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Abstract

In this study, a mathematical model of the woman circulation during pregnancy is presented
in order to investigate the hemodynamic response to the cardiovascular changes associated
with each trimester of pregnancy. First, a preliminary lumped parameter model of the non-
pregnant woman circulation was developed, including the heart, the systemic circulation with
a specific block for the uterine district and the pulmonary circulation. The model was first
tested at rest; then heart rate and vascular resistances were individually varied to verify the
correct response to parameter alterations characterising pregnancy. In order to simulate
hemodynamics during pregnancy at each trimester, the main changes applied to the model
consisted in reducing vascular resistances, and simultaneously increasing heart rate and
ventricular wall volumes. Overall, reasonable agreement was found between model outputs
and in vivo data, with the trends of the cardiac hemodynamic quantities suggesting correct
response of the heart model throughout pregnancy. Results were reported for uterine
hemodynamics, with flow tracings resembling typical Doppler velocity waveforms at each
stage, including pulsatility indexes. Such a model may be used to explore the changes that

happen during pregnancy in women with cardiovascular diseases.

Keywords

Lumped parameter model; uterine circulation; vasodilation; pregnancy-induced adaptations.
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Abbreviations

CO - cardiac output

CVP - central venous pressure
EDV - end-diastolic volume

ESV - end-systolic volume

HR — heart rate

LB — lower body

LPM — lumped parameter model

LV — left ventricle

MAP — mean aortic pressure

Pl — pulsatility index

PVR — pulmonary vascular resistance
RV — right ventricle

SV — stroke volume

SVR - systemic vascular resistance

UB — upper body
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Introduction

Pregnancy is associated with physiologically significant but reversible changes in maternal
hemodynamics and cardiac function in response to both foetal and maternal demands.
Namely, maternal circulation needs to accommodate for an increase in blood volume to
provide the nutrients and oxygen supply necessary for an optimal growth of the foetus
through the placental circulatory system. In most women these demands are met without
compromising the mother but they may prove to be a threat in mother with cardiovascular
diseases. Conversely, if maternal hemodynamics do not change, adverse effects on the
uteroplacental circulation can lead to foetal compromise. Therefore the maternal
cardiovascular system must achieve a balance between foetal needs and maternal
tolerance. Changes happen throughout the pregnancy: they begin as early as 4-5 weeks of
gestation to facilitate the development of an optimal environment for the foetus to thrive, and
tend to plateau during the second and early third trimesters [1]. Maternal adaptations differ
according to the involved tissue or organ, and, due to the dynamic nature of pregnancy, the
timing and degree of adaptation may vary between subjects. However, it is possible to
distinguish common hemodynamic phenomena characterising each trimester of
physiological pregnancies. Major changes include increase in blood volume, cardiac output,
heart rate and oxygen consumption, decrease in systemic vascular resistance and alteration
in distribution of blood flow favouring pregnant uterus, breasts and kidneys.

Systemic vascular resistance (SVR) decreases in early pregnancy, reaching the minimum
in the second trimester (-30% to -35% compared to values observed 3 to 6 months after
delivery), and subsequently rising up to -20+-27% [2,3]. This is due to systemic
vasodilatation mediated by hormonal changes and the opening of the low resistance
uteroplacental circulation. Plasma volume and red blood cell mass progressively increase
until the beginning of the third trimester, when they start stabilising until delivery [4].
Nevertheless, the larger increase in plasma volume with respect to the haematocrit is
responsible for an approximately 10% decrease in total blood viscosity, facilitating diffusion
across the placenta and avoiding thromboembolic risks for the mother. Besides
haemodilution, peripheral arterial vasodilation is the main responsible for SVR reduction,
which, in turn, activates compensatory homeostatic mechanisms allowing for the
maintenance of arterial blood pressure. Namely, the heart rate (HR) increases from the first
trimester, gradually reaching +20% in the third one. Similarly, the stroke volume (SV) rises
in the first trimester to a maximum of around +30% in the second trimester without significant

changes in the remaining weeks [5]. Consequently, the cardiac output (CO) begins to
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increase at few weeks of gestation, continuing steadily and plateauing (around +40%) at 32
weeks [5]. While the rise in CO is mainly caused by the increase in SV during the early
stages, HR contributes the most in late pregnancy when SV is nearly constant.

The vascular district showing the most significant flow increase is the uterine circulation,
peaking at 10-20% of CO in the third trimester compared to about 1% in non-pregnant
women [1,6]. Renal perfusion rises by more than 30% by mid-pregnancy, remaining
constant until delivery. In addition, pulmonary blood flow rises throughout pregnancy, as a
consequence of considerable reduction (about -30% at the end of the first stage and
plateauing in the rest of gestation) in pulmonary vascular resistance (PVR) [7,8].

The physiological changes in preload and afterload of the heart, related to blood volume
increase and peripheral vasodilation respectively, are accompanied by remodelling of all
four cardiac chambers. Ventricles progressively increase in their diastolic dimension, while
atria augment their average size, from the first trimester to the end of pregnancy. To sustain
the increased workload, data suggest the two ventricles experience a rise in their wall
thickness and mass with some debate on the entity [9—-11]. Emerging MRI data indicate an
increase reaching about +48% and +39% for the left ventricle (LV) and right ventricle (RV),
respectively, at late pregnancy [12].

So far, plenty of clinical data has been collected for the analysis of such an intricate network
of phenomena characterising pregnancy [2-5] and hypotheses on the physiological
pathways have been advanced with no definitive answers. Most of the engineering studies
has focused on the foetal circulation, especially on the placental gas exchange [13-17].
However, no mathematical models have been developed to examine the effects of
pregnancy on the maternal cardiovascular system. The present study aims to develop a
mathematical model of the pregnant woman circulation, in order to investigate the
hemodynamic response of the model to the cardiovascular changes associated with each
trimester of pregnancy, and compare it with literature data. A deeper understanding of the
hemodynamic changes in healthy pregnancies is mandatory to get to a better
understanding, and therefore better management strategies, of pregnancies in mothers with

pre-existing cardiovascular diseases or arisen complications.

Materials and methods

Mathematical modelling of the circulatory system during pregnancy was achieved through
several consecutive steps. First, a lumped parameter model (LPM) of the circulation of a
healthy non-pregnant woman was developed, based on literature models of adult male
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circulations [18,19]. This was accomplished by adding a block representing the uterine
circulation, and scaling the lumped parameters according to proper powers of the body
weights ratio [20], assuming 75 kg body weight for the male model and 58 kg as
representative of a 30-year-old woman body weight. The LPM included the heart, the upper
body (UB) and lower body (LB) systemic circulations, and the pulmonary circulation (Fig. 1,
top). Systemic and pulmonary districts included great vessels and peripheral vasculatures,
which were divided into arterial-arteriolar, capillary and venous portions. Three-element
models comprising a compliance, a linear resistance and an inertance represented the great
vessels and the arterial-arteriolar portions of peripheral vasculatures, whereas blocks
including one or more compliances and resistances were used for the capillary and venous
portions of peripheral vasculatures and for the abdominal organs circulations. Heart valves
were described by three-element models comprising an inertance, a linear resistance and a
non-linear resistance, combined with a diode assuring unidirectional flow (Fig. 1, bottom).
The resting state was simulated at a HR of 75 beats per minute (bpm). Then, the model was
tested at increasing HR and varying vascular resistances in order to verify the response to
parameter changes involved in pregnancy. After these procedures, model parameters were
modified according to the circulatory scenarios characterising the physiology of each
gestational phase, and the resulting hemodynamic quantities were evaluated. The LPM was
implemented in Matlab® R2014b (The MathWorks, Inc.) using, as integration algorithm, the
Runge-Kutta-Fehlberg of the 4"/5" order with variable time step ranging from 1e-6 s to le-
3 s. For each model configuration, 30 cardiac cycles were simulated to assure periodicity of
the solution, but only the last 3 cycles were used for calculation of time averaged values.
The entire simulations required less than 2 minutes on an Intel® Core™ i7 (2.93 GHz)
personal computer.

Heart model

The heart model was based on the single fibre approach, which directly relates the
macroscopic biomechanical behaviour of the ventricular chamber to the microscopic
mechanical properties of myocardial sarcomere, i.e. the contractile element of cardiac tissue
[21,22]. The choice of the heart model for this study was driven by the limited number of
parameters required by the single fibore model and by the use of parameters representing
physical quantities that could be either based on experimental observations or derived from
clinical data. Blood pressure within the chamber was derived by stress and strain along the
myocardial fibre direction and those along the radial wall direction. Assuming the healthy

cardiac chamber as a thick-walled sphere, its mechanical behaviour was approximated by
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a single fibre due to the homogeneous distribution of stress and strain within the tissue. In
this setting, the cavity pressure P could be proportionally derived from the myocardial stress

fusing anatomical data, i.e. the chamber volume V and the wall volume V,,, as follows:

of+20m(T)

p =2 20mrD) (L)

1+3V/Viy

where oy is the fibre stress and g, ,-(7) is the wall stress generated in the collagen matrix
along the radial direction, at a representative radial position  enclosing the chamber volume
and one third of the wall volume. This position was previously introduced by Bovendeerd
and colleagues [22] to evaluate the integral of g,,, - over the wall thickness, since it is spatially
inhomogeneous. They used the above described approach to model only the left ventricle
(LV), while a similar description was extended to the right ventricle (RV) by Cox et al., owing
to the similar microscopic tissue properties between the two chambers [23]. In the present
study, this approach was implemented for the two atria as well, by applying scaling factors
that will be described further on.

The total fibre stress or is composed of an active stress (g,) and a passive stress component
(om.r) generated in the collagen matrix along the fibre direction. o, is defined by three terms:
a function of the sarcomere length [, a time-varying term and a function of the sarcomere

shortening velocity v, as follows:

0a(ls, t,v5) = C[f(ls)A(t)h(vs)] (2)

with ¢ being a coefficient (0 < ¢ < 1) able to simulate a reduction in contractility for values
approaching 0. The function f(l;) was based on that presented in [22] for the ascending
tract of the curve, and inspired by the experimental findings obtained by Fabiato et al. [24]
and Weiwad et al. [25] as regards the second tract of the curve (Fig. 2a). These studies
detected a decrease in the force developed by skinned cardiac myocites for a sarcomere
length over a threshold, [ ., @and zero force at length = I .,,4- BeiNg frax = f Usmax), the

definition of f(ly) is the following:

( 0 if Ls < Lsao
ls_ls.ao .
f(ls) = 4 far (ls.ar—ls.ao) lf lS.aO < ls < ls.max (3)
ls_ls.max .
Lfmax (ls.max_ls.end + 1) lf ls . ls.max
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Time dependency was described by the periodic function A(t) with period equal to the
cardiac cycle, T,, in two distinct ways for the ventricular (AV (t)) and atrial (AA(t)) chambers,

respectively (Fig. 2b).

0.7
21t .
AV(2) = [0.5 [1 — cos (H)]l if0<t<Ty @
0 ifT,s <t<T,
AACE) — 0.5 [1 _ cos (2n(t+;':ss—Tov))] if0<t<T,, or T,— T+ Ty, <t<T, -
0 ifTOUSt<TC_TaS+To1]

T,s = aTyr is the duration of ventricular systole and is defined as a fraction a of the duration
of the QT wave indicating ventricular electrical activity on the electrocardiogram. Based on
the relationship between T, and T, proposed by Avanzolini et al. [26], and using the
polynomial function reported in [18] to calculate T,r from T, a resulted about 1.1 at any HR
value. T, = BT, is the duration of atrial systole while T,,, = yT,; — 0.05 is the overlap interval
between AV (t) and AA(t).

The third term in Equation 2, h(vs), represents the viscous contribution of the fibre to the
total active stress [22].

The passive stress along the fibre direction o, ; and along the radial direction o,,,, were
defined as functions of the fibre stretch ratio A, and the radial stretch ratio 4., respectively

[22]. Considering the passive chamber at zero transmural pressure with volume V,

(corresponding to a sarcomere length [y,) as the reference state, 4, and A, could be

approximated by volumetric ratios, as follows:

1
A==~ () " and A=) (6)

Iso Vo+1/3V,,

It is worth noting that, with such notation, A, represents the circumferential stretch ratio at

the above mentioned radial position 7 [22]. All the parameters used in Equations 2-6 are
reported in Table 1 and Table 2. Additionally, scaling factors were applied to the active and
passive stresses of the two atria in order to account for the different tissue contents of the
atrial walls compared with those in the ventricular walls. Based on the percentages of muscle

fibres and extra-cellular matrix of the atrial walls provided in [27] active and passive scaling
8
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factors were derived, respectively, as ratios over the corresponding percentages of the LV
wall, which is the heart chamber used as a reference for developing the single fibre
approach. Values of 0.84 and 1.17 were utilised as the active and passive scaling factors,
respectively, for the left atrium, whereas 0.81 and 1.19 for the right atrium.

The chamber wall volumes used in this study (Tab. 2) were consistent with data collected
from the literature [10,27-30]. Since reference volumes V,, are not measurable in vivo, their
values were tuned starting from the end-systolic (i.e. minimum) volumes (ESV) reported in
the literature, in order to obtain pressure-volume loops consistent with the physiological

range for a healthy woman [30,31].

Systemic and pulmonary circulations models
As per conventional clinical practice, the global vascular resistances of the model were

calculated using the following formulas:

SVR = P40_Pra PVR = ZraPia (7)
Qs QP

where P,,, Pra, Pps and P, are the time-averaged pressures in the aorta, right atrium,
pulmonary arteries and left atrium, respectively, whereas Q; and @, are the time-averaged

flow rates in the systemic and pulmonary circulations, respectively (note that in a healthy

subject Q, = Q, = CO i.e. the cardiac output). From the scaling procedure, the SVR and

PVR resulted 17.4 WU and 1.63 WU, respectively (1 WU or Wood Unit = 1 mmHg/L*min =
7.99 MPa/m3*s), in agreement with data reported in the literature [7,10]. The model layout
was detailed to allow implementation of the hemodynamic changes due to pregnancy (Fig.
1). Namely, the UB was divided between brain and arms, while the LB great vessels were
subdivided into thoracic and abdominal portions to accommodate the abdominal organs,
including the uterine circulation. The latter was based on a previously developed model of
the uterine circulation in the third trimester [32], using the same percentage resistance
distribution but scaling resistance values in order to have a uterine flow lower than 1% of
CO [6]. Uterine compliance values were scaled as well, according to the relationship
between compliances and resistances described in [19].

Fine tuning of the systemic circulatory parameters was performed in order to reach a 30:70

CO distribution to the UB and LB vasculatures [33], as well as a proper splitting among the
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individual vascular districts and a mean aortic pressure (MAP) at rest of approximately 80

mmHg.

Models of the three stages of pregnancy

In order to simulate maternal hemodynamics during pregnancy, clinical data were collected
from the literature for each trimester as percentage variations from the reference state i.e.
non-pregnant condition at rest [3,7-12,28]. It is worth noting that most of the studies
considered the state at 3-t0-6 months after delivery as the reference, since it is a reasonable
span for hemodynamics to return to baseline, and that the ranges of variations within each
investigated population might partly disagree between studies due to the different ages or
different positions during measurement acquisition. Moreover, extensive data were not
available for all the vascular districts e.g. the right ventricle, the atria, peripheral resistances
and compliances other than those of the uterine vasculature, as well as for all trimesters (i.e.
the first two stages have been less investigated so far compared to the third). In order to
implement relevant information from collected data inside our model i.e. apply changes to
global parameters, we either calculated average values, when available, or assumed them
as reported in Table 3. Based on ventricular wall volumes in the non-pregnant condition,
changes in LV V,, in all trimesters and RV 1, only in the third one, RV V,, values for the first
and second stage were derived by assuming the ratio over LV ¥}, as approximately constant
(= 0.2).

Reductions of SVR were unevenly applied to the vascular districts in order to account for
the unbalance in the flow rate distribution caused by the development of uteroplacental
circulation and by selective vasodilation characterising pregnancy. Based on the information
about the trends followed by flow distribution throughout systemic circulation and by cardiac
volumes during each trimester [3,10-12,34-38], resistances of the uterine, renal, cerebral
and intestinal districts were decreased accordingly, whereas volumes V,, of the four heart
chambers were increased by assumed percentages (Tab. 4). In addition, resistances of the
remaining systemic districts were decreased by the same percentage with respect to the
non-pregnant values (Tab. 4) in order to obtain the desired reductions in SVR (Tab. 3). Such
changes were consistent with blood viscosity reduction and, for the first and second
trimesters, might be ascribed to further vasodilatory effects. Within the individual systemic
districts as well as in the pulmonary blocks, changes were evenly applied to the resistances
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(i.e. arterial-arteriolar, capillary and venous), assuming that resistance ratios do not vary
during pregnancy. The little information about changes in vascular distensibility found in the
literature regarded the reduction in arterial stiffness and increase in venous tone, which both
facilitate cardiac function by decreasing afterload on the one hand, and augmenting preload
on the other. This allowed us to directly increase compliances of the aorta and major
systemic arteries by +18%, +14% and +25%, while reducing venous compliances of the legs
by -20%, -25% and -30% in the first, second and third trimester, respectively [28,35].
However, for the other districts, the applied decreases in resistances were followed by

corresponding growths in compliances and decreases in inertances [19].

Results

Non-pregnant model

The model of the adult female circulation in the non-pregnant condition at rest showed mean
values of hemodynamic quantities within the ranges reported in the literature (Tab. 5). Flow
distribution throughout systemic circulation was also in agreement with available in vivo data
(Tab. 5). In particular, the time-averaged uterine flow rate was 0.35 ml/s, with a pulsatility
index (PI) of 1.63 being in the range of typical values observed in non-pregnant healthy
women [6,39].

Ventricular volumes and pressures reflected those reported for healthy subjects
[9,12,29,30]: RV ESV and end-diastolic volumes (EDV) were higher than the respective LV
values, resulting in the same SV (= 65 ml), while RV pressures were considerably lower (=
1/4) than LV pressures (Fig. 3).

The model response to individual changes in SVR and PVR in terms of CO revealed roughly
linear behaviours with a greater influence of the former compared to the latter for equal
changes in resistances: 200% increase in either SVR or PVR resulted in CO reductions of
about -50 % and -20%, respectively (Fig. 4, left). The trend exhibited by CO with increasing
HR showed a plateau between 180 bpm and 220 bpm, followed by a significant drop (Fig.
4, right). Conversely, SV showed a monotonic decrease with HR as depicted in Figure 4

(right).

Models of the three stages of pregnancy

The model response to the hemodynamic modifications introduced to simulate pregnancy

was evaluated for each trimester as percentage variation from the non-pregnant condition.

Figure 5 shows the trends depicted by CO and SV along the three gestational stages. CO
11
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increased significantly from the first (+28%) throughout the second trimester (+44%), nearly
reaching a plateau at the end of gestation (+46%). The SV behaviour reflected the CO trend
in the first two trimesters (+16% and +25%, respectively), but increased to lower extent in
the third phase (+22%). These trends were in agreement with in vivo data collected from the
literature [9-11,28,40], as illustrated by figure 5.

Increases in the pulmonary and systemic flows were analogous to those of CO, with greater
percentages related to the LB flow (+32%, +49% and +55% for the first, second and third
trimester, respectively) compared to the UB flow (+18%, +29% and +22%). Pregnancy
augmented flow rates perfusing all local vasculatures throughout all trimesters, except for
flow in the legs, which reported slight increases (<+10%) in the first two stages and a minor
decrease (>-3%) in the last stage. Uterine flow experienced the highest increase during the
entire course of pregnancy, reaching 3%, 8% and 18% of CO in the first, second and third
trimester, respectively. Pl values were reduced to 1.13, 1.09 and 0.72 gradually at each
trimester, as displayed by the time tracings of uterine artery flow (Fig. 6). Among the other
vascular districts, kidneys showed the highest rise in flow, peaking at +80% in the first
trimester and progressively decreasing to +50% in the third trimester.

Both ventricle EDV did not vary considerably in the first trimester (<1% as absolute values),
and increased in the last two up to +19% and +22% for LV and RV, respectively. The ESV
values, instead, decreased in the first stage by -20% and -16% for LV and RV, respectively;
afterwards they began rising up to +14% and +21% in the last stage. As a consequence,
the trends of ventricular ejection fractions were described by an initial growth (+17%) which
gradually dropped to non-pregnant values. Maximum atrial volumes increased from the first
trimester up to +22% and +32% for the left and right atrium, respectively, in the last trimester.
Finally, pressures were moderately stable, with changes lower than 10% (as absolute
values) in the systemic circulation and 4% in the pulmonary vasculature (Tab. 6). Larger
variations occurred in the central venous pressure (CVP), which increased to 5.8 mmHg in
the first trimester and diminished to 4.1 mmHg in the last stage (Tab. 6).

Discussion

Pregnancy is characterised by several physiologic adaptations of the mother’s body in
response to both foetal and maternal demands, possibly starting with peripheral vasodilation
of systemic and pulmonary districts mediated by hormones and vasoactive molecules, and
subsequently followed by observed increases in plasma volume, CO, HR and ventricular
mass. Such mechanisms allow the mother to maintain adequate systemic and pulmonary

12
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blood pressures ultimately to guarantee the correct regional perfusion including the newly
developed uteroplacental circulation that supplies the growing foetus. These changes have
been clinically described extensively but a complete and thorough understanding of the
complex pathways involved (i.e. endocrine, autonomic, cytokines mediated) is still lacking.
Moreover, despite the availability of clinical data, mathematical models have not been
developed so far to include all these data in a consistent theoretical framework that allows
one to examine the influence of pregnancy on maternal hemodynamics. This study presents
a mathematical model of the pregnant woman circulation to evaluate its response to the
cardiovascular changes associated with each gestational stage.

An LPM of the non-pregnant woman circulation was developed as preliminary condition.
First, the model was tested at rest (i.e. HR = 75 bpm), then by individually varying HR, SVR
and PVR. Mean values of pressures, flows and ventricular volumes resulted in agreement
with in vivo data (Tab. 5) [2,6,7,9,11,29,33]. In particular, the uterine flow exhibited time-
average and PI values typical of non-pregnant women [6,39]. As expected, the influence of
SVR on CO was proportionally greater than that exerted by PVR (Fig. 4, left), due to the
ratio of about 10:1 between the two vascular resistances. Progressively increasing HR led
to an initial increase in CO, followed by a plateau and a further drop (Fig. 4, right). In fact,
CO depends not only on HR but also on SV, which conversely exhibited a monotonic
decrease with HR (Fig. 4, right), as observed in vivo under electrical stimulation of the right
atrium [41].

Appropriate changes to HR, cardiac volumes V,, and V,, and LPM parameters (i.e.
resistances, compliances and inertances) were introduced to simulate pregnancy, and the
model response was evaluated as percentage variation from the non-pregnant condition.
The trends followed by CO and SV throughout the simulated gestation were in agreement
with in vivo data from literature [9,10,28], especially with the narrow ranges observed in the
third trimester for both quantities [9,11,36,40] (Fig. 5). The lesser increase in SV in the third
trimester (+22%) compared to the second trimester (+25%) reflected in vivo observations of
the aortocaval compression exerted by the enlarged uterus [9]. Such phenomenon was
taken into account in our model by imposing higher SVR in the third stage with respect to
the previous one. As regards ventricular volumes, the resulting gradual increase in LV EDV
replicated the trends reported by Katz et al. [34] and by Cong et al. [11]. Similarly, the RV
EDV obtained for the third trimester was highly close to the only reference found for the RV
(+22% vs. +24%) [12]. Contrary to the measurements performed by Cong and colleagues

[11], the LV ESV diminished in the first trimester. In our model, this was due to an increase
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in ventricular mass not accompanied by an immediate rise in EDV (nearly null), which
instead was reported as +7% by the same authors. Consequently, the LV ejection fraction
initially increased by 17% to reach non-pregnant values only at the end of gestation,
whereas changes observed by Cong et al. did not exceed 3% during the whole pregnancy
[11]. An extensive comparison with in vivo data was not possible for the atrial volumes, due
to the lack of information from the literature. Nevertheless, two recent clinical studies
reported similar growths of the maximum atrial volumes in the second and third trimesters
[12,42]. Globally, cardiac hemodynamics results suggested a proper response of the heart
model when applying known changes in HR and ventricular V;, (Tab. 3) and assumed values
for ventricular and atrial V, (Tab. 4) for each stage.

Concerning the flow distribution, higher increases involved the LB compared to the UB
circulation through all stages, owing to the considerable rise in perfusion of the
uteroplacental and renal districts, as well as of the intestine in the last two stages. Such
behaviour was achieved by properly varying the impedances of the relative vasculatures.
Major results were reported by uterine hemodynamics, being overall in agreement with in
vivo data [43,44]. The massive increase in uterine blood flow obtained with the model
contributed to a “steal” phenomenon to the detriment of flow in the legs, as observed in the
external iliac artery by Palmer and colleagues [45]. The average uterine artery flow obtained
for the third trimester (1.29 I/min) exceeded the range observed in the literature (0.75-0.97
I/min) [44], as the flow value used for setting the uterine resistance in this trimester was
measured from the uteroplacental circulation i.e. including the ovarian artery. The time
tracings depicted by uterine artery flow (Fig. 6) resembled typical Doppler velocity
waveforms in the uterine artery in the three gestational stages [46,47], with progressive
decrease in pulsatility and disappearance of the diastolic notch. This was confirmed by PI
values which were comparable with those reported by Tayyar et al. i.e. 1.6, 1.05 and 0.75
in the first, second and third trimester, respectively [48], thus revealing proper setting of the
model parameters.

The trends followed by pressures (Tab. 6) generally reflected the literature data. In the
second and third trimesters, MAP presented slightly higher values compared with the clinical
counterpart (-5.3% and +9.3% vs. -13%+-9% and -7%++4.5%, respectively) [3,7,34,49]. It
is worth noting, however, that clinical ranges indicate high variability in such a quantity which
may be ascribed to the different ages of the patients or positions (i.e. supine or left lateral
recumbent) during measurement. Finally, CVP showed mild fluctuations around the non-
pregnant value throughout gestation, first increasing by +25% and then decreasing to a
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lower value (-12%). The few literature data collected for CVP during pregnancy seem in
contrast with our results and between them: in one study significant changes were not
registered at the third trimester [7], whereas, in another study, CVP in women in the last
gestational phase was found to be much lower than that of non-pregnant or first-half
pregnant women [50]. This might be due to the fact that pressure was measured in supine
position causing compression of the inferior vena cava from the gravid uterus, thus reducing
venous return and CVP.

Limitations of the presented model were mainly due to the fact that changes affecting
metabolism or body systems other than maternal circulation (e.g. lymphatic system, foetal
circulation and exchange with maternal side) during pregnancy were neglected. Therefore,
comparison of our results, deriving from mere hemodynamic effects, with clinical
measurements might be undermined by such model defaults. Moreover, collected literature
data themselves were sometimes lacking or discordant, impairing any possible elaborate
discussion. In order to create a more accurate model of maternal physiology, it would be
recommendable to implement the complex network of maternal and foetal systems, as well
as to collect a full dataset from a sufficiently large cohort of healthy pregnant patients
recruited before conception (i.e. reference condition) although ethical issues regarding
studying healthy pregnancies limit the type of tests, and screening before conception makes
recruitment more difficult. Nevertheless, this was not the scope of the study, since the
present mathematical model was developed as a preliminary effort to merge clinical data
into a framework enabling a consistent analysis of the influence of pregnancy on maternal
hemodynamics. A better understanding of hemodynamics in normal pregnancies through
modelling is crucial and will give us a more solid background when looking at how acquired
or congenital cardiovascular diseases impact on outcome for both mother and baby in more
complex pregnancy settings. For example, the effects of maternal hypertension, known as
pre-eclampsia, on the foetal circulation may be suitably investigated using a sophisticated
version of the LPM presented in this study. Although the exact causes of pre-eclampsia are
unknown, it seems it is related to impaired placental growth and perfusion [51] which might
be implemented in the model as an overall increased placental impedance. Another
interesting issue to consider would be the presence of congenital heart diseases such as
cyanotic defects in the mother, which remarkably affect blood and oxygen supply to the
foetus. The circulatory layout of the current model may be appropriately modified to examine
the influence of such complex pregnancy conditions, by focusing on the heart and integrating

with a model of the oxygen exchange between maternal and foetal circulations. However, in
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both cases the availability of thorough clinical datasets would be essential to build models

which can accurately describe these phenomena.

Conclusion

In this study a mathematical model of the healthy pregnant woman circulation was
developed to investigate the hemodynamic response to the cardiovascular changes
associated with each gestational stage. Results were compared with clinical measurements
taken from the literature to assess the goodness of the model in terms of variations of
hemodynamic quantities with respect to the non-pregnant condition. Overall, reasonable
agreement was found between model outputs and in vivo data, suggesting a good
description of maternal physiology. In addition to simulating healthy pregnancy, such a
model may have great potential to explore the abnormal changes associated to pre-existing
maternal diseases (e.g. congenital heart defects) or concurrent cardiovascular

complications (e.g. pre-eclampsia) affecting pregnant hemodynamics.
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Table 1

Parameters of the sarcomere

Length (um) Stress (kPa)  Coefficients (-)

lsO ls.aO ls.ar ls.max ls.end far c ﬁ )/

1.83 1.5 2.0 2.3 2.7 55 1 0.7 0.5
Table 2

Volumes of the heart chambers

(ml) LV RV LA RA
V, 125 25 136 3
Vo 50 63 20 30

LV = left ventricle; RV = right ventricle; LA = left

atrium; RA = right atrium.

Table 3

Reference state parameters and changes applied to the model for each trimester of pregnancy

Non-pregnant 1st trimester 2" trimester 3 trimester
HR (bpm) 75 +10% +15% +20%
SVR (WU) 17.4 -30% -35% -27%
PVR (WU) 1.63 -30% -30% -30%
LV ¥, (ml) 125 +10% +31% +45%
RV ¥, (ml) 25 +6.6%* +25%* +30%

HR: heart rate; SVR/PVR: systemic/pulmonary vascular resistance; LV/RV V,,: left/right ventricle wall volume;

bpm = beats per minute; 1IWU = 1 mmHg/L*min = 7.99 MPa/m3*s. Changes were taken from the literature

[2,3,8-12,28,49] and reported as percentages of the non-pregnant state parameters. Values with * were

extrapolated from other clinical data.
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646 Table 4
647 Parameter changes from the non-pregnant state applied to the model for each trimester of pregnancy

1st trimester 2 trimester 31 trimester

Uterine resistance -90% -96% -98%
Brain resistance -10% -17% -8%
Renal resistance -50% -45% -30%
Intestinal resistance

- arterial -24% -45% -30%

- venous -24% -35% -20%
Liver resistance -24% -26% -6%
Legs resistance -24% -26% -6%
Arms resistance -24% -26% -6%
Great vessels resistance  -24% -26% -6%
LV 1, 0% +15% +20%
RV V, 0% +20% +30%
LAV, 0% +20% +20%
RA 1, 0% +30% +30%

648 LV/RV and LA/RA V,: left/right ventricle and left/right atrium volumes at zero transmural
649 pressure.

650
651



652 Table 5

653 Results of the non-pregnant model at rest

Results Reference ranges

104.2410.7 [11]
Systolic blood pressure (SBP) 114.9
123+11 [29]

64.4+8.0 [11]
Diastolic blood pressure (DBP) 68.1

7248 [29]

79.3+8.5 [11]
Mean aortic pressure (MAP) 83.7

86.4+7.5 [7]

3.7£2.6 [7]
Central venous pressure 4.7

2+6 [2]

15+25 (S) [2]
Mean pulmonary artery pressure 19.9
8+12 (ED) [2]

4.3+0.9 [7]
Cardiac output (CO) 4.8

4.919]
Cerebral flow (%CO) 11.4% 12.9% [33]
Uterine flow (%CO) 0.44% <1% [6]
Renal flow (%CO) 17.4% 19.0% [33]

Intestinal and hepatic flow (%CO) 21.4% 24.1% (AO) [33]

654  Pressures are in (mmHg); CO is in (I/min). Mean aortic pressure is
655 calculated as done in clinical practice (i.e. SBP/3 + DBP*2/3). S:
656  systolic; ED: end-diastolic; AO: abdominal organs excluding kidneys.

657
658

659 Table 6

660 Pressure results of the three stages of pregnancy as % variations from the non-pregnant condition

Pressures (mmHg) Non-pregnant  1st trimester 2d trimester 3 trimester
Mean aortic pressure 83.7 -8.3% -5.3% +9.3%
Mean pulmonary artery pressure  19.9 -1.4% -4.0% -1.4%
Central venous pressure 4.7 +25% +14% -12%

661
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Figure captions

Fig. 1 Schematic of the model. Colour-coded lumped parameter blocks are reported at the
bottom. IVC: inferior vena cava; TH: thoracic; AB: abdominal. For the other acronyms,
please refer to the list of abbreviations.

Fig. 2 Myocardial fibre stress. Left: active component f(l;) and passive stress o, s as
functions of the sarcomere length [g; f (L) is periodically modulated in time by AA(t), for the
atria, and AV (t), for the ventricles (right). Time modulation is indicated by the arrows. T,,:
overlap interval between AV (t) and AA(t); T,: duration of cardiac cycle (i.e. period of AV (t)
and AA(t)); T,s: duration of ventricular systole; T,s: duration of atrial systole.

Fig. 3 Pressure-volume loops of the left ventricle (LV) and right ventricle (RV).

Fig. 4 Non-pregnant model response to individual changes in model parameters: (left)
cardiac output trends with varying systemic (SVR) and pulmonary (PVR) vascular
resistances; (right) cardiac output (CO) and stroke volume (SV) trends with varying heart
rate. SVR and PVR are reported as fractions of the respective values used in the non-
pregnant model (i.e. unity on the x-axis).

Fig. 5 Cardiac output (left) and stroke volume (right) at each trimester. The model results
are represented with black circles connected by a line, while in vivo data are displayed with
different grey symbols according to the corresponding references. Adjacent symbols refer
to the same values. = [9]; 4 [3]; @ [28]; x [34];* [10]; © [11]; A [49].

Fig. 6 Uterine artery flow in the first, second and third trimesters. Right: close-up of the first

trimester flow shows the marked pulsatility and the diastolic notch (arrow).
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