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Abstract: The relationship between tissue effects, intensity (I), and voltage (V) of a high-frequency alternative
current seems well known. However, the translation of the settings of the electrosurgical unit and their use
during surgery seems not to be unanimously understood by all surgeons. This results in many variations of
surgical technique and plenty of specific questions asked during live surgery. Above 200 V, the heat of the
sparks results in the explosion of superficial cells and a cutting effect. With higher voltages, the associated
coagulation is increasing. Voltage and amount of energy (Watt=I*V) are independent since a similar amount of
energy can be obtained with a continuous current or an intermittent current half the time and a double voltage.
Below 200 V, tissue is heated until the steam from boiling tissue stops the current. Therefore, slower heating
with less energy or a larger contact area permits deeper coagulation. The maximal output (W) of the
electrosurgical unit results in versatility of use besides being a safety measure. The current intensity increases
with the area of contact. Therefore, when I*V exceeds the preset output, V has to drop. A limited maximal
output thus permits using the same instrument for non-contact cutting with >200V and sparks and coagulation
when the contact area is much larger. In conclusion, the tissue effects of electrosurgery vary with the device’s
voltage setting (often indicated as force) and the maximal output. The surgeon’s choice to cut or coagulate by
changing the contact area adds versatility.

Keywords: laparoscopic surgery; electrosurgery

1. Introduction

Surgery combines knowledge of anatomy with skills such as cutting, dissection, bleeding
control, and suturing. Electrosurgery was introduced more than 100 years ago [1] to facilitate cutting
and control of bleeding and has been widely used since the introduction of Bovie's first
electrosurgical unit [2]. Other energy sources, such as lasers, ultracision and plasma jets, were added
later.

Electrosurgery uses a high-frequency alternative current of more than 100.000 Hertz to prevent
depolarisation of cellular membranes and muscular contractions or nerve stimulation. Electrosurgical
devices have changed over time, with voltage stabilizers, separate high-frequency generators for
coagulation and cutting for safety reasons [3], and devices measuring resistance or temperature
during coagulation, such as PK and sealing devices.

An alternative electrical current is characterized by its frequency, voltage (V) and intensity (I).
A fundamental law of electricity is the linear increase of intensity with the voltage and decreases with
resistance (R) or I= V/R. The amount of energy in Watts is V*I/sec. It can be confusing for surgeons to
translate V, I, R, and W into the electrosurgical device settings and practical surgery, with cutting and

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202401.2036.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (Www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2024 doi:10.20944/preprints202401.2036.v1

coagulating with the same instrument, such as an electric bistouri and controlling the depth of tissue
damage. Depth of tissue damage can be critical, knowing that the wall of the colon measures only 1.5
to 3 mm [4].

Being 100 years old, the terminology used is confusing and lacks precision. Irreversible cellular
damage starts at 44°C although slow, and accelerates with temperature becoming almost immediate
above 80°C. Damage consists of unwinding the 3D structure or denaturation of proteins forming a
coagulum. Coagulation describes three effects: reorganization of proteins, and of collagen forming a
coagulum, and desiccation of tissue becoming electrically resistant. All currents have a sinusoidal
waveform. Therefore, cutting, blended or coagulating waveforms, as frequently used in the literature
[5] and during live surgery, misleadingly suggest a different waveform, although they only differ in
voltage and duty cycle. Radiofrequency [5], although an electromagnetic wave, and a high-frequency
alternative electric current, are often used interchangeably for historical reasons to indicate that the
frequency is similar to those used in radio transmission. Impedance and resistance are also often used
interchangeably, although the difference is clinically not significant. Impedance is used for alternative
currents with the changing voltage over time, resulting in alternating intensity and resistance.

Since understanding electrosurgery is important for the surgeon [6] we planned to review
electrosurgery. A discussion of when to use other energies, such as lasers and ultracision, is beyond
the scope of this manuscript.

2. Electrosurgery Basics

Electrosurgery uses an alternating current with a frequency of more than 100.000 Hertz,
generally between 250.000 and 500.000 Hertz, to avoid depolarization of cell membranes, muscle
contractions and nerve stimulation. Voltage is defined as the peak or highest voltage of an alternating
current. Electricity follows Ohm’s law, I= V/R, describing the relationship between voltage, resistance
and intensity. The resistance of wet tissue, such as in gynaecological or abdominal surgery, is low.
Therefore, the intensity of the current varies only with the voltage and the contact area of the
instrument with the tissue (Figure 1).

I=V/R Watts=1*V

Flow = Height Energy = flow * height
diameter el Iso- watt curve

Vv

Resistance
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High voltage

High voltage * low intensity
= low voltage * high intensity

Figure 1. I= V/R. This is similar to water flow (I) increasing with the height or pressure and decreasing
because of a narrowing. The same energy can be obtained with less water falling from higher or more
water falling from lower. In electricity, this is called the isowatt curve.
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The energy (Watts, W) increases with the voltage and the intensity (W=I*V/sec). Therefore, the
same amount of energy can be obtained with a low voltage and high intensity or high voltage and
low intensity, also called the iso-Watt curve.

The electrosurgical device permits limiting the maximal output (W) and setting of the voltage,
generally indicated as the force. If the voltage is fixed, the intensity varies only with the contact area
of the surgical instrument with the tissue. The intensity is low when the contact area is small and only
a tiny part of the available Watts are used. The intensity increases with the contact area till the preset
maximal output is reached. When the contact area increases further, the intensity rises further, and
the voltage has to drop when V*I exceeds the preset output.
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Figure 2. The electrosurgery unit’s maximal output (Watts) and the voltage (or force) are preset. The

intensity (blue dots) is minimal when the contact area is small and increases with the contact area, but
voltage (red dots) remains constant till the preset maximal output is reached (left white area). When
the contact area increases further, the increasing intensity results in I*V exceeding the maximal preset
output, and the voltage has to decrease according to the isowatt curve (right yellow area).

It should be realized that over time, the same amount of energy can be delivered by a continuous
alternative current (I*V) or by a current with twice the voltage during half the time or 4 times the
voltage a quarter of the time. This is the duty cycle, although often erroneously described as an altered
waveform or a wave modulation.

Sparks occur between the electrosurgical instrument and the tissue if the voltage is higher than
200V and the distance is short. A spark initiates more quickly when the instrument has a sharp edge
or a point, but the electric arc is maintained more easily once started.

Electrosurgery devices do not indicate the precise preset voltage but rather a range like force 1
to 4. Historically, electrosurgical currents were short sequences of high voltages decreasing rapidly
until voltage stabilizers became available. Another reason is that the voltage can vary slightly with
intensity during surgery because of the device’s internal resistance.

3. Tissue effects

Electrosurgery heats tissue, and the temperature varies with the energy delivered over time,
tissue volume, and cooling or diffusion of heat. Tissue effects vary with the temperature and its
duration. Tissue damage starts at 44°C but is slow. With increasing temperatures damage accelerates,
becoming immediate above 80°C with denaturation of proteins. At 100°C, water starts boiling with
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desiccation of tissue. Minor variations of boiling temperature because of pressure or electrolytes are
irrelevant for electrosurgery. Slow boiling causes desiccation by evaporation of water leaving the
minerals. At much higher temperatures, all water transforms suddenly into steam, causing an
explosion of cells, called vaporization. Above 300°C, proteins and nucleic acids start to oxidize,
combining the hydrogen or organic molecules with the oxygen in the air and leaving the carbon,
called charring.

In the absence of sparks, the tissue in close contact with the instrument starts to heat since the
tissue’s resistance is higher than that of the instrument. Heating is mainly local because the power
density decreases exponentially (to the third power) with the volume of tissue in all directions.

An electric spark occurs when a sufficiently high electric field creates an ionized, electrically
conductive channel through a normally insulating medium such as air or CO2, resulting in an electric
arc with very high temperatures above 1000°C. The fact that distances to initiate a spark are slightly
shorter in a CO2 environment than in air is clinically insignificant [7]. These high temperatures cause
an explosion of the superficial cells or vaporization, resulting in tissue cutting. With increasing
voltage, sparks become stronger and cause, besides superficial vaporization, progressively deeper
heating of tissue and coagulation (Figure 3).

AN AN W‘ U
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Figure 3. The sparking starts at 200V, resulting in pure cutting. Higher voltages increase the depth of
superficial coagulation. An intermittent current with higher voltages can deliver similar energy over
time, explaining that although the energy setting (Watts) is identical, a current can vary from pure
cutting to cutting and coagulation when the contact area is small or larger.

3. Electrosurgical coagulation

Soft coagulation occurs when the voltage is below 200V, preventing sparks. The electric current
heats the tissue progressively until at 100°C, steam development stops electricity, air or steam being
a good isolator. A lower voltage results in less intensity and slower heating and, thus, deeper
coagulation before the steam of boiling under the contact area stops the current. Similarly, a larger
contact area increases the coagulation depth (Figure 4). However, slow coagulation can be
challenging to control or inefficient during surgery if the coagulation area is large and cooled by
bleeding. Therefore, many surgeons prefer to use higher energy and or voltage settings.

Coagulation with higher energy settings or voltages is tricky and must be understood to be
controlled by the surgeon. Higher energy settings (W) might seem incompatible with slow and deep
coagulation. However, the surgeon can grasp a large area of tissue, increasing the contact area (and
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I), thus decreasing the V. Alternatively, tissues can be prevented from reaching 100°C and boiling by
intermittent coagulation, permitting cooling or by actively cooling the coagulation area by irrigation.
Thus, voltages above 200V can be used without sparking by taking advantage of a higher intensity
by grasping a larger area, decreasing the voltage if the output (Watts ) is limited. This also explains
that grasping and coagulating repetitively for short periods can be an effective method of
coagulation, which is faster and more versatile than soft coagulation. Another example of
manipulating voltage during surgery is the electrical bistouri. The sharp edge cuts tissue by multiple
sparks, but the flat area coagulates when the high intensity decreases the voltage because of the large
contact area. This voltage drop is illustrated in the right half of Figure 2.

4. Electrosurgical cutting

Electrosurgical cutting equals sparking and vaporization of tissue. Therefore, superficial cutting
of thin tissues, such as the peritoneum, is similar with a 15 or 30 or 300 Watts setting. This is illustrated
in the left part of Figure 2 when the watts used are much less than the maximal watt output. However,
cutting a larger amount of tissue, such as 1 cm with the electrical bistouri, generates multiple sparks
along the contact area, requiring a higher power setting to prevent a voltage drop. The maximal
output setting (Watts) thus determines the maximal area that can be sectioned without dropping the
voltage.

During monopolar cutting, the superficial coagulation of the tissue increases with the voltage
(Figure 3).

5. Comments on coagulation and cutting during surgery

Monopolar versus bipolar coagulation or cutting are not discussed separately to emphasize that
they are not fundamentally different besides electricity flowing between 2 electrodes instead of
between one electrode and the return plate.

Bipolar coagulation is localized between the two tips, permitting underwater coagulation.
Clinically, this can be used for pinpoint coagulation by limiting the lateral spread of heat and damage
by continuous irrigation, as we used to do in microsurgery. Coagulation during irrigation and
intermittent coagulation retain their full importance when coagulating bleeding following ovarian
cyst excision to prevent oocyte damage.

Figure 4. The depth of coagulation increases with a longer duration of heating and more heat

diffusion before the current is stopped by steam development. Deeper coagulation thus occurs
when the voltage is lower or when the contact area is larger.

The maximal power output determines the amount of tissue that can be cut. Therefore, it is also
a safety feature, limiting accidents during inadvertent movements by dropping the voltage if the
contact area becomes large. For example, a 30 watt output permits cutting 0.5 cm of tissue but
prevents accidentally cutting a bowel over 2 cm.
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Using the drop in voltage by increasing the contact area requires a limited output. Therefore, a
power setting of around 30 Watts is a logical and nice compromise for most gynaecologic surgeons.

To cut, electricity needs to be activated before contact, permitting sparks, whereas, for
coagulation, electricity is activated after contact. This is valid for soft coagulation below 200V, and
when voltage needs to be dropped by a higher contact area.

A specific application is bipolar cutting. For example, to penetrate the peritoneum, a bipolar
with a sparking voltage close to the peritoneum can cut the peritoneum superficially, which is
subsequently entered with simple pressure.

Other applications are so-called intelligent instruments, registering resistance and temperature
to optimize coagulation. During bipolar coagulation, the rapid temperature increase and steam
development can be prevented by intermittent cooling periods until an acute increase in resistance
indicates desiccation (PK devices). A combination of tissue compression and controlling temperature
around 80°C results in the fusion of proteins and collagen with limited lateral spread. This is achieved
in sealing devices, permiting to secure larger vessels and coagulate fat tissue, fat having a much
higher impedance and a low water content.

6. Electrosurgical safety

Electrosurgery requires a grounding plate to return the electrical current. This plate should have
a large contact area over a well-irrigated muscle mass without areas of higher resistance between the
active electrode and the plate. The plate should not be placed under the knee since bone has a higher
electric resistance than soft tissues, with a risk of local heating and damage. As a safety measure to
avoid partially detached grounding plates, resistance between 2 halves can be monitored. Direct
coupling permits energy transmission from one instrument to another, as done in open and
laparoscopic surgery before the grasping bipolar forceps became available. Insulation failure results
in unintended electric current, sparking and accidents. Capacitive coupling is the transmission of an
alternating electric current without contact: with two opposing metal plates, the second becomes
positive or negative, when the first is negative or positive, respectively. This can occur during surgery
when a metal trocar, insulated from the abdominal wall with a plastic screw, picks up the alternating
current from an inserted instrument. Electrosurgery instruments can remain hot after being used,
occasionally damaging other tissues [8].

7. Discussion

Electrosurgery is regulated by the power (Watts) and voltage settings (Forces) generating heat
and the balance between energy delivery over time and the cooling or diffusion of heat. Although
the principles are straightforward, the role of the surgeon is important. The surgeon chooses a voltage
and a maximal output for cutting and coagulation that are appropriate to his skills, his choice of
instruments, and his technique for the intervention. Changing electrosurgery settings during surgery
is rarely done, mainly because it is impractical and interrupts the flow of surgery. Therefore, the
power setting at the beginning of an intervention is fundamental. Permitting the same instrument to
cut and coagulate by modifying the contact area (and, thus, the voltage), contributes to the versatility
of electrosurgery.

Depth of Coagulation and depth of heat damage are critical in ovarian and bowel surgery. The
wall of the colon is only 1.5 to 3 mm thick and thus requires very superficial coagulation. Coagulation
of bleeding during ovarian surgery is unavoidably associated with some tissue damage when heated
above 45 °C. Limiting the coagulation depth means pinpoint coagulation, as short as possible, e.g. 1
sec [9] with a voltage as close as possible to 200 V, and using bipolar instruments with a small tip.
The importance of short coagulation was illustrated by the damaged volume [10] and depth being
1.1 and 1.3 mm after a 2 or 4 sec of bipolar coagulation with a setting of coag force three and 30W
without mentioning the tip size. Plasma jets or plasma scalpels [11] are unlikely to permit pinpoint
coagulation since a spark at a distance is not suited for intermittent or underwater coagulation or for
localized coagulation.
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Blended current was a concept of the past when the electricity used in electrosurgery was
generated using capacitators without a voltage stabilizer, causing a burst of alternating current
starting with a high voltage that decreased rapidly. These currents initially coagulate and are later
pure cut.

Lasers and ultrasonic devices have specific characteristics and advantages. Because of the nearly
100% adsorption in water, a focused, intermittent, high-density CO2 laser is close to perfect for the
superficial vaporization of tissue with minimal lateral spread, such as the vaporization of superficial
endometriosis. Ultrasonic devices generate less lateral heat and are not hampered by fat, e.g. during
bowel surgery. However, electrosurgery remains the most versatile allround instrument for
dissection and coagulation in laparoscopic surgery. The electrosurgical units and instruments have
improved progressively, with the grasping bipolar forceps as an example. Unfortunately, all bipolar
forceps are a compromise between grasping strength and a tip small enough to permit pinpoint
coagulation. Also, the surgeon’s choice of using the tip of scissors, a needle, or a hook for
electrosurgical cutting mainly varies with experience and not because of underlying electricity rules.
This explains the development of coagulation and sealing devices controlling temperature, resistance
and pressure with new developments in the pipeline, such as deep learning and artificial intelligence
[12] or the introduction of acoustic signals signalling the instrument tissue interaction [13].

8. Conclusions

Electrosurgery is the most versatile source of energy during surgery, permitting dissection,
cutting and coagulation. Voltages are primarily important for tissue effects, but the absence of a
voltage setting on the electrosurgical devices and non-precise terminology risks causing confusion
among surgeons when choosing their energy sources.
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