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Introduction
Atrial fibrillation (AF) ablation has emerged as the preferred 

rhythm control strategy for symptomatic paroxysmal AF refractory or 
intolerant to at least one class I or III antiarrhythmic medication[1],[2]. 
Since the initial observation by Haissaguerre and colleagues, of 
pulmonary vein triggers initiating atrial fibrillation (AF)[3], pulmonary 
vein isolation (PVI) has become the cornerstone for paroxysmal AF 
ablation therapy[4]. Despite technological advances and growing 
operator experience in performing percutaneous catheter ablation 
for AF, either by use of radiofrequency(RF) or cryotherapy, the long 
term procedural success rates for persistent AF and long standing 
persistent AF have not paralleled those of paroxysmal AF[5]-[8]. Due to 
the high recurrence rates observed in patients with persistent AF with 
PVI alone, efforts have been directed towards identifying additional 
strategies to improve the outcomes of persistent AF ablation. These 
strategies have included linear ablation lesions in the left and right 
atria, autonomic ganglionic plexi ablation, ablation directed by 
complex fractionated electrograms, ablation of non-pulmonary vein 
triggers, RF or ethanol ablation of the vein of Marshall and most 
recently, focal impulse and rotor modulation (FIRM). However, 
there is no consensus nor reproducible multicenter outcome data that 
would support one strategy over another. The randomized Substrate 
and Trigger Ablation for Reduction of AF Trial Part II (STAR AF 
II) failed to demonstrate any significant reduction in AF recurrences 
when linear ablation lines or complex fractionated electrogram 
based ablation was performed in addition to pulmonary vein antral 
isolation (PVAI) as compared to PVAI alone strategy[10]. Regardless 
of the approach, 40-50% failure rates with catheter ablation were 
observed over 12 months[10]. The results of this randomized trial 
form an impetus for researching newer percutaneous approaches 
for the treatment of persistent AF. The fundamental differences 

in the pathophysiology of paroxysmal and persistent AF cannot 
be overemphasized. Anisotropic conduction, triggered activity, 
autonomic innervation of the heart, embryogenesis of thoracic veins 
and interspersion of inhomogenous tissue (thoracic veins and heart) 
are believed to play a major role in initiation and pathogenesis of 
AF in paroxysmal AF. However, persistent AF pathogenesis is more 
complex and cannot be siloed into a pathogenic rubric. Observations 
of atrial substrate characteristics have pointed to a link between atrial 
fibrosis and AF progression. With rapidly emerging data on this 
association, ablation strategies have been developed to eliminate low 
voltage regions that may indicate scar and/or zones of non-uniform 
anisotropic conduction within the left atrium and convert them into 
electrically silent regions. This ablation strategy is known as scar 
homogenization. In this review, we discuss the evidence behind the 
use of scar homogenization in AF ablation, its evolution and scope in 
delivering optimal outcomes.
Association between fibrosis and atrial fibrillation

There is growing evidence that atrial fibrosis plays a key role in 
maintenance of AF [11]-[13]. Atrial fibrosis may provide a substrate with 
electrophysiological properties of heterogeneity and nonuniform 
anisotropy which may help sustain the drivers for wavelet reentry. 
At a mechanistic level, Maesen et al[14] have shown with animal 
studies, that propagation of fibrillation waves is promoted by 
endocardial bundles in acute AF and by epicardial bundles in 
persistent AF. Remodeling of atrial fiber bundles result in endo to 
epicardial dissociation of electrical activity and the development of a 
3-dimensional AF substrate. This process at least in part contributes 
to atrial structural remodeling and development of persistence of AF. 
In a study by Verma et al[15], out of a total of 700 consecutive patients 
undergoing first-time PVAI, preexisting left atrial (LA) scarring 
detected by contact voltage mapping with a multipolar circular 
catheter was a powerful independent predictor of procedural failure 
and was associated with a lower ejection fraction (EF), larger LA size, 
and increased inflammatory markers. Another study by Yamaguchi 
et al showed that the low voltage zone (LVZ) area (defined by 
bipolar voltage < 0.5 millivolts on electroanatomic mapping) was 
an independent predictor of recurrence after PVAI without any LA 
substrate modification[16]. There is growing evidence of significant 
association between progression of AF and atrial fibrosis as detected 
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by delayed enhancement MRI imaging (DE- MRI). The DECAAF 
study by Marrouche et al was a multicenter, prospective, observational 
cohort study of patients diagnosed with paroxysmal and persistent 
AF undergoing their first catheter ablation with PVAI[17]. Cardiac 
MRI was performed before ablation and atrial fibrosis was quantified 
and classified into stages with stage 1 (<10% of the atrial wall), 2 
(≥10%-<20%), 3 (≥20%-<30%), and 4 (≥30%). Cumulative incidence 
of recurrent arrhythmia by day 325 for stage 1, 2, 3 and 4 fibrosis 
was 15.3%, 32.6%,45.9% and 51.1% respectively. In another study, 
atrial fibrosis was measured by late gadolinium enhancement (LGE) 
cardiac MRI imaging at baseline in patients undergoing PVAI. 
Patients with LGE ≤ 35% had favorable outcomes, whereas those with 
a higher LGE had higher AF recurrence rates in the first year after 
ablation, regardless of whether the initial rhythm was paroxysmal or 
persistent AF [18]. The studies listed above emphasize the importance 
of baseline imaging and quantification of atrial scar as a key predictor 
of procedural outcomes after PVAI. Appropriate patient selection 
and individualizing decision making based on preprocedural odds 
of success may be important to consider specifically if PVAI alone 
strategy is planned. These studies also lay down the platform for other 
investigations looking at substrate modification in addition to PVAI, 
specifically in patients with severe LA scarring as detected by MRI 
imaging or electroanatomic mapping. While there is an abundance 
of basic science and clinical data emphasizing association between 
AF and fibrosis, the concept behind ablation strategies targeting ‘the 
atrial scar’ seems reasonable, although some important questions 
remain unanswered, such as “What comes first- the chicken or the 
egg?, the scar or the AF?” and “To what degree is one required for 
the other to occur?” or “Are they coexistent but independent of each 
other?”. If AF is the result of scar, does modifying the scar prevent 
further AF-induced scar formation, or harm by creating more scar?
Defining the ‘Atrial Scar’

 In a study by Kapa et al[19], LA bipolar voltage was measured in 
sinus rhythm (SR) and values lower than the amplitude of 95% of 
sampled points was used as the upper cutoff value for an abnormal 
signal. Delayed enhancement (DE) cardiac magnetic resonance 
imaging (CMRI) sequences were performed to validate voltage 
cutoffs. The authors showed that a voltage range of 0.2-0.45 mV 
can demarcate LA scar distribution during SR. Most studies have 
defined severely affected fibrotic areas as those with bipolar voltage 
on electroanatomic mapping of < 0.5 millivolts. However, the 
limitations of using bipolar voltage to define scar are well understood. 
Bipolar voltage amplitude depends on the type of mapping electrode, 
electrode tip size, orientation, interelectrode spacing and tissue 
contact[20]. Moreover, voltage in the same areas of the atrium do not 
follow the same cutoffs in AF as in SR or paced rhythm. Yagashita 
et al have shown that using electroanatomic mapping, mean bipolar 
voltage for same areas are lower in AF than in SR[21]. However, they 
found a linear voltage correlation between SR and AF, suggesting that 
LA fibrotic substrate may also be estimated in AF if the voltage cutoff 
is adjusted. In another study, there was no correlation between mean 
voltage or percentage low voltage during AF and paced rhythm[22]. 
Areas of complex fractionated electrograms and low voltage during 
AF frequently demonstrated normal atrial myocardial characteristics 
during SR. In addition, mean bipolar LA voltages, whether measured 
during AF, SR or pacing were lower in patients with persistent and 
long standing persistent AF than paroxysmal AF thereby correlating 

with AF severity and disease progression[23],[24],[25]. Recognizing the 
limitations of bipolar LA voltage as a marker of atrial scar is important 
as at least some of these limitations are avoidable. Standardization 
of mapping protocols, use of same catheter for building entire LA 
geometry and mapping with different voltage cutoffs based on the 
atrial rhythm as well as correlating with cardiac MRI when available 
include some of these measures that may potentially improve our 
ability to accurately define atrial scar.
Targeting the atrial substrate for AF ablation – Evidence ‘For’ 
and ‘Against’

[Table 1] summarizes the studies assessing the role of substrate 
modification in AF ablation. Rolf et al in 2014[26] studied 178 patients 
with paroxysmal or persistent AF who first underwent voltage 
mapping during SR after circumferential pulmonary vein isolation. 
Subsequently substrate modification was performed in the same 
procedure and confined to the presence of low voltage zones (LVZ) 
defined by bipolar voltage<0.5mV. They identified LVZs in 35% and 
10% of patients with persistent and paroxysmal AF respectively, most 
commonly in the LA roof followed by anterior, septal, and posterior 
wall. A twelve-month AF-free survival was 62% for patients without 
LVZs undergoing PVAI alone and 70% for patients with LVZs who 
also underwent tailored substrate modification (P=0.3). In addition, 
this success rate was significantly higher than in a control group 
of 26 patients with LVZ in whom no substrate modification was 
performed (27%, p value<0.001). The authors concluded that sinus 
rhythm voltage mapping is a useful tool to guide personalized AF 
substrate modification in patients undergoing AF ablation. Substrate 
modification in this study mostly involved posterior box isolation, 
roof lines and anterior mitral isthmus lines.

Jadidi et al[27] reported outcomes in 85 consecutive patients with 
persistent AF who underwent voltage mapping, PVI, and ablation at 
low-voltage zones (<0.5 millivolts while in AF) that were associated 
with electric activity lasting >70% of AF cycle. The procedural 
endpoint was AF termination. Freedom from arrhythmia was 
compared with a control group undergoing PVI only (66 patients). 
In the study population, 23 of 85 (27%) patients had small area of 
LVZ (<10% of left atrial surface area) and thus underwent PVI 
alone. In the remaining 62 patients with higher scar burden, PVI 
was performed followed by ablation of LVZs. In this subgroup, the 
procedural AF-termination rate was 73%. At a median follow-up of 
13 months, arrhythmia free survival after single procedure was 69%, 
compared with a PVI-only approach (47%). In addition, there was 
no significant difference in the success rate of patients in the study 
group with a low amount of LVZ undergoing PVI only and patients 
requiring PVI + selective LVZ ablation.

Yamaguchi et al[28] performed voltage mapping of the LA during 
SR in 101 persistent AF patients. LVZ was defined as an area with 
bipolar electrograms <0.5 mV covering at least 5% of the left atrial 
surface excluding the pulmonary vein antrum. In patients with LVZs, 
PVI was performed along with substrate homogenization (LVZ-Abl) 
as opposed to PVI alone strategy in non-LVZ persistent AF patients. 
A historical control group included 16 patients who underwent PVI 
and left atrial scar mapping with the same method but without ablation 
of the scar areas (LVZ non-abl). During a mean follow-up period of 
18 ± 7 months, the study reported an AF free survival of 72% in LVZ 
abl and 79% in PVI alone group, a statistically nonsignificant result. 
A second ablation procedure, when performed resulted in subsequent 
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AF free survival of 90% and 84% (LVZ abl vs. PVI). In LVZ-non 
Abl controls, AF free survival remained low (38% at mean follow-up 
32 ± 7 months). However, a significant decline in left atrial function 
in 13% of LVZ patients and higher procedural and fluoroscopy times 
were noted in LVZ-Abl cohort. Authors concluded that LVZ-based 
substrate modification after PVI improved the outcomes in persistent 
AF patients with LVZs, whereas PVI alone strategy worked well in 
patients without LVZs, even those with persistent AF. In another 
investigation by Yang et al[29], 86 consecutive patients with non-

paroxysmal AF were studied. After circumferential pulmonary vein 
isolation, cavo-tricuspid isthmus ablation and cardioversion to SR, 
high-density electroanatomic mapping of left atrium was performed 
to identify LVZs and abnormal potentials in SR. Seventy eight 
consecutive sex- and age-matched patients with non-paroxysmal AF 
who underwent stepwise ablation (SA) approach were included in 
the historical control group. In the study group, patients underwent 
PVI followed by LVZ guided substrate homogenization. In control 
group, PVI was performed followed by linear ablation at LA roof, 

Table 1: Studies of substrate guided AF ablation. See text for additional details.

Study 
(author/yr)

Design Description Follow up 
duration

Results Favors 
Substrate 
modification

Rolf et al 
(2014)24

Nonrandomized, 
observational
study

178 patients with paroxysmal or persistent AF underwent 
voltage mapping during sinus rhythm after circumferential 
PVI and then subsequent substrate modification confined 
to the presence of LVZ (<0.5 mV). 

12 months 12 month AF-free survival
- 62% for patients without LVZs undergoing PVAI alone 
- 70% for patients with LVZs who also underwent tailored 
substrate modification (P=0.3). 
-27% patients with LVZ in whom no substrate 
modification was performed 

True

Jadidi et al
(2016)25

Nonrandomized
observational 
study

-85 consecutive patients with persistent AF underwent 
voltage mapping, PVI, and ablation at LVZ (<0.5 millivolts 
while in AF) associated with electric activity lasting >70% 
of AF cycle length.
-Control group- PVI only

13 months Study group with high-procedural AF termination rate. At 
follow up, arrhythmia free survival after single procedure 
was 69%, compared with a PVI-only approach (47%) in 
patients with persistent AF.

True

 
Yamaguchi 

et al 
(2016)26

Nonrandomized 
observational study

-101 persistent AF patients underwent voltage mapping to 
identify LVZ.

-In patients with LVZs identified, PVI was performed along 
with substrate homogenization (LVZ-Abl) 

-PVI alone strategy in non-LVZ persistent AF patients. 
-A historical control group of 16 patients with PVI and left 

atrial scar mapping with the same method but without 
ablation of the scar areas (LVZ non-abl)

18+/-7 months -AF free survival of 72% in LVZ abl and 79% in PVI alone 
group and AF free survival of 90% and 84% respectively 

with second procedure if required.
-In LVZ-non Abl controls, AF free survival remained low 

(38% at mean follow-up 32 ± 7 months)

True

Yang et al 
(2016)27

Nonrandomized 
observational study

-86 consecutive patients with nonparoxysmal AF 
underwent PVI followed by LVZ guided substrate 

homogenization (Study)
- 78 consecutive sex- and age-matched patients with 
nonparoxysmal AF who underwent stepwise ablation 

approach(Control)

24 months The probability to maintain SR at 24 months was 69.8% 
versus 51.3% in the two groups respectively.

True

Kottkamp 
et 

al(2015)28

Nonrandomized 
observational

-10 patients with PAF with durable PVI for redo ablation 
underwent box isolation of fibrotic areas (BIFA).

-31 patients with nonparoxysmal AF for first AF ablation 
underwent PVI alone (if no LVZ) or PVI + BIFA (if LVZ 

present)

Mean follow-up 
was 12.5 ± 2.4 
months

In pts with paroxysmal AF despite durable PVI and in 
60% of patients with nonparoxysmal AF, individually 

localized LVZ were identified and targeted successfully 
with the BIFA strategy.

True

Wang et al 
(2014)28

Randomized One hundred and twenty-four patients were randomized 
to individualized substrate modification (ISM) group (n = 
64) or stepwise ablation (SA) group (n = 60). All patients 

underwent PVAI first.

12- month
Sinus rhythm was maintained in 65.5% of patients in 

the ISM group and in 45.0% of patients in the SA group 
after a single procedure (P = 0.04)

True

Blandino et 
al (2017)29

Meta-analysis -6 studies including 885 patients (517 in study group 
and 368 in control group). Aim to assess the impact of a 
voltage-guided substrate modification by targeting low-

voltage zones (LVZ) in addition to pulmonary vein isolation 
(PVI). 92% patients with nonparoxysmal AF.

17 months
70% of patients in the study group vs. 43% in the 

control group were free from AF/atrial tachycardia (AT) 
recurrences (odds ratio [OR] = 3.41, 95% confidence 

interval [CI] 2.22-5.24).

True

Mohanty et 
al (2016)30

Nonrandomized 
observational study

-177 consecutive patients with PAF and severe LA scarring 
undergoing first AF ablation.

- Success rates (no recurrence of AF while off 
antiarrhythmic drugs through average follow up.

27+/-5 months -PVAI only (n=45), PVAI + scar homogenization (n=66) 
or PVAI + ablation of non-PV triggers (n=66) resulted in 

success rates of 18%, 21% and 61% respectively
-Scar homogenization combined with PVAI did not 

provide any additional advantage compared with PVAI 
alone

False
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outcomes of freedom from AF or AT in patients with PVI+LVZ 
ablation vs. PVI and other conventional ablation techniques 
(control). The results indicated that LVZ ablation in addition to PVI 
was more effective than PVI +/- traditional ablation (70% vs. 43%) 
with comparable rates of adverse events (2.5% vs. 6%) [32].

There is emerging data that additional substrate guided ablation 
may not add much benefit to conventional PVAI alone strategy. A 
nonrandomized prospective study of 177 consecutive patients with 
paroxysmal AF and severe LA scarring (scar >60% of LA area as 
defined by electroanatomic voltage mapping during procedure) 
underg oing first AF ablation showed that PVAI only (n=45), PVAI 
+ scar homogenization (n=66) or PVAI + ablation of non-PV triggers 
(n=66) resulted in success rates (no recurrence of AF while off 
antiarrhythmic drugs through average follow up duration of 27+/-5 
months) of 18%, 21% and 61% respectively33. Scar homogenization 
combined with PVAI did not provide additional benefit when 
compared with PVAI alone and both approaches had very low-
success rate after single procedure in patients with extensive scarring. 
Interestingly, a PVAI + trigger based ablation strategy was not only 
safe but also provided significantly higher success rate than PVAI 
alone or PVAI + scar homogenization. Non-PV trigger ablation is yet 
another extensively studied strategy for persistent AF ablation which 
is beyond the scope of this review.

There is emerging data that additional substrate guided ablation 
may not add much benefit to conventional PVAI alone strategy. A 
nonrandomized prospective study of 177 consecutive patients with 
paroxysmal AF and severe LA scarring (scar >60% of LA area as 
defined by electroanatomic voltage mapping during procedure) 
undergoing first AF ablation showed that PVAI only (n=45), PVAI + 
scar homogenization (n=66) or PVAI + ablation of non-PV triggers 
(n=66) resulted in success rates (no recurrence of AF while off 
antiarrhythmic drugs through average follow up duration of 27+/-5 
months) of 18%, 21% and 61% respectively[33]. Scar homogenization 
combined with PVAI did not provide additional benefit when 
compared with PVAI alone and both approaches had very low-
success rate after single procedure in patients with extensive scarring. 
Interestingly, a PVAI + trigger based ablation strategy was not only 
safe but also provided significantly higher success rate than PVAI 
alone or PVAI + scar homogenization. Non-PV trigger ablation is yet 
another extensively studied strategy for persistent AF ablation which 
is beyond the scope of this review.

However, the results of STAR AF II trial do merit some 
discussion[10]. Five hundred and eighty nine patients with persistent 
AF were randomized to PVI alone (67 patients), PVI plus CFAE 
ablation (263 patients), or PVI and linear ablation across the 
left atrial roof and mitral valve isthmus (259 patients). After 18 
months, AF free survival was 59%, 49% and 46% in group 1, 2 and 
3 respectively (P=0.15). There was no significant difference among 
the three groups in freedom from AF even after a redo procedure. 
Procedure time was significantly shorter for PVI alone than for 
the other two procedures (P<0.001). From this study, it appears 
that neither complex electrograms nor linear ablation lines are the 
correct ancillary targets for ablation. Thus, the authors concluded that 
the role of more extensive ablation in persistent AF patients is of 
dubious benefit. It is very important to remember that in this study, 
scar modification or homogenization was not performed in either 
study group. Ablation targeting CFAE or roof/isthmus lines cannot 
be equated with individualized substrate modification approach. The 

mitral isthmus and cavo-tricuspid isthmus if AF persisted, followed 
by complex fractionated atrial electrograms (CFAEs) ablation and 
finally DCCV. The probability to maintain SR at 24 months was 
69.8% versus 51.3% in the two groups respectively. Authors concluded 
that for non-paroxysmal AF, electrophysiological substrate-guided 
LA ablation during SR in addition to PVI, significantly improved 
single procedural success rates compared to the widely practiced 
stepwise approach. Kottkamp et al[30] reported high success rates with 
box isolation of fibrotic substrate (BIFA) in both non-paroxysmal 
AF patients and in patients with paroxysmal AF undergoing redo 
procedure. First, PVI was performed in all patients. Then, based on left 
atrial voltage mapping, the authors classified patients into different 
stages of fibrotic atrial cardiomyopathy (FACM). Left atria with 
no or very limited low-voltage areas were classified as fibrotic atrial 
cardiomyopathy (FACM) 0–1, left atria with regional areas of low 
voltage as FACM 2, and atria with large confluent areas as FACM 3. 
The procedure involved circumferential isolation of confluent LVZs 
identified by point-by-point voltage mapping. In 60% of the non-
paroxysmal AF patients who were classified as FACM 2–3, BIFA 
ablation was performed. In this subgroup, single-procedure success 
rate measured 72% with a 1-year follow-up and 83% with only 
1.2 procedures/patient. However, one limitation was that the study 
lacked a comparative group for the patients with FACM 2–3 (solely 
PVI without BIFA).

All the above studies were observational nonrandomized trials 
and hence suffer from limitations inherent to the study design; 
incorporating data from historical controls introduces further bias. 
In a randomized trial, Wang et al[31] reported success with a novel 
individualized substrate modification approach when compared 
to a stepwise approach in patients with long standing persistent 
AF. One hundred and twenty-four patients were randomized to 
individualized substrate modification (ISM) group (n = 64) or 
stepwise ablation group (n = 60). All patients underwent PVAI first. 
In ISM group, ablation strategy included creating LA roof line in 
all patients and substrate ablation based on the extent of scar. Only 
abnormal potentials (AP) within LVZs were ablated in patients with 
mild substrate abnormality (LVZ< 10%). In patients with moderate 
(LVZ =10—20%) and large substrate areas (LVZ>20%), AP within 
LVZ were ablated and additional individualized lines were created to 
connect scar areas with each other and/or to anatomical structures. 
In SA group, PVI was followed by linear ablation at the LA roof, 
mitral isthmus and cavo-tricuspid isthmus, followed by ablation 
of complex fractionated atrial electrograms (CFAE) with a goal to 
terminate AF. If AF did not terminate, DCCV was applied. At end 
of 12-month follow up, the intention-to-treat analysis showed that 
sinus rhythm was maintained in 65.5% of patients in the ISM group 
and in 45.0% of patients in the SA group after a single procedure (P 
= 0.04). The total procedural time was significantly shorter in ISM 
than that in SA group. This study highlights that even with extensive 
ablation performed in both groups, targeting the low voltage zone 
and individualizing scar modification strategy in patients may 
produce better outcomes with a shorter procedural time than PVI 
with additional lines and CFAE and non-PV trigger guided ablation 
strategy in patients with long standing persistent AF. However, the 
study results were limited by small sample size and short duration 
of follow up. Most recently, a meta-analysis, including 6 studies of 
885 predominantly non-paroxysmal AF patients (92%), looked at 
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detected by LGE MRI scans were significant risk factors for late 
recurrence of AF after initial ablation. If the substrate is not static, 
scar progression should be considered as a potential risk factor and 
whether modifying this process can be a long term solution remains 
to be seen. It is uncertain as to what may be the best approach for 
ablation in patients with large atrial scars and what would be the 
endpoint of ablation. Additionally, to what extent right atrial scars 
correlate with AF progression and whether these need to be targeted 
remains to be determined.
4. Does scar define all the abnormal substrate? What about the’ 
hidden’ substrate?

Even if we consider that imaging or voltage mapping can accurately 
define the scar and that scar represents the static substrate, it must 
be understood that fibrosis may just be the final step of a remodeling 
cascade including myocyte architectural changes, ion channel 
dysfunction, connexin disarray and disruption of fiber orientation 
all of which may precede scarring but may not be seen on voltage 
mapping or imaging. However, it is possible that these areas may 
still exhibit properties of electrical heterogeneity and may sustain 
reentrant drivers. This may be referred to as the hidden substrate and 
at this time remains non-quantifiable. Whether or not this hidden 
substrate can be detected or targeted to make a clinically relevant 
difference remains to be seen.
5. Procedural times and fluoroscopy times with additional 
substrate mapping and modification are longer than PVAI 
alone

 This is a particularly concerning issue at the present time when 
minimizing fluoroscopy exposure is a principle safety goal during AF 
ablation procedure. However, as ‘low’ fluoroscopy and ‘no’ fluoroscopy 
techniques for AF ablation become widespread, this issue may not 
remain as important.
6. Risk–benefit ratio of additional ablation
   The risk- benefit ratio of substrate modification would conceivably 
vary depending on extent of fibrosis, classification and duration of 
AF, operator and center experience, and expected chances of success 
with PVAI alone strategy. For example, in a paroxysmal AF patient 
with first ablation of AF and mild scar, considering that PVAI alone 
may have high success rates, it may be better to stay away from 
additional ablation. On the contrary, during redo ablation in long 
standing persistent AF patients with extensive scar, an individualized 
substrate modification approach may be necessary. However, a risk 
benefit model may be most useful in patients such as those with long 
standing persistent AF going for first AF ablation with moderate 
scar or paroxysmal AF patients with severe LA scarring. At this time, 
evidence from large randomized trials is not available to answer these 
questions.
7. Substrate based ablation may potentially affect LA diastolic 
function- The “Stiff left atrial syndrome”
   Gibson et al[38] first reported the syndrome of dyspnea, congestive 
heart failure, pulmonary hypertension, and large V waves recorded on 
PCWP or LA pressure tracings in the absence of significant mitral 
regurgitation. This syndrome is seen despite absence of pulmonary 
vein stenosis and is a result of abnormal LA diastolic function due to 
extensive ablation. Small LA size, obstructive sleep apnea, diabetes 
mellitus, atrial scarring, and high LA pressure were predictors of this 
complication of AF ablation. It is conceivable that the syndrome 
may become more important if operators were to perform extensive 
ablations beyond PVI alone as the LA diastolic function is more 

results of the trial emphasize the need for future research looking 
at selective ablation targets based on an individual patient’s specific 
arrhythmic substrate.

In the 2017 HRS expert consensus document[34], the usefulness 
of mapping and ablation of areas of abnormal myocardial tissue 
identified with voltage mapping or MRI as an initial or repeat ablation 
strategy for persistent or longstanding persistent AF was given a 
class IIb recommendation. A class IIb recommendation was given 
to creation of linear ablation lines (in absence of documented macro-
reentrant flutter), CFAE ablation, rotor ablation, extensive posterior 
wall ablation or targeting of autonomic ganglionic plexi in persistent 
AF. The document did however give a class IIa recommendation to 
ablation of non-PV triggers, if found.
Pitfalls of a substrate guided approach	

Scar modification/homogenization approach is not without 
pitfalls. Some of these include
1. Variation in accuracy and reproducibility of scar maps by 
electroanatomic mapping or MRI

We have discussed the pitfalls of bipolar voltage mapping earlier 
in this review. Voltage maps may look different in the same patient 
with different mapping catheters and in different rhythms. Specific 
cutoffs for different catheters, mapping systems and rhythms may 
apply which are yet to be identified. The same problem is noted with 
MRI imaging where considerable differences in operator and center 
experience exists. Recent data regarding use of MRI for fibrosis 
imaging is conflicting. Most recently, a prospective single center 
experience of 149 consecutive patients (64 persistent, 85 paroxysmal) 
undergoing AF ablation showed that delayed enhancement detected 
by cardiac MRI within LA walls using standard clinical scanners 
and typical pulse sequence parameters was uncommon (five patients, 
prevalence 3%) and when present, did not correlate with AF type 
or risk of AF recurrence.[35] These results are contrary to other 
investigational data.[17],[18] Developing standardized fibrosis specific 
protocols and uniform cutoffs for fibrosis detection may lead to 
improved accuracy and reproducibility.
2. What are the end points of substrate modification?

End point of substrate modification is not well established and 
best ablation approach would likely depend on the distribution and 
extent of the fibrosis. For example, it may be reasonable to expect 
to completely homogenize a scar that comprises 5% of the atrium 
but it is unreasonable to do so if the scar is 40% or more. In those 
cases, a box lesion set may be more feasible but anatomic location 
of the scar could further complicate the task, an example would be 
a septal extension of the scar. The power, duration, extent and end-
point of scar-homogenization ablation may also have to be tailored 
to the adjacent structures such as the esophagus and posterior wall to 
minimize risk of damage.
3. Is atrial scar really a ‘static’ substrate?

Targeting the scar at the time of AF ablation may potentially 
eliminate the ‘electrical substrate’ at that time point but scar recovery 
and progression of fibrosis should be considered. In one study, 
atrial fibrosis quantified by LGE-MRI was stable in the majority 
of AF patients at one-year follow-up[36]. However, about one third 
of patients evaluated in the study exhibited progression of atrial 
fibrotic disease over time. Specific risk predictors for progression 
of fibrosis could not be identified in this study. In another report 
by the same group[37], scar recovery and presence of new fibrosis as 
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patients and initial results have been encouraging. Shorter procedural 
and fluoroscopy times have been reported[45] when compared with 
RF ablation in persistent AF patients. Larger randomized trials of 
cryoablation in persistent and long standing persistent AF ablation 
are underway. As the role of substrate modification in AF ablation 
remains controversial and pulmonary vein isolation by cryoablation 
is a growing trend, willingness of operators to perform additional 
ablation which may require a different ablation technique altogether 
or a different catheter will be important factors that may determine 
the future of substrate or trigger based ablation as a first line therapy, 
even with growing evidence in support of these techniques. There 
is increasing emphasis on fluoroless ablation techniques and shorter 
procedural times and hence the benefits of substrate guided ablation 
will need to be weighed against safety profile and long term outcomes 
that will determine whether these techniques gain widespread 
acceptability among electrophysiologists.
Conclusions

Despite technological advances and growing operator experience 
in performing percutaneous catheter ablation for AF, the long 
term procedural success rates for persistent AF and long standing 
persistent AF have not paralleled those of paroxysmal AF. A thorough 
understanding of the AF substrate requires standardized techniques 
for defining the static and dynamic substrates of AF. Our most-
studied modalities for scar mapping include electroanatomic mapping 
and cardiac MRI. Currently, the use of either of these techniques 
has significant pitfalls. In the future, the ability to integrate imaging 
information with emerging technologies like body surface mapping, 
ripple mapping and very high-density mapping with closely spaced 
bipoles and improving the spatial resolution and accuracy of cardiac 
MR imaging with development of fibrosis specific protocols might 
provide further understanding of the pathophysiologic interrelation 
between “scar” and abnormal electrophysiologic substrate in 
persistent and long standing persistent AF. Multiple studies have 
reported success with novel trigger and substrate based ablation 
techniques and larger randomized trials are underway. However, 
due to lack of data from large multicenter randomized trials, these 
techniques have not yet gained widespread acceptability. Even as 
evidence of benefit from substrate based ablation in persistent AF 
patients grows, there will be practical barriers that will need to be 
overcome before these techniques can become standard of care 
(risk-benefit ratio, operative training and experience, requirement 
for additional ablation techniques in case cryoablation used for PVI, 
procedural times, fluoroscopy times). Nevertheless, as we embark on 
our efforts to improve outcomes of AF ablation, especially in patients 
with persistent and long standing persistent AF, the role of substrate 
guided AF ablation strategies remains promising.
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