction of utero-
placental blood volume V,; o (UPI-BUF) reduces the oxygen buffer function of the placenta.
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While arterial oxygen pressure is not affected at baseline, it is reduced more in response to the
contraction (-0.5 mmHg) when compared to the reference contraction. There is no extra effect
on MAP, but FHR is reduced with an additional 4 bpm.
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Figure 3.4: Simulation results for normal labor and UPI. Left: With the reference contrac-
tion py e f, uterine flow g, reduces to zero. Arterial oxygen pressure pO, reduces by 2 mmHg,
mean arterial pressure MAP increases with 1 mmHg and FHR drops by 10 bpm. Right: In the
UPI simulations, reduced oxygen supply (via reduction in diffusion capacity (UPI-DIF) and
flow (UPI-FLOW)) leads to baseline decrease of pO, and FHR, and minor response of pO,
and FHR during the contraction. Reduced oxygen buffer (UPI-BUF) does not affect baseline
values, but leads to faster and stronger reduction of pO, and FHR during the contraction.

A 50% reduction in either baseline uterine blood flow (UPI-FLOW) or placental diffusion ca-
pacity (UPI-DIF) leads to the same hypoxemic response. With respect to the non-UPI reference
contraction, oxygen pressure is reduced already in baseline situation with 4 mmHg. In response
to the contraction, oxygen pressure reduces only by a little extra (-1 mmHg). The correspond-
ing MAP is slightly increased at baseline level (+1.5 mmHg) and hardly affected during the
contraction. Baseline FHR is reduced with 44 bpm with respect to the reference situation. The
deceleration depth is only 11 bpm.

In UPI, the nadir of both pO, reduction and FHR deceleration is achieved somewhat earlier
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Figure 3.5: Partial oxygen pressures and flow redistribution. All partial oxygen pressures
(p0O») reduce during a uterine contraction. Left: Uncompromised fetus. Temporary pO; re-
duction in the intervillous space (due to the contraction) leads to reduction in pO, in the um-
bilical circulation. This influences the pO; in the fetal arterial and microcirculation, where
the cerebral microcirculation is less affected than the systemic circulation due to flow redirec-
tion, as demonstrated in the bottom panel. Middle: uteroplacental volume reduction to 50%
(UPI-BUF). Changes in pO, are more pronounced and more steep; pO, in the systemic micro-
circulation is even more reduced while pO; in the cerebral microcirculation is hardly changed
in comparison with the reference situation. Baseline levels are not affected. Flow redistribution
is earlier achieved (bottom panel). Right: Uteroplacental flow reduction of 50% (UPI-FLOW).
Baseline pO, is reduced at all sites; in the cerebral microcirculation pO, is almost equal to
arterial pO,, while systemic microcirculation pO; is even further reduced as a result of flow
redistribution (bottom panel). Additional response to the contractions is less steep and deep
than for the reference situation.

(10 seconds) than without UPI. As can be seen from the right panel in Figure 3.4, the level of
FHR is directly related to the arterial pO; level: baseline reduction of pO; leads also to FHR
baseline reduction, while transient reduction in pO; leads to a FHR deceleration.
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The oxygen and flow distribution graph (Figure 3.5) shows that uteroplacental volume reduction
leads to flow redistribution during contractions, but not in between them. In contrast, reduced
oxygen supply, either through an increased uterine resistance or a decreased diffusion capacity,
leads to flow redistribution in between contractions already. The absolute minimum of cerebral
pO» is only slightly lower for cases with pre-existing hypoxemia. Partial oxygen pressures for
the case of reduced diffusion capacity (not shown) are virtually identical to those of increased
resistance.

3.3.1.3 Contraction variations

Results of contraction variations on oxygenation and FHR are shown in Figure 3.6. It can be
seen that small contractions lead to small reductions in pO; that barely evoke a FHR deceler-
ation. With the series of the reference contractions, pO; baseline level is not achieved before
the next contraction and thus leads to deteriorating pO,. An increase in contraction interval
allows baseline to restore and leads to identical decelerations for each subsequent contraction.
However, with longer contractions, pO» is not restored to baseline anymore before the next
contraction. Fetal heart rate follows the shape of the pO; signal almost instantaneously: the
decelerations are deeper when oxygen level is more reduced and longer when pO, baseline is
not yet achieved.

3.3.2 Neuronal blocking

Results for the neuronal blocking simulations are shown in Figure 3.7.

3.3.2.1 Alpha blockade

Alpha blockade leads to a slightly more pronounced reduction in pO, following a contraction
(see first column in Figure 3.7). As peripheral vasoconstriction and venous unstressed volume
changes are blocked, MAP reduces slightly during hypoxemia (-1 mmHg). The late decelera-
tion is only slight and followed by a “late acceleration” (both 2 bpm change from baseline) as
the vagal component from the baroreceptor is not activated.

3.3.2.2 Beta blockade

During beta blockade, the response of pO, to uterine flow reduction is similar to that without
blockade (see second column in Figure 3.7). MAP and FHR response are virtually identical.

3.3.2.3 Vagal blockade

Vagal blockade also does not affect pO, response (see third column in Figure 3.7). As cardiac
stimulation via the vagal center is blocked, MAP cannot be maintained during hypoxemia and
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increases further due to the lack of cardiodeceleration. A “late acceleration” (+3 bpm) is seen
in response to hypoxemia, as vagal cardiodecelerative effects are blocked. FHR is also slightly
increased in baseline (+3 bpm).

3.4 Discussion & conclusion

We developed a model that can be used to reproduce reflex late decelerations in uteroplacental
insufficiency. The model response of the reflex pathways is in accordance with the conceptual
model of Martin et al. [78]. In the model, contractions evoke a cascade of events that lead to
late decelerations. The depth of the deceleration depends on the balance between counteract-
ing cardioaccelerative and cardiodecelerative effects from the vagal and sympathetic centers,
induced by inputs from the chemoreceptor and the baroreceptor (Figure 3.1). During the con-
traction, arterial blood pressure is hardly affected, indicating the effectiveness of the baroreflex
mechanism. Oxygen pressure is reduced, but cerebral oxygen pressure is maintained fairly
well, due to a redistribution of blood flow in response to vasodilation of the cerebral vessels
and vasoconstriction of the peripheral vessels, The delay between the uterus contraction and
the change in FHR is dominated by the delay in the drop of fetal oxygen pressure.

Our model simulations for the uncompromised fetus show the results for complete uterine flow
interruption during uterine contractions. In general, the depth of the deceleration will be depen-
dent of the amplitude, duration and frequency of contractions [39]. As an example, we varied
the contraction amplitude to detect the threshold leading to a minimal deceleration, that would
be just above the detection limit in clinical practice. This detection limit was chosen as a decel-
eration depth of -3 bpm. The corresponding contraction amplitude was found to be 32 mmHg.
This contraction reduces uterine blood flow with 50%, which leads to a decrease in fetal arterial
pO; of 0.7 mmHg. This reduction hardly triggers the vagal nerve and hence maximum FHR
reduction is 3 bpm. This threshold contraction indicates that with a contraction duration of 60
s, a contraction amplitude of more than 32 mmHg leads to a late deceleration.

Three mechanisms of uteroplacental insufficiency were included: reduced uteroplacental blood
volume, reduced placental flow via resistance increase and reduced placental diffusion capacity.
During simulations with uteroplacental volume reduction, oxygen buffer diminished in the pla-
centa, and thus led to a quicker and more pronounced reflex response with a deeper and slightly
earlier deceleration (Figure 3.4). There are no baseline effects, as the buffer function becomes
relevant only during contractions. Simulations with a decrease in placental diffusion capacity
gave a similar effect as a decrease in placental blood flow. Already at baseline an effect is
present that follows from a continuous oxygen deficiency: f, is thus continuously higher and
in the upper saturation of the sigmoidal curve that relates f,. to oxygen content. Hence flow
redistribution has already taken place (Figure 3.5) and baseline FHR is lower than without UPI
(Figure 3.4). These responses to reduced uterine blood flow are also observed in fetal sheep
[57, 114, 115]. A further reduction in oxygen due to the contraction thus has a small additional



44 CHAPTER 3. LATE DECELERATIONS

effect only, as saturation restricts further response. Blood pressure effects are not present in
our simulations, although in sheep blood pressure is slightly increased, but not always signifi-
cantly [114, 115]. In our simulations the maximum reduction of FHR is achieved earlier during
UPI than during normal conditions. This finding is in agreement with results from a study by
Itskovitz et al. [53], who found a shorter delay in the onset of bradycardia for sheep fetuses
if pO, was lowered already. Their explanation is that this delay represents the time necessary
for pO, to fall below the threshold for chemoreceptor activation. Our simulations show that
the shorter delay results either from a lower baseline level pO,, caused by a reduced baseline
uterine flow or placental diffusion capacity, or from a smaller oxygen buffer, due to a reduced
uteroplacental blood volume. Since we do not account for the transit time of umbilical blood
to the peripheral and cerebral circulation [3], our lag times are likely to understimate real lag
times.

The simulation with contraction variations shows the influence of contraction interval, strength
and duration on arterial oxygen level and fetal heart rate (Figure 3.6). The contraction sequence
gives an indication of the possibilities of the model to respond to different contractions. By
prescribing the contraction-related variables (duration, interval strength) and by adding FHR
variability and high-frequency variation in the contraction signal, numerous CTG tracings with
late decelerations can be generated for use in a simulated clinical environment and for educa-
tional purposes.

Where the overall reaction to oxygen reduction during uterine contractions can be studied with
an intact nervous system [53, 78, 91], insight into the individual contribution of these pathways
can be increased with the neuronal blocking studies [78]. These experiments provide an oppor-
tunity to validate the internal response of our mathematical model. Reproduction of the block-
ing studies in the mathematical model confirms the delicate balance between cardioaccelerative
and -decelerative effects of the pathways. During alpha-sympathetic blockade, FHR is almost
unchanged, as the reduced cardiodecelerative effect is almost canceled out by the cardioaccel-
erative effect of beta-sympathetic response. This can be seen in the biphasic response: the late
deceleration is followed by a late acceleration. Minor changes in neuronal response may thus
lead to different effects due to this balance. Whereas blood pressure was hardly affected in sim-
ulations with an intact nervous system, it could not be maintained when the alpha-sympatethic
or vagal pathway was blocked. This is in accordance with the studies of Martin et al. [78], Parer
et al. [91], and Itskovitz et al. [53], as they all found differences in MAP per fetal sheep: Mar-
tin’s subjects had increased MAP while in Parer’s subjects it was sometimes a little increased,
decreased or unchanged. Itskovitz et al. [53] did not find significant changes in MAP.

Due to lack of fetal data, many parameter settings in the fetal model had to be derived from
animal data and human adult data. Relations between blood flow and oxygen pressure were
based on sheep data from Peeters et al. [95]. As cardiac output distribution differs between the
human and sheep fetus [107], we adopted their relations and scaled them for normal flow rates
and oxygen pressures in the human fetus.
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We used an adult cardiovascular regulation model, proposed by Ursino et al. [122] and scaled
only a few blood- and oxygen pressure-dependent parameters to create a fetal model. The scal-
ing was based on differences in avarage oxygen pressure and blood pressure levels between
the adult and the fetus. Furthermore we included vagal nerve hypoxia as described in our pre-
vious publication [124]. These model adaptations were sufficient to evoke the physiological
cascade leading to late decelerations. However, it is not unlikely that the balance of the neu-
ronal pathways differs in the fetus compared to the adult, as it is known that central nervous
system maturation is an ongoing process after birth. This means that quantitative analysis of
our simulation results should be undertaken with caution.

Unfortunately, animal experiments that investigate the mechanism of late decelerations are lim-
ited in number and go back to the late 1970s and early ‘80s [53, 58, 78, 91]. In the review of
Jensen et al. [58] it becomes clear that different experimental protocols result in different effects
on FHR, flow distribution and oxygenation. To test our model of late decelarations, we only
used data from animal experiments that investigated intermittent oxygen delivery reduction to
the intervillous space (either from maternal aorta compression or uterine blood flow reduction)
to mimic uterine blood flow reduction during contractions [53, 58, 78, 91]. Furthermore, we
used sheep experiments with graded (chronic) uterine flow reduction [57, 114, 115] to test our
model predictions for UPI.

To allow investigation of the “pure” reflex pathways we did not include beat-to-beat heart rate
variability in these simulations. However, for the simulation with variable contractions, FHR
variability and high-frequency contraction variations to the FHR and contraction signals are
added in a postprocessing step, merely to approximate the clinical appearance of these signals
(Figure 3.6). It is clear that heart rate variability needs to be included in more fundamental
way, e.g. as a result of fetal breathing, sucking or other movements [84] or due to vagal and
sympathetic nerve activity, to obtain realistic CTG tracings when the model would be used in a
simulated clinical environment.

Furthermore, the model was restricted to reflex late decelerations. This implies that other mech-
anisms that directly or indirectly may alter FHR, like myocard depression [78, 91] and blood
pressure regulation via catecholamines and humoral effects [72, 77, 78], are not taken into ac-
count. These mechanisms require additional model components, such as myocard oxygenation,
acid/base status of the fetus and humoral regulation.

In conclusion, we present a mathematical model that can be used to study and reproduce hemo-
dynamics during reflex late decelerations in term labor. Not only is the model able to reproduce
late decelerations, it also replicates the contribution of the neuronal pathways as derived from
sheep experiments [78, 91]. Incorporated in a screen-based simulator, the model can be a use-
ful tool for individual training for obstetricians to obtain insight into the complex physiology
behind the FHR. Furthermore, incorporated as simulation engine in a mannequin, it can be
used to drive mannequin reactions during obstetric team training. For both applications, the
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model should be extended with a graphical user interface to enhance manipulation of model
parameters.
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Appendix

Additional model equations

Many model equations and parameters are described in our previous publication [124]. Unless
otherwise stated, additional model equations given in this appendix are based on the adult regu-
lation model of Ursino et al. [122]. An overview of the regulation pathways is shown in Figure
3.8.

UPI

During a contraction, the uteroplacental resistance is increased due to the transmural pressure
of the contraction. This is modeled with a sigmoidal function, according to:

( Put —Put ,n )
. . . ki
szs,mm + szs,maxe s

Put —Put ,n )

1 —+ €< kiys
Atresting tone, vessel resistance in the intervillous space is about equal to Rjys min [kPa-ms/ml],

Rivs = (31)

while Rjys max [kPa-ms/ml] is the maximum value. The slope of the response in the physiolog-
ical working point p,, , [kPa] is determined by kiys [kPa~—!]. Parameters were chosen such that
the transition from minimum to maximum resistance occurs for uterine pressures between 35
and 65 mmHg [71].

Uteroplacental insufficiency (UPI), leads to a decrease in oxygen diffusion over the placental
membrane. This diffusive transport O; rf [m? O, /s] is determined by the difference in oxygen
pressure pO, [mmHg] between the intervillous space (ivs) and the umbilical microcirculation
(um):

Ouifr = DC(pO2 ivs — pO2 um), (3.2)

where DC [m? O, /s/mmHg] is the placental diffusion capacity. In turn, the oxygen pressure in
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the intervillous space is determined from the balance between convective and diffusive transport
to the intervillous space:

d(COivs : Vut)

dr = qw(COa,m - COivs) - Odiff- (3.3)

Here oxygen concentration in the maternal arterial circulation and intervillous space is given
as Oy, and cOjy [m3 0,/ m> blood] respectively, the blood volume of the compartment as
V,: [m?], and the flow through the compartment as g,; [m?/s]. In the model, UPI is modeled
through an increase in placental resistance R;,; (UPI-FLOW), a decrease in uteroplacental blood
volume V,; (UPI-BUF), or a decrease in placental diffusion capacity DC (UPI-DIF).

Baro- and chemoreceptor

The receptors, that translate blood pressure and oxygen pressure levels into afferent fire rates
that are input for the CNS, in general consist of 1) a comparator, 2) a transfer function and 3)
a low pass filter, see also Figure 3.3. We will discuss the receptor model for a generic input
parameter x, that is translated in a fire rate f [s_l]. First the input x is translated into a deviation
Ax by comparing it to a normal value x,, :

Ax = x—xy,. (3.4)

Second, the deviation is processed to an intermediate fire rate f; using a sigmoidal transfer
function:

(%)
x fx,min+fx,max etk

fx o (3.5)
l—l—e(5>

Here fy min [s7!] and fymax [s!] are constant fire rates that are achieved for deviations Ax —
—oo and Ax — +oo, respectively. According to equation 3.5 the fire rate for Ax = 0 equals
% ( Sx,min + fx,max)~ The parameter k determines the slope of the response. Finally, the interme-
diate fire ratef; is translated into the actual fire rate f, through a low pass filter, written as a
first order differential equation:

) (3.6

dt Ty

Here the time constant 7, [s] determines to what extent high frequency variations in Ax the are
passed into the actual fire rate f;. In the extreme case 7, — 0 no filtering takes place. The
parameters settings for the various receptors in Figure 3.3 are given in Table 3.3.
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Table 3.3: Receptor parameters.

fvh fab fac fsh4o fsp,o
Parameter | Value | Value | Value Value | Value Unit
Sxmin 0 252 1.16 | -49.38 7.33 s!
S max 2.5 47.78 17.07 3.59 13.32 5!
Xn 11 40 11 11.36 7.52 | mmHg
ky 1.7 4.09 7.24 6 2 | mmHg
Ty - - 2 30 30 S

CNS
Vagal nerve

We slightly adapted the models proposed by Ursino et al. [122]. The vagal fire rate f, [s~'] is
modeled according to:

fabffab,n)
f : . + f ’ .e kev
fv = Wb,v L evmz;_fahn +Wc,vfac - Wp,vfap +fvhv (3.7)

L)
with:

(POZ,UZPOZJL,C)
Joh.min + fvh,max - € vh
fp = P om0 S L 6.8
1—|—e< kyp B )

and fev,min [S_l]’ fev,max [S_l]’ fab,n [S_l]’ kev [S_l]’ fvh,min [S_l]’ fvh,max [S_l]» fv,o [S_l]’ kyp
[mmHg~!] and pO, .. [mmHg] as constants. Weight factors W, ,, [—], W, [~] and W,,,, [—]
determine the relative importance of baro-, chemo- and pulmonary stretch receptor fire rates.
The fire frequency of the lung stretch receptor f,, [s~!], that is included in the original model
by Ursino, is kept constant in our model.

Sympathetic nerves

Fire rate for sympathetic innervation of the peripheral circulation and the heart (y = sp and
y = sh respectively), is calculated according to a generic formula:

fes’oo _|_ (fes 0— fes,w) . e(key(_WbA’y~fub+Wc.y-faC—Wpﬁy'fap_fy,o)) fy < fes’max
fy= ’ (3.9)

fes,max fy > fes,max ,

with fes max [s~1], fes0 [s~1], fes,o0 [s~!] and k,q [s] as constants. Weight factors Wh.sp (=] Wesp
[—] and W, 5, [—] are used for baro-, chemo- and pulmonary stretch receptor fire rates. Again
Jap 1s kept constant. Hypoxic offset f,, [s~!] creates a threshold for sympathetic response:
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dfyo 1 i}
— == (o= Jfro) 3.10
dr T (fyo = fro) (3.10)
with:
(%)
f y,min + f y,max " € isc,y
Tyo = (e omy G.1D)
1 +e ki‘vc,y

where f;, is the unfiltered hypoxic offset and ;s (8], £y, min [s71], Symax [s~1], p0>,, [mmHg]
and kg y [mmHg '] are constants. Parameter settings for the vagal and sympathetic nerves are
given in Table 3.6.

Effectors
Contractility, venous unstressed volume and systemic vascular resistance

The function that translates the vagal and sympathetic fire rates into an effect on heart and
vessels in general consist of 1) a time delay, 2) a transfer function and 3) a low pass filter. We
will discuss the receptor model for a generic input fire rate f, [s~!], that is translated into an
effect z. The effector value z is given by the sum of a baseline value zo and regulation based
change Az:

z=z0+Az (3.12)

First the input fire rate f;, is translated into a unfiltered change of the effector Az*. In most cases
a logarithmic function is used:

fz(thz)*fes,min+fs,] .
AZ* — { Gz -In ( Fil > fz Z fes,mm (313)

0 fz < fesmin .

Here the parameter D, [s| describes the time delay of the response and the fire rate f,s min
[s~!] describes the input fire rate below which no effect is generated and f; ; = 1 [s~!] ensures
continuity. The parameter G, governs the steepness of the response.

In case of the systemic vascular resistance a sigmoidal function is used:

AZF — Zmin +Zmax@ ‘ (3.14)
1+ e( k )

Here the parameter D, [s] again describes the time delay of the response, the parameter k;
governs the steepness of the response and the fire rate f; o [s~!] represents a reference fire rate
at which the effect is equal to % (Zmin + Zmax)-
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Finally, the unfiltered effect Az* is translated into the actual effect Az through a low pass filter,
written as a first order differential equation:

dAz 1
= (A —A7). 3.15
T (AZ" — A7) (3.15)

Here the time constant 7, [s] determines to what extent high frequency variations in input fire
rate f, are passed into the actual effect Az. Parameter values can be found in Table 3.5.

Heart period

The vagal and sympathetic contribution to heart period T [s], is given by:

T =Ty + AT, + AT, (3.16)

where Tj [s] is the basal heart period, and AT, [s] and AT [s] are the change in heart period from
the vagal and sympathetic nerve respectively, filtered through a low pass filter:

B L ar, T
AAT, 1 . (3.17)
AT 1 (AT +ATY),
with:
AT =Gr, - fy (t— DTV)
K -D s) " JesminT Js,
ATS* _ { GTs -In (fh(l 2 )fS{ +f’1> fsh > fes,min ‘ (3.18)
0 fsh < fes,min

Change in contribution to heart period is thus governed by time constants 77, [s|] and 77, [s],
delays Dr, [s] and Dy, [s], and gains Gy, [s] and Gy, [s]. Parameter values can be found in Table
3.5.

Cardiac contractility

Myofiber stress is a function of active (04 [Pa]) and passive (0,45 [Pa]) stress that in turn
depend on sarcomere length (I; ) and shortening velocity ([; [m/s]), time ¢ [s] and heart period
T [s]:

Gf:WC'Gact(157i57taT)+Gpas(ls)- (319)

Cardiac contractility is governed with scaling factor We [—] for active stress, where We = 1
represents normal contractility.
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Table 3.4: Uterine and cerebral resistance parameters.

Parameter Value Unit
TReme 10 $
Reme0 1398 kPa - ms/ml
Reme,min Remeo/3 kPa-ms,/ml
Rzrmz:,max 3 'Rz:mz: kPa- ms/ml
cOun 0.12 | m® 05/m? blood
keme 0.018 | m? blood/m> O,
Rivs0 450 kPa - ms/ml
Rivs.min 450 kPa- ms/ml
Rivs.max 18000 kPa- ms/ml
Putn 10 kPa

Autoregulation in the brain

In sheep, the relation between cerebral flow ¢ [m? /s] and arterial oxygen content cO, [m* O, /m? blood]
has been determined [95]. From that data, we determined the following relation between steady

state cerebral resistance Ry [kPa-ms/ml] and cO,. The temporal response was based on

Ursino et al. [122].

AR, 1
d°tm‘ — E (—Reme + R0, (3.20)
with:
(00a760u1n>
R = Fmem e 621
1 _|_ e keme

Here 1z, [s] represents the time constant, cO,, [m> O,/m? blood] a constant normal arterial
oxygen content, while Repme min and Reme max répresent minimum and maximum resistance val-
ues, based on measured data from Konje et al. [65]. The steepness of the curve is determined
via keme [m? blood/m? O,]. Parameter values can be found in Table 3.4.

Parameter assignment

In general, parameter settings are identical to those in our previous publication [124], unless
otherwise mentioned. The setting of the majority of the regulation parameters is adopted from
Ursino (see Table 3.3 and 3.6), and scaled where applicable to normal fetal arterial oxygen
pressure and blood pressure levels. The gain for cardiac contractility and unstressed volume
was set at the same fraction as for the adult. Parameters for cerebral autoregulation during
hypoxemia (see Table 3.4) are based on the work of Peeters et al. [95] and Konje et al. [65].
Parameters related to uterine resistance are based on the descriptive relation between uterine
contraction pressure and vascular resistance in the intervillous space [71], see Table 3.4.
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Table 3.5: Effector parameters.

Ts Tv Wc VV.O Rmc
Parameter Value | Value | Unit Value Unit Value | Unit Value Unit
20 0.25 0.25 s 75 kPa 100 ml 200 | kPa-ms/ml
Zmin - - - - - - - 160 | kPa-ms/ml
Zmax - - - - - - - 1000 | kPa-ms/ml
Sesmin - 266 | s7! 2.66 5! 2.66 5! - -
fon - - - - - - - 12 57!
k. - - - - - - 1.44 s
T, 1.5 2 8 s 20 S 6 S
G, 0.09 -0.13 52 10.2 | kPa-s -15.09 | ml-s - -
D, 0.2 2 S 2 S 5 S 2 S
fol - 1 s 1 5! 1 57! - -
Table 3.6: CNS parameters.
fv fsh fsp

Parameter | Value Value Value Unit

Jes0 - | 1611 16.11 s

fesioo - 2.1 2.1 s

f l('sm ax - 60 60 ST 1

kes - | 0.0675 | 0.0675 S

fev.min 32 - - Sil

fev.mw{ 6.3 - - S !

Jabn 25 - - s

ke 7.06 - - | mmHg™!

Sro -0.68 - 57!

Wpy 1 1 1 B

Wey 0.2 1 5 -

Wy 0.103 0 0.34 -
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Figure 3.7: Simulation results for normal labor and blocking simulations. First column: with alpha blockade, the regulatory system fails to
maintain MAP during hypoxemia. FHR decelerates in response to hypoxemia, but less pronounced than without blockade. Second column: with
beta blockade, MAP is slightly decreased but can be maintained during hypoxemia. FHR baseline is also slightly reduced and the deceleration
depth is slightly deeper due to blocked cardioacceleration. Third column: with vagal blockade, MAP cannot be maintained during hypoxemia and
is increased. FHR increases as cardiodecelerative effects are blocked, this results in late acceleration.
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Abstract

During labor and delivery, variable decelerations in the fetal heart rate (FHR) are commonly
seen on the cardiotocogram (CTG) that is used to monitor fetal welfare. These decelerations
are often induced by umbilical cord compression from uterine contractions. Via changes in
oxygenation and blood pressure, umbilical cord compression activates the chemo- and barore-
ceptor reflex, and thus affects FHR. Since the relation between the CTG and fetal oxygenation
is complex, assessment of fetal welfare from the CTG is difficult.

We investigated umbilical cord compression-induced variable decelerations with a mathemat-
ical model. For this purpose, we extended our model for decelerations originating from caput
compression and reduced uterine blood flow with the possibility to induce umbilical venous,
arterial and total cord occlusion. Model response during total occlusion is evaluated for varying
contractions (duration and amplitude) and sensitivity of the umbilical resistance to the uterine
pressure. A clinical scenario is used to simulate a labor CTG with variable decelerations.

Simulation results show that fetal mean arterial pressure increases during umbilical cord oc-
clusion, while fetal oxygenation drops. There is a clear relation between these signals and the
resulting FHR. The extent of umbilical compression and thus FHR deceleration is positively
related to increased contraction duration and amplitude, and increased sensitivity of the umbil-
ical resistance to uterine pressure. No relation is found between contraction interval and FHR
response, which can probably be ascribed to the lack of catecholamines in the model.

The simulation model provides insight into the complex relation between uterine pressure, um-
bilical cord compression, fetal oxygenation, blood pressure and heart rate. The model can be
used for individual learning, and incorporated in a simulation mannequin, be used to enhance
obstetric team training.
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4.1 Introduction

During labor and delivery, umbilical cord blood flow is often disturbed due to temporary com-
pression of the umbilical cord induced by uterine contractions. The temporary reduction in
blood flow and oxygen delivery induces changes in fetal blood pressure and oxygen pressure,
thereby activating the baro- and chemoreceptor reflexes [7]. These reflexes are responsible for
a sudden decrease in fetal heart rate (FHR) that can be recognized as a variable deceleration
on the cardiotocogram (CTG). The variable character of these decelerations is thought to result
from the varying location of the umbilical cord in the uterus throughout labor.

Animal experiments have provided qualitative insight into the relation between umbilical cord
compression and fetal heart rate. Barcroft [8] suggested that the rapid onset of the FHR de-
celeration following cord occlusion was due to a vagal response. Sheep experiments have
confirmed a central role for the vagal nerve in variable decelerations. Several studies indicate
that this response 1s due to changes in both blood pressure [11, 19, 55, 70] and oxygen pressure
[11, 89, 102]. As the umbilical circulation represents a significant part of the fetal circula-
tion, umbilical cord occlusion causes a rapid increase of fetal blood pressure, thereby evoking
a baroreceptor response. Furthermore, with no or little umbilical flow, oxygen pressures in the
fetus will drop rapidly and thus activate the chemoreceptor reflex. Both reflexes activate the va-
gal and sympathetic nerves, resulting in an apparently dominant vagal stimulus to the fetal heart
[7]. In addition, the sympathetic stimulus induces systemic peripheral vasoconstriction, that,
together with cerebral autoregulation results in flow redistribution from the periphery towards
the heart, brain and adrenals to economize oxygen consumption [56, 93, 101, 102].

Different types of occlusion may induce different effects on blood pressure [7, 26, 55]. With
partial venous occlusion alone, fetal blood can still be pumped into the umbilical circulation, but
exit this circulation to a limited extent. This leads to a reduced blood volume in the fetal body
and consequently to a reduced blood pressure in the fetal circulation. Partial venous occlusion
is therefore sometimes associated with a baroreflex induced increase of FHR, also recognized
as shoulders that accompany a variable deceleration [7, 130]. With increasing intrauterine pres-
sure, not only the umbilical vein, but also the arteries become occluded and further inflow of
fetal blood into the umbilical circulation is blocked. Despite the reduction of fetal body blood
volume, blood pressure is increased during complete venous or total umbilical occlusion, due to
increased fetal cardiac afterload [7]. Occlusion type and degree not only affect blood pressure,
and thus the baroreceptor response, but also fetal oxygen pressure, and thus the chemoreceptor
response. Together, the baro- and chemoreceptor reflex determine the actual FHR. In exper-
imental setting, also the influence of (partial) arterial occlusion alone has been investigated.
Although this will never occur in clinical practice, this experiment provides valuable insight
into cardiovascular processes during cord occlusion.

Besides the type of the occlusion, also occlusion duration and interval are known to play a role
[19, 130] in FHR response. With increasing duration and decreasing interval, not all cardiovas-
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cular responses may have returned to normal before the onset of the subsequent contraction, and
in these cases FHR overshoot and baseline shift can be seen after the decelerations [54, 129].

In order to better understand the hemodynamic and oxygenation changes during umbilical cord
compression, we use a mathematical model to investigate and reproduce variable fetal heart
rate decelerations resulting from umbilical cord compression in the human fetus. To this end,
we extended our model to investigate the relative contribution of the reflex pathways involved
in early and late decelerations [124, 125]. In order to evaluate experimental findings, arterial,
venous and total umbilical cord occlusion are simulated. In addition, variations in cord occlu-
sion are induced by applying contractions with different amplitude and duration and by varying
the sensitivity of the umbilical resistance response to uterine contractions. We envision the use
of the model in an educational setting, both for individual learning and for enhancement of
obstetrical team training.

4.2 Materials & Methods

4.2.1 Mathematical model

The mathematical model describes cardiovascular function, uterine contraction, oxygen deliv-
ery and cardiovascular regulation via the baro- and chemoreceptor. In previous publications,
we presented the model in detail [124, 125], see also Figure 4.1 for the cardiovascular model.
For the current study we made a few model extensions.

In order to investigate partial or complete umbilical cord compression, the umbilical circulation
1s now modeled as a serial circulation of umbilical arteries, microcirculation and vein. The
arterial and venous umbilical resistances increase with uterine pressure. Compression of these
vessels was achieved by modeling the relation between uterine pressure and vessel resistance
with a sigmoidal function, as described by Fung [31] and Rodbard [104] for compression of
collapsible tubes and used earlier in our model for compression of uterine and cerebral vessels
during contractions [124, 125]. Figure 4.2 shows the relation between uterine pressure and
umbilical cord resistance. At low uterine pressure levels, umbilical resistances are at baseline,
representing uncompressed vessels. As the uterine pressure p,,; rises during a contraction, the
resistances of the umbilical vein and the umbilical arteries increase, and consequently umbili-
cal flow decreases. The resistance of the vein starts to rise at lower pressures than that of the
arteries. Thus, during a contraction, the vein will occlude earlier than the arteries. The ac-
tual resistance increase is determined by four parameters: minimum umbilical cord resistance,
maximum umbilical cord resistance, a reference uterine pressure (pys v, and py 4, for umbil-
ical vein and arteries, respectively) at which the resistance equals the mean of the minimum
and maximum value, and the slope at this reference pressure. Since in clinical practice identi-
cal contractions may lead to different grades of umbilical cord compression, a parameter Wy p
is introduced to model the variable sensitivity of the umbilical cord to compression due to its
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teries (subscript a, with resistance R, inertance L and compliance C) receive blood from the
left ventricle (LV). The uterine circulation (ivs and utv: intervillous space and uterine veins)
and the remainder of the systemic microcirculation (mc) run in parallel and fuse in the venous
circulation (v). Retrograde flow in the heart is prevented via valves. Intervillous space resis-
tance R;,s is uterine pressure-dependent. In the fetus, the combined ventricle (CV) forwards
blood towards the arteries (a). Three compartments run in parallel: the cerebral (cmc, cv),
umbilical (uma, ummc, umv), and systemic circulation (mc). They all fuse in the venous com-
partment (v). Fetal cerebral microcirculation resistance is dependent on arterial pO; through
local autoregulation. Venous compliance and volume, systemic resistance in the microcircula-
tion, cardiac contractility and heart period are all under reflex regulation. The uterine and all
fetal compliances experience external uterine pressure (p,,). Adapted from [124].

variable location in the uterus, e.g. free or easily compressible. This parameter influences the
occlusion response curve via the maximum umbilical resistance at high uterine pressure, with
this maximum ranging from the minimum umbilical resistance (Wyp = 0, no compression) to
the maximum umbilical resistance (Wyp = 1, complete occlusion). This thus affects the ex-
tent and the steepness of the response. Identical contractions can thus cause different umbilical
compressions. Modeling details for the variable compression of the umbilical vessels can be
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found in appendix 4.4.

The variable character of umbilical cord occlusions is also achieved via variation of the duration
and amplitude of uterine contractions from contraction to contraction, see also [124]. Hence
only the extent of the occlusion itself is influenced, the response curve remains unchanged.

In a clinical setting the umbilical arteries are never occluded without the vein. In an experimen-
tal setting, the arteries can be occluded while the vein remains open. In the model, this scenario
can be achieved by setting Wy p = 0 for the umbilical vein and setting Wy p # 0 for the umbilical
arteries.

Oxygen content in the umbilical arteries is determined by in- and outflow of oxygen (convective
transport), and depends on umbilical arterial blood volume, umbilical arterial flow and oxygen
concentration in the fetal arterial circulation. Modeling details of oxygen distribution in the
umbilical arterial compartment can be found in appendix 4.4.

In comparison to our previous studies, we attenuated the baroreceptor gain with a factor 5. This
change is based on a sheep study [18] and our previous finding that the adult-to-fetal scaled
baroreceptor reflex in our model probably overestimates fetal baroreceptor function [125]. De-
tails can be found in appendix 4.4.

4.2.2 Simulation protocol

The simulations mimic both experimental and a clinical scenarios. The experimental scenarios
are used to investigate model response to variations in uterine contraction amplitude and du-
ration, and variations in the umbilical resistance response curve. In the clinical scenario, we
simulate repetitive brief umbilical cord occlusions in response to uterine contractions with a
variable character.

In all simulations, the resistance response curve for the umbilical vein and the umbilical arteries
is based on constant parameters for slope, reference pressure, and minimum and maximum
resistance. Factor Wyp for the maximum response is set equal for the vein and the arteries,
unless mentioned explicitly. Umbilical parameter settings can be found in Table 4.2 in the
appendix and hold for all simulations where no explicit values are given.

4.2.2.1 Experimental scenarios

Occlusion type

A reference contraction of 60 s with an amplitude of 70 mmHg is used to investigate the dif-
ferences in cardiovascular response to venous, arterial and total umbilical occlusion. Venous
occlusion alone is achieved by setting Wy p for the arterial occlusion response curve to zero,
hence the arterial resistance is independent of changes in uterine pressure. In a similar fashion,
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during arterial occlusion Wy p was set zero for the umbilical venous occlusion response curve.

Contraction duration and amplitude

The contraction is varied in duration (between 50 and 90 s, increasing with 20 s steps) and
amplitude (from 50 to 90 mmHg, increasing with 20 mmHg steps) to investigate the effects on
cardiovascular response with total umbilical occlusion.

Umbilical resistance response curve

The effect of varying sensitivity of umbilical resistance to uterine pressure is investigated by
setting Wy p to a value between 0.1 and 1 (with steps of 0.3, see also Figure 4.2). The reference
contraction of 60 s with an amplitude of 70 mmHg is used.

|
60 Puyy U 12

——————— umbilical vein
—  umbilical arteries
R -1 Wyp=
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>
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1
1
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Figure 4.2: Variable response curve for umbilical resistances. The resistance in the umbil-
ical venous and umbilical arterial circulation are uterine pressure-dependent. At low uterine
pressure and/or low factor Wy p, umbilical resistance equals the normal minimum resistance
(Rum,min), and increases sigmoidally with increasing uterine pressure and/or factor Wy p to the
maximum resistance R, nqx. This factor determines the steepness and maximum response to a
contraction and can be used to create a variable umbilical cord compression from contraction to
contraction. The resistance increase is the steepest at the reference pressures py ., and pus g n.



64 CHAPTER 4. VARIABLE DECELERATIONS

4.2.3 Clinical scenario
4.2.3.1 CTG tracing with variable contractions and occlusions

A series of random uterine contractions (duration, amplitude, interval) is applied while for each
contraction the occlusion response curve is varied via factor Wyp. The random variation in
Wyp (0.6 £0.2) and contraction duration (60 48 s), amplitude (60 +15 mmHg), and interval
(150 £10 s) is based on a Gaussian distribution with a mean value p and a standard deviation
o, noted as (U £0). To enhance clinical appearance, FHR variability and short term uterine
pressure variations are added in a postprocessing step as described before [124].

4.3 Resulis

4.3.1 Experimental scenarios
4.3.1.1 Occlusion type

The columns in Figure 4.3 show the FHR response to umbilical occlusions originating from ve-
nous, arterial and total umbilical occlusion, respectively. For umbilical vein occlusion, venous
umbilical flow reduces to zero within a few seconds, whereas umbilical arterial flow remains
nonzero throughout the contraction (minimum of 49 vs. 268 ml/min in baseline). Hence an
extra amount of fetal blood is pumped into the umbilical circulation (24 ml), and fetal venous
volume decreases (Figure 4.3). Flow redistribution takes place after the top of the contraction
has occurred, with the cerebral circulation receiving more flow at the expense of the peripheral
circulation. Fetal blood pressure drops initially (37 vs. 40 mmHg in baseline), but increases in
the second phase of the contraction (+15 mmHg). Oxygen pressure builds up in the umbilical
vein proximal to the occlusion due to ongoing diffusion (54 vs. 31 mmHg in baseline) and is
decreased in the fetal circulation due to continued oxygen consumption without new delivery
(both 13 vs. 17 mmHg in the umbilical and fetal arterial circulation with respect to baseline).
FHR drops biphasically, the first, major drop (from 134 to 78 bpm) is mainly caused by hypoxia,
while the second, smaller drop (-15 bpm) is due to the increased blood pressure in second phase
of the contraction.

During umbilical arterial occlusion, flow through the umbilical arterial and venous circulation
is virtually identical, even though the umbilical vein resistance is unchanged. Almost no blood
is pumped into the umbilical circulation (3 ml). Blood pressure fluctuates throughout the con-
traction (overall increased, with peak pressure +11 mmHg) and is determined by the product
of total fetal flow and total fetal vascular resistance. During the first phase of the occlusion,
blood pressure increases, as total fetal resistance increases due to the changes in the umbilical
resistance. However, shortly after the first increase in blood pressure, fetal flow decreases due
to a baroreceptor reflex-induced decrease of FHR. This results in a small decrease in blood
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Figure 4.3: Umbilical cord occlusion. First column: Umbilical vein occlusion. Uterine con-
traction (p,,) causes a quick decrease in umbilical venous flow (g,,,) and a delayed reduction
in umbilical arterial flow (gm ). Consequently, blood volume in the umbilical compartment
(V.m) increases and decreases in the fetal venous compartment (V,.,). This causes an initial
reduction in mean arterial pressure (MAP). Flow is redistributed from the microcirculation to-
wards the cerebral circulation (g, and g., respectively). Interruption of oxygen delivery to the
fetus causes an increase in umbilical venous, and a decrease in umbilical arterial and fetal ar-
terial pOy (pO2 ym,y and pOy ym , and pO; 4, respectively), which is slightly different from the
fetal arterial pO,. The changes in fetal blood- and oxygen pressure evoke a baro- and chemore-
ceptor response that results in a FHR deceleration. The secondary MAP response is described
in detail in the main text. Second column: Umbilical arteries occlusion. Total umbilical flow
stagnates almost instantaneously, hence almost no blood is pumped into the umbilical circula-
tion. Fetal MAP is overall increased, but fluctuates due to changes in balance between vascular
resistance and FHR. Changes in oxygenation and FHR are less pronounced than during venous
occlusion, due to a shorter occlusion duration. Third column: umbilical vein and arteries oc-
clusion. The effects of umbilical vein and arteries occlusion are combined. This results in an
intermediate amount of blood trapped into the umbilical circulation, a biphasic MAP response
and a broader and deeper FHR deceleration and an increased flow redistribution.

pressure. The second increase is due to an increase in fetal total resistance under influence of
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chemoreceptor reflex-induced peripheral vasoconstriction. After the peak of the contraction,
total resistance and flow turn to normal. Firstly the decrease in total resistance is faster than the
increase in total flow (FHR is still at its minimum), with a small decrease in MAP as a result.
Thereafter, FHR restores quickly while the return of systemic resistance to baseline is slower.
The result is a quick increase in fetal blood pressure. Blood pressure subsequently reduces to
normal at the same rate as the decrease in systemic resistance. Oxygen pressures are disturbed
less than during venous occlusion alone, due to the shorter occlusion time (umbilical vein: +15
mmHg, umbilical artery: -2 mmHg, fetal artery: -4 mmHg, all with respect to baseline level).
The biphasic response in heart rate is less pronounced than during venous occlusion alone (-53
and -10 bpm for primary and secondary reduction respectively).

During total occlusion, the vein occludes first. Until the arteries are occluded as well, blood is
pumped into the umbilical circulation, however, less blood (11 ml) is stored than during venous
occlusion alone. After a minor decrease, blood pressure shows a biphasic increase (+3 and +26
mmHg above baseline) and is overall increased. The temporary decrease in MAP at the end of
the occlusion is due to reduced fetal vascular resistance (re-opening of the umbilical circulation)
and still reduced fetal flow (nadir in FHR). The rapid increase in FHR and the still elevated
vascular resistance are responsible for the second peak in MAP. Oxygen pressures are somewhat
less disturbed than during venous occlusion (umbilical vein: +20 mmHg, umbilical artery: -3
mmHg, fetal artery: -4 mmHg, all with respect to baseline level). FHR drops biphasically
during the occlusion and is lower than during venous occlusion alone (-62 and -13 bpm).

4.3.1.2 Contraction duration and amplitude

The first two columns in Figure 4.4 show the results for increased contraction pressure and
duration. A variation in contraction amplitude affects the extent of all cardiovascular responses.
A contraction below 70 mmHg does not evoke a variable deceleration. Furthermore, a linear
increase in contraction strength results in a non-linear cardiovascular response for all effectors.
All responses become increasingly more pronounced with increased peak pressure. The FHR
deceleration is broader and deeper with increased peak pressure.

Different results are seen for increased contraction duration, with contraction amplitude main-
tained at the reference pressure of 90 mmHg: a linear increase in duration leads to a fairly linear
increase in effector response. Increased duration mainly affects the duration of the deceleration,
and to a lesser extent the depth of the deceleration.

All hemodynamical and oxygenation changes are restored within 10-15 seconds after the end
of the contraction.
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Figure 4.4: Model response to changes in uterine contraction and umbilical resistance re-
sponse curve. First column: Contraction amplitude variation (50, 70 and 90 mmHg). A linear
increase in uterine pressure leads to a non-linear response, characterized by longer and deeper
decelerations, more reduced fetal venous blood volume (i.e. increased umbilical blood vol-
ume), increased MAP, increased umbilical vein/artery oxygen difference, and decreased FHR.
Second column: Contraction duration variations (50, 70 and 90 s). An increase in contraction
duration leads to a fairly linear effect in the cardiovascular responses. Especially the duration
of the FHR deceleration is affected and in a lesser extent the depth of the deceleration. Third
column: Umbilical resistance response variations via factor Wy p (0.1, 0.4, 0.7 and 1.0). A lin-
ear increase of the sensitivity of the umbilical resistance to uterine pressure has a strong effect
on all effectors until Wy p = 0.4, with increasing Wy p, the effect saturates.

4.3.1.3 Umbilical resistance response curve

The third column in Figure 4.4 shows the simulation results due to variations of the resistance
response curve. The degree of compression rises with increasing weighting factor for umbil-
ical occlusion (Wyp). The influence of Wyp on FHR deceleration depth is non-linear: strong
changes are found when Wy p is increased to 0.4, but the additional effect on FHR deceleration
when Wy p is increased above 0.4 is less pronounced.
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4.3.2 Clinical scenario
4.3.2.1 CTG tracing with variable contractions and occlusions

Figure 4.5 shows the CTG for a series of varying contractions and varying umbilical resistance
response curves. Increased uterine pressure and contraction duration not necessarily lead to in-
creased FHR response, since this response also depends on the maximum umbilical resistance
responses that are determined by Wy p. However, the correspondence between FHR decelera-
tion and both pO, and MAP changes remains clearly recognizable. The results per contraction
are given in Table 4.1.

MAP [mmHg]pO,, , [mmHg]

200f :
180 -
160 -
140, . . . . -
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FHR [bpm]

UP [mmHg]
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@) @é) =)
T
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Figure 4.5: Clinical scenario: CTG with variable decelerations and corresponding ar-
terial oxygen and MAP signal. Each contraction evokes a different FHR response, due to
contraction-to-contraction changes in both uterine pressure level (UP) and duration, and in the
compressibility of the umbilical cord. Characteristics of the CTG are given in Table 4.1. Over-
all, FHR corresponds well with changes in MAP and arterial pO,.

4.4 Discussion & conclusion

We developed a model that can be used to generate and investigate variable decelerations re-
sulting from umbilical cord compression in the human fetus. Umbilical cord compression was
modeled via a uterine pressure-dependent resistance for the umbilical venous and arterial com-
partment, taking into account that the vein will occlude first. During umbilical venous occlu-



CHAPTER 4. VARIABLE DECELERATIONS 69

Table 4.1: Characteristics of the CTG in Figure 4.5. Per contraction, the random variables
are given: contraction duration and amplitude, and weighting factor Wy p for the umbilical
arterial and venous resistance curve. The resulting minimum values for arterial partial oxygen
pressure, MAP and FHR are also given (pO3 yin, MAPy, and FHR,,;,, respectively).

Contraction | Duration | Amplitude Wyvbp PO2.min MAPy,in | FHRpyin
# s | [mmHg | (] | [mmHg] | [mmHg] | [bpm]
1 60 60 | 0.6000 13.9 45.6 107
2 48 56 | 0.6010 14.9 42.6 120
3 64 65 | 0.7278 12.3 51.0 85
4 60 64 | 0.5420 12.7 49.7 92
5 49 56 | 0.7770 144 43.9 116
6 65 43 | 0.7270 17.0 39.4 133

sion, blood from the fetal circulation is still pumped towards the umbilical circulation as long
as the umbilical arteries are patent. This results in temporary storage of fetal blood volume in
the umbilical circulation. The amount of volume stored, is dependent on the elasticity of the
umbilical circulation and the time between closure of the umbilical vein and arteries. With re-
opening of the umbilical circulation, a temporary umbilical peak flow occurs in all simulations
(Figures 4.3 and 4.4). The extent of this peak flow is primarily determined by the amount of
blood entrapped in the umbilical circulation.

The reduction in fetal blood volume leads to a reduction in blood pressure. Mean arterial blood
pressure is determined by the product of total vascular resistance and total blood flow. Total
vascular resistance is influenced by umbilical resistance increase (umbilical cord occlusion),
systemic resistance increase (sympathetic stimulus from the chemoreceptor) and cerebral re-
sistance decrease (autoregulation). Total blood flow depends on FHR and cardiac contractility,
which in turn are determined by the baroreflex and the chemoreflex. It also depends on fetal
blood volume through the Frank Starling effect, incorporated in our model through the depen-
dence of active myocardial stress generation on sarcomere length. The balance between these
effects determines the actual blood pressure. In our simulations of venous occlusion alone, this
balance results in an initial decrease of MAP (Figures 4.3 and 4.4). For arterial and total oc-
clusion, MAP does not decrease initially, but rises directly. This initial blood pressure increase
is caused by the rise of total vascular resistance, despite the instantaneous reduction in cardiac
output (via FHR reduction) and the reduced fetal blood volume. The secondary blood pressure
increase can be ascribed mainly to flow redistribution via increased peripheral resistance under
influence of sympathetic stimulation, and to the recovery of FHR, which is also reported from
experimental data [26, 55].

Oxygen delivery to the fetus is blocked by the interruption of umbilical flow during cord com-
pression. As a result, oxygen builds up in the umbilical vein, while in all other feto-umbilical
vessels oxygen pressures will drop since oxygen consumption continues. The differences be-
tween umbilical arterial and fetal arterial oxygen pressure (Figure 4.3) can be explained by local
changes in flow due to cord compression. The fetal pO, reduction activates the chemoreceptor
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that in turn increases vagal and sympathetic activity. FHR drops under vagal influence, while
fetal peripheral resistance increases, and flow is redistributed from the fetal systemic circula-
tion towards the fetal umbilical and cerebral circulation. The latter is supported by decreased
cerebral resistance due to cerebral autoregulation.

The fetal heart rate response is the result of vagal and beta-sympathetic stimuli from the chemo-
and baroreceptor. The initial response to cord compression is a hypoxia- and hypertension-
induced fetal heart rate reduction, mediated by the vagal center, in accordance with observa-
tions from animal experiments [7, 8, 130]. The secondary and smaller reduction in FHR is a
compensation mechanism of the baroreceptor to the (secondary) blood pressure increase. FHR
responds almost instantaneously to changes in umbilical flow, in contrast to FHR response to
changes in uterine flow [35, 125]. The delay in FHR response from both uterine and umbil-
ical flow interruptions is primarily caused by hypoxemia that triggers the vagal nerve via the
chemoreceptor [125]. The main difference between umbilical and uterine flow reduction lies in
the availability of a buffering placental blood pool in the latter case, and the absence thereof in
the former case. Hence fetal oxygen concentration reduces more quickly during cord occlusion
than during uterine flow reduction.

Comparison of model outcome to clinical data is difficult, since FHR is the only continuous sig-
nal available from human fetuses. Hence we had to compare the outcome variables with animal
data. Although this makes a quantitative model validation impossible, qualitative data analysis
is still useful to enhance insight into the complex balance between the different contributions to
changes in heart rate, blood pressure and oxygenation.

In our venous occlusion simulation with the reference contraction, 24 ml of blood is trapped
in the umbilical circulation. This amount is of the same order as the only reported value we
are aware of, which is 35 ml, reported by Hasaart et al. [45]. During arterial occlusion, they
observed the opposite effect, where umbilical blood was pumped into the fetal circulation. This
did not occur in our simulations, probably due to the segmentation choices of the umbilical
compliance in our model.

During most sheep experiments, blood pressure registrations show an increase throughout um-
bilical cord compression between 20 and 50% [7, 11, 26, 55, 102]. Our results for total occlu-
sion show an increase of 43%. We note that the validity of this comparison is limited, since
the umbilical circulation in the fetal sheep receives normally about 40 % of the cardiac output,
whereas the human fetus receives 20% of the cardiac output [64, 93]. Thus blood pressure in
the fetal sheep is more likely to rise during umbilical cord occlusion since the increase in total
resistance is stronger.

Both in our model and in the sheep experiments from Richardson [102], cerebral flow increases
but not sufficient to maintain cerebral oxygen delivery. However, fetal cerebral oxygen con-
sumption is maintained due to increased fractional extraction. Fetal systemic oxygen consump-
tion is reduced as a sparing mechanism [93]. The pO; reduction is dependent on the severity of
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the compression (duration and grade). For a 1-minute total occlusion, Richardson [102] reports
a pO, reduction of 34% to a value of 14 mmHg, comparable to our results, where pO; reduces
by 25% to a value of 13 mmHg. Others report values from 25 to 50%, for cord compressions
with shorter duration [26, 56].

The simulations show the dependency of the variable FHR deceleration on parameters related
to the contractions (duration, amplitude) and the sensitivity of the umbilical resistance (venous
and/or arterial) to uterine pressure. The longer the contraction, the longer the compression
and thus the deeper the deceleration. In addition, the shape of the deceleration evolves from
a V-shape into a U-shape. The amplitude of the contraction influences the degree of cord
compression, and thus the depth of the deceleration. This is also reported by Itskovitz et al. [55],
who reported no cardiovascular changes (MAP and FHR) with flow reduction below 50%. Also
in our simulations, virtually no cardiovascular changes are seen below 50 % flow reduction.

Our simulations do not display FHR overshoot after a severe deceleration. From animal data it
is known that overshoots are caused by catecholamine release during severe hypoxemia caused
by short contraction intervals and/or long contractions [57, 129]. Above a certain concentration
threshold, catecholamines contribute to the sympathetic stimuli to the heart and vessels, induc-
ing peripheral vasoconstriction and increased cardiac performance [17]. We hypothesize that
the absence of catecholamines in the model is responsible for the lack of overshoot in our sim-
ulations, even after severe repetitive contractions (not shown). Currently our model can thus
only be used to simulate non-asphyxiated fetuses in labor, i.e. not for contraction durations
of more than 1 min and/or contraction intervals shorter than 2.5 min for a longer time period
[19, 129, 130].

We modeled the increase in umbilical resistance during a contraction with an umbilical resis-
tance response curve. The response curve may vary from contraction to contraction as the cord
location - and thus the sensitivity to uterine pressure - can change. The introduced weighting
factor is intended to achieve this variable character in an easy manner. However, this weighting
factor could instead also have been applied to the reference uterine pressure or the steepness of
the curve.

During previous simulations, we reported that the baroreceptor reflex in our model is probably
too effective, as almost no blood pressure changes occurred [125]. The baroreceptor reflex was
adapted from an adult model [122], by scaling the pressure-related parameters to fetal blood
pressure. Evidence was found that the baroreceptor is less sensitive in the fetus compared to
both the newborn and the adult: Dawes et al. [18] reported sensitivity (gain) differences be-
tween fetuses and adults of 1/8, 1/5 and 1/2, depending on the method to induce blood pressure
changes. We therefore attenuated our baroreceptor gain with 1/5, although we are aware that
this is fragile proof of an attenuated fetal baroreceptor reflex.

In conclusion, the model is able to simulate the flow of events during umbilical cord conclusion
originating from uterine contractions in the non-asphyxiated fetus. The variable character of
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cord compression is achieved via both variation in strength and duration of subsequent uterine
contractions and variations in the umbilical resistance response curve. The main determinants
for FHR deceleration due to cord compression are the decrease in fetal oxygen pressure and the
increase in blood pressure, that evoke a vagal stimulus to the heart via the baro- and chemore-
ceptor. For the simulation of severe contractions (with respect to duration and interval) leading
to asphyxia, it is advised to include cardiovascular regulation via catecholamines.

Appendix

Model settings

Almost all model equations and parameters are described in our previous publications [124,
125]. Here we only describe the extensions to the previous models.

Compression of umbilical venous and arterial compartments

For the simulations described in this study, the model was extended with explicitly modeled
umbilical arterial circulation and variable resistances in the umbilical arterial and venous com-
partments of the umbilical cord, see Table 4.2. These relations are modeled with sigmoidal
functions as described by Rodbard [104] and Fung [31]. The relation between uterine pressure
puw [mmHg] and umbilical arterial R, , or venous resistance R, kPas/ m?] respectively, is
modeled as a sigmoidal curve, see also Figure 4.2:

(Put —Put x,n )
R . Rumx,0 + WvD * Rum x.max - € Kum 4.1)
um,x — (Pur*ﬂut,x,n) :
1 + e kum

Hence there are two curves, one for the umbilical vein (x = v) and one for the umbilical arteries
(x = a). During low uterine pressures and/or with Wyp = 0, R, x equals the normal resistance
Rumx,0- The maximum resistance R x,max OCcurs only at high uterine pressure and Wyp = 1,
for lower values of Wy p, maximum resistance is the corresponding fraction of Ry, x max. The
steepness of the response is governed by k,,,, and identically modeled for venous and arterial
occlusion. However, the reference point p,; ., differs for both responses such that the vein
will occlude at a lower uterine pressure than the arteries. The parameters are chosen such that
cord compression takes place in the physiological range of uterine pressure and that occlusion
is complete and maximal when Wy p equals 1. However, these values are somewhat arbitrarily
as in fact for every uterine contraction a new curve can be defined, as the sensitivity of the
umbilical cord resistance to uterine pressure differs when the location of the cord changes.
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Table 4.2: Umbilical circulation parameters.

Parameter | Value Unit Parameter | Value Unit
Vum,a,O 10 ml Vum.v,O 80 ml
Cum,a 0.01 ml/kPa || Cyn,y 8.2 ml/kPa
Ruma,min 10 | kPa-ms/ml Rumvmin 2 | kPa-ms/ml
Rum,a.max 30000 | kPa-ms/ml || Rumymax 6000 | kPa-ms/ml
Put.an 12 kPa Put.vn 11 kPa
kum 0.5 kPa Wyvp 0.7 _
Rumme 688 | kPa-ms/ml

Oxygen distribution in the umbilical arterial compartment

Oxygen distribution in the model is based on the work of Sa Couto et al. [108]. Oxygen con-
centration in the umbilical arterial compartment is determined by convective transport alone.
There is no oxygen diffusion nor metabolic uptake in the umbilical arteries. The change in oxy-
gen amount in the umbilical arterial compartment can therefore be represented by the following
equation:

d COum.a : Vum
( dt ) = CIum.,a(COa - COum,a)~ 4.2)

Here oxygen concentration in the fetal arterial circulation and umbilical arteries is given as cO,,
and cOym q [m? O, /m? blood] respectively, the blood volume of the compartment as Vim,a [m?]

and the flow through the compartment as gy [m?3/s].

Baroreceptor gain

The baroreceptor reflex has been described before [125], but its gain is attenuated with a factor
five to account for the differences between fetal and adult baroreceptor sensitivity, as described
by Dawes et al. [18]. Baroreceptor activity as function of mean arterial blood pressure is
modeled with a sigmoidal function and expressed as a fire rate f,, that can vary between a
minimal and maximal fire rate fup, pin and fup max [122, 125]:

<MAP—MAPn )

. . k

fab,mm + fab,max e ab
MAP—MAP, )

1+ e< kab
The steepness is governed by k,;, that is inversely related to the gain in the central point (MAP =

Jab = (4.3)

MAP,). Hence a fivefold decrease in gain is obtained by a fivefold increase in kg, see Table
4.3. All other baroreceptor-related parameters are identical to our previous publication [125].
Fire rate f,,, is filtered with a low pass filter (time constant set to 8 s) and forwarded to the vagal
and sympathetic center. It thus influences four cardiovascular effectors: heart rate, cardiac
contractility, venous unstressed blood volume and systemic vascular resistance.
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Table 4.3: Baroreceptor parameters.

Parameter Value Unit
Sab,min 2.52 s
fab,max 47.78 S7l
Dn 40 | mmHg
kap 4.09-5 | mmHg
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Abstract

Simulation of the cardiotocogram is increasingly used in educational programs that enhance
insight into physiology or improve team work. We investigated whether the realism of model-
generated CTG tracings is sufficient for educational purposes by means of a questionnaire.
Respondents included participants from a training for obstetric emergencies in a simulation
center (76/102 respondents), a workshop at ECOSIM 2011 (9/102 respondents) and a research
meeting for clinicians at a labor ward (17/102 respondents).

Five real and five computer-generated CTG tracings with late decelerations were randomized.
A 5-points Likerts scale was used to evaluate two research questions. First it was asked whether
the clinicians classified the tracing as computer-generated or real (Likert’s scale category 1 be-
ing computer-generated and 5 being real). Second, the suitability of each tracing was assessed
(Likert’s scale category 1 being suitable and 5 being unsuitable). The clinicians had the oppor-
tunity to provide additional feedback on the tracings via the evaluation form and during a group
discussion after filling out the questionnaire.

Results show that the suitability for use in simulation training is found to be almost equal for
real and computer-generated tracings, even though real tracings are more likely to be recognized
correctly. The group discussions during the workshops revealed that variability and regularity
of the simulated signals greatly influence the perception of a tracing and that the suitability of
a particular tracing for use in simulation training mainly requires that the tracing is clear and
free of physiological inconsistencies. The clinicians concluded that this was the case for all
simulated and real tracings.
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5.1 Introduction

During labor and delivery, the recording of the fetal heart rate (FHR) in combination with the
recording of uterine contraction pressure i.e. the cardiotocogram (CTG) is the main modality
for fetal monitoring. In the CTG, often transient FHR changes are seen in response to uterine
contractions. They reflect the response to changes in (local) blood pressure and oxygen content
due to local compression of fetal blood vessels e.g. in the umbilical cord, uterine or fetal
cerebral circulation. Interpretation of the CTG is not straightforward, due to the complexity
of the underlying physiological processes. Mathematical models that address this complexity
can provide insight into this physiology. Once validated, these models can be used in labor and
delivery educational programs.

We presented a mathematical model that can be used to simulate different types of FHR decel-
erations [123—125]. These decelerations are due to temporary reductions in local blood flow
during a contraction, e.g. in the umbilical, uterine or cerebral circulation. The model describes
the relation between uterine contractions and FHR. However, it has not yet been investigated
whether these simulated CTG traces are suitable for use in simulation training. In this study
we present a user evaluation of computer-generated (c) and real (r) traces for late decelerations.
Two research questions are addressed: 1) Are the raters able to identify the origin of the tracing
(i.e. computer-generated or real) and 2) Are the tracings suitable for use in simulation training.

5.2 Methods

5.2.1 Simulation model

The model describes feto-maternal cardiovascular function, fetal cardiovascular regulation (via
baro- and chemoreceptor) and oxygen distribution. A contraction generator provides a uterine
pressure signal that can influence specific intrauterine vascular resistances, and consequently
placental and fetal blood flow, depending on the chosen scenario. Fetal oxygen levels are
described via the relation between placental oxygen uptake, fetal oxygen consumption and
distribution via blood flow in the cardiovascular system. The chemo- and baroreceptor respond
to changes in partial oxygen pressure and blood pressure via activation and inhibition of the
vagal and sympathetic nerve. They thus contribute to short-term regulation of FHR, cardiac
contractility, and peripheral vasoconstriction in order to economize oxygen consumption and
maintain blood pressure. The model is presented in detail in previous publications [123-125].

5.2.2 CTG tracings

The simulated scenario describes the response to contraction-induced uterine flow reduction.
The temporary reduction in uterine flow prevents transport of maternal oxygen to the intervil-
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lous space, which leads to a temporary reduction in oxygen transport (via diffusion) towards
the fetal circulation. The corresponding fetal hypoxemia triggers the fetal chemoreceptor reflex
that activates the central nervous system. The vagal and sympathetic centers respond with FHR
reduction and flow redistribution from the peripheral to the central circulation. A secondary
blood pressure response may further contribute to changes in FHR and flow redistribution via
the baroreceptor reflex. Due to feto-placental oxygen reserve, the FHR response is delayed with
respect to the contraction, and is therefore known as “late deceleration”.

5.2.2.1 Computer-generated CTGs

Five CTGs with late decelerations from utero-placental insufficiency were created with the
simulation model [123-125]. Input parameter settings per computer-generated CTG can be
found in Table 5.1. The CTG tracings with late decelerations were obtained by simulation of
uteroplacental insuficiency via uteroplacental blood volume reduction of 50%, see also [125].
All CTGs had per contraction a random duration of 60 £ 0-10 s, a random interval of £ 0-20 s
and an amplitude of £ 0-5 bpm with respect to input amplitude and interval. Figure 5.1 shows
one of the computer-generated tracings used in this validation study.

Table 5.1: Input characteristics of the computer-generated CTGs. Per CTG, the input
values for amplitude and interval of the first contraction is given. The subsequent contractions
have random variation on these input values as described in the main text.

CTG Amplitude | Interval
# | +0-20 mmHg] | £0-5[s]
1 45 170
2 65 120
3 33 134
4 77 156
5 31 143

UP [mmHg]

time [min]

Figure 5.1: Example of a computer-generated CTG. This CTG is a computer-generated
tracing with late decelerations and corresponds with #1 in Table 5.1.
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5.2.2.2 Real CTGs

From the CTG database at the labor ward, the first five CTGs with late decelerations were
selected. These signals were imported to Matlab (The MathWorks, release 2008a), where they
were presented in a similar fashion as the CTG tracings created by the model. Figure 5.2 shows
one of the real CTGs used in this validation study.

CTG
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Figure 5.2: Example of a real CTG. This CTG is a real tracing obtained from the hospital
database.

5.2.3 CTG validation

For validation of the CTGs, the set of five real and five computer-generated tracings was pre-
sented in the same randomized order to 102 clinicians (obstetricians, obstetric residents and
midwives). The majority of these clinicians (93/102) come from different hospitals in The
Netherlands and participated in an obstetric team training in a simulation center. The raters
were unaware of the number of real and computer-generated tracings. The tracings have a pa-
per speed of 2 cm/min [86]. The rating was anonymous. The raters was asked to provide their
profession and the years of experience with CTG interpretation.

Ratings were collected on three occasions, one during an obstetric team training (76 raters), and
two during a workshop at a conference and a hospital research meeting, respectively (17 and 9
raters).

The first group of raters, clinicians who underwent a full-day obstetric team training in a medi-
cal simulation center, filled in the questionnaire during lunch time, after a training session with
3 obstetric scenarios. The raters were asked to evaluate the tracings on a 5-points Likerts scale
to determine whether they found the particular tracing:

e Computer-generated or real (1 to 5 respectively);

e Suitable or unsuitable for use in simulation training (1 to 5 respectively).
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Within this paper, these two research questions are referred to as the origin and suitability of
the CTGs respectively. The raters had the opportunity to give additional (voluntary) feedback
on aspects in CTG, such as realism of FHR baseline, variability, deceleration depth, delay, du-
ration and shape/appearance; contraction signal features as baseline and its shape/appearance,
duration, interval, amplitude and shape/appearance of the contraction.

The second and third group of clinicians participated in two different meetings: at the Second
European Conference on Simulation in Women’s Health (ECOSIM 2011) and at a research
meeting at a labor ward. The CTGs were presented via a beamer, the rating was on paper.
After rating of all ten CTGs, a group discussion was used to obtain additional feedback on the
rating. Raters were not allowed to change their rated scores once the discussion started. In the
discussion, it was asked what scores each tracing was given and why, and what aspects in the
CTGs determine the suitability for use in simulation training. Furthermore it was asked if there
were aspects in the simulated tracings that need improvement for the use in simulation training,
or how recognition of the computer-generated origin could be prevented.

5.2.4 Data analysis
5.2.4.1 Qualitative data analysis

Per CTG, the Likert’s scale response frequencies (normalized) are plotted and analyzed, for
both origin and suitability. Comments from the user evaluation forms and from the workshop
group discussions are grouped and analyzed qualitatively.

5.2.4.2 Statistical data analysis

Quantitative data analysis was performed with Excel (Microsoft Office, 2010) and SPSS (IBM
SPSS Statistics, version 20). Per trace it was investigated whether there is a trend in the rating
score for the origin and suitability of the computer-generated (c) and real (r) CTGs, both with
Kendall’s tau test and the z-test for binominal proportions.

Origin

A low Likert’s scale score indicates that the raters judge the tracing as a computer-generated
tracing, whereas a high score indicates that the tracing is judged as real. Ideally, all r tracings
should thus score high, i.e., raters can identify real tracings. If the raters can identify c tracings,
these would get a low score in the rating. However, if they can not distinguish whether the c
tracing is real or computer-generated, a high response frequency is expected for score 3, or that
all scores have similar proportions.

To test the hypothesis that r tracings will show a positive trend and c tracings a negative trend,
a Kendall’s tau test is used for the 5-point Likert’s scale. As this test has limited performance
when the rating shows a stepwise response, a two-sample test for binominal proportions was
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used in addition, where the data was grouped into two proportions per research question. Fre-
quencies for scores 1-3 were grouped into category computer-generated and for scores 4-5 into
category real. The z-test is performed between the two score categories within one research
question, thus computer-generated vs. real.

Suitability

Data analysis for suitability is similar to data analysis for origin. For the binomminal z-test,
the data was grouped into suitable (scores 1-2) and unsuitable (scores 3-5), respectively. A low
score represents suitable and a high score unsuitable. A negative or positive trend thus indicates
that the raters judge the tracing as suitable and unsuitable for use in simulation training respec-
tively. Tracings with no trend reflect that the raters are not unanimous about the suitability. We
hypothesize that r and c tracings are equally suitable for use in simulation training, even when
the origin of the tracing can be distinguished by the raters.

5.3 Results

5.3.1 Qualitative data analysis
5.3.1.1 Origin & suitability

Figure 5.3 shows the normalized frequency responses per Likert’s scale score per CTG per
research question (rows), for every individual CTG (left column) and for all CTGs combined
(right column).

The first column in Figure 5.3 shows that the clinicians are able to recognize the origin for 4
out of 5 real tracings correctly, as the proportion increases with increasing Likert’s scale. The
fifth tracing shows an opposite effect: the frequency proportion reduces with increasing Likert’s
scale, which means that the clinicians find it more likely that this tracing is computer-generated.
They had more difficulty with the origin of the c tracings: all ¢ tracings show similar proportions
for each Likert’s scale category. The clinicians are thus not unanimous about the origin of the
c tracings. The second column in Figure 5.3 shows that in general, r tracings are more likely
to be rated as real tracing while c tracings are more likely to be rated as computer-generated
tracing.

For suitability, the proportions for all of the r tracings decrease with increasing Likert’s scale,
indicating that the r tracings are found suitable for use in simulation training, even the tracing
that was found more computer-generated than real. Although less pronounced, there seems to
be a decreasing trend for some of the c tracings as well. However, a particular tracing shows the
opposite trend: the majority of the raters judge this tracing as unsuitable. The general trend is
that r tracings are found somewhat more suitable for use in simulation training than c tracings
(see second column).
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Origin: individual tracings Origin: combined tracings

ffffff computer-generated
real

0.8 0.8

0.6 0.6

Response frequencies (normalized)

1 2 3 4 5 1 2 3 4 5

Suitability: individual tracings Suitability: combined tracings

0.8 0.8

Response frequencies (normalized)

Likert's scale Likert's scale

Figure 5.3: Normalized response frequencies for origin and suitability of CTGs with late
decelerations. The normalized frequency response for each CTG is shown in the first column
for each of the two research questions: origin and suitability (rows). Dotted lines represent
computer-generated tracings, while real tracings are shown in bold lines. The second column
gives the response for the combined tracings (normalized) and thus represents the mean of the
first column. For origin, 1 represents computer-generated, 5 represents real. For suitability, 1
represents suitable and 5 unsuitable.

5.3.1.2 User comments on computer-generated CTGs

Although a number of experts was able to distinguish between real and computer-generated
CTGs, during the discussion the experts were unanimous that the computer-generated tracings
are also suitable for use in simulation training. The following remarks were made:

e The interval between contractions in some of the CTGs is too regular. In real CTGs, often
more variation is seen.
e The contraction signal is too symmetric, real contractions may be skewed.

e The FHR variability seems too regular over a too long period in some of the computer-
generated CTGs. Changes in variability or reduction of signal length would make the
signals more realistic.
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e The paper speed of the CTGs should be equal to the paper speed the clinician is used
to. This speed differs from country to country and especially influences the perception of
variability.

e [t is difficult to distinguish between real and computer-generated tracings, one has to
search for “anomalies” to find out whether the tracing is real.

e [t is not a problem if it can be seen that the tracing is computer-generated, as long as the
tracing is realistic, i.e., there are no physiologic inconsistencies.

5.3.2 Statistical data analysis

Table 5.2 show the statistical results for the tracings. All CTGs with late decelerations are rated
by 102 clinicians on a paper form. However, sometimes a tracing in the middle of the series
was skipped, for which no explanation was given.

Kendall’s tau test is used to identify a positive or negative trend for the Likert’s scale scores.
A number close to 1 represents a pure monotonous relationship. From Table 5.2, it can be
seen that for origin, only rl-r4 have a significant monotonous relationship, as identified by
a high positive outcome for Kendall’s tau test. Hence these r tracings are recognized by the
clinicians as real tracings. Kendall’s tau test is not able to identify tracings that indeed have
a step response, but are not monotonous. Therefore, the z-test for binominal proportions was
used to test for significant different frequency response (proportions) between the computer-
generated- and real-judged tracings. Not only the tracings that were identified by Kendall’s
tau, but also other tracings now reveal a distinction between the proportion of raters that judge
a particular tracing as real or computer-generated. These results are in correspondence with the
qualitative analysis.

Most of the ¢, and all of the r tracings are suitable for simulation training, according to the z-test.
Two c tracings, c2 and c¢5, show similar proportions for the categories suitable and unsuitable,
indicating that the raters are not unanimous. None of the tracings was found unsuitable by the
majority of the raters. Although Kendall’s tau test identifies a monotonous trend for tracing c5,
the binominal proportions are more or less identical. This reveals the complementary role of
both tests.

5.4 Discussion

The results show that majority of the real CTGs evaluated by the clinicians is correctly identified
as a real tracing. There was a number of tracings that scored equally on binominal proportions,
i.e. a p-value >0.05, indicating that the raters are not unanimous about the origin and thus
cannot distinguish as a group whether the tracing is real or not.
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Table 5.2: Statistics of the rated CTGs. Per research question and per CTG, Kendall’s tau and
the score for the binominal z-test for testing two proportions are given. Values between brackets
represent the p-value for the used test, printed in bold when p<0.05. A negative Kendall’s tau
indicates a negative relationship with increasing Likert’s scale score. The proportions consists
of Likert scale category 1-3 vs. category 4-5 (Origin), and Likert scale category 1-2 vs. category
3-5 (Suitability). Hence Likert’s scale category 3 is grouped with the most unfavorable group:
computer(-generated) and unsuitable.

Origin Suitability

Kendall’s tau [ computer [N] [ real [N] [ z-test | Kendall’s tau [ suitable [N] [ unsuitable [N] [ z-test
cl 0.20 (0.62) 47 50 | (0.39) 0.32 (0.45) 57 41 | (0.01)
c2 -0.32 (0.45) 62 38 | (0.00) -0.40 (0.33) 50 50 | (0.56)
c3 0.67 (0.12) 52 48 | (0.34) -0.80 (0.05) 58 43 | (0.02)
c4 0.40 (0.33) 47 53 | (0.24) -0.60 (0.14) 63 36 | (0.00)
c5 0.00 (1.00) 57 43 | (0.03) 0.80 (0.05) 48 52 | (0.34)
rl 1.00 (0.00) 21 79 | (0.00) -0.53(0.21) 78 22 | (0.00)
2 0.80 (0.05) 17 83 | (0.00) -0.20 (0.62) 81 20 | (0.00)
3 0.80 (0.05) 22 74 | (0.00) -0.80 (0.05) 67 30 | (0.00)
4 0.80 (0.05) 20 79 | (0.00) -1.00 (0.00) 79 20 | (0.00)
5 -0.40 (0.33) 73 26 | (0.00) -0.80 (0.05) 79 18 | (0.00)

Almost all CTGs with late decelerations are found suitable for use in simulation training. For
two computer-generated tracings, the clinicians are divided into two equal groups and thus not
unanimous about the suitability of these tracings.

The composition of the group of clinicians is not homogenous, as they have different experience
and responsibility in clinical practice for CTG interpretation. The majority of the raters (93/102)
works in a Dutch hosptital, while the remaining 9 clinicians work in European hospitals. As
statistical analysis was already difficult due to small proportions, no further attempt was made
to subdivide the group into different categories for profession and/or experience with CTG
interpretation. However, it would be interesting to investigate the differences in rating between
those groups within a larger population.

The respondents from the participants in the obstetric team training course come from groups
with a similar distribution of clinicians per team (1 gynaecologist, 1 resident, 1-2 midwives and
several nurses). These clinicians come from non-academic hospitals from all over The Nether-
lands, but train together with their own hospital team (7-9 persons at a time). The respondents
from the conference were from different countries. During their group discussion it became
clear that especially the perception of variability depends on paper speed. The international
attendees are used to a paper speed of either 1, 2 or 3 cm/min, while the presented CTGs were
printed with a paper speed of 2 cm/min, which is common in The Netherlands. Most of these
clinicians agreed that changing the paper speed to the speed they use in daily practice, would
probably solve the issue.

Several additional comments were made with respect to suitability of the tracings for use in
simulation training, either on paper or during the group discussion in the workshops. A number
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of comments was made on short-term (beat-to-beat) FHR variability, which was often percieved
as artificial. As the physiologic modeling of short-term FHR variability is not within the scope
of this research project, a simple black box model was used for variability. Variability is not
part of the model, but added in a postprocessing step to enable validation of simulated CTGs
by clinicians. Clinicians are fairly good in detecting artificial FHR variability, as one of the
obstetricians commented during the single scenario workshop: “the signal is too regular and
lacks anomalies, suggesting that it is computer-generated”. Another frequent remark was the
regular shape of contractions on some of the r tracings. Some clinicians found it unrealistic that
the contraction signal was that smooth.

From the user evaluation via the questionnaire and group discussion in workshops, it becomes
clear that the perception of the tracing depends strongly on the variability and regularity of the
signals. However, there is a lot of physiologic variation in both FHR and uterine contraction
signals, which has the drawback that some r tracings are still perceived as computer-generated,
but the advantage that c tracings fit in more easily in the large physiologic range of real tracings.
To enhance the simulated tracings, a physiologic model of FHR variability could be incorpo-
rated that also takes into account the evolution of FHR baseline and variability changes over
time.

The participants of the workshops were asked for factors in the CTGs that could be improved
for use in simulation training. Two main suggestions were made, related to the variability of
the FHR and the regularity of the contraction interval. The variability signal should be more
irregular and evolving over time. A more irregular contraction interval would also improve the
suitability of the computer-generated tracings, as real tracings often have typical irregularities.
Most of the participants agreed that the presence of irregularities was also the main trigger
for them to distinguish real from computer-generated tracings. However, they did not find it
necessary to include irregularities on purpose to mask the origin of the signal in an educational
setting.

During the workshop at the research meeting in the hospital, the clinicians agreed that CTG
tracings are suitable once they are clear and lack physiologic contradictions, like severe short-
term variability during late decelerations, etc. This implied that after the discussion, if they
would have been allowed, they would have rated more tracings as suitable than unsuitable.
However, this option was not given, as this would have resulted in a biased rating.

Simulated signals are intended to enhance simulation training, it is especially important that
the tracings are suitable for use in simulation training. Therefore, category 3 in the Likert’s
scale was grouped within unsuitable. However, “suitability for use in simulation training” may
be perceived differently from clinician to clinician. A shortcoming of the current set-up was
that no explanation was given on what was meant with this phrase. However, all participating
clinicians are familiar with obstetric simulation training, either from the team training day at the
simulation center (CTGs were provided during the scenarios) or as participants of the ECOSIM
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conference. The clinicians at the research meeting at the labor ward have several years of
experience with simulation-based training. As a result, they may have different notions on the
suitability of CTG tracings for simulation-based training.

At the end of the group discussion at the international conference, all experts agreed that the
computer-generated CTG traces as presented to them can be used for simulation training. The
participants at the hospital research meeting agreed that -when no physiologic inconsistencies
are present- simulated tracings may even be more suitable for simulation training than real
tracings, which often are less clear.
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Abstract

Uterine contractions influence fetal hemodynamics and oxygenation status which, via complex
pathways, affects fetal heart rate (FHR). When fetal distress is suspected due to nonreassuring
FHR, maternal hyperoxygenation may be useful as an intrauterine resuscitation technique. In
this study we simulated the effect of maternal hyperoxygenation on FHR and fetal pO, in a
mathematical model.

First, we simulated variable decelerations during maternal normoxia level (98 mmHg). Sec-
ond, we simulated variable decelerations during maternal hyperoxia by increasing maternal
pO, gradually to 475 mmHg. We simulated the effect of hyperoxygenation on variable FHR
decelerations and pO, in the umbilical cord, placenta and fetus, caused by contractions of dif-
ferent strength.

Depending on the contraction amplitude, deceleration depth during maternal normoxia was
between -32 and -62 beats per minute (bpm). Deceleration duration varied between 109 and 140
seconds. During maternal hyperoxygenation, deceleration depth decreased and varied between
-9 and -50 bpm. Deceleration duration varied between 22 to 60 seconds. In all placental and
fetal compartments, pO; increased during maternal hyperoxygenation.
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6.1 Introduction

One of the main tasks of obstetricians is to monitor fetal wellbeing during labor and prevent
fetal hypoxemia and asphyxia [38]. Therefore, fetal heart rate (FHR) is monitored during labor,
generally by the use of the cardiotocogram (CTG) that registers FHR in relation to uterine con-
tractions. Intrauterine pressure influences fetal hemodynamics and oxygenation status which,
via complex pathways, affects FHR [7, 14, 30, 78, 84, 130]. Therefore it is important to mon-
itor both uterine pressure and FHR in relation to each other. Ideally, information about fetal
hemodynamics and oxygenation status should be available during labor to have insight in the
condition of the fetus. However, these values cannot be measured directly. Since FHR is derived
from these values, this is a practical tool to estimate fetal wellbeing.

Various maternal, placental and fetal parameters influence FHR, such as maternal cardiac out-
put and saturation, oxygen diffusion capacity in the placenta, fetal cerebral blood flow, fetal
oxygen consumption, baro- and chemoreceptor responses and vagal- and sympathetic nerve
responses. Recently, a mathematical simulation model is developed to give insight into the
complex relationship between these parameters [124, 125].

When FHR is reassuring, this reflects a normally oxygenated fetus. However, in clinical prac-
tice, FHR patterns are often not unequivocal. In only 16% of vaginal births, FHR is completely
normal [25]. When FHR shows less baseline variability, decelerations or bradycardia, this may
be a sign of fetal hypoxia [4, 25, 68, 80]. In case of suspected fetal distress, intrauterine resusci-
tation can be applied in order to improve fetal oxygen levels and prevent acidosis. In literature,
several intrauterine resuscitation techniques are described, although poor sustainable evidence
is available to prove the beneficial effect of these techniques [112]. One of these techniques is
maternal hyperoxygenation in order to increase oxygen transport to the fetus. Several clinical
trials have shown that maternal hyperoxygenation, by administrating 100% oxygen, increases
maternal arterial pO; and leads to an increase in fetal oxygen status by diffusion in the placenta
[4, 32, 46, 63, 99, 100, 112, 128]. Few studies investigated the effect of maternal hyperox-
ygenation on FHR. In these studies, a decrease in late decelerations on the cardiotocogram
during maternal hyperoxygenation is noticed [4, 63, 80]. Despite the lack of a randomized
controlled trial to investigate the effect of maternal hyperoxygenation during fetal distress on
fetal outcome [27], in some hospitals the administration of oxygen to the mother in case of
nonreassuring FHR patterns is common practice [13, 74].

In this study, we used a mathematical, computerized model to investigate the influence of ma-
ternal hyperoxygenation on fetal pO; and alterations in variable decelerations on the CTG. We
hypothesized that maternal hyperoxygenation will cause an increase in fetal pO; and a concur-
rent decrease in deceleration depth and duration on the CTG.
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6.2 Methods
6.2.1 Model design

A mathematical model was developed by our group and implemented in Matlab 2008a (Math-
Works Inc USA). This feto-maternal oxygenation model is validated for simulation of decel-
erations in the CTG caused by reflex mechanisms [124, 125]. The model consists of several
modules.

First, the cardiovascular system of mother and fetus are modelled. Cardiac function, blood flow,
volume and pressure are variables included in this system.

Second, an oxygen distribution model is used to calculate oxygen concentrations in several
compartments in the feto-maternal circulation. Oxygen distribution between the mother and
fetus is dependent on arterial oxygen level in the mother, oxygen diffusion capacity in the
placenta, fetal oxygen consumption, and feto-placental blood flows and volumes. Maternal
arteries supply new oxygen into the intervillous space of the placenta. Diffusion of oxygen
from the maternal to the fetal part of the placenta is mainly dependent on the oxygen pressure
difference in the intervillous space and umbilical microcirculation and the diffusion capacity of
the placental membrane. Oxygen diffuses into the fetal circulation and mixes with venous blood
before entering the fetal arterial circulation. This blood is forwarded to cerebral and peripheral
circulation where oxygen is consumed by metabolic uptake, and to the umbilical circulation,
where new oxygen uptake takes place.

Third, cardiovascular regulation is provided by the fetal baro- and chemoreceptor that monitor
fetal blood pressure and oxygen pressure, respectively. Stimulation of these receptors leads to
changes in cardiovascular parameters, including FHR. In addition, cerebral autoregulation may
increase cerebral flow during hypoxemia.

Finally, contractions are simulated by a contraction generator. Uterine pressure baseline level,
contraction duration, peak strength and interval can be changed by the user. Intrauterine pres-
sure changes may lead to alterations in fetal and maternal blood oxygenation, blood pressure
and flow.

6.2.2 Simulation

We applied uniform uterine contractions within each simulation to simulate “uniform” variable
decelerations originating from umbilical cord compression to exclude influence of random vari-
ation. We varied contraction strength for each simulation. Parameter settings for the model in
different simulations can be found in Table 6.1.

For each simulation, the first two umbilical cord compressions are applied during maternal
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Table 6.1: Parameter settings for each simulation.

Simulation | Peak strength [mmHg] | Duration [s] | Interval [s] Figure
1 60 60 90 | 6.1a,6.2
2 70 60 90 | 6.1b,6.2
3 80 60 90 | 6.1c,6.2

normoxia level (pO, 98 mmHg) [63, 128]. After the second umbilical cord compression, 100%
oxygen administration to the mother via a non-rebreathing mask is simulated by an exponential
increase to a maternal pO; steady state of 475 mmHg, as reported by Vasicka et al. [128]
Three simulations with different contraction strength (60 to 80 mmHg, increasing with steps
of 10 mmHg, contraction interval 90 seconds) are used to investigate the effect of contraction
amplitude on FHR and oxygenation.

6.2.3 Outcome

The primary outcome measure is the difference in duration and depth of decelerations during
maternal normoxia and hyperoxia, as a reaction to contractions with different strength and
interval.

Second, we compared fetal pO, before and after maternal hyperoxygenation. We compared
pO» the intervillous space, umbilical vein and artery and the fetal cerebral- and microcircula-
tion. All results are compared to results from clinical trials if available.

6.3 Results

Parameter settings for each simulation can be found in Table 6.1. Depending on the contraction
strength, deceleration depth during normoxia was between -32 and -62 bpm, while deceleration
duration varied between 109 and 140 seconds (Figure 6.1, Table 6.2). During maternal hy-
peroxygenation deceleration depth decreased for all cases and varied between -9 and -50 bpm,
while deceleration duration varied between 22 to 60 seconds (Figure 6.1, Table 6.2).

The model showed a gradual increase in pO; in the intervillous space of 24-56 mmHg during
hyperoxygenation, an increase in the umbilical vein from 24-55 mmHg and in the fetal cerebral
and microcirculation from 2 and 2-3 mmHg respectively. The proportional increase is related
with contraction strength (simulation 1-3, Figure 6.2). Table 6.3 shows the results from our
simulation and the results from clinical trials.

With the increase of contraction strength, a decrease in rise of pO; is noticed in all compart-
ments, except the umbilical vein and intervillous space where oxygen is accumulated in case
of cord occlusion. Also, the stronger the contraction, the less the difference in pO; and decel-
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Table 6.2: Differences in variable decelerations for normoxia and hyperoxia. Differences
in FHR deceleration depth and duration of variable decelerations during maternal normoxia and
hyperoxia, during simulations of three types of contractions (see Table 6.1.

Simulation Normoxia | Hyperoxia | Difference
1 Deceleration depth [bpm] -32 -9 23
Duration [s] 109 22 -87
1 Deceleration depth [bpm] -56 -32 24
Duration [s] 140 50- -90
1 Deceleration depth [bpm] -62 -50 12
Duration [s] 138 60 -78

Table 6.3: Fetal pO, during normoxia and hyperoxia. Fetal pO, values (mmHg) in dif-
ferent compartments during maternal hyperoxygenation obtained from literature and from the
simulation model.

Khazin et al. [63] | Vasicka et al. [128] | Gare et al. [32] | Prystowsky [99] Model
21% | 100% | 21% | 100% | 21% [ 100% | 21% [ 100% | 21% [ 100%
Fetal microcirculation 19.38 25.18 14.7 18.1 14.7 17.2
Intervillous space 33.1 46.7 37.5 69 | 44.1 54.4
Umbilical vein 20.7 30.7 21.6 27.8 18.0 31.7 314 41.3
Umbilical artery 10.2 15.5 12.1 13.7 8 13.1 17.3 20.0

eration duration and depth is noticed (Figure 6.2, Table 6.2). In short, the effect of maternal
hyperoxygenation decreased with an increase in contraction strength.

6.4 Discussion

This study showed that the effect of maternal hyperoxygenation on FHR and pO; as described
by Althabe [4] and Vasicka et al. [128], can be reproduced with a mathematical model. Simula-
tion results show that maternal hyperoxygenation causes an increase in maternal and fetal pO;
which leads to a decrease in depth and duration of decelerations on the CTG.

Oxygen diffusion over the placental membrane is mainly dependent on the difference between
maternal and fetal pO,. Several studies show the ability to increase maternal pO; by breathing
100% oxygen, although the maximum value in maternal blood to achieve varies from 280 to
606 mmHg [9, 32, 63, 128]. We based maternal pO, increase on Vasicka et al. [128], who
described from minute to minute the maternal pO, in response to 100% oxygen administration
via a non-rebreathing mask .

Recent clinical studies showed a beneficial effect of maternal hyperoxygenation on fetal oxy-
genation status. Vasicka et al. [128], Khazin et al. [63], Prystowsky [99], and Gare et al. [32]
show an increase of pO; in the maternal artery, intervillous space, umbilical vein and artery dur-
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ing maternal hyperoxygenation with 100% oxygen, compared to breathing room air (Table 6.2).
Haydon et al. [46] tested the effect of maternal hyperoxygenation on fetal SpO; while breathing
40 and 100% oxygen. Fetal SpO; increased from 43.5%, to 48.4% and 50%, respectively. The
lower the initial fetal SpO;, the greater the increase during maternal hyperoxygenation [32, 46].
In contrast to the admission of 100% oxygen, one study shows no increase in fetal oxygenation
status of breathing 40% oxygen [21]. However, in Haydon’s study, SpO, does significantly
increase also while breathing 40% oxygen. The discrepancy with former studies may be due to
the inclusion of patients with non-reassuring FHR in Haydon’s study, what may reflect a lower
initial oxygen status [46].

In line with results from literature, our simulation model shows a gradual increase in pO; in all
fetal compartments during maternal hyperoxygenation with 100% oxygen. Table 6.3 shows our
results compared to results obtained from clinical trials mentioned in literature. Values in fetal
microcirculation and intervillous space are similar to values obtained from our model. However,
pO» values in the umbilical cord estimated by our model are slightly higher when compared
to values obtained from clinical experiments [80]. As there is no complete clinical dataset
with all parameter values that affect feto-placental oxygenation, internal model parameters are
obtained from different human and animal studies. These parameters define the specific oxygen
pressures in the feto-placental circulation.

In literature little evidence is available on the effect of maternal hyperoxygenation during FHR
decelerations. Althabe et al. [4] demonstrate an increase in pO; in capillary fetal blood from
22 to 33 mmHg after 10 minutes. This leads to an improvement of late decelerations. Khazin
et al. [63] confirm this improvement of late decelerations during maternal hyperoxygenation.
Our simulation model show a decrease in deceleration depth and duration during maternal hy-
peroxygenation as described in literature. Absolute values of both FHR and pO;, dependent on
contraction strength.

During labor, cord compressions caused by uterine contractions are a main cause of variable
decelerations on the cardiotocogram. Cord compression causes a temporary accumulation of
blood in the umbilical cord, leading to a rapid increase in fetal arterial blood pressure. The
baroreceptor responds to this increase in blood pressure by increasing its fire rate. Due to an
interruption in oxygen supply, a decrease in fetal arterial pO, appears, evoking a chemoreceptor
response. Both activation of the baro- and chemoreceptor initiate a dominant vagal response
leading to a drop in FHR [7]. We simulated uniform variable decelerations in the model to pre-
vent FHR variations from variable cord occlusions, as they may interfere with changes in FHR
due to the intervention. However, variable decelerations are characterized by their variation in
shape, duration and onset, due to changes in compression grade and duration from contraction
to contraction. Late decelerations, originating from uterine flow reduction during contraction
are uniform and would be suitable for simulation of interventions. However, we chose not to
test the effect of the intervention on late decelerations, because we believe in clinical practice
variable decelerations are much more frequent and allow awaiting the effect of the intervention,
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while in late decelerations immediate termination of labor is justified.

We simulated cord compressions caused by contractions of different strength and interval. Re-
markably, the positive effect of hyperoxygenation on FHR and pO, decreased with increasing
contraction strength. This can be explained by complete occlusion of the umbilical cord during
strong contractions, which prevents the delivery of the additional oxygen towards the fetus. In
case of incomplete occlusion of the placental vessels, the additional amount of oxygen in the
umbilical vein can partly arrive at the fetus. This raises the question whether lowering intrauter-
ine pressure, for example by temporary cessation of pushing during the second stage of labor,
may also be an effective intervention in case of fetal distress.

The discussion on the possible harmful effect of administration of high concentrations of oxy-
gen 1s on-going [119]. In animal experiments, vasoconstriction of the placental vessels is no-
ticed, although in human studies harmful effects are not evident [32, 63, 87]. Also, the forma-
tion of free radicals damaging cell membranes in asphyxiated fetus is described [9]. Thorp et al.
[119] show a negative effect on pH in the prophylactic use of oxygen for more than 10 minutes,
they do not have a clear answer on the mechanism leading to deterioration in cord blood gas
values. The study has no answer on the possible beneficial effect of oxygen administration in
case of fetal distress. Furthermore, the optimal duration of oxygen administration in case of
fetal distress has still to be distinguished.

A pitfall in simulation of physiological processes is the use of fixed estimated values in a math-
ematical model. The model represents a general term fetus of 3 kg and is therefore not patient-
specific. Individual variation depends on individual differences for example in placental flow,
fetal cardiac function and oxygen demand. Variation in model parameters is not implemented
in the model yet. Also, heart rate variability as a result of different physiological processes is
not integrated in the model. The simulation model is suitable as a qualitative tool that can be
used to enhance insight in feto-maternal oxygenation status and for educational purposes.

Decelerations in FHR are suspect for fetal acidosis [4, 68]. When deceleration depth and dura-
tion decrease, improvement of fetal oxygenation status is likely, since the depth and duration of
decelerations are related to metabolic acidemia in the fetus [42]. Little evidence is available on
improvement of fetal pH during maternal hyperoxygenation [4, 63]. Our simulation model does
not provide pH levels. The model neither takes into account the production of catecholamines
influencing fetal hemodynamics. Therefore, influence of contraction interval and the absolute
duration of labor do not influence FHR and fetal oxygenation status in this simulation.

In conclusion, this feto-maternal model is able to simulate the effect of maternal hyperoxy-
genation on FHR and pO;. Our model contributes to the insight into the complex relationship
between parameters influencing fetal oxygenation status and FHR. The simulation indicates a
positive effect of maternal hyperoxygenation on FHR and fetal pO,, suggesting a better fetal
outcome. However, randomised controlled trials are needed to confirm the beneficial effect of
hyperoxygenation on clinical outcome.
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7.1 Introduction

Fetal wellbeing during labor and delivery is commonly monitored through the cardiotocogram
(CTG), the combined registration of uterine contractions and fetal heart rate (FHR). From the
CTG, the fetal oxygen state is estimated as the main indicator of the fetal condition, but this
estimate is difficult to make, due to the complex relation between oxygen state and CTG. Math-
ematical models can be used to assist in interpretation of the CTG, since they enable quantita-
tive modeling of the flow of events through which uterine contractions affect fetal oxygenation
and FHR. This thesis aims to contribute to a better understanding of the physiologic processes
leading to fetal heart rate (FHR) decelerations in labor by means of mathematical modeling.
In order to contribute to a better obstetric care and improved feto-maternal outcome, the engi-
neering approach consists of a chain of analyzing, modeling and evaluation. This chapter will
discuss the major findings and outline future perspectives.

7.2 Main contributions

In Chapter 2, a mathematical model is developed to simulate FHR as function of uterine con-
tractions that lead to caput compression. The model is tested for steady state (normoxia) and
caput compression leading to early decelerations via direct vagal nerve stimulus from local hy-
poxia. A user evaluation with six gynaecologist-perinatologists indicates that cardiotocograms
(CTGs) with real and computer-generated early heart rate decelerations get simular ratings for
realism. In addition, the raters cannot identify the origin of the real and computer-generated
tracings.

In Chapter 3 the model is extended with autonomous nervous system feedback from an adult
cardiovascular regulation model [122] that was rescaled to the fetal physiologic working points
for blood pressure and oxygenation. In addition, cerebral autoregulation was included. With the
model, late decelerations were investigated, i.e. decelerations originating from uteroplacental
insufficiency, inducing fetal hypoxemia. Indeed, model simulations with uterine flow reduc-
tions during labor contractions cause a delayed fetal hypoxemia that, via the chemoreceptor,
leads to flow redistribution. This is also known as the “brain-sparing mechanism”. The amount
of redistribution is dependent on the buffer capacity of the placenta. These simulations show
the primary FHR response to severe hypoxemia, which is bradycardia. Jensen et al. [55] show
that this primary response dominates in their 60 s occlusions. However, in their 90 s occlusions
a secondary increase in FHR is observed. This finding is in line with observations in clinical
practice, that prolonged hypoxemia induces tachycardia. The mechanism believed responsible
for this secondary FHR response, namely fetal catecholamines produced by the adrenal gland,
are not incorporated in the model.

In Chapter 4 the model is slightly adapted by explicitly modeling the umbilical arterial circu-
lation, which was previously lumped into the fetal arterial compartment. This now allows the
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simulation of variable decelerations originating from compression of the umbilical veins and/or
arteries. During simulation of the uterine flow reductions (Chapter 3), it was noticed that fetal
blood pressure could be maintained. From sheep experiments it is known that the fetal barore-
ceptor reflex is less effective than the adult baroreceptor reflex [18]. Since fetal blood pressure
is directly affected by umbilical cord compression, the baroreceptor gain was reduced. Indeed,
during umbilical cord compression simulations, fetal blood pressure increases with 40%, which
is in line with reported animal data. Fetal heart rate response is proportional to changes in oxy-
genation and blood pressure, irrespective of contraction amplitude and duration. As expected,
no overshoot is present in our simulations, indepent of the severity of the compression, as the
catecholamines which are believed to be responsible for this reaction, is not included in the
model.

Although the preliminary CTG evaluation presented in Chapter 2 indicates that the clinical ex-
perts did not rate real tracings differently than computer-generated tracings, this evaluation was
only held with six experts and one scenario. Therefore a larger study was caried out. The re-
sults are described in Chapter 5. The majority of a total of 102 clinicians identified real CTGs
with late decelerations correctly. However, only half of them classified computer-generated
tracings with late decelerations as computer-generated, the other half classified these tracings
as real. Nevertheless, there seem to be only small differences in their judgement on suitability
for use of real and computer-generated tracings in simulation training. Main concerns include
the absence of irregularities (e.g. due to recording) and the regularity of the variability signal.
FHR beat-to-beat variability was not included in the model, but added in a post-processing
step to allow CTG evaluation by clinicians, as CTGs without this variability are of no physi-
ological meaning. A similar user evaluation was held to investigate the simulated CTGs from
early and variable decelerations. However, due to organizational issues, the dataset was too
small to draw conclusions with sufficient statistical accuracy. The results of this study show
that for variable decelerations (27 clinicians) real and computer-generated tracings cannot be
distinguished. The majority of the tracings is found suitable for simulation training. For early
decelerations, only 15 clinicians participated in a workshop where the CTGs were evaluated.
The results indicate that these clinicians were able to distinguish computer-generated from real
tracings (identical tracings as in the preliminary study in Chapter 2). This was also expressed in
their judgement on suitabilitity of these tracings for use in simulation training. During the sub-
sequent group discussion, the clinicians agreed that they found all computer-generated and real
tracings suitable for use in simulation training, as they are clear and do not show physiological
inconsistencies. According to these clinicians, the fact that the tracings might be recognized as
computer-generated is not a major issue for use in simulation training.

The model thus seems to be of added value for both simulation training purposes and insight
into the physiologic processes during reflex FHR decelerations induced by uterine contractions.
Moreover, the model can be used to investigate clinical hypotheses. As an example, the model
was used to test the hypothesis that maternal hyperoxygenation leads to an increased fetal pO,
and thus to less severe FHR decelerations. Chapter 6 shows that maternal hyperoxygenation
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in the model leads to increased fetal oxygenation and a decrease in the duration and depth of
variable FHR decelerations from umbilical cord compression. This can be explained by the
increase in maternal pO», that via diffusion increases fetal pO,. Since the fetal chemoreceptor
plays a major role in the physiologic cascade of umbilical cord compression, a decrease in
chemoreceptor activation will also reduce the extent of FHR response. However, severe and
prolonged compression may still lead to severe decelerations, as the oxygen buffer provided by
maternal hyperoxygenation may not be sufficient for these severe hypoxic episodes.

7.3 Future perspectives

7.3.1 Simulation model

From the above, it is clear that the simulation model provides opportunities for improving
physiological insight and enhancement of simulation training. Still, there are several areas for
improvement. Major improvements include model extension with catecholamine regulation due
to severe hypoxemia to model the secondary cardiovascular responses [57, 84]. It is expected
that this will allow the occurance of FHR overshoot following severe variable decelerations
[129] and tachycardia developed during longterm hypoxemia [57].

Furthermore, a true modeling of beat-to-beat variability, may contribute to insight into the re-
lation between the autonomous nerve system, acidotic state and FHR variability [84, 126].
Currently, variability is added in a postprocessing step, with a frequency spectrum correspond-
ing to that found in real signals. Ideally, beat-to-beat variability is included in the closed loop
and modeled as function of fetal physiologic state, determined a.o. by fetal sleep patterns, mat-
uration, movement and pH [84, 126]. Coupling of FHR variability to pH would also provide
additional information to clinicians, as pH is often used to confirm or exclude fetal acidosis
when the CTG is non-reassuring. As indicated by the comments from the user evaluation in
Chapter 5, variability plays a major role in the interpretation of CTGs. A more fundamental
modeling approach will probably also contribute to the realism of simulated CTGs.

In the model, the maternal cardiovascular system is currently not under reflex control. More-
over, besides a homeostatic cardiovascular function, maternal breathing is assumed to be suffi-
cient to provide a continuous normoxic blood flow to the placenta. However, several obstetric
emergencies are known to negatively affect maternal cardiovascular function and oxygenation
[37]. Thus in order to simulate obstetric scenarios that cause maternal cardiovascular and oxy-
genation changes, at least neurological feedback from the baro- and chemoreceptor needs to
be included, as this can seriously influence the blood flow and oxygenation level of the blood
towards the intervillous space and thus to the fetus. With this extension, a larger range of clini-
cal scenarios and possible intervention strategies, such as oxygen adminstration to the mother,
could be investigated. Oxygen administration during labor is not common in the Netherlands.
Some Dutch hospitals provide oxygen when the fetus is believed to be hypoxic, but this is rare
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in our country. It would be of interest to compare the simulation results with CTGs with and
without maternal hyperoxygenation. Simulation results then not only contribute to the debate
of clinical interventions, but the simulation model validity may also profit from such clinical
studies.

7.3.2 Application

The model is implemented in Matlab (MathWorks Inc. USA), which is not widely available
in the clinic. Hence to facilitate the educational use of the model in a clinical environment, an
implementation in a web-based environment or e.g. as an App would contribute to its availabil-
ity for clinicians “in the field”. Currently, the model is being incorporated in a “serious game”
(Birthplay), in which common as well as rare clinical situations during deliveries are simulated
and practiced. At present, within our research group, the game and the physiological model are
subject of research within a randomized trial [20]. The simulation model can provide realistic
CTG tracings in each scenario. In addition, the model could be coupled to a full-body delivery
simulator to provide patient data such as the CTG and maternal hemodynamics. To provide
all clinically measurable fetal parameters, the model requires fetal scalp blood parameters and
APGAR score. During labor, a fetal scalp blood sample is often used to assess fetal wellbeing
via pH and acid-base status. In the postnatal stage, the APGAR score is used one and five
minutes after birth to assess fetal wellbeing by means of heart rate, breathing, skin color, reflex
irritability and muscle tone.

Currently, the model is not yet suitable for clinical decision support and patient-specific pre-
diction, as it represents a generalized term fetus with input data from different sources, includ-
ing fetal estimates which are based on human adults and fetal sheep. A first important step
towards patient-specific modelling includes a thorough sensitivity analysis to discriminate be-
tween parameters that can be generalized for all term pregnancies and parameters that need to
be determined patient-specifically due to high sensitivity or important parameter interactions
[49, 50]. Once these parameters are identified, each parameter has to be estimated based on
personal data. This is difficult for most parameters due to the limited availability of intrapartum
measurement techniques. Hence before the model can be used in clinical decision support, it is
of the utmost importance that these parameters can be accurately measured for each patient, or
that estimations of patient-specific parameters can be validated. Besides availability of relevant
clinical data, the short time span of labor presents a serious challenge for identifying model pa-
rameter values, and subsequent simulation of candidate intervention scenarios to achieve better
feto-maternal care. Even if the techniques are available, limitations in time and organization
complicate the clinical use of the model in labor. However, time and organization limitations
play a smaller role in the care of imminent preterm labor patients, as these patients are often for
several days or even weeks at the hospital. Nevertheless, this requires that technical issues as
described above are taken care of.
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And last, but not least, the implementation of any technology in a clinical environment requires
careful collaboration between clinicians and engineers in the complete process of data collec-
tion, patient-specific modeling and simulation, model output interpretation and treatment. The
patient will only benefit when both professionals combine their expertises: accurate knowledge
of medical care, analytical evaluation of processes (either medical or technical), the ability
to discriminate between general principles and individual variations, the development of new
techniques and technologies, and empathy with each individual patient.

7.4 Conclusion

In this thesis, a mathematical model was developed to succesfully simulate the physiologic
effects of uterine contraction pressure on fetal blood pressure, oxygenation and heart rate for
three different scenarios. Model output was evaluated via literature data and expert opinion.
The clinicians judge the model-generated CTGs as suitable for educational use. Furthermore,
the model was used to test the hypothesis that fetal heart rate will improve following oxy-
gen administration to the mother during variable fetal heart rate decelerations. The model can
contribute to a better understanding of fetal cardiovascular physiology in labor, which should
finally result in improved patient care.
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Nederlandse samenvatting

De meest gebruikte methode voor foetale bewaking tijdens de bevalling is de registratie van het
foetaal hartritme (FHR) in combinatie met de baarmoedercontracties, beter bekend als het car-
diotocogram (CTG). Het CTG wordt gebruikt om een schatting van de foetale oxygenatiestatus
te maken, omdat de beschikbare hoeveelheid zuurstof in sterke mate het foetaal welzijn bepaalt.
Echter, het is niet eenvoudig om hiervan een schatting te maken op basis van het CTG, omdat de
relatie tussen beide complex is. Mathematische modellen kunnen hierbij helpen, aangezien de
invloed van weeén op foetale oxygenatie en FHR kwantitatief in kaart kan worden gebracht. In
dit proefschrift wordt de ontwikkeling van een model beschreven dat de fysiologische cascade
voor verschillende klinische scenario’s kan reproduceren.

Allereerst is een model ontwikkeld dat de relatie beschrijft tussen uteruscontracties, hemo-
dynamica van moeder en kind, zuurstofdistributie in de foeto-maternale circulatie, en foetale
cardiovasculaire reflexregulatie voor veranderingen in bloed- en zuurstofdrukken. Het model
is deels gebaseerd op eerder gepubliceerde modellen voor hartfunctie, regulatie op basis van
zuurstofconcentratie bij de volwassene (chemoreceptorreflex) en zuurstofdistributie in de foe-
tale circulatie. Deze modellen zijn aan elkaar gekoppeld en waarnodig geschaald naar foeto-
maternale afmetingen. Het model is gecompleteerd met een beschrijving van de weeén en een
foeto-maternale circulatie. De modelrespons is getest met een eerste scenario, waarbij de her-
sendoorbloeding afneemt bij weeén tijdens de eerste fase van de indaling van het hoofd in het
geboortekanaal. In een pilotstudie is de kwaliteit van de gesimuleerde signalen getest met be-
hulp van klinische experts. De experts waren niet in staat om onderscheid te maken tussen echte
en gesimuleerde signalen, wat suggereert dat het model gebruikt kan worden voor educatieve
doeleinden.

In de tweede plaats is het model uitgebreid met een baroreceptorreflex die op basis van veran-
deringen in bloeddruk eigenschappen in hart en vaten aanpast. Hierdoor kon een tweede kli-
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nisch scenario gesimuleerd worden, waarbij zowel de chemo- als de baroreceptorreflexpaden
leiden tot een deceleratie (vertraging) in het foetaal hartritme in reactie op verminderde door-
bloeding in de baarmoedercirculatie tijdens contracties. Resultaten laten zien dat de parti€le
zuurstofdrukken in de foetus in verhouding met de sterkte en de duur van de wee verminde-
ren. Daarnaast zijn FHR-deceleraties voor verschillende scenarios van uteroplacentaire insuf-
ficiéntie gesimuleerd. De resultaten voor een vermindering in uteroplacentaire bloedflow en
voor verminderde placentaire zuurstofdiffusiecapaciteit laten zien dat de hoogte van de basis-
lijn van het FHR vermindert en dat de diepte van de deceleraties afneemt. Een vermindering in
uteroplacentair bloedvolume leidt slechts tot afname van de deceleratiediepte. Het model laat
daarnaast zien dat voor blokkade van specifieke zenuwen de resultaten in overeenstemming zijn
met experimentele data uit schaapexperimenten, wat suggereert dat de sympatovagale balans in
het model correct is.

Ten derde is het model gebruikt voor een derde deceleratietype, namelijk variabele deceleraties
veroorzaakt door navelstrengcompressie. Verschillende compressiesterktes zijn onderzocht.
Een toename in contractieamplitude en -duur leidt tot een toename in de mate van navelstreng-
compressie, en daarmee de mate van veranderingen in bloeddruk, bloedstroomredistributie en
FHR respons. Er is een duidelijke relatie tussen de mate van zuurstofreductie, bloeddrukstij-
ging en het resulterende FHR. De mate van navelstrengcompressie en dus van FHR-deceleratie
is zowel afhankelijk van de duur en amplitude van de contractie als de gevoeligheid van de
navelstrengweerstand voor de druk in de baarmoeder als gevolg van de wee.

Als vierde is aan gynaecologen, verloskundigen en arts-assistenten gynaecologie gevraagd om
een set CTG’s te beoordelen, waarbij een deel van de CTG’s uit het model afkomstig is en
een deel uit de database van de kliniek. Dit is gedaan voor drie klinische scenarios. Echte
CTG’s hadden een grotere kans hebben om correct herkend te worden dan CTG’s uit het model.
De geschiktheid van zowel echte als computer-gegenereerde CTG’s werd echter min of meer
gelijk geacht. Door de beperkte hoeveelheid data voor variabele en vroege deceleraties blijkt
de statistische data-analyse alleen mogelijk te zijn voor de CTG’s met late deceleraties. Via
aanvullende opmerkingen van de respondenten bleek dat FHR variabiliteit en de (afwezigheid
van) irregulariteiten de belangrijkste indicator zijn voor het herkennen van de oorsprong van het
CTG. De betrokken klinici zijn het er tenslotte over eens dat, zolang een bepaald CTG eenduidig
is en geen fysiologische onjuistheden bevat, het geschikt is voor trainingsdoeleinden. Dit bleek
voor alle gesimuleerde CTG’s het geval.

Als vijfde is het model gebruikt om de klinische hypothese te testen dat het toedienen van
zuurstof aan de moeder het FHR zal verbeteren in aanwezigheid van variabele deceleraties.
Het model is gebruikt om de foetale zuurstof- en FHR-respons te simuleren bij het toedie-
nen van 100% zuurstof aan de moeder. Modeluitkomsten suggereren dat het FHR profiteert
van zuurstoftoediening aan de moeder, aangezien zowel de duur als diepte van de deceleraties
verminderen. Daarnaast verbetert de foetale oxygenatie. De positieve invloed van maternale
hyperoxygenatie op de foetus vermindert echter gedurende ernstige variabele deceleraties.
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Concluderend, er is een model ontwikkeld om de fysiologische cascade van uteruscontractie
tot deceleratie in het foetale hartritme in kaart te brengen. Modeluitkomsten voor verschillende
klinische scenarios zijn in overeenstemming met bevindingen uit experimentele data. Het mo-
del kan in een educatieve setting gebruikt worden voor de simulatie van kortetermijn responsie
van het foetale cardiovasculaire systeem op uteruscontracties voor het vergroten van inzicht
in de complexe fysiologie. Bovendien kan het model geintegreerd worden in een “full-body”
bevallingssimulator voor het optimaliseren van simulatietrainingen voor verloskundige teams.
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