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Figure 1. Well-aligned PM anatomies between CT images and ICE maps after extra-cavity registration. The anterior and
posterior PM were indirectly visualized as the cavern or dentation-like structures (yellow asterisks) on CT image. The ICE

reconstructed PMs were indicated as green or purple color structures. After extra-cavity registration, the CT images were found
to be well-aligned with ICE maps. APM, anterior papillary muscle; LV, left ventricle; PPM, posterior papillary muscle.

Location differences were assessed by measuring the dis-
tances of corresponding positions on the CT geometry and
ICE-created map, those positions including LV summit, LV
apex, and LV free wall. The distance would be zero if they are
totally matched. The assessment was achieved by acquiring
the corresponding positions through the ICE view. A built-in
distance measurement tool was used to calculate the abso-
lute location difference. This process was achieved by 2
independent experienced electrophysiologists and an ultra-
sonologist. The same site was repeatedly calculated 3 times
and averaged the results as the final measurement.

Well-matched registration was defined as volume differ-
ence <8 mL, and location difference <3 mm of all the 3 mea-
sured positions.

Feasibility of Left Ventricular Mapping and Ablation via
Extra-Cavity Left Ventricular Registration Only

In this feasibility group, after extra-cavity registration, the
CT image was brought into a real-time mapping window.
LV mapping and ablation were conducted under the guid-
ance of this CT image without using ICE. The contact of
mapping catheter with the LV summit, septum, apex, and
free wall was tested by experienced operators with contact
force controlled between 5 g and 10 g. Further, the real-time
positions were collected, and the corresponding positions on
the CT image were defined as landmarks. Then the distance
between thereal-time positions and the corresponding posi-
tions on the CT image could be automatically calculated via
registration error measurement. The distance difference <3

Figure 2. Imaging registration and verification. A. The paired landmarks (shown as flags) were respectively tagged on the aortic
root in the FAM map (left, gray) and CT map (right, orange). B. The aortic CT map was superimposed on the FAM map after

landmark and surface registration. C. After registration, the LV CT image (purple) was moved into real space without positions
within LV and compared with the LV chamber reconstructed by ICE (gray), and the 2 anatomies were well accommodated. AO,
aorticroot; CT, computed tomography; FAM; fast anatomical mapping; ICE, intracardiac echocardiography; LV left ventricle.
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mm was deemed as well-matched registration. Meanwhile,
the procedural time, fluoroscopic time, complication rate,
and success rate were collected and compared with the veri-
fication group.

Statistical Analysis
Continuous variables are expressed as mean + SD or median
(interquartile range).

Comparisons are performed using the t-test or Mann—
Whitney U-test according to the normality with K-S test.
Categorical variables were expressed as number (per-
centage) and compared using Fisher's exact test or chi-
square test. All tests were performed using SPSS software
(Version 22).

RESULTS

Patients’ Characteristics

During the study period, a total of 89 patients were enrolled
inthe current study. The verification group included 41cases;
the feasibility group included 48 patients. The clinical char-
acteristics were presented in Table 1. In the feasibility group,
the ventricular arrhythmia was originated from the outflow
tractin 6 patients (14.6%), LV PMs in 19 patients (46.3%), and
LV fascicles in 16 (391%). In the verification group, the ven-
tricular arrhythmia was presented in LV PMs in 25 patients
(52.2%) and LV fasciclesin 13 (27.0%). Ten patientsin the verifi-
cation group manifested pathological ventricular tachycar-
dia, among which 7 patients had ischemic cardiomyopathy, 2
had arrhythmogenic cardiomyopathy and 1 had dilated car-
diomyopathy. No significant differences in clinical param-
eters were found between the groups.

Accuracy of Extra-Cavity Registration

After extra-cavity registration, the CT image was moved
into real-time window and compared with the LV geometry
reconstructed by ICE. The location differences between the
CT and ICE maps were presented in Table 2. The LV volume
of CT image and ICE map averaged 113.6 + 15.5 mL and 109.0
+15.3 mL (P=.269), respectively. The registration error was
highest in the LV summit and reached a difference of 31 + 1.1
mm. It had better performance in the LV free wall with a dif-
ference of 1.8 £+ 0.9 mm and LV apex with a difference of 1.8
+ 0.7 mm. The PMs were indirectly visualized as the carven

Table 1. Clinical Characteristics

Group A Group B

Characteristics (n=41) (n=48) P
Age, years 411+£9.4 429 +£10.0 .508
Male, n (%) 16 (577) 18 (62.1) .705
Types of arrhythmias

Outflow tract VA 6 (14.6) 0(0.0) <.001

Papillary VA, n (%) 19 (46.3) 25(52.2)

Fascicular ILVT, n (%) 16 (391) 13 (27.0)

VT instructural heart - 10 (20.8)

disease, n (%)

ILVT, idiopathic left ventricular tachycardia; VA, ventricular
arrhythmia; VT, ventricular tachycardia.
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Table 2. Mean Distance to the ICE Map in Group A

Parameters Difference
LV alignment
LVA distance, mm 1.8+0.7
Summit distance, mm 31+11
Free wall distance, mm 1.8+ 09
APM alignment
Length difference, mm 29+1.2
Base distance, mm 28+09
PPM alignment
Length difference, mm 3.0£10
Base distance, mm 22+09

APM, anterior papillary muscle; EAS, earliest activation site; LV, left
ventricle; LVA, left ventricular apex; PPM, posterior papillary muscle.

structure in the CT map. There was a mean of 2.9 £ 1.2 mm
and 3.0 £ 1.0 mm length difference in anterior PM and poste-
rior PM. The position difference of the PM'sbase was2.8 £ 0.9
mm for anterior PM and 2.2 + 0.9 mm for posterior PM.

Acute success was achieved in all patients with 2 patients
having local hematoma. No other complication occurred.
The CT image and ICE reconstruction time were presented
in Table 3. The total procedural time and fluoroscopic time
were 74.5 + 81 minutes and 1.6 = 11 minutes, respectively.

Feasibility of Mapping and Ablation Under Extra-Cavity
Image Registration

The CT image reconstruction time and registration time
were 41 * 1.2 minutes and 3.0 + 1.0 minutes, respectively.
After extra-cavity registration with CT image only, the dis-
tance between the real-time positions and corresponding
positions on CT images was measured. The distance differ-
ences of LV summit, LV septum, LV apex, and LV free aver-
aged 1.8 £+ 0.8 mm, 1.5 £ 0.7 mm, 1.4 + 0.6 mm, 1.3 + 0.7 mm
respectively (Figure 3, 4). Three patients with pathological
ventricular tachycardia required epicardial mapping and

Table 3. Procedural Parameters

Group A Group B
Duration (n=41) (n=48) P
Acute success (%) 100.0 96.5 .322
Complications rate 49 2.0 .305
(%)
Fluoroscopic time, 1.5(1.0-2.0) 1.5(1.0-2.8) 492
minutes
CTimage 4.0 (4.0-5.0) 5.0 (4.0-5.0) 434
reconstruction,
minutes
Image registration, 3.0 (2.3-4.0) 2.0(2.0-3.0) .081
minutes
ICE reconstruction, 21.4+3.2 - -
minutes
Mapping duration, 179+3.6 11.2+2.8 <.001
minutes
Procedural time, 74.5%£81 61.2+9.5 <.001

minutes
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Figure 3. Ablation of fascicular ventricular tachycardia after

extra-cavity registration only. This was a case of idiopathic
left ventricular tachycardia arising from the left-sided His.
After extra-cavity registration via the aortic root, the LV
anatomy segmented from CT image was activated and
moved into real space. All subsequent mapping and ablation
were carried out guided by this CT image only, the left
anterior and posterior fascicles were mapped out and found
well aligned with the LV septum. The tachycardia was
successfully treated by ablation at the origin (indicated by
red point). AO, aortic root; CT, computed tomography; FAM;
fast anatomical mapping; LAO, left anterior oblique; LV, left
ventricle; RAO, right anterior oblique.

ablation in which the myocardium was specifically recon-
structed and integrated. The epicardial side was also well
correlated with electro-anatomical mappings (Figure 5).
One patient developed a local hematoma after the proce-
dure. No other complication was observed.

Compared with the validation group assisted by ICE, acute
success (100% vs. 96.5%, P =.322), complicationsrate (4.9% vs.
2.0%, P=.305), and fluoroscopic time [1.5 (1.0-2.0) vs. 1.5 (1.0-
2.8) minutes, P=.492] exhibited no significant difference.
However, the procedural time was significantly reduced in
the validation group (74.5 + 8.1 vs. 61.2 + 9.5 minutes, P <.001,
Table 3).

DISCUSSION

Major Findings

LV registration could be achieved via extra-cavity structure,
i.e., aortic sinus. And this image registration method does
not require positions within LV and yields the same accuracy
as ICE-guided reconstruction, supporting its clinical use for
LV mapping and ablation.

Image Registration

CT/MR integration consists of 3 major steps: 2-dimensional
raw data acquired prior to EP procedure; segmentation of
3D chamber(s) of interest from the 2-dimensional data; and
finally image registration. The first 2 steps are well estab-
lished, aiming to obtain CT/MR images before patients are
transferred to the catheter lab. Registration refers to super-
imposing a 3D CT/MR image onto a real-time electro-ana-
tomical map, which requires catheter-based reconstruction
and landmark(s) definition. The former requires contact
of mapping catheter with the endocardium and overcom-
ing cardiac or respiratory motions. And the latter requires
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Figure 4. Ablation of papillary muscle ventricular arrhythmia
after extra-cavity registration only. This was a case of
premature ventricular contraction originating from lateral
head of anterior PM. After extra-cavity registration via the
aortic root, the LV anatomy of CT image was activated and
moved into real space, and the PMs were exhibited as cavern
structurein Figure 4A (asterisk, anterior PM; pound, posterior
PM). Further mapping was performed on the medial and
lateral bundles of anterior PM. The origin of premature
ventricular contraction was localized at the middle part of
lateral head (Figure 4B and 4C). AO, aortic root; LAO, left
anterior oblique; LL, left lateral; LV, left ventricle; RAO, right
anterior oblique.

adequately defining the landmarks, whichisrelatively objec-
tive, lacking golden standards. Prior studies indicated that
reconstructed maps and landmark definitions are important
impactors on the accuracy of image integration.

So far, image integration has mainly been used for atrial
fibrillation ablation and showed a tendency to improve suc-
cess and reduce ionizing radiation.>® However, it is seldom
reported for LV mapping and ablation.”? Unlike the left
atrium, LV exhibits more complex anatomy such as tendons,
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Substrate mapping Substrate mapping
LV Endo LV Epi
Figure 5. Ablation of pathological ventricular tachycardia
after extra-cavity registration only. This was a case of
arrhythmogenic cardiomyopathy. After extra-cavity
registration via the aortic root, the LV anatomy of CT image
was activated and moved into real space. The voltage point-
by-point mapping was initially performed at the LV
endocardial side (left panel). No significant low voltage area

was observed. Epicardial voltage mapping showed there was
alargelow-voltagearea(rightpanel). Substrate modification
ablation was targeted to the border zone. Of note, the 2
epicardial and endocardial LV CT map were derived from CT
imaging separately, and both were well aligned with
manually created maps. Endo, endocardial; Epi, epicardial;
LL, leftlateral; RAO, right anterior oblique.

PMs or muscular pectinate. When mapping catheter roving
around, bumping-induced contraction tendsto create afalse
space. Meanwhile, LV itself lacks the featured landmarks
such as pulmonary vein ostia like the left atrium has, making
it hard to select the corresponding positions for registration.

Extra-Cavity Left Ventricular Registration by Aortic Root
Usually, registration was performed via the paired posi-
tions of 3D map and 3D image of interest, and seldom per-
formed via extra-cavity structures.”™* One study has used
the descending aorta as one of the internal fiducial struc-
tures to guide left atrium image integration and yielded
good accuracy.” Another study reported MR integration by
using the left coronary artery as anatomical landmark for
LV registration, but it showed a location error of 6.58 + 1.63
mm."” However, the descending aorta is far from the heart
and inconsistency exists in terms of pulsation and respira-
tory motions. And placing the mapping catheter within left
coronary artery is not always safe. Meanwhile, both studies
used the maps created manually by mapping catheters to
evaluate the registration accuracy, which itself has inherent
limitations.

On the other hand, the aortic root is a centrally located
structure fixed in cardiac fibrous skeleton with featured
landmarks and moves consistently with the heart motions.
Its smooth endocardial surface seldom causes unintentional
bumping and contraction when the catheter roves around.
Thus, reconstruction of the aortic root is relatively easy to
perform. Although aortic root is the extension of LV, as an
extra-cavity structure, whether it can be used for LV regis-
tration has never beeninvestigated.
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In the current study, the aortic root was used for extra-
cavity registration, LV anatomy was obtained and set in the
real-time 3D space without positioning the catheter within
LV chamber. Meanwhile, 3D map created by ICE was used
for accuracy verification. Compared with catheter-based
LV reconstruction, ICE provides non-contact, real-time LV
reconstruction, and it provides a better caliber for verifying
the location errors. The current study found that imported
CT images by the extra-cavity registration method were
consistent with the ICE-created map, and the anatomic
deviation was minimal. Location error was more signifi-
cant regarding LV summit (3.1£11 mm) than other regions
(LV apex: 1.8+0.7; LV free wall: 1.8+0.9 mm) possibly due to
inherent limitation of ICE catheter for inadequate tracing
LV summit region. The accuracy of this registration was fur-
ther verified by well alignment of PMs created by ICE with
the anatomy of CT blood pool. Although the movement of
PM is significant during each cardiac cycle and tends to dis-
tortthe accuracy of theraw CT image. However, those loca-
tion errors pose a minimal impact on the whole anatomy.
This is corroborated by successfully mapping and ablation
in the feasibility group, in which LV mapping and ablation
were successfully carried out without needing additional
reconstructions.

Clinical Implications

Though ICE catheter has been widely used in the ablation of
idiopathic and non-idiopathic LV arrhythmia, they cost more
resources. It is time-intensive to adjust the axial direction of
ICE catheter to appropriately display the region of interest.
It might take a longer time to reconstruct intracavity struc-
tures, like LV PMs, by ICE. Compared with ICE, obtaining an
LV map via this extra-cavity registration is simple and time-
saving. Based on our observation, the CT imaging recon-
struction plus registration duration was less than 10 minutes.
Our results also indicated this registration method was suit-
able for various types of arrhythmias in different sites of LV
chamber, including the septum, PMs, and even epicardium.
More importantly, extra-cavity registration shows a pos-
sibility of importing cardiac images into real-time 3D space
via the landmarks outside of the chamber of interest, and
this opens a new way for 3D reconstruction non-invasively.
Theoretically, the extra-cavity landmarks could be any-
where only if they exhibit a fixed anatomic relationship with
heart, compatible with respiratory movements. The assump-
tion merits further study for related software and hardware
development.

Study Limitations

This study has several limitations. First, anatomic devia-
tion due to cardiac pulsation and respiratory motions can-
not be completely avoided during obtaining CT image and
3D maps. However, this is the inherent limitation of 3D car-
diac reconstruction, was minimized by same respiratory and
ECG-gated image acquisition. Secondly, this registration
method was suitable for mapping during sinus rhythm or
premature ventricular contractions because the CT images
were obtained during sinus rhythm, while mapping during VT
is still a challenge.
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CONCLUSION

LV image registration could be achieved by using extra-cav-
ity structures such as aortic with acceptable location errors.
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