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Objective: To explore the effects of baseline impedance (R) and power (P) on
radiofrequency ablation (RFA) lesion characteristics and their correlation with steam pops
using ThermoCool SmartTouch-SF (STSF) catheters in the porcine heart.

Method: A porcine left ventricle was submerged in 37°C saline ex vivo, and the
experiment was performed with various P (P = 30, 40, 50, and 60 W) and multiple R
loads (R = 80-100, 100-140, 140-180, and 180-220 Q) to reach the target ablation
index (Al; Al = 350, 450, and 500) or reach the target ablation time using a fixed contact
force (CF; CF = 10-15g) and the same saline irrigation (30 W/8 ml/min or 40-60 W/15
ml/min), repeated five times under each condition.

Results: The surface diameter, maximum diameter, depth, and volume of the lesions
were strongly correlated with the Al (P = 40W, R = 100-140£, CF = 10-15¢9)
(r=0.5412; r = 0.7889; r = 0.9366; and r = 0.913, respectively; all p < 0.05). As
the value of R increased, the maximum diameter, depth, and volume of the lesions
significantly increased (Al = 350, P = 30W). Moreover, the higher the baseline value
of R, the greater the absolute value of the R decrease (r = 0.9035, p < 0.05, Y= 0.2759
x X — 18.38). Under high power and high impedance, the occurrence rate of steam
pops was high (P =60W, R = 180-220 2, Al when a steam pop occurred: 480 + 26.5,
ablation time: 11.29 £ 1.04 s).

Conclusion: Radiofrequency catheter ablation (RFCA) in power-controlled mode
resulted in various lesion characteristics that were related to diverse baseline Rs. In
addition, the incidence of steam pops was strongly correlated with high baseline R and
high P.

Keywords: radiofrequency ablation, lesion characteristics, impedance, steam pop, cardiovascular medicine

INTRODUCTION

Increasing attention is being focused on improving the efficacy and safety of radiofrequency
catheter ablation (RFCA) in contemporary clinical work, and RFCA is becoming the preferred
choice to treat various tachycardias. The ThermoCool STSF catheter in RFCA is often used in
power-controlled mode (1).
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Impedance and Lesion Characteristics

Previous studies have confirmed that power (P), contact force
(CF), and time are all vital factors in effectively ablating a
lesion (2-6). The above relative factors are essential and are
investigated as contributors to the ablation index (AI); this is
a novel ablation guidance parameter combining these factors
in a weighted formula that has been reported to predict the
characteristics of a lesion (4, 7). However, the AI did not take
into account the effects of baseline impedance, impedance drop,
and the type of perfusate on the ablation lesion. In addition, the
patient was connected in a series in the RFCA circuit to ensure
that the circuit was complete. The relationship between the P
and the current is affected by the impedance (R); the P is equal
to the square of the current (I?) multiplied by the R: P = I? x
R. The characteristics of the lesion may be influenced by diverse
Rs because of the various energy deliveries during RECA, even if
they are in the same power-controlled setting. There are several
Rs in the circuit: the patient’s R (one part exists in the tissue and
the blood flow surrounding the ablation catheter, and another
part exists between the catheter tip and the patch placed on the
skin of the buttocks), the catheter R, and the generator R in
the circuit. Even different conditions of the cell lead to different
myocardial Rs (1, 8, 9). In this study, the influence of the R on the
RFCA lesion characteristics in a power-controlled setting and the
relationship between the R and steam pops will be investigated.

METHODS

Ex vivo Model

A total of 30 fresh pig hearts, with an average weight of 0.59
=+ 0.14 kg, were purchased from Taiyuan slaughterhouse, Shanxi
Province, China. Figure 1A shows the ex vivo experimental
model. Freshly purchased porcine heart ventricles were incised
and fixed on a rubber platform in a transparent container
filled with saline with a circulating pump (JULABOMB Heating
Immersion Circulator, JULABO GmbH, Seelbach, Germany)
containing solution mixed from 0.9% NaCl solution and purified
water, maintaining a temperature of 37°C. The baseline R
was adjusted by adding crystalline salts or purified water.
The ablation system included the SmartAblate radiofrequency
generator and the Carto3 mapping system (Biosense Webster).
A ThermoCool STSF ablation catheter (Biosense Webster,
Diamond Bar, CA) was manually applied perpendicular to the
epicardium (Figure 1B). The relative information of catheter,
such as the stability, ablation curve, and the baseline R was
displayed on the monitor using the CARTO3 system (Figure 1C).

Ablation Strategy

The experiment was performed with multiple R loads (low
impedance = 80-100, medium impedance = 100-140, high
impedance =140-180, and very high impedance = 180-220 2),
with various Ps (30, 40, 50, and 60 W), and a fixed CF at 10-15 g,
reaching the target Als of 350, 450, and 500. RECA used the same
saline irrigation at 8 ml/min, while P was 30 W or 15 ml/min
in other overpass 30 W P settings. The ablation at each setting
was repeated five times unless an acoustic steam pop occurred.
In cases where a steam pop occurred, RFCA was conducted
five additional times and the relevant data were recorded. If the

observation end point (reaching the target Al or if steam pops
occurred) did not occur after 120, the RFCA was stopped. In
addition, ablation at fixed power (30, 40 W), fixed force (15-20 g),
and 1 min duration for 5-10 ablations were conducted in every
set. The correlation between the lesion characteristics and the
ablation parameters was explored.

Lesion Measurements

After the ablation, the tissue was exposed to air for 20 min to
allow the hyperemia and edema zone to become clear. Then, the
surface diameter (a), depth (d), and maximum inner diameter
(c) of each lesion were measured using an electronic vernier
caliper. Each diameter was measured three times. The lesion
volume was calculated (10) as follows: volume = [1.33 x 7 X
d x (a/2) x (c/2)]/2. All the lesion measurements were collected
independently by an investigator who was blinded to the ablation
parameters (Figure 2).

Statistical Analysis

The data were analyzed with SPSS™ Statistics v23.0 statistical
software. Descriptive statistics were reported as the means
+ standard deviations (SDs) for the continuous variables.
Comparisons between the groups for the normally distributed
variables were made by independent samples one-way analysis
of variance (ANOVA) t-tests. Spearman’s correlation coefficients
were used to determine the correlations in the data. The value of
p < 0.05 was considered to be statistically significant.

RESULTS

General Biophysical Analysis

In total, 418 lesions, including 149 lesions with steam pops and
8 lesion ablations that were stopped after 120s, were analyzed.
Obvious and uniform hyperemia and edema zones could be seen
around the ablation injury (Figure 2), whereas the edema zones
around the steam pops were uneven or fractured. According to
the statistical analysis, the surface diameter, maximum diameter,
depth, and volume of the lesions were strongly correlated with the
Al In different basic impedance groups, the volume of ablation
injury increased gradually with the increase of target Al (P =
40 W, baseline R = 100-140 £2, and CF = 10-15g) (r = 0.5412;
r = 0.7889; r = 0.9366; and r = 0.913, respectively; all p < 0.05)
(Figure 3).

Correlation Between the Baseline R and

Lesion Characteristics

Figure 4 shows that as the value of R increased, the lesion
maximum diameter, depth, and volume significantly
increased at a fixed AI target = 350 and a P of 30W
[r(maximum diameter vs. impedance) = 08918, p < 0.05 Y =
0.008541 X X + 3.446; I(depth vs. impedance) = 0-5998, p < 0.05,
Y = 0.006058 x X + 1.539 and r(yolume vs. impedance) = 0-8210,
p < 0.05, Y = 0.09509 x X + 6.943]. In addition, there were
no statistically significant differences in the surface diameter or
ablation time to reach the target AT [F(surface diameter vs. impedance)
= 0.1508, p = 0.52; and T(ablation time vs. impedance) = —0.1232,
p = 0.60]. However, the R drop was strongly correlated with

Frontiers in Cardiovascular Medicine | www.frontiersin.org

April 2022 | Volume 9 | Article 872961


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Qu et al.

Impedance and Lesion Characteristics

FIGURE 1 | An ex vivo experimental model. (A) This model consisted of saline with a circulating pump with the temperature maintained at 37°C. (B) The approach
that manually fixed the catheter so that it met the tissue to produce the corresponding catheter force. (C) The catheter stability using the CARTO3 system.
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the baseline R (r = 0.9035, p < 0.05, Y = 0.2759 x X - 18.33).
The lesion information of each group is shown in Table 1 and
Figure 5 (same target Al of 350).

These results suggest that a larger lesion could be obtained
under a medium P and a high baseline R setting (P =40 W, Al =
350, baseline R = 180-220 £2, maximum volume = 30.85 =+ 3.88
mm?). However, a higher Al value could not be obtained under a
high P and high baseline R setting because of the steam pops.

Steam Pop Formation

Figure 6 shows the relationship between the incidence of steam
pops, the P, and the AI. When the target AI was 350, one steam
pop occurred at P = 60 W and baseline R = 180-200 £2 (CF =
12 g, pre-ablation R = 217 £2, final AI = 360, and ablation time
= 5.80s). When the target Al continued to increase, a steam
pop appeared in the group with higher P and higher R, and the
incidence of steam pops increased as the baseline R increased.
In addition, when P = 60 W and R = 180-220 £2, a steam pop
occurred before AI = 500 (Al: 480 + 26.5, ablation time: 11.29 +
1.045).

Figure 7 shows the relationship between baseline impedance
and the proportion of steam pop for a fixed time ablation. When
the power was 50 or 60 W, the ablation could not last for 60s
because of a premature steam pop. At a fixed ablation time of

60, the incidence of steam pops increased with the increasing
baseline impedance. When P = 30 W, there were no steam pops
in the LR group, and the proportion of steam pops in the vHR
group was 7/10. When P = 40 W, a steam pop occurred in all
ablation points in the HR and vHR groups.

Figure 8 shows the correlation between the R drop, the Al,
and the baseline R under a fixed CF (CF = 10-15g) in the four
P settings (30, 40, 50, and 60 W). The final Al value when a steam
pop occurred under the same P of 30, 40, 50, and 60 W decreased
for different baseline Rs (R to the pop, 30 W: r = 0.5431, p < 0.05;
40 W: r = 0.7509, p < 0.05; 50 W: r = 0.7326, p < 0.05; and 60
W: r = 0.8559, p < 0.05). The pattern in the level of the R drop
and the steam pops was the opposite. The R drop during a steam
pop under the multiple Ps of 30, 40, 50, and 60 W increased (30
W:r=10.6318, p < 0.05; 40 W: r = 0.8811, p < 0.05; 50 W: r =
0.9107, p < 0.05; and 60 W: r = 0.9038, p < 0.05).

DISCUSSION

The principle behind RFCA is to convert a radiofrequency
current into thermal energy and release it to the target
myocardium at the same time, leading to tissue heating and
cellular necrosis through the two types of energy: impedance heat
and conductive heat. Although a study (11) found that there were
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FIGURE 2 | Lesions after 20 min of waiting after radiofrequency catheter ablation (RFCA). (A) The surface view of the ablation lesion, which is a perfect circle. The pale
part is the ablation lesion, while the area indicated by black arrows is the hyperemia and edema area. (B) The transverse section of an oval ablation lesion. The lesion
border was defined as the tissue color. (C) A schematic diagram of the measurement diameter of the ablation lesion, where “a” represents the surface diameter, “c”
represents the maximum diameter, and “d” stands for depth. Each diameter line was measured using an electronic vernier caliper. (D) A steam pop with a small blood

vessel visible at the arrowhead. (E) A steam pop with a horizontal tear in the tissue.

no significant differences in lesion size if it reached the same
target AL with diverse P settings, CE, and the other factors. Our
present study demonstrated that in RFCA, the surface diameter
and the maximum diameter, depth, and volume of the lesions
were strongly correlated with the Al According to Joule’s law,
if the current, impedance, and duration remain unchanged, the
heat generated by the ablation catheter remains unchanged, and
the lesions are the same in theory. However, the effect of the
human body is a variable resistance factor in the circuit; therefore,
numerous studies have investigated the general baseline R in
humans. These studies (12-14) have demonstrated that the value
of R in humans fluctuates between 100 and 120 Q. In the clinic,
in certain areas with slow blood flow, the baseline R is higher
than that in other areas (e.g., the coronary sinus or the pulmonary
veins); therefore, the R in these veins can sometimes reach 180 £2
or even exceed 200 £2. During ablation in the coronary sinus,
there is a need to increase the irrigation fluid flow rate and
reduce the power (30 W, 30 ml/min). However, sometimes it
still cannot be ablated normally. It is necessary to increase the
impedance limitation to release RF energy normally. Therefore,
the characteristics of lesions formed under different baseline
impedances are still worth studying.

Low power (20-40 W) with a relatively long duration (20-
40s) ablation is a common approach for ablating along the
posterior wall of the left atrium in atrial fibrillation (AF)
radiofrequency ablation (RFA) to reduce unintended thermal
injury. Here, we observed the relationship between baseline
impedance and lesion dimension using STSF with low P (30 W,

Al = 350). The increase of baseline impedance was mainly
reflected in the increase of maximum inner diameter, but the
increase of ablation lesion depth was not obvious. Our data show
that without steam pops, the increase of baseline impedance
could make the lesion more uniform and extensive, and fewer
ablation points can be achieved to obtain satisfactory linear or
flake ablation of the lesion. The results of this ex vivo experiment
suggest that the optimal baseline R should be between 100 and
140 £2. This range of R load allows a considerable lesion size
with no risk of tissue overheating and steam pop formation.
These findings are consistent with the results of a previous
report by Barkagan et al. (1). However, they changed the baseline
R by adjusting the series R in the circuit instead of changing
the R of normal saline in the container. Shapira-Daniels et al.
changed the contact area between the negative plate and the skin
(the parallel circuit reduces the impedance), so as to achieve
the purpose of reducing the impedance (15). As a result, they
found the opposite pattern that this study found: RFCA at a
lower R resulted in increased tissue heating and led to larger
lesion dimensions because of the increased current delivery (1).
The author considered that due to the different conditions of
the human body environment (such as electrolyte and blood
cell concentration), the electrical conductivity and R in humans
varied. In this experiment, the basic impedance was adjusted
by adding purified water to 0.9% NaCl saline. This may be one
of the reasons for the contrary outcome compared to previous
experimental results because it reflects the difference of ablation
focus size caused by the difference of baseline impedance in
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FIGURE 3 | The correlation between ablation index (Al) and lesion characteristics. (A) The size of the ablation lesions at the same baseline R (60-100 £2) and different
P settings (30, 40, 50, and 60 W), showing that the surface diameter of the ablation lesions increases with Al, the maximum inner diameter, and the depth, showing an
increasing trend. (B) The relationship between volume and Al at different baseline impedances.
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FIGURE 4 | The relationship between the ablation parameters and the lesion dimensions. The six-line graphs show the correlations between the baseline R and the
ablation time (T), the R drop, and the lesion size. Each dot represents an individual radiofrequency-ablated lesion. The red line is the fitted linear regression line.

TABLE 1 | Lesion information of every group (Al = 350), which is represented by the means + SDs.

a (mm) ¢ (mm) d (mm) LV (mm?)

Al = 350/P = 30 W

60-100 3.56 £ 0.20 410+ 0.24 1.84 £0.32 14.29 £ 3.75
100-140 3.11+£0.19 4.77 £0.87 2.82+£0.25 21.99 £ 5.58
140-180 3.72 £0.22 4.79 +0.10 2.32 +£0.31 21.59 £ 0.21
180-220 3.52 £0.17 526 £ 0.24 2.82 +0.10 27.40 £ 0.31
Al = 350/P = 40W

60-100 3.93 +0.43 4.80 £ 0.44 2.31 £0.33 23.083 £ 2.93
100-140 3.72+0.19 4.98 + 0.46 240+ 0.15 23.39 £ 3.82
140-180 3.65 +0.11 5.85+0.24 242 +0.44 2347 £7.78
180-220 3.66 + 0.20 526 £ 0.24 2.74+0.13 30.85 + 3.88
Al = 350/P = 50 W

60-100 3.48 £ 0.15 4.38 +£0.58 1.71£0.25 13.69 +1.27
100-140 412 +0.23 5.36 £ 0.58 2.54 £0.19 2935 £ 7.1
140-180 3.46 + 0.60 5.38 £0.44 2.80 £ 0.09 2725 £ 2.7
180-220 3.74 £0.28 530+ 0.17 2.84 +0.16 29.64 + 4.44

different individuals. The rise of impedance reflects the increase
of local impedance in the gap between the catheter and the
tissue, and the heat generated still increases to a certain extent.
Therefore, the transmission of energy to the depth of the tissue is
not obvious, and the maximum inner diameter increases.
Furthermore, it has been reported that the different types
of perfusion fluid could also lead to different ablation lesion
characteristics (16). Huang et al. (10) sought to characterize
lesion formation characteristics using different irrigants. In their
experiment,half normal saline ablation created larger lesions than

normal saline and glucose water lesions were significantly larger
than saline lesions, glucose yielded a deeper and narrower lesion,
while saline yielded a wider ablation lesion because of current
dispersion, and the partial current delivery to the surrounding
tissue caused an efficient ablation lesion.

In addition, AI is useful to deliver adequate lesions but
inadequate to forecast steam pops (8). Steam pops were
associated with the boiling and popping at the tip and tissue
avulsion and thrombus formation on the catheter tip (17). From
a safety perspective, we found that when the power transmission
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FIGURE 6 | The three bar charts show the proportion of steam pops under different combinations of basic impedance and power when the target Al is 350, 450, and
500, respectively. The x-axis represents R grouping, the y-axis represents the P setting, and the z-axis represents the proportion of steam pops.

reached 50 and 60 W in the HR group and the VHR group, the
steam burst reaction of the STSF duct increased significantly.
These findings suggest that high-power ablation is unsuitable for
AT values >450 at high baseline impedance. In addition, when
the P was 60 W and the R was 180-220 £2, all points experienced
a steam pop before Al = 500. We observed that the baseline
impedance increases, may result in the local temperature of
ablation rising too fast. This leads to the preferential conduction
of RF toward tissue and subsequent higher current density inside

the tissue, and some even fail to reach the target Al and, steam
burst occurs. In this experiment, it can be seen that when a special
Al value (R = 180-220 £2, P = 40 W) occurs, the Al can reach
800 when a steam explosion occurs. The author speculates that
this is because the adventitia of the ablation site is slightly thicker
and there is local fatty tissue. The presence of adipose tissue
may result in less RF energy transfer and lower caloric value,
and thus a larger AI value can be achieved. For all steam pops,
after incision, we could observe that the fracture direction of
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steam pops was usually parallel to the tissue surface. All steam
pops made loud bursts, but in the HR and vHR groups, no
obvious tissue fracture could be seen in the steam pops when
in low power (30 W). It indicates that a steam pop at high
power results in more serious damage to the tissue. In addition,
small blood vessels can be seen under the skin in some steam
pop cross-sections. Besides Nguyen et al. (17) used an ex vivo
model consisting of viable bovine myocardium and found that
a perpendicular catheter position yielded larger lesions, and the
incidence of steam pops was observed more frequently in this
position. Therefore, in clinical work, in order to increase the
safety of ablation and minimize the vertical adhesion between
the catheter and the tissue, the lateral adhesion method is used
for ablation.

Fortunately, it is rare that the baseline impedance is > 200 £2
in clinic. If it occurs, the operator should avoid high-power and
long-term ablation, and can choose to increase the perfusion fluid
flow rate to reduce the local impedance. In particular, when the
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FIGURE 7 | The graph shows the relationship between baseline impedance
and the incidence of steam pops at a fixed ablation time.

impedance increases, the corresponding target Al should not be
set too high to avoid the occurrence of clinical adverse events.
The authors of this study believe that it is essential to select
the appropriate P setting and target AI in RFCA to master the
characteristics of lesions.

LIMITATIONS

The limitations of this experiment are as follows: first, in the
clinicc, RFCA may sometimes establish a respiratory gate to
reduce the effect of respiratory movement. In this experiment,
ex vivo tissue was used, and the catheter was manually fixed
to ensure the catheter was close to the tissue during RFCA.
Second, the experimental conditions only consider the R
change, but these do not correspond to the relative electrical
conductivity and osmotic pressure of the human body. Third,
the physical properties of any preclinical animal differ from
those of humans, and this ablation perspective should be
evaluated clinically.

CONCLUSION

Different baseline Rs led to different ablation lesion
characteristics in RFCA, and the surface diameter, maximum
diameter, depth, and volume of the lesions were strongly
correlated with the AL Larger lesions could be obtained under
medium P and high baseline R. In addition, with increasing
baseline R, the lesion size increased. The incidence of steam pops
was strongly correlated with high baseline R and high P. The
higher the baseline value of R, the greater the absolute value of
the decrease in R. In conclusion, multiple factors can influence
the characteristics of ablation lesions in RFCA. The ablation
parameters must be individualized to patients to best meet their
clinical needs.

2 1000
g G
E n -
Q.

8 800+ P s S
(7] [ ] [ ]
= Vim e k-]
3 . "!t ® % 8
£ 600 v R 2y & c
= v ,'.I. S
) - "} & 7]
g ° % —
% 400 . uy o
© Y -
E 1 1 1 1

50 100 150 200 250

baseline impedance(Q)

r (30W)=-0.5431 r(40W)=-0.7509
r(50W)=-0.7326 r(60W)=-0.8559
P all <0.05

the impedance drop with a steam pop.

0
o

o
o

IS
o

N
o

0

FIGURE 8 | The figure on the left shows the relationship between different baseline impedances and Als during steam pops. The x-axis represents the baseline
impedance and the y-axis represents the immediate Al when a steam pop occurs. The figure on the right shows the relationship between the baseline impedance and

i . .« 30W
B 3 = 40W
o 3., 50W
4 gi; w9 v 60W
"
1 ¥
=]
1 1 I 1
50 100 150 200 250

baseline impedance (Q) (steam pop)

r(30W)=0.6318  r(40W)=0.8811
r(50W)=0.9107  r(60W)=0.9038
P all <0.05

Frontiers in Cardiovascular Medicine | www.frontiersin.org

April 2022 | Volume 9 | Article 872961


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Qu et al.

Impedance and Lesion Characteristics

DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included

in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved
by Ethics Committee of First hospital of Shanxi
Medical University.

AUTHOR CONTRIBUTIONS

LQ and MG: conception and design of the research and statistical
analysis. LQ, MG, and XL: acquisition of data. LQ and NZ:
analysis and interpretation of the data. RW, MG, and MS:

REFERENCES

1. Barkagan M, Rottmann M, Leshem E, Shen C, Buxton AE, Anter E. Effect of
baseline impedance on ablation lesion dimensions: a multimodality concept
validation from physics to clinical experience. Circ Arrhythm Electrophysiol.
(2018) 11:e006690. doi: 10.1161/CIRCEP.118.006690

2. Friedman DJ, Overmann JA, Fish JM, Gaeta SA, Tranter
JH, Thao R, et al. Impact of interruptions in radiofrequency
energy delivery on lesion characteristics. Heart Rhythm. (2020)

17:1354-9. doi: 10.1016/j.hrthm.2020.03.008

3. Franco E, Rodriguez Mufioz D, Matia R, Herndndez-Madrid A, Sdnchez
Pérez I, Zamorano JL, et al. Contact force-sensing catheters: performance
in an ex vivo porcine heart model. ] Interv Card Electrophysiol. (2018)
53:141-50. doi: 10.1007/s10840-018-0435-y

4. Mori H, Kato R, Sumitomo N, Ikeda Y, Goto K, Tanaka S, et al. Relationship
between the ablation index, lesion formation, and incidence of steam pops. |
Arrhythm. (2019) 35:636-44. doi: 10.1002/joa3.12195

5. Jiang JB Li JY, Jiang ZY, Wang A, Huang Z, Xu HY, Shu CL Li GJ, et al.
Impact of catheter-tissue contact force on lesion size during right ventricular
outflow tract ablation in a swine model. Chin Med J (Engl). (2020) 133:1680-
7. doi: 10.1097/CM9.0000000000000859

6. Thiagalingam A, D’Avila A, Foley L, Guerrero JL, Lambert H,
Leo G, et al. Importance of catheter contact force during irrigated
radiofrequency ablation: in a porcine
using a force-sensing catheter. ] Cardiovasc Electrophysiol.
21:806-11. doi: 10.1111/j.1540-8167.2009.01693.x

7. Das M, Loveday JJ, Wynn GJ, Gomes S, Saeed Y, Bonnett L], et al. Ablation
index, a novel marker of ablation lesion quality: prediction of pulmonary vein
reconnection at repeat electrophysiology study and regional differences in
target values. Europace. (2017) 19:775-83. doi: 10.1093/europace/euw105

8. Gabriel C, Peyman A, Grant EH. Electrical conductivity of
tissue at frequencies below 1 MHz. Phys Med Biol. (2009)
54:4863-78.doi: 10.1088/0031-9155/54/16/002

9. Bhaskaran A, Barry MA, Pouliopoulos ], Nalliah C, Qian P, Chik
W, et al. Circuit impedance could be a crucial factor influencing
radiofrequency ablation efficacy and safety: a myocardial phantom study of
the problem and its correction. J Cardiovasc Electrophysiol. (2016) 27:351-
7. doi: 10.1111/jce.12893

10. Huang ST, Dong JZ, Du X, Wu JH Yu RH, Long DY, et al. Relationship
between ablation lesion size estimated by ablation index and different ablation
settings-an ex vivo porcine heart study. J Cardiovasc Transl Res. (2020)
13:965-9. doi: 10.1007/512265-020-10037-0

11. Kawaji T, Hojo S, Kushiyama A, Nakatsuma K, Kaneda K, Kato M, et al.
Limitations of lesion quality estimated by ablation index: an in vitro study.
J Cardiovasc Electrophysiol. (2019) 30:926-33. doi: 10.1111/jce.13928

ex vivo model
(2010)

evaluation

obtaining financing. LQ: writing of the manuscript. MG and RW:
critical revision of the manuscript for intellectual content. All
authors read and approved the final draft.

FUNDING

The National Natural Science Foundation of China (No.
82000426), the Natural Science Foundation of Shanxi Province
(Nos. 201801D121222 and 201801D121337 to MG), and PhD
Fund of the First Hospital of Shanxi Medical University
(No. YB161702).

ACKNOWLEDGMENTS

We would like to acknowledge the hard and dedicated work of
all the staft that implemented the intervention and evaluation
components of the study.

12. Berjano E, d’Avila A. Lumped element electrical model based on three resistors
for electrical impedance in radiofrequency cardiac ablation: estimations from
analytical calculations and clinical data. Open Biomed Eng J. (2013) 7:62—-
70. doi: 10.2174/1874120720130603001

13. Jain MK, Tomassoni G, Riley RE, Wolf PD. Effect of skin electrode
location on radiofrequency ablation lesions: an in vivo and a three-
dimensional finite element study. ] Cardiovasc Electrophysiol. (1998) 9:1325-
35. doi: 10.1111/j.1540-8167.1998.tb00108.x

14. Nsah E, Berger R, Rosenthal L, Hui R, Ramza B, Jumrussirikul
P et al impedance and temperature
during radiofrequency catheter ablation of accessory pathways and
atrioventricular nodal reentrant tachycardia. Am Heart ] (1998)
136:844-51. doi: 10.1016/S0002-8703(98)70130-9

15. Shapira-Daniels A, Barkagan M, Yavin H, Sroubek J, Reddy VY,
Neuzil P, et al. Novel irrigated temperature-controlled lattice
ablation catheter for ventricular ablation: a preclinical multimodality
biophysical ~characterization. ~Circ  Arrhythm  Electrophysiol. ~ (2019)
12:¢007661. doi: 10.1161/CIRCEP.119.007661

16. Haines DE, Verow AF. Observations
temperature and effect on electrical impedance during radiofrequency
ablation of ventricular myocardium. Circulation. (1990) 82:1034-
8. doi: 10.1161/01.CIR.82.3.1034

17. Nguyen DT, Olson M, Zheng L, Barham W, Moss JD, Sauer WH. Effect
of irrigant characteristics on lesion formation after radiofrequency energy
delivery using ablation catheters with actively cooled tips. J Cardiovasc
Electrophysiol. (2015) 26:792-8. doi: 10.1111/jce.12682

Relation between electrode

on electrode-tissue interface

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Qu, Guo, Sun, Wang, Zhang and Li. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

April 2022 | Volume 9 | Article 872961


https://doi.org/10.1161/CIRCEP.118.006690
https://doi.org/10.1016/j.hrthm.2020.03.008
https://doi.org/10.1007/s10840-018-0435-y
https://doi.org/10.1002/joa3.12195
https://doi.org/10.1097/CM9.0000000000000859
https://doi.org/10.1111/j.1540-8167.2009.01693.x
https://doi.org/10.1093/europace/euw105
https://doi.org/10.1088/0031-9155/54/16/002
https://doi.org/10.1111/jce.12893
https://doi.org/10.1007/s12265-020-10037-0
https://doi.org/10.1111/jce.13928
https://doi.org/10.2174/1874120720130603001
https://doi.org/10.1111/j.1540-8167.1998.tb00108.x
https://doi.org/10.1016/S0002-8703(98)70130-9
https://doi.org/10.1161/CIRCEP.119.007661
https://doi.org/10.1161/01.CIR.82.3.1034
https://doi.org/10.1111/jce.12682
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Effect of Baseline Impedance in Radiofrequency Delivery on Lesion Characteristics and the Relationship Between Impedance and Steam Pops
	Introduction
	Methods
	Ex vivo Model
	Ablation Strategy
	Lesion Measurements
	Statistical Analysis

	Results
	General Biophysical Analysis
	Correlation Between the Baseline R and Lesion Characteristics
	Steam Pop Formation

	Discussion
	Limitations
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


