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Abstract—It is believed that pacing sites that provide a more 
rapid, normal activation of the left ventricle (LV) results in 
improved performance of the heart. Utilization of non-contact 
electrical mapping (NCM) techniques has been limited in the 
assessment of alternative pacing sites. Recently, NCM 
techniques have been developed to characterize and assess 
global depolarization and repolarization changes associated 
with cardiac pacing. High-resolution, NCM was employed to 
reconstruct LV geometry and record electrical activation in 
anesthetized swine (N=10). Bipolar pacing was performed from 
the right atrial appendage (RAA), right ventricular apex 
(RVA), and the right ventricular outflow tract (RVOT) under 
fluoroscopic guidance. There were no differences between RAA 
and RVOT pacing with respect to global activation sequences, 
QRS durations, total and local endocardial activation 
durations, conduction velocity and repolarization parameters. 
Conversely, RVA pacing resulted in impaired 
electrophysiologic performance, which correlated with 
decreased global hemodynamic function of the heart. 
Evaluation of alternative pacing sites employing NCM 
techniques was successfully demonstrated and supports the 
need for clinical application of these methodologies. 

 
Keywords—Activation, Cardiac, Left Ventricle, Mapping, 

Pacing. 
 

I.  INTRODUCTION 
 
 In recent years, the influence of the site of electrical 
stimulation of the heart has increased in importance, yet 
there have been few studies to determine which pacing 
site(s) provide for optimal cardiac performance. Yet, several 
studies have indicated that pacing in the right ventricular 
apex (RVA) is associated with diastolic [1] and systolic [2] 
impairment, changes in tissue perfusion [3] and histologic 
abnormalities [4]. In acute animal studies, pacing from the 
right ventricular outflow tract (RVOT) have demonstrated 
beneficial effects [5], however clinical studies have yielded 
inconsistent results [6]. 
 The clinical role of non-contact cardiac mapping 
(NCM) technology has been focused on the determination of 
global patterns of electrical activation sequence (AS), 
regions of delayed and/or slow conduction, and navigation 
for aid in ablation procedures. In addition, NCM has 
recently been shown to accurately determine steady-state 
and dynamic endocardial repolarization in humans [7]. The 
purpose of the present study was to therefore evaluate right 
ventricular (RV) pacing sites and their electrophysiological 
consequences by means of NCM techniques and correlate 
these findings with resultant hemodynamic performances. 

II.  METHODS 
 
A.  In Situ Protocol 
 The following procedures were reviewed and approved 
by the University of Minnesota Animal Care and Use 
Committee, which insured humane treatment of all animals. 
Swine (N=10, 81.3 + 6.3 kg) were initially anesthetized with 
intramuscular xylazene (5 mg/kg) and telazol (250 mg) and 
then intubated and mechanically ventilated with 65% air and 
35% 02. Subsequently, anesthesia was maintained using 
isoflurane (1.2 – 1.4 minimal alveolar concentration), and 
end-tidal CO2; exhaled isoflurane levels were monitored 
continuously and adjusted so to maintain a sufficient 
anesthetic depth. Mikro-Tip® pressure transducer catheters 
(5 French (Fr), Model MPC-500, Millar Instruments, Inc., 
Houston, TX) were used to measure the RV and LV 
pressures, respectively. After a medial sternotomy was 
performed and the heart was subsequently stabilized in a 
pericardial cradle, four ultrasound sonomicrometry crystals 
(2 mm each; Sonometrics Corporation, London, Ontario, 
Canada) were surgically positioned into the mid-
myocardium at the base, apex, and the anterior and posterior 
walls to allow for the collection of LV volumetric data.   
 
B.  Non-Contact Mapping Protocol 
 The technique of NCM with the EnSite® 3000 system 
(Endocardial Solutions, Inc., St. Paul, MN) has been 
described previously [8]. Briefly, the system’s 64 multi-
electrode array (MEA), comprised of a 7.5-mL balloon on a 
9 Fr catheter, was introduced under fluoroscopic guidance 
into the left ventricle (LV) via a retrograde transaortic 
approach. A roving quadripolar catheter (RF Conductr MC-
6022, 7 Fr, 110 cm, Medtronic, Inc., MN) communicated 
with the distal and proximal ring electrodes of the MEA via 
a 5.68 kHz locator signal. Once the three-dimensional (3D) 
location of the mapping catheter was calculated, the roving 
catheter was dragged across the endocardial surface of the 
LV collecting thousands of endocardial anatomical points 
for the generation of an end-diastolic chamber geometry. 
The MEA catheter also allows for the recording of 
endocardial far-field potentials from the chamber’s surface, 
which are then subjected to inverse solution mathematics 
that simultaneously converts the far-field information into 
more than 3,300 reconstructed virtual unipolar endocardial 
electrograms; these are then displayed over the 
reconstructed geometry. 
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C.  Pacing Protocol 
 Pacing was first performed in the RAA (AOO mode, 
140 bpm, 0.5ms, 2V) for the recording of baseline data and 
then in the RV at either the RVA or the RVOT (VVI mode, 
140 bpm, 0.5ms, 5V) via a quadripolar EP catheter (moved 
from the LV to the RV after geometry reconstruction). In all 
cases, a pacing system analyzer (Model 5311, Medtronic, 
Inc.) was used to bipolar pace from the most distal 
electrode, which was selected as the cathode. Hemodynamic 
and electrical NCM data were recorded after ten minutes of 
continuous pacing at each site. Pacing was then suspended 
for five minutes allowing for hemodynamic equilibrium and 
the catheter to be positioned to the next site. Catheter 
position was confirmed by assessment of fluoroscopic 
location. 
 
D. Statistical Analysis 
 A repeated measures analysis of variance (ANOVA) 
was performed to examine the effects of the pacing site on 
LV performance (StatView for Windows, SAS Institute, 
Inc., Cary, NC, USA).  When the ANOVA was significant, 
a Fisher’s least squares post hoc test was performed, with a 
p-value of < 0.05 being considered significant.  The results 
are reported as the mean + standard deviation. 
 

III.  RESULTS 
 
A. Electrophysiologic Data 
 Intrinsic pacing (RAA) elicited a normal LV 
endocardial electrical AS on the isopotential maps. 
Endocardial breakout (BO) was observed high on the septal 
wall and excitation propagated down the septum (3.4 + 0.4 
m/s) activating the inferior region of the LV first. The 
depolarization wavefront then proceeded up the antero- and 
postero-lateral walls and terminated in the high, postero-
lateral region (see Fig. 1). A similar AS and BO was 
observed during RVOT pacing. Conversely, RVA pacing 
resulted in slower, abnormal impulse conduction, 
originating low on the LV septum and then radially 
propagating (1.1 + 0.5 m/s) towards the postero-lateral 
region.   
 Total LV electrical activation durations (TAD: time 
from LV endocardial electrical BO to termination) and 
transseptal durations (TSD: time from RV pacing impulse to 
LV endocardial electrical BO) were determined following 
pacing at each site (see Table 1). A 12-lead ECG analog 
signal was input into the mapping system for off-line 
analysis of the QRS duration. There were no statistical 
differences between RVOT pacing and RAA pacing with 
respect to QRS duration and intraventricular electrical 
dyssynchrony (ED: the time difference between electrical 
activation of the lateral and septal walls of the LV). 
Conversely, RVA pacing resulted in significantly increased 
QRS, TAD, and ED values (p < 0.001 vs. RAA). 
Repolarization changes were assessed by measuring 
activation-recovery intervals (ARI – time from termination 

of endocardial activation to the maximum derivative of the 
T-wave (Wyatt method) and demonstrated that RVOT 
pacing preserved normal ARI durations, while RVA pacing 
resulted in significantly shorter durations (p < 0.001). 
 
B. Hemodynamic Data 
 The hemodynamic performances relative to RAA 
pacing are provided in Table 2. Contractility (peak +dP/dt) 
was acutely preserved in both the LV and RV with RVOT 
pacing, however RVA pacing was significantly impaired (p 
< 0.05). Relaxation (peak -dP/dt) was impaired in both 
ventricles during RVOT pacing (these differences were not 
significant), but RVA pacing resulted in impaired relaxation 
in both chambers (p < 0.05). The time constant of 
isovolumic relaxation of the LV (tau) was determined using 
the LV pressure trace during the cardiac cycle from end-
systole (peak negative dP/dt) to the point in the cycle where 
the LV pressures were 5 mmHg above the end-diastolic 
pressure values. Both RV pacing sites increased relaxation 
time indicating probable diastolic impairment of the LV, yet 
the differences were not significant.  

 
  

Fig. 1. Isopotential maps representative of global electrical activation 
sequences during pacing from the: (A) RAA, (B) RVOT, and the (C) RVA. 
Maps are shown in an anterior to posterior view (colors represent voltage: 

white-the most depolarized regions to purple-isoelectric regions)  
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Table 1. Electrophysiologic Results 
 

     RAA       RVOT RVA 

QRS (ms) 51.6 + 4.0 54.8 + 3.4  74.4 + 4.9 **§§ 

TAD (ms) 37.5 + 3.6   42.5 + 3.1 *  58.3 + 2.8 **§§ 
TSD (ms) --- 39.6 + 2.6        28.2 + 5.6 §§ 
ED (ms) 7.1 + 1.8   8.8 + 1.6   26.6 + 5.4 **§§ 
CV (m/s) 3.4 + 0.4   3.2 + 0.6     1.1 + 0.5 **§§ 

AS (pattern) Normal Normal Abnormal 
Breakout Mid-Septal Mid-Septal Postero-Septal Apex

ARI (ms) 197 + 16 193 + 15           160 + 17 

 
All data presented as mean + stdev; * = p < 0.05 vs. RAA, ** = p < 0.001 
vs. RAA, § = p < 0.05 vs. RVOT, §§ = p < 0.001 vs. RVOT, RAA = right 
atrial appendage, RVOT = right ventricular outflow tract, RVA = right 
ventricular apex, TAD = total activation duration, TSD = transseptal 
conduction duration, ED = electrical dyssynchrony, CV = conduction 
velocity, AS = activation sequence, ARI = activation-recovery interval. 
 
Table 2. Hemodynamic Results 
 

(mmHg/s) RAA RVOT RVA 

LV +dP/dtmax 1238 + 135 1124 + 161 826 + 232 **§ 

LV -dP/dtmax -1566 + 248   -1266 + 372 -964 + 491 * 
RV +dP/dtmax 393 + 94    366 + 107 296 + 82_* 
RV -dP/dtmin -493 + 203   -369 + 147 -239 + 63 *§ 

τ (ms) 37.7 + 7.6  41.6 + 8.7      44.1 + 11 

 
All data presented as mean + stdev; * = p < 0.05 vs. RAA, ** = p < 0.001 
vs. RAA, § = p < 0.05 vs. RVOT, +dP/dt = contractility parameter, -dP/dt = 
relaxation parameter,  τ = tau = the time constant of isovolumic relaxation. 
 

IV. DISCUSSION 
 

 Substantial progress has been made in the development 
and employment of real-time cardiac mapping in the 
electrophysiology suite. Specifically, NCM has allowed for 
the identification of a number of specific patterns of 
sequential depolarization that has subsequently enabled 
electrophysiologists to gain new insights into underlying 
arrhythmia mechanisms and their sustenance [9]. 
Furthermore, activation recovery intervals have been 
validated with monophasic action potential recordings 
during sinus rhythm, constant pacing, and abrupt changes in 
the preceding diastolic interval thereby allowing NCM to be 
employed for the investigation of repolarization in the 
human heart [7]. 
 The electrophysiologic results provided here provide 
evidence that RVOT pacing maintains a normal physiologic 
normal sequence of LV electrical activation, thereby acutely 
preserving LV and RV cardiac function. Importantly, RVOT 
pacing resulted in rapid and uniform activation of the 
myocardium, as well as normal QRS and endocardial 
activation durations, similar to those elicited during RAA 

pacing. Similar to previous studies, RVA pacing resulted in 
abnormal asynchronous electrical activation sequences and 
was also associated with decreased LV hemodynamic 
performances [10]. Specifially, pacing from the RVA 
prolonged LV endocardial activation and intraventricular 
electrical dyssynchrony was more pronounced. Taken 
together, these data suggest that in addition to shortening of 
QRS duration, minimal electrical dyssynchrony and 
maintenance of a physiological electrical activation 
sequence are critical for acutely preserving hemodynamic 
function. 
 It should be emphasized that there are associated 
limitations with the present investigations, relative to 
evaluating these data. In particular, all hearts were 
considered normal (i.e., non-diseased), so when translating 
results to diseased conditions, one must recall that the 
healthy heart can elicit numerous compensatory mechanisms 
for preserving LV function. Furthermore, such results would 
likely be different in a chronic paced setting, particularly as 
LV remodeling can profoundly affect patterns of 
depolarization and/or the dispersion of repolarization. 
Importantly, NCM is only able to reconstruct the electrical 
activity on the endocardial wall of the chamber, thus it is 
unable to identify subendocardial activation characteristics, 
which may play a critical role in the successful identification 
of various arrhythmias and the subsequent therapy 
employed. 
 

V.  CONCLUSION 
 

 NCM is a valuable tool for the electrophysiologic 
evaluation of alternative pacing sites. The findings of this 
study are consistent with previous reports that RVA pacing 
is associated with LV dyssynchrony resulting in decreases in 
global indexes of contractility and relaxation. In contrast, 
pacing from the RVOT acutely preserves cardiac 
performance and generates a normal, physiological 
activation pattern. The electrophysiologic results and 
hemodynamic sequelae are important to consider when one 
chooses to employ RV pacing in a patient who has an intact, 
normal conduction system. 
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