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Abstract
Purpose Contact force (CF) sensing during radiofrequency
(RF) ablation allows controlling lesion size. The aim of this
study was to analyze the impact of catheter tip location and
orientation on the association of CF and impedance decrease.
Methods We retrospectively analyzed RF applications from
32 patients undergoing catheter ablation for paroxysmal atrial
fibrillation using a force-sensing catheter and 3D mapping
system. CF, catheter location and orientation relative to the
tissue during ablation as well as the absolute impedance de-
crease during the first 20 s of ablation as a surrogate for lesion
effectiveness were analyzed for 791 RF applications.
Results While a higher CF was achieved around the right
pulmonary veins (12.5 vs. 11.4 g, p=0.045), a lower median
absolute impedance decrease within the first 20 s was seen
around the right veins compared to the left veins (9.3 vs.
10.2Ω, p=0.02). With different catheter orientations relative
to the tissue, higher CF and impedance decrease was seen
when the catheter was orientated parallel or oblique to the
tissue (30°–145°) as compared perpendicularly (0–30°) with
a median CF of 13.2 vs. 8.0 g (p<0.001) and a median im-
pedance decrease during the first 20 s of 11 vs. 7Ω (p<0.001).
Importantly, achieved CF, baseline impedance, catheter orien-
tation and location all independently predicted the initial ab-
solute and relative impedance decrease in a multivariable lin-
ear regression model (p<0.05).

Conclusions The effectiveness of RF ablation lesions, as
assessed by the initial impedance decrease, is not only depen-
dent on the achieved catheter CF but also on catheter orienta-
tion and location.

Keywords Atrial fibrillation . Pulmonary vein isolation .

Radiofrequency ablation

1 Introduction

Since the first report of radiofrequency (RF) ablation in 1985
[1], several important developments in catheter technology
have improved the safety and efficacy of RF energy delivery.
Recently, contact force-sensing (CF) catheters (SmartTouch,
Biosense Webster, Diamond Bar, USA; Tacticath, St Jude
Medical, Minneapolis, USA) have been developed, enabling
the operator to visualize contact information from the distal tip
of the catheter. Several studies have been published, investi-
gating the impact of contact force on acute and procedural
variables [2, 3], on biophysical parameters [4–9] and on out-
come after pulmonary vein isolation (PVI) [10–12]. However,
contact force is only an essential but not sufficient criterion to
describe the amount of energy transferred between catheter tip
and the tissue. It is the amount of transferred energy that de-
termines the heating up of the myocardium to temperatures
above 50 °C, causing cellular necrosis as required for radio-
frequency (RF) ablation. Based on the fundamental biophys-
ics of radiofrequency (RF) lesion formation [13], the amount
of thermal energy transferred to the tissue and responsible for
the subsequent temperature increase is dependent on tissue
properties and the transferred electric current density. While
tissue properties represent inherent variables and are potential-
ly different between different locations in the left atrium, cur-
rent density is a variable parameter roughly determined by the
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predefined power set by the generator, the contact area be-
tween the catheter tip and the tissue surface and the catheter
tip design. Since tissue temperature cannot be measured di-
rectly, we use the impedance decrease as a surrogate marker
for the effectiveness of RF ablation [14]. The aim of this study
was to investigate the impact of the location and orientation of
the catheter tip on biophysical parameters during RF ablation
and on the association of contact force (CF) and impedance
decrease during radiofrequency (RF) ablation using a CF-
sensing RF catheter.

2 Methods

2.1 Study population

We analyzed RF applications of 32 patients undergoing PVI
for paroxysmal atrial fibrillation. The study complies with the
Declaration of Helsinki and was approved by the local ethics
committee, and informed consent was obtained from all
patients.

2.2 Electrophysiological procedure

All subjects underwent transesophageal echocardiography to
rule out left atrial thrombus the day before the procedure. Oral
anticoagulation was not interrupted for the procedure in pa-
tients on vitamin K antagonists. In patients on dabigatran, the
last dose was given 24 h before the procedure. All patients
underwent cardiac magnetic resonance imaging or computed
tomography to assess left atrial anatomy prior to the proce-
dure. The procedures were performed with patients under con-
scious sedation. Double transseptal puncture was performed
under fluoroscopic guidance. Intravenous heparin was used to
maintain an activated clotting time of 350 s. A 20-pole vari-
able circumferential mapping catheter (Lasso 2515, Biosense
Webster) and a 3.5-mm open irrigated tip contact force-
sensing catheter (Navistar Thermocool ST, Biosense
Webster) were advanced into the left atrium. The geometrical
electroanatomical reconstruction of the left atrium (Carto3,
BiosenseWebster) and the imported reconstruction frommag-
netic resonance imaging or computed tomography were used
to guide the continuous circumferential antral ablation around
the ipsilateral PVs. RF energy was delivered in a temperature-
controlled mode using the EP Shuttle RF generator (Biosense
Webster) with a power of 25 W (71 %) or 30 W (29 %) and a
maximum temperature of 50 °C for a duration of 30 s. The
power was not changed during RF application and limited to
25Wat the posterior wall. Target contact force range was 10–
40 g. The indifferent electrode was placed on the back of the
patient at the level of the left scapula, and the irrigation fluid
flow rate was set to 17 ml/min.

2.3 Data acquisition and analysis

Point-by-point ablation was performed using the force infor-
mation from the CF-sensing catheter in conjunction with
established markers of tissue contact, including tactile feed-
back, catheter tip motion on the 3D mapping system, electro-
gram quality and voltage abatement during RF energy deliv-
ery and baseline impedance and impedance decrease.

Data from ablation lesions with a minimal duration of 20 s
and a stable contact were tagged in the system and used for
analysis. Stable contact was defined by stable catheter position
or uniform movement in the 3D mapping system and a uni-
form force pattern during the first 20 s of ablation. Sampling
frequency was 20 Hz for the force measurement and 10 Hz for
impedance. To eliminate breathing artifacts on the impedance
measurements during ablation, only applications with either
no respiratory influence on the impedance curve or applica-
tions acquired within the same breathing cycle at the begin-
ning of the ablation and at 20 s were included for analysis.

All biophysical data (impedance, power and temperature)
were post-procedurally analyzed using Matlab (Mathworks,
Natick, USA). Impedance was calculated as mean over
500 ms at the beginning of the ablation as well as after 20 s
to calculate the absolute and relative impedance changes with-
in the first 20 s. Force data were used to calculate a mean force
over the first 20 s. To assess contact force variability, we
calculated the coefficient of variation (CV=SD/mean). The
resulting contact force was grouped into the categories: very
low (0 to <5 g), low (5 to <10 g), moderate (10 to <20 g) and
high (>20 g) [11]. Temperature was calculated as mean over
500ms at the beginning of the ablation, after 5 and 20 s, and as
mean temperature of the first 20 s. For anatomical classifica-
tion, the PV circumference was divided into eight segments
(Fig. 1), namely the carina region, inferior circumference, left
lateral ridge, Bsaddle^ region (intersection between left lateral
ridge and carina), posterior wall, roof, septum and other non-
peri PV locations.

The axial angle of the resulting contact force on the catheter
tip was extracted from the exported data set. This CF vector
orientation was used as quantitative measure for the catheter
orientation relative to the tissue surface. An angle of 0° repre-
sents a perpendicular orientation of the catheter tip to the en-
docardial surface whereas 90° describes a parallel catheter
orientation to the surface. The catheter orientation was classi-
fied into three groups, namely perpendicular catheter orienta-
tion (0 to <30°: 0° group), transverse catheter orientation (30°
to <60°: 45° group) and parallel catheter orientation (60° to
<150°: 90° group) (Fig. 2).

2.4 Statistical analysis

Continuous variables are presented as mean ± standard devi-
ation (SD) or median with interquartile range (IQR).
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Categorical variables are presented as numbers and percent-
ages. Continuous variables were compared with the Mann–
Whitney U test and categorical variables using the Pearson
chi-square test. A one-way ANOVAwith a Tukey’s post hoc
test was used for comparisons between multiple groups.
Correlation was tested using the Pearson’s product moment
correlation coefficient and the Spearman’s rank correlation
coefficient as adequate. A stepwise multivariable linear re-
gression model was used to calculate the relationship between
the biophysical parameters on the impedance that decrease as
a surrogate for the effectiveness of ablation. Analysis was
performed using SPSS (IBM SPSS Statistics for Windows,
Version 22.0. Armonk, NY, USA). A p<0.05 was considered
statistically significant.

3 Results

A total of 791 lesions fulfilling the above described stability
criteria over the first 20 s of ablation were analyzed from 32

patients. The patients had a median age of 58 years, median
weight and height of 82 kg and 176 cm, a median left atrial
size of 42 mm and a left ventricular ejection fraction of 57 %.

3.1 Biophysical parameters

Power was set to 25 W for 560 applications (71 %) and to
30 W for 231 applications (29 %). The power was not signif-
icantly different between locations and angulation. The medi-
an baseline impedance was 126Ω (119–134), and the median
absolute and relative impedance decreases after 20 s were 10
Ω (6–15) and 8 % (5–11), respectively. Mean temperature at
baseline, after 5 and 20 s, was 33 °C (32–33), 37 °C
(36–38) and 38 °C (37–40) respectively. The median of
the achieved CF was 12.0 g (7.9–17.5). Very low (<5 g)
and high force (>20 g) were observed in 76 (10 %) and
133 (17 %) of cases. The majority of ablations were
performed with low (229, 29 %) and moderate (353,
45 %) CF. The median coefficient of variation of the
CF was 0.36 (0.25–0.49).

Fig. 1 Visualization of the
anatomical classification into
eight segments for the left
pulmonary veins (a) and right
pulmonary veins (b)

Fig. 2 Visualization of the angle
orientation of the contact force in
relation to the catheter tip of the
three groups
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3.2 Location dependency

Based on anatomical location, 416 RF applications were per-
formed around the left PVs, 354 around the right PVs and 21
applications in the atrial tissue in non-peri PV locations. More
specifically, 79 ablations were performed in the carina region
(left and right), 122 at the left lateral ridge, 84 and 76 at the
roof and inferior circumference around the PV, 67 in the sad-
dle region, 247 at the posterior wall and 100 at the septum,
respectively.

Between the left and the right PVs, significant differences
could be found for the achieved CF, the coefficient of variation
of the CF, the absolute and relative impedance decrease during
ablation, the temperatures after 5 and 20 s and the mean tem-
perature over the 20 s (Table 1). There was a significant dif-
ference between the anatomical location and all biophysical
parameters, except for the coefficient of variation of the CF
(Fig. 3). CF was significantly higher at the roof and the pos-
terior wall than at the carina, the left lateral ridge, the saddle
region and in the LA.

3.3 Catheter orientation

Mean catheter orientation for all ablations was 50°±34. Based
on anatomical locations, the median catheter orientation was
51°(26–81) for the carina region, 48°(25–71) for the left lat-
eral ridge, 53°(30–75) degree for the roof, 48°(32–65) for the
inferior area around the PV, 53°(35–75) for the saddle region,
38°(20–59) for the posterior wall and 63°(41–80) for the sep-
tum (p<0.001) (Fig. 3). The catheter orientation at the poste-
rior wall was significantly different from the angle at the roof
(p=0.007) and the septum (p<0.000) with a more perpendic-
ular catheter orientation at the posterior wall. Mean values of
the catheter orientation, the contact force and the resulting
impedance decrease is shown for every segment in Fig. 4.

There was a significant difference in the CF, the coefficient
of variation for the CF, the absolute and relative impedance
decrease during ablation and all temperatures for the three
groups of catheter orientation, but not for power and baseline
impedance (Table 2). The variance of the force is significantly
different between the angulations of the groups and highest for
perpendicular catheter orientations. With a parallel or trans-
verse catheter orientation (30–145°) as compared to a perpen-
dicular orientation (0–30°), a higher median CF of 13.2 vs.
7.9 g (p<0.001), and a median impedance decrease during the
first 20 s of 11 vs. 7Ω (p<0.001) could be observed.

3.4 Interdependence of parameters

3.4.1 Bivariate association of biophysical parameters

A significant correlation was found between the initial abso-
lute and relative impedance decrease and the mean contact
force (R=0.400 and 0.416, p<0.001) and the coefficient of
variation of CF (R=−0.236 and −0.244, p<0.001). For the
absolute and relative impedance decrease, we found a signif-
icant correlation with the baseline impedance (R=0.531 and
0.403, p<0.001), the temperature at 5 s (R=0.329 and R=
0.312, p<0.001) and the temperature at 20 s (R=0.337 and
0.329, p<0.001). There is a linear correlation between the
coefficient of variance and the force (R=−0.251, p<0.001).

3.4.2 Impact of catheter orientation and location
on the association of CF and absolute impedance decrease

Table 3 shows the association of CF and resulting absolute
impedance decrease in relation to anatomical location and

Table 1 Differences of the
biophysical data between left and
right-sided pulmonary veins

Parameter Left pulmonary vein

(n=416)

Right pulmonary vein

(n=354)

P value

Contact force [g] 11.4 (7.6–17.3) 12.5 (8.3–18.0) 0.045

Contact force COV [−] 0.33 (0.23–0.44) 0.39 (0.28–0.52) <0.001

ImpStart [Ω] 126 (135–119) 125 (119–133) 0.232

absDeltaImp [Ω] 10.2 (6.5–14.7) 9.3 (5.2–14.3) 0.016

relDeltaImp [%] 8.1 (5.3–11.5) 7.5 (4.3–11.1) 0.018

Tstart 32.0 (32.0–33.0) 33.0 (32.0–33.0) <0.001

T5s [°C] 37.0 (36.0–37.9) 37.0 (36.0–38.0) 0.049

T20s [°C] 38.0 (37.0–39.7) 38.2 (37.0–40.0) 0.072

Tmean [°C] 37.2 (36.3–38.5) 37.5 (36.6–38.6) 0.023

Power [watts] 25 (25–29) 25 (25–29) 0.726

All values are given as median (IQR)

COV coefficient of variation, ImpStart baseline impedance, absDeltaImp absolute impedance decrease,
relDeltaImp relative impedance decrease, T temperature

�Fig. 3 Boxplots of the biophysical parameters for every segment. LLR
left lateral ridge, LA left atrium; #p<0.05
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catheter orientation. With similar achieved CF, higher imped-
ance decreases were seen during ablation at the LPVs com-
pared to the RPV, but no association was found between seg-
mental locations and the 4 groups of CF. With regard to the
different catheter orientations, higher impedance decreases
were seen during ablation with similar CF achieved when
the catheter was orientated parallel or oblique to the tissue
(30–145°) as compared to perpendicular (0–30°).

3.5 Multiple linear regression

The achieved CF, baseline impedance, catheter orientation
and ablation at the left PVs and the septum were significantly
associated with the absolute impedance decrease in our

multiple linear regression model (R2=0.44, R=0.66, p<0.05
for all predictors) (Table 4).

Relative impedance decrease was significantly associated
with the achieved CF, the baseline impedance, the catheter
orientation and the ablations at the left PVs and the septum
(R2=0.35, R=0.59, p<0.05 for all included predictors).

4 Discussion

In this study, we could show for the first time that the anatomic
location and orientation of the catheter tip during RF ablation
have an important impact on the biophysical parameters mea-
sured during ablation, most importantly the association be-
tween achieved CF and the resulting initial impedance de-
crease during ablation. We identified the baseline impedance,
the achieved CF, the catheter orientation and location as inde-
pendent predictors for the effectiveness of RF ablation with
the initial impedance decrease used as a surrogate measure.

With the availability of CFmeasurements fromRF ablation
catheters, numerous studies have been published focusing on
the effect of CF on the efficacy of radiofrequency energy
delivery [4–9]. CF has the potential to tell the operator that
he will deliver a lesion before any RF energy is actually de-
livered. From a biophysical point of view, however, CF is a
necessary but not sufficient criterion to predict energy transfer
to the tissue. As tissue temperature cannot be measured, bio-
physical parameters such as impedance decrease, reflecting
indirectly tissue heating [14, 15], or electrogram criteria,
reflecting the transmurality of the lesions [16], are currently
used as surrogates for lesion formation. Recently, associations
between contact force and initial impedance decrease could be
shown [6, 8, 17]. However, differences in location and

Table 2 Difference of the
biophysical data between the 4
groups of catheter orientation

Parameter 0° group

(n=232)

45° group

(n=283)

90° group

(n=276)

P value

Contact force [g] 7.9 (4.7–14.2) 13.0 (8.8–18.8) 13.4 (10.2–18.1) <0.001

Force COV [−] 0.49 (0.36–0.65) 0.32 (0.22–0.41) 0.31 (0.21–0.42) <0.001

ImpStart [Ω] 124 (119–133) 126 (118–134) 126 (117–134) 0.625

absDeltaImp [Ω] 6.8 (3.4–10.3) 10.3 (7.0–14.7) 11.8 (7.8–16.5) <0.001

relDeltaImp [%] 5.5 (2.8–8.2) 8.2 (5.6–11.4) 9.7 (6.3–12.9) <0.001

Tstart [°C] 33.0 (32.0–33.0) 32.0 (32.0–33.0)* 32.0 (32.0–33.0)* <0.001

T5s [°C] 36.8 (36.0–37.2) 37.0 (36.0–38.0) 37.0 (36.4–38.0)* <0.001

T20s [°C] 38.0 (37.0–39.0) 38.0 (37.0–40.0) 39.0 (37.3–40.3) <0.001

Tmean [°C] 37.0 (36.1–38.0) 37.4 (36.5–38.5) 37.7 (36.8–39.3)*, # <0.001

Power [W] 25 (25–30) 25 (25–29) 25 (25–29) 0.864

All values are given as median (IQR)

COV coefficient of variation, ImpStart baseline impedance, absDeltaImp absolute impedance decrease,
relDeltaImp relative impedance decrease, T temperature

*p<0.05 (significant difference to 0° group); # p<0.05 (significant difference to 90° group)

Fig. 4 Mean values of the lateral angle (square), the contact force (circle)
and the resulting impedance decrease for every segment
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quantitative catheter orientation were not assessed and includ-
ed in those analyses. Our results confirm and corroborate find-
ings from a previous small pilot study that has investigated the
role of catheter orientation using a semi-quantitative catheter
orientation score and reported an association of catheter ori-
entation and impedance decrease when delivering RF lesions
in healthy tissue with a local electrogram amplitude >2 mV
[5].

4.1 Biophysical aspects of RF ablation

As shown by Gallagher et al. [18], the electrode tissue contact
is geometrically determined by two aspects: (1) the penetra-
tion depth of the catheter tip into the tissue and (2) the catheter
orientation. Both parameters determine the contact area and,
consequently, the amount of energy transfer, resulting in the
targeted heating of the tissue. Contact force measurements,
however, do not only reflect the resulting reactive force of
the myocardial tissue due to its deformation but as well as
the reactive forces of the surrounding structures such as the
ascending and descendingAorta, as shown byNakagawa et al.
[19]. High forces in this area reflect the Bbearing^ of this

Table 4 Multiple linear regression model for the absolute and relative
impedance decrease

Variable Predictors Non-standardized
coefficient

Standardized
coefficient

P value

absDeltaImp

Constant −32.55 <0.001

ImpStart 0.291 0.481 <0.001

ForceMean 0.266 0.284 <0.001

AngleGroup 0.037 0.189 <0.001

LPV 1.443 0.103 <0.001

Septum 1.162 0.064 0.012

relDeltaImp

Constant −0.157 <0.001

ForceMean 0.002 0.316 <0.001

ImpStart 0.001 0.348 <0.001

AngleGroup 0.000 0.209 <0.001

LPV 0.011 0.114 0.001

Septum 0.009 0.073 0.037

absDeltaImp absolute impedance decrease, ImpStart baseline impedance,
LPV left pulmonary veins

Table 3 Summary of the
absolute impedance decrease in
ohms for all 4 force groups for the
anatomical conditions

Very low

(0–5 g)

(n=76)

Low

(5–10 g)

(n=229)

Moderate

(10–20 g)

(n=353)

High

(>20 g)

(n=133)

Overall reference

absDeltaImp 4.9 (2.2–7.5) 8.0 (4.4–11.2) 10.5 (7.3–15.8) 13.7 (10–18.8)

Atrial aspect

LPV 4.9 (2.3–7.8) 8.7 (5.8–11.8) 11.7 (8.3–16.3) 15.0 (10.0–20.8)

RPV 4.8 (1.9–7.0) 6.7 (2.7–10.3) 9.7 (6.8–15.4) 13.2 (10.0–17)

P value 0.772 0.004 0.018 0.175

Angle

0° group 4.5 (1.9–7.3) 6.5 (3.3–9.0)a 8.7 (5.4–11.7)a 10.8 (7.0–13.4)a

45° group 6.5 (0.5–8.4) 8.5 (4.0–11.7) 10.3 (7.7–14.9) 14.7 (11.2–19.1)

90° group 6.1 (2.9–7.9) 10.3 (6.7–13.5)a 12.3 (7.8–16.7)a 14.7 (9.5–20.8)a

P value 0.989 0.002 0.000 0.029

Location

Carina 2.5 (0–11.9) 7.8 (2.8–11.3) 11.8 (7.6–16.3) 12.6 (11.0–17.8)

Inferior 2.1 (0.8–6.0) 5.8 (2.9–11.1) 11.1 (7.5–15.4) 12.6 (11.0–21.0)

LLR 6.2 (3.1–7.7) 8.5 (6.8–10.9) 11.3 (7.9–16.9) 13.3 (7.7–20.8)

Saddle 3.8 (−1.2–7.0) 8.8 (4.1–13.5) 12.2 (7.2–14.8) 11.8 (9.6–16.0)

Posterior 7.0 (2.2–7.3) 7.5 (3.8–10.6) 9.8 (7.3–14.3) 12.6 (8.5–17.8)

Roof 6.7 (0.8–11.0) 6.3 (1.3–11.2) 11.7 (7.2–18.8) 16.0 (12.1–25.0)

Septum 5.2 (2.8–8.4) 11.0 (5.4–14.1) 11.0 (6.6–16.0) 15.7 (13.3–20.3)

LA 6.6 (5.6–8.8) 7.4 (2.6–9.8) 10.3 (6.2–15.7) n/a

P value 0.825 0.248 0.449 0.247

All values in ohms [Ω] are given as median (IQR)

LLR left lateral ridge, LPV left pulmonary veins, RPV right pulmonary veins, n/a not available
a Significant difference from Tukey post hoc analysis
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structure, allowing only slight deformation of the myocardial
tissue and preventing the Bembedding^ of the catheter tip in
the tissue, which would result in greater contact area and,
consequently, a greater energy transfer to the tissue.
Differences of these surrounding anatomical conditions be-
tween patients might consequently explain variations in im-
pedance decrease. Furthermore, baseline impedance differ-
ences could be identified between the left atrial and the pul-
monary vein ostial tissue, with higher impedance around and
within the pulmonary veins [20].

Catheter tip temperature has shown its potential to predict
lesion formation [21].With the introduction of the irrigated tip
catheters and especially with the recently launched highly ef-
fectively cooled Bporous^ catheters, however, this information
is lost despite being the only direct measurement of the effec-
tive energy transfer for catheter ablation. With the six hole-
irrigated tip catheters used in this study, however, statistical
differences between the anatomical locations and a moderate
correlation between the impedance decrease and temperatures
could be identified. Furthermore, temperatures reached during
ablation were significantly higher in areas with a parallel con-
tact (e.g. the septum) than with a perpendicular contact (e.g.
posterior and inferior areas), showing the potential of temper-
ature measurements for improved assessment of lesion forma-
tion. However, whether new technical developments such as
optimized positioning of temperature electrodes on the cathe-
ter tip result in better predictive models for the efficacy of
catheter ablation has to be investigated.

4.2 Anatomical location

Contact force analysis during left atrial mapping with the op-
erator blinded to the force value identified a higher variability
of CF [9, 19] than observed in our non-blinded study. One
reason for this may be our predefined maximal CF of 40 g to
prevent perforation and tamponade. However, as in other stud-
ies, including detailed location information, we observed a
significantly higher mean contact force for the ablations
around the right pulmonary veins [5, 9, 12]. It is an important
finding of our study that despite higher CF achieved at the
right pulmonary veins, the resulting initial impedance de-
creases as a marker of lesion formation was greater with ab-
lation at the left veins. This underscores the notion that CF is a
necessary but not the sole factor that determines the effective-
ness of a resulting lesion and the hypothesis that the myocar-
dial tissue characteristics have a significant impact on the as-
sociation of CF and resulting impedance decrease.
Furthermore, differences in fluid flow around the catheter
tip, which are as well dependent on its location, have an im-
pact on the heat transfer to the tissue and might explain the
differences in impedance drop with location independent on
the force.

4.3 Catheter orientation relative to the tissue

Computational simulations have shown that catheter orienta-
tion has a large effect on lesion volume [18]. A more parallel
catheter orientation but the same penetration depth resulted in
lesion volume increase of up to 70% due to the greater contact
area and, consequently, more energy transfer to the tissue.
With higher CF, however, this effect may be reduced because
the contact area is more determined by the penetration depth
of the catheter tip. In our study, for RF ablations with a similar
CF, an increase of the contact orientation from perpendicular
(0°) to transverse (45°) or even parallel (90°) resulted in an
increase of the absolute initial impedance drop by 20–40 and
35–60 %, respectively. This is in line with the above
simulation-based hypothesis that the same CF results in a
larger lesion with a more parallel catheter orientation.

A high coefficient of variation does not inevitably mean
unstable catheter contact but, by definition, a high variation
in force relative to the mean achieved CF. This can reflect
tissue or locations with more contraction or the flexibility or
stiffness of the catheter. As shown in our study, sites with a
more parallel orientation show a lower variation in CF than
sites with perpendicular contact since the catheter with parallel
orientation can follow the wall movements better. With the
same maximal force limited due to safety concerns, a more
parallel catheter orientation with more constant force may
translate into larger lesions [22].

In numerical simulations of RF catheter ablations, lesion
volume with a temperature of more than 50 °C was signifi-
cantly higher for almost parallel catheter orientation (75°)
compared to perpendicular orientation, with the same penetra-
tion depth of the catheter within the tissue [18].

4.4 Clinical implication

We confirm previous studies indicating that catheter CF is an
important factor for effective lesion generation. Furthermore,
our study indicates that the anatomic location and catheter
orientation are independently predictive as well. Especially
in areas with low achieved CF, attempting to achieve a more
parallel catheter orientation may be an option to increase the
energy transfer and ultimately generate effective RF lesions.

5 Limitations

This is a non-randomized single-centre study with a limited
number of patients but a high number of individually analysed
lesions. In this clinical study and in contrast to studies in the
animal lab, no direct visual and histological assessment of the
resulting lesions is possible. Furthermore, changes in tissue
temperature cannot be reliably measured with irrigated cathe-
ters. The initial impedance decrease was therefore used as a
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surrogate for the effectiveness of catheter ablation. The results
were derived from the analysis of ablations within the left
atrium in areas with thin, flat myocardial tissue. Whether
and how this can be transferred to thicker, pectinate muscular
structure such as in the ventricles, the right atrium or the ap-
pendages is unclear.

6 Conclusion

The effectiveness of RF ablation lesions, as assessed by the
initial impedance decrease, is not only dependent on the
achieved catheter CF but importantly also on catheter orienta-
tion and location. With similar achieved catheter CF, greater
impedance decreases were observed around the left versus the
right pulmonary veins and with a more parallel compared to a
perpendicular catheter orientation.
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