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Abstract

Brugada syndrome (BrS) is a cardiac electrophysiological disease with unknown

etiology, associated with sudden cardiac death. Symptomatic patients are treated

with implanted cardiac defibrillator, but no risk stratification strategy is effective in

patients that are at low to medium arrhythmic risk. Cardiac computational modeling

is an emerging tool that can be used to verify the hypotheses of pathogenesis and

inspire new risk stratification strategies. However, to obtain reliable results

computational models must be validated with consistent experimental data. We

reviewed the main electrophysiological and structural variables from BrS clinical

studies to assess which data could be used to validate a computational approach.

Activation delay in the epicardial right ventricular outflow tract is a consistent

finding, as well as increased fibrosis and subclinical alterations of right ventricular

functional and morphological parameters. The comparison between other electro-

physiological variables is hindered by methodological differences between studies,

which we commented. We conclude by presenting a recent theory unifying

electrophysiological and structural substrate in BrS and illustrate how computational

modeling could help translation to risk stratification.
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1 | INTRODUCTION

Brugada syndrome (BrS) is a cardiac electrophysiological disease

characterized by an increased risk of sudden cardiac death (SCD) and

a specific ECG pattern of ST‐segment elevation followed by a

negative T‐wave in at least one right precordial lead (“type 1” ECG

pattern). Typical symptoms of BrS patients are syncope, agonal

nocturnal respiration, palpitation, and SCD. Every year, up to

0.5%–1% of asymptomatic BrS patients present an arrhythmic event

due to ventricular fibrillation (VF) or ventricular tachycardia (VT),1–3

with most patients presenting their first arrhythmic event between

38 and 48 years of age.4 The current standard of care for BrS patients

is the implantable cardioverter defibrillator (ICD). ICD is strongly

recommended for symptomatic BrS patients with previous cardiac

arrest (class I indication), whereas ICD implantation in primary

prevention indication is still debated (class IIa indication).5 Recently,

the epicardial ablation of the arrhythmogenic substrate located in the

right ventricular outflow tract (RVOT) has been proposed as an
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alternative therapeutic solution in selected cases (class IIa indica-

tion).5–7 Recent trials showed a low recurrence of events after

complete elimination of the arrhythmogenic substrate.6,8,9 To date,

one of the main challenges in BrS is the risk stratification of

asymptomatic patients: eight multifactor risk scores have been

proposed,10 however, their predictive value for intermediate risk

groups is limited (median AUC using ROC curves 0.531, maximum

AUC 0.7).10–12 Furthermore, the low rate of events in asymptomatic

patients and the duration of follow‐up make it so that only strongly

predictive variables can be used as reliable risk factors when using an

event‐driven approach. In clinical practice, programmed ventricular

stimulation (PVS) is the only widely used tool for risk stratification,

even though its sensitivity and specificity in predicting VF has been

questioned.2,3,13,14 Recently, it has been shown that PVS can be used

to distinguish between high‐risk and low‐risk asymptomatic patients

in selected cohorts of patients,15,16 however it is not suitable for

mass screening and both sensitivity and specificity of the test depend

on the PVS protocol used.16,17 Several electroanatomical mapping

(EAM) studies showed that the RVOT of BrS patients is characterized

by the presence of low amplitude, fractionated electrograms (EGMs),

and conduction slowing. However, the nature of these abnormalities

is debated. The two main theories describing arrhythmogenesis in

BrS are the repolarization and the depolarization hypotheses. The

repolarization hypothesis was proposed by the group of Antzelevitch

from observations on wedges of canine hearts treated pharmaco-

logically to replicate the phenotype of BrS. The group observed that

the BrS phenotype was caused by a prominent repolarization notch

during phase 1 of the AP, which determined either a prolongation of

AP duration or, in extreme cases, early repolarization of the myocyte

(i.e., loss of AP dome); responsible for phase 2 reentrant arrhyth-

mias.18–20 The depolarization hypothesis states that localized slow

ventricular conduction is the basis for the phenotype and arrhyth-

mogenesis of the syndrome. Conduction slowing would be caused by

structural factors in the RVOT, such as diffuse fibrosis or reduced

connexin‐43 expression, being responsible for the presence of

fractionated EGMs and low voltage areas.21 Even though there is a

relative abundance of data concerning the electrophysiology of BrS

patients, their quantitative values are rarely compared between

studies, and a clear range of variability is not defined. The

determination of clear ranges for electrophysiological parameters

could allow mathematical modeling of the electrophysiological basis

of BrS. Furthermore, a definition of the electrophysiological parame-

ters involved in BrS and their quantitative value could help check

which features are involved in arrhythmogenesis. Therefore, this

work aims to review and comment on the clinical and experimental

electrophysiological data available in the literature regarding BrS

patients to define better the BrS electrophysiological substrate, in the

perspective of improving risk stratification. We divide data into two

categories, electrophysiological and structural, and comment on each

section with what can be considered solid or uncertain evidence.

2 | RESULTS FROM
ELECTROPHYSIOLOGICAL STUDIES

2.1 | Methods to estimate action potential
duration (APD)

APD can be estimated from signals recorded on the cardiac surface

either from unipolar electrograms (UEGs) or from monophasic action

potentials (MAPs). The MAP procedure replicates the myocyte action

potential (AP) by applying significant pressure on the ventricular wall

with the catheter during recording.22,23 In this case, the APD can be

estimated directly from the recorded signal without additional

processing. To estimate APD from UEGs, the activation recovery

interval (ARI) can be calculated; this interval is measured from the

activation time (time of minimum derivative of the UEG signal) to the

repolarization time (time of maximum derivative during the local T

wave), and correlates with the APD24–26 (refer to Figure 1). ARIs can

be computed either directly from UEGs measured from mapping

catheters or from UEGs reconstructed using the ECGI methodology,

which solves a mathematical problem from measures on the patient's

F IGURE 1 Different unipolar electrograms measured in different recording setups. Note that the methodology of acquisition influences the
number and amplitude of deflections during local depolarization. (A) endocardial UEG recording from Postema et al.27; (B) endocardial UEG
recording from Nagase et al.28; (C) representative epicardial UEG computed with the ECGI technique from Zhang et al.29; (D) epicardial UEG
computed in an explanted porcine heart in the study by Coronel et al.26
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torso.30 Several experimental and computational studies showed the

correspondence of minimal deflection in the ventricular UEG with

local depolarization. The same studies demonstrated that, when

assessing local repolarization, the maximum positive derivative of the

T wave is the best hallmark of local repolarization.24–26 Despite such

theoretical background, computed ARIs are different between

studies (Table 1). As illustrated in Figure 1, UEGs can have different

morphologies with more than one steep negative deflection, each

possibly indicating local depolarization. We report some explanatory

examples: in Figure 1D it is clear which deflection corresponds to

local depolarization; if we consider Figure 1A–C, each negative

deflection could represent partial/discontinuous local depolarization.

In this case, the most correct method would be to consider the last

deflection, as proposed by Nademanee et al.,37 or to consider

deflections in the local bipolar EGM. Finally, UEGs computed from

ECGI studies, as the one reported in Figure 1C,29 usually are

smoother due to the low pass action of biological tissues; this might

determine a lower number of deflections in UEGs and, therefore, a

bias in the identification of activation time. Regarding the end of local

repolarization, studies demonstrated that the most robust indicator is

the maximum derivative of the T‐wave, irrespective of its polar-

ity.24,26 However, using the T‐wave to estimate local repolarization is

prone to systematic errors that depend on the measurement and

filtering setup25,38 (e.g., electrode dimension and electrode‐tissue

distance). Therefore, further studies are needed to assess the

reliability and robustness of each acquisition method in an in vivo

setting and to estimate the relation between results obtained using

different techniques.

2.2 | Estimated action potential duration (eAPD)

Studies adopting the MAP procedure31–33 yield consistent results,

with an estimated endocardial APD of ≃230ms, whereas ARI

studies27,28,34 estimated longer and more dispersed APD. Overall,

ECGI studies29,35,36 had the longest estimate of APD. No study found

a significant difference in endocardial eAPD between BrS patients

and controls, even though there is a trend toward reduced

endocardial ARI in BrS patients versus controls in the studies of

Postema et al.27 and Nagase et al.28 Only two studies measured APD

differences between epicardial and endocardial layers in BrS patients,

however, the differences identified were not statistically significant

at baseline, and only modest after pharmacological challenge.28,35

The same studies reported that sodium‐channel blockade challenge

increased epicardial ARI duration, whereas its effect on the

endocardium was nonsignificant.28,35 Considering these studies,28,35

ajmaline challenge seems to prolong the epicardial APD while having

no effect on the endocardial layer. However, Pannone et al.36 found

that ajmaline shortened epicardial APD in patients with aborted SCD,

whereas it had no effect on the non‐SCD group. The discrepancy in

this result may be caused by the different methodologies used to

acquire cardiac signals, which likely have different sensitivity to

epicardial and endocardial potentials (EAM Nagase et al.,28 ECGI

Pannone et al.,36 epi‐endo ECGI Rudic et al.35). Of note, several

studies measured the effective refractory period (ERP) in the

endocardium of BrS patients, however, only Ashino et al.31 found a

significant difference between patients and controls.27,32,33,39 To

date, there are three studies that reproduced a consistent AP shape

of BrS myocytes. A postmortem case report40 and a Human induced

Pluripotent Stem Cells (HiPSC) study41 did not find overt differences

in APD between BrS myocytes and healthy myocytes, differently

from what was obtained by Kurita et al.42 using in vivo measures in

three BrS patients. Importantly, all three studies found a similar AP

shape: a reduced phase 1 upstroke and a prominent AP dome.

Furthermore, several studies found altered APD restitution propert-

ies in BrS patients,31–33 and Aras et al.43 demonstrated a shorter APD

in the healthy human heart RVOT when compared with the right

ventricular apex (RVA). The implications of these findings have not

been explored yet. In conclusion, the measurement of APD in BrS has

yielded contradicting results in studies so far. Evidence rather

suggests that AP shape and restitution properties might have a

relevant role in the pathogenesis and phenotype of BrS.

2.3 | Depolarization, activation time, and
fractionation

The alteration of the depolarization dynamics in BrS patients is

supported by the presence of conduction delay, isochronal

crowding, and EGMs fractionation in the RVOT evidenced by

numerous studies. There is solid evidence about conduction delay

in the epicardial RVOT of BrS patients. On the contrary, the

activation pattern on the endocardial side is not clearly defined,

but the presence of a type 1 ECG pattern seems to be related to

prolonged AT. Even though activation delay in the epicardial

RVOT of BrS patients is well established, its prolongation is not

statistically significant when considering baseline BrS patients

compared with controls. However, the ECGI study from Zhang

et al.,29 the endocardial EAM studies of Lambiase et al.,44 and

Postema et al.,27 identified crowding of isochrones and activation

delay in specific areas of the RVOT when compared with the rest

of the right ventricle (RV). This regional variability in ATs is

probably the reason why AT reported as mean and standard

deviation, as in most studies, is not a good discriminant between

BrS patients and controls. As can be noted considering the mean

values from Table 2, endocardial EAM studies that considered

only the RVOT found higher AT values than epicardial studies

that considered the whole RV, which is in contrast with the

notion that the late activating substrate of BrS is located in the

epicardium. Moreover, studies that considered the RVOT AT

found statistical significance between the AT of type 1 BrS

patients and type 2 or controls,27,44,45 indicating that BrS patients

with a normal or type 2 ECG at the time of study do not have an

altered activation pattern. The few studies that systematically

investigated the effect of ajmaline on the RV AT reported that it

increased the area of delayed activation and overall AT,
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TABLE 1 Estimated APD from different studies.

References (n° of
patients)

Epicardial estimated
APD (ms)

Endocardial estimated
APD (ms)

Epicardial estimated
APD challenge (ms)

Endocardial estimated
APD challenge (ms)

Ashino et al.31

[MAP]

BrS RVOT (16) 226.6 ± 15.5

Control RVOT (17) 233.9 ± 15.9

Ashino et al.32

[MAP]

BrS RVOT G1 (6) 225.3 ± 9.2

BrS RVOT G2(3) – 228.3 ± 31.5 – –

Nishii et al.33

[MAP]

BrS RVOT (39) 242 ± 14

Control RVOT (9) 242 ± 11

BrS RVA (39) 237 ± 15

Control RVA (9) – 232 ± 20 – –

Hayashi et al.34

[EAM]

BrS RVOT (21) 286 ± 18

BrS RVA (21) – 286 ± 19 – –

Nagase et al.28

[EAM]

BrS (19) 223 ± 16 219 ± 17 235 ± 22 214 ± 17

Control (3) 239 ± 15 256 ± 13 227 ± 14 245 ± 16

Postema et al.27

[EAM]

BrS type 1 (9) 248 ± 20

BrS type 2 (10) 250 ± 10

Control (9) – 270 ± 5 – –

Rudic et al.35

[ECGI]

BrS type 1 (6) 281 ± 34 297 ± 13

BrS type 2 (6) 247 ± 50 262 ± 60 323 ± 43 311 ± 68

Control (15) 247 ± 26 271 ± 51 – –

Zhang et al.29

[ECGI]

BrS RVOT (25) 318 ± 32

BrS RVA (25) 221 ± 37

Pannone et al.36

[ECGI]
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TABLE 1 (Continued)

References (n° of
patients)

Epicardial estimated
APD (ms)

Endocardial estimated
APD (ms)

Epicardial estimated
APD challenge (ms)

Endocardial estimated
APD challenge (ms)

RVOT SCD (12) 301.5 ± 31.2 270.7 ± 32.3

RVOT non SCD (27) 299.2 ± 38.7 – 309.4 ± 41.6 –

Note: Each study used different methodologies, however, the estimated values are similar. Different acquisition techniques are marked in square brackets.
Results are as mean ± standard deviation.

TABLE 2 Right ventricle activation times from different clinical studies.

References (n° of
patients)

Epicardial
RVAT (ms)

Endocardial
RVAT (ms)

Epicardial RVAT
challenge (ms)

Endocardial RVAT
challenge (ms)

Lambiase et al.44

[EAM]

BrS (18) 125 ± 10

Nagase et al.28

[EAM]

BrS (19) 86 ± 15 77 ± 16 111 ± 25 98 ± 25

Control (3) 73 ± 16 67 ± 15 91 ± 6 87 ± 6

Postema et al.27

[EAM]

BrS type 1 (9) 117 ± 8

BrS type 2 (10) 85 ± 4

Control (9) – 81 ± 2 – –

Letsas et al.45

[EAM]

BrS (10) 87.3 ± 16.4

Control (20) – 63.8 ± 9.8 – –

Pannone et al.36

[ECGI]

RVOT SCD (12) 65.0 ± 31.9 138.1 ± 17.7

RVOT non

SCD (27)

66.2 ± 22.2 – 91.6 ± 24.9 –

Rudic et al.35

[ECGI]

BrS G1 (6) 65 ± 19 65 ± 20

BrS G2 (6) 60 ± 9 53 ± 7 78 ± 12 85 ± 20

Control (15) 50 ± 13 38 ± 13 – –

Zhang et al.29

[ECGI]

BrS (25) 82 ± 18 – – –

Note: Different acquisition techniques are marked in square brackets. Results are as mean ± standard deviation.
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sometimes causing conduction block in the center of the delayed

area.37,46,47 To summarize, the presence of a type 1 ECG and the

selection of AT based on the anatomical district both severely

affect the statistical significance of the comparison between BrS

patients and controls. The presence of abnormal fractionation in

bipolar EGMs is found reliably in a well‐defined region in the

epicardial substrate. Epicardial EGMs fractionation duration

ranges from 76 ± 28 ms found by Nademanee et al.4,7 to

230 ms reported by the group of Pappone7 and is found in a

well‐defined area in the epicardial RVOT. High‐frequency pacing

or ajmaline challenge causes prolongation of EGM fractionation

and even conduction block in the RVOT epicardium.37,46,47 Only a

few studies identified regions in the RVOT endocardium

presenting with abnormal EGMs, and the effects of ajmaline on

the endocardium are seldom studied. In the endocardium, the

reported fractionation duration is shorter and the affected area is

more scattered when compared with the epicardial layer

(Table 3).27,44,45 A recent study conducted by Letsas et al.48

demonstrated that fractionated, low‐voltage areas detected in

bipolar epicardial mapping corresponded to low‐voltage areas in

endocardial unipolar mapping. The extension of the endocardial

low voltage area could discriminate between symptomatic and

asymptomatic patients.48 The variability among fractionation

duration in studies may be caused by different definitions of

fractionation in EGMs, determined by the presence of multiple

deflections in the signal,27 low voltage amplitude deflections

after the QRS,48 prolonged EGM duration,7 or a combination of

the above.37,46,49 In addition to different evaluation metrics,

different techniques are used for signal acquisition, different

anatomical locations are examined (epicardial or endocardial,

RVOT or whole RV), and different thresholds are used to

distinguish between normal and abnormal EGMs that are

considered for duration measurement. Studies that performed

both epicardial and endocardial mapping did not identify a

pathological substrate on the endocardial side.7,37,46 To con-

clude, both endocardial and epicardial EAM studies and ECGI

studies confirmed that the presence of a type 1 ECG is associated

with an increased AT when considering specific RVOT regions of

BrS patients. Regardless of the technique used for signal

acquisition and the methods of analysis, almost all epicardial

studies identified a region in the RVOT epicardium of BrS patients

harboring abnormally fractionated EGMs, whereas results in the

TABLE 3 Duration of bipolar electrograms from BrS patients in different clinical studies.

References (n° of patients)
Epicardial
fractionation (ms)

Endocardial
fractionation (ms)

Epicardial fractionation
challenge (ms)

Endocardial fractionation
challenge (ms)

Pappone et al.7

Symptomatic VF (39) 230[192–234] 330[310–333]

Symptomatic no VF (24) 185[157–227] 310[280–330]

Asymptomatic (72) 177[150–226] – 300[260–330] –

Nademanee et al.37

Baseline, BCL 750
ms (32)

112 ± 48

Baseline, 1:1 capture (32) 143 ± 66 – – –

Haїssaguerre et al.46

BrS (6) – – 131 ± 34 –

Nademanee et al.49

BrS anterior RV (9) 76 ± 28 66 ± 21

BrS anterior RVOT (9) 132 ± 48 66 ± 21 – –

Postema et al.27

BrS type 1 (9) 83 ± 3

BrS type 2 (10) 76 ± 2

Control (9) – 63 ± 2 – –

Letsas et al.45

BrS (10) – 94.7 ± 21.2 – –

Note: Results are as mean ± standard deviation or median and interquartile range. All studies performed electroanatomical mapping.
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endocardial side are similar but are not obtained consistently

between studies. This highlights the relation between AT, area

with EGM fractionation, and type 1 ECG pattern.

3 | STRUCTURAL AND MORPHOLOGICAL
ABNORMALITIES

The presence and role of structural abnormalities in BrS have long

been debated. The findings in BrS patients concerning structural and

morphological abnormalities are reported in Tables 4 and 5. In each

study considered, there are additional findings that are not reported

in the tables for the sake of clarity but are discussed separately in this

paragraph. Almost every cardiac magnetic resonance (cMR) study on

BrS patients found a trend toward a subclinical increase in RVOT area

and reduction in RV ejection fraction (EF) (Table 4), while results from

histologic studies report an increase in fibrosis content in the RV,

especially in the RVOT (Table 5).

3.1 | Results from cMR studies

The presence of structural abnormalities in BrS has now been widely

accepted since their initial discovery in postmortem histologic

studies.21 The current matter of debate is the role of such

morphological derangement in arrhythmogenesis and its evolution

during the progression of the pathology. To date, despite several

cMR studies on BrS patients, it is still debated whether structural

abnormalities can be accurately detected with noninvasive tech-

niques and whether they can have any implication in BrS diagnosis

and prognosis. cMR studies in BrS patients focus on three categories

of findings: morphological, functional, and contrast agent analysis

(Late Gadolinium Enhancement, LGE)—which is considered the gold

standard to assess myocardial fibrosis.66,67 There are differences

between morphological and functional parameters when comparing

BrS patients and control cohorts (Table 4). The results differ among

studies, nonetheless, there is a trend toward reduced RV functional

parameters and increased RV volumes when comparing BrS patients

and healthy controls. RV morphological abnormalities were found in a

high percentage of the studies considered in Table 4; here, we

reported only data regarding RVOT area and RV end‐systolic volume

(ESV) since these parameters were evaluated in almost every study

and are easily interpreted. In BrS patients, compared with controls,

RVOT area was increased in 4 out of 8 studies, and RV ESV was

increased in 7 out of 10 studies. In addition to morphological

abnormalities, functional abnormalities were present in BrS patients.

We reported results about RV EF, which was significantly lower in

BrS patients in six out of nine studies (Table 4). Interestingly, studies

correlated the presence of spontaneous type 1 ECG,51 or the

presence of an SCN5A mutation53,59 with larger cardiac volumes and

TABLE 4 Results from studies that performed CMR in BrS
patients.

References Cohort cMR findings

Catalano et al.50 30 BrS versus 30
matched Hc

↓ RVOT EF
n.s. RVOT area

↑ RV ESV
↑ RV inflow tract
diameter

Papavassiliu
et al.51,52

43 type 2/3 BrS
versus 30 Hc

↓RV EF
n.s. RVOT area
n.s. RV ESV

Papavassiliu
et al.51,52

26 Type 1 BrS versus
30 Hc

↓RV EF
↑ RVOT area

↑ RV ESV

Van Hoorn et al.53 138 BrS versus

18 Hc

↓RV EF

↑RVOT area
↑RV ESV
LGE in 7/138 BrS

Tessa et al.54 29 BrS versus 29 Hc n.s. RV EF
n.s. RVOT area

n.s. RV ESV
LGE in 0/24 BrS

Rudic et al.55 81 BrS versus 30 Hc ↓RV EF
↑RVOT area
↑RV ESV
LGE in 1/60 BrS

Bastiaenen et al.56 78 BrS versus 78 Hc ↓RV EF

↑RV ESV
LGE in 6/78 BrS

Gray et al.57 29 BrS versus 29 Hc

versus 17 ARVC

n.s. RVEF versus

control, ↑ versus ARVC
↑RVOT volume versus
control, n.s.
versus ARVC

No LGE in any group

Hohneck et al.58 106 BrS versus
25 Hc

↓RV EF
↑RVOT area
↑RV ESV
LGE in 0/83 BrS

Pappone et al.59 24 BrS versus 24 Hc n.s. RV EF (p = .497)
n.s. RVOT
area (p = .156)

↓ RV ESV
No LGE in 24 patients

Pappone et al.59 24 BrS ajm versus 24
Hc ajm

↓ RV EF
n.s. RV ESV

Isbister et al.60 18 BrS, longitudinal ↓RV EF in time
↑RV ESV in time
4/18 BrS

developed LGE

Note: For all considered studies, the statistical significance when
comparing two groups is established at p = .05, however, each study used

different corrections for multiple comparisons.

Abbreviations: Hc, healthy controls; n.s., nonsignificant.
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lower EF. The role of sodium current is further underlined by the

study of Pappone et al.,59 who did not find a significant difference in

EF between BrS patients and controls at baseline, however after

ajmaline challenge the reduction in EF became significant. LGE seems

to be a very rare finding in BrS cohorts: only three of seven studies

found evidence of LGE in a small percentage of their BrS cohort, and

it was almost always located in the interventricular septum. The lack

of consistency in LGE results is probably due both to the thinness of

the RV wall and to the apparent development of structural

abnormalities in time.60 Fibrosis was consistently found in post-

mortem studies.21,65 However, such anatomical disarray may not

represent the majority of BrS patients, most of whom remain

asymptomatic and do not present fibrosis at the noninvasive

evaluation.56,60 Indeed, in the studies considered, LGE was never

found in more than 10% of patients examined; when present, it was

often localized in the interventricular septum, whereas the region

with the highest amount of fibrosis in histologic postmortem studies

was the RVOT. Thus it is likely that LGE MRI is not sensitive enough

to detect diffuse fibrosis in the RVOT. Finally, the inconsistency of

LGE findings can be partly imputed to the fact that usually

symptomatic BrS patients have an ICD and can not undergo a

standard LGE examination.57 In conclusion, cMR can reveal morpho-

logical and functional abnormalities in BrS patients, which point

toward RV dysfunction. However, as reported in several studies,55

these structural abnormalities are mostly subclinical. Currently, it is

not known if the reduction in RV functionality plays any role in BrS,

nor if it is determined by electrophysiological modifications and/or by

a genetic background.

3.2 | Results from histological studies

Increased fibrosis is a consistent finding both in whole heart histology

and in vivo biopsy in BrS patients. Nademanee et al.21 were the first

to identify increased collagen and reduced expression of connexin‐43

in five postmortem BrS hearts compared with six controls. Such

observations were further sustained by the presence of fibrosis when

performing in vivo epicardial biopsy in areas with fractionated EGMs

of six BrS patients.21 Miles et al.65 confirmed the increase in collagen

content in a postmortem cohort of BrS patients compared with

controls. Furthermore, inflammatory infiltrates were found in the

heart of BrS patients,61,63,64 but the significance of such a finding is

still controversial. InTable 5 we summarized the main findings of each

histologic study on BrS patients examined in this work. Each study

provided additional findings which are not reported for the sake of

clarity. Most patients enrolled in the studies of Table 5 presented

subtle structural abnormalities that were not detected by routine

examinations (cMR, postmortem examination, or echocardiographic

imaging). Postmortem studies have identified an increase in collagen

deposition through the whole heart of BrS patients when compared

with controls, with the maximum difference in the RVOT epicardium.

Nademanee et al.21 found an average increase from 10.5% to 13.9%

in collagen content in the epicardial RVOT, while Miles et al.65 found

an increase from 15.4% to 23.7%. As previously discussed,

noninvasive imaging has not been able to effectively detect fibrosis

in BrS hearts, whereas EAM seems more sensitive: both Pieroni

et al.64 and Nademanee et al.21,37 have demonstrated that areas with

low voltage and fractionated/late EGMs harbor structural abnormali-

ties. Different results between studies may be imputed to different

sampling locations (e.g., EAM‐guided or random), quantification

procedures (qualitative vs. quantitative), and the presence of controls

as a reference in qualitative assessment. To date, the presence of

inflammatory and fatty infiltrates in BrS patients is still de-

bated.64,68,69 Frustaci et al.61 were the first to report a significant

presence of inflammatory infiltrates in the cardiac tissue of patients

with clinical phenotype of BrS (type 1 ECG and arrhythmic history or

familial arrhythmic history); however, this study included several

patients with myocarditis (in which the BrS pattern disappeared

during follow‐up). In the following years, the presence of inflamma-

tory infiltrates was found by two studies,64,70 but these observations

were not further confirmed by other studies (refer to Table 5). Pieroni

et al.64 proposed that fibrotic deposition in the RVOT of a BrS heart

TABLE 5 Results from histologic studies on BrS patients.

References Cohort Sampling location Interstitial fibrosis Fatty infiltration Inflammatory infiltrates

Frustaci et al.61 18 BrS phenotype 8–10 septal/apical
LV/RV

– – 14/18

Zumhagen et al.62 21 BrS 3–5 RVOT, septal RV 5/21 10/21 0/21

Ohkubo et al.63 25 BrS 1–3 upper septal RV 16/25 mild 10/25 mild 4/25 mild

Nademanee et al.21 6 BrS RV epicardium EAM
guided

6/6 – –

Nademanee et al.21 6 p.m. BrS versus

6 p.m. Hc

Whole heart Increased fibrosis

percentage

n.s. –

Pieroni et al.64 20 BrS 3–4 RVOT EAM guided 20/20 mild 0/20 12/20

Miles et al.65 28 p.m. BrS versus

29 p.m. Hc

Whole heart Increased fibrosis

percentage

n.s. –

Abbreviations: Hc, healthy controls; n.s., nonsignificant; p.m., postmortem cohort.
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could be due to temporary myocardial inflammation and subsequent

connexin‐43 downregulation.66,67,71 Several studies reported the

presence of myocardial inflammation in BrS, however, its role needs

to be elucidated.72 Furthermore, studies demonstrated that patients

with cardiac structural abnormalities can exhibit a Brugada ECG

phenotype and clinical features.61,73 Of note, recent studies have

drawn attention to the possible electrophysiological implications of

inflammation in the myocardial tissue and evidenced overlapping

features of BrS and arrhythmogenic cardiomyopathy (ACM), where

the presence of fibro‐fatty infiltration is consolidated.74–76 In

conclusion, an increase in fibrosis content is a frequently described

substrate alteration in the RVOT of BrS patients. The presence and

possible role of myocardial inflammation in BrS pathogenesis and

progression still needs investigation.

4 | DISCUSSION

4.1 | Current limitations

To date, data regarding the electrophysiological and anatomical

substrate of BrS are abundant but sometimes contradicting. First, AP

abnormalities are difficult to assess in vivo. Furthermore, clinical

studies found conflicting results comparing APD of patients and

controls, it follows that hypotheses concerning APD are difficult to

assess. On the contrary, delayed depolarization and conduction block

in the RVOT epicardial layer at high‐frequency pacing is a robust

finding, further supported by the presence of EGM fractionation in

the same substrate, which is related to delayed activation. Likewise,

the abnormal amount of diffuse fibrosis in the RVOT is also a

recurrent finding, as well as slightly abnormal right ventricular

morphological and functional parameters evaluated at cMR. Even

though the presence of both electrical and anatomical abnormalities

in BrS has been described in clinical and experimental studies, the

interplay between them and their role in the manifestation of the BrS

phenotype and arrhythmogenesis is not clear. The main hypotheses

on the BrS phenotype and arrhythmogenesis tend to consider only

one aspect of the BrS substrate, either structural (depolarization

hypothesis) or electrophysiological (repolarization hypothesis). In

recent years, new theories tried to explain the genesis of the BrS

phenotype, however, their validation is limited by the relatively low

number of arrhythmic events in BrS patients (which lowers statistical

significance), and the limitations of animal models in a setting where

both the causes of the pathology and the translational value are

debated.77 In this context, mathematical computational models have

demonstrated their usefulness in simulating realistic scenarios to

study pathogenesis and to develop risk stratification strategies.

Today, computational models can reproduce the normal electro-

physiological activity of the heart embedded in a detailed anatomical

geometry (from ventricles to atria, to the torso,…), with a realistic

physiological activation pattern and ECG generation.78 The reliability

of the results of computational models is founded on solid data to

validate the approach, while the interpretation of nonquantitative

clinical findings as parameters in a computational model is difficult or

arbitrary.79 As shown in the previous sections, there are few solid

quantitative findings on BrS patients, creating an obstacle to the

development of mathematical computational models for this

pathology.

4.2 | Role of structural and electrophysiological
abnormalities

In a recent attempt to include both electrophysiological and

structural parameters, Boukens et al.80,81 proposed that the human

RVOT maintains part of its embryonic phenotype, which results in

conduction slowing and electrophysiological heterogeneity that

become manifest when sodium current is reduced. Indeed, the

human RV contains more fat and collagen than the LV,82 and studies

on animals have shown that the RV has more structural disconti-

nuities83,84 and reduced expression of sodium currents85 when

compared with LV. To illustrate a simplified computational integra-

tion to the hypothesis of Boukens et al.,80,81 we performed a proof‐

of‐concept numerical simulation to show depolarization in the

presence of structural discontinuity, depolarization current reduction,

and the combination of both (Figure 2). The myocyte model used in

the simulation was previously developed by our group,86,87 diffuse

fibrosis was modeled as randomly scattered unexcitable obstacles in

the computational domain.88 Depolarization in the presence of

structural abnormalities when sodium current is preserved results

in delayed depolarization without significant abnormalities in the

activation pattern, as outlined in Figure 2A. A similar behavior is

shown in Figure 2C, where the reduction in sodium current without

structural abnormalities does not change significantly the

depolarization pattern, resulting in homogeneous delayed

depolarization. When both impairment of sodium current and

structural abnormalities are present (Figure 2B), depolarization is

significantly affected inducing a delayed activation in an explanation‐

relevant amount of tissue. In brief, Boukens et al.80 hypothesized that

the proarrhythmic substrate is created when structural and electro-

physiological abnormalities coexist.89 In support of this hypothesis,

Hoogendijk et al.90 provided further evidence of the role of sodium

current in the robustness of propagation, by showing that conduction

through inexcitable isthmuses is blocked when sodium current is

reduced in pig heart wedges. As proposed by Behr et al.91 and

illustrated in Figure 2, reduction in sodium current has more effect on

regions with a higher degree of structural abnormalities. In the setting

of BrS, the structural abnormalities are mostly “static,” and generally

present an increasing gradient from RVA to RVOT, from endocardium

to epicardium.21,65 The interplay between electrophysiological and

structural abnormalities also holds in the presence of repolarization

abnormalities in the tissue. By using computational models, it has

been shown that the presence of diffuse fibrosis creates reentrant

circuits when short APs are present,92 a mechanism known as

“reentry by percolation.” In particular, reentry occurs when the

excitation wave anchors on an obstacle with a suitable dimension.

SEGHETTI ET AL. | 9
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Alonso et al.92 showed that the risk of reentry is modulated by the

density of unexcitable obstacles in the cardiac tissue and the

wavelength of cardiac excitation (expressed as APD × conduction

velocity). In brief, the shorter the wavelength the fewer obstacles are

needed to cause reentry. Likewise, Szél et al.18 showed that an

extreme reduction in APD (i.e., lost dome AP) is enough to generate

arrhythmic behavior in a wedge of canine heart. We can consider this

as the limit case of the computational example92 where the APD is so

low that minimal obstacles are enough to cause reentry. In this

context, any electrophysiological abnormality that shortens the APD

modulates the risk of reentry along with the density of structural

abnormality present in the heart of BrS patients. Data from patients'

findings seem to support both hypotheses: Pappone et al.7 noted that

EGMs fractionation increases when moving toward the center of the

BrS substrate (the zone with the highest degree of structural

abnormality); the group also documented an enlargement of the

pathologically fractionated area after ajmaline administration.

4.3 | Translational outlook

All these experimental observations and hypotheses, however,

cannot be used to decide if a patient is at immediate risk of

arrhythmia, or to understand how the arrhythmic trigger and

sustaining occurs. As an example, we know that the degree of ST

elevation in the type 1 ECG is related to the area of abnormal

electrophysiological substrate, however, it is not possible to

establish how, or how much abnormality or substrate area are

needed to generate a surface signal, or how the substrate area

affects arrhythmogenesis. In this direction, a recent computational

study93 has explored the effect of conduction slowing and early

repolarization on the surface ECG, confirming that the presence of

the ECG pattern is related to the abnormal substrate in the

epicardial RVOT. As noted in several studies,89 EGMs fractionation

in the BrS substrate is present regardless of a surface type 1 ECG. It

is plausible that EGMs fractionation is caused by a moderate degree

of structural and electrophysiological abnormality which results in

conduction delay, whereas type 1 ECG is manifested only when a

critical threshold in depolarization impairment is reached. Using a

computational setup to simulate the RV, all the variables described

in previous observational studies (such as slow conducting regions,

fibrosis, different ionic mutations, positions of the substrate,…) can

be included to understand the effect of the BrS substrate on the

surface ECG.70,94,95 Furthermore, since many patients do not have

a permanent type 1 pattern,96–98 the modeling approach could help

define how physiological variables (e.g., sodium current availability)

modulate the presence and position of ST elevation in the ECG. The

main drawback of this approach is that the various features

modeled must be validated in cohorts of patients. Nonetheless,

computational models can be used as a physics‐based and

explainable insight to choose which risk markers are related to

the BrS substrate.

F IGURE 2 Illustration depicting the membrane potential (Vm) during a depolarization sequence in a 7 × 7 × 0.7 cm slab of cardiac tissue, time
in milliseconds. The slab is composed of healthy myocardium with a semicircular substrate on the right, each row shows a different alteration in
the substrate. (A) substrate with structural abnormalities in electrical healthy tissue. (B) substrate with structural abnormalities and reduced
sodium current. (C) substrate with reduced sodium current.
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4.4 | Definition of the arrhythmic risk

Recently, Miles et al.99 proposed that BrS, early repolarization

syndrome (ERS), and idiopathic ventricular fibrillation (iVF) are based

on similar pathologic basis but are distinguished by the extent of

structural abnormalities in the cardiac substrate. iVF abnormalities

are detectable only in histology, ERS abnormalities are detected by

EAM, BrS abnormalities are sometimes detectable even with

noninvasive techniques. As proposed by Weiss,100 a similar spectrum

of abnormality might exist in electrophysiological alteration (from

subtle alterations to manifest activation/repolarization abnormali-

ties), so that both structural and electrophysiological abnormalities

concur to define the patient's arrhythmic risk (see Figure 3). The

classification of cardiac pathologies according to the detectability of

structural abnormality divides the risk plane into four regions, each

corresponding to a different pathology99; we add the level of

electrophysiological impairment to affect the arrhythmic risk further.

Consider a BrS patient with a low level of electrophysiological

imbalance (point A in Figure 3). At baseline, the patient is at low

arrhythmic risk since the level of structural derangement alone is not

sufficient to precipitate VF. However, when a sudden increase in

electrophysiological abnormality occurs (e.g., reduction in sodium

current after ajmaline administration), the patient moves to another

point in the risk plane since its level of electrophysiological imbalance

has increased (point B in Figure 3), now resulting in a high arrhythmic

risk. In a previous computational work of our group regarding BrS, we

related structural and electrophysiological abnormalities to a possible

mechanism of arrhythmia in a computational model of BrS.87,103 We

observed that the likelihood of arrhythmia was a function of the

structural alteration and electrophysiological alteration and demon-

strated that the plane defined by these two parameters defines

regions of low and high probability of arrhythmia. The application of

this model to clinical risk stratification context requires the

identification of which physiological quantities are related to the

modeled structural and electrophysiological alterations (e.g., EGM

fractionation as a marker of structural alteration), and how their

values are related to the values modeled in the computational setup.

In conclusion, we believe that in addition to a spectrum of structural

abnormalities, electrophysiological derangement can be thought of as

a spectrum and, in combination with structural alterations, modulates

arrhythmic risk. This interpretation of structural and electrophysio-

logical derangement could help in the interpretation of conditions

where apparently no structural abnormality is detected, but strong

sodium reduction is present.104 Even though experimental data seem

to point in this direction, to date there is no validation of this

hypothesis and further clarification is needed. In this context,

computational studies allow a wide range of explorative setups and

could help define arrhythmic risk algorithms to be tested in specific

clinical contexts.

5 | CONCLUSION

Despite recent advances in the definition of the BrS substrate, a lot of

open questions remain. The arrhythmogenic mechanism of BrS

remains unknown and none of the currently proposed hypotheses

have been fully confirmed in an in vivo setting. Although data on

anatomical and electrical abnormalities in the BrS substrate are

scattered and sometimes contradicting, we were able to summarize

and report consistent pathological findings present in the literature.

Epicardial activation delay and conduction block characterize the

RVOT of BrS patients and are likely related to the ECG phenotype

and arrhythmogenic mechanism; evidence suggests that the latter is

caused by the interplay between anatomical and electrophysiological

abnormalities.99,100,105 An innovative approach that might shed light

on the role of structural abnormalities in BrS might be to consider BrS

and other related pathologies as a spectrum of a “common pathway”

of electrophysiological and structural substrates, rather than strictly

defined categories. In this context, computational models are an

emerging tool that can support the understanding of the BrS

phenotype and improve risk stratification strategies.
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F IGURE 3 Example of a risk plane in BrS patients: the arrhythmic
risk is a combination of structural (y axis) and electrophysiological
(x axis) abnormalities that can be increased by modulating factors like
acute sodium reduction from ajmaline. ACM, arrhythmogenic
cardiomyopathy; BrS, Brugada syndrome; ERS, early repolarization
syndrome; iVF, idiopathic ventricular fibrillation. Adapted from
Weiss,100 Boukens et al.,101 Hoogendijk et al.102
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