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Abstract

The etiology of Brugada syndrome (BS) is complex and multifactorial, making

risk stratification in this population a major challenge. Since changes in the

autonomic modulation of these patients are commonly related to arrhythmic

events, we analyze in this work whether the response to head-up tilt (HUT)

testing on this population may provide useful, complementary information for

risk stratification. In order to perform this analysis, a coupled physiological

model integrating the cardiac electrical activity, the cardiovascular system and

the baroreceptors reflex control of the autonomic function, in response to HUT

is proposed. A sensitivity analysis was performed, based on a screening method,

evidencing the influence of cardiovascular parameters on blood pressure and of

baroreflex regulation on heart rate. The most sensitive parameters have been

identified on a set of 20 subjects (8 controls and 12 BS patients), so as to assess

subject-specific model parameters. According to the results, controls showed an

increased sympathetic modulation after tilting, as well as a reduced left ventric-

ular contractility was observed in symptomatic, with respect to asymptomatic

BS patients. These results provide new insights regarding the autonomic mech-

anisms regulating the cardiovascular system in BS which might be used as a

complementary source of information, along with classical electrophysiological
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parameters, for BS risk stratification.

Keywords: Autonomic nervous system, Brugada syndrome, physiological

model, sensitivity analysis, parameter identification

1. Introduction

Brugada syndrome (BS) is a genetic disease characterized by a distinct ST-

segment elevation on the electrocardiogram of right precordial leads, associated

with an elevated risk for sudden cardiac death (SCD) due to ventricular fibril-

lation (VF) in absence of structural cardiopathies [1].5

Major cardiac events in this population typically occur at rest and mainly

at night, thus being frequently assumed that an increased parasympathetic ac-

tivity may play a determinant role in the pathophysiology, arrhythmogenesis

and prognosis of the disease [2, 3]. Moreover, some studies on cardiac auto-

nomic nervous system (ANS) analyzed by positron emission tomography have10

reported a sympathetic autonomic dysfunction in BS [3, 4, 5]. However, despite

the grounds for belief that autonomic assessment may provide valuable infor-

mation for the prediction of VF in BS, it remains unclear which are the most

suitable autonomic tests and indicators that may provide useful information to

identify those patients at high risk.15

Most previous investigations concerning the autonomic function in BS are

based on long-term measurements, being time-consuming and leading to con-

tradictory results [6, 7, 8, 9, 10, 11, 12, 13]. However, autonomic assessment

can be improved by stimulating the ANS through standardized autonomic ma-

neuvers such as exercise [14, 15] or the head-up tilt (HUT) test. As a matter of20

fact, the cardiovascular response to upright posture has been widely evaluated

by means of computational models and clinical trials [16, 17, 18, 19]. Its main

hemodynamic effect is the redistribution of blood volume to the lower part of

the body, causing a decrease in both central venous return and ventricular fill-

ing pressures, as well as in stroke volume [20]. Consequently, cardiovascular25

regulatory mechanisms such as the arterial and cardiopulmonary baroreceptors
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stimulate a reflex increase in sympathetic activity and a vagal inhibition, induc-

ing an increase in heart rate, peripheral vascular resistance, venous tone and

cardiac contractility [21].

Although several time- and frequency-domain indicators have been exten-30

sively used in clinical practice to estimate autonomic modulation [22], they

sometimes fail to represent this response, even in healthy subjects [23, 24], but

also in our previous works on BS patients [15, 25]. Since computational mod-

els also describe interactions between the ANS and the cardiovascular system

(CVS), we believe that a model-based approach could be a step forward towards35

the interpretation of the autonomic function in BS.

Therefore, this work proposes a global model-based strategy for the analysis

of the cardiovascular response to HUT, including: i) the introduction of a CVS

model and its short-term autonomic regulation in response to HUT testing, ii) a

sensitivity analysis, and iii) the development of patient-specific models for both40

healthy and Brugada subjects.

2. Methods

2.1. Global model-based strategy

In order to design a model-based subject-specific estimation of cardiovascular

dynamics and its autonomic modulation in response to HUT testing, we applied45

the following three main steps represented in Fig. 1 and explained in more detail

in the following sections:

• Construction of the computational model capturing CVS and ANS inter-

actions.

• Selection of the most influential parameters on model outputs, by means50

of a sensitivity analysis.

• Design of subject-specific cardiovascular models by estimating selected

parameters, based on experimental data.
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Figure 1: Diagram of the global model-based approach. After the construction of a cardio-

vascular model, we applied a sensitivity analysis to identify those model parameters leading

to the highest effects on model outputs: simulated heart rate (HR) and systolic blood pres-

sure (SBP). The selected parameters were then optimized for each subject, based on the

minimization of the error function ε(φ), proportional to the difference between simulated and

experimental HR and SBP signals. Subject-specific models were finally constructed with those

final identified parameters, leading to the lowest errors.

2.2. Computational model

The proposed cardiovascular model is based in our previous works in the55

field [26, 27, 28, 29, 30]. All simulations were performed using a multi-formalism

modeling and simulation library (M2SL 1.8.4) developed by our team. Details

regarding the simulation methods in this library can be found in [28, 31]. The

model consists in 4 coupled submodels representing: 1) the cardiac electrical

system (CES), 2) the cardiovascular system (CVS), 3) the baroreceptors reflex60

system (BRS), and 4) the head-up tilt test (HUTT).

2.2.1. Cardiac electrical system

The cardiac conduction system was adapted from [32]. The CES is defined

as a set of interconnected cellular automata, each one representing the electrical

activation of tissue-level cardiac structures: the sinoatrial node (SAN), the left65

atrium (LA), the atrioventricular node (AVN), the upper bundle of His (UBH),
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the lower bundle of His (LBH), left and right bundle branches (LBB and RBB),

and left and right ventricles (LV and RV). The automaton state periodically

changes among four depolarization/repolarization phases: slow diastolic depo-

larization (SDD) for nodal automata or IDLE for myocardial automata, upstroke70

depolarization period (UDP), absolute refractory period (ARP) and relative re-

fractory period (RRP). The slope of the SDD phase in SAN depends on the HR

that results from the BRS model, as well as the electrical activations of LV and

RV are connected to the CVS model ventricular contractions. Moreover, since

BS patients present ECG patterns of right bundle branch block, we adjusted75

the RBB automata of these patients based on their baseline QRS durations.

Further details on the CES model implementation can be found in [32].

2.2.2. Cardiovascular system

In order to represent the hemodynamic effects of postural changes, we adapted

the cardiovascular model defined in [33, 34, 35, 27]. As illustrated in Fig. 2 and80

described in previous models of our team [18], we integrated both pulmonary and

systemic circulations, dividing the latter into three parallel vascular branches:

1) head or higher parts of the body, 2) hydrostatic indifference point (HIP) or

heart level, and 3) legs or lower parts of the body. This subdivision allows for the

representation of differences on the impact of autonomic regulatory mechanisms85

at each branch, based on its distance from the HIP.

For each ventricular chamber (m ∈ {LV,RV }), volumes (Vm) are computed

from the integral of their respective net flows. Blood pressure (Pm) is then

calculated from its volume using two pressure-volume relationships associated

with systole and diastole, respectively, and a periodic function (em(t)) drives90

the transition between the systolic (Pes,m) and diastolic (Ped,m) relationships

as follows:

Pm(V, t) = em(t)Pes,m(Vm) + (1− em(t))Ped,m(Vm). (1)

The systolic elastance (Em) and the dead volume (V dm), or volume at zero

end-systolic pressure, represent the slope and intercept of the linear relationship
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between pressure and volume during systole. During diastole, this relationship95

is non-linear and described by a gradient (P0m), curvature (λm) and volume at

zero pressure (V 0m).

Pes,m(Vm) = Em · (Vm − V dm) , (2)

Ped,m(Vm) = P0m · (exp (λm(Vm − V 0m))− 1) . (3)

The diastolic and systolic dynamics are driven by a Gaussian function (Eq.4)

described by its amplitude (A), width (B) and center (C). The onset of the100

cardiac cycle, denoted tm, is determined by the activation instant of the cor-

responding chamber in the cardiac electrical model presented in the previous

section.

em(t) = A · exp(−B · ((t− tm)− C)2). (4)

Based on the minimal cardiovascular model described by Smith et al. [33],

atria were omitted since they minimally contribute to main cardiac trends. How-

ever, ventricular interactions were represented by coupling ventricles through

the septum. Being Vspt the septum volume, the model defines left and right

ventricle free wall volumes as:

VLV f = VLV − Vspt , (5)

VRV f = VRV + Vspt . (6)

Pressures on the systemic and pulmonary circulations are calculated as a105

linear relationship of their volume and vascular elastance, following eq. 2. These

pressures are then used to calculate flows between chambers as Q = ∆P
R , where

∆P is the pressure gradient of two chambers and R is the corresponding vascular

resistance connecting them. Fig. 2 represents those parameters involved in the

implemented cardiovascular model.110
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Figure 2: Schematic representation of the cardiovascular model integrating the cardiac me-

chanical activity, the pulmonary circulation and a three-branch systemic circulation. E: elas-

tance; R: resistance; P: pressure; V: volume; pul: pulmonary; pv: pulmonary vein; pa: pul-

monary artery; pu:pulmonary valve; av: aortic valve; ao: aorta; vc: venae cavae; LA: left

atrium; LV: left ventricle; RA: right atrium; RV: right ventricle.

2.2.3. Baroreflex model

We modeled sympathetic and parasympathetic efferent responses to arterial

blood pressure regulation based on a widely used approach [18, 36]. Since arte-

rial baroreceptors are located above the heart level, the input pressure for the

BRS model came from the higher compartment of the systemic circulation.115

Baroreceptors dynamics are represented in Fig. 3 by a first-order transfer

function, whose gain and time constant are denoted as KB and TB . Then, five

different efferent pathways control heart rate, systemic resistance, venous vol-

ume and cardiac contractility; by means of a normalization function, a delay and

a first-order filter. The normalization function is represented by the following120

sigmoidal input-output relationship:

Fx(t) = ax +
bx

exp [λx(PB(t)−Mx)] + 1
, (7)
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where PB is the arterial baroreceptors pressure; ax, bx, λx and Mx permit to

adjust the sigmoid; and x ∈ {V, S,R, V V,C} refers to vagal heart rate, sympa-

thetic heart rate, systemic resistance, venous volume and cardiac contractility

control, respectively. In Fig. 3, resistance, venous volume and cardiac contrac-125

tility modulations are compactly represented as θ. The same notation is used for

gains (Kx), delays (Dx) and time constants (Tx) describing first-order transfer

functions:

∆x = Kx
exp [−Dxs]

1 + Txs
. (8)

For each regulated variable, ∆x is then added to a baseline response. In

chronotropic modulation, though, HR is the result of adding both vagal (V )130

and sympathetic (S) contributions to an intrinsic heart rate (HR0).

S

HR=HR0 + S - V

V

HR0
Heart rate

(to CES model)

Ventricular elastance,

systemic resistance,

venous dead volume

(to CVS model)��

� = �� + �0

�0

e
-DSs

1 + TSs
KS

KB

1 + TBs

e
-DVs

1 + TVs
KV

e
-D�s

1 + T�s
K�

Arterial

Pressure

(from CVS

model)

Chronotropic branch

(Sympathetic)

Chronotropic branch

(Vagal)

Other sympathetic branches

(Inotropic, vasomotor tone)

Arterial Baroreceptors

Figure 3: Diagram of the implemented BRS model. From the arterial pressure registered at the

higher systemic circulation, the baroreflex system regulates heart rate, peripheral resistance,

venous volume and heart contractility.

2.2.4. HUT test model

Upright posture stimulates blood pressure variations in different body parts.

As in [18, 19], we implemented the effect of gravity at each systemic branch,
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based on its distance to HIP. Being Pak the arterial pressure in supine rest135

for each systemic branch where k ∈ {head, heart, legs}, the arterial pressure at

each compartment Pk during tilting is described as:

Pk =

Pak + Pgk · sin(α(t)), t0 < t < ttilt,

Pak + Pgk · sin(αmax), t > t0 + ttilt.

(9)

Where α(t) is the tilt table angle, which goes from 0 to αmax, t0 is the table

inclination onset, ttilt is the time to αmax and Pgk is the pressure due to gravity

at each branch, defined as:140

Pgk = ρ · g · hk, (10)

where ρ is the fluid density, g the gravitational constant and hk the mean

distance between the systemic branch and HIP. Therefore, Pgheart = 0, Pghead

= -20 mmHg, based on [18], and Pglegs was identified for each subject.

2.3. Sensitivity analysis

In order to identify the most influential model parameters on simulated145

outputs, we performed a sensitivity analysis, based on the screening method

of Morris [37], on 62 parameters coming from the BRS and CVS submodels.

Supplementary Tables I and II include a brief description of these parameters

as well as the analyzed intervals, based on physiological ranges reported in the

literature on both pathological and healthy conditions [18, 19, 36].150

This method not only evaluates non-linearities and interactions between pa-

rameters, but it also provides an estimation of each variable’s significance with

limited computational costs. Hence, it permits excluding unimportant model

parameters so as to reduce the dimensionality of subsequent analyses.

It consists in the generation of r random trajectories through the parameter155

space; each trajectory being associated with an estimation of the Elementary

9
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Effects EEij of a parameter xi on output yj :

EEij =

∣∣∣∣yj(x1, · · · , xi + ∆, · · · , xk)− yj(x1, · · · , xi, · · · , xk)

∆

∣∣∣∣ , (11)

where ∆ = p
2(p−1) , p is defined as the number of levels dividing the parameter

space and yj stands for each analyzed model output expressed as a function of

k parameters (yj = f(x1, · · · , xi, · · · , xk)).160

For each combination of parameter xi and output yj , the mean µ∗
ij and

standard deviation σij of the r elementary effects are calculated. A large value

of µ∗
ij indicates a significant effect of xi on yj , whereas a large σij value is related

to either non-linear or strongly interacting variables. Thereby, parameters can

be classified as being negligible (low µ∗
ij and σij), linear (non-zero µ∗

ij > σij) and165

non-linear or presenting strong interactions with other parameters (non-zero µ∗
ij

≤ σij).

We computed these effects on the mean heart rate (HR) resulting from the

BRS submodel and on the mean systolic blood pressure (SBP) detected at

the lower systemic compartment (CVS submodel). Moreover, we divided the170

evaluation in supine and upright postures since cardiac signals present different

behaviors for each postural status: y ∈ {HRsupine, SBPsupine, HRtilt, SBPtilt}.

In order to establish a global rank of importance among parameters, we

calculated Dij , defined as the Euclidean distance in the µ∗ − σ plane, from the

origin to each (µ∗
ij , σij) point:175

Dij =
√

(µ∗
ij)

2 + σ2
ij , (12)

being parameters with high sensitivities or strong interactions those present-

ing the highest values for Dij .

2.4. Parameter identification

Based on sensitivity results, we selected a reduced group of parameters for

subject-specific model identification. The optimization process consisted in the180
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minimization of the error function ε, based on the comparison of simulation

outputs and experimental signals acquired during HUT testing:

ε(φ) =
4∑
j=1

Nj∑
i=1

∣∣∣∣∣Y
j
sim,φ(i)− Y jexp(i)
max(Y jexp(i))

∣∣∣∣∣
2

. (13)

Y jexp(i) and Y jsim,φ(i) are the ith experimental value and the ith model output

sample for the simulation of Y j when using the set of parameters φ. Moreover,

Nj indicates the number of samples for each output being compared and Y j185

refers to HR and SBP signals for the whole test and only during the transition

of table inclination: Y ∈ {SBPtotal, SBPtransition, HRtotal, HRtransition}. Note

from eq. 13 that identification is based on both HR and SBP signals, and mainly

on their transitory periods since they are accounted twice to ensure that errors

in this segment are particularly penalized. Transitory periods in SBP and HR190

signals are specially relevant since they respectively reflect the cardiovascular

and autonomic responses to postural change.

As in previous works of our team [29, 30], we identified the best set of

parameters for each subject through an approach based on evolutionary algo-

rithms (EA). These stochastic search methods are founded on theories of natural195

evolution, such as selection, crossover and mutation [38]. Being an individual

the representation of an optimization solution (a parameter value set φ), we

started with the initialization of 50 random individuals, each parameter value

of the individual being randomly selected from a specified parameter space.

By quantifying each individual error through equation 13, the population was200

continuously evolved to 30 generations, following four main steps:

1. Selection of parent individuals for combination, biased towards those pro-

viding the lowest errors.

2. According to a probability pc, combination of parent individuals through

crossover to generate new children. Then, with a probability pm, modifi-205

cation of these individuals by means of mutations.

3. Error assessment in new individuals.

4. Replacement of individuals having the highest errors.

11
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Model parameters estimated for each subject were then compared by means

of Mann-Whitney U non-parametric tests, so as to identify statistically signif-210

icant differences between healthy subjects and BS patients, as well as between

symptomatic and asymptomatic patients.

The autonomic response to HUT testing was also assessed and compared

between populations, by means of the vagal and sympathetic HR modulations.

More specifically, the vagal (V ) and sympathetic (S) chronotropic outputs of215

the BRS submodel were averaged for both supine and upright positions. Thus,

being ∆S and ∆V , respectively, the mean sympathetic and vagal HR regula-

tion differences between supine and upright positions, these variables were also

compared among populations.

Finally, the difference between experimental (Yexp) and the resulting simu-220

lated (Ysim) signals was quantified in percentage as:

EY =
1

n

n∑
i=1

∣∣∣∣100 · Ysim(i)− Yexp(i)
Yexp(i)

∣∣∣∣, (14)

where Y ∈ {HR,SBP} and n is the number of samples being compared.

2.5. Experimental protocol and data

HUT tests were performed on 8 healthy subjects and 12 BS patients (5

were symptomatic), recruited at the University Hospital of Rennes, in France.225

Controls were healthy volunteers with no major cardiorespiratory pathologies

diagnosed, non-smokers, asymptomatic and not taking cardioactive medication.

BS patients were diagnosed according to current guidelines, when a coved ST-

segment elevation (≥ 0.2 mV) was registered in at least one right precordial lead

placed in the second, third or fourth intercostal space, either in the presence or230

absence of sodium channel blockers [1].

After approval by the ethical committee of the University Hospital of Rennes,

all subjects provided written informed consent to participate in the study. Ta-

ble 1 summarizes participants clinical baseline characteristics, including their

mean HR, mean SBP and mean baroreflex sensitivity (BRS) in supine position,235

calculated as in [39, 17].
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Table 1: Baseline characteristics of participants.

Controls BS patients p-value

(n=8) (n=12)

Age, years old 30.8 ± 5.7 50.1 ± 12.1 <0.001

Male sex, n (%) 8 (100%) 10 (83.3%) 0.266

Body weight, kg 71.5 ± 7.2 69.2 ± 11.8 0.756

Height, m 1.75 ± 0.06 1.74 ± 0.08 0.877

BMI, kg/m2 23.3 ± 1.5 22.8 ± 3.3 0.396

Mean HR, bpm 67.56 ± 7.40 63.23 ± 9.84 0.232

Mean SBP, mmHg 103.88 ± 20.27 113.99 ± 23.77 0.298

Mean BRS, ms/mmHg 14.45 ± 11.17 11.74 ± 10.12 0.512

Since no significant differences in gender, body weight, height, body mass

index (BMI), HR, SBP or BRS were noted between groups (p-value>0.05),

similar baseline characteristics were assumed between populations. However,

the fact that BS patients were significantly older than controls may have a240

significant impact on autonomic function analysis.

Regarding BS patients, five presented documented symptoms of ventricular

origin: cardiac arrest (60%) and syncope (40%).Three patients (2 were symp-

tomatic) presented an SCN5A mutation (25%). An Implantable Cardioverter

Defibrillator (ICD) had been placed in one asymptomatic patient, based on a245

positive EPS (Electrophysiological Study) test, whereas all symptomatic pa-

tients had ICDs implanted. Since no relevant cardiac events were noted during

HUT testing, defibrillators caused no significant effects on recordings. Indeed,

the incidence of ventricular fibrillation during HUT testing is extremely rare

(0.04%) and has only been reported in the presence of pharmacological stim-250

ulation, in patients with either underdiagnosed underlying significant coronary

artery disease, known structural heart disease, or apical hypertrophic cardiomy-

opathy [40, 41, 42, 43].

Participants underwent HUT tests in fasting conditions, between 8 a.m. and

13
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10 a.m., in a quiet room with dim lights and no pharmacological provocation,255

while non-invasive blood pressure and ECG recordings were acquired with the

Task Force monitor (CN Systems, Graz, Austria) at a sampling frequency of

100 Hz and 1000 Hz, respectively, according to the following protocol:

• Pre-tilt resting phase: 10 minutes in supine position.

• Tilting phase: 45 minutes at 60o of table (Sissel, Sautron, France) incli-260

nation or until the test was positive.

• Post-tilt resting phase: 10 minutes in supine position.

A positive response to tilting was defined by a symptomatic decrease in heart

rate of 20% and/or in blood pressure of 30% with respect to baseline values.

Nevertheless, all analyzed HUT tests were negative.265

The systolic blood pressure associated with each heartbeat was detected as

the maxima above a manually adjusted threshold and heart rate signals were

detected by means of a noise-robust wavelet-based method for QRS identifica-

tion and R-wave peak location [44]. In order to ease the comparison with model

simulations, experimental data were low-pass filtered at 0.04 Hz with a 4th or-270

der Butterworth filter applied in both forward and backward directions so as to

remove phase distortion. Moreover, since we were particularly interested in the

response induced by changing from supine to upright posture, cardiac signals

were only analyzed for 2.5 minutes before and after tilting onset.

3. Results275

3.1. Sensitivity analysis

As in [29], we applied the screening method of Morris with a grid of p = 20

and we calculated r = 5 · k = 310 elementary effects, performing a total of

almost 20,000 simulations. Fig. 4 represents sensitivity results on the mean SBP

and HR signals for supine and tilting phases, only labeling the most relevant280

parameters in order to improve readability.
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Figure 4: Absolute mean (µ∗) and standard deviation (σ) of the elementary effects for the

mean SBP and HR, during supine and tilting phases. Only the most significant parameters

are labeled: λLV (LV end-diastolic exponent), V dLV (LV volume at zero end-systolic pres-

sure), V 0LV (LV volume at zero end-diastolic pressure), KR (gain for peripheral resistance

modulation), P0LV (intrinsic LV pressure), HR0 (intrinsic heart rate), KV (gain for vagal

HR modulation), KS (gain for sympathetic HR modulation), TS (sympathetic time constant),

and Pglegs (pressure due to gravity at lower systemic compartment).

The general distribution of model parameters in the µ∗ − σ space indicates

effects on HR and SBP that are either non-linear or caused by the interaction

with other parameters. Although some of them are close to the µ∗ = σ reference

line, Pglegs was the most linearly related parameter to SBPtilt. Nevertheless,285

many parameters showed a significant effect on the analyzed outputs. In order

to identify those variables having the highest sensitivities or the strongest in-

teractions, Fig. 5 displays the 15 most influential parameters on each analyzed
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Figure 5: Most influential parameters on HR and SBP in supine and upright postures, based

on the Morris sensitivity distance Di (green bars). For each parameter, the absolute mean µ∗i

(purple bars) and the standard deviation σi (yellow bars) of the elementary effects are also

displayed.

output based on their Di index, represented along with their µ∗
i and σi values.

Similar results were obtained for supine and upright postures. Regarding290

SBP, the main difference concerned Pglegs, being negligible in supine rest but

turning into a significant parameter during tilting. Concerning HR, the most

influential variables in supine remained the same during tilting. However, KS

gained importance with respect to supine rest, due to the sympathetic activation

caused by postural change.295

On one hand, SBP showed a significant dependence on λLV , V 0LV and

V dLV . KR, P0LV and HR0 also led to high Di values. Although the highest

sensitivities were found for variables accounting for diastolic LV dynamics, the

16



M
ANUSCRIP

T

 

ACCEPTE
D

effect of some RV variables, such as λRV , V 0RV and V dRV , was still consider-

able. Indeed, the model defines that RV parameters can modulate LV through300

the septum wall, the pericardium and the closed-loop circulation. This may

be relevant in BS, where patients present ECG patterns of right bundle branch

block (RBBB).

On the other hand, HR was mostly modulated by HR0, KV and KS . The

most relevant parameter was the intrinsic heart rate HR0, presenting an almost305

linear effect on the output. Baroreflex gains modulating the sympathetic and

parasympathetic chronotropic branches were also significant, mostly in upright

position. Furthermore, since blood pressure and heart rhythm are closely con-

nected through the baroreflex arc, SBP was also significantly affected by these

autonomic variables.310

Then, based on sensitivity analysis results and visual inspection, we se-

lected a reduced group of model parameters to be identified in a subject-specific

manner. Although HR0 demonstrated high sensitivities, in order to reduce

computational cost by reducing dimensionality, we did not include this param-

eter in the identification process. Instead, HR0 was simply estimated for each315

participant as the mean HR in supine position. Likewise, we estimated all nor-

malization centers in the BRS submodel (MV , MS , MR, MC and MV V ) as the

mean SBP in supine rest, and we only identified one LV volume at zero-pressure

by assuming V 0LV = V dLV .

Together with V dLV , we also chose λLV , KS and KV as parameters to be320

identified for each subject, since they showed the significantly highest sensitiv-

ities. Then, due to their non-negligible importance in sensitivity results, λRV

and KR were also added to the identification process, in order to study varia-

tions induced by HUT testing in the right ventricle and in peripheral resistance.

Although KC did not demonstrate a particularly high sensitivity, we included325

this variable to analyze group differences in the baroreflex gain regulating in-

otropism. Moreover, since Pglegs demonstrated a rather linear effect on SBPtilt,

we also included this parameter in the estimation step. Finally, since we experi-

mentally remarked that better estimations of the oscillations in HR and/or SBP
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caused by postural changes were obtained by identifying the sympathetic and330

vagal time constants, we added TS and TV estimations. Similarly, higher and

lower systemic time constants (τhead and τlegs) were included to better estimate

the progressive adaptation of systemic circulation to postural changes. Table 2

specifies those variables retained for subject-specific parameter estimations.

Table 2: Parameters selected for identification. CVS: cardiovascular system; BRS: baroreflex

system.

Parameter description Submodel

λLV LV end-diastolic exponent CVS

V dLV LV volume at zero end-systolic pressure CVS

λRV RV end-diastolic exponent CVS

KS Gain for sympathetic HR modulation BRS

KV Gain for vagal HR modulation BRS

KR Gain for peripheral resistance modulation BRS

KC Gain for contractility modulation BRS

Pglegs Pressure due to gravity at lower systemic compartment CVS

TS Sympathetic time constant BRS

TV Vagal time constant BRS

τhead Higher systemic compartment time constant BRS

τlegs Lower systemic compartment time constant BRS

3.2. Parameter identification335

Based on visual inspection and resulting errors for the entire cohort (ESBP =

2.90 ± 1.63 %; EHR = 3.39 ± 1.00 %), we noted an acceptable agreement

between observed and estimated signals. Fig. 6 shows the average experimental

and simulated SBP and HR signals for each study group, together with their

mean and standard deviation errors. Moreover, the percentage errors of each340

subject are provided as supplementary material (Table III).

Although an acceptable global fit can already be noted on average signals,

fine adaptations can only be observed on subject-specific cases. Thus, Fig. 7
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Figure 6: Average fit, and 25% standard deviation, between simulated (black) and experi-

mental (grey) SBP and HR signals for healthy subjects, symptomatic and asymptomatic BS

patients.

displays a representative example of fit between the simulated and experimental

SBP and HR signals of a healthy subject.345
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Figure 7: Representative example of fit between simulated (black) and experimental (grey)

SBP and HR signals for a healthy subject.

Although some small variations coming from exogenous phenomena, such as

temperature, respiration or the central nervous system, could not be simulated
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with the proposed model, we observed a significant degree of similarity between

experimental and simulated signals; specially during transitory periods, which

demonstrates the capability of the model to reproduce HR and SBP responses350

to HUT testing.

In Fig. 8, boxplots of the identified parameters for the control (C), asymp-

tomatic (A) and symptomatic (S) groups are represented.
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Figure 8: Boxplots of identified parameters; for controls (C), asymptomatic (A) and symp-

tomatic (S) groups.

In addition to identified parameters, the baroreflex response to HUT was

also assessed and compared among groups. Fig. 9 displays the mean vagal and355

sympathetic modulations of the HR for healthy subjects and BS patients, where

a greater response with respect to baseline can be observed in controls.

Indeed, ∆S showed a statistically significant reduction in BS patients. Like-

wise, V dLV , and thus V 0LV , were significantly different between symptomatic

and asymptomatic patients. Table 3 summarizes the mean ± standard devia-360

tion values for each group, as well as the associated p-values, for these significant
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Figure 9: Mean and 25% of standard deviation for the vagal and sympathetic modulations

of the HR, resulting from the BRS submodel, for healthy subjects (black) and BS patients

(purple). Note that average signals were centered at zero, so as to ease visual comparison

between groups.

variables. Supplementary Table IV includes the same information for all ana-

lyzed parameters.

Table 3: Mean ± standard deviation and p-values for statistically significant variables, for a

p < 0.05 based on Mann-Whitney U tests.

Controls BS patients p-value

(n=8) (n=12)

∆S 0.19 ± 0.04 0.13 ± 0.06 0.019

Symptomatic Asymptomatic p-value

(n=5) (n=7)

V dLV 24.00 ± 4.48 11.47 ± 7.46 0.010
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4. Discussion

This paper proposes a comprehensive model-based analysis of the autonomic365

response to HUT on patients suffering from Brugada syndrome. The proposed

model builds up on preliminary work from our team [26], where the feasibility

of the model to reproduce real autonomic responses to HUT testing was already

presented. The main contributions of this paper concern i) the application of

a screening sensitivity analysis method allowing for the characterization of the370

relative influence of model parameters on the observed HR and SBP responses

and ii) the identification and analysis of subject-specific parameter values that

minimize an error function between the simulated and observed responses. To

our knowledge, these results are original, particularly in the context of BS.

Concerning sensitivity analysis, as expected, HR turned to be mostly mod-375

ulated by autonomic parameters, whereas SBP was more affected by cardio-

vascular variables coming from the LV. These most relevant parameters found

after sensitivity analysis were then estimated on 20 subjects (8 controls and

12 BS patients), using evolutionary algorithms, so as to design subject-specific

instances of the model.380

According to subject-specific results captured by V dLV and V 0LV , symp-

tomatic patients presented significantly higher values of LV volumes at zero

pressure than asymptomatic patients. This shifts end-systolic and end-diastolic

relationships describing the LV pressure-volume (PV) loop to the right; leading

to reduced stroke works (SW), measured as the area enclosed by this PV loop.385

Due to higher V dLV values, the cardiac PV cycle is shortened, suggesting a

decreased inotropism in symptomatic patients. The same effect is observed in

dilated cardiomyopathy, where the LV becomes enlarged without compensatory

thickening of the wall, being unable to pump enough blood to meet the organism

metabolic demands.390

Although BS patients present no apparent structural cardiopathy, some mi-

croscopic myocardial alterations have been reported, suggesting that the dis-

ease may induce cardiomyopathic changes in some patients [45, 46]. Indeed,
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some studies have found significant associations between dilated cardiomyopa-

thy and SCN5A mutations [47, 48], and van Hoorn et al [49] reported that395

loss-of-function SCN5A mutations in BS seem to be related to ventricular di-

latation and impairment in contractile function. Since in our clinical series only

three BS patients presented a SCN5A mutation (2 were symptomatic), conclu-

sions on this association between SCN5A mutations and contractile dysfunction

cannot be extracted. Nevertheless, these findings provide further evidence for400

the role of structural myocardial abnormalities in the pathophysiology of BS

and encourage the debate on whether the disease should be considered as a

genetically mediated functional electrical disorder or rather a cardiomyopathy

presenting a significant electrical instability.

Furthermore, according to ∆S results, BS patients presented a decreased405

sympathetic HR modulation difference from baseline in relation to healthy sub-

jects. Results are in line with previous studies where sympathetic dysfunctions

have been reported in BS [3, 4, 5]. Moreover, Nakazawa et al [12] analyzed the

24-hour autonomic properties of 27 BS patients and 26 healthy subjects, finding

higher vagal and reduced sympathetic tones in symptomatic patients. Similarly,410

in a previous work where the time-varying autonomic response to a standardized

HUT test was assessed in 65 BS patients, symptomatic subjects presented an

increased sympathetic modulation during tilting, with respect to baseline, when

compared to asymptomatic patients [16]. Similar tendencies were observed in

a study where the autonomic response to exercise testing was evaluated on 105415

BS patients [15].

Nevertheless, comparisons between controls and BS patients should be in-

terpreted carefully. First, although no statistically significant differences in the

mean HR, SBP and BRS in supine position were found between groups, sug-

gesting that reported sympathetic modulation differences do not seem to be420

related to age (Table 1), the fact that BS patients were significantly older than

controls may have a significant impact on autonomic function results. Moreover,

although controls were selected after discarding those subjects taking cardioac-

tive medication, they could be treated for non-cardiorespiratory diseases having
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a significant impact on the autonomic response to HUT testing. Indeed, signif-425

icant differences in the age of study groups was due to the selection of young

healthy volunteers (between 18 and 35 years old) so as to reduce the occurrence

of undiagnosed diseases and non-cardiorespiratory medication.

The proposed model and analyses in this work present other limitations that

should be mentioned. First, the model can only explain the mechanical, circu-430

latory and autonomic sympathetic functions of the cardiovascular system, ig-

noring other physiological systems that influence cardiovascular response during

HUT. In particular, a respiratory system model should be integrated. Another

limitation is related to the fact that the identification process is applied in or-

der to reduce a global error with a unique set of parameters. Some of these435

parameters may significantly vary during the experimentation, contributing to

higher-energy components that are present in the observed signals. A recursive

identification process should be performed in the future so as to estimate these

time-varying parameter values and better reproduce high-frequency oscillations.

Moreover, in order to reduce computational costs during parameter identifi-440

cation, we selected a small sample of variables that may have absorbed changes

in other previously fixed parameters. For instance, we found significant results

for LV variables that may have been affected by RV variations. Thus, a more

exhaustive estimation process including a wider range of variables could be per-

formed in the future. Likewise, since some BS patients were older than those445

subjects reported in the literature from which physiological ranges were selected

for sensitivity analysis, these ranges may be enlarged in the future so as to en-

sure that the entire age spectrum is being covered. Furthermore, the identified

most sensitive parameters may not be representative of the underlying etiology.

Thus, the estimation of less sensitive parameters could also provide valuable450

cardiovascular and autonomic information.

Finally, this study is based on a small population of BS patients leading

to moderately significant results and, thus, conclusions should be extracted by

means of a larger clinical series. Nevertheless, this is the first work comparing

healthy subjects and BS patients through a system-level model-based approach.455
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We consider that the proposed analysis, including cardiovascular parameters

never before studied in BS, indicates important trends of clinical relevance that

suppose a step forward towards the understanding of the disease.

5. Conclusion

This paper presents the integration and analysis of a mathematical model460

capturing the cardiovascular system dynamics and its autonomic response to

head-up tilt testing. First, a parameter sensitivity analysis was applied to iden-

tify the most relevant variables affecting blood pressure and heart rate in supine

and upright postures. Although sympathetic parameters gained importance

during tilting, similar results were obtained for both test phases. Moreover,465

systolic blood pressure was mainly modulated by cardiovascular parameters,

whereas heart rate was mostly affected by autonomic variables.

Then, subject-specific model parameters were estimated by comparing sim-

ulated outputs with cardiac experimental data. Results show significant differ-

ences between asymptomatic and symptomatic BS patients in the left ventri-470

cle volume at zero pressure, suggesting a reduced contractility function in the

latter. Moreover, controls showed an increased sympathetic modulation after

tilting with respect to BS patients.

Although a more extensive evaluation including a wider range of parame-

ters, a greater number of subjects and the identification of high-frequency oscil-475

lations should be performed in the future, this paper presents a first approach

towards the evaluation of variables never studied before in BS, thus providing

new insights into the underlying autonomic mechanisms regulating the cardio-

vascular system in this population. The identified parameters might be used as

a complementary source of information, along with classical electrophysiological480

parameters, for BS risk stratification.
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• Blood	pressure	is	mainly	influenced	by	cardiovascular	parameters.	
• Heart	rate	is	mostly	modulated	by	baroreflex	regulation.	
• Brugada	syndrome	patients	show	a	decreased	sympathetic	modulation	after	

tilting.	
• A	reduced	left	ventricular	contractility	is	observed	in	symptomatic	patients.	
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