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BACKGROUND: Catheter ablation of scar-dependent ventricular tachycardia (VT) is frequently hampered by hemodynamic
instability, long procedure duration, and high recurrence rates. Magnetic resonance imaging-based personalized heart digital
twins may overcome these challenges by noninvasively predicting VT circuits and optimum ablation lesion sites. In this
combined clinical and digital twin study, we investigated the relationship between digital twin-predicted VTs and optimum
ablation lesion sets with their invasively mapped counterparts during clinical VT ablation.

METHODS: A total of 18 patients with scar-dependent VT underwent digital twin creation based @mpreprocedural, contrast-
enhanced cardiac magnetic resonance imaging. Using rapid pacing protocols, VT was simulated and"ablation targets were
derived that would terminate all possible VTs in the models. Patients subsequently underwent invasive VT ablation, including
targeting of diastolic activity and optimum entrainment sites. Digital twin-predicted VT circuits and ablation lesions were
compared with their invasive clinical counterparts.

RESULTS: Forty-three clinical VTs and 92 digital twin VTs were induced. Diastolic activity was seen in 16 of 43 (37.2%) clinical
VTs. Sensitivity, specificity, positive predictive, and negative predictive values for the detection of critical VT sites by digital
twins were 81.3%, 83.8%, 21.7%, and 98.8%, respectively. At an AHA-segment level, agreement between clinical VT critical
sites and digital twin primary predicted sites was moderate, with a « coefficient of 0.46 (£0.32; P<0.001). Termination of
VT with ablation was achieved at a digital twin-predicted site in 4 of 5 (80%) cases where attempted. A total of 426 of 709
(60.19%) lesions were within 5 mm of a predicted target site. In total, 54.0% (£28.9%) of the digital twin-predicted area was
ablated per patient based on conventional mapping criteria,

CONCLUSIONS: Heart digital twin VT-circuits and ablation targets-accurately predict many features of their respective clinical
counterparts but have some limitations in spatial resolution. Our findings demonstrate the significant potential of digital twin
technology in guiding catheter ablation for scar-dependent VT.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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threatening arrhythmia that predisposes patients to  the arrhythmia, offers freedom from VT.2® The current

Scar—dependent ventricular tachycardia (VT) is a life-  aimed at destroying myocardial tissue that perpetuates
sudden cardiac death.” Catheter ablation therapy,  gold standard approach for catheter ablation of VT is to
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WHAT IS KNOWN?

* The current gold standard for ventricular tachycar-
dia catheter ablation includes induction and map-
ping of ventricular tachycardia (VT) to help guide
ablation, a process which is time consuming and
potentially risky.

* Heart digital twin technology can noninvasively
simulate VT circuits and predict optimum abla-
tion lesion sites to terminate VT in patient-specific
models.

WHAT THE STUDY ADDS

* Digital twins can accurately predict the critical VT
isthmus including sites of diastolic activity and ter-
mination of VT with ablation as well as the final clini-
cal ablation lesion sets delivered during VT ablation.

Nonstandard Abbreviations and Acronyms

EAM electroanatomical map

ECF entrainment with concealed fusion
ICM ischemic cardiomyopathy

Lv left ventricular

MDP mid-diastolic potential

MRI magnetic resonance imaging
NICM nonischemic cardiomyopathy
PES programmed electrical stimulation
VT ventricular tachycardia

induce and map the clinical VT and ablate the critical isth-
mus of the reentrant circuit’ Isthmus-sites are-character-
ized by surviving channels.of viable myocytes through.an
area of scar tissue and are complex in their architecture,
characterized by variations in conduction velocity, tissue
anisotropy, and regions of conduction block.8'° provid-
ing the necessary milieu for reentry to occur. Classical
studies have demonstrated the presence of diastolic
activity and typical responses to ventricular entrainment
during VT at these critical sites,'"'? which mark them out
as optimal ablation targets if observed, and where termi-
nation of VT with ablation is frequently achieved.''? In
clinical practice, this approach is often impossible due to
hemodynamic instability. This limitation, in part, explains
the suboptimal outcomes and high recurrence rates
observed in large VT ablation trials.**'3'* Furthermore,
VT ablation is time consuming and is associated with
a significant risk of complications.'®'® Therefore, new
strategies are required to overcome these limitations and
improve outcomes in VT ablation.

One potential strategy to overcome these limitations
is the use of medical digital twins to guide catheter abla-
tion. A medical digital twin is a digital replica of a patient
or an organ that can be used to study a specific disease
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process, predict patient trajectories, or develop person-
alized therapies." In the case of cardiac electrophysiol-
ogy, there have been recent advances in modeling the
electrical functioning of the organ, which have led to the
realization of the personalized heart digital twin.'®"23 This
noninvasive tool uses cardiac imaging and other data to
generate a multiscale heart model that accurately rep-
resents a patient's unique cardiac anatomy and electro-
physiology. When reconstructed from contrast-enhanced
magnetic resonance imaging (MRI), which visualizes
the distribution of scar and fibrosis in the heart, these
heart digital twins incorporate the mechanistic under-
pinning of scar-dependent VT. Such heart digital twins
have been used to test for arrhythmia inducibility and
have been utilized in the prediction of risk of sudden car-
diac death.'®'® Heart digital twins could also predict the
optimum personalized lesion sets for ablation of scar-
dependent VT, which would terminate all potential VTs in
the most efficient manner possible, by identifying the VT
isthmus.'92023 |f accurate, these digital twin predictions
have the potential to substantially reduce procedure time
and may guide ablation of not only the clinical VT pres-
ent in the native scar substratebut also sites that may
result in VT recurrence followirj@bﬁg}jﬁ[}nial ablation pro-
cedure.'8192425 Recently, digital twins have been shown
to accurately predict sites of electrogram abnormalities
as well as conduction_slowing during substrate map-
ping in patients with VT.?° However, it is also essential to
establish howthese digital twin-derived targets compare
against the conventional markers of the critical VT isth-
mus based.on invasive activation and entrainment map-
ping during VT. Furthermore, establishing the relationship
between the digital twin-predicted ablation targets and
those formed- through conventional VT mapping tech-
niques is critical before these digital twin models can be
used.to'guide VT ablation.

Here, we present a prospective, combined digital twin
and clinical VT mapping and ablation study to determine
the relationship between invasively defined VT circuits
and clinical ablation targets and their respective coun-
terparts observed in the digital twins. For the first time,
digital twin-derived VT circuits and predicted ablation
targets are directly compared with the invasively mapped
reentrant VT and clinical ablation lesions during catheter
ablation. Establishing this relationship is the foundation
required for a future randomized controlled trial directly
comparing digital-twin-guided ablation to conventional
ablation, with the promise of a radical overhaul in our
approach to scar-dependent VT ablation.

METHODS

All patients described in this study provided written, informed
consent. The study was approved by the Health Research
Authority London—Surrey Research Ethics Committee
(21/L0/0083).  ClinicalTrials.gov  reference number:
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REGISTRATION: URL: https://www.clinicaltrials.gov; Unique
identifier: NCT04632394. The data supporting the findings of
this study are available from the corresponding author upon
reasonable request.

Study Overview

Patients requiring catheter ablation for VT were prospectively
enrolled into this clinical and digital twin study. Patients under-
went 3-dimensional late gadolinium-enhanced cardiac mag-
netic resonance before the ablation procedure. These images
were used to generate digital twin representations, which accu-
rately reflect the unique distribution of scar in each patient. VT
inducibility in the personalized digital twins was tested through
pacing protocols, and if reentrant arrhythmia was identified, the
circuit morphology within the fibrotic milieu was analyzed to
ascertain the optimum targets for ablation. Through comprehen-
sive re-testing and application of further lesions to the postab-
lation substrate, the models were rendered noninducible to all
VT. Next, patients underwent invasive VT ablation, including VT
induction, mapping, and radiofrequency ablation. The character-
istics of both the digital twins’ and the invasively mapped circuits
were analyzed. Markers of the critical VT isthmus, as well as the
predicted and invasively delivered radiofrequency lesions, were
analyzed, and the overlap between the digital twins and invasive

Heart Digital Twins Predict VT Circuits

clinical findings was compared. The digital twin modeling and
VT ablation procedures were each performed by independent
investigators, blinded to the outcomes of the opposite modality.
Figure 1 presents a schematic of the study.

Patient Cohort

Inclusion requirements included structural heart disease (either
ischemic [ICM] or nonischemic [NICM] cardiomyopathy), docu-
mented recurrent VT or Implantable Cardioverter Defibrillator
therapy, or prohibitive side effects from antiarrhythmic medica-
tions. Patients with insufficient MRI quality were excluded. The
patients recruited into this study were the same as in our recent
publication.?

CMR Image Processing

Three-dimensional late gadolinium-enhanced cardiac mag-
netic resonance was acquired using either a 3T or 1.6T scan-
ner depending on the presence of cardiac devices. Further
details of the image acquisition and digital twin generation
are described in previous publications,'®?? and outlined in the
Supplemental Methods. Images were exported and segmented
in a semi-automated fashion as described previously'®'%22 To
summarize, landmark control points, were placed at various

¢ ]; American
(B oo

@V Association.

-

Segmented LGE-CMR images

Personalise

3D reconstructed heart model

~

Simulated VT ablation

d heart digital twin

Simulated VT circuits
— — — -y
<

Simulation

Repeat until VT

is non-inducible

Ablation
o - -

Scar-dependent VT patients

K undergo catheter ablation

Electroanatomical mapping

Merge digital Compare digital twin Compare digital twin and
twinand EAM and clinical VT circuits clinical abl ion Iesnons
a2 -a

Clinical VT ablation

-~

A

Final ablation lesion set

/

VT induction and mapping

Figure 1. Study overview.
Personalized heart digital twin creation (top line): 3-dimensional late

gadolinium-enhanced cardiac magnetic resonance (3D LGE-CMR)

images are segmented and a personalized heart digital twin created. This model is tested for arrhythmia inducibility and optimum ablation
targets to terminate all possible ventricular tachycardias (VTs) in the model. Clinical VT ablation (bottom line): Patients with scar-dependent
VT undergo conventional electroanatomical mapping, which is merged with the digital twin. VT is induced and mapped for comparison with
digital twin VT simulations. Final clinical ablation lesion set is compared with the digital twin-predicted ablation lesion set. EAM indicates

electroanatomical map.
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points along the endocardial and epicardial surfaces. Using
a variational implicit method?* the remaining boundaries were
automatically defined.

Generation of the Heart Digital Twin

Following segmentation, myocardial tissue was categorized
as either healthy tissue, border zone, or dense scar by signal
thresholding using the full-width half-maximum approach.?”
Finite-element meshes with an average resolution of *400 pm
were generated with each mesh containing =4 million individual
nodes.?® Fiber directionality was overlaid onto the mesh on a
per-element basis using a validated rule-based approach.?®
Tissue characteristics of healthy tissue, border zone and dense
scar were superimposed onto this mesh.

Application of Electrophysiological Properties
to the Digital Twin

Electrophysiological properties were applied to each of the 3
tissue regions within the mesh. Properties of healthy tissue
were modeled with the 10 Tusscher ionic model of the human
ventricular myocyte.®® Modifications to the ionic properties were
made in border zone areas, including longer action potential
duration and reduced conduction velocity, based on previous
experimental models.2'3? Wavefront propagation was simulated
by solving the reaction-diffusion partial differential equation
using the open-source software openCARP (https://opencarp.
org) using a parallel computing system.®

Simulated VT Induction and-Ablation‘Protocol

Simulated pacing was applied sequentially.to 7 left ventricular
(LV) sites based on a condensed AHA 17-segment model to
systematically probe the models forVT inducibility. Pacing was
preferentially projected onto the closest area of scar border
zone to maximize detection of VT. Pacing was delivered as a
train of 6 beats with a cycle length of 600 ms (S1), followed
by up to 3 extrastimuli. Reentry was-defined as undergoing at
least 2 rotational cycles at the same site, as in previous stud-
ies.’®2 Once reentry was confirmed, the VT was manually
inspected for components consistent with critical sites includ-
ing the entrance, isthmus, and exit. Simulated ablation lesions
were applied at the VT isthmus by changing the local tissue
properties to render that area electrically inert using the small-
est volume of ablation possible. The ablation lesion set which
terminates the specific VT were termed predicted target sites
. Where feasible, ablation lesions were connected to areas of
dense scar or anatomic barriers (such as the mitral isthmus) to
reduce the chance of iatrogenic reentry following initial abla-
tion set application. Several iterations of the ablation process
were run to ensure the most volume-efficient lesion set was
applied for a particular VT. Ablation lesions that terminated VTs
in the native scar substrate were termed primary target sites.
Following the application of all ablation lesions within the native
substrate, the VT induction and ablation protocol was repeated
in the new substrate (containing both native scar and primary
ablation lesions), to assess for emergent VTs that may mani-
fest in the new, modified substrate. Any emergent VTs were
targeted for ablation in the digital twin in the same fashion and
were labeled secondary target sites. The process was repeated
until the model was no longer inducible to VT.34-%6
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Model Integration

Surfaces from the model, including the endocardial and epi-
cardial surfaces, primary and secondary predicted target sites,
and fiducial landmarks, were exported for rigid coregistration
with the invasive electroanatomic map (EAM) using the Ensite
Fusion Registration Module. Coregistration was performed by
expert individuals, independent of subsequent analysis and
blinded to the predicted target site locations. The clinical opera-
tors were blinded to the digital twin model at all times.

Invasive VT Mapping and Ablation Protocol
Antiarrhythmic medications were discontinued 5 half-lives
before ablation, with the exception of amiodarone, which was
discontinued 1 week before ablation. Ablation was performed
under general anesthesia. Epicardial access was gained at the
operator's discretion and was utilized particularly in the case of
NICM and those presenting for redo ablation. LV access was
achieved via both transseptal and retrograde aortic approaches.
Electroanatomical mapping was performed with the Advisor
HD Grid mapping catheter (Abbott Laboratories, Chicago, IL)
using either the Ensite Precision or Ensite X mapping systems.

Following generation of a comprehensive substrate map,
patients underwent programmed electrical stimulation (PES)
with up to 3 extrastimuli using 2 djfferent drive cycle lengths
from the right ventricular apex. If h67 ‘eoitrld be induced from
the right ventricular apex, a repea atfg?ﬁobtn was made from
the right ventricular septum or the LV within an area of scar.
Significant VTs were defined as those matching the clinical VT
(either through 12-lead ECG morphology or similarity in cycle
length to VT on Implantable’ Cardioverter Defibrillator interro-
gation), or those which were reproducibly induced. VTs with
a cycle length of <200 ms, ventricular flutter, and ventricular
fibrillation were not targeted.

If VT was hemodynamically stable, it was mapped con-
ventionally," including entrainment mapping where possible
at sites-of diastolic activity. In the case of poorly tolerated VT,
substrate mapping, pacemapping and strategic multielectrode
positioning (StaMP mapping) were used to elucidate the critical
sites for reentry.

Ablation was targeted to critical sites for reentry, which were
defined as:

» ECF, with a postpacing interval within 30 ms of the tachy-
cardia cycle length, a stimulus-to-QRS interval within 10
ms of the EGM-to-QRS interval and stimulus-to-QRS
interval within 30% to 70% of the tachycardia cycle
length.

« EGMs within or adjacent to a low-voltage region (<1.5
mV) exhibiting mid-diastolic activity (defined as an EGM
occurring between 30% and 70% of the ventricular dia-
stolic period) during VT.

+ Sites exhibiting termination of tachycardia with ablation.

+ >80% pacemap match with stimulus-to-QRS interval >30
ms, evidence of multiple exit sites, or pacemap induction
of VT.

In the absence of any of the above features, a substrate-
guided approach was taken. Ablation was performed using the
TactiCath Sensor Enabled (Abbott Laboratories, Chicago, IL).
Ablation was performed at 30 to 50 W targeting 60 seconds
per lesion, and an impedance drop of >10Q, attenuation of
abnormal potentials, or until loss of capture during pacing at 10
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mA for 2 ms. The procedural end point was defined as nonin-
ducibility of all significant VTs following repeat PES.

Predicted Target Site Analysis

Presence of digital twin-predicted VTs and invasively induced
VTs was assessed on a 17 AHA-segment basis for each
patient and the diagnostic accuracy of the digital twin in detect-
ing mid-diastolic potentials (MDPs), optimum entrainment
sites, and sites of VT termination with ablation was established.
Agreement between induced clinical VT isthmuses and digital
twin primary predicted sites was assessed. The area of pre-
dicted ablation targets was compared between ICM and NICM
cohorts, and between primary and secondary target sites.

Correlation of Diastolic Activity With Digital
Twin-Predicted Target Sites

Areas of diastolic activity during VT were marked on the EAM.
The spatial correlation of diastolic activity with predicted target
sites was measured. Diastolic activity within 5 mm of a predicted
target site, measured as geodesic distance, was considered
spatially related to that predicted site. Where possible, termina-
tion of VT during radiofrequency ablation was attempted and
recorded as a marker of the critical isthmus. The positions of
optimum entrainment sites and sites of termination with abla-
tion were spatially compared with the predicted primary and
secondary target sites.

Ablation Lesion Analysis

Ablation was performed blinded to the digital twin model and
targeted sites deemed critical for reentry, as defined above.
The area of clinical ablation was measured- on the ' EAM and
compared with the area of-the predicted target sites. The over-
lap between the clinical radiofrequency ablation lesion set and
the predicted target sites was calculated. Overlap between the
ablation area and the low-voltage area was also calculated. The
geodesic distance of-each ablation-lesion from a predicted-tar-
get site was calculated.

Statistical Analysis

Continuous, normally distributed data are expressed
as meanstSD. Nonparametric data are expressed as
medianszinterquartile range. Categorical data are expressed
as a percentage. Agreement between clinically observed and
digital twin primary predicted VTs was assessed with the Cohen
K coefficient. The generalized estimating equation method was
used to compare predicted site and clinical VT parameters,
accounting for repeated measurements from the same individ-
ual and controlling for age, sex, etiology, and antiarrhythmic drug
use as covariates where appropriate. A P value of <0.05 was
taken to indicate statistical significance. Statistical analysis was
performed using SPSS, version 30 (IBM Corp, Armonk, NY).

RESULTS
Patient Demographics

A total of 18 patients were recruited into the study. In
total, 15 of 18 (83.3%) had ICM and 3 of 18 (16.7%) had
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NICM. Seventeen of 18 (94.4%) were male. Baseline LV
ejection fraction was 42.3% (£16.56%). Epicardial map-
ping was used in 5 of 18 (27.8%) cases. Overall acute
procedural success, defined as noninducibility for any
sustained VT, was 88.9%. Procedure duration was 227
(£61) minutes. There was 1 procedure-related complica-
tion observed, constituting a late-presenting ventricular
septal defect requiring patch repair following ablation
at the basal interventricular septum in scar with a wall
thickness of 7.0 mm. Table 1 shows the full list of demo-
graphic and procedural characteristics for the cohort.

Induced and Digital Twin-Predicted VT
Characteristics

During clinical VT ablation, monomorphic VT was induc-
ible in 15 of 18 (83.3%) patients. Two of 18 (11.1%)
were not inducible to any ventricular arrhythmia, while
1 of 18 (56.6%) was only inducible for VF. A total of 43
VTs were induced in the cohort. The mean number of
clinical VTs induced per patient was 2.4 (range 0-6).
Fourteen of 18 (77.8%) patlents had at least 1 partially
mappable VT.

All 18 heart digital twins of ffﬁ patients were induc-
ible to VT. Sensitivity and positive predictive value of the
digital twin for predicting VT inducibility were 100% and
88.3%, respectively.-A total of 92 VTs were predicted,
with a mean of 5.3 (range 1-8) VTs predicted per patient.
This comprised 3.5 (range 1-6) primary VTs (apparent in
the native scar substrate) and 1.7 (range 0-4) secondary
VTs (emergent following application of the primary abla-
tion lesion set). We observed a greater number of VTs
in the digital twin models than were induced clinically,
suggesting the digital twins detect additional VT circuits
which may be responsible for VT recurrences. The VT
isthmus was predicted to be epicardial as opposed to
endocardial in 40/92 (43.5%) of VTs, with a higher pro-
portion of epicardial VTs predicted in the NICM cohort
compared with the ICM cohort (10/15 [66.7%)] versus
30/77 [38.9%]; P=0.048). The digital twin predictions
are thus in keeping with previous clinical studies which
show a preponderance of epicardial VT circuits in those
with NICM. VT characteristics for the cohort are shown
in Table 2.

Predicted Target Site Characteristics

Mean total target area for VT ablation in the digital twins
was 10.9 cm? (£3.9 cm?) comprising 7.7 cm? (£2.6 cm?)
as primary targets and 3.2 cm? (£3.2 cm?) as second-
ary targets. The mean area of individual VT targets was
smaller in the ICM cohort compared with the NICM
cohort (2.04 cm? [£0.84 cm?] versus 2.61 cm? [£1.26
cm?]; P=0.001). Overlap of predicted sites with EAM-
defined low bipolar voltage (<1.5 mV) area was 5.9 cm?
(£2.2 cm?), comprising 56.8% of the total target area.
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Table 1. Demographic and Procedural Characteristics of the
Cohort

Heart Digital Twins Predict VT Circuits

Table 2. Characteristics of Induced and Predicted VTs

ICM (15) NICM (3) Total (18)
IC™ (15) NICM (3) Total (18) VT clinically inducible 12 (80.0%) | 3 (100%) 15 (83.3%)
Age, y 67.7 (£9.7) 71.7 (£7.4) 68.4 (+9.5) Total induced VTs a7 6 43
Male gender 14 (93.3%) 3 (100%) 17 (94.4%) VTs per patient (range) | 2.6 20 04
Baseline LVEF (%) 415 (+17.7) 46.3 (+10.0) | 42.3 (+16.5) (range 0-6) (range 1-3) (range 0-6)
NYHA class At least 1 mappable VT 11 (73.3%) 3 (100%) 14 (77.8%)
| 7 (46.6%) 1(33.3%) 8 (44.4%) Fastest VT TCL, ms 263 290 270
(240-284) (288-291) (246-291)
I 5 (33.3%) 2 (66.7%) 7 (38.9%)
m N 0 Slowest VT TCL, ms 310 314 314
3 (20.0%) 0 3 (16.7%) (284-369) | (300-327) | (286-360)

v 0 0 0 Utilized VT mapping 212 494 220
Hypertension 11 (73.3%) 2 (66.7%) 13 (72.2%) points (72-498) (394-668) | (88-501)
Diabetes 6 (40.0%) 1 (33.3%) 7 (38.9%) VTs with MDP detected 13 3 16
Atrial fibrillation 6 (40.0%) 2 (66.7%) 8 (44.4%) Total DT-predicted VTs 77 15 92
Chronic kidney disease | 7 (46.7%) 2 (66.7%) 9 (50.0%) DT-predicted VTs per 5.3 (1-8) 5 (3-6) 5.3 (1-8)
B-Blocker 14 (93.3%) | 3 (100%) 17 (94.4%) patient (range)

Pri 3.4 (1-5 4(3-6 3.5 (1-6
Amiodarone 4 (26.7%) 3 (100%) 7 (38.9%) rimary (1-5) (5-6) (1-6)
1.9 (0-4 1(0- 1.7 (0-4
Mexiletine 2 (13.3%) 1 (33.3%) 3 (16.7%) Secondary 904 (0-3) (0-4)
- i i i 0, 0/ 0y
1cD 12 (80.0%) 3 (100%) 15 (83.3%) PT predicted epicardial 30 (38.9%) 10 (66.7%) 40 (43.5%)
isthmus
CRTD 2 (10.7%) o 2 (11.1%)

- - DT indicates digital twin; ICM, ischemic cardiomyopathy; NICM, nonischemic
Prior VT ablation 2 (13.3%) 0 2 (11.1%) cardiomyopathy; TCL, tachycardia cycle lengthg@nd VT, ventricular tachycardia.
Epicardial mapping 3 (16.7%) 2 (66.7%) 5 (27.8%) QY =
Right ventricular 2 (11.1%) 2 (66.7%) 4 (22.2%) ) \
mapping with secondary isthmus targets (2.25 cm? [£0.92 cm?]

2 21. -

VA Inducible 13/(86.7%) 3 (100%) 16 (88.9%) versuls 1'90 ?m [iO.g? cgw i P= O',m)' The ,:951:[ colm
No. of induced VTs y o 3 mon location for a predicte target site was mid inferolat-
(range) (range 0-6) | (range 1-3) | (range 0-6) eral (17.4%), followed by basal inferoseptal (12.0%) and

. o . ) . :
At least 1 mappable VT | 11 (73.3%) |.3/(100%) 14 (728%) basal inferolateral (1 .0'7./0)' Thls was in keeping with the
Fastost VT TOL Py N A = observed MRI scar distribution.
(ms; IQR) (242-290) (259-291) (242-290)
Slowest VT TCL 314 314 314 : : : e, :
mo: 1OR) (085-389) | (009-355) | (285-389) Correlation Between DIaSt.0|IC Activity During
Procedural outoome \[T’and,Predicted Target Sites

Success 14 (93.3%) 2 (66.7%) 16 (88.9%) MDPs, the hallmark of the VT isthmus, were observed

Partial success/ 1 (6.7%) 1 (33.3%) 2 (11.1%) in 16 of 43 (3720/0) of VTs. VTs in which an MDP was

failure detected exhibited a greater number of mapping points
Procedure time, m 213 (+48.5) | 283 (+83) 227 (£61) compared with those where an MDP was not seen (710
Number of 38.7 (£202) | 44.0 (£36.6) | 39.6 (+22.3) [£902] versus 142 [£202]; P=0.02). Tachycardia cycle
radiofrequency lesions length of VTs where an MDP was detected was not sig-
Radiofrequency 36:46 32:52 36:04 nificantly different from those where an MDP was not
ablation time, m:s (&16:54) (+22:28) (&17:15) detected, (310 ms [£65 ms] versus 283 ms [£39 ms]:
Procedure-related 0 1 (33.3%) 1 (6.3%) P=0.1 3)

licati
gomplieations Among the 16 VTs where an MDP was detected,

CRT-D indicates cardiac resynchronization therapy-defibrillator; ICD,
Implantable Cardioverter Defibrillator; ICM, ischemic cardiomyopathy; LVEF,
left ventricular ejection fraction; NICM, nonischemic cardiomyopathy; TCL,
tachycardia cycle length; and VT, ventricular arrhythmia.

However, 9.8 cm? (£3.5 cm?) of predicted target sites lay
within CMR-defined scar, comprising 89.9% of the total
target area. These findings demonstrate that digital twins
accurately predict the VT circuits and their relationship
to myocardial scar. There was no significant difference in
the size of individual primary isthmus targets compared

Circ Arrhythm Electrophysiol. 2025;18:e013660. DOI: 10.1161/CIRCEP.124.013660

sensitivity of predicted target sites to detecting MDPs
was 81.3%, with 13 of 16 MDPs being located within
5 mm of a predicted target site. In the remaining 3
of 16 cases (18.8%), the MDP was remote. Crucially,
these results showcase the powerful predictive capa-
bility of digital twins for noninvasively detecting the
critical components of the VT circuits, and complement
the findings from our recent publication, which dem-
onstrated a close alignment of digital twin-predicted
sites with zones of slow conduction on isochronal late
activation mapping with 80.8% of deceleration zones

August 2025 6



Gzoz ‘g 1snbny uo Aq Bio'sfeuno feye//:dny wouy papeojumoq

Waight et al

being detected by the digital twin-predicted sites.?® Of
the 16 identified VT MDPs, 5 (31.3%) collocated to
within 5 mm of one of the previously described decel-
eration zones. Figure 2 shows an example of a mapped
VT involving an inferior wall scar. The VT activation
map showed a VT isthmus with MDPs which correlated
closely to a predicted target site. Pacing at the site of
the isthmus led to a perfect pacemap match. Entrain-
ment at this location led to termination of the tachy-
cardia. Figure 3 shows the same patient's VT which
visually corresponded closely to a predicted VT during
testing of the digital twin.

Correlation Between Entrainment Sites, VT
Termination With Ablation and Predicted Target
Sites

Due to poor hemodynamic stability of the majority of
induced VTs, entrainment mapping was only attempted
in 4 of 16 VTs where an MDP was observed. When
performed, entrainment with concealed fusion (ECF)
was demonstrated in 3 of 4 cases (75%). Fusion was
manifest in 1 of 4 cases (25%). In all 3 cases of ECF,
the site of ECF was directly beneath a predicted target
site. Figure 4 shows a case of a patient with NICM and

Heart Digital Twins Predict VT Circuits

peri-aortic scar. VT mapping demonstrated MDPs at a
digital twin-predicted site with entrainment proving this
was the location of the VT isthmus.

Termination with ablation (a definitive marker of
the critical isthmus of the VT) was attempted in 6 of
32 (18.8%) mappable VTs and was successful in b
of 6 (83.3%) cases; in 4 of b of these cases (80%),
termination of VT was achieved by ablation at a pre-
dicted target site. At an AHA-segment level, agreement
between clinical VT critical sites and digital twin primary
predicted sites was moderate with a k coefficient of
0.46 (£0.32; P=0.86, P=0.73, P<0.001). Sensitivity,
specificity, positive predictive value and negative pre-
dictive value of the digital twin in detecting the critical
site of VT (MDP, ECF or termination with ablation) were
81.3%, 83.8%, 21.7% and 98.8%, respectively. This fur-
ther demonstrates the close correlation between digital
twin-predicted VTs and the clinical VT circuits obtained
invasively; a critical prerequisite for the further develop-
ment of digital twins in VT ablation. Figure S1 shows
an ICM patient with inferior and mid-septal scar with an
induced VT, the critical isthmus of which was mapped to
the mid-septum. Application ofsradiofrequency energy
at the isthmus led to terminatiop’ éf:téchycardia within

ssociation,

5 seconds. The ablation site was located 4 mm from

@8 @ B @ RO

6 8 @@
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Figure 2. Example of ventricular tachycardia (VT) isthmus mapped to inferior wall.

A, VT activation map with putative channel (yellow borders) and mid-isthmus (green star). B, Substrate map shows inferior wall scar at this
location. C, Predicted target sites overlayed onto VT activation map shows correlation with isthmus. D, Mid-diastolic potentials (yellow arrows)
observed during VT at this area. E, 12 lead ECG of the VT. F, 12/12 pacemap match achieved by pacing at site of mid-diastolic potentials

(MDPs).

Circ Arrhythm Electrophysiol. 2025;18:¢013660. DOI: 10.1161/CIRCER.124.013660
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Figure 3. Representative induced VT from invasive mapping (top) matching closely with digital twin-modeled VT (bottom)
utilizing an inferior wall isthmus in a patient with ischemic cardiomyopathy.

Dotted arrows represent the wavefront activation pattern.

a primary predicted target site. Table ST demonstrates
the diagnostic accuracy of the digital twin to detect
individually MDPs, ECF, termination sites and decelera-
tion zones as well as the confusion matrices for these
calculations.

Where epicardial access was gained, the isthmus
was mapped to the epicardial surface in 1 of 5 (20%)
mapped VTs. This contrasts with: the-maodeling predic-
tions which estimated 43.5% of all predicted isthmuses
to be epicardial in location. Figure S2 shows an example
of a patient with epicardial inferior and inferolateral wall
scar, with an induced right bundle block-like, left-superior
axis VT. MDPs were found close to a predicted target
site. Termination of the VT by epicardial ablation was
achieved at the predicted target site.

Radiofrequency Ablation Characteristics

A mean of 39.3 (£19.9) radiofrequency lesions were
applied per patient. Total radiofrequency ablation time
was 37:08 (£18:47) minutes. A mean total area of
11.5 cm? (£6.6 cm?) was targeted for ablation per
patient, which represented 31.9% (£17.0%) of the
total low voltage area. Of the total ablation lesion area,
5.1 cm? (£2.9 cm?) was located within a predicted
area, which represented 54.0% (£28.9%) of the total
predicted area. Epicardial ablation was performed
in 2 of 5 (40%) cases where epicardial access was
gained. There were no significant differences in abla-
tion characteristics between the ischemic and non-
ischemic groups. Ablation characteristics are shown
in Table 3.

A total of 709 individual radiofrequency lesions were
analyzed. The mean geodesic distance from a predicted

Circ Arrhythm Electrophysiol. 2025;18:e013660. DOI: 10.1161/CIRCEP.124.013660

target site was 6.11 mm (£8.9 mm). In total, 541 of 709
(76.3%) of lesions were close§toya:primary predicted
site, whereas 168 of 709 (23‘;‘;0/03”W5"re closest to a
secondary predicted site. In total, 426 of 709 (60.1%)
of lesions were within 5 mm-of a predicted target site,
with 246 of 709 (34.7%) less than a millimeter from a
predicted target site, suggesting good predictive capa-
bility of the digital twin models in directing appropriate
radiofrequency ablation sites. Figure S3 shows the spa-
tial distribution of all ablation lesions with respect to the
predicted target sites. Figure & shows an example ICM
patient with septal scar and a low voltage area over the
basal to mid-septal region on substrate mapping. Sub-
strate based ablation was performed. The final lesion set
corresponded closely to the predicted points (>90% of
ablation lesions located within 5 mm of predicted target
sites).

DISCUSSION

This study realizes the first combined digital twin and
invasive clinical study evaluating the relationship
between digital twin-predicted VT circuits and optimum
ablation lesions with their respective invasive counter-
parts. Digital twins have been shown to predict sites of
abnormal and prolonged electrograms, as well as zones
of conduction slowing during substrate mapping.2® In
a recent study from our group on the same cohort of
patients, digital twin-predicted sites harbored a 41%
greater frequency of abnormal EGMs compared with
voltage-matched nonpredicted sites as well as cor-
rectly predicting over 80% of deceleration zones during
isochronal late activation mapping. However, substrate
abnormalities such as these represent a surrogate
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Figure 4. Patient with nonischaemic cardiomyopathy where induced ventricular tachycardia (VT) isthmus was located at
predicted target site.

A, voltage map showed peri-aortic scar. B, VT activation map showed isthmus (yellow borders) at site of peri-aortic scar. C and D, Digital twin-
predicted target sites (red region) overlaid onto substrate map and VT activation map with green star at isthmus. E, 12 lead ECG of induced
VT shows atypical left-bundle block morphology, left-inferior axis VT, tachycardia cycle length=400 ms. F, Mid-diastolic potentials demonstrated
at isthmus site (yellow arrows). G, entrainment with concealed fusion on 12-lead ECG. H, Entrainment response showing excellent postpacing
interval of 398 ms.
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Table 3. Characteristics of Ablation Lesion Sets

ICM (15) NICM (3) Total (18)
No. of radiofrequency lesions | 40.4 34.0 39.3
(£20.5) (£19.7) (+£19.9)
Radiofrequency ablation time, | 39:29 25:24 37:08
m:s (+£19.23) (+11:083) (+£18:47)
Mean impedance drop, Q 18.6 (+3.6) 17.9 (+£2.8) 18.5 (£3.5)
Bipolar radiofrequency utilized | 0 1 (33.3%) 1 (5.6%)
Epicardial ablation 2 (13.3%) 0 2 (11.1%)
Total area ablated, cm? 12.4 (£6.7) | 7.1 (£6.6) 11.5 (£6.6)
Ablation within low voltage 10.3 (£4.9) | 5.8 (+4.9) 9.6 (+4.6)
area (<1.5 mV; cm?)
Proportion of ablation targeted | 86.7% 84.3% 85.2%
to low voltage area (£12.2%) (£75.1%) (£12.2%)
Proportion of total low voltage | 32.2% 25.0% 31.9
area ablated (+17.0%) (+19.5%) (£17.0)
Ablation within DT-predicted 5.3 (+£2.9) 4.5 (+£3.1) 5.1 (£2.9)
target area, cm?
Proportion DT-predicted area 50.5% 71.4% 54.0%
ablated (£20.6%) (£28.9%) (+£28.9%)

DT indicates digital twin; ICM, ischemic cardiomyopathy; and NICM,
nonischemic cardiomyopathy.

marker for the true isthmus observed during clinical VT.
VT activation and entrainment mapping remain the gold
standard for assessmentof the critical VT sites.Uniquely,
this study provides a detailed insight intothe capabilities
of digital twins to predict clinical VT circuits and abla-
tion lesions, and in combination 'with previous_ studies,
serves to advance theiuse of digital twin technology in
clinical VT ablation. A digital twin-guided approach to
VT ablation may lead to a significant reduction in pro-
cedure duration; reducing-the risk of.complications-and
length of hospital-stay as-well-as potentially targeting
not only the clinical arrhythmia, but also those which may
be responsible for VT recurrences and thus the need for
re-hospitalization. Digital twins may represent a trans-
formative breakthrough in the way clinical VT ablation is
performed in the future.

The main finding of this work is that digital twins’
predictions correlate closely to invasively defined criti-
cal sites for reentry and conventional targets for ablation
in scar-dependent VT. This finding is critical in proving
the usefulness of this emerging technology to the elec-
trophysiologist undertaking VT ablation. We show that
where diastolic activity was observed in association with
sustained VT, 80% of MDPs were located at a predicted
target site. Furthermore, where we were able to detect a
central isthmus location through entrainment responses
and termination of VT with ablation, this was seen at pre-
dicted target sites in the vast majority of cases. These
findings validate the digital twin technology used in this
study.

We show a moderate agreement between the clini-
cally induced VTs and the digital twin-predicted VTs.

Circ Arrhythm Electrophysiol. 2025;18:e013660. DOI: 10.1161/CIRCEP.124.013660
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While the number of predicted VTs was over double
(5.3 versus 2.4) the number of invasively induced VTs,
the number of primary predicted VTs (3.5) more closely
correlated with clinically induced VT number. The sen-
sitivity, specificity and negative predictive value of the
digital twins in detecting the critical isthmus were high,
however the positive-predictive value was poor. We
suspect the agreement and positive-predictive values
are limited due to a multitude of factors, which result in
a far greater number of predicted VTs compared with
clinically proven isthmuses. First, the evaluation of VT
inducibility by digital twins is much more comprehensive
than the assessment performed in clinical practice and
the pacing sites do not necessarily overlap between
the digital twins and invasive PES. The digital twins are
subjected to pacing from 7 LV sites, directed preferen-
tially to the most arrhythmogenic regions (borderzone).
This contrasts with clinical VT ablation, during which
PES tends to be restricted to right ventricular apical or
septal pacing and potentially 1 or 2 LV sites. Second,
one of the strengths of digital twin technology is that
the models are tested for inducibility each time a new
ablation lesion set is applied, lgading to the detection
and abolition of secondary VTs‘,‘7iw}"f3ngj;§nan only arise in
the postablation substrate consisting of residual scar
and ablation lesions. During traditional VT mapping, it
isiimpossible to detect or predict these emergent VTs,
even if inducibility is re-tested following initial ablation.
Overall VT recurrence rates in ICM patients vary from
16% to 66%,%" and consequently the requirement for
repeat catheter ablation is_high. Therefore, a strategy
which can potentially allow the ablation of all possible
VTs in a single sitting is highly attractive. Third, digital
twins-do not-at present take into account the influence
of ‘antiarrhythmic drugs or general anesthesia, which
may.reduce the detection of clinical VTs. Finally, hemo-
dynamic instability may preclude full VT induction or
mapping in the clinical setting, a limitation which the
digital twin is not subject to.

Over 40% of digital twin-predicted VTs were found to
have an isthmus located in the epicardium. Those with
NICM were nearly twice as likely to have an epicardial
isthmus predicted by the modeling, which reflects the
typical scar distribution seen in this cohort. By contrast,
nearly three-quarters of our patients underwent endocar-
dial mapping only, which limits the correlation of epicar-
dial predicted VTs to invasive VTs. It is likely that where
diastolic activity was not detected endocardially during
induced VT, the circuit was partially or entirely epicardial
or mid-myocardial, precluding the invasive characteriza-
tion of the isthmus. One potential use of this predictive
modeling is to guide access route choice. When targeting
inferior wall scars, a transmitral approach may be used in
preference to the retrograde aortic. Where epicardial isth-
muses are predicted on the digital twins, it may be appro-
priate to offer a patient with ischemic cardiomyopathy a
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Figure 5. Example demonstrating close overlap of clinical ablation lesions with digital twin predictions.

A, Final clinical ablation lesion set (demarcated in yellow) from an ischemic cardiomyopathy patient with septal scar. B, Digital twin predicted
target sites overlayed on lesion set, showing close spatial relationship. C, Final clinical ablation lesion set for from an ischemic cardiomyopathy
patient with inferior wall scar. D; Digital twin predicted target sites show close spatial relationship with final ablation set.

combined endo-epicardial approach, even on a first-time
ablation. Further prospective studies on larger cohorts of
patients are required before this technology supersedes
clinical judgement on access route.

In this study, ablation was performed blinded to the
locations of the predicted target sites. Despite this, just
over 50% of predicted site area was ablated based on
traditional activation and substrate mapping techniques,
suggesting that these predictions are viable ablation
targets, even in the absence of any knowledge of their
importance through the simulations run before the VT
ablation. One-third of all ablation lesions were applied
directly in a predicted target site, with over half within
the radius of a typical ablation lesion (<5 mm). Thus, the
proposed digital twin-guided targets overlap well with
conventional ablation targets..

The average final ablation set area was similar to the
total area of the predicted target sites (11.5 cm ablated
versus 10.9 cm predicted). However, the conventional

Circ Arrhythm Electrophysiol. 2025;18:¢013660. DOI: 10.1161/CIRCER.124.013660

ablation sets target typically just a handful of VTs, namely
any mapped VT following PES plus any bystander sub-
strate which was deemed particularly arrhythmogenic.
It is impossible to know if targeting those digital twin-
predicted sites which were not found to be of importance
during the conventional ablation would lead to a mean-
ingful reduction in VT recurrence. However, it is reason-
able to hypothesize that a strategy of ablation focused
on the predicted target sites would target not only the
clinical VT (including ablation of any induced clinical VT
isthmus in >80% of cases) but would also target other
sustainable VTs within the constraints of that patient's
scar. This would help prevent recurrences, without the
need for more extensive or repeat procedures. Sung
et al*® used a similar modeling workflow based on CT-
detected infiltrating adipose tissue to predict VT ablation
targets. Not only did they show that these modeling-
derived targets overlapped with clinical ablations in a
majority of cases, they also showed that in 3 patients
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where there was recurrence of VT after ablation, the
ablation targets for the recurrent VT colocalized to the
original modeling-predicted targets even if many years
had elapsed between the CT scan and the recurrence.
This suggests that ablation of all the predicted targets
may indeed reduce the rate of VT recurrence. Further
studies are required to validate this hypothesis, includ-
ing the invasive assessment of any recurrences in our
cohort.

This study had several limitations. Coregistration of
the MRI-derived model and the EAM was performed
manually and, despite considerable care being taken to
maximize merge accuracy with multiple fiducial points,
some error at the time of merging cannot be excluded.?®
Due to the inherent instability following VT induction, the
critical isthmus was defined based on presence of dia-
stolic activity (MDPs), with entrainment only possible in
a handful of cases. In the absence of entrainment evi-
dence, some areas of diastolic activity may represent
bystander regions and not the isthmus itself. VT circuits
frequently have an intramural or epicardial course which
is difficult to detect during conventional electroana-
tomical modeling, especially in the absence of epicardial
mapping. Furthermore, visualizing meandering intramu-
ral VTs in a 3-dimensional model is challenging. Despite
these challenges, the problem of visualizing the entire
3-dimensional course ofa VT circuit is_more:tractable
using digital twin technology. The digital twins' predic-
tions for optimum ablation lesions rely on the investigator
visualizing the reentrant VI circuit and transecting it at
the isthmus in the most efficient manner possible. This
process is subjective. Machine-learning based methods
are being explored to automate this process, thereby
streamlining the-workflow-in the future. Correlation-of
induced VTs to predicted-VTs was visual and-therefore
exposed to observer bias. An automated comparison of
wavefront direction, rotational activity and wavespeed
would allow for a more comprehensive comparison of
predicted and observed VTs, but was beyond the scope
of this study.

To conclude, we present a combined digital twin and
clinical VT ablation study, in which digital twins displayed
a high degree of accuracy in predicting the critical isth-
mus and final ablation targets in a cohort of patients
with scar-dependent VT. This validation of digital twin
technology marks a major step in the translation of digi-
tal twins from research tool to a reliable clinical aid in
VT ablation.
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