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List of abbreviaƟons and model parameters 
AbbreviaƟons 

MAP  Mean arterial pressure 

BRS  Baroreceptor sensiƟvity 

CO   Cardiac output 

HR  Heart rate 

SV  Stroke volume 

VR  Vascular resistance 

BP  Blood pressure 

PE  Preeclampsia 

NE  Norepinephrine 

Ach  Acetylcholine 

HRV  Heart rate variability 

HF  High frequency 

LF  Low frequency 

mSNA  Muscle sympatheƟc nerve acƟvity 

RAAS  Renin angiotensin aldosterone system 

ANGII  Angiotensin II 

GABA  Gamma aminobutyric acid 

BMI  Body mass index 

PV/BSA  Plasma volume corrected for body mass 

ms  Milliseconds 

 

Model compartments 

AA   Ascending aorta  

AD   Descending aorta  

AR   Renal arteries  

GL   Glomerulus  

LA   LeŌ atrium  

LB   Lower body  

LV   LeŌ ventricle  

PA    Pulmonary arteries  

PL    Placenta  
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PV    Pulmonary veins  

RA    Right atrium  

RV    Right ventricle  

SA   Spiral arteries  

TU   Renal tubule  

UA   Uterine arteries  

UB   Upper body  

UV    Uterine veins  

VC    Vena cava  

VR   Renal veins  

 

Model parameters 

P  Pressure (mmHg) 

V  Volume (L) 

E  Elastance (mmHg*L-1 ) 

V0  Unstressed volume (L) 

Q  Flow (L*s-1) 

R  Resistance (mmHg*s*L-1) 

�̅�  History weighed pressure (mmHg) 

N  Baroreceptor firing rate (Hz) 

N  Baseline firing rate (Hz) 

K  Gain 

M  Maximum firing rate (Hz) 

𝜏  Time constant 

Tpar,Tsym  ParasympatheƟc and sympatheƟc tone 

β  Dampening factor 

Cach, Cnor  Acetylcholine and noradrenaline release 

H0  Intrinsic heart rate (bpm) 

Ms,Mp  SympatheƟc and parasympatheƟc scaling factors 

𝛼  AcƟvaƟon factor 

Sa  SaturaƟon 

Op  OperaƟng point 

Th  threshold 
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Chapter 1: IntroducƟon 
Pregnancy induces crucial cardiovascular adaptaƟons to the maternal system to accommodate 
increased metabolic demands for both the mother and fetus. Important adaptaƟons include a 
decrease in peripheral vascular resistance (VR) and blood pressure (BP) and an increase in plasma 
volume, cardiac output (CO) and heart rate (HR). Through these changes, opƟmum circumstances are 
created for placental blood flow to realize fetal growth. Failure to meet these demands can result in 
hypertensive disorders including preeclampsia (PE), one of the leading causes of morbidity and 
mortality of mother and fetus [1, 2]. PE is a disease thought to be driven by dysfuncƟon of the placenta, 
triggering inflammatory and hypertensive reacƟons of the mother. However, both in presence and 
absence of PE, other factors also influence the BP during pregnancy [2]. Currently it is known that the 
arterial baroreflex, which is responsible for the short-term regulaƟon of BP, is diminished during 
pregnancy. This reducƟon is even more pronounced in pregnant women with hypertensive disorders 
such as PE [3-5]. The underlying mechanism behind a diminished baroreflex in pregnancy remains 
unclear, parƟcularly since the decrease in baroreflex funcƟon is even more prominent in a pathological 
situaƟon. Therefore, more research is necessary to understand the role of the baroreflex in BP 
maintenance in pregnancy.  

To address this knowledge gap, mathemaƟcal modeling offers a valuable approach. By simulaƟng 
cardiovascular changes, models can help clarify the interacƟons between various physiological 
processes, including the baroreflex. The Radboudumc is developing a maternal hemodynamic model 
for this purpose. They have started with a lumped model containing compartments that represent the 
physiological structures and connectors of the cardiovascular system. Recent work has implemented 
the renal autoregulaƟon, since this has an important role in maintaining BP and extracellular fluid 
volume [6]. The model is under constant development where one of the next steps is to implement 
the baroreflex. Many studies have been performed in modeling the baroreflex within a closed-loop 
system. For example, Sharifi et al. examined calcium transport within the baroreflex [7], Fernandes et 
al. studied the afferent pathway's role in acƟon potenƟal propagaƟon [8], and Jezek et al. incorporated 
lung dynamics as well as the baroreflex into a lumped compartment model [9]. Given the complexity 
of the cardiovascular system, parƟcularly the baroreflex, each model varies in scope, emphasizing 
different aspects of the physiology. In this research, we aim to build on these efforts by incorporaƟng 
mechanisms of the baroreflex that could be altered during pregnancy. Our goal is to enhance the 
understanding of baroreflex funcƟon in pregnancy through the development of a mathemaƟcal model 
that captures its role in BP regulaƟon. 

1.1 Outline 
This thesis is structured into four chapters. In Chapter 1 we outline the research objecƟve. In Chapter 
2 we provide the essenƟal background informaƟon, covering the physiology of the BP mechanisms, 
cardiovascular changes during pregnancy and the baroreflex. In Chapter 3, we present potenƟal 
influences on reduced baroreflex funcƟon. In Chapter 4, the last chapter, we detail the modeling work. 
We elaborate on our choices in funcƟons for the open-loop model and discuss them further within the 
closed-loop model.   
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Chapter 2: Background informaƟon 

2.1 Blood pressure regulaƟon outside of pregnancy 
BP regulaƟon is governed by three primary mechanisms: blood volume, VR, and CO. Blood volume is 
predominantly controlled by the kidneys, which manage fluid balance through processes such as 
filtraƟon and reabsorpƟon. In contrast, VR and CO are largely modulated by the baroreflex, a key 
mechanism for short-term BP regulaƟon. The baroreflex detects changes in BP through specialized 
receptors (baroreceptors) located in the arterial walls. The baroreflex responds by adjusƟng both VR 
and CO through the release of neurotransmiƩers by the sympatheƟc and parasympatheƟc nervous 
system.  

2.1.1 Cardiac output 
CO refers to the volume of blood ejected by the heart per minute and is calculated by multiplying 
stroke volume (SV) with HR. The HR is managed mainly by the baroreflex, while SV depends on more 
factors, including preload, contractility and afterload.  

Preload refers to degree of stretch in the ventricular muscle fibers at the end of diastole, which is 
mainly dependent on the volume in the ventricles. The amount of volume available for contraction is 
called venous return. An increase in venous pressure or blood volume in the vena cava enhances 
venous return, allowing the ventricles to fill more effectively. Factors such as venoconstriction (caused 
by the baroreflex) and elevated blood volume can increase venous return.  

Conversely, increased arterial resistance (afterload) can negatively impact venous return by reducing 
SV. Afterload refers to the resistance the heart must overcome to eject blood into the aorta and 
pulmonary arteries. When afterload is elevated, the ventricles struggle to eject sufficient blood, 
leading to a decrease in SV and ultimately reducing CO. This drop in CO, in turn, lowers venous return, 
since the two must remain balanced. 

The SV is also influenced by contractility, which describes the strength of the heart's contraction. 
Increased contractility results in a more forceful ejection of blood, thereby increasing SV. Conversely, 
decreased contractility leaves more blood in the ventricles after contraction, reducing SV and making 
the heart less efficient.  

Eventually CO is the product of SV and HR (the number of beats per minute). When HR increases, CO 
generally rises because the heart pumps more frequently. However, at higher hear rates, the duraƟon 
of the filling phase is shortened, reducing venous return regardless of preload and thereby limiƟng SV 
and CO.  

2.1.2 Heart rate 

The HR is regulated by the baroreflex, where neurotransmitters impact pacemaker tissue within the 
heart. This pacemaker tissue, located in the sinoatrial (SA) node, can spontaneously depolarize and 
generate an action potential which can trigger contraction. The SA node has an intrinsic firing rate of 
approximately 60 beats per minute (bpm). So, without the influence of the autonomic nervous system 
(the baroreflex), the heart initiates an intrinsic HR of 60 bpm. 



8 
 

A heartbeat occurs when the membranes of heart tissue depolarize. The maximum membrane 
potential is reached during diastole and is around -60 mV. Pacemaker tissues have the ability to 
gradually depolarize by altering ion flow across the membranes, raising the membrane potential 
toward a threshold of approximately -40 mV. Once this threshold is reached, more ion channels open, 
triggering rapid depolarization and the generation of an action potential.  

The frequency of this depolarization can be modulated by the autonomic nervous system through the 
baroreflex. The baroreflex regulates the release of neurotransmitters by the parasympathetic and 
sympathetic nervous systems. The parasympatheƟc nervous system facilitates relaxaƟon and energy 
conservaƟon by slowing the HR and enhancing digesƟve processes. The parasympatheƟc nervous 
system decreases HR by releasing acetylcholine (Ach). The release of Ach can decrease the HR in three 
different ways. First, it decreases the rate of depolarizaƟon, causing the threshold for an acƟon 
potenƟal to be reached more slowly. Second, the threshold potenƟal is elevated, which requires a 
higher level of depolarizaƟon to trigger an acƟon potenƟal and prolongs the depolarizaƟon process. 
And third, the maximum diastolic potenƟal is lowered, thereby increasing the Ɵme required for 
depolarizaƟon. Conversely, the sympatheƟc nervous system acƟvates the body’s stress response, 
increasing HR, dilaƟng airways, and mobilizing energy for immediate acƟon. The sympatheƟc nervous 
system can increase HR by releasing catecholamines (dopamine, norepinephrine, and epinephrine). 
Catecholamines can solely increase the rate of depolarizaƟon, thereby increasing HR, and do not have 
impact on the threshold or maximum diastolic potenƟal.  

2.1.3 Vascular resistance 
As described, arterial and venous constriction and dilatation have an indirect influence on BP via pre- 
and afterload, SV and CO. However, the VR directly influences the BP. Through the release of 
neurotransmitters of the sympathetic nervous system initiated by the baroreflex, the diameter of 
vessels can dilate or constrict. The dilation of blood vessels increases their internal diameter, thereby 
facilitating easier blood flow, resulting in a reduction in blood pressure. Conversely, vasoconstriction, 
which narrows the vessels, impedes blood flow and leads to an increase in blood pressure due to 
heightened vascular resistance. 

2.2 The baroreflex outside of pregnancy 
VR and CO are influenced by the baroreflex. The baroreflex consist of mulƟple neuronal pathways, 
which are shown in Figure 1. Afferent vagal and glossopharyngeal fibers collect informaƟon from the 
caroƟd sinus and aorƟc arch, where stretch receptors measure changes in BP [10, 11]. The firing rate 
of these fibers depends on the BP; a rise in BP causes a rise in firing rate and vice versa. Several centers 
in the medulla, the cardiovascular center of the brain located in the brainstem, respond to the different 
firing rates of these afferent fibers.  

The sensory informaƟon is first processed in the nucleus tracƟi solitarus (NTS), from where the 
baroreflex splits into a sympatheƟc and parasympatheƟc pathway. The sympatheƟc pathway starts 
with inhibitory signals to the vasomotor area. The vasomotor area sƟmulates sympatheƟc nerves. The 
sympatheƟc nerves go to the heart, vessels and adrenal medulla, where they release norepinephrine 
(NE). NE release at the vessels causes vasoconstricƟon, has a chronotropic and inotropic effect, and 
NE release of sympatheƟc fibers cause the adrenal medulla to release systemic NE in the bloodstream 
to induce further flight or fight response. So when the baroreflex is sƟmulated during a rise in BP, the 
vasomotor area is inhibited, and the sympatheƟc pathway is less sƟmulated leading to less 
vasoconstricƟon and a decrease in HR and cardiac contracƟlity.  
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The parasympatheƟc pathway starts from the NTS with excitatory signals to the cardio inhibitory area 
(the dorsal motor nucleus of the vagus and the nucleus ambiguus). When the baroreflex is sƟmulated, 
the cardio inhibitory area sƟmulates the parasympatheƟc nerves travelling mainly to the heart. There, 
the parasympatheƟc fibers release acetylcholine (Ach) to nerves close to the SA node, which causes 
bradycardia. ParasympatheƟc fibers connected to vessels are far less common compared to 
sympatheƟc fibers. They mainly go to the salivary and gastrointesƟnal glands. Since there are not many 
parasympatheƟc fibers going to vessels, the parasympatheƟc funcƟon of the baroreflex is mainly to 
decrease HR, whilst the sympatheƟc funcƟon is to increase both the HR, cardiac contracƟlity and the 
VR.  

 

 

 
Figure 1: The baroreflex: Afferent fibers from the caroƟd sinus, aorƟc arch and the heart sƟmulate 

the nucleus tracƟi solitarus (NTS) in the medulla. From the NTS, an inhibitory signal goes to the 
vasomotor area from where sympatheƟc fibers are sƟmulated. These fibers release NE at the 
heart, vessels and adrenal medulla for chronotropic, isotropic and vasoconstricƟve effect. An 
excitatory signal from the NTS goes to the cardio inhibitory area from where parasympatheƟc 

fibers are sƟmulated. These fibers release Ach at the heart causing bradycardia [9].  
 



10 
 

2.2.1 The Bowditch effect 
The baroreflex also has an indirect influence on cardiac contracƟlity. The cardiac contracƟlity enhances 
when HR increases, independent of the sympatheƟc drive stemming from the baroreflex. This disƟnct 
physiological phenomenon, known as the "staircase phenomenon" or the "Bowditch effect," was first 
described by Henry Bowditch in 1871. The mechanism underlying this effect involves an accumulaƟon 
of intracellular calcium within the cardiac myocytes as HR rises. Calcium plays a criƟcal role in the 
excitaƟon-contracƟon coupling process by facilitaƟng cross-bridge formaƟon between acƟn and 
myosin filaments, a process essenƟal for muscle fiber contracƟon. An increased availability of calcium 
enhances the number of cross-bridges that can form, thereby increasing the contracƟle force of the 
heart. The rise in intracellular calcium is aƩributed to the increased frequency of acƟon potenƟals at 
higher heart rates, which allows more calcium to enter the cell during depolarizaƟon. AddiƟonally, the 
repeated influx of calcium enhances its storage within the sarcoplasmic reƟculum, further augmenƟng 
the calcium reserve available for subsequent contracƟons and thereby amplifying myocardial 
contracƟlity [11]. 

2.3 Baroreflex funcƟonality 
One of the most common measures to evaluate the funcƟonality of the baroreflex is called 
baroreceptor sensiƟvity (BRS). BRS shows how much the HR responds to a change in BP and is defined 
as the change in interbeat interval of the HR in ms divided by a unit change in BP in mmHg as shown 
in EquaƟon 2.1. BRS can be measured through conƟnuous measurements of BP and HR.  

𝐵𝑅𝑆 =
∆௧_௧௧

∆
     (2.1) 

The effect of the baroreflex on the HR can be evaluated with Ɵme domain BRS analysis. However, it is 
important to noƟce that the BRS does not take into account the vascular response of the baroreflex, 
as well as the cardiac contracƟlity response. Furthermore, it is difficult to determine whether the 
observed effect is due to changes in parasympatheƟc acƟvity, sympatheƟc acƟvity, or both [10]. In 
literature, mulƟple methods exist to idenƟfy contribuƟons of either one of them or both, however it 
is debated whether these methods are reliable.  

A commonly uƟlized approach for assessing sympatheƟc and parasympatheƟc acƟvity induced by the 
baroreflex is the use of frequency analysis of the heart rate variability (HRV). This allows for the 
idenƟficaƟon of different frequency components within the HRV signal. It is hypothesized that 
parasympatheƟc acƟvity predominantly generates high-frequency (HF) signals, as demonstrated in 
experimental intervenƟons such as vagal sƟmulaƟon, vagotomy, and muscarinic receptor blockade. In 
contrast, sympatheƟc acƟvity is generally associated with low-frequency (LF) signals [12]. This 
frequency disƟncƟon is thought to be aƩributed to the differing signaling mechanisms of the 
autonomic nervous system: parasympatheƟc acƟvity induces faster HR fluctuaƟons through rapid 
transducƟon via potassium channels, whereas sympatheƟc signaling, mediated by beta-adrenergic 
receptors, occurs more slowly. 

However, some studies suggest that LF reflects a combinaƟon of both sympatheƟc and 
parasympatheƟc influences, leading to the proposal that the LF/HF raƟo may be a more reliable 
indicator of sympatheƟc acƟvity. Despite its widespread use, frequency analysis remains limited by the 
absence of standardizaƟon, including the poorly defined cut-off frequencies that separate LF and HF 
bands. AddiƟonally, factors such as arrhythmias, posture, and respiratory rate can significantly affect 
HRV measurements, further quesƟoning the validity of this method for accurately assessing autonomic 
funcƟon [13].  
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Another way to asses sympatheƟc acƟvity is through direct measurement of muscle sympatheƟc nerve 
acƟvity (mSNA) at the peroneal nerve [14]. The amount of burst in the peroneal nerve represents the 
sympatheƟc acƟvity. In turn, the sympatheƟc acƟvity generally reflects the occurring vasoconstricƟon 
which is predominantly modulated by the baroreflex. Therefore, the measured mSNA provides 
valuable insight in the funcƟon of the baroreflex. Although this sounds promising, the technique for 
measuring mSNA is invasive and technically challenging leading to inconsistent result. Furthermore, 
the mSNA is measured regionally which does not necessarily mean that the overall sympatheƟc tone 
is represented.  

In summary, the baroreflex can be evaluated through Ɵme domain analysis using baroreflex sensiƟvity 
(BRS), frequency analysis of HRV, and measurement of muscle sympatheƟc nerve acƟvity (mSNA). 
However, due to the unreliable results associated with frequency analysis and mSNA, this study will 
focus exclusively on BRS for baroreflex assessment. 

 

2.4 Blood pressure regulaƟon during pregnancy 
During the first trimester of pregnancy, one of the primary changes occurring in the cardiovascular 
system is a decrease in VR. This reducƟon is iniƟally induced by the corpus luteum, a temporary 
endocrine structure formed during ovulaƟon which produces hormones to support pregnancy. Due to 
the decrease in VR, the BP also decreases. The large drop in BP triggers fluid-retaining factors such as 
the renin-angiotensin-aldosterone system (RAAS) which results in an increase in plasma volume. CO 
rises likewise due to the increased HR, preload and decreased aŌerload. The decrease in systemic 
resistance is larger than the increase in CO, eventually leading to a lower BP during pregnancy. The 
dilated vessels, with low BP, increased plasma volume and CO create opƟmum circumstances for 
placental blood flow between mother and fetus. These cardiovascular changes are maintained through 
other addiƟonal factors such as placental hormones, steroids and renal regulaƟon [5, 15]. These 
hemodynamic changes occur slowly and conƟnuously, which can be seen in Figure 2.  

 

 
Figure 2: Maternal hemodynamic changes over Ɵme course in pregnancy (CO, cardiac output; SV, 
stroke volume; HR, heart rate; Hb, hemoglobin; TPVR, total peripheral vascular resistance). [11] 
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2.5 The baroreflex during pregnancy 
Increased sympatheƟc acƟvity and decreased BRS has been shown in pregnant women. These changes 
are even more pronounced in pregnant women with hypertensive disorders [5]. The underlying 
reasons for these alteraƟons during pregnancy remain unclear, especially since the methods for 
studying these alteraƟons lack a golden standard. It is important to note that increased sympatheƟc 
acƟvity and decreased BRS may not necessarily result from the same influence; rather, one may be a 
consequence of the other. Nevertheless, speculaƟons are made for plausible causes of increased 
sympatheƟc acƟvity and decreased BRS.  

Animal studies have shown that while afferent and efferent acƟvity of the baroreflex remains intact, 
the brain funcƟon of the baroreflex is sƟll altered, which suggest a more central oriented cause. Other 
influences are also speculated such as the influence of hormones and neurotransmiƩers.  

Hormones, parƟcularly volume-retaining hormones such as the RAAS and vasopressin, are considered 
strong influenƟal factors on sympatheƟc acƟvity during pregnancy. Meanwhile, gonadal hormones like 
progesterone and estrogen show a weak correlaƟon with increased sympatheƟc acƟvity.   

Studies in rats have shown that the pressor and sympatheƟc responses to AngII in the brain are 
increased in pregnant rats compared to non-pregnant rats, suggesƟng a central modificaƟon in the 
brain during pregnancy. This could potenƟally be caused by an increased expression of AngII receptors 
found in rats. Moreover, neurotransmiƩer gamma-aminobutyric acid (GABA) levels and receptors may 
play an important role. GABA serves as the primary inhibitory factor in the brain region. AlteraƟons in 
GABA related reacƟons in the brain have been found in pregnant rats. These changes can cause a 
decreased inhibiƟon of sympatheƟc acƟvity [5]. 

Although these named arguments are primarily derived from animal studies and remain speculaƟve, 
they point into the direcƟon that central changes combined with altered hormone levels and 
neurotransmiƩer funcƟon lead to altered sympatheƟc acƟvity and BRS observed during pregnancy.



13 
 

Chapter 3: Baroreceptor mediated blood pressure 
control in women with a history of preeclampsia 

Abstract 
ObjecƟve: Preeclampsia (PE) is associated with increased cardiovascular risk later in life, including 
diminished baroreceptor sensiƟvity (BRS), which affects blood pressure (BP) regulaƟon. This study 
invesƟgated the correlaƟons between cardiovascular variables and BRS, 5 to 10 years postpartum in 
women with a history of PE compared to healthy controls. AddiƟonally, we explored the mechanisms 
of BRS during head-up Ɵlt tesƟng.  

Methods: CorrelaƟons were assessed using linear regression analysis. During the head-up Ɵlt, 
parƟcipants were passively Ɵlted from 0 to 60 degrees on a Ɵlt table, with conƟnuous beat-to-beat 
monitoring of BP and heart rate (HR). 

Results: The study included 66 women with a history of PE and 44 healthy controls. Mean arterial 
pressure (MAP), HR, vascular resistance (VR), and wall-to-lumen raƟo showed correlaƟons with BRS, 
though with low explained variance. Former PE paƟents exhibited a larger decrease in MAP, which was 
associated with lower BRS in this group, a relaƟonship not observed in the control group. A logisƟc 
relaƟonship between MAP decrease and BRS was found when both groups were combined. 

Conclusions: Reduced BRS is correlated with several cardiovascular variables, but the low explained 
variance suggests that other factors, such as autonomic nervous system funcƟon and sympatheƟc 
acƟvity, likely play a significant role. The logisƟc relaƟonship between MAP decrease and BRS 
underscores the complexity of the baroreflex.  

3.1 IntroducƟon 
Currently it is known that the baroreflex funcƟons differently during normotensive and hypertensive 
pregnancies [3-5]. AddiƟonally, it is known that hypertensive pregnancy is associated with long term 
cardiovascular consequences, i.e. a diminished baroreceptor sensiƟvity (BRS) [16]. The mechanisms 
responsible for the reduced BRS observed aŌer preeclampsia (PE) remain unclear. Understanding 
these underlying mechanisms holds significant value for our mathemaƟcal modeling.  

To address this knowledge gap, we examined the influence of various cardiovascular variables on BRS 
in both healthy controls and formerly PE paƟents. In addiƟon to idenƟfying factors that influence BRS, 
we also invesƟgated the impact of altered BRS on the cardiovascular system itself in these two groups. 
To achieve this, we analyzed data from a head-up Ɵlt test, one of the most commonly used methods 
to assess hemodynamic responses to orthostaƟc challenges. By studying both the factors affecƟng BRS 
and its consequences on cardiovascular funcƟon, we aimed to gain a deeper understanding of the 
reduced BRS seen in formerly PE paƟents. 
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3.2 Methods 
We evaluated possible influences of several cardiovascular variables on BRS. The studied variables 
were: bio mass index (BMI), age, mean arterial pressure (MAP), heart rate (HR), stroke volume (SV), 
cardiac output (CO), plasma volume corrected for body surface area (PV/BSA), vascular resistance (VR), 
compliance and wall-to-lumen raƟo. The BRS was determined by calculaƟng the mean BRS (eq. 1) of a 
five-minute rest-period before head-up Ɵlt. We further measured standard cardiovascular variables 
including the MAP, HR, SV, CO and VR during head-up Ɵlt. The VR was calculated by dividing the MAP 
by the CO. AddiƟonally we examined age, PV/BSA, and vascular compliance and the wall-to-lumen 
raƟo of the caroƟd artery. The compliance was calculated by dividing the mean difference in diameter 
of the caroƟd artery during systole and diastole by the mean difference in BP during systole and 
diastole. The wall-to-lumen raƟo is defined as the diameter of the wall divided by the diameter of the 
lumen of the caroƟd artery. For each of these variables we performed linear regression analysis to 
study whether the cardiovascular variables might correlate to (reduced) BRS. For the linear regression 
analysis, we use a Spearman’s rho test, which can be used for non-normal distributed data. A p<0.05 
indicates a correlaƟon coefficient significantly different from zero, and therefore a possible influence. 
In addiƟon, we ploƩed the slope and 𝑅ଶ for beƩer insights on the dependence of BRS on the variable. 

To study how altered BRS impacts cardiovascular funcƟon, we used data of a head-up Ɵlt test of 
women with a history of PE 5 to 10 years ago and compared them to women that had a healthy 
pregnancy. During head-up Ɵlt, the subjects were posiƟoned horizontally on a Ɵlt table and then 
gradually Ɵlted upward to a 60-degree angle. Beat-to-beat BP and HR measurements were performed 
during the enƟre protocol, from which other variables (BRS, CO and VR) could be determined.  

We examined the potenƟal influence of BRS on the variaƟon in BP induced by head-up Ɵlt, aiming to 
uncover possible mechanisƟc differences between healthy and formerly preeclampƟc women. To 
achieve this, we conducted both linear and logisƟc regression analyses, to determine which model 
provides a beƩer fit and thereby assessing the explanatory power of potenƟal relaƟonships. The model 
fit was evaluated using performance parameters, including the residual sum of squares (RSS), 
calculated by EquaƟon 3.1, and the 𝑅ଶ, calculated by EquaƟon 3.2. The RSS represents the total of the 
squared differences between the observed data points and the predicted values in a regression model 
and indicaƟng the unexplained variance in the data. 𝑅ଶ reflects the proporƟon of the variance in the 
dependent variable that is explained by the independent variables in a regression model. A lower RSS 
indicates fewer errors between the model's predicƟons and the actual data, implying a beƩer fit. 
Similarly, a higher 𝑅ଶ suggests that more of the variance in the model is explained by the data. 

 

 

RSS = ∑ (𝑦 − 𝑦పෝ)ଶ
ୀଵ      (3.1) 

𝑅ଶ = 1 −
∑ (௬ି௬ഢෝ )మ

సభ

∑ (௬ି௬ത)మ
సభ

      (3.2) 

 

𝑦  are the observed values, 𝑦పෝ  are the predicted values and 𝑦ത the mean of the observed values.  
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3.3 Results 
We included 66 formerly PE paƟents and 44 healthy controls. The baseline characterisƟcs of the 
paƟents and controls can be found in table 1. MAP, HR, BRS, and wall-to-lumen raƟo show significant 
differences between the two groups. We have no result of the BMI and PV/BSA of the healthy controls.  

 
Table 1: Baseline characterisƟcs of the total group, the formerly PE paƟents and the controls. The 

shown variables are the number of women per group (N), Body Mass Index (BMI), Age, Mean 
Arterial Pressure (MAP), Heart Rate (HR), plasma volume corrected for body mass (PV/BSA), 

Baroreceptor sensiƟvity (BRS), Cardiac Output (CO), Stroke Volume (SV), Vascular Resistance (VR), 
the difference in MAP induced by head-up Ɵlt, the wall-to-lumen raƟo of the caroƟd artery and the 

compliance of the caroƟd artery.  
  

OVERALL FORMERLY 
PREECLAMPTIC  

HEALTHY CONTROLS P-VALUE 

N 110 66 44 
 

BMI, MEDIAN [Q1,Q3] 23.1 [20.8,27.3] 23.1 [20.8,27.3] - - 
AGE (YEARS), MEDIAN [Q1,Q3] 38.6 [36.4,40.6] 38.5 [36.6,40.0] 39.6 [36.1,42.4] 0.225 

MAP (MMHG), MEDIAN [Q1,Q3] 87.2 [80.6,94.9] 90.3 [83.4,99.6] 83.7 [77.9,88.4] <0.001 
HR (BPM), MEDIAN [Q1,Q3] 63.0 [57.0,71.0] 67.0 [61.0,76.8] 60.0 [55.0,63.5] <0.001 
PV/BSA, MEDIAN [Q1,Q3] 1530.0 

[1413.6,1597.2] 
1530.0 [1413.6,1597.2] - - 

BRS (MS/MMHG), MEDIAN [Q1,Q3] 13.1 [7.4,17.4] 7.9 [6.4,12.1] 17.8 [15.5,22.4] <0.001 
CO (L/MIN), MEDIAN [Q1,Q3] 6.00 [4.90,6.80] 6.10 [4.90,6.90] 5.80 [5.10,6.80] 0.795 

SV (ML), MEDIAN [Q1,Q3] 93.0 
[80.0,107.8] 

92.0 [77.0,104.0] 97.5 [85.8,111.2] 0.077 

VR (MMHG*MIN/L), MEDIAN [Q1,Q3] 16.5 [13.6,20.0] 16.9 [15.3,22.5] 15.1 [12.3,18.1] 0.004 
WALL-TO-LUMEN, MEDIAN [Q1,Q3] 0.0930 

[0.0807,0.1052] 
0.1014 [0.0896,0.1147] 0.0811 [0.0747,0.0921] <0.001 

COMPLIANCE (MM/MMHG), MEDIAN 
[Q1,Q3] 

0.0124 
[0.0086,0.0163] 

0.0105 [0.0000,0.0139] 0.0142 [0.0120,0.0176] <0.001 

 

We evaluated the influences of the variables for the enƟre group, so that possible mechanisms behind 
reduced BRS can be revealed. These results are shown in Figure 3. As can be seen, there is a significant 
correlaƟon between MAP, HR, VR, wall-to-lumen raƟo and BRS. However, the 𝑅ଶ values are very small.  
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Figure 3: RelaƟonships between body mass index (BMI), age, mean arterial pressure (MAP), heart rate (HR), 
cardiac output (CO), stroke volume (SV), plasma volume corrected for body surface area (PV/BSA), vascular 
resistance (VR), compliance, and wall-to-lumen raƟo with baroreceptor sensiƟvity (BRS). Except for BMI and 

PV/BSA, the figures represent the enƟre group. The results of BMI and PV/BSA only show the formerly PE 
paƟents. The regression coefficients (co), p-values, and R² values for each variable are shown, reflecƟng their 

associaƟon with BRS across the total study populaƟon. 
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Next, we evaluated the formerly PE paƟents and healthy controls during head-up Ɵlt measuring BRS, 
MAP, HR, SV, CO and VR (Figure 4). At 0 degrees Ɵlt, PE paƟents exhibit significantly higher MAP (91.5 
± 11.1 mmHg) and lower BRS (9.2 ± 3.9 ms/mmHg) compared to controls (83.2 ± 7.5 mmHg; 20.0 ± 7.4 
ms/mmHg) (p<0.05). With head-up Ɵlt, the BP drop in PE paƟents is significantly more pronounced (-
12.2 ± 8.5 mmHg) compared to controls (-4.4 ± 3.6 mmHg). As expected, HR rises aŌer head-up Ɵlt to 
compensate for the reduced SV and to keep sufficient CO.  

 

 

 
Figure 4: The baroreceptor sensiƟvity (BRS), Mean arterial pressure (MAP), Heart rate (HR), Stroke 
volume (SV), Cardiac Output (CO) and Vascular resistance (VR) measured before and aŌer head-up 

Ɵlt for formerly preeclampƟc (PE) paƟents and healthy controls. 
 

The decrease in MAP due to head-up Ɵlt was significantly larger in formerly PE paƟents compared to 
healthy controls. Figure 5 shows the relaƟonship between BRS (x-axis) and the decrease in MAP (y-
axis). The figure shows that there is a notable difference in the distribuƟon of BRS between the two 
groups. Formerly PE paƟents predominantly exhibit lower BRS values, whereas controls generally 
display higher BRS. The regression coefficient for the relaƟonship between the decrease in MAP and 
BRS in formerly PE paƟents is 1.43 (ms/mmHg), which is significantly different from zero (p < 0.05), 
with an R² of 0.44. In contrast, the controls show a regression coefficient that is not significantly 
different from zero (p = 0.154) and an R² of 0.09. 
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Figure 5: Linear regression of difference in mean arterial pressure (MAP) and baroreceptor 

sensiƟvity (BRS) during head-up Ɵlt in formerly preeclampƟc (PE) paƟents and healthy controls). 
The regression coefficients (co), p-values, and R² values for both groups are shown, reflecƟng their 

associaƟon with BRS and difference in MAP. 
 

A logisƟc regression analysis has been performed on the total group to test whether a logisƟc 
regression fits the data beƩer than linear regression, the results are shown in Figure 5. At first sight, 
the red line of the logisƟc fit seems to follow the dots beƩer than the green line of the linear fit. The 
performance values shown in Table 2 confirms this.  

 
Figure 6: LogisƟc regression and linear regression model of decrease in mean arterial pressure 

(MAP) and baroreceptor sensiƟvity (BRS) during the Ɵlt test fiƩed on the total group. 
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Table 2: Model performance of the correlaƟon between baroreceptor sensiƟvity and the 
decrease in mean arterial pressure. (RSS = residual sum of squares, 𝑹𝟐= the explained variance) 

  
LogisƟc model Linear model 

RSS 2644 4413 

𝑹𝟐 0.61 0.36 
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3.4 Discussion 
In this study, we found that BRS is significantly lower in formerly PE paƟents compared to healthy 
controls, with a reduced capacity to modulate this sensiƟvity during head-up Ɵlt. We invesƟgated 
several cardiovascular variables to determine whether they correlated with the decreased BRS, seeking 
potenƟal explanaƟons for the impaired baroreflex funcƟon in the paƟent group, as well as enhancing 
our knowledge of the baroreflex for modeling purposes. Our analysis revealed that MAP, HR, VR, and 
the wall-to-lumen raƟo were correlated with BRS. However, these variables accounted for only a small 
proporƟon of the variance in BRS. While it is well-established that PE can have long-term 
cardiovascular consequences such as a diminished BRS, our findings suggest that these cardiovascular 
variables may contribute to these outcomes. Nonetheless, it is evident that addiƟonal mechanisms 
also play a role in the reduced BRS observed in formerly PE paƟents. 

Comparison with literature 

Our findings are consistent with previous research demonstraƟng a reducƟon in BRS in individuals with 
a history of PE [16]. Several studies have also sought to establish correlaƟons between BRS and various 
cardiovascular variables. For example, Hesse et al. reported a significant correlaƟon between MAP and 
BRS with greater explained variance than ours  
(𝑅ଶ = 0.49; p < 0.001 vs 𝑅ଶ = 0.07; p= 0.002) but they did not observe any correlaƟon between BRS 
and baseline HR [17]. 

Despite previous evidence linking reduced plasma volume to both PE and diminished BRS [16, 18], our 
study did not idenƟfy a correlaƟon between BRS and plasma volume. Moreover, while we observed a 
significant correlaƟon between BRS and the wall-to-lumen raƟo, we did not find a corresponding 
correlaƟon between BRS and vascular compliance. This is intriguing, as will be explained later, since 
increased compliance is correlated to increased wall-to-lumen raƟo [19], and prior studies have 
reported an associaƟon between compliance and BRS [20-23].  

InterpretaƟon and mechanism 

The observed correlaƟon between BRS and MAP can be interpreted through several mechanisms. 
Although most methods for measuring BRS primarily assess short-term regulatory responses, previous 
studies suggested that baroreflex acƟvity may exert long-term influences on BP regulaƟon. Evidence 
supports this noƟon, with data indicaƟng that higher BRS may contribute to maintaining lower BP 
throughout the day. This relaƟonship is further consistent with the understanding that reduced BRS is 
considered a general risk factor for cardiovascular disease, underscoring its role in long-term 
cardiovascular health [17]. We hypothesize that the same mechanism holds up for the correlaƟon for 
BRS and HR which would explain our found correlaƟon with BRS and HR, although this has not been 
reported in literature before.   

The correlaƟon between BRS and VR, as well as wall-to-lumen raƟo, can be aƩributed to the 
baroreflex's acƟvaƟon via stretch receptors in the aorƟc arch. An increased wall-to-lumen raƟo 
indicates a proporƟonate increase in arterial wall thickness relaƟve to the lumen. An increase in wall 
thickness is associated with a reducƟon of the artery's compliance and thereby diminishes its capacity 
to stretch in response to elevaƟons in BP [19]. This phenomenon is similar to the effects of increased 
VR, where more constricted arteries could exhibit reduced compliance. When VR and wall-to-lumen 
raƟo are elevated, the reduced ability of the arterial walls to stretch in response to BP changes could 
lead to diminished acƟvaƟon of the baroreflex. However, it remains somewhat controversial that 
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arterial compliance itself does not appear to correlate with BRS in our study, despite previous studies 
proposing otherwise [20-23]. 

Our findings suggest that the relaƟonship between BRS and BP modulaƟon during the Ɵlt test is more 
likely logarithmic than linear. This indicates that beyond a certain point, higher BRS does not lead to 
proporƟonally greater improvements in BP regulaƟon. These results hint at the possibility that the 
baroreflex operates through more complex, non-linear mechanisms. However, a limitaƟon of this study 
is that parƟcipants with lower BRS were predominantly formerly PE paƟents, while most controls 
exhibited higher BRS. As a result, it is unclear whether the observed relaƟonships are driven by the 
level of BRS itself or by the presence or absence of a history of PE. 

Although we did find correlaƟons between BRS and some cardiovascular parameters, the explanatory 
variance of the found correlaƟons are all considerably low. This underscores the complexity of the 
baroreflex and debatable results, which could explain why other studies have found different results. 
However, it could also be caused by different measuring and analyzing methods and different 
populaƟons. Furthermore, is it likely that other mechanisms contribute to a reducƟon in BRS as well. 
One of major contributors to the baroreflex is the autonomic nervous system, specifically the 
sympatheƟc branch. Increased sympatheƟc acƟvity in PE has already been reported and could play a 
significant role in the observed reducƟons in BRS [24, 25].  

Strengths and limitaƟons 

A key strength of our study is the idenƟficaƟon of potenƟal correlaƟons with reduced BRS. These 
findings contribute to the growing body of research and provide a foundaƟon for future studies aimed 
at unraveling the causal mechanisms. By highlighƟng these associaƟons, our study points to specific 
areas where research could be directed since a key limitaƟon of this research is the inability to 
determine causality in the observed correlaƟons. For instance, it is unclear whether increased MAP 
leads to reduced baroreflex sensiƟvity (BRS) or if the reverse is true. This quesƟon is especially criƟcal 
in pathological condiƟons, where clinicians aim to treat the underlying cause rather than the 
symptoms. This issue is also relevant to understanding the origins of PE. Studies like ours, which focus 
on long-term consequences, oŌen cannot determine whether the idenƟfied abnormaliƟes existed 
prior to PE, potenƟally making them a cause rather than a consequence. To answer these quesƟons, 
long-term follow-up studies are needed to assess whether cardiovascular risk factors are present and 
persist before and aŌer PE. However, such studies are challenging and Ɵme-intensive.  

 

3.5 Conclusion 
In our study, we invesƟgated potenƟal mechanisms underlying the reducƟon in BRS observed in 
formerly PE paƟents. We found that these paƟents experienced a greater decrease in MAP during 
head-up Ɵlt, which may be explained by the logisƟc relaƟonship between BRS and the reducƟon in 
MAP. AddiƟonally, we idenƟfied correlaƟons between BRS and cardiovascular parameters such as MAP, 
HR, VR, and the wall-to-lumen raƟo, though these correlaƟons explained only a small porƟon of the 
variance. We conclude that BRS is influenced by several factors, including MAP, HR, VR, and the wall-
to-lumen raƟo, but its regulaƟon is likely more complex. Other contributors, such as the autonomic 
nervous system, are also expected to play a significant role. Further research is needed to invesƟgate 
the reduced BRS in formerly PE paƟents. 
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Chapter 4: Modeling baroreceptor mediated blood 
pressure control 
Abstract  
ObjecƟve: The baroreflex funcƟon is diminished during pregnancy, with an even greater reducƟon in 
women with hypertensive disorders. To beƩer understand the role of the baroreflex in both healthy 
and hypertensive pregnancies, we aim to develop a comprehensive hemodynamic model that 
incorporates baroreceptor-mediated BP regulaƟon. 

Methods: We extended the lumped compartment model currently used at Radboudumc by 
incorporaƟng heart rate (HR) autoregulaƟon via the baroreflex. The parasympatheƟc and sympatheƟc 
branches were modeled separately, and the Bowditch effect on cardiac contracƟlity was included. 
Vascular components of the baroreflex were excluded from the scope. Model validaƟon was 
conducted by simulaƟng BP alteraƟons through arterial resistance reducƟon and comparing the results 
to head-up Ɵlt data. 

Results: The model demonstrated HR responses to BP reducƟons induced by decreased arterial 
resistance. Stroke volume decreased as HR increased, resulƟng in minimal changes in both cardiac 
output and BP. The predicted HR increase was smaller compared to the head-up Ɵlt data.  

Conclusions: We developed a closed-loop model in which heart rate (HR) responds to blood pressure 
(BP) alteraƟons by independently modeling the sympatheƟc and parasympatheƟc branches of the 
baroreflex. Our findings indicate that isolated increases in HR, without concurrent changes in venous 
return or vascular tone, have a minimal effect on BP regulaƟon. Discrepancies between our predicƟve 
data and measured data may be aƩributed to differences in the methods used to induce BP reducƟon. 
Further research is required to achieve comprehensive baroreflex modeling.
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4.1 IntroducƟon 
MathemaƟcal modeling is a valuable tool for studying various physiological and pathological 
processes. TranslaƟng complex physiological relaƟonships and mechanisms into mathemaƟcal 
equaƟons allows for precise analysis of the influence of different parameters. This approach allows 
researchers to address complex medical quesƟons by simulaƟng and tesƟng various medical 
processes. In this study, we developed a model of the baroreflex, which plays a criƟcal role in the short-
term regulaƟon of blood pressure (BP). 

 The baroreflex is sƟmulated when BP increases, triggering afferent fibers of the baroreceptors in 
among others the caroƟd sinus who signal different brain regions. The brain processes this input and 
generates both parasympatheƟc and sympatheƟc responses. In response to elevated BP, 
parasympatheƟc acƟvity is enhanced, leading to the release of acetylcholine (Ach), which reduces 
heart rate (HR). Simultaneously, sympatheƟc acƟvity is suppressed, resulƟng in decreased 
norepinephrine (NE) release, which reduces HR, cardiac contracƟlity, and VR. Together, both branches 
result in a decrease in BP. The relaƟonship between HR reducƟon associated with BP increase, is 
quanƟfied as baroreceptor sensiƟvity (BRS). 

Currently it is known that BRS is diminished during pregnancy, with an even greater reducƟon observed 
in pregnant women with hypertensive disorders. To beƩer understand the role of the baroreflex in 
both healthy and hypertensive pregnancies, we aim to develop a comprehensive hemodynamic model 
that incorporates baroreceptor-mediated BP regulaƟon.
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4.2 Methods 
For this study we expanded the lumped compartment model first described by Beneken et al. [26], 
and further advanced by researchers from the Radboudumc. However, this model does not yet include 
the autoregulaƟon of HR by the baroreflex. Therefore, we performed literature research on different 
methods for modeling the baroreflex. which could serve as a base for our model. The most prominent 
requirement for modeling our baroreflex is simplicity. We required that the HR alters as a consequence 
of differences in BP. Furthermore, since literature shows that sympatheƟc influences are altered during 
pregnancy [5], a differenƟaƟon between the parasympatheƟc and sympatheƟc branches of the 
baroreflex is important, allowing us to experiment with this phenomenon. Results of the mathemaƟcal 
model must be repeatable and logical, where values of BP and HR lie within physiological values.  

The model we chose to build upon is from Olufsen et al. [27], who in their turn based their work on 
the research of OƩensen et al [28] , and Seidel & Herzel [29]. For our study, we first created the model 
as an open-loop model, meaning that the HR determined by the baroreflex does not yet have an effect 
on the BP. We compared our results to that from Olufsen et al. aŌer which we could implement our 
code in explain and create a close-loop model. We evaluated the funcƟon of our model by studying 
increase in HR and decrease in VR. We compared the closed-loop results to the data we studied in 
Chapter 3.  

4.2.1 The lumped compartment model 
The model already created by researchers from the Radboudumc will be used as the basis for this 
study. This is a lumped compartment model which was first described by Beneken et al. [26]. The 
lumped model currently used in the maternal model is shown in Figure 7. The model consists of 
compliances, connectors and valves. A compliance contains a volume (𝑉) where the pressure (𝑃) of 
the volume is based on the elastance (𝐸) of the compliance and the difference between total and 
unstressed volume (𝑉). The relaƟonship between volume, pressure and elastance is given by equaƟon 
4.1 

𝑃(𝑡) = 𝐸(𝑡) ∗ (𝑉(𝑡) − 𝑉) .      (4.1) 

In the maternal model, the heart consists of four compliances, the right atrium (RA), right ventricle 
(RV), leŌ atrium (LA) and leŌ ventricle (LV) with Ɵme varying elastances. For example, during diastole, 
the elastance in RA and LA increase resulƟng in an increased pressure while the elastance in RV and 
LV decrease resulƟng in a decreased pressure. The difference in pressure, i.e. the pressure gradient, 
between the atria and ventricles will cause a flow from the atria to the ventricles. The equaƟon to 
calculate the flow (qin) is stated in EquaƟon 4.2. The flow depends on the pressure gradient and the 
resistance of the connector, i.e. the connecƟon between the two compliances. Connectors that 
funcƟon as valves in the heart are modeled with an infinite backwards resistance, prevenƟng backflow 
from the ventricles back to the atria.  

𝑞(𝑡) =  
ଵ

ோ
∗ ൫𝑃ଶ(𝑡) − 𝑃ଵ(𝑡)൯.      (4.2) 

When there a is flow, either in or out a compartment, the volume of the compartment changes. The 
equaƟon for the change in volume is described in EquaƟon 4.3.  

ௗ(௧)

ௗ௧
 =𝑞(𝑡) −  𝑞௨௧(𝑡).      (4.3) 

With EquaƟons 4.1-4.3, a closed-loop system can be modeled since the output of EquaƟon 4.3 is the 
input of EquaƟon 4.1. Due to the pressure gradients created by the Ɵme varying elastances in the 
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heart, flow is generated from the heart towards the pulmonary and systemic circulaƟon composing 
the lumped compartment model shown in Figure 7. In our maternal model, the pulmonary circulaƟon 
is modeled between the RV and LA. So, the flow travels from the RV to the pulmonary arteries (PA) 
and the pulmonary veins (PV) back to the LA. The flow of the systemic circulaƟon travels from the LV 
to the ascending aorta (AA) and the upper body and to the descending aorta (AD) and the lower body 
(LB). In the maternal model, the lower body is divided into circulaƟon to and from the kidneys, uterus 
and the rest of the lower body. The kidneys consist of the renal arteries (AR), the glomerulus (GL), the 
tubule (TU) and the renal veins (VR). The uterus consists of the uterine artery (UA), spiral arteries (SA), 
maternal placenta (PL) and uterine veins (UV). The flow from the UB, LB, VR and UV will travel to the 
vena cava (VC) which brings the blood right back the heart, creaƟng a closed-loop system.  

 

 
Figure 7: The lumped compartment model of the maternal cardiovascular system 
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4.2.2 Open-loop baroreflex model 
 A schemaƟc diagram of the mathemaƟcal model used by Olufsen et al. can be seen in Figure 8 and 
was modelled during head-up Ɵlt. Because, as explained earlier, head-up Ɵlt is an ideal cardiovascular 
stress test for the baroreflex. 

 

Figure 8: A schemaƟc diagram of the baroreflex used by Olufsen et al. [27] 
 

As Figure 8 shows, an impulse funcƟon is added to simulate the vesƟbular effects provoked by head-
up Ɵlt. The brain perceives changes in posiƟon via the vesƟbular apparatus. Next the brain signals the 
cardiovascular system as well as the muscular system to respond to this posiƟon change by increasing 
sympatheƟc tone. Therefore, during head-up Ɵlt, the HR not solely increases due to a drop in BP, but 
also due to the posiƟon change [30]. Since it was not our goal to model head-up Ɵlt, but rather model 
a resƟng paƟent, it was chosen to not include the vesƟbular effects into our model for the purpose of 
simplicity. The conceptual model we eventually used for modeling the baroreflex in open-loop is 
depicted in Figure 9.  

 
 

 
 

Figure 9: The conceptual model of the baroreflex. 
 

The model starts with the affector, i.e. the variable which affects the output variable, the effector. In 
this case the affector is the BP and the effector the HR. We modelled that the firing rate of the 
baroreceptors depends on the BP differences. An increase in BP causes an increase in firing rate and 
vice versa. The model then increases or decreases sympatheƟc and parasympatheƟc tone based on 
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the firing rate. The sympatheƟc and parasympatheƟc tone will influence the neurotransmiƩer release 
(norepinephrine and acetylcholine, respecƟvely), and the release of these neurotransmiƩers 
eventually impacts the HR.  

Since the BP oscillates from beat to beat, we used the mean arterial pressure (�̅�) as input. For the open 
loop model, this was calculated using EquaƟon 4.4.  

ௗ̅

ௗ௧
=  𝛼(𝑝 − �̅�).     (4.4) 

𝑎 is the average parameter. Smaller values of 𝑎 means more cardiac cycles used for average 
calculaƟons and therefore smaller, more averaged, pressure differences. 𝑝 is the actual BP measured 
by a sphygmomanometer in mmHg.  

Afferent baroreceptor acƟvity 

MulƟple baroreceptors located in the arterial wall measure the stretch caused by BP differences. The 
response of the baroreceptors shows several non-lineariƟes. The firing rate increases when arterial 
pressure increases, but the thresholds for the different receptors vary widely. To incorporate these 
different thresholds in our model, three disƟnct characterisƟc Ɵme scales are used to analyze the firing 
rate response to BP.  

This relaƟonship between the difference in BP (
ௗ̅

ௗ௧
) and firing rate (𝑛) is described by EquaƟon 4.5. 

The height of BP itself has not been incorporated since we only wanted to study HR differences on BP 
differences.  

ௗ

ௗ௧
= 𝑘

ௗ̅

ௗ௧

(ெି)

(ெ/)మ
−



ఛ
            𝑤𝑖𝑡ℎ    0 < 𝑛 < 𝑀.         (4.5) 

𝑖 𝜖 {𝑆, 𝐼, 𝐿} represent the different receptors, the slow S, intermediate I, and long L response. The 
difference in firing rate is calculated for each different baroreceptor with its own Ɵme constant (𝜏) 
and gain (𝑘).  𝑛 is the total firing rate in Hz and is described by EquaƟon 4.6. 

 𝑛 = 𝑛ௌ + 𝑛ூ + 𝑛 + 𝑁.                                      
(4.6)                  

If 𝑛 = 0 firing rate 𝑛 equals the baseline firing rate. 𝑀 is the maximum firing rate; �̅� (mmHg) is the 
mean arterial pressure calculated by differenƟal EquaƟon 4.4; 𝑡 is Ɵme. The first term on the right-

hand side, 𝑘
ௗ̅

ௗ௧

(ெି)

(ெ/)మ , implies that the change in firing rate must lay within the physiological values 

𝑛 = 0 and 𝑛 = 𝑀. The term has been introduced by the Olufsen et al. since it is non-linear, creaƟng 
the effect that if n approaches M, the term will eventually decrease, with the idea that 𝑛 does not 
extend 𝑀. However, we found that large changes in BP can sƟll result in firing rates exceeding 𝑀 or 
falling below 0 since no hard requirements are given. If the firing rates exceeds these physiological 

values, the term 
(ெି)

(ெ/)మ  becomes negaƟve, which is not correct. Therefore, in our model, we limited 𝑛 

by including code specifying 𝑛 can not be smaller than 0 or larger than 𝑀, this corresponds to the 

physiology. If ௗ̅

ௗ௧
= 0, the firing rate will approach 0.    

The parameter values 𝜏ௌ, 𝜏ூ , 𝜏 , 𝑘 and 𝑀 are based on esƟmates from animal studies and can be found 
in table 3, all other parameters were esƟmated using an inversed least squares problem. An inverse 
least squares problem calculates the differences between the computed values and the measured 
values. 
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 Table 3: Parameter values obtained by Olufsen et al. 

𝑘ௌ 
[Hz/mmHg] 

𝑘ூ 
[Hz/mmHg] 

𝑘 
[Hz/mmHg] 

τௌ 
[s] 

τ୍ 
[s] 
 

τ 
[s] 

𝑁 
[Hz] 

𝑀 
[Hz] 

α 
 

Β 
[s] 

λୢ 
[s] 

τ 
[s] 

τ 
[s] 

𝑔௦௬ 
 
 

𝑔 
 

3.06 1.91 2.22 0.60 5.26 250 100 120 0.78 4.48 6.12 0.72 1.32 0.99 0.45 

 

Central nervous system 

Based on the firing rate, the parasympatheƟc (𝑇) and sympatheƟc (𝑇௦௬) tone are calculated. The 
parasympatheƟc tone is proporƟonal to the firing rate and is given by EquaƟon 4.7 

𝑇(𝑡) =
(௧)

ெ
.     (4.7) 

The firing rate is divided by the maximum firing rate 𝑀 so that the parasympatheƟc tone becomes a 
value between 0 and 1. The sympatheƟc tone is inverse to the parasympatheƟc tone. In case of a BP 
increase, parasympatheƟc tone rises and sympatheƟc tone decreases. Further it has been shown that 
sympatheƟc nervous system has a Ɵme delay of 6 to 10 seconds to show a response aŌer a BP change 
while the parasympatheƟc tone shows a response almost immediately. Therefore, a Ɵme delay, λୢ, is 
incorporated in the sympatheƟc tone given by EquaƟon 4.8. SympatheƟc tone is inhibited by 
parasympatheƟc tone, which is dampened by a factor 𝛽  

 

𝑇௦௬(𝑡) =
ଵି(௧ିλd)/ெ

ଵାఉ ்ೌೝ(௧)
.    …………………(4.8)

     

Effect on heart rate 

The neurotransmiƩers acetylcholine and norepinephrine are released by parasympatheƟc and 
sympatheƟc tone, respecƟvely. In this model, the effects of the parasympatheƟc and sympatheƟc tone 
are limited to the release of these neurotransmiƩers. The release of acetylcholine (𝐶 ) is given by 
EquaƟon 4.9, and the release of norepinephrine ( 𝐶) is given by EquaƟon 4.10, 𝜏 and 𝜏 are 
Ɵme constants. 

ௗೌ

ௗ௧
=

ିೌା ்ೌೝ

ఛೌ
                      (4.9) 

ௗೝ

ௗ௧
=

ିೝା ೞ்

ఛೝ
      (4.10) 

 Important to note is, as can be seen in the equaƟons 4.9 and 4.10, parasympatheƟc and sympatheƟc 
tone is summed with neurotransmiƩer release. For this relaƟonship to hold, the neurotransmiƩer 
release as well as the para- and sympatheƟc tone, must be non-dimensional, meaning it does not 
have a specific unit. This approach was chosen by Olufsen et al. to minimize the number of 
parameters that require predicƟon.  

Eventually a decrease in BP will result in an increase in HR. This is realized by an increase in 
norepinephrine and sympatheƟc tone and a decrease in acetylcholine and parasympatheƟc tone. For 
this, an integrate-and-fire model is used where the neurotransmiƩers have their effect on the phase 
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velocity of the heart. In this context, a phase corresponds to the duraƟon of a single heartbeat, and 

the phase velocity (ௗ

ௗ௧
) represents the rate at which the heart progresses through one phase. When 

the phase 𝜑 exceeds a value of 1, a heartbeat is triggered, and 𝜑 is reset to 0. The phase velocity is 
given by EquaƟon 4.11.  

ௗఝ

ௗ௧
= 𝐻൫1 + 𝑔௦௬𝐶 − 𝑔𝐶൯.    (4.11) 

𝐻 = 100/60 (phases/sec) and is the intrinsic HR. This rate is due to the capability of the SA node to 
generate spontaneous electrical impulses without any influence from sympatheƟc or parasympatheƟc 
tone [11]. 𝑔ௌ and 𝑔 are scaling factors for the sympatheƟc and parasympatheƟc responses. The 
consecuƟve Ɵmes, 𝑡ିଵ (s) and 𝑡 (s), marking the Ɵmes of the compleƟon of each cardiac phase, are 
used to calculate the Ɵme interval between heartbeats. Dividing 60 (seconds) by this Ɵme interval 
yields the HR in beats per minute, which is calculated by EquaƟon 4.12. 

𝐻𝑅 = 60/(𝑡 − 𝑡(ିଵ) ).                     (4.12) 

To compare our built model, we created a BP signal based on a skewed sinus to represent the BP signal 
of Olufsen et al. The equaƟons can be found in Appendix A.  

4.2.3 ImplementaƟon and code 
The differenƟal equaƟons outlined in SecƟon 4.1.1 were implemented in Python using the NumPy [31] 
, SciPy [32], and pandas [33] libraries. IniƟally, the baroreflex model was tested in an open-loop 
configuraƟon within the Spyder environment. When similar results to those reported by Olufsen et al. 
were obtained, the code could be transcribed into a closed loop model using the Explain plaƞorm.  
Parameter values for elastances, capacitances, volumes, and resistances were derived from the work 
of van Ochten et al. [6]. Given that the objecƟve of this research is to develop a closed-loop model, 
exact alignment of the open-loop results with those of Olufsen et al. was not imperaƟve, as parameter 
opƟmizaƟon was intended to be conducted within the closed-loop framework. 

To invesƟgate the baroreflex effects, we iniƟally examined the response of the closed-loop model to 
self-induced increases in HR. This approach isolated the impact of HR elevaƟon on the model without 
considering addiƟonal effects that might occur if HR increases were a consequence of BP reducƟon. 
To achieve the desired outcome of increased BP following HR elevaƟon, we incorporated the Bowditch 
effect into the pre-exisƟng baroreflex model. This was necessary because without this adjustment, 
stroke volume (SV) would decrease excessively due to reduced filling Ɵme, eventually leading to a 
lower rise in cardiac output (CO) and therefore a lower rise in BP. The Bowditch effect was calculated 
using an acƟvaƟon funcƟon, where the acƟvaƟon factor α௪ௗ௧ (𝑏𝑝𝑚) is calculated by EquaƟon 
4.13 

 

  αୠ୭୵ୢ୧୲ୡ୦ (୲) ୀ ቐ

𝑠𝑎ுோ − 𝑜𝑝ுோ                                 𝑖𝑓 𝐻𝑅(𝑡)  ≥  𝑠𝑎ுோ 

𝐻𝑅(𝑡) − 𝑜𝑝ுோ              𝑖𝑓 𝑡ℎுோ  < 𝐻𝑅(𝑡)  <  𝑠𝑎ுோ

𝑡ℎுோ  −  𝑜𝑝ுோ                               𝑖𝑓 𝐻𝑅(𝑡)  ≤  𝑡ℎுோ

 .   

 (4.13) 

The operaƟng point (𝑜𝑝ுோ) is chosen 70 bmp, represenƟng the baseline HR for the model. The 
saturaƟon (𝑠𝑎ுோ) was established at 120 bpm, as Bombardinie et al. have demonstrated that 
contracƟlity does not further improve beyond an increase of 50 bpm above baseline [34]. They only 
studied increases in HR, we assumed a linear relaƟonship and therefore chose a threshold (𝑡ℎுோ) of 
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40 bpm, since lower heart rates are not within the scope of this study. The contracƟlity for each heart 
compartment, represented by maximal elastance, is then computed as follows: 

𝐸௫,௧௧ = 𝐸௦,௧௧  ∗  (1 + 𝛼୭୵ୢ୧୲ୡ୦ ∗ 𝑘௪ௗ௧)        (4.14) 

The baseline elastance is the elastance determined in previous research for each heart compartment 
[35]. The bowditch gain, 𝑘௪ௗ௧, with a unit of bpm-1, is chosen 0.01 in line with the results of 
Bombardini et al. So, the contracƟlity of the heart will increase by 10% when the HR is 10 bpm above 
the operaƟng point.  

We applied a Savitzky-Golay filter to smooth the data since we saw noise in Figures 11 and 12, likely 
stemming from inherent modeling challenges. This filtering technique allowed for more accurate and 
objecƟve interpretaƟon of the results. 

 

4.2.3 ValidaƟon 
We validated our model by iniƟaƟng a BP drop caused by reduced arterial resistance. We decreased 
the forwards and backwards resistance of the following connectors with ten percent: AA_AD, AA_UB, 
AD_LB, AD_AR, AD_AU. In this way, we achieved a similar drop in BP (-4 mmHg), as the head-up Ɵlt 
data previously described in Chapter 3. We compared the resulƟng increase in HR of the head-up Ɵlt 
data to our calculated HR increase. This was done by ploƫng the percentual change in BP and HR for 
both the data and our calculaƟons, ass well ass the absolute change for BP and HR.  
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4.3 Results  

4.3.1 Open-loop simulaƟons 
Figure 10A shows that the average BP in our model, which serves as input for the baroreflex 
calculaƟons, closely aligns with the results reported by Olufsen et al., ranging from approximately 90 
mmHg to 60 mmHg during head-up Ɵlt. This consistency extends to the firing rates as well. A notable 
deviaƟon occurs in Figure 10C, where parasympatheƟc and sympatheƟc tones are illustrated. Our 
predicted sympatheƟc tone lacks the iniƟal peak observed in the model of Olufsen et al. This 
discrepancy arises from our decision not to incorporate the vesƟbulo-reflex, as previously explained. 
Despite this difference, we successfully replicated the findings of Olufsen et al. with near-equivalent 
outcomes in HR increase. Therefore, the equaƟons and parameter values from their study are accepted 
for use in our closed-loop model.  

4.3.2 Closed-loop simulaƟons 
Figure 11 shows how the closed loop responded on a self-iniƟated HR increase. We simulated a HR 
increase of 10 bpm. During HR increase, the graph without Bowditch effect shows that diastolic 
pressure increases with +2 mmHg, and systolic pressure slowly decreases with 0.5 mmHg. The graph 
with Bowditch effect shows an increase in systolic pressure (+1 mmHg) and diastolic pressure (+3 
mmHg). SV decreases, where the reducƟon is more pronounced without Bowditch effect (-6 mL) 
compared to the simulaƟon with Bowditch (-5 mL). CO increases more with Bowditch effect (+0.1 
L/min) compared to without (+0.05 L/min), while right atrial volume decreases more with Bowditch 
effect (-0.85 mL) compared to without (-0.45 mL). The pressure in the vena cava increases with 0.05 
mmHg and is more or less the same for both circumstances.  

Next, we assessed the model's response to a BP reducƟon induced by a self-imposed decrease in 
arterial resistance (Figure 12). Results were compared across three scenarios: with the baroreflex 
acƟvated, with the baroreflex deacƟvated, and with the baroreflex acƟvated but excluding the 
Bowditch effect. The systolic BP exhibited a comparable decline across all three condiƟons. The drop 
in diastolic pressure was less pronounced (-2 mmHg) in the acƟvated baroreflex models compared to 
the deacƟvated model (-2.5 mmHg), although the pressure eventually aƩenuated toward lower 
pressure levels over Ɵme. HR increased in both baroreflex-acƟvated scenarios with 1.5 bpm. In the 
acƟvated baroreflex models, SV iniƟally decreased but subsequently rose above baseline levels while 
in the de-acƟvated model, SV increased directly. CO increased across all three scenarios, the baroreflex 
model incorporaƟng the Bowditch effect produced the greatest increase although differences were 
marginal. The volume in the right atrium increased in all three models, with the deacƟvated baroreflex 
scenario exhibiƟng the largest increase. The pressure in the vena cava rises the same for the acƟvated 
model, the de-acƟvated model shows a less pronounced increase.  
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Figure 10: The comparison of our results(leŌ) to those of Olusen et al. (right). On t =60, the BP drop is iniƟated, 
marked with a grey dashed line. A: the blood pressure 𝑝 over Ɵme, toghether with the averaged blood pressure �̂�. B: 

the total firing rate 𝑛, and the slow (𝑛ௌ), intermidiate(𝑛ூ) and long (𝑛) firing rates. C: the parasympathic and 
sympatheƟc tone. D: the blood pressure on the leŌ axis and heart rate on right axis. 
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Figure 11: The systolic and diastolic blood pressure in the aorta ascendens, heart rate, stroke 

volume, cardiac output, right atrial volume and systolic pressure in the vena cava ploƩed during a 
self-iniƟated heart rate increase at t=0 without (blue) and with (orange) Bowditch. 
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Figure 12: The systolic and diastolic blood pressure in the aorta ascendens, heart rate, stroke 
volume, cardiac output and right atrial volume ploƩed during a decrease in arterial vascular 

resistance at t=0. 
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For validaƟon, we compared BP and HR data from the head-up Ɵlt to the BP drop induced by alteraƟons 
in vascular resistance (VR) in our model. As illustrated in Figure 13A, while the decrease in MAP is 
consistent across both, the HR increase observed in the head-up Ɵlt data is approximately 20% higher 
than in our model's predicƟons. Figure 13B displays the absolute change in HR, where the head-up Ɵlt 
data begins at a lower baseline (60 bpm) and exhibits a larger increase (+15 bpm) compared to the 
predicted HR (70 + 3 bpm). Similarly, Figure 13C illustrates the absolute change in mean arterial 
pressure (MAP), showing that while the overall decline is the same, our predicted MAP starts 12 mmHg 
lower that the head-up Ɵlt data. This is because the MAP in our model is calibrated on a specific value 
by various parameters and cannot easily be adjusted.   

A B 
 
 

C 
 

Figure 13A: Percental change before and aŌer blood pressure intervenƟon for the head-up Ɵlt data 
and our calculated data. B: Heart rate values before and aŌer blood pressure intervenƟon. C: 

Mean arterial pressure values before and aŌer blood pressure intervenƟon. 
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4.4 Discussion 
In this study, we developed a closed-loop model for BP regulaƟon with a novel integraƟon of both 
sympatheƟc and parasympatheƟc tone in the baroreflex response, focusing on insights relevant to 
pregnancy. The model was based on a lumped compartment framework, uƟlizing well-established 
relaƟonships between pressure, elastance, and flow. A novel aspect of our approach involved 
incorporaƟng the baroreflex focused on the regulaƟon of HR as a funcƟon of BP. Specifically, the model 
captures the physiological response of increased HR and contracƟlity based on sympatheƟc and 
parasympatheƟc tone in response to a drop in BP, a response analogous to those observed during 
pregnancy. The VR adaptaƟon of the baroreflex has not been incorporated into our model due to Ɵme 
challenges. Our findings indicated that increases in HR, without concurrent changes in venous and 
arterial tone, exert minimal influence on BP regulaƟon. 

Comparison to literature 

Various mathemaƟcal models integraƟng closed-loop baroreflex control have been proposed, each 
addressing different complexiƟes of the cardiovascular system by emphasizing and simplifying 
parƟcular aspects. We aimed at eventually creaƟng a comprehensive maternal hemodynamic model, 
therefore we emphasized on possible cardiovascular challenges of pregnancy in our model, such as 
the sympatheƟc and parasympatheƟc tone of the baroreflex. The mathemaƟcal framework of the 
baroreflex we employed builds upon previous research by Olufsen et al., which we incorporated into 
a closed-loop system.  

Other studies modeling the baroreflex have focused primarily on cellular or neural processes. These 
studies examined ionic currents involved in the baroreflex, simulaƟng the iniƟaƟon and propagaƟon 
of acƟon potenƟals [8]. Others concentrated on the interacƟons between various brain regions 
associated with the baroreflex and their integraƟon with respiratory funcƟons [36]. AddiƟonally, some 
research explored calcium transport and molecular mechanisms [7], or specifically invesƟgated either 
the sympatheƟc [37], or parasympatheƟc pathways [9].For our study, the autonomic nervous system 
is of parƟcular interest, given the proposed alteraƟons during pregnancy. However, the highly detailed 
cellular and molecular mechanisms examined in these studies are less relevant to our focus. Our 
maternal model aims to simulate the modulaƟon and distribuƟon of blood volume and BP at a 
macroscopic level, which aligns more closely with the broader physiological changes occurring during 
pregnancy. 

The studies by Sharifi et al. and Jezek et al. bear the most similarity to our work, as they both tested 
BP across mulƟple compartments and under various condiƟons. Sharifi et al. emphasized the 
importance of vascular tone in baroreflex modeling, reporƟng results comparable to ours in their 
prototype model, which, like ours, did not incorporate the vascular component of the baroreflex on 
firsthand [7]. Furthermore, Jezek et al. demonstrated that the absence of baroreflex acƟvaƟon leads 
to a more pronounced decrease in arterial pressure, corresponding to our results [9]. Both studies 
provide valuable examples that could inform the further development of our baroreflex model. What 
sets our study apart from these previous works is the incorporaƟon of both branches of the autonomic 
nervous system, a feature missing from the aforemenƟoned models. By integraƟng both the 
sympatheƟc and parasympatheƟc pathways, our model offers a more comprehensive framework for 
studying baroreflex regulaƟon under various physiological and pathophysiological condiƟons, 
including pregnancy. 
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InterpretaƟon and mechanism 

An increase in HR typically elevates CO by increasing the frequency by which blood is pumped into the 
vascular system. However, for this to be effecƟve, the heart must have sufficient Ɵme to fill between 
beats. As HR increases, the filling Ɵme decreases, potenƟally leading to a reducƟon in SV if venous 
return does not increase as well. Sharafi et al. have also encountered this phenomenon when they 
only modeled the chronotropic effects of the baroreflex [7]. In our model, when we increased HR, we 
observed only a slight rise in diastolic pressure, while systolic pressure actually decreased, which is 
shown in Figure 11. This outcome can be explained by the reduced SV as explained above. We showed 
a decreased right atrial volume, which is caused by the reduced filling Ɵme, resulƟng in reduced SV. 
Although CO increased due to the higher HR, the increase was marginal. The discrepancy between the 
slight diastolic rise and systolic fall of pressure can also be explained by the reduced SV but increased 
CO. During systole, less blood is pumped into the system, decreasing systolic pressure. The diastolic 
pressure does increase because the increased CO over Ɵme will eventually result in increased blood 
volume within the vascular system. When the Bowditch effect was incorporated into the model, we 
observed an increase in diastolic as well as systolic BP. This is due to the slight increase in SV associated 
with the enhanced contracƟlity that characterizes the Bowditch effect.  

We tested our baroreflex model by simulaƟng a drop in BP iniƟated by a reducƟon in VR. The results 
showed decreases in both systolic and diastolic pressures, although the drop in diastolic pressure was 
less pronounced, shown in Figure 12. In response to the decreased BP, the HR increased, as expected, 
with a corresponding decrease in SV, together leading to a slight increase in CO.  

We evaluated the model by comparing results with and without baroreflex acƟvaƟon, as well as with 
and without the Bowditch effect. The most promising results were observed when the baroreflex with 
Bowditch effect was acƟvated, which led to the smallest decrease in arterial BP, shown in Figure 12. 
InteresƟngly, when BP decreased without baroreflex acƟvaƟon, SV increased. However, since HR 
remained constant, the overall increase in CO was smaller compared to when the baroreflex was 
acƟve. This increase in SV can be aƩributed to an accumulaƟon of blood in the venous compartment 
seen as increased pressure in the vena cava. The increased volume and pressure in the vena cava cause 
increased venous return, which results in increased right atrial volume.  

In the model, diastolic pressure under baroreflex control gradually converged with the diastolic 
pressure observed without baroreflex acƟvaƟon. This behavior can be explained by the transient 
nature of the HR increase in response to BP reducƟon. In our model, HR is regulated solely by 
differences in BP rather than by the absolute level of BP, as our focus was on short-term BP regulaƟon. 
Consequently, as BP approaches its lowest point following a reducƟon in VR, HR returns to the baseline 
HR. If HR had remained elevated, BP would have been sustained at higher levels.  

We sought to validate our model using head-up Ɵlt data; however, our predicted values did not 
correspond to the measured data. Specifically, we observed a 20% greater increase in HR in the 
experimental data compared to our model’s predicƟons for the same decrease in BP. While our model 
produced HR responses similar to those reported by Olufsen et al., whose equaƟons and parameter 
values we adopted, several factors likely contribute to the observed discrepancies of our simulated 
and measured data. First, the input condiƟons of the models differ slightly, and the physiological 
mechanisms underlying a head-up Ɵlt test are inherently disƟnct from those associated with a 
reducƟon in VR. In the head-up Ɵlt data, measurements were taken five minutes post-Ɵlt, a Ɵme frame 
that allows for parƟal stabilizaƟon of BP and HR. In contrast, our model is designed to simulate 
immediate effects and short-term regulatory responses. Second, the iniƟal condiƟons and parameter 
values of our model were derived from the data used by Olufsen et al., where we indeed observed 
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comparable results. For opƟmal validaƟon of our model, real-Ɵme data on HR and BP during rest would 
be more appropriate. Without such data, incorporaƟng the fluid redistribuƟon that accompanies the 
Ɵlt test into our model would be necessary, which falls beyond the intended scope of our current work. 

Strengths and limitaƟons 

A notable strength of this study lies in its comprehensive incorporaƟon of both the sympatheƟc and 
parasympatheƟc branches of the baroreflex. In addiƟon, our model is based on previous research 
making it more reliable. The model we developed dynamically adjusts heart rate (HR) in response to 
fluctuaƟons in blood pressure (BP), enhancing its applicability in simulaƟng physiological responses. 

However, the study also has several limitaƟons. As previously noted, the vascular branch of the 
baroreflex is not included in our model, and HR adjustments are made solely in response to BP changes 
without consideraƟon of baseline HR. Furthermore, EquaƟon 4.5 may be unnecessarily complex, 
despite yielding results within physiological parameters. This complexity arises because the firing rate 
differenƟal is influenced by the firing rate itself through a complex term involving the maximum firing 
rate. Simplifying this equaƟon—potenƟally by employing an acƟvaƟon funcƟon akin to that in 
EquaƟon 4.13—could make the model more intuiƟve and accessible. 

Future recommendaƟons 

The next step in advancing our model is the incorporaƟon of baroreflex-mediated adaptaƟons, 
specifically the regulaƟon of arterial and venous resistance, as well as cardiac contracƟlity, so that 
physiology is closely mimicked. In this way we enable more reliable simulaƟons and create 
opportuniƟes for tesƟng other physiological or pathological phenomena. Further we should perform 
parameter opƟmizaƟon using real-Ɵme BP and HR data whereaŌer validaƟon could be followed. 
Furthermore, it should be considered to not only let the HR depend on differences in BP, but also 
absolute values of BP. Moreover, the invesƟgaƟon of BRS should not be limited to its aƩenuaƟon alone, 
as BRS could be considered a dynamic parameter rather than a fixed setpoint, as we observed large 
variability of BRS during head-up Ɵlt. The variability of BRS may play a criƟcal role in both physiological 
and pathological processes, highlighƟng its potenƟal significance beyond staƟc regulaƟon [38].  

Following the integraƟon of these mechanisms, the model can be applied to invesƟgate hemodynamic 
changes during pregnancy. For accurate pregnancy simulaƟons, it is essenƟal to account for HR 
adaptaƟon based on circulaƟng blood volume, rather than relying solely on BP. This is because during 
pregnancy, BP drops but blood volume increases. This increase in blood volume should increase HR to 
ensure adequate blood circulaƟon and maintain cardiovascular stability. Promising areas for further 
exploraƟon include the impact of increased sympatheƟc acƟvity and the aƩenuaƟon of BRS, both seen 
in healthy and complicated pregnancy. 

Once the remaining branches of the baroreflex have been integrated into the mathemaƟcal model, it 
will provide an ideal plaƞorm to test the correlaƟons idenƟfied in Chapter 3 and assess whether these 
relaƟonships hold or shiŌ under more comprehensive simulaƟons. This will offer valuable insights into 
the underlying mechanisms of the baroreflex.  

Clinical relevance 

The primary objecƟve of this research is to enhance an exisƟng hemodynamic model by incorporaƟng 
baroreflex mechanisms to eventually enable evaluaƟon of maternal hemodynamic changes. This 
evaluaƟon is parƟcularly crucial, as BP-related complicaƟons during pregnancy, such as PE, are 
associated with high morbidity and pose significant risks to maternal and fetal health. Through this 
work, we have moved closer to integraƟng the baroreflex into the model, an essenƟal step in 
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understanding and simulaƟng the maternal cardiovascular changes. In clinical pracƟce, an enhanced 
understanding of maternal hemodynamics could lead to more personalized management of BP 
complicaƟons such as PE. By simulaƟng different physiological scenarios, our model could also assist 
in predicƟng adverse outcomes and training healthcare professionals in managing high-risk 
pregnancies. 

4.5 Conclusion 
This study developed a closed-loop model of BP regulaƟon, incorporaƟng both sympatheƟc and 
parasympatheƟc branches of the autonomic nervous system, offering a more comprehensive 
framework for simulaƟng cardiovascular dynamics, especially in the context of pregnancy. Our findings 
demonstrate that isolated increases in HR without concurrent adjustments in venous return or 
vascular tone have minimal impact on BP regulaƟon, a result that underscores the importance of a 
fully integrated baroreflex response. While the model successfully simulates short-term cardiovascular 
responses, further development is needed to incorporate venous and arterial adaptaƟons for more 
accurate simulaƟon of maternal hemodynamic changes during pregnancy. Future work will focus on 
refining the model to include baroreflex-mediated vascular adaptaƟons and parameter opƟmizaƟon 
using real-Ɵme clinical data, bringing us closer to a tool that can predict and simulate BP-related 
complicaƟons in pregnancy, such as preeclampsia, to ulƟmately improve maternal and fetal health 
outcomes. 
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Appendix A  
The oscillatory signal 𝑦(𝑡), represenƟng systole and diastole, is defined by EquaƟon A.1. A skew factor 
was introduced to account for the fact that the rise in BP during systole occurs more rapidly than its 
decline during diastole, as illustrated in Figure A1. To achieve physiological BP values, the signal 𝑦(𝑡) 

is first shiŌed by adding one, ensuring all values are posiƟve. Next, it is scaled by 
൫ೞೞିೌೞ൯

ଶ
 to set the 

appropriate amplitude of the oscillaƟons, and the diastolic pressure is added to establish the signal's 
baseline, this is calculated in EquaƟon A.2. Finally, a parabolic component, given by EquaƟon A.3, is 
incorporated to simulate the BP drop.  

𝑦(𝑡) = ൫𝑠𝑖𝑛(2π𝑓𝑡 + 𝐾௦௪ ∗ 𝑠𝑖𝑛(2π𝑓𝑡))൯                       (A.1) 

𝑃(𝑡) = (𝑦 + 1) ∗
൫ೞೞିೌೞ൯

ଶ
+ 𝑃ௗ௦ + 𝑃𝑎𝑟𝑎𝑏𝑜𝑙𝑎                    (A.2) 

𝑃𝑎𝑟𝑎𝑏𝑜𝑙𝑎 = ቄ
𝑎 ∗ (𝑡 −  𝑡௦௧௧) ∗ (𝑡 −  𝑡ௗ)  + 𝑏              𝑖𝑓𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝑆𝑡𝑎𝑟𝑡 < 𝑡 < 𝐼𝑛𝑡𝑒𝑟𝑣𝑎𝑙𝐸𝑛𝑑    

0                                                                          𝑂𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒                                                  
(A.3) 

 

The frequency 𝑓 (Hz) is the baseline HR frequency calculated by 𝑓 =
ுோ


 to represent systole and 

diastole. The baseline HR for our model was chosen as 70 bpm. The 𝑘௦௪ was set to 0.5. 𝑃௦௬௦ was 
chosen 110 mmHg, and 𝑃ௗ௦ 77 mmHg, corresponding to the values of Olufsen et al. To simulate a BP 
drop of ~ 35 mmHg, the parameter values 𝑎 and 𝑏 for the parabola were set 0.21 and 30, respecƟvely. 
Note that 𝑎 has units of mmHg*sec-2.  

 
Figure A1: The skewed sinus used for creaƟng a blood pressure signal. 

 

 

 

 


