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Background: Radiofrequency (RF) oscillations generate thermal tissue reactions, the patterns of which vary depending on the mode
and efficiency of energy delivery. The aim of our study was to analyze patterns of RF-induced thermal tissue reactions according to the
modes of RF delivery, including continuous and gated modes, using an alternating current, invasive bipolar RF device.

Methods: RF energies at frequencies of 1 and 2 MHz were delivered at respective experimental settings into ex vivo bovine liver
tissue at a 0.5-mm microneedle penetration depth. The tissue samples were then evaluated thermometrically. A histologic study was
performed to evaluate RF-induced thermal tissue reactions at a 3.0-mm microneedle penetration depth.

Results: Thermal imaging study revealed homogenous, well-demarcated, square-shaped zones of RF-induced thermal reactivity on
the treated area. Multivariate linear regression analysis revealed that higher temperature elevations immediately after RF treatment
(AT,) were positively associated with RF frequency, power, conduction time/pulse pack, and off-time between pulse packs and
negatively associated with total off time. In the 1-MHz experimental setting, higher AT; showed a positive association with power,
conduction time/pulse pack, and off-time between pulse packs and a negative association with the number of pulse packs. In the
2-MHz setting, however, higher AT; was positively associated with only total treatment time.

Conclusion: Thermometric effects during bipolar and gated RF treatments are significantly associated with the frequency, power, and
pulse widths and cycles of pulse packs.
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Introduction

Radiofrequency (RF) oscillations can be delivered to targeted tissues via a continuous or gated mode to generate thermal
reactions, the patterns of which depend on the treatment settings and present from the subcellular to the tissue levels.'™
RF delivered at low-temperature hyperthermic conditions at temperatures of 40-45°C induces tissue reactions with
reversible cell damage.' At temperatures over 60°C, coagulative necrosis occurs with irreversible cytotoxic damage.'
Therein, the area of coagulative necrosis in the target tissue would theoretically increase over the duration of the RF
conduction time. However, when peri-clectrode tissue is dehydrated at temperatures around 100°C, further electrical
conduction is limited by exponential increases in the impedance of the desiccated tissues.'> Therefore, many efforts have
been made to avoid desiccative tissue reactions and to efficiently deliver RF energy for a proper conduction time.”’ In
doing so, thermal tissue reactions can be produced more uniformly to promote neocollagenesis and collagen
remodeling.””’

Non-invasive bipolar RF devices, which have been clinically used for skin rejuvenation, heat target tissue to achieve
therapeutic temperatures in the range of 41—43°C that result in increases in dermal collagen fibers and collagen bundle
densities without generating coagulative necrosis.®’ Meanwhile, invasive bipolar RF devices, which deliver RF energy
through multiple penetrating electrodes, generate two distinctive zones of RF-induced tissue reaction within the
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arrangement of microneedles: 1) zones of coagulative necrosis around the individual tips of invasive microneedles with
irreversible cytotoxic damage and 2) zones of non-coagulative subcellular or tissue thermal reactions among the invasive
microneedles with reversible cell damage.® As such, the clinical efficacy and safety of RF-assisted skin rejuvenation
vary depending on the efficiency of energy delivery and the patterns of RF-induced thermal tissue reactions.

In the present study, we comparatively quantified the effects of tissue heating during RF treatments in various
experimental settings using an alternating current, invasive bipolar RF device, which has been used for skin rejuvenation
and tightening. To do so, we analyzed patterns of RF-induced thermal tissue reactions based on the modes of RF delivery,
including continuous and gated modes. RF energies at frequencies of 1| MHz and 2 MHz were delivered at respective
experimental settings into ex vivo bovine liver tissue at a 0.5-mm penetration depth for insulated microneedles, and
temperature changes elicited in the tissue were thermometrically evaluated. With gated RF delivery, each off-time
between pulse packs was regulated to a 20% and 50% conduction time for each pulse pack. RF-induced thermogenic
patterns were then evaluated by statistically analyzing thermometric data according to set experimental conditions,
particularly pulse widths and cycles. Additionally, a histologic study was performed to evaluate RF-induced thermal
tissue reactions at an insulated microneedle penetration depth of 3.0 mm.

Methods

Delivery of Bipolar RF via Insulated Microneedle Electrodes

A bipolar 1- and 2-MHz RF device equipped with insulated microneedle electrodes (VIRTUE RF™; Shenb Co., Ltd.,
Seoul, Korea) was utilized to evaluate RF tissue reactions on ex vivo bovine liver tissue. When using this device, the
treatment parameters, including the RF frequency, penetration depth of microneedles, number of pulse packs, pulse
widths of gated on-time and off-time, and level of power, were controlled to fit the study purpose. The device utilizes 10
mm x 10 mm disposable tips (Smart RE™ 36 tips; Shenb Co., Ltd.) composed of 36 insulated microneedle electrodes
uniformly arranged in a 6 x 6 pattern. The microneedles are constructed of 24 K gold-plated surgical stainless steel and
comprise a body diameter of 300+ 5 um and a non-insulated pointed microneedle tip length of 300 um.

Ex vivo Treatment of Bovine Liver Tissue

For the ex vivo experiment, a total of 80 pieces of fresh bovine liver tissue were prepared at a size of 10 cm x 10 cm X
2 cm/each piece. Prior to delivering invasive bipolar microneedle RF energy, the temperature of ex vivo bovine liver
tissue was maintained between 34°C and 36°C in a tissue floating bath. Each tissue specimen was divided into four areas
for each experimental setting, and each area was spaced at least 5 cm from the others to minimize RF-induced thermal
effects on the other treatment areas. Treatment was performed at microneedle penetration depths of 0.5 mm for
thermometric evaluation and 3.0 mm for histologic evaluation. The RF power was set to 4 W and 12 W. The other
parameters are summarized in Table 1. All experiments were performed in triplet on different days.

Table | Experimental Parameters for |- and 2-MHz Invasive Bipolar Radiofrequency (RF) Treatment on ex vivo Bovine
Liver Tissue

Number of Conduction time/ | Off-time between | Total conduction Total off Total treatment
pulse packs pulse pack* pulse packs* time* time* time*
| 100 0 100 0 100
200 0 200 0 200
300 0 300 0 300
400 0 400 0 400
600 0 600 0 600
800 0 800 0 800
(Continued)
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Table | (Continued).

Number of Conduction time/ | Off-time between | Total conduction Total off Total treatment
pulse packs pulse pack* pulse packs* time* time* time*
2 100 50 200 50 250
200 100 400 100 500
300 150 600 150 750
400 200 800 200 1000
100 20 200 20 220
200 40 400 40 440
300 60 600 60 660
400 80 800 80 880
3 100 20 300 40 340
200 40 600 80 680
100 50 300 100 400
200 100 600 200 800
4 100 50 400 150 550
200 100 800 300 1100
100 20 400 60 460
200 40 800 120 920
6 100 20 600 100 700
100 50 600 250 850
200 40 1200 200 1400
200 100 1200 500 1700
8 100 20 800 140 940
100 50 800 350 1150
200 40 1600 280 1880
200 100 1600 700 2300
10 100 20 1000 180 1180
100 50 1000 450 1450
200 40 2000 360 2360
200 100 2000 900 2900

Note: *Conduction time and off time values are presented in msec.

Thermometric and Histologic Evaluation
Noncontact infrared thermometric measurements of RF-treated ex vivo liver tissue were performed using a thermal
imaging camera (FLIR ES; FLIR Systems Inc., Wilsonville, OR, USA). This specified camera comprises 10,800
pixels (120 x 90), covers a temperature range of —20°C to 250°C, and has a thermal sensitivity of less than 0.10°C.

Thermal measurements were taken with a thermal imaging camera at baseline and immediately, 10 s, 20 s, 30 s, 40 s,
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50 s, and 60 s after RF treatment at a distance of 15 cm between the camera and the surface of the bovine liver
specimen.

Immediately after RF treatment at each parameter, biopsy specimens of full thickness from the ex vivo bovine liver
tissue were obtained for histologic evaluation. Each sample was fixed in 10% buffered formalin and then embedded in
paraffin. The bovine liver tissue blocks were cut longitudinally along the insertion axes of the microneedle electrodes.
For each treatment setting, 20 to 30 serial liver tissue sections of 5-pum thickness were prepared and stained with
hematoxylin and eosin.

Statistical Analysis

Data are presented as a mean + standard deviation (SD), regression coefficient (B) and standard error (SE). A linear mixed
model was used to analyze the effects of each treatment parameter on time-dependent thermometric values. Additionally,
linear regression analysis was performed to identify factors associated with thermometric values, and the factors with
P values under 0.1 in univariate analysis were included in multivariate analysis. P values <0.05 were considered statistically
significant. All statistical tests were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

Results
Thermometric Evaluation of Bipolar |- and 2-MHz RF-Induced Thermal Tissue

Reactions
Thermometric images obtained from a thermal imaging camera revealed elevations in tissue temperature along RF-
treated areas in all experimental settings. Homogenous, well-demarcated, square-shaped zones of RF-induced thermal
tissue reactivity were macroscopically correlated with the contact surface areas of the 10 mm x 10 mm disposable tips.
Macroscopic thermal tissue reactions became remarkably apparent immediately and at 10 s after bipolar RF treatment
and gradually disappeared over 40 s or 60 s. When the thermometric values of baseline tissue temperature were adjusted
to 36°C, the average surface temperatures of RF-treated ex vivo bovine liver tissue were estimated as follows: 39.9 +
2.5°C at immediately, 37.3 £ 0.8°C at 10 s, 36.8 £ 0.6°C at 20 s, 36.5 + 0.5°C at 30 s, 36.4 + 0.5°C at 40 s, 36.3 = 0.4°C
at 50 s, and 36.3 + 0.4°C at 60 s after RF treatments (P < 0.0001, Tyascline VS Timmediates L10ss L120ss 130s» 140s» 150s> and
Teos, respectively), where T is the surface temperature (°C) of ex vivo bovine liver tissue at specific time points. Therein,
the degree of thermal tissue reaction and the duration of retaining heat varied depending on the experimental setting.
Linear regression analyses were performed to identify factors associated with AT = Tjmediate — T baseline and AT, =
Tios — T paseline- Therein, a univariate linear regression analysis revealed that higher AT, was significantly associated with
a fewer number of pulse packs, higher RF frequency and power, longer conduction time/pulse pack and off-time between
pulse packs, and shorter total off-time (Table 2). Additionally, higher AT, was significantly associated with a fewer
number of pulse packs, higher RF frequency and power, and longer conduction time/pulse pack and off-time between
pulse packs. In multivariate linear regression analysis, higher AT, exhibited a positive association with RF frequency,
power, conduction time/pulse pack, and off-time between pulse packs and a negative association with total off-time.
Additionally, higher AT, showed a positive association with RF frequency, power, conduction time/pulse pack, and oft-
time between pulse packs.

Thermometric Evaluation of Bipolar |-MHz RF-Induced Thermal Tissue Reactions
When the thermometric values of baseline tissue temperature were adjusted to 36°C, the average surface temperatures of
1-MHz RF-treated ex vivo bovine liver tissue were estimated as follows: 38.8 + 2.1°C at immediately, 37.0 + 0.8°C at 10 s,
36.6 £ 0.6°C at 20 s, 36.4 + 0.5°C at 30 s, 36.4 = 0.5°C at 40 s, 36.3 + 0.5°C at 50 s, and 36.2 + 0.5°C at 60 s after RF
treatments (P < 0.0001, Tyasetine VS Timmediates L10s> 120s> L30s> L40s> @nd Tsos, respectively; P = 0.0003, Tyaseline VS Teos)- Therein,
the degree of thermal tissue reaction and the duration of retaining heat varied depending on the experimental setting (Figure 1).
Univariate linear regression analysis revealed that higher AT; was significantly associated with a fewer number of
pulse packs, higher power, and longer conduction time/pulse pack and off-time between pulse packs (Table 3).
Additionally, higher AT, was significantly associated with higher power and longer conduction time/pulse pack and off-
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Table 2 Factors Associated with Thermometric Values After |- and 2-MHz Invasive Bipolar RF Treatments on ex vivo Bovine Liver
Tissue in Univariate and Multivariate Linear Regression Analysis

AT * = Timmediate = T baseline AT2* = Tios = T baseline

Univariate Multivariate Univariate Multivariate

B (SE) P value B (SE) P value B (SE) P value B (SE) P value
Frequency 2.819 (0.394) < 0.0001 2.274 (0.307) < 0.0001 0.885 (0.142) < 0.0001 0.804 (0.115) < 0.0001
Power 0.124 (0.054) 0.0238 0.105 (0.034) 0.0023 0.045 (0.019) 0.0167 0.040 (0.013) 0.0034
Number of pulse packs —0.426 (0.078) | < 0.0001 —0.084 (0.029) | 0.0052
Conduction time/pulse pack** 0.692 (0.127) < 0.0001 0.550 (0.090) < 0.0001 0.201 (0.046) < 0.0001 0.174 (0.034) < 0.0001
Off-time between pulse packs™ | 1.610 (0.462) 0.0007 2.133 (0.341) < 0.0001 0.628 (0.157) 0.0001 0.634 (0.116) < 0.0001
Total conduction time** —0.066 (0.055) | 0.2372 0.007 (0.019) 0.7041
Total off time** —0.317 (0.131) | 0.0174 -0.297 (0.100) | 0.0038 —0.026 (0.046) | 0.5806
Total treatment time** —0.066 (0.041) | 0.1098 0.002 (0.014) 09114

Note: *Where T is the surface temperature (°C) of ex vivo bovine liver tissue at specific time points, **per 100 msec.
Abbreviations: B, regression coefficient; SE, standard error.

time between pulse packs. In multivariate linear regression analysis, higher AT, exhibited a positive association with
power, conduction time/pulse pack, and off-time between pulse packs and a negative association with the number of
pulse packs. Additionally, higher AT, showed a positive association with power, conduction time/pulse pack, and off-
time between pulse packs.

Thermometric Evaluation of Bipolar 2-MHz RF-Induced Thermal Tissue Reactions
When the thermometric values of baseline tissue temperature were adjusted to 36°C, the average surface temperatures of
2-MHz RF-treated ex vivo bovine liver tissue were estimated as follows: 41.6 + 1.9°C at immediately, 37.8 + 0.7°C at 10
s,37.1+0.4°C at 20's, 36.7 £ 0.3°C at 30 s, 36.5 + 0.3°C at 40 s, 36.3 £ 0.3°C at 50 s, and 36.3 £ 0.3°C at 60 s after RF
treatments (P < 0.0001, Tyaseline VS Timmediates L10ss 120s» 130s> L40s> Lsos, and Tgos, respectively). Therein, the degree of
thermal tissue reaction and the duration of retaining heat varied depending on the experimental setting (Figure 2).

The univariate linear regression analysis revealed that higher AT, was significantly associated with a greater number
of pulse packs and longer conduction time/pulse pack, off-time between pulse packs, total conduction time, total off time,
and total treatment time (Table 4). Additionally, higher AT, was significantly associated with a greater number of pulse
packs, longer conduction time/pulse pack, off-time between pulse packs, total conduction time, total off time, and total
treatment time. In multivariate analysis, higher AT and AT, were shown to be positively associated with total treatment
time, respectively.

Histologic Evaluation of Bipolar RF-Induced Thermal Tissue Reactions
Histologic study to evaluate immediate tissue reactions after RF treatment at a frequency of 1 MHz revealed that RF-
induced thermal reactions ranged from mild to marked eosinophilic microscopic changes in the hepatocytes and
vasculatures with varying degrees of tissue coagulation within the entire treatment area (Figure 3). The histologic
reactions became more apparent with increasing total conduction time and conduction time/pulse pack. Moreover, the
histologic reactions were increasingly more apparent along the penetrating vessels and interlobular septum between the
area of microneedle electrodes. Experiments with a greater number of pulse packs seemed to generate wider areas of
microscopic thermal tissue reactions. Comparing off-time between pulse packs, we noted that a longer off time more
frequently elicited a higher degree of RF-induced thermal tissue reactivity than a shorter off time.

Meanwhile, the histologic features of 2-MHz RF-treated tissue specimens included smaller, less clearly demarcated
zones of coagulation necrosis around the microneedle tips and more remarkable RF-induced thermal tissue reactions in
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Immediate 36.7°C

Figure | Thermal imaging camera study. Images were captured at baseline, immediately, and 10s after bipolar radiofrequency (RF) treatment at a frequency of | MHz. The
experimental settings were (A) a power of 4W, a conduction time/pulse pack of 200 msec, and a single pulse pack; (B) 12WV, a conduction time/pulse pack of 200 msec, and
a single pulse pack; (C) 12WV, a conduction time/pulse pack of 600 msec, and a single pulse pack; (D) 12W, a conduction time/pulse pack of 100 msec, 2 pulse packs, an off-
time between pulse packs of 50 msec, and a total conduction time of 200 msec; and (E) 12W, a conduction time/pulse pack of 100 msec, two pulse packs, an off-time
between pulse packs of 20 msec, and a total conduction time of 200 msec. The thermometric values of baseline tissue were adjusted to 36°C.

the inter-electrode areas, compared with those of 1-MHz RF-treated tissue specimens (Figure 4). The thermal tissue
reactions in the areas between microneedle electrodes seemed to become more apparent upon increasing the total
conduction time or total treatment time rather than by increasing the conduction time/pulse pack or off-time between
pulse packs. Histologic differences in the area and degree of peri-electrode coagulation necrosis among experimental

settings were not remarkable, however.

Discussion

In this study, we evaluated patterns of RF-induced thermal tissue reactions based on the modes of RF delivery using an
alternating current, invasive bipolar RF device. Herein, a thermal imaging camera study revealed that all experimental
settings generated homogeneous, well-demarcated, hyperthermic zones on the surface of ex vivo bovine liver tissue.
Histologic studies additionally exhibited remarkable thermal tissue reactions around and between invasive, insulated

microneedle electrodes without generating extensive desiccative thermal tissue injury in all experimental settings.
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Table 3 Factors Associated with Thermometric Values After |-MHz Invasive Bipolar RF Treatment on ex vivo Bovine Liver
Tissue in Univariate and Multivariate Linear Regression Analysis

AT * = Timmediate = T baseline ATy* = Tios = T baseline

Univariate Multivariate Univariate Multivariate

B (SE) P value | B (SE) P value | B (SE) P value | B (SE) P value
Power 0.155 (0.062) 0.0147 0.155 (0.046) 0.0012 0.056 (0.022) 0.0131 0.056 (0.019) | 0.005
Number of pulse packs —0.337 (0.075) | < 0.0001 | —0.249 (0.068) | 0.0005 —0.047 (0.030) | 0.125

Conduction time/pulse pack** 0.707 (0.146) < 0.0001 | 0.486 (0.134) 0.0006 0.186 (0.056) 0.0015 0.183 (0.051) | 0.0006

Off-time between pulse packs™ | 1.280 (0.551) | 0.0234 1.393 (0.408) | 00011 | 0506 (0.194) | 0.0114 | 0.495 (0.171) | 0.0051
Total conduction time** ~0.065 (0.053) | 0.2273 0010 (0.019) | 0.6083
Total off time®* ~0.244 (0.124) | 0.0527 0.002 (0.045) | 0.9709
Total treatment time** ~0.058 (0.039) | 0.1376 0.005 (0.014) | 0.6992

Note: *Where T is the surface temperature (°C) of ex vivo bovine liver tissue at specific time points, **Per 100 msec.

Accordingly, we were able to perform a thermometric analysis study under the supposition that RF energy at each
experimental setting was properly conducted into the ex vivo tissue specimens.

A previous in vivo porcine skin model study compared the patterns of electrocoagulation at frequencies of 1 MHz and
2 MHz using an invasive, alternative current, bipolar microneedle radiofrequency device.'® Therein, histology data
revealed that 2-MHz RF treatments using insulated microneedles resulted in narrower and more concentrated zones of
tissue coagulation, compared to 1-MHz treatments.'® These electrically coagulated areas were positively associated with
the level of RF power.'® Moreover, 1-MHz RF treatments using non-insulated microneedles resulted in patterns of tissue
coagulation similar to those achieved with 2-MHz RF treatments using insulated microneedles.'® The authors suggested
that the greater wave period allowed for RF to radiate longer distances and generate tissue electrocoagulation.'”

In our study, univariate and multivariate linear regression analyses revealed that higher RF frequency generated
significantly greater AT; (B[SE] = 2.274 [0.307], P < 0.0001) and AT, (B[SE] = 0.804 [0.115], P < 0.0001). Our
thermometric data suggest that more RF-induced frictional heat is generated at higher frequencies. However, the variation
in electrode impedance with frequency, which affects the deposited power in the tissue at different frequencies, was not
controlled in our study. Nonetheless, our histology study revealed that 2-MHz RF treatment generated less coagulation
necrosis around the microneedle tips and more remarkable thermal tissue reactions between microneedle electrodes,
compared to 1 MHz. Moreover, 2-MHz RF-induced thermal tissue reactions seemed to last longer than those induced by
1-MHz RF. We also suggest that RF treatment at higher frequencies more effectively increases tissue temperature,
decreases bioimpedance, and enhances further electrical conduction without generating irreversible coagulative tissue
injury.'” However, the precise association between zones of electrical coagulation and thermometric values remains to be
further evaluated.

Our multivariate linear regression analyses revealed that higher power generated significantly greater AT, (B[SE] =
0.105 [0.034], P = 0.0023) and AT, (B[SE] = 0.040 [0.013], P = 0.0034). Interestingly, only 1-MHz RF treatments
showed significant associations between power and AT, (B[SE] = 0.155 [0.046], P = 0.0012) and AT, (B[SE] = 0.056
[0.019], P = 0.005) in additional multivariate linear regression analysis. Our findings on power-dependent temperature
changes in 1-MHz RF treatment, but not 2-MHz, seemed to be correlated with histology findings of power-dependent
size changes in coagulative necrosis zones noted in a previous in vivo porcine skin study.'

Alternating current, bipolar, and pulsed-type RF treatments have been used to treat senescent fibroblasts, which are
associated with various pigmentary disorders.'""'? An in vivo hairless mouse study analyzed 2-MHz RF-induced tissue
reactions in two different treatment settings: three pulse cycles at a conduction time/pulse pack of 40 msec and five pulse
cycles at a conduction time/pulse of 30 msec using invasive non-insulated microneedles.'® Therein, a few small zones of
coagulative necrosis were found only with a longer conduction time/pulse pack. Nonetheless, RF treatments in both
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Figure 2 Thermal imaging camera study. Images were captured at baseline, immediately, and 10s after bipolar RF treatment at a frequency of 2 MHz. The experimental
settings were (A) a power of 4W, a conduction time/pulse pack of 200 msec, and a single pulse pack; (B) 12W, a conduction time/pulse pack of 200 msec, and a single pulse
pack; (C) 12W, a conduction time/pulse pack of 600 msec, and a single pulse pack; (D) 12W, a conduction time/pulse pack of 100 msec, two pulse packs, an off-time between
pulse packs of 50 msec, and a total conduction time of 200 msec; and (E) 12W, a conduction time/pulse pack of 100 msec, two pulse packs, an off-time between pulse packs
of 20 msec, and a total conduction time of 200 msec. The thermometric values of baseline tissue were adjusted to 36°C.

settings resulted in remarkable changes in the collagen fibers and vascular components in the dermis, notably thickening
of the basement membrane."? Accordingly, the efficacy of pulsed-type RF treatment may be insignificantly correlated
with zones of RF-induced coagulative necrosis.

In our study, to evaluate the thermometric effects of pulse widths and cycles during pulsed-type RF treatments, we
used a longer conduction time/pulse pack, compared to a previous report.'* Our multivariate linear regression
analysis of 1-MHz RF treatment settings revealed that a higher AT, holds positive associations with conduction
time/pulse pack/100 msec (B[SE] = 0.486 [0.134], P = 0.0006) and off-time between pulse packs/100 msec (B[SE] =
1.393 [0.408], P = 0.0011) and a negative association with number of pulse packs (B[SE] = —0.249 [0.068], P =
0.0005). Additionally, higher AT, showed positive associations with conduction time/pulse pack/100 msec (B[SE] =
0.183 [0.051], P = 0.0006) and off-time between pulse packs/100 msec (B[SE] = 0.495 [0.171], P = 0.0051).
Meanwhile, a multivariate linear regression analysis of 2-MHz RF treatment settings revealed that a higher AT, held
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Table 4 Factors Associated with Thermometric Values After 2-MHz Invasive Bipolar RF Treatment on ex vivo Bovine Liver Tissue in

Univariate and Multivariate Linear Regression Analysis

0.044 (0.064) | 0.4913 0.019 (0.024) | 0.4168

0.604 (0.259) | 0.0247 0.230 (0.095) | 0.0199

0.487 (0.147) | 0.0019 0.160 (0.056) | 0.0063

2.034 (0.463) | < 0.0001 0.782 (0.167) | < 0.0001

0.751 (0.059) | < 0.0001 0.269 (0.024) | < 0.0001

1425 (0.295) | < 0.0001 0.546 (0.106) | < 0.0001

0.618 (0.047) | <0.0001 | 0.618 (0.047) | <0.0001 | 0.224 (0.018) | <0.0001 | 0.224 (0.018) | < 0.000I

Note: *Where T is the surface temperature (°C) of ex vivo bovine liver tissue at specific time points, **per 100 msec.

a positive association with only total treatment time/100 msec (B[SE] = 0.618 [0.047], P < 0.0001) and that a higher
AT, had a positive association with only total treatment time/100 msec (B[SE] = 0.224 [0.018], P < 0.0001).

The histologic study in our report demonstrated different patterns of thermal tissue reactions according to RF frequencies,
total conduction time, total treatment time, conduction time/pulse pack, and off-time between pulse packs. However,
different tissues have different RF-induced thermal reactions by various experimental factors, including the amount of

Figure 3 Tissue reactions after 1-MHz bipolar RF treatment on ex vivo bovine liver tissue. The ex vivo bovine liver tissue was treated at experimental settings of (A and B)
12W, a conduction time/pulse pack of 100 msec, three pulse packs, an off-time between pulse packs of 50 msec, and a total conduction time of 300 msec and (C and D)
12W, a conduction time/pulse pack of 100 msec, three pulse packs, an off-time between pulse packs of 20 msec, and a total conduction time of 300 msec. The superficial
(A and C) and deeper (B and D) parts of liver tissue specimens exhibit RF-induced tissue reactions at the proximal and distal parts of invasive microneedles, respectively.
Hematoxylin & eosin stain. Original magnification x40.
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Figure 4 Tissue reactions after 2-MHz bipolar RF treatment on ex vivo bovine liver tissue. The ex vivo bovine liver tissue was treated at experimental settings of (A) 12W,
a conduction time/pulse pack of 300 msec, and a single pulse pack; (B) 12V, a conduction time/pulse pack of 400 msec, and a single pulse pack; (C) 12W, a conduction time/
pulse pack of 100 msec, three pulse packs, an off-time between pulse packs of 50 msec, and a total conduction time of 300 msec; and (D) 12W, a conduction time/pulse pack
of 100 msec, three pulse packs, an off-time between pulse packs of 20 msec, and a total conduction time of 300 msec. Hematoxylin & eosin stain. Original magnification x40.

water in the tissue. Although experiments using ex vivo bovine liver tissue have several limitations in reflecting RF-induced
tissue reactions in humans, the more even impedance and permittivity of the liver tissue with hepatocytes and vascular
structures during RF delivery, compared with skin with layers and appendage structures, seem to facilitate comparisons of
more reproducible RF-induced tissue reactions at various experimental settings.” Nonetheless, because RF treatment at
a shorter conduction time/pulse pack than 100 msec generates minimal changes in tissue specimens, in vivo experiments for
microscopic, electron microscopic, and molecular biological studies are required to evaluate RF-induced tissue reactions.'

In this study, we thermometrically and histologically analyzed the effects of various frequencies, power, number of
pulse packs, conduction time/pulse pack, off-time between pulse packs, total treatment time, total conduction time, and
total off time during bipolar RF treatment on thermal tissue reactions. Our data revealed that the thermometric effects
during bipolar-gated RF treatments are significantly associated with RF power and the pulse widths and cycles of pulse
packs. Linear regression analysis revealed that factors correlated with thermometric data differed between RF frequen-
cies. Moreover, RF-induced histologic changes in ex vivo bovine liver tissue were also found to vary depending on the
experimental settings. Nonetheless, further controlled, in vivo experimental and clinical studies are necessary to confirm
our findings and develop optimized treatment parameters according to medical purposes.
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