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Digital twins enable stratification of
persistent atrial fibrillation patients for
ablation diminishing unnecessary
heart damage
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Pulmonary vein isolation (PVI), the standard-of-care for atrial fibrillation (AF), is effective even in some
persistent AF (PsAF) patients despite atrial fibrosis proliferation, suggesting that PVI could not only be
isolating triggers but diminishing arrhythmogenic substrates. Left atrial (LA) posterior wall isolation is
the prevalent adjunctive strategy aiming to address PsAF arrhythmogenesis, however, its outcomes
vary widely. To explore why current PsAF ablation treatments have limited success and under what
circumstances each treatment ismost effective, we utilized patient-specific heart digital twins of PsAF
patients incorporating fibrosis distributions to virtually implement versions of PVI (individual ostial to
wide antral) andposteriorwall isolation. Inmost digital-twins (60%)PVI greatly decreasedLAsubstrate
arrhythmogenicity without the need of wider lesions or posterior wall isolation. Using digital-twin
findings, a strategywasdeveloped to stratify PsAFpatients to an appropriate ablation option basedon
fibrosis features, thus potentially avoiding unnecessary heart damage.

Catheter ablation is an established therapy for rhythm control in atrial
fibrillation (AF), the most common tachyarrhythmia1,2. Pulmonary vein
(PV) isolation (PVI) to prevent electrical triggers in the PVs from spreading
into the atria is the cornerstone ablation therapy for AF3,4. The persistent
form of AF (PsAF) typically involves atrial fibrosis-remodeled substrates
that can anchor or otherwise sustain reentrant wavefronts5,6. This paradigm
suggests that PVI only—even when a durable wide circumferential antral
isolation7,8—may be inadequate for the ablative treatment of PsAF. How-
ever, randomized trials have not shown favorable outcomes inPsAFbeyond
PVIalone9–14. Thesemeta-analyses suggest that in somePsAFpatients, likely
thosewithfibrotic arrhythmogenic substrates, PVImaynotonlybe isolating
triggers but also diminishing the arrhythmogenic propensity of the atrial
fibrotic substrate. However, the impact of PVI on the left atrial (LA) sub-
strate has not been fully explored, and whether it depends on the specific
PVI strategy15–19 has not been addressed previously. Of the ablation strate-
gies adjunctive to PVI, LA posterior wall isolation (PWI) is the one that has
been explored most extensively, as it aims to address substrate arrhyth-
mogenicity in PsAF. However, results vary considerably across different

studies20–22, and the causes of this large variation are not known. Under-
standing the impact of PVI and PWI strategies on the patient-specific
arrhythmogenic substrates in PsAF and for which patients each of these
treatments would be most appropriate could have a major impact on AF
ablation efficacy, AF management, the associated healthcare expenditures,
and patient well-being.

Digital twinning is an emerging technology that utilizes cardiac ima-
ging and electrophysiological data to generate multi-scale (from the cell to
the organ) personalized computational models of the electrical functioning
of a patient’s heart23. Digital twins (DTs) of patient’s atria reconstructed
from late gadolinium-enhancement cardiac MRI (LGE-MRI), which
visualizes fibrosis, have been used for non-invasive testing of the arrhyth-
mogenic propensity of the atrial fibrotic substrate24; have demonstrated, in a
pilot prospective study25, the ability to directly guide the delivery of lesions
that reduce the likelihood of AF occurrence in PsAF patients; and have been
used to develop an extra-PVI ablation strategy that couldminimize lesions26

while also decreasing the potential for iatrogenic tachycardia27. The
mechanistic underpinning of the DT technology also allows for the
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exploration of the advantages and limitations of different strategies for
ablation currently in existence as well as their relation to the patient-specific
atrial substrates underlying PsAF.

Here, we utilize atrial DT technology in a prospective observational
clinical study to investigate the arrhythmogenic properties of the atrial
fibrotic substrate in patients with PsAF and determine the circumstances
under which PVI strategies and PWI ablation are effective in diminishing
the LA substrate arrhythmogenic propensity. We elucidate the fibrotic
remodeling substrate features of the PsAF patients’ atria that render them
benefitting from the different ablation strategies without causing unwar-
ranted damage to atrial tissue. Our results provide new clarity in the
understanding of the effect of standard-of-care ablation strategies on the
arrhythmogenic substrate and provide a novel approach to patient selection
for a specific AF ablation approach. The results of this study are expected to
lead to effective strategies in mitigating patients’ AF burden while sparing
healthy tissue from destruction and to a decrease in ablation redo proce-
dures. Based on digital-twin findings, a strategy was developed to stratify
PsAF patients to an appropriate ablation option based on features of their
atrial fibrosis distribution.

Results
Patients characteristics
From the 48 participants undergoing MRI examination, thirteen patients
were excluded from this study: nine with poor quality of images, three with
no evidence of atrial fibrosis, and one having a variant anatomy with large
persistent left superior vena cava. Personalized DTs of the remaining 35
patients were created and used in the analyses of fibrosis distribution and
potential substrate arrhythmogenicity, characterized by substrate locations
capable of sustaining persistent reentrant activations (locations of reentry,
LRs) (Fig. 1, top row); these patients and their DTs characteristics are
presented in Table 1. The average age was 66 years. A large proportion of
participants was male (77%), and the majority of them had a BMI > 30
(60%). Twelve patients had a history of prior PVI procedure without any
substrate modification outside PVI. Except for two patients not having

ablation procedural data: one canceled the ablation procedure and the other
had no data stored owing to a hardware malfunction, electro-anatomical
mapping data were analyzed in 33 patients (Fig. 1, bottom row).

LRs identified in the DTs
For all 35 DTs, the total number of all LRs characterizing the different DT
arrhythmogenic substrateswas 195. Among all 195 LRs, 108 LRswere in LA
(i.e., LA-LR) and 87 in the right atrium (RA), as shown in Fig. 2a; the LRs in
the RA were unaffected by any of the ablation strategies. It is notable that
among the 108 LRs in the LA, 63 LRs (58%) were found inside the wide
antral PVI (WA-PVI) lesions. The majority of them were at the posterior
side of the PVI lesions inDTs (35 LRs, 56%). These results suggest thatWA-
PVI plays an important role in substrate modification. Indeed, the regions
encircled by WA-PVI lesions had significantly higher values of fibrosis
fraction (FF, see Methods) and proportion of locations with high fibrosis
entropy (FE, see Methods) than the LA regions outside WA-PVI lesions;
19% [12–29] vs. 15% [11–18] for FF (p = 0.002); 57 ± 16% vs. 49 ± 12% for
proportion of locations with high FE (p = 0.003) (Supplementary fig. 1).
This indicates that the regions encircled byWA-PVI had high propensity to
arrhythmogenesis.

Efficacy of each ablation strategy in decreasing LA substrate
arrhythmogenic propensity
Out of 108 LA-LRs in the entire DT cohort, PWI+ PVI eliminated 74 LA-
LRs (69%), whileWA-PVI eliminated 65 (60%,with 63 LA-LRs enclosed by
WA-PVI lines, and two eliminated by WA-PVI itself as described below)
(p = 0.016 for PWI+ PVI vs. WA-PVI; McNemar’s test). The individual
ostial PVI (IO-PVI) eliminated 53 LA-LRs (49%) (p = 0.001 forWA-PVI vs.
IO-PVI; McNemar’s test) (Fig. 2b). Remarkably, in two DTs, a total of two
LRs, located at the LA posterior wall and at the LA roof, disappeared after
WA-PVI because reentry dynamics at these locations was affected by the
nearby lesion, and the reentry could not be sustained. Similarly, in fourDTs,
a total of six LRs disappeared outside the PWI+ PVI lesions after adding
PWI to WA-PVI. Of these, four LRs in four DTs, each located at the LA

Fig. 1 | Overview of this study. Consecutive PsAF patients were prospectively
enrolled in this study. LGE-MRI images were acquired prior to the ablation pro-
cedure (light-blue panel), which served as the basis for the generation of personalized
bi-atrial DTs that incorporated the patient-specific fibrosis distribution (light-green
panel). Following the substrate inducibility test, LRs were identified (reentrant
activation shown with arrow in light-magenta panel). Next, IO-PVI, WA-PVI and
PWI+ PVI ablation strategies were executed virtually in each DT, and their efficacy
on diminishing the arrhythmogenic propensity of the LA substrate was quantified.
During each ablation procedure (bottom row), EAM data in sinus rhythm was

acquired to investigate the presence of LVA (light-purple panel) and examine
whether LVAs can be predictors of the benefit of the PWI+ PVI strategy. Finally,
these features of fibrotic substrate were utilized to stratify patients benefitting from
each ablation strategy. DT digital twin, EAM electro-anatomical map, IO-PVI
individual ostial PVI, LA left atrial, LGE-MRI late gadolinium enhancement-
magnetic resonance imaging, LR location of reentry, LVA low-voltage area, PsAF
persistent atrial fibrillation, PVI pulmonary vein isolation, PWI+ PVI left atrial
posterior wall isolation plus WA-PVI, WA-PVI wide antral PVI.

https://doi.org/10.1038/s41746-025-01625-y Article

npj Digital Medicine |           (2025) 8:256 2

www.nature.com/npjdigitalmed


T
ab

le
1
|C

ha
ra
ct
er
is
ti
cs

o
fp

at
ie
nt
s
an

d
th
ei
r
D
T
s

E
nt
ir
e
D
T

co
ho

rt
(N

=
35

)
D
T
s
w
it
h
ad

d
ed

b
en

efi
to

fP
W
I

o
ve

r
W
A
-P

V
I(
N
=
8)

D
T
s
w
he

re
ad

d
ed

P
W
Iw

as
no

t
b
en

efi
ci
al

(N
=
27

)
P
va

lu
e

D
T
s
w
he

re
W
A
-P

V
Iw

as
m
o
re

b
en

efi
ci
al

th
an

IO
-P

V
I(
N
=
6)

D
T
s
w
he

re
W
A
-P

V
Iw

as
no

t
m
o
re

b
en

efi
ci
al

th
an

IO
-P

V
I(
N
=
21

)
P
va

lu
e

C
lin

ic
al

in
fo
rm

at
io
n

M
al
e

27
(7
7)

5
(6
3)

22
(8
2)

0.
34

6
6
(1
00

)
16

(7
6)

0.
55

5

A
g
e,

Y
66

[5
9–

73
]

72
[6
3–

76
]

63
[5
8–

70
]

0.
16

9
62

[4
7–

68
]

63
[5
9–

71
]

0.
33

5

B
o
d
y
M
as

s
In
d
ex

,k
g
/m

2
30

.6
±
4.
6

29
.3

±
3.
4

31
.0

±
4.
9

0.
35

5
31

.8
±
5.
8

30
.8

±
4.
8

0.
69

2

C
H
A
2
D
S
2
-V

A
S
c
sc

o
re

2
[1
–
3]

3
[1
–
4]

2
[1
–
3]

0.
41

2
2
[0
–
3]

2
[1
–
3]

0.
65

5

Le
ft
ve

nt
ri
cu

la
r
ej
ec

ti
o
n

fr
ac

ti
o
n,

%
54

.7
±
8.
7

56
.9

±
11

.5
54

.1
±
7.
8

0.
43

7
54

.5
±
11

.1
54

.0
±
7.
0

0.
89

3

H
is
to
ry

o
fp

re
vi
o
us

P
V
I

12
(3
4)

1
(1
3)

11
(4
1)

0.
21

6
4
(6
7)

7
(3
3)

0.
18

7

D
ay

s
fr
o
m

M
R
It
o

ab
la
ti
o
n,

d
ay

s
19

[1
4–

23
]

··
··

··
··

··
··

G
lo
b
al

LA
in
fo
rm

at
io
n

LA
vo

lu
m
e,

m
l

13
2
[1
13

–
17

3]
11

6
[1
02

–
13

5]
14

0
[1
17

–
17

6]
0.
13

2
13

8
[1
22

–
14

5]
14

0
[1
15

–
18

1]
0.
97

7

FF
in

th
e
LA

,%
16

±
6

19
±
6

15
±
6

0.
09

1
21

±
7

13
±
5

0.
00

4*

T
he

nu
m
b
er

o
fL

A
-L
R
s

3
[2
–
4]

5
[3
–
5]

3
[2
–
4]

0.
01

9*
4
[3
,4
]

2
[2
,3
]

0.
01

8*

Lo
ca

ls
ub

st
ra
te

fe
at
ur
es

LA
P
W

vo
lu
m
e,

cm
3

2.
94

±
0.
85

2.
78

±
0.
83

2.
99

±
0.
86

0.
55

1
··

··
··

FF
w
it
hi
n
LA

P
W
,%

9
[6
–
16

]
21

[1
0–

28
]

8
[4
–
13

]
0.
00

9*
··

··
··

P
ro
p
o
rt
io
n
o
fh

ig
h
FE

lo
ca

ti
o
ns

w
it
hi
n
LA

P
W
,%

50
±
23

66
±
13

45
±
24

0.
02

8*
··

··
··

≥
10

%
LV

A
at

LA
P
W

4
(1
2)

1
(1
3)

3
(1
2)

1.
00

0
··

··
··

P
V
an

tr
um

s
vo

lu
m
e,

cm
3

2.
66

±
1.
19

··
··

··
2.
66

±
1.
92

2.
71

±
1.
08

0.
93

5

FF
w
it
hi
n
P
V
an

tr
um

s,
%

20
[1
1–

26
]

··
··

··
28

[1
8–

50
]

17
[1
0–

21
]

0.
15

7

P
ro
p
o
rt
io
n
o
fh

ig
h
FE

lo
ca

ti
o
ns

w
it
hi
n
P
V
an

tr
um

s,
%

51
±
16

··
··

··
51

±
19

48
±
15

0.
65

9

V
al
ue

s
ar
e
th
e
m
ea

n
±
S
.D
.,
th
e
m
ed

ia
n
[Q
1-
Q
3]

or
n
(%

).
*p

<
0.
05

,s
ta
tis

tic
al
ly
si
gn

ifi
ca

nt
.

D
T
d
ig
ita

lt
w
in
,F

E
fi
b
ro
si
s
en

tr
op

y,
FF

fi
b
ro
si
s
fr
ac

tio
n,

IO
-P

V
Ii
nd

iv
id
ua

lo
st
ia
lP

V
I,
LA

le
ft
at
ria

l,
LA

P
W

LA
p
os

te
rio

rw
al
l,
P
W
I+

P
V
IL

A
P
W

is
ol
at
io
n
p
lu
s
W
A
-P

V
I,
LV

A
lo
w
-v
ol
ta
ge

ar
ea

,L
R
s
lo
ca

tio
ns

of
re
en

tr
y,
M
R
Im

ag
ne

tic
re
so

na
nc

e
im

ag
in
g,

P
V
p
ul
m
on

ar
y
ve

in
,P

V
IP

V
is
ol
at
io
n,

W
A
-P

V
Iw

id
e
an

tr
al
P
V
I.

https://doi.org/10.1038/s41746-025-01625-y Article

npj Digital Medicine |           (2025) 8:256 3

www.nature.com/npjdigitalmed


posterolateral wall, at the LA inferior wall, at the LA lateral, and at the LAA-
PV ridge, disappeared because reentry dynamics there was affected by the
nearby lesion. Finally, in two DTs, two LRs at the LA inferoposterior wall
disappeared because parts of the meandering trajectories of the reentries
overlapped with the bottom line of PWI. These findings indicate that some
of the ablation strategies executed in the patient’s DTs influenced the
arrhythmogenic propensity of the substrate and affected the LRs outside of
the ablation lesions.

However, among the DTs of the 35 patients in this study, 27 (77%) did
not benefit from the additional PWI lines in terms of improving the DTs
substratepropensity to arrhythmia, asmeasured by the LA-LRnumber (Fig.
2c). Furthermore, among the latter 27 DTs, in 21 DTs (78%), there was no
additional benefit of WA-PVI over IO-PVI, and PWI lines also made no
difference (Fig. 2c). In six DTs that benefitted fromWA-PVI over IO-PVI,
four had previous PVI lesions and two had no prior PVI history, however,
the number of LRs inside WA-PVI areas was comparable among them (3
[2,3] vs. 2 [2,3], p = 0.803). These DT results indicate that, while extensive
ablation lesions could contribute significantly to thedecrease inLAsubstrate
arrhythmogenicity, most of the cases examined did not require such
extensive lesions.

Figure 3 presents two typical cases. In the first example, the number of
LA-LRs was five; their trajectories of phase singularity of the reentry were
shown in Supplementary Fig. 2a. LR 1, located at the bottom of the right
inferior PV, LR 2 at the posterior carina of the right PV, and LR 3 at the LA
posterior wall were eliminated by PWI+ PVI (60% improvement of the LA
substrate). In contrast, WA-PVI in the same DT was able to eliminate LR 1
and LR 2, but not LR 3 (40% improvement). Consequently, this case
demonstrated that PWI+ PVI was more effective than WA-PVI in
decreasing LA substrate arrhythmogenic propensity (Fig. 3a). In the second
example, the number of LA-LRs characterizing the LA substrates was three:
LR1at the anterior antrumof the rightPV,LR2at theposterior carinaof the
right PV, and LR 3 at the posterior carina of the left PV; their trajectories of
phase singularity of the reentry were shown in Supplementary Fig. 2b.
Executing PWI+ PVI or WA-PVI eliminated all three LRs (100% LA
substrate improvement). However, IO-PVI was unable to eliminate LR 3
(67% benefit). Therefore, in this case, while PWI+ PVI was not more
effective than WA-PVI, the latter was more effective than IO-PVI in

decreasing the arrhythmogenic propensity of the LA substrate (Fig. 3b).
Additionally, Supplementary Fig. 3 presents two more typical cases. As
shown in Supplementary fig. 4, in only one case across the entireDT cohort,
both PVI and PWI were unable to eliminate any LRs despite the fact that
there were only two LRs in the LA; one was at the upper lateral LA, and the
other was at the inferolateral LA.

Relationship between features of the LA fibrotic substrate and
the benefit of adding PWI to WA-PVI
The differences between the DTs in which there was benefit of executing
PWI lines and those inwhich therewas not, are presented inTable 1. Values
of FF in the LAs in the DTs that demonstrated benefit of adding PWI to
WA-PVI were higher than those in the DTs that did not have that benefit,
with borderline significance (LA FF: 19 ± 6% vs. 15 ± 6%, p = 0.091) (Fig.
4a).Additionally, thenumber of LRs in theLAswas also significantly greater
in theseDTs (LA-LRnumber: 5 [3–5] vs. 3 [2–4], p = 0.019). The volumesof
the LA posterior walls were comparable between these two groups of DTs
(2.78 ± 0.83 cm3 vs. 2.99 ± 0.86 cm3, p = 0.551), however both FF and the
proportion of locations with high FE at the LA posterior walls in the DTs
demonstrating benefit of the added PWI were significantly higher than
those in the other groupofDTs; 21% [10–28] vs. 8% [4–13] for FFwithinLA
posterior wall (p = 0.009) (Fig. 4b); 66% ± 13% vs. 45% ± 24% for propor-
tion of locationswithhighFEvalueswithin the LAposteriorwall (p = 0.028)
(Fig. 4c). These fibrotic substrate features are illustrated in the example
presented in Fig. 3a.

In contrast, inferring from the intra-procedure electrograms, among
the 33 DTs (excluding two DTs that did not have electro-anatomical
mapping data), there was no significant difference in the presence of low-
voltage areas (LVAs) at theLAposteriorwall between the twogroups ofDTs
(13% vs. 12%, p = 1.000) (Fig. 4d). For predicting whether there is a benefit
of adding PWI to PVI, the cut-off values were FF in the LA of 19% with an
AUCof0.690 (0.477–0.902) (74%accuracy), FFwithin theLAposteriorwall
of 9% with an AUC of 0.801 (0.644–0.958) (69% accuracy) and proportion
of locations having high FE within the LA posterior wall of 50% with an
AUC of 0.764 (0.603–0.925) (66% accuracy) (Fig. 4e). Based on these DT
results, it is reasonable to assume that as long as ourmethodology is applied,
whenpatients’LAposteriorwalls have FF > 9%or the proportion of highFE

Fig. 2 | LA-LR distribution and the efficacy of each ablation strategy.
aDistribution of LRs identified in all bi-atrial DTs. b Comparison of the ratio of the
number of LA-LRs eliminated via each ablation strategy to all LA-LRs in our DT
cohort. c DTs classification based on the efficacy of each strategy in LA substrate

improvement. DT digital twin, IO-PVI individual ostial PVI, LA left atrium, LPV
left PV, LR location of reentry, PV pulmonary vein, PVI PV isolation, PWI+
PVI LA posterior wall isolation plus WA-PVI, RPV right PV, WA-PVI wide antral
PVI. *p < 0.05.
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locations occupies > 50%of that wall, it would be beneficial to consider PWI
to achieve LA substrate improvement. Otherwise, the addition of PWI to
PVI may only lead to unnecessary ablation.

Relationship between features of the LA fibrotic substrate and
the benefit of WA-PVI ablation instead of IO-PVI
The differences between the DTs whereWA-PVI was more beneficial than
IO-PVI in reducing arrhythmogenic propensity of the LA substrate and
those where it was not are also shown in Table 1. The LAs in the DT group
that demonstrated benefit ofWA-PVI over IO-PVI had significantly greater
FF than that in theDTgroup that did not demonstrate that benefit (21 ± 7%
vs. 13 ± 5%, p = 0.004) (Fig. 4f). In addition, the number of LA-LRswas also
significantly greater in these DTs (LA-LR number: 4 [3,4] vs. 2 [2,3],
p = 0.018). For predictingwhetherWA-PVI ablationwill bemore beneficial
than IO-PVI, the cut-off value of FF in the LA was 14% with an AUC of
0.857 (0.701–1) (70% accuracy) (Fig. 4g). In the PV antrums, both FF and
proportion of locations with high FEwere higher in theDTs demonstrating
benefit of WA-PVI over IO-PVI than in those that did not, although there
was no statistical significance; 28% [18–50] vs. 17% [10–21] for FF within
PV antrums (p = 0.157) (Fig. 4h); 51% ± 19% vs. 48% ± 15% for proportion
of high FE locations within PV antrums (p = 0.659) (Fig. 4i). These fibrotic
substrate features are illustrated in the example presented in Fig. 3b. The
volumes of the PV antrums did not exhibit significant difference between
the two groups of DTs (2.66 ± 1.92 cm3 vs. 2.71 ± 1.08 cm3, p = 0.935). This

might imply that, provided that our DT methodology is used, when FF is
over 14% in the LA, while in the LA posterior wall FF is ≤ 9% and the
proportion of locations in that wall with high FE is ≤ 50%, wider PVI line
configurations could provide additional benefit lesions in diminishing the
arrhythmogenic propensity of the LA substrate. Otherwise, extensive PVI
lesions spreading widely into the LA body are not more beneficial than the
minimal ostial PVI. Figure 5 summarizes these findings in a patient strati-
fication flowchart.

Discussion
Our goal in this prospective observational-clinical and personalized digital-
twinning study was to elucidate the roles of both the standard treatment,
PVI, and the prevalent adjunctive strategy, PWI, in decreasing the
arrhythmogenic propensity of PsAF patients’ LA substrates, and to uncover
LA substrate features that can be used to best stratify patients for these
strategies. We found that WA-PVI—designed for trigger isolation3,4,7,8—
eliminated 60% of all LA-LRs in the DT cohort, decreasing the arrhyth-
mogenic potential of LA substrates. This finding might explain why PVI
succeeds inmany PsAF patients and why ad-hoc strategies for targeting the
extra-PVI substrates have had limited success. We found that PWI elimi-
nated more LA-LRs than WA-PVI (69% vs. 60%) in the DT cohort, and
WA-PVI was also significantly more beneficial than IO-PVI (60% vs. 49%)
in diminishing LA substrate arrhythmogenicity. However, 77% of all DTs
had no benefit from PWI; in these DTs, execution of the additional PWI

Fig. 3 | Examples of differential efficacy of each strategy. a A patient for whom
therewas an added benefit of PWIoverWA-PVI in decreasing LAarrhythmogenesis
in the DT. The patient’s DT incorporating fibrosis (light-green), with LA-LR dis-
tribution (light-blue dots), virtual ablation (red lines) representing PWI+ PVI (top)
and WA-PVI (bottom) lesions, probing post-ablation inducibility and identifying
the eliminated and remaining LRs (white circular arrows indicating reentry), and
investigation of the features of the fibrosis (top) and the electro-anatomical map
(bottom) at LAPW. b A patient for whom added PWI was not beneficial over WA-
PVI, but WA-PVI provided added benefit over IO-PVI in eliminating LA-LRs. The

patient’s DT incorporating fibrosis (light-green), with LA-LR distribution (light-
blue dots), virtual ablation (red lines) representing PWI+ PVI (top-left), WA-PVI
(top-right), and IO-PVI (bottom) lesions, probing post-ablation inducibility and
identifying the eliminated and remaining LRs (white circular arrows indicating
reentry), and investigation of the features of the fibrosis at PV antrums. DT digital
twin, FE fibrosis entropy, FF fibrosis fraction, IO-PVI individual ostial PVI, LA left
atrium, LAPWLA posterior wall, LR location of reentry, LVA low-voltage area, PVI
pulmonary vein isolation, PWI+ PVI LAPW isolation plus WA-PVI, WA-PVI
wide antral PVI.
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Fig. 4 | Relationships between ablation strategies and substrate features.
aComparison of FF in the LAbetweenDTswith added benefit of PWI overWA-PVI
and those without. b Comparison of FF within LAPW between DTs with added
benefit of PWI overWA-PVI and thosewithout. cComparison of proportion of high
FE locations within LAPW between DTs with added benefit of PWI over WA-PVI
and those without. dComparison of LVA at LAPWbetweenDTs with added benefit
of PWI over WA-PVI and those without. e Receiver operating characteristic curve
for predicting the benefit of PWIwhen added toWA-PVI. fComparison of FF in the
LA between DTs with added benefit of WA-PVI over IO-PVI and those without.

g Receiver operating characteristic curve for predicting the benefit of WA-PVI over
IO-PVI ablation. h Comparison of FF within PV antrums between DTs with added
benefit of WA-PVI over IO-PVI and those without. i Comparison of proportion of
high FE locations within PV antrums between DTs with added benefit of WA-PVI
over IO-PVI and those without. DT digital twin, FE fibrosis entropy, FF fibrosis
fraction, IO-PVI individual ostial PVI, LA left atrium, LAPW LA posterior wall,
LVA low-voltage area, PV pulmonary vein, PVI PV isolation, PWI+ PVI LAPW
isolation plusWA-PVI,WA-PVI wide antral PVI. *p < 0.05. Circle and cross marks
represent outliers and data points, respectively.

Fig. 5 | Flowchart to stratify patients benefitting from each ablation strategy.
Fibrosis assessment could be useful for properly stratifying patients benefitting from
PWI or wider PVI. FE fibrosis entropy, FF fibrosis fraction, LA left atrium, LAPW

LA posterior wall, LGE-MRI late gadolinium enhancement-magnetic resonance
imaging, PsAF persistent atrial fibrillation, PVI pulmonary vein isolation, PWI
LAPW isolation.
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lines would have resulted in large unnecessary ablations. Furthermore,
among these DTs, 78% had no benefit of WA-PVI over IO-PVI. Impor-
tantly,we identified that in theDTs, FF > 9%and theproportionof locations
having high FE > 50% within the LA posterior wall were indicators for
improvement with PWI (AUC 0.801 and 0.764). FF in the LA > 14% were
found to predict the benefit of wider configurations of PVI lines (AUC
0.857). In contrast, the presence of LVA at the LA posterior wall was not a
predictor of the potential benefit of PWI over PVI. These findings might
suggest that evaluating LGE-MRI scans can help determine which patients
will benefit fromPWI orwider PVI, as we propose in the flowchart in Fig. 5.

Over the last twodecades, various approaches to detection and ablation
of AF substrates have been proposed for PsAF treatment. However, clinical
trial investigators have reported that the variety of approaches to LA sub-
strate ablation (extra-PVI ablation) have provided no consistent clinical
benefit over PVI alone9–14. While it could be expected that PVI, an across-
the-board approach, would have variable efficacy for patients with indivi-
dual substrates, it is noteworthy that its efficacy has been comparable to that
of any ad-hoc or even patient-specific extra-PVI strategies, such as intra-
atrial electrograms-guided ablation28–32. This observation suggests that PVI
plays a crucial role not only in trigger elimination but in LA substrate
improvement, a role that our present study elucidated. Our study also
uncovered that over half of the LA-LRs eliminated by standardWA-PVI in
ourDTcohortwere located at the posterior sides of PVI lineswhere delivery
of different ablation energy to prevent esophageal injury is required. This
finding highlights the fact that PVI efficacy in eliminating LA substrate
arrhythmogenicity could be affected by lesion configurations and durability
in these areas based on the operators’ discretion33.

Our results demonstrate that out of all LA-LRs in ourDT cohort, PWI,
a commonadjunctive strategy toPVI, eliminated significantlymoreLA-LRs
than standard PVI alone. This finding is consistent with a recent study
reporting that linear ablations including PWI was the most effective extra-
PVI strategy for PsAF substrate ablation despite the possibility that iatro-
genic atrial tachyarrhythmias due to conduction gaps along ablation lines
could negate its benefit34. To address incomplete ablation lesions and cor-
responding gaps, new approaches and technologies such as high-power
short-duration ablation and pulse field ablation are aiming to improve
durability of lesions15,35 and thus, the outcomes of PWI21. On the other hand,
our finding that over three-quarters of the individual PsAF patient DTs did
not benefit from PWI also aligns with findings from recent clinical trials
reporting inconsistent outcomes of PWI20–22. These results suggest that even
if durable PWI can be achieved, it would be desirable to appropriately select
the patients for its application to avoid unnecessary ablation and injury to
the atria. Indeed, anumberof reports havehighlighted the fact that extensive
substrate ablation carries a high risk of gaps and scar-related reentry and the
corresponding post-ablation iatrogenic atrial tachycardia32,34,36, and it also
can cause stiff LA syndrome, impairing atrial diastolic function37.

Current clinical PVI lesions typically lie between the lines of WA-PVI
and IO-PVI chosenhere.Our studydemonstrated that among all LA-LRs in
our DT cohort, larger numbers of LA-LRs were eliminated as the lesions
were moved from IO-PVI to WA-PVI. This explains why different clinical
PVI lesions executed with different tools and approaches4,7,8,15–19 result in a
wide range of efficacies in LA substrate modification. However, over three-
quarters of PsAF patients’DTs did not benefit fromWA-PVI over IO-PVI,
explaining the results of recent reports that cryoablation, which creates
wider lesions compared to radiofrequency ablation38, worsened atrial
function39 andwas not superior to radiofrequency in rhythm control16. This
suggests that not all patients require wider PVI lines, highlighting the
importance of appropriately selecting patients who are likely to benefit from
more extensive lesion configurations. Impact on atrial tissue is often
downplayed in the intensive pursuit of durable PVI. Indeed, recent studies
have demonstrated that PVI lesions via cryo-, hot- and laser-balloon, pulse
field ablation, and high-power short-duration radiofrequency17,38,40 or those
guided by a higher lesion-quality marker41 were all significantly larger than
those via conventional catheter radiofrequency.Thus, efficacybeing equal in
diminishing LA substrate arrhythmogenicity, it is desirable to select an

ablation strategy that minimizes lesions. Finally, it should be acknowledged
that the PV antrums and the LA posterior wall could harbor triggers
involved in AF persistence42; indeed, the posterior wall has been reported to
be a frequent site of non-PV foci43. Thus, while the majority of PsAF
patients’ DTs here did not benefit from PWI or wider PVI in terms of
improving the arrhythmogenic substrate, these ablation strategies might
contribute to trigger isolation in these patients.

In this study, we used the personalized DTs to determine the fea-
tures of the LA fibrotic substrate that can be used to assign PsAF patients
to a particular ablation strategy. In patients with FF > 9% or proportion
of high FE locations > 50% within the LA posterior wall, a typical region
of fibrosis remodeling44, PWI+ PVI was found, with good predictive
performance (AUC 0.801 and 0.764, respectively), to be beneficial in
diminishing LA arrhythmogenic propensity. Interestingly, we also found
that presence of LVA in the LA posterior wall was not predictive of PWI
benefit in LA substrate improvement. We also investigated another low-
voltage cut-off value, this time 1.08mV for unipolar voltage45, however,
the results did not change. While LVA has been reported to be associated
with clinical outcomes in recent studies46–48, our finding is consistent with
results from a recent study showing that additional PWI in patients with
LVA in the LA posterior wall did not improve AF recurrence compared
to PVI alone47. Our results also indicate that endocardial LVA, detected
by bipolar mapping and standard cut-off voltages, which has been shown
to be a predictor of AF and cardiac disease, is not an appropriate ablation
target. Our DT results demonstrate that among patients that would not
benefit from PWI, those with FF in the LA > 14%would be candidates for
WA-PVI with high prediction performance (AUC 0.857). In the absence
of these features, wider antral lesions may not be needed for PVI.
Throughout this study, we have emphasized the importance of an
optimal approach to patient selection for PsAF ablation. While wider
ablation lesions would provide a higher probability of diminishing sub-
strate arrhythmogenicity, more extensive ablation leads to increase in the
likelihood of negative impacts on the healthy atrium. If patients are
properly stratified, utilizing our DT technology or other potential bio-
markers, then the damage currently inflicted indiscriminately in the atria
could be decreased.

Finally, our study focused on the ablation strategies that are designed to
suppress arrhythmogenesis in the LA. However, as our results demonstrate,
there is a significant number of LRs in the RAs of the patients in this cohort.
The RA has been typically overlooked in clinical research44,49,50 and clinical
trials11,12,14,28–30,32. However, our results, here and in previous publications25,26,
indicate that there is often significant fibrosis in the RA; this is consistent
with a number of published results. Developing effective strategies tomitigate
the RA fibrosis-induced arrhythmogenesis and thus increase the efficacy of
AF ablation would be an important advancement in AF management.

This study has several limitations. First, the population of the pro-
spective study is small. However, in total over 100 ablation strategies and
4,000 substrate induction tests were virtually performed in the DTs of 35
consecutive patients. Next, the PVI and PWI lesions in the DTs mimic the
lines drawn in the clinical ablation procedure in the same way as config-
urations of PVI lesions are designed using 3D images reconstructed from
computed tomography scans or 3D EAM maps before ablation
application22, however, these lines vary, naturally, by practitioner and this
cannot be fully captured in the DT. Finally, the present study utilized a
digital-twinning approach to elucidate why PVI and PWI strategies have a
wide range of outcomes in PsAF and to determine the features of thefibrotic
substrate that can be used to stratify patients, and consequently, its con-
clusions need to be validated in clinical studies.

In conclusion, the present study, a combination of a prospective
observational study and a digital-twinning technology, elucidated the roles
of both PVI and PWI in reducing LA substrate arrhythmogenicity in
patients with PsAF. PVI had a considerable effect in eliminating LA-LRs.
Furthermore,mostPsAFpatients’DTsdidnotbenefit fromadditional PWI.
Fibrosis presence in the LA and its features can be used to stratify patients to
an appropriate ablation option, potentially avoiding unwarranted heart
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damage. Our DT technology incorporating fibrosis information could be
useful for personalizing strategies for PsAF ablation pre-procedure.

Methods
Study design
In this prospective observational study, 48 PsAF patients scheduled for
PsAF ablation at the Johns Hopkins Hospital were enrolled consecutively.
The study was approved by the institutional review board of JohnsHopkins
University (study number IRB00183327), and informed consent was
obtained from all participants. The patients had no prior history of LA
substrate ablation. Patients for whom the fibrotic distribution could not be
assessed by LGE-MRI due to the inability to maintain sinus rhythm during
MRI, or who had low fibrosis burden of <5% (indicating lack of arrhyth-
mogenic substrate) were excluded. LGE-MRI images were acquired prior to
ablation andwere used in creatingDTs of the patients’fibrotic atria. Electro-
anatomical maps were obtained during the ablation procedure. The per-
sonalized DTs were used in simulation of different ablation strategies
investigating their effectiveness in eliminating the arrhythmogenic substrate
of each patient, and, in combination with electro-anatomical mapping
analysis, in exploration of substrate features that influenced ablation effi-
cacy. Simulations and the analysis of their data were conducted blinded to
the electro-anatomicalmapping. Figure 1 presents an overviewof this study.

Cardiac MR acquisition
Cardiac MRI scans were acquired for constructing patient-specific DTs
before the catheter ablation procedure using a 1.5 Tesla MRI system (Aera;
Siemens Healthineers, Erlangen, Germany) (Fig. 1, blue-framed image).
MRI study protocol and technical characteristics have been previously
described in detail24–27. Briefly, the protocol included contrast-enhancedMR
angiography to visualize the atria and PV anatomy, and LGE-MRI scans to
assess atrial fibrosis. Patients were given antiarrhythmic drugs to maintain
stable sinus rhythm needed for high-resolution three-dimensional LGE-
MRI acquisition; pre-MRI electrical cardioversion was administered as
needed. Contrast-enhanced MR angiography was acquired using TWIST
(Siemens Healthineers, Erlangen, Germany) pulse sequence in coronal
orientationwith a gadolinium contrast agent (gadobutrol; BayerHealthcare
Pharmaceuticals, Montville, NJ). LGE-MRI were acquired in axial orien-
tation using electrocardiogram-gating and respiratory navigator
20–25minutes after contrast administration.

Personalized digital twinning
The methodology for creating patient-specific bi-atrial DTs has been
described in detail in our previous publications24–27, with its utility in
ascertaining the patient’s atrial arrhythmogenic substrate demonstrated
in prospective studies25,26. Briefly, three-dimensional fibrosis distributions
were reconstructed by semi-automatic segmentation of LGE-MRI scans
(Fig. 6a) using the deep neural network CLARAnet51. Quality control was
performed using the image-processing software ITK-SNAP (http://www.
itksnap.org). To discern fibrotic tissue, a new personalized image
intensity ratio method, described in our recent publications26,27, was used,
where the intensity threshold for atrial fibrosis was based on the mean
value of atrial blood pool and reference fibrous tissue for each patient to
minimize effects of multiple factors (including contrast dose, delay time,
heart rate, and contrast clearance) on image intensity ratio between atrial
wall and blood pool. Moreover, this personalized method showed high
reproducibility of fibrosis distribution between the two images of a given
pair of LGE-MRI scans acquired during the same imaging session26,51. In
this study, enhancement in the LGE-MRI comprised both non-ablation
native fibrosis and prior ablation scar since the latter becomes indis-
tinguishable from the former over time. Once the personalized fibrosis
distribution was generated (Fig. 1, green-framed image), voxels seg-
mented from the LGE-MRI scans were transformed into a three-
dimensional tetrahedral mesh using the commercial 3D medical mod-
eling software Materialise Mimics (Materialise HQ, Leuven, Belgium),
with a target edge length of 300 μm. Fiber orientations reconstructed

from diffusion tensor MRI data52 were projected onto these meshes using
a customized three-dimensional mapping software53. The comprehensive
methodology and parameters for electrophysiological properties in the
fibrotic substrate of PsAF patients’ DTs were detailed in a number of
previous publications24–27. Finally, all computational simulations were
conducted on a parallel computing system using the freely available
software openCARP (https://opencarp.org/)54.

Identification of arrhythmogenic substrates in the DTs
Once the personalized atrial DTs were reconstructed, we assessed the
arrhythmogenic propensity of the fibrotic substrate in each DT. This was
done by determining LRs (Fig. 1, pink-framed image). Each of those, if
formed following the pacing train described below, would drive fibrillatory
activity in the atrial DT, however, it is important to highlight that LRs are not
necessarily representative of the specific AF episode dynamics in the patient,
as they capture the arrhythmogenic propensity of the fibrotic substrate. As in
our previous works24–27, presence of LRs was probed by an inducibility test,
consisting of the delivery of incremental burst pacing sequentially at 40 bi-
atrial sites, the latter designed to represent locations of potential triggers (Fig.
6b). Once a sustained reentry was induced at a location in the substrate,
defined as lasting for over 5 s, we recorded the trajectory of phase singula-
rities of that reentry using the open-source visualization software Meshalyzer
(https://github.com/cardiosolv/meshalyzer) and denoted the center of that
trajectory area as LR (Fig. 6c). A bi-atrial fibrotic distribution could give rise
to a few LRs, with the reentry at each LR being inducible from one or more
pacing sites.

The number of unique LRs that can form in each bi-atrial DT
substrate characterizes the arrhythmogenic potential of that fibrotic
substrate. In this study, we use only the LA portion of this number (i.e.,
LA-LR) to characterize the LA substrate arrhythmia propensity in each
DT, as all the examined standard ablation strategies described below
target the LA only.

Executing virtual PVI lesions in the personalized DTs
To investigate the impact of PVI lesions on LA PsAF substrates, in this
study we designed two different configurations of PVI lesions—IO-PVI3,4

and WA-PVI7,8—since the current clinical PVI lesions delivered via
various ablation tools would fall between these PVI lines, i.e., outside IO-
PVI but inside WA-PVI (Fig. 6d and e). Linear ablation lesions for both
PVI strategies were created in each DT and applied in their entirety at
once to the native fibrotic substrate, wherein myocardial tissues, i.e.,
normal and/or fibrotic tissues, were replaced with non-conductive scar at
lesion locations, as described in our previous studies24–27. After each
virtual IO-PVI or WA-PVI, we assessed the arrhythmogenic propensity
of the new LA post-ablation substrate (native fibrosis + PVI lesions) in
each DT by repeating the inducibility test from the same pacing locations
and identifying the number of LRs in the LA. Then, to analyze how the
ablation lines had affected the LRs that existed in the native substrate, for
each DT, we determined the ratio of the number of LRs eliminated
(ablated or isolated) in the LA by each PVI strategy to the original
number of LA-LRs for this DT, as described in the preceding section. We
used this ratio to qualitatively characterize the efficacy of each PVI
strategy (the “benefit”).

Adding PWI to WA-PVI in the personalized DTs
Next, we applied PWI to each post-WA-PVIDT to explore the effect of this
adjunctive strategy on the DT substrate. PWI entailed adding two linear
lesions toWA-PVI; one line between the roof of the left superiorPVand that
of the right superior PV, and another line between the bottom of the left
inferior PVand that of the right inferior PV (Fig. 6f)20,22. The inducibility test
was then repeated post-PWI+ PVI and the propensity to arrhythmia in the
LA was again quantified in terms of LR presence. We similarly determined
the benefit for this ablation strategy by calculating the ratio of the number of
LRs eliminated or isolated in the LA via PWI+ PVI in each DT to the
original number of LA-LRs.

https://doi.org/10.1038/s41746-025-01625-y Article

npj Digital Medicine |           (2025) 8:256 8

http://www.itksnap.org
http://www.itksnap.org
https://opencarp.org/
https://github.com/cardiosolv/meshalyzer
www.nature.com/npjdigitalmed


Comparing ablation strategies in terms of their efficacy in mod-
ifying the LA arrhythmogenic substrate
In eachDT,we compared the efficacy of each ablation strategy in decreasing
arrhythmogenicity of the LA substrate. Specifically, we first examined
the benefit of PWI+ PVI over WA-PVI in improving the LA sub-
strate (i.e., in decreasing the number of LA-LRs). Next, we deter-
mined whether WA-PVI was more effective in decreasing the
number of LA-LRs than IO-PVI.

Featuresof theLAfibroticsubstrate, asderived fromLGE-MRI, in
DTs where ablation strategies diminished the arrhythmogenic
propensity of the substrate
Similar to our previous publications24,26,27, we used measures of how pre-
valentfibrosis is in a given region of the LA (the entire LA, LAposteriorwall,
and PV antrums) andwhat is the local level of interdigitation of fibrotic and
non-fibrotic tissue in that region (i.e., the local level of fibrosis spatial dis-
organization, or FE) to characterize the LAfibrotic substrate. Specifically, we
defined the ratio of the volume of the fibrotic tissue to that of the total tissue
within a specific region, the FF, which was calculated using the freely
available software ParaView (https://www.paraview.org). Next, three-
dimensional maps of FE in the LA were constructed based on the local
FE value at a given location in the LA calculated using the FE values at
surrounding elements within a 2.5-mm radius, a kernel size equal to the
resolution of LGE-MRI. Higher local values of FE signify areas of higher

level of spatial disorganization in the fibrosis distribution, typically fibrosis
border zones, previously shown to strongly promote arrhythmogenesis24.
Therefore, we explored how prevalent such locations were in a given atrial
region by determining all locations within the region with local FE values
higher than the median local FE values of the same regions for all DTs. The
measure of spatial disorganization of fibrosis in a given atrial region was
then defined as the proportion of locations (points in the DT) with high FE
out of all points in that region.

In each DT where PWI+ PVI was more effective than WA-PVI in
decreasing arrhythmogenicity of the LA substrate, the LAposteriorwall (LA
atrial wall outsideWA-PVI lines but inside PWI+ PVI lines) was extracted
from the LGE-MRI images (Fig. 6g, left) and the FF value and proportion of
locations having high FE within the LA posterior wall were analyzed.

Similarly, in DTs where WA-PVI was more effective than IO-PV in
diminishing the arrhythmogenic substrate, PV antrums were extracted
from the images (the areas outside the IO-PVI lines but inside theWA-PVI
lines, Fig. 6g, right), and FF and proportion of locations having high FE
within the PV antrums were calculated.

Features of the LA fibrotic substrate, as derived from intra-atrial
electrograms, in DTs where PWI+PVI was more effective than
WA-PVI in diminishing the arrhythmogenic propensity of the
substrate
For all patients,we analyzed theLAelectro-anatomicalmaps (Fig. 1, purple-
framed image) to determine the presence of LVAs. LVAs have been con-
ventionally utilized as an indicator of arrhythmogenic substrate. The intra-
atrial electrograms were acquired during the ablation procedure by trans-
septal approach to the LA via the sheaths from femoral veins.Using amulti-
electrode mapping catheter (PentaRay or OctaRay, Biosense Webster, Inc.,
CA) and an electro-anatomical map system (CARTO-3, BiosenseWebster,
Inc., CA), low voltage during sinus rhythm or stable pacing at the coronary
sinuswasdefined as bipolar amplitudeof <0.5 mV28,29,46,47. Thepatients’DTs
were categorized into those with LVA in the LA posterior wall and those
without, based on whether the proportion of LVA on the LA posterior wall
surface was 10% or more (Fig. 6h)29,30. In the case of LVAs being present,
their surface areas were determined manually using the area measurement
tool in CARTO.

Statistics analysis
Numerical variables were represented as the mean ± SD and the median
[Q1–Q3] for normally and non-normally distributed data, respectively.
Normal distribution was evaluated using a histogram and/or the com-
bination with Shapiro-Wilk normality test and quantile-comparison plot.
Depending on distribution, tests for statistical significance were per-
formed using two-sided t-tests or Mann-Whitney U tests. Categorical
variables were represented as the n (%) and compared using Fisher’s
exact tests. To compare the efficacy of each ablation strategy inmodifying
substrates, McNemar’s Chi-squared test was used. Sensitivity, specificity,
and accuracy were calculated using the ROC curves and the AUC to
determine the cutoff for factors. The confidence interval of the AUC was
estimated based on DeLong’s test. The optimal cut-off value for pre-
diction was determined using Youden’s index, which maximizes the sum
of sensitivity and specificity. A p < 0.05 was considered statistically sig-
nificant for all tests.

All statistical analyses were conducted with EZR software, which is a
graphical user interface for R (The R Foundation for Statistical Computing,
Vienna,Austria);weusedamodifiedversion1.55ofRcommanderdesigned
to add statistical functions frequently used in biostatistics.

Data availability
The anonymized datasets used and/or analyzed during the current study are
available from the corresponding author on reasonable request. Raw scan
image data and clinical electroanatomicmapping data cannot be shared for
patient privacy reasons. Specific requests for access to these data may be
made in consultation with the Johns Hopkins Institutional Review Board.

Fig. 6 | Illustration of the methodologies in the study. a Segmentation of the atrial
wall (pink area). b Induction of reentry by burst pacing at 40 bi-atrial sites (yellow
points). c LRs, locations of reentry (light blue areas); the rotational wavefront at each
LR is indicated by the pink circular allow. d Configuration of the IO-PVI lesions.
e Configuration of the WA-PVI lesions. f Configuration of the PWI+ PVI lesions.
g (left) LA posterior wall extracted between the WA-PVI lesions and the two PWI
additional lesions. (right) PV antrums extracted between the WA-PVI and IO-PVI
lesions.hEvaluation of LVApresence at the LAposterior wall using theCARTOarea
measurement tool. IO-PVI individual ostial PVI, LA left atrial, LR location of
reentry, LVA low-voltage area, PV pulmonary vein, PVI PV isolation, PWI+ PVI
LA posterior wall isolation plus WA-PVI, WA-PVI wide antral PVI.
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Code availability
The image-processing software ITK-SNAP (v4.0.0) is freely available from
http://www.itksnap.org. Computational meshes were generated using the
commercial 3-matic (v15.0) analysis software (Materialise Mimics, Mate-
rialise HQ, Leuven, Belgium). All simulations were performed using the
freely available openCARP software (v8.2) from https://opencarp.org.
Simulation results were visualized using the freely available software
Meshalyzer (v5.2) from https://github.com/cardiosolv/meshalyzer and
analyzed using the open-source Visualization Toolkit-based software
ParaView (v5.11) from https://www.paraview.org. Intra-atrial electrogram
data were analyzed using the commercial EAM system (CARTO-3, Bio-
sense Webster). All statistical analyses were conducted with EZR software
(v1.55). The EZR data and codes will be made available upon request by
contacting the corresponding author.
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