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The cardiotocogram (CTG) is commonly used to monitor fetal well-being during labor and delivery. It
shows the input (uterine contractions) and output (fetal heart rate, FHR) of a complex chain of events
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including hemodynamics, oxygenation and regulation. Previously we developed a mathematical model
to obtain better understanding of the relation between CTG signals and vital, but clinically unavailable
signals such as fetal blood pressure and oxygenation.

The aim of this study is to improve this model by reducing complexity of submodels where parameter
estimation is complicated (e.g. regulation) or where less detailed model output is sufficient (e.g. cardiac
function), and by using a more realistic physical basis for the description of other submodels (e.g. vessel
compression).

Evaluation of the new model is performed by simulating the effect of uterine contractions on FHR as
initiated by reduction of uterine blood flow, mediated by changes in oxygen and blood pressure, and
effected by the chemoreflex and baroreflex. Furthermore the ability of the model to simulate uterine
artery occlusion experiments in sheep is investigated.

With the new model a more realistic FHR decrease is obtained during contraction-induced reduction
of uterine blood flow, while the reduced complexity and improved physical basis facilitate interpretation
of model results and thereby make the model more suitable for use as a research and educational tool.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

In current clinical practice the cardiotocogram (CTG), the
combined registration of fetal heart rate (FHR) and uterine con-
tractions, is used to monitor fetal well-being during labor and
delivery. The CTG signals show the input (uterine contractions)
and output (FHR) of a complex regulation mechanism, in which
amongst others variations in fetal blood pressure and oxygenation
play a role. To better understand the underlying physiology,
mathematical models can be used. Previously a model for CTG
simulation was presented (van der Hout-van der Jagt et al. 2012,
2013a,b). This model included feto-maternal hemodynamics,
oxygen distribution, and regulation and was used to simulate
different clinical scenarios following uterine flow reduction and
umbilical cord compression as induced by uterine contractions.
biomech.2016.01.046
cal Engineering, Eindhoven
oven, The Netherlands.
en).
While model results were in line with clinical observations, critical
evaluation of the model setup showed room for improvement. For
example, since the description of regulation and cardiac function
was very detailed while the availability of experimental data was
limited, estimation of the many parameter values was ambiguous.
Furthermore, the model of hemodynamics focused on the detailed
change of arterial pressure during the cardiac cycle, whereas
baroreceptor feedback was based on average arterial pressure only,
allowing for a less complex model of cardiac function. Also, closure
of the uterine and umbilical blood vessels due to uterine con-
tractions was dependent on external vascular pressure, whereas it
would be physically more realistic to make it dependent on vas-
cular transmural pressure.

The aim of this study is to improve our previous model for
simulation of the CTG, by reducing the complexity of some sub-
models (e.g. regulation and cardiac function) and thus reducing
errors related to ambiguity in parameter estimation, and by
improving the physical basis for the description of other sub-
models (e.g. vessel compression).
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In part A of the paper an overview of the new CTG simulation
model is given. Functionality of the model is tested by simulating
the effect of uterine flow reduction on FHR in term pregnancy,
resulting in FHR changes being known as late decelerations. Late
decelerations are characterized as a gradual FHR decrease, mean-
ing that it takes more than 30 s from the onset of the deceleration
to the FHR nadir, with the nadir of the deceleration occurring after
the contraction peak (Macones et al., 2008; Robinson, 2008). Two
different mechanisms are known to be responsible for late decel-
erations: hypoxic myocardial depression, which plays a role when
oxygen delivery to the heart is insufficient, and reflex feedback,
which acts via activation of the chemo- and baroreceptor as a
result of reduced oxygen pressures induced by uterine contrac-
tions (Harris et al., 1982; Martin et al., 1979; Parer, 1981). In this
study we focus on the reflex induced late decelerations only. We
tested the ability of the model to reproduce experimental data on
arterial oxygen pressure, blood pressure and FHR from sheep
experiments, in which late decelerations were evoked by means
of inflation of a balloon catheter to reduce uterine blood flow
(Itskovitz et al., 1982; Parer et al., 1980). In part B of the paper
(Jongen et al., 2016b, this issue) we focus on the estimation of all
model parameters and we investigate the effect of combined
uterine and umbilical flow reduction on FHR, resulting in so-called
variable decelerations. Furthermore, in part B model limitations
will be discussed.
Fig. 1. Schematic overview of the model of feto-maternal hemodynamics and
oxygen distribution. The circles represent compartments where storage of blood
and oxygen can take place, while rectangles represent segments where blood flows
from one compartment to the next. Metabolic and diffusional oxygen flows are
indicated by dashed arrows. In the mother blood flows from the left ventricle (LV),
via the systemic arteries (art) and the tissue microcirculation arteries (tisa) into the
tissue microcirculation (tis). Blood flow into the intervillous space (ivs) takes place
via the uterine spiral arteries (uta). Via the microcirculation veins (tisv) and the
intramural veins in the uterus (utv) blood flows into the systemic veins (ven) back
to the heart. In the fetus, blood flows from the combined ventricle (CV) into the
systemic arteries (art). Via the microcirculation arteries (tisa and cera) blood
reaches the tissue and cerebral microcirculation (tis and cer, respectively), while
blood leaves the microcirculation compartments via the microcirculation veins (tisv
and cerv). Via the umbilical arteries (uma) blood flows into the placental villi (villi),
and via the umbilical vein (umv) back into the systemic veins (ven). From the veins,
blood flows back into the heart. Uterine vein resistance (utv), and umbilical artery
and vein resistance (uma and umv, respectively) are variable and change as func-
tion of transmural blood pressure as described in (6). In both mother and fetus, qin
represents inflow of blood into the heart, while qout represents cardiac outflow. The
intervillous space and all fetal compartments experience external uterine pressure
put. In the mother, oxygen diffuses from the air into the lungs (QD;lung) (modeled as
oxygen diffusion into the systemic veins), while oxygen metabolism takes place in
the tissues (QM;tis;m). In the placenta, oxygen diffuses from the mother to the fetus
(QD;plac). In the fetus, oxygen is consumed in the tissues (QM;tis;f ) and the brain
(QM;cer;f ).
2. Material and Methods

The model consists of several submodels which describe feto-maternal
hemodynamics, oxygenation, fetal regulation, and uterine contractions. Although
the general structure of the previous model is maintained (van der Hout-van der
Jagt et al. 2012, 2013a,b), changes are applied to the different submodels in order to
simplify and enhance the CTG simulation model. Below we describe the setup of
the new model. A detailed description of the parameter estimation is given in part
B of this paper (Jongen et al., 2016b).

2.1. Feto-maternal hemodynamics

The model of hemodynamics is composed of compartments, representing the
storage of blood and oxygen, which are connected via segments that represent
convective transport. The fetal circulation consists of a combined ventricle (CV)
from where blood flows into the cerebral, umbilical, and tissue circulation (Fig. 1).
In the latter circulation, all tissues apart from the brain and fetal placenta (villi) are
lumped. In the mother, the heart is represented by the left ventricle (LV) and the
uterine circulation is modeled explicitly, while the remainder is lumped into the
tissues.

2.1.1. Vascular function
To describe blood storage in the vascular system, we use a linear approximation

of the pressure–volume relation around the working pressure of the blood vessel:

ptm ¼ V�V0

C
ð1Þ

where C represents the compliance of the vessel, V the actual volume, and V0 the
unstressed volume of the vessel at zero transmural pressure. The transmural
pressure ptm is defined as:

ptm ¼ p�pext ð2Þ

where p represents the absolute pressure in the compartment, and pext the external
pressure acting on the outside. Fetal external pressure is equal to uterine pressure
(put), while maternal external pressure is set to zero, except for the placental
intervillous space (IVS) which is also subjected to put, see Fig. 1.

For the IVS that may undergo large volume changes during uterine contrac-
tions, a nonlinear pressure–volume relation is used:

VIVSðptmÞ ¼ Vmax � f ðptmÞ with f ðptmÞ ¼
1
2
þ1
π
� tan �1 ptm�p0

p1

� �
ð3Þ

where VIVS represents the IVS blood volume, Vmax the maximal IVS blood volume,
and ptm the transmural blood pressure of the compartment, while p0 and p1 are
constants. The function f ðptmÞ was based on a relation between vessel cross-
sectional area and transmural pressure (Langewouters et al., 1984).
In each compartment, the change in blood volume in time is determined by:

dV
dt

¼ qin�qout ð4Þ

where qin and qout represent inflow and outflow, respectively.
Blood flow q in between compartments is generally described by:

q¼Δp
R

ð5Þ

where R represents the resistance of the segment and Δp the (absolute) pressure
difference over a segment. The resistance Rutv of the uterine vein, which is exposed
to large changes in transmural pressure during uterine contractions, is modeled as
a function of transmural pressure. Assuming as a first approximation that the flow
in this segment follows Poiseuille's law, we model the resistance to be inversely



Table 1
Cardiovascular parameters. Parameter estimation and sources are extensively
described in part B (Jongen et al., 2016b).

Parameter Value Unit Parameter Value Unit

(a) Fetal parameters
T n 60/135 s EF 0.67 -
Vart;0 35.2 ml Rtisan 2.81 mmHg s/ml
Vven;0

n 153.4 ml Rtisv 0.15 mmHg s/ml
Vtis;0 15.9 ml Rceran 7.24 mmHg s/ml
Vcer;0 2.6 ml Rcerv 0.38 mmHg s/ml
Vvilli;0 35.9 ml Ruma 3.84 mmHg s/ml
Cart 0.33 ml/mmHg Rumv 2.56 mmHg s/ml
Cven 21.91 ml/mmHg Emax

n 7.71 mmHg/ml
Ctis 0.35 ml/mmHg Emin 0.26 mmHg/ml
Ccer 0.06 ml/mmHg V0;max 0 ml
Cvilli 2.40 ml/mmHg V0;min 5.8 ml

(b) Maternal parameters

T 60/80 s Rtisv 0.04 mmHg s/ml
Vart;0 721 ml Ruta 5.71 mmHg s/ml
Vven;0 3604 ml Rutv 1.43 mmHg s/ml
Vtis;0 504 ml R0;utv 0.358 mmHg s/ml
Vivs;0 163 ml p0;utv �2.5 mmHg
Cart 3.9 ml/mmHg p1;utv 25 mmHg
Cven 308.9 ml/mmHg Emax 1.83 mmHg/ml
Ctis 6.4 ml/mmHg Emin 0.06 mmHg/ml
Civs;max 2.4 ml/mmHg V0;max 0 ml
EF 0.67 - V0;min 44 ml
Rtisa 0.67 mmHg s/ml

n Denotes a reference parameter for the regulation submodel.

Table 2
Oxygen distribution parameters. f indicates a fetal parameter, and m indicates a
maternal parameter. See part B for estimation and sources.

Parameter Value Unit Parameter Value Unit

Dplac 0.082 ml O2/(s
mmHg)

α 1.34 ml O2/g Hb

Dlung 0.169 ml O2/(s
mmHg)

β 3.1�10�5ml O2/(ml
blood
mmHg)

QM;0;tis;f 3:36� 10�1 ml O2/s Hbf 17� 10�2 g Hb/ml blood

QM;0;cer;f 1:31� 10�1 ml O2/s Hbm 12� 10�2 g Hb/ml blood

QM;0;tis;m 10 ml O2/s c1f 1:04� 104 mmHg3

pO2;th;cer;f 5 mmHg c1m 2:34� 104 mmHg3

pO2;th;tis;f 10 mmHg c2f
150 mmHg2

pO2;air 160 mmHg c2m 150 mmHg2
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proportional to the square of the vessel area:

RðptmÞ ¼max R0 �
1

f ðptmÞ

� �2

;Rref

 !
ð6Þ

where Rref is the resistance in steady state, R0 is a constant, and f ðptmÞ is defined by
(3). The transmural pressure of the uterine veins (ptm;utv) is determined as the mean
absolute pressure of the two neighboring blood compartments (see Fig. 1) minus
the external uterine pressure put:

ptm;utv ¼
pIVSþpven

2
�put ð7Þ

During uterine contractions, uterine pressure put increases above the resting
pressure prest (van der Hout-van der Jagt et al., 2012):

put ¼ prestþ
pcon � sin 2 πðt�tconÞ

Tcon

� �
; tconototconþTcon

0; else

8><
>: ð8Þ

with pcon the peak pressure, tcon the moment of contraction initiation, and Tcon the
contraction duration. See Section 2.4 for parameter values.

2.1.2. Cardiac function
Since only mean blood pressure values are used as input for the regulation

submodel, we replaced the dynamic one-fiber model of cardiac function (Arts et al.,
2003; Bovendeerd et al., 2006) by a two-state elastance model (Hoppensteadt and
Peskin, 2002; Suga et al., 1973). This model relates the end diastolic volume Ved and
the end ejection volume Vee to the transmural end diastolic pressure ptm;ed and end
ejection pressure ptm;ee according to:

ptm;ed ¼ EminðVed�Vmin;0Þ; ptm;ee ¼ EmaxðVee�Vmax;0Þ ð9Þ

where the elastances Emin and Emax represent the slopes of the pressure–volume
relation, and Vmin;0 and Vmax;0 the intercepts at zero pressure. We assume that the
ventricle fills at the average venous blood pressure pv and ejects at the average
arterial blood pressure pa. The average flow from the heart, the cardiac output qCO,
is described by:

qCO ¼ Vstroke

Tcycle
¼ Ved�Vee

Tcycle
ð10Þ

with stroke volume Vstroke and cardiac cycle time Tcycle.
The variation of the cycle-averaged cardiac volume with time is accounted for

by:

qout ¼ qCO; qin ¼ qCOþqV with qV ¼ d
dt

VedþVee

2

� �
ð11Þ

where qout and qin represent cardiac outflow and inflow, respectively. Parameter
values for the hemodynamic model can be found in Table 1a and b.

2.2. Oxygenation

For a schematic representation of the oxygen model see Fig. 1. While we adopted
the structure of our previous model (van der Hout-van der Jagt et al., 2012), we
modified several details. For completeness, we describe the new model below.

2.2.1. Oxygen content
In each compartment, oxygen concentration cO2 is determined by the sum of

the oxygen bound to hemoglobin and the oxygen dissolved in blood:

cO2 ¼
αHb � sO2

100
þβpO2 ð12Þ

Here α represents the maximum binding capacity of hemoglobin, Hb the hemo-
globin concentration and β the content of dissolved oxygen per unit of partial
pressure pO2. Oxygen saturation sO2 is related to oxygen partial pressure by:

sO2 ¼
100

1þc1=ðpO3
2þc2 � pO2Þ

ð13Þ

where c1 and c2 are constants. Since fetal blood has a higher oxygen affinity than
maternal blood, for the fetus this curve is steeper and shifted to the left compared
to an adult (Metcalfe et al., 1967), as determined by a lower value of c1 (see Table 2).

2.2.2. Oxygen transport
In each compartment the rate of change of oxygen amount (oxygen con-

centration cO2 multiplied by compartment blood volume V) is determined by the
sum of convective transport QC, diffusive exchange QD and metabolic uptake QM:

dðcO2VÞ
dt

¼QC þQD�QM ð14Þ

where the change in volume is determined from the hemodynamic model.
Whereas the actual sign of the diffusive and convective transport may vary
depending on the compartment, metabolic uptake always leads to a reduction of
oxygen content.

Convection describes the blood flow related transport of oxygen through the
cardiovascular system. For each compartment convection is described by:

QC ¼
X
i

qiincO
i
2;in�

X
j

q j
outcO2 ð15Þ

The first term represents the sum of all oxygen inflows of the current compartment,
where i runs across all segments with a blood inflow qiin into the compartment,
with oxygen concentration of the inflow compartment cOi

2;in . The second term
represents the sum of all oxygen outflows with oxygen concentration of the current
compartment cO2, where j runs across all segments with a blood outflow q j

out from
the compartment.

In the model, oxygen diffusion takes place both in the placenta (QD;plac) from
the maternal IVS into the fetal placental villi, and in the maternal lungs (QD;lung)
from the air into the maternal veins (see Fig. 1):

QD;plac ¼DplacðpOIVS
2 �pOvilli

2 Þ; QD;lung ¼DlungðpOair
2 �pOmat;ven

2 Þ ð16Þ

with Dplac and Dlung the diffusion coefficients in the placenta and the lung,
respectively, and pO2 the partial oxygen pressure in a compartment. Since we did
not explicitly model the maternal pulmonary circulation, we introduced pulmonary
oxygen uptake at the inflow of the LV, in the maternal veins.

Oxygen metabolism is modeled in the fetal and maternal tissues and fetal
brain. Metabolic uptake is constant (QM;0) as long as the oxygen level in the
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compartment is above a certain threshold pO2;th and will decrease linearly if the
oxygen level becomes lower:

QM ¼
QM;0; pO2ZpO2;th

QM;0þ
QM;0

pO2;th
� ðpO2�pO2;thÞ; else

8><
>: ð17Þ

Parameter values of the oxygen model can be found in Table 2.

2.3. Regulation

The cardiovascular regulation submodel describes cerebral autoregulation as
well as central regulation in the fetus.

2.3.1. Cerebral autoregulation
The model for cerebral autoregulation increases oxygen transport to the brain

in the case of hypoxemia. It is adapted with respect to van der Hout-van der Jagt
et al. (2013a), to better reflect the limited capability of the cerebral autoregulation
submodel to completely compensate for a reduced oxygen supply, via parameter γ
in (19). Cerebral autoregulation is included via decrease of cerebral artery resis-
tance Rcera if oxygen levels drop. The limited ability of the actual resistance Rcera to
instantaneously follow a desired resistance Rn

cera is described through a low pass
filter with time constant τRcera :

dRcera

dt
¼ 1
τRcera

ðRn

cera�RceraÞ ð18Þ

The value of the desired resistance Rn

cera is based on Peeters et al. (1979), who found
a hyperbolic relation between arterial oxygen content and cerebral blood flow in
fetal lambs:

Rn

cera ¼
Rcera;ref

ð1�γÞþγ � cO2;a;ref

cO2;a

ð19Þ

where cO2;a represents the oxygen concentration in the fetal arteries, and Rcera;ref

and cO2;a;ref represent the reference value of Rcera and cO2;a respectively (Table 1a
and 3). The term γ [–] determines how well Rcera can adapt to variations in arterial
oxygen concentration cO2;a . A value of 1 means that a decrease in cO2;a is com-
pletely compensated by an increase of blood flow (modeled via a decrease of Rn

cera)
to keep up oxygen delivery to the brain. In our model a value of 0.5 is chosen for γ
based on Peeters et al. (1979). The minimal value of Rn

cera was set to half of its
reference value.

2.3.2. Central regulation
The model for central regulation describes the effect of baro- and chemor-

eceptor regulation on four cardiovascular effectors: heart period T, cardiac con-
tractility Emax, peripheral vascular resistance Rtisa, and venous unstressed volume
Vven;0. We replaced our previous model based on Ursino and Magosso (2000) by a
simpler model based on Wesseling and Settels (1985). Our new regulation model
only contains a baro- and chemoreceptor and does no longer include the responses
of vagal nerve hypoxia or central nervous system (CNS) hypoxia. Furthermore, the
two sympathetic pathways (α and β) were combined into one sympathetic efferent
signal (see Fig. 2).
Table 3
Regulation parameters. See part B for estimation and sources.

Model component Parameter Value U

Cerebral autoregulation cO2;a;ref 0.107 m
τRcera 10 s

Central regulation: receptors η1;b �0.69 –

η2;b �0.06 m
rb;min �1 –

rb;max 1 –

τrb 8 s
yref ;b 45 m
wb;s 1/4 –

wb;v 1/4 –

Central regulation: effectors DTv 0.2 s
τTv 1.5 s
kTv

2.4 –

DTs 2 s
τTs 2 s
kTs

1.2 –

DEmax 2 s
τEmax 8 s
In the receptor model, deviations of transmural arterial blood pressure ptm;a

and oxygen pressure pO2;a are translated into normalized deviations of the baror-
eceptor output rb and chemoreceptor output rc, with respect to their steady-state
value of 0. The actual receptor output r (where r may represent rb or rc) responds to
variations in input y (representing ptm;a or pO2;a) via a low pass filter with time
constant τr:

drðyÞ
dt

¼ 1
τr
ðrnðyÞ�rðyÞÞ ð20Þ

Here rn represents the desired output, which is described by an asymmetric sig-
moid relation (Gompertz function):

rnðyÞ ¼ rminþðrmax�rminÞ � eη1 �e
η2 �ðy� yref Þ ð21Þ

with yref a reference value for ptm;a or pO2;a , and rmin [–] and rmax [–] the minimum
and maximum receptor values, respectively (Table 3). Derivation of η1 and η2 is
described in part B.

The efferent pathways e in the model consist of a vagal and a sympathetic
signal (ev and es, respectively), which both are a function of the afferent informa-
tion from the baro- and chemoreceptor. The efferent pathways also represent
normalized deviations from steady state in which ev ¼ es ¼ 0:

ev ¼wb;v � rbþwc;v � rc ; with wb;vþwc;v ¼ 1

es ¼ �wb;s � rbþwc;s � rc ; with wb;sþwc;s ¼ 1 ð22Þ

The weighting parameters w are all positive (Table 3). Since an increase in trans-
mural arterial blood pressure has an inhibiting effect on the sympathetic output,
the contribution of the baroreceptor output rb to the sympathetic signal es is taken
negative.

The efferent vagal and sympathetic signal determine the setting of the four
cardiovascular effectors. The effectors Rtisa, Vven;0, and Emax are sympathetically-
mediated. For T we distinguish between a vagally- and sympathetically-induced
change in heart period. In general, for each effector first the corresponding efferent
signal (ev or es) is delayed with a time delay D. The resulting intermediate output
xnðtÞ passes a low pass filter characterized by its specific time constant τ to yield a
signal x(t), that in turn is multiplied by an effector gain k [-] to obtain an effector
signal z(t):

xnðtÞ ¼ eðt�DÞ; dxðtÞ
dt

¼ 1
τ
ðxnðtÞ�xðtÞÞ; zðtÞ ¼ kxðtÞ ð23Þ

The signal z(t) represents the relative change of the effector value. For Rtisa, Vven;0,
and Emax the new effector values are computed via:

RtisaðtÞ ¼ Rtisa;ref � ð1þzRtisa
ðtÞÞ

Vven;0ðtÞ ¼ Vven;0;ref � ð1þzVven;0 ðtÞÞ
EmaxðtÞ ¼ Emax;ref � ð1þzEmax ðtÞÞ ð24Þ

where Rtisa;ref , Vven;0;ref , and Emax;ref represent the reference effector values
(Table 1a). For T the effector value is computed through:

TðtÞ ¼ Tref � ð1þzTv ðtÞ�zTs ðtÞÞ ð25Þ

where zTv and zTs represent the vagally- and sympathetically-induced relative
change in heart period and are determined using (23) and Tref represents the
reference heart period. The minus sign in (25) indicates the inhibitory effect of the
nit Parameter Value Unit

l O2/ml blood γ 0.5 –

η1;c �6.91 –

mHg�1 η2;c 0.52 mmHg�1

rc;min �0.001 –

rc;max 1 –

τrc 2 s
mHg yref ;c 18.1 mmHg

wc;s 3/4 –

wc;v 3/4 –

kEmax
1.2 –

DRtisa
2 s

τRtisa
6 s

kRtisa
4.2 –

DVven;0 5 s
τVven;0 20 s
kVven;0

�1.2 –



Fig. 2. Schematic overview of the effect of uterine contractions on the cardiovascular effectors via the regulation submodel. Uterine contractions result in changes in uterine
pressure put, and affect uterine vein resistance (Rutv) and possibly umbilical vein and artery resistance (Rumv and Ruma, respectively). This will lead to changes in mean
transmural arterial blood pressure ptm;a and oxygen pressure pO2;a . Via a Gompertz relation G and a low pass filter τ, these variations are translated into the normalized baro-
and chemoreceptor outputs, rb and rc respectively, that in turn in the nervous system (NS) are combined into a normalized vagal ev, and sympathetic es efferent output. Via a
delay D, another low pass filter, and a multiplication factor k, these outputs lead to relative changes z of the four cardiovascular effectors: heart period T (composed of a
sympathetic and a vagal heart rate response), cardiac contractility Emax, venous unstressed volume Vven;0, and peripheral vascular resistance Rtisa. Addition of the value 1,
followed by multiplication with the reference value of each effector results into the final effector values. For the cerebral autoregulation, arterial oxygen content cO2;a is
derived from pO2;a by use of the fetal saturation curve. A nonlinear function, a low pass filter, and multiplication with the reference resistance value, determine the relation
between cO2;a and cerebral resistance Rcera.
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sympathetic feedback on T(t). Parameter values for the regulation model can be
found in Table 3.

2.4. Model simulations

The model was implemented in MATLAB R2013a (The MathWorks, Inc., USA).
Differential equations were evaluated by forward Euler time integration with a
time step of 0.02 s. Scenarios described below were initiated from a steady-state
situation at which variation of ptm;a and pO2;a was less than 1� 10�4 mmHg=s,
respectively.

We simulated uterine flow reduction in term pregnancy (full term fetus of
3.5 kg) during a reference contraction defined by a duration (Tcon) of 60 s and a
uterine pressure amplitude (pcon) of 70 mmHg with respect to the reference pres-
sure (prest), which was set at 15 mmHg (Parer, 1997; Murray, 2007), (i.e. a maximum
uterine pressure of 85 mmHg is reached). Furthermore, more severe contractions,
with a contraction amplitude of 110 mmHg or a contraction duration of 120 s, were
simulated.

We also simulated sheep experiments in which uterine blood flow was blocked
for 20 s by use of a balloon catheter in the descending aorta (Itskovitz et al., 1982;
Parer et al., 1980). We assumed that the balloon catheter was inflated and deflated
over a time span of 5 s (Itskovitz et al., 1983). We linearly increased uterine artery
resistance Ruta over 5 s to a maximum value of 100 times the reference resistance,
then kept the resistance at the maximum level for 20 s, and subsequently
decreased the resistance back to steady-state level over another 5 s. To investigate
the effect of compression duration, simulations of 30 s compression were per-
formed as well.

Simulation results of combined uterine and umbilical flow reduction are pre-
sented in part B of this paper.
3. Results

Fig. 3 shows simulation results of isolated uterine flow reduc-
tion caused by a reference uterine contraction of 60 s with a
pressure amplitude of 70 mmHg. In steady state uterine pressure
(panel A1) is equal to the resting pressure of 15 mmHg. Fetal
arterial blood pressure is 45 mmHg (panel A2), arterial oxygen
pressure is 18.5 mmHg (panel A3), and fetal heart rate is about
135 bpm (panel A4). Uterine blood flow is about 630 ml/min
(panel B1) and IVS blood volume is 175 ml (panel B2). Oxygen
pressure both in fetal tissues and brain is 15.4 mmHg (panel B3).
Blood flow through the fetal tissues and brain equals 850 and
330 ml/min, respectively (panel B4). Note that blood pressures
mentioned in this section represent transmural blood pressures.

Column A shows the CTG signals (uterine pressure and FHR)
and vital signals (arterial blood pressure and oxygen pressure).
During a standard uterine contraction, modeled via an increase in
uterine pressure (panel A1), only a slight increase in arterial blood
pressure is observed (panel A2), while arterial oxygen pressure is
reduced by about 1.5 mmHg (panel A3). FHR shows only a small
deceleration of 3 bpm (panel A4). If we look into more detail
(column B) we observe an initial increase of IVS outflow and
decrease of IVS inflow (panel B1), due to compression of the IVS.
As uterine pressure increases, IVS venous outflow decreases
because the uterine veins become compressed. Due to the pres-
sure build up in the IVS, the pressure difference between the
maternal arteries and IVS reduces, decreasing IVS inflow via the
uterine arteries. Since IVS outflow is larger than IVS inflow, IVS
blood volume drops (panel B2). When uterine pressure decreases,
the uterine veins open again, causing an increase of venous out-
flow. IVS pressure decreases as well, causing an increase in arterial
inflow. Finally, IVS blood volume is restored. During the contrac-
tions fetal oxygen levels drop (panel B3), the drop in the brain
being less deep than that in the tissues. This difference is caused
by the redistribution of fetal blood flow from the tissues to the
brain, since peripheral resistance increases due to central reflex
regulation, and cerebral resistance decreases due to cerebral
autoregulation (panel B4). As shown in column C, more severe
contractions result in a larger reduction of oxygen pressure, a
larger increase of blood pressure, and a larger deceleration of FHR.

Fig. 4a shows the simulation results of uterine artery block of
20 and 30 s. From these signals the relative changes of arterial
oxygen pressure, blood pressure and FHR were obtained and
compared to relative changes as obtained from sheep experiments
(Itskovitz et al., 1982; Parer et al., 1980) (see Fig. 4b). In both sheep



Fig. 3. Simulation results for a standard uterine contraction of 60 s with an amplitude of 70 mmHg and for contraction variations. From top to bottom, signals in column A
represent: uterine pressure (put); mean arterial transmural blood pressure (ptm;a); arterial oxygen pressure (pO2;a); and FHR. In column B, signals represent: blood flow
through the uterine intramural veins and uterine spiral arteries (qutv and quta, respectively); IVS blood volume (VIVS); tissue and cerebral oxygen pressure (pO2;tis and pO2;cer ,
respectively); and fetal tissue and cerebral blood flow (qtis and qcer respectively). In column C, similar signals as in column A are shown for the standard contraction (light
gray), for a contraction with an increased amplitude of 110 mmHg (dark gray), and for a contraction with an increased duration of 120 s (black). Signals are described briefly
in the main text.
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experiments uterine blood flow was blocked for 20 s. In the model,
20 s of uterine flow reduction caused qualitatively correct changes
in oxygen pressure, blood pressure and FHR, although these
changes were quantitatively reduced as compared to those
obtained from the sheep experiments. A flow block of 30 s was
required to obtain results more similar to sheep data.
4. Discussion

Mathematical model. In comparison to our previous model (van
der Hout-van der Jagt et al. 2012, 2013a,b), we replaced the
dynamic one-fiber model (Arts et al., 2003; Bovendeerd et al.,
2006), that enabled computation of the change of blood pressures
and blood flows during a heart beat, by a two-state elastance
model (Hoppensteadt and Peskin, 2002; Suga et al., 1973) that
generates average blood flows and pressures. This simplification
did reduce the number of model parameters, but did not affect
input for the regulation model: the baroreceptor only uses average
blood pressure as input, and computed oxygen concentrations
vary at a time scale that exceeds that of one cardiac cycle.

The central regulation submodel used in our previous model (van
der Hout-van der Jagt et al. 2013a,b) was based on an adult model
(Ursino and Magosso, 2000), extended with the effect of vagal nerve
hypoxia. While the model could be used to simulate early, late and
variable decelerations in FHR, critical review showed several
shortcomings. Parameter estimation in the complex model was
difficult because of lack of experimental data. Furthermore, model
response in simulations of contraction-induced uterine and umbili-
cal flow reductions was dominated by the response to vagal nerve
hypoxia, and a reference contraction of 60 s with a pressure ampli-
tude of 70 mmHg causing uterine flow reduction alone, would lead
to an FHR deceleration of 15 bpm. This response was considered not
representative for an uncompromised fetus.

In the current study, we drastically reduced the complexity of
the central regulation model to reduce the number of input
parameters and facilitate interpretation of the model results. The
central regulation submodel was based on Wesseling and Settels
(1985), while still maintaining some aspects of Ursino and
Magosso (2000). The new model only contains the baro- and
chemoreflex and does not describe the response to vagal nerve
and CNS hypoxia. Whereas literature data suggest a hyperbolic
relation between arterial oxygen pressure and chemoreceptor
discharge frequency (Blanco et al., 1984; Kumar and Hanson, 1989),
we used a Gompertz relation (an asymmetrical S-curve) to prevent
chemoreceptor output to go to infinity at very low oxygen pres-
sures. The baroreceptor response was also modeled through a
Gompertz relation. The description of the central regulation, in
which afferent baro- and chemoreceptor signals are combined into
efferent vagal and sympathetic signals, was simplified as well by
replacing the nonlinear transfer functions in the previous model
by constant weighting factors. We also chose not to differentiate



Fig. 4. Results from simulations of uterine artery block. (a) Model response to uterine artery occlusions of 20 (gray) and 30 s (black). From top to bottom: arterial oxygen
pressure (pO2;a); transmural arterial blood pressure (ptm;a); and FHR. The rectangles in the bottom indicate the uterine artery occlusion times. (b) Comparison of model
results to experimental results from sheep studies (Itskovitz et al., 1982; Parer et al., 1980). From left to right: relative maximum variations in arterial oxygen pressure (pO2;a),
transmural arterial blood pressure (ptm;a), and FHR. N.B.: ‘ns’ indicates that uterine artery block does not result in a significant variation with respect to the steady-state value.
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between sympathetic efferent signals to the blood vessels and to
the heart (α- and β-sympathetic pathways, respectively), because
of lack of experimental data on these pathways in the fetus. This
implies that it is impossible in the model to activate α- and β-
sympathetic pathways separately. As shown in the results, these
simplifications did not limit the ability of the model to describe
the variation of FHR or clinically vital signals such as blood and
oxygen pressure.

As in the previous model, uterine contractions are imple-
mented through a transient increase of uterine pressure. However,
we now model the effect of the changes in uterine pressure on
vessel volume and resistance in terms of vascular transmural
pressure instead of external uterine pressure. This is physically
more realistic, since it is the pressure difference across the vessel
wall that determines the cross sectional area of the vessel lumen,
and thereby vessel volume and resistance. Also, compression of
the uterine circulation leads to closure of the uterine veins rather
than that of the uterine artery, which is more realistic as well.

Results. In the scenario of contraction-induced uterine flow
reduction, the FHR deceleration is delayed with respect to the
contraction peak. This can be explained from the fact that during
uterine flow reduction, oxygen in the IVS is still available to the
fetus. Consequently it will take some time before fetal oxygen
pressure, and accordingly FHR will drop (Fig. 3). Therefore these
decelerations are referred to as ‘late’ decelerations. In our model
the delay between the onset of the FHR deceleration and FHR
nadir is about 40 s, which is in accordance with the guidelines of
late decelerations, stating that the delay should be at least 30 s
(Macones et al., 2008; Robinson, 2008). The decelerations, how-
ever, are not symmetrical as is usually observed in the clinic
(Macones et al., 2008; Robinson, 2008). Presumably this is caused
by the relative slow return of arterial oxygen pressure to baseline
levels. The primary cardiovascular response is chemoreceptor-
mediated. As a secondary response the mean arterial blood pres-
sure will increase, thereby activating the baroreceptor. The steady-
state values correspond with values found in literature as indi-
cated in part B (Jongen et al., 2016b).
If we compare predicted variations in FHR for the current and
the previous model (van der Hout-van der Jagt et al., 2013a), we
observe that for uterine flow reduction more realistic FHR decel-
erations of 3 bpm are obtained, even though the oxygen and blood
pressure signals show the same characteristics. We think that this
response is more realistic, since a standard contraction in an
uncompromised full term fetus does not lead to fetal distress that
is considered clinically significant. Simulations of increased con-
traction amplitude (110 mmHg) or duration (120 s) showed that
larger FHR deceleration depths (about 14 bpm and 21 bpm,
respectively) can be obtained during severe contractions, see
Fig. 3.

Due to the limited measurements that can be performed in a
human fetus, sheep experiments from literature were simulated in
order to test our model. Trends in variation of arterial oxygen
pressure, blood pressure and FHR were similar to the trends
obtained from sheep experiments. To obtain results quantitatively
similar to sheep data, occlusion time had to be prolonged with 10 s
(Fig. 4b). The temporal variations in Fig. 4a show a delayed
response with respect to experimental data (Itskovitz
et al., 1982; Parer et al., 1980). The drop in fetal oxygen levels could
be accelerated by increasing fetal oxygen metabolism or decreas-
ing IVS blood volume. This would also lead to a better corre-
spondence of the results of the 20 s occlusion with the experi-
mental data in Fig. 4b. However, we did not perform such model
adaptations since then values for these parameters would no
longer be consistent with values found in literature. Moreover, it is
unclear whether the response of the sheep fetus would quantita-
tively match that of the human fetus described in our model.

Conclusion. A new CTG model was presented, which in com-
parison to our previous model was improved by reducing com-
plexity of some submodels and by using a better physical basis for
the description of other submodels. The model shows a more
realistic FHR response during uterine flow reduction. Due to the
reduced complexity and improved physical basis, the model is
more suitable for use as a research and educational tool.
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