





atrial lead was placed in the right atrial appendage, while
the right ventricular (RV) lead was targeted towards the
RV apex. The electrophysiologist was initially asked to
choose a target vein for LV lead placement based on
fluoroscopy blinded for the pre-procedural roadmap. After
decision making, the pre-procedural roadmap was
presented to the electrophysiologist and LV lead placement
was targeted towards the coronary vein remote from scar
in a region of late electrical activation (preferable >50% of
QRS duration) based on the roadmap. Navigation of the
LV lead to the target region was based on fluoroscopy.
Quadripolar LV leads were used. The electrode with a low
threshold without phrenic nerve stimulation was selected
for pacing. Intrinsic electrograms at the RV and LV lead
were recorded simultaneously with a precordial lead (V1)
using BARD. Electrical delay from these electrograms was
measured as the duration between onset of surface ECG
QRS duration and the steepest downslope in the QRS
window of the intra-cardiac electrogram.

Table 2 CRT implantation

Pt1 Pt2  Pt3
CT-CMR
Coronary veins AV, ALV, - AV, 1LV,
ILV, IV v
Veins outside scar AV, ALV - ILV
Target veins AV, ALV - ILV
ECGi
Total activation (ms, 111 (82%) 117 116 (84%)
%QRSd) (78%)
Electrical delay RV 45 (34%) 36 48 (35%)
apex (ms, %QRSd) (31%)
ECGi-CT-CMR
LAV AV, ALV - ILV
Electrical delay 105, 80 - 103 (75%)
LAV (ms, %QRSd)  (78%, 63%)
Target veins AV, ALV - ILV
Fluoroscopy
Coronary veins AV, ALV, - AV, LV,
ILV, IV ILV, IV
Target vein ALV - LV
Final LV lead ALV - ILV,LV
Electrical delay
RV lead (ms) 58 - 66
LV lead D1 (ms) 66 - 132
LV lead M2 (ms) 84 - 148
LV lead M3 (ms) 76 - 120
LV lead P4 (ms) 94 - 124

AV = anterior vein, ALV = anterolateral vein, IV = inferior vein, ILV
= inferolateral vein, LAV = latest activated vein.

3. Results

3.1. Study population

Three consecutive patients referred for CRT device
implantation and focal scar on DE-CMR were so far
enrolled in March and April 2017 (enrolment is still open).

Patient baseline characteristics are shown in Tablel.
3.2. Roadmap reconstruction

BSPM were carried out in all patients with an average
recording time of 3545 minutes. CT imaging of the BSPM
electrodes was performed in all patients. CT imaging of the
coronary veins was performed in Patient 1 and 3, but
unfortunately cancelled in Patient 2 due to a logistical
error. A redo of the CT coronary veins for Patient 2 is
planned in May 2017. Coronary veins shown on CT per
patient are represented in Table 2. CMR was performed in
Patient 1 and Patient 3. Patient 2 is planned for CMR in
May 2017. CMR outcome variables are shown in Table 1,
while the CT coronary veins located remote from DE-
CMR confirmed scar are shown in Table 2. For ECGi
reconstruction, BSPM from intrinsic sinus heart beats were
analyzed. The CT epicardium was adjusted to a mesh of
2968, 3018, and 2805 nodes for patient 1, 2, and 3
respectively. Activation times were computed for every
single node. Total activation time of depolarization of the
whole epicardium per patient is shown in Table 2. Target
veins based on image integration are shown in Table 2 and
a representative roadmap is shown in Figure 2.
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Figure 2. CRT roadmap for Patient 1. Integrated image of the CT
coronary veins and DE-CMR scar (dark green) (upper row). There were
four coronary veins on the CT: anterior vein (AV), anterolateral vein
(ALV), inferolateral vein (ILV), and inferior vein (IV). Scar in this patient
was predominantly present at the lateral wall. Only the AV and partly the
ALV were located outside scar. Integrated image of epicardial ECGi, CT
coronary veins, and DE-CMR scar (lower row). Note that the AV and
ALYV are located in an electrically late activated region.

3.3. CRT implantation

Patient 1 and 3 underwent a de novo CRT device
implantation guided by ECGi-CT-CMR road mapping
without complications. Patient 2 is planned CRT
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implantation in June 2017. Total procedural time was 120
and 180 minutes for Patient 1 and 3 respectively.
Fluoroscopy time was 16 and 57 minutes with radiation
doses of 237 and 914 mGy for Patient 1 and 3 respectively.
The coronary veins on fluoroscopy were similar as
found on CT for patient 1, while for patient 3 one coronary
vein (lateral vein) present on fluoroscopy was not present
on CT. Target veins based on ECGi-CT-CMR road
mapping were similar to those based on fluoroscopy for
Patient 1 and 3. Although in patient 3, the final LV lead
was positioned in the inferolateral vein and an anastomotic
branch of the lateral vein that was not shown on CT.
Specific fluoroscopy target veins and final LV lead
positions are shown in Table 2. Representative invasive
fluoroscopy images are compared with the pre-procedural
CT images of the coronary veins in Figure 3. ECGi and

invasive recorded electrical delays are shown in Table 2.
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Figure 3. Fluoroscopy images of the coronary veins (upper row) in
Patient 1. Pre-procedural 3D reconstruction of the CT coronary veins
(lower row) integrated with ECGi in corresponding views. The pre-
procedural anatomy was highly similar with the anatomy derived from
invasive fluoroscopy images, although the presence of collateral branches
was more evident in the fluoroscopy images. Abbreviations: AV =
anterior vein, ALV = anterolateral vein, CS = coronary sinus, ILV =
inferolateral vein, IV = inferior vein, RV = right ventricular.

4. Discussion

In the present study, we demonstrated a novel approach
for LV placement in CRT by integrating electrical
information from ECGi with both CT derived coronary
venous anatomy, and structural information on the
presence and extent of myocardial scar from DE-CMR.
This pre-procedural ECGi-CT-CMR roadmap was used to
guide LV lead placement to a coronary vein remote from
scar in a region of late electrical activation. We have shown
the preliminary results of the first three patients. ECGi
epicardial activation maps were reconstructed for all three
patients. ECGi-CT-CMR pre-procedural roadmaps were
constructed for two patients and used to guide LV
placement during CRT implantation.

The electrical delay measured invasively at the RV lead

was consequent lower in Patient 1 and 3 compared to the
RV apex electrical delay from the ECGi activation map,
which could be explained by the fact that the position of
the RV lead is located at the endocardium, while the ECGi
reconstructions were done at the epicardium. For patient 1
the electrical delay at the ECGi anterolateral vein (which
was the final LV position) was in the ranges of the LV lead
electrical delay measurements. In patient 3 the electrical
delay at the ECGi inferolateral vein was lower compared
to the LV lead electrical delays measured invasively. In
this patient, one coronary vein (lateral vein) present on
fluoroscopy was missed on CT, and the LV lead was
finally placed only partially in the initial target vein
explaining the slight differences in electrical delay.
Coronary venous anatomy was similar on the pre-
procedural roadmap with invasive fluoroscopy images in
one patient. In the other patient, CT failed to identify one
coronary vein in comparison to fluoroscopy. In the two
patients so far, the LV lead was placed in the ECGi-CT-
CMR target vein. The target vein from our pre-procedural
roadmap was similar to ones chosen by the
electrophysiologist based on fluoroscopy, indicating that
for the first two CRT implantations, clinical decision
making on LV placement was not changed by the ECGi-
CT-CMR roadmap. Still, road mapping may still be of
added value as information on the LV lead position with
regard to scar and electrical substrate could provide
additional insight in patient (non)response to CRT.
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