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BACKGROUND: In the COVID-19 crisis, laparoscopic surgery is in focus as a relevant source of bioaerosol
release. The efficacy of electrostatic aerosol precipitation (EAP) and continuous aerosol
evacuation (CAE) to eliminate bioaerosols during laparoscopic surgery was verified.

STUDY DESIGN: Ex-vivo laparoscopic cholecystectomies (LCs) were simulated � EAP or CAE in Pelvitrainer
equipped with swine gallbladders. Release of bioaerosols was initiated by performing high-
frequency electrosurgery with a monopolar electro hook (MP-HOOK) force at 40 watts
(MP-HOOK40) and 60 watts (MP-HOOK60), as well as by ultrasonic cutting (USC).
Particle number concentrations (PNC) of arising aerosols were analyzed with a condensation
particle counter (CPC). Aerosol samples were taken within the Pelvitrainer close to the
source, outside the Pelvitrainer at the working trocar, and in the breathing zone of the
surgeon.

RESULTS: Within the Pelvitrainer, MP-HOOK40 (6.4 � 105 cm-3) and MP-HOOK60 (7.3 � 105 cm-3)
showed significantly higher median PNCs compared to USC (4.4 � 105 cm-3) (p ¼ 0.001).
EAP led to a significant decrease of the median PNCs in all 3 groups. A high linear correlation
with Pearson correlation coefficients of 0.852, 0.825, and 0.759 were observed by comparing
MP-HOOK40 (� EAP), MP-HOOK60 (� EAP), and USC (� EAP), respectively. During
ex-vivo LC and CAE, significant bioaerosol contaminations of the operating room occurred.
Ex-vivo LC with EAP led to a considerable reduction of the bioaerosol concentration.

CONCLUSIONS: EAP was found to be efficient for intraoperative bioaerosol elimination and reducing the risk
of bioaerosol exposure for surgical staff. (J Am Coll Surg 2020;231:704e712. � 2020 by the
American College of Surgeons. Published by Elsevier Inc. All rights reserved.)
Exposure of surgical staff in operating room facilities to
surgically induced aerosols, which are released during sur-
gical procedures such as high-frequency electrosurgery
and ultrasonic cutting (USC), represents a potential
health risk.1,2 Fractions of released aerosols can reach the
breathing zone of healthcare workers,3 especially when
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they are close to the surgical field. In a survey among oper-
ating room facility healthcare workers in the US, 99% of
the responders reported being within 5 feet (1.52 m) from
the aerosol source.4,5 Furthermore, health authorities
report that about 500,000 healthcare workers are exposed
regularly to surgical-induced aerosols annually in the US.6
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Abbreviations and Acronyms

CAE ¼ continuous aerosol evacuation
COVID-19 ¼ Coronavirus disease 2019
CPC ¼ condensation particle counter
EAP ¼ electrostatic aerosol precipitation
LC ¼ laparoscopic cholecystectomy
MP HOOK ¼ monopolar electrocautery endo-hook
PNC ¼ particle number concentration in air (1/cm3)
USC ¼ ultrasonic cutting
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Surgically induced aerosols can contain viral DNA
(HPV, HIV, Hep B), but also viable tumor cells, therefore
questioning the general protection of surgical teams when
operating on such patients.7-10 In the course of the
COVID-19 pandemic, it is therefore reasonable to as-
sume that such bioaerosols might harbor a relevant
risk of infecting surgical staff by the coronavirus SARS-
CoV-2.11-14 Currently, some experts tend to assume that
laparoscopic surgery could increase the surgeon’s risk of
exposure to aerosolized coronaviruses because the capno-
peritoneum itself is a potential source of aerosols.15 More-
over, a recently performed study reports higher levels of
SARS-CoV-2 RNA concentrations in the peritoneal fluid
than in the respiratory tract.16 Although there is no soci-
etal consensus on limiting or restricting laparoscopic sur-
gery, there is expert consensus to minimize any risk of
coronavirus transmission by a restrictive use of high-
frequency electrosurgery and ultrasonic cutting (USC) de-
vices and the use of active aerosol evacuation or passive fil-
ter systems during laparoscopic surgery.17,18

Electrostatic aerosol precipitation (EAP) technology is
widely used in industry as a filtration device that removes
fine particles, like dust and smoke, from exhaust gases using
the force of an induced electrostatic charge. More recently,
EAP technology is now also available as a commercial and
medically approved system. Its efficiency has been demon-
strated to maintain visual surgical field clarity by bioaerosol
clearance in the abdominal cavity during laparoscopic sur-
gery.19 Although EAP is not widely known in the commu-
nity of laparoscopic surgeons, this technology has a
potential to considerably minimize the exposure risk of
surgical-induced aerosols for surgical staff. Therefore, this
ex-vivo pilot study focuses on the efficacy of EAP to elim-
inate surgically induced bioaerosols. Its efficacy is further-
more compared to the intraoperative use of continuous
aerosol elimination (CAE) by active filtering of the capno-
peritoneum, which is currently one of the most widely used
technologies for bioaerosol elimination during laparoscopic
surgery.
METHODS

Legal background

Authorization from the Health Department of Bochum,
Germany, was obtained to experiment with fresh post-
mortal animal tissue. The tissue specimens were disposed
of after the experiments in accordance with German law
(Tierische Nebenprodukte-Beseitigungsgesetz). Experi-
ments were performed in compliance with German coro-
navirus containment rules at the Aesculap Akademie
GmbH in Bochum, Germany.

Operation room facility and experimental setup

Ex-vivo laparoscopic cholecystectomy (LC) simulations
were performed in an operating room facility (6 m � 9
m � 3 m ¼ 162 m3) in the Aesculap Akademie GmbH
in Bochum, Germany. The operating room facility con-
tained a downward displacement airflow ventilation sys-
tem with an air flow rate of 326.63 m3/h. The
operating table was located in the center of the room
and set to a typical operation height of 1 m.
Ex-vivo LCs took place within an airtight Pelvitrainer

(Kessler Kunststoffverarbeitung GmbH & Co. KG, and
Gotthold Müller Schaumstoffe GmbH & Co.KG) that
was modified to a total volume of 9 L CO2 at a capno-
peritoneal pressure of 12 mmHg. The modified Pelvi-
trainer was equipped with fresh liver and attached
gallbladder of a German land race pig (volumetry by
water displacement analyses at room temperature
revealed a median liver volume of 2.0 [1.7 to 2.1] L).
Accordingly, the capnoperitoneal volume within the Pel-
vitrainer was about 7Ldapproximately 2 times higher
than the one for humans. The specimen was placed on
the return electrode plate attached to an electrosurgical
generator in the right upper quadrant of the Pelvitrainer.
To mimic more realistic conditions within the Pelvi-
trainer, the inner surface of the Pelvitrainer was coated
with a fine layer (1.5 m2 surface area) of nitrocellulose
membrane, which was previously soaked with an
aqueous 0.9 wt.-% NaCl solution (Braun). The
operative and technical setup was implemented in
French position. To obtain maximum tightness of the
capnoperitoneum, 4 balloon trocars (Kii Fios First
Entry, Applied Medical) were placed by means of punc-
turing as follows: one 12-mm trocar below the umbilicus
for the endoscope and a further 12-mm trocar in the left
middle abdomen as the main working trocar, one 5-mm
trocar subxyphoidal, and a further 5-mm trocar in the
right middle abdomen. Airtightness of the Pelvitrainer
was confirmed for each experiment by applying a
capnoperitoneum with a capnoperitoneal pressure of
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12 mmHg for 10 minutes with a maximum tolerated
carbon dioxide leakage volume of 100 mL.
During the experiments, the research team wore stan-

dard surgical protective clothing including FFP3 breath-
ing masks (3M Aura 1863þ). The Pelvitrainer and the
surrounding working place were covered with single use
sterile surgical drapes. The following technical equipment
was operated: a radiance G2 26” HB/Monitor (NDS Sur-
gical Imaging), a 12-mm CMOS Full HD camera system
(Aesculap), an LED light source (OP 940, Aesculap), an
insufflator flow system (40/PG080, Aesculap), an
electrosurgical generator for monopolar electrocautery
endo-hook (MP-HOOK) surgery (GN 640, Aesculap),
an ultrasonic scalpel system (Lotus, BOWA-electronic
GmbH), and a smoke evacuation system (SHE SHA,
BOWA-electronic GmbH).

Generation of surgical-induced bioaerosols by ex-
vivo laparoscopic cholecystectomy

To generate typical surgical-induced bioaerosols, particle
release was initiated by the simulation of ex-vivo LCs.
Standardized incisions of the gallbladder peritoneum in
the sulcus between the gallbladder fundus and the Glis-
son’s capsule were performed for 3 seconds by means of
high frequency electrosurgery (HFE) using a monopolar
electrocautery endo-hook (MP-HOOK) and ultrasonic
cutting (USC) device.
The operated devices and parameters to perform ex-

vivo LCs were used as follows: monopolar electrocautery
endo-hook (MP-HOOK), forced coagulation at 40 watts
(MP-HOOK40); monopolar electrocautery endo-hook
(MP-HOOK), forced coagulation at 60 watts (MP-
HOOK60); and ultrasonic scalpel (USC) in standard cut-
ting mode.

Electrostatic aerosol precipitation for elimination
of surgical-induced bioaerosols

To characterize the efficacy of electrostatic aerosol precip-
itation (EAP) a commercial and medically approved EAP
system (Ultravision, Alesi Surgical) was used to eliminate
surgically induced bioaerosols during performed laparo-
scopic cholecystectomies. The operated EAP system is
composed of a generator unit (high voltage of
7500e9500 V, current of�10 mA), a stainless-steel brush
electrode (Ionwand, Alesi Surgical), and a return electrode
connected to the return plate. The brush electrode pro-
duces electrons, which ionize present gas molecules.20

The formed electrical field between brush electrode and
grounded surface lead to unipolar field charging of the
aerosol particles (efficient particle charging down to
approximately some tenth of nanometers21 ) by the gas
ions and to transportation of the particles on the field
lines to the grounded surface (called electrostatic deposi-
tion). Also, charged particles that escape the electrical field
will be deposed more efficiently than noncharged parti-
cles. This is due to the induction of image charges on pre-
sent dipole water molecules on wet surfaces that lead to
increased attractive forces.22 Accordingly, the inner surface
of the Pelvitrainer was moistened as described above.
In this study, the brush electrode was introduced into

the Pelvitrainer cavity by subcostal puncture via a needle
(diameter of 3 mm). The tip was pushed forward to the
surgical field as close as possible without interfering
with the following surgical manipulations. For all experi-
ments, the positions of the brush electrode and the trocars
were kept constant because the distance between brush
electrode and bioaerosol source affects the deposition effi-
ciency. For the purpose of comparison, all laparoscopic
cholecystectomies experiments were performed with and
without electrostatic aerosol precipitation (EAP).

Aerosol-analytical characterization of surgical-
induced aerosols

Previous studies have shown that surgical-induced aero-
sols can span over a considerably wide size range, from
a few nanometers to several micrometers, but the largest
particle number quantities were found to be between 40
nm and 200 nm.5 To characterize the surgical-induced
bioaerosols in this study, a water-based condensation par-
ticle counter (CPC Model 3789, TSI Inc) was operated at
a flow rate of 0.6 L/min to determine the total particle
number concentration (PNC) in a size range from 7
nm to 1,000 nm. The CPC operation parameters were
kept constant over all experiments.
Bioaerosol characterization was performed at 3 relevant

locations with different states of aerosol dispersion: near
the source within the Pelvitrainer (primary release from
the agitated tissue), outside the Pelvitrainer immediately
at the working trocar (secondary release from the capno-
peritoneum), and in the breathing zone of the surgeon
(nearfield exposure of surgical staff). The 3 sampling loca-
tions as well as the experimental setup at the Pelvitrainer
are shown in Fig. 1.
To keep particles losses by electrostatic effects23 con-

stant, a conductive tube (Tygon), 60 cm long, was used
for aerosol sampling. In the case of primary release char-
acterization from the agitated tissue, the sample tube was
connected to the Luer side tap of the subxyphoidal trocar
by pushing the tube over the Luer outlet. In case of sec-
ondary release from the capnoperitoneum, the inlet of
the aerosol sampling tube was fixed with a tripod in a
static position 2 cm laterally from the inlet of the 12-
mm working trocar. Aerosol sampling in the breathing
zone of the surgeon (for exposure characterization) was



Figure 1. Photographs of the experimental setup: Pelvitrainer with trocar positions and aerosol sampling locations within the Pelvitrainer at
the source (left panel), outside the Pelvitrainer at the working trocar (middle panel), and in the surgeon’s breathing zone (right panel). Legend:
White arrows indicate the position of the inlet of the aerosol sampling tube (left panel: at the Luer valve of the subxyphoidal 5-mm trocar for
source sampling in the Pelvitrainer, middle panel: 12-mm working trocar, right panel: breathing zone of surgeon). White triangles show the
trocar with inserted brush electrode.
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realized via a tripod centered at a height of 70 cm above
the 12-mm trocar for the endoscope (umbilicus).
Beside the differences in the sampling locations, there

were also some differences in the experimental proced-
ures. Primary release characterization within the Pelvi-
trainer was performed over a time frame of 100
seconds, with ambient air instead of carbon dioxide. An-
alyses were performed for monopolar electrocautery endo-
hook at 40 watts (MP-HOOK40), 60 watts (MP-
HOOK60), and ultrasonic scalpel (USC) with and
without EAP. Between each experiment, the Pelvitrainer
was restored by purging it with particle-free air (based
on a high efficiency particulate air filter). Both secondary
release characterization at the main working trocar and
exposure characterization in the surgeon’s breathing
zone were performed over a time frame of 12 minutes
for MP-HOOK60 in an established capnoperitoneum
at a capnoperitoneal pressure of 12 mmHg. In contrast
to EAP, continuous aerosol/smoke evacuation (CAE) is
a well-known and suggested procedure to reduce
surgical-induced aerosols during laparoscopic surgery.18

In addition to analyses with and without EAP, the efficacy
of CAE at a carbon dioxide flow rate of 12 L/minute
(SHE SHA Level 2) was studied for MP-HOOK60
outside the Pelvitrainer immediately at the working
trocar.

Statistical analysis

All experiments were performed in triplicate. Data anal-
ysis was performed by means of professional statistics soft-
ware (SPSS V26.0, IBM Corp). Data are presented as
median (minimum/maximum range) and boxplots (me-
dian and interquartile range [IQR] ¼ Q3 e Q1) of par-
ticle number concentrations in number of particles per
cm3 of air (1/cm3). For aerosol source characterization,
each test was performed over 100 seconds at a time
resolution of 1 second. Aerosol sampling during simu-
lated ex-vivo LC was continuously performed over 12 mi-
nutes, with a time resolution of 1 second.
Quantitative variables were compared using the Mann-

Whitney test. A value of p < 0.05 represented a signifi-
cant difference. The Pearson correlation coefficient r
was calculated for characterizing the impact of EAP on
the formed bioaerosol within the Pelvitrainer; r > 0.5 is
considered as high degree of linear correlation.
RESULTS

Bioaerosol concentration within the Pelvitrainer
near the release source (primary release)

The concentration data of the bioaerosols within the
Pelvitrainer have to be doubled when approximating the
measured data of this study to typical human capnoperi-
tonea, since the capnoperitoneal volume for humans is
approx. 3.5 L, which is the half of the volume of the
used Pelvitrainer (ie Pelvitrainer volume of 9 L minus 2
L liver volume). In Figure 2, the arising particle number
concentrations (PNCs) of the performed laparoscopic
cholecystectomies (ie MP-HOOK40, MP-HOOK60,
and USC) with and without EAP are summarized.
According to Fig. 2, the highest median particle

number concentrations (PNCs) were determined for
laparoscopic cholecystectomies without EAP. With a
median PNC of 7.3 � 105 (7.4 � 104 e 1.0 � 106)
cm-3, MP-HOOK60 showed the highest bioaerosol con-
centration, followed by MP-HOOK40 with 6.4 � 105

(1.8 � 104 e 1 � 106) cm-3 and USC with 4.4 � 105

(1.3 � 105 e 9.8 � 105) cm-3 (p < 0.01). In all 3 exper-
iments, the continuous use of EAP decreased the prevail-
ing bioaerosol significantly during the performed
laparoscopic cholecystectomies.



Figure 2. Bioaerosol concentration within the Pelvitrainer: Effect of ex-vivo laparoscopic cho-
lecystectomy (LC) type (ie, MP-HOOK40, MP-HOOK60, ultrasonic cutting [USC]) with and
without electrostatic aerosol precipitation (EAP) on the particle number concentration of the
surgical-induced bioaerosols. MP-HOOK40, ex-vivo laparoscopic cholecystectomy based on
monopolar electrocautery endo-hook forced coagulation at 40 watts; MP-HOOK60, ex-vivo LC
based on monopolar electrocautery endo-hook forced coagulation at 60 watts.
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The lowest median PNC with 1.4 � 104 (1.2 � 103 e
3.1 � 104) cm-3 was measured for MP-HOOK40 þ EAP,
followed by 7.2 � 104 (1 � 104 e 6 � 105) cm-3 for
USC þ EAP and 7.5 � 104 (1.8 � 103 e 5.9 � 105)
cm-3 for MP-HOOK60 þ EAP. A high linear correlation
(Pearson correlation coefficients of 0.852, 0.825, and
0.759) was observed by comparing MP-HOOK40 with
and without EAP, MP-HOOK60 with and without
EAP, and USC with and without EAP, respectively.
The lowest median PNC over all experiments was deter-
mined for MP-HOOK40 þ EAP (p < 0.01).

Bioaerosol concentration outside the Pelvitrainer
at the working trocar (secondary release)

Representative measurement data of the PNC over time
of the surgical-induced bioaerosols based on MP-
HOOK60 and MP-HOOK60 þ EAP and each initial
operating room facility background aerosol are provided
in Figure 3.
Measurements of the background aerosol, which pre-

vailed in the operation room facility at the Pelvitrainer,
showed a median PNC of 9.4 � 102 (8.3 � 102 e
1.0 � 103) cm-3. According to Figure 3, considerable
PNC were measured in the aerosol cloud outside the Pel-
vitrainer near the working trocar during MP-HOOK60
without EAP. With a median PNC of 2.6 � 105

(2.6 � 103 e 9.9 � 105) cm-3, laparoscopic cholecystec-
tomy based on MP-HOOK60 led to an approximately
274 times higher median PNC, as determined for the
operating room facility background aerosol (p <
0.0001). Performing MP-HOOK60 in combination
with EAP significantly reduced the particle number con-
centration (PNC) in the aerosol cloud at the working
trocar by a factor of approximately 152, to a median
PNC of 1.7 � 103 (9.0 � 102 e 7.7 � 104) cm-3. The
slight increase of the PNC based on MP-HOOK60 þ
EAP in comparison to the background aerosol (factor
1.8) can possibly attributed to amounts of ultrafine parti-
cles < 30 nm in the bioaerosol, for which the charging
probability becomes lower than 100% and decreases
with decreasing particle size. To get an impression of
the efficacy of bioaerosol evacuation by continuous



Figure 5. Bioaerosol concentration in the surgeons breathing zone
during an experimental ex-vivo laparoscopic cholecystectomy: par-
ticle number concentration over time of the background aerosol and
the surgical-induced bioaerosols based on ex-vivo laparoscopic
cholecystectomy based on monopolar electrocautery endo-hook
forced coagulation at 60 watts (MP-HOOK60) and MP-HOOK60 þ
electrostatic aerosol precipitation (EAP). Black arrow, high short-
term bioaerosol concentration during manipulations with a 10-mm
clip forceps via the working trocar.

Figure 3. Bioaerosol concentration in the released aerosol cloud
outside the Pelvitrainer near the working trocar: particle number
concentration over time of the background aerosol and the surgical-
induced bioaerosols based on ex-vivo laparoscopic cholecystectomy
based on monopolar electrocautery endo-hook forced coagulation
at 60 watts (MP-HOOK60) and MP-HOOK60 þ electrostatic aerosol
precipitation (EAP).
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aerosol elimination (CAE) technology and EAP, Figure 4
depicts the PNC over time at the working trocar during a
laparoscopic cholecystectomy with the monopolar electro-
cautery endo-hook at 60 watts (MP-HOOK60).
As can be deduced from Fig. 4, continuous aerosol

evacuation (CAE) at a carbon dioxide flow rate of 12 L/
minute (SHE SHA Level 2) leads during MP-HOOK60
operation to a considerable high steady state PNC level,
with a median PNC of 9.4 � 105 (9.1 � 105 e 9.6 �
105) cm-3 that decreases gradually after switching off
Figure 4. Representative bioaerosol concentrations in the released
aerosol cloud outside the Pelvitrainer near the working trocar: effect
of continuous aerosol evacuation (CAE) and electrostatic aerosol
precipitation (EAP) on the particle number concentration (PNC) over
time for a bioaerosol induced during an experimental laparoscopic
cholecystectomy with ex-vivo laparoscopic cholecystectomy based
on monopolar electrocautery endo-hook forced coagulation at 60
watts (MP-HOOK60).
MP-HOOK60. In contrast, switching on EAP (without
MP-HOOK60) results in an even more rapid decrease
of the PNC. After switching MP-HOOK60 on during
continuous EAP operation, the PNC further decreases
and leads finally to a median PNC of 4.1 � 104 (1.5 �
104 e 1.1 � 105) cm-3 (p < 0.0001), which is 23 times
lower than during the CAE operation with MP-
HOOK60 at a carbon dioxide flow rate of 12 L/minute
(SHE SHA Level 2).

Bioaerosol concentrations in the breathing zone of
the surgeon

Figure 5 compares intrinsically measured PNC courses
over time, as received from the breathing zone sampling
point during MP-HOOK60 operation with and without
EAP. The median PNC of the represented time course of
MP-HOOK60 without EAP in Figure 5 (time frame of
600 seconds) was determined to be 4.7 � 103 (1.4 �
103 e 1.1 � 105) cm-3. Indeed, MHE60 with EAP shows
with a median PNC of 4.2� 103 (3.4� 103 e 1.1� 104)
cm-3 only a slightly lower median PNC. But in contrast to
MP-HOOK60 without EAP, MP-HOOK60 with EAP
does not show considerably high short-term PNC peak
events.

DISCUSSION
There is a major lack of interest and knowledge among
surgeons that the exposure to surgical-induced aerosols
represents a potential health risk.24,25 For economic rea-
sons, hospital administrations urge surgeons to minimize
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intervention times. Accordingly, surgical techniques like
systems for high frequency electrosurgery (HSF) and ul-
trasound cutting (USC) are operated at high energy levels
to achieve faster tissue transection and sealing. This is
accompanied by the formation of highly concentrated
and sometimes toxic bioaerosols. To further reduce costs,
the use of aerosol elimination systems is often avoided.
But in the course of the COVID-19 pandemic, the poten-
tial risk to acquire COVID-19 by exposure with
coronavirus-laden surgical aerosols has raised major
concern and uncertainty among surgeons. In the mean-
time, national and international expert committees and
professional societies have published their recommenda-
tions for avoiding unnecessary bioaerosol generation and
guidelines for exposure protection.15,17,18,26 However, un-
known to most surgeons, electrostatic aerosol precipita-
tion (EAP), as used, for example, to improve drug
deposition during pressurized intraperitoneal aerosol
chemotherapy,20,22 is a cost-efficient and effective method
to eliminate surgical-induced aerosols during laparoscopic
surgery.
In this study, the efficacy of EAP was analyzed by ex-

vivo simulations on a clinically relevant experimental
setup with a phantom for laparoscopic procedures by
characterizing the particle number concentration of surgi-
cally induced bioaerosols within the laparoscopic cavity
(primary release from tissue), outside the laparoscopic
cavity near the working trocar (secondary release from
the cavity), and in the breathing zone (exposure) of the
surgeon. During incision on the used swine gallbladder
peritoneum by high-frequency electrosurgery with a
monopolar electro hook (MP-HOOK) force at 40 watts
(MP-HOOK40) respectively, 60 watts (MP-HOOK60),
and by ultrasonic cutting (USC), a considerable release
of particles was determined within the laparoscopic cavity.
In daily practice, the energy settings for laparoscopic

cholecystectomy with monopolar electrosurgery in the
US are generally in the 25 to 30 watt range.27 Because
such low energy settings did not allow adequate tissue
transection of cadaveric swine gall bladders in our ex-
vivo Pelvitrainer model, higher energy settings of 40
and 60 watts were used for this study. Additionally, to
our very best knowledge, power settings for monopolar
cholecystectomy in many German hospitals and German
surgical training centers, such as the Aesculap Academy in
Bochum, are generally between 40 to 60 watts.
The highest PNC was observed for MP-HOOK60. A

trend toward a lower PNC was determined for MP-
HOOK40. However, this difference was not statistically
significant. A significant lower PNC occurred for USC
in standard cutting mode as well as power settings. These
findings are in line with the results of previous work,
which showed higher particle release rates for
monopolar-based instruments than for USC.11,28,29

Although USC has been shown to produce fewer aerosol
particles than mono- and bipolar cutting devices, the
COVID-19 pandemic has raised new concerns about
the use of USC. This is due to the generation of aerosols
composed of tissue, blood, and blood degradation prod-
ucts that could be identified up to 40 cm from the
source.11

The results of this study show that a continuous oper-
ation of EAP significantly lowers the PNC within the
abdominal cavity of the phantom, irrespective of the oper-
ated tissue dissection technique. Despite the fact that
released particles become airborne at the site of surgery,
the largest amount is immediately deposited on the tissue
in close proximity. Therefore, only small quantities of
released particles can distribute in the entire capnoperito-
neum. Besides improving the endoscopic view, the
reduced quantity of airborne particles also lowers poten-
tial release quantities from the laparoscopic cavity via
the access ports (ie trocars) into the environment of the
operating room facility.
To study bioaerosol release into the operating room fa-

cility at the site of the working trocar and in the breathing
zone of the surgeon, clinical conditions were simulated as
realistically as possible. Therefore, the instruments were
operated similar to typical clinical use, with various
lengths of application. To compare environment contam-
inations, all ex-vivo LCs were performed according to a
strict protocol. In contrast to MP-HOOK40 without
EAP, MP-HOOK60 without EAP led to significant par-
ticle number concentrations at the access port (trocar)
outside the laparoscopic cavity. Considerable PNCs,
which were about 274 times higher than the background
aerosol of the operating room facility, were monitored
during the exchange, and the use of laparoscopic instru-
ments (mainly for clip forceps and laparoscopic swaps).
In contrast, continuous operation of EAP during MP-
HOOK60 led to a concentration level 152 times lower
at the access port, which was only 1.8 times higher than
the level of the background aerosol of the operating
room facility. Additionally, the performance of EAP was
compared with that of the currently suggested safety mea-
sure for continuous aerosol/smoke evacuation (CAE).
Therefore, MP-HOOK60 was also performed in combi-
nation with CAE at a continuous carbon dioxide flow
rate of 12 L/minute (SHE SHA Level 2). During MP-
HOOK60, CAE operation showed significant contamina-
tions at working trocars that were 23 times higher than for
EAP operation.
Besides the high aerosol elimination efficacy, EAP also

has other important advantages over carbon dioxide-
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driven active and passive aerosol evacuation and filter sys-
tems. First, the efficiency of passive filter systems corre-
lates with the level of the capnoperitoneal pressure.
Therefore, surgery at lower pressure is even more difficult
because the endoscopic view at the surgical site can be
hampered by intraperitoneal aerosol accumulation and
worse exposure of the surgical field. Second, the efficacy
of active and passive aerosol evacuation and filter systems
depends on a high carbon dioxide flow rate. This makes it
more difficult for the surgical staff to recognize and pre-
vent unintended carbon dioxide and bioaerosol leaking
into the environment. Especially active aerosol evacuation
systems, which are operated at high carbon dioxide flow
rates, lead to fluctuations in the capnoperitoneal pressure
that is accompanied by movements of the abdominal wall,
trocars, and the camera position with a changing view of
the surgical site. Therefore, such movements complicate
surgical procedures and can harm the patient.
The authors are aware that the current data reflect only

the clinical situation with some limitations. Foremost, the
generation of surgical smoke on non-vital/non-perfused
tissue in a Pelvitrainer at room temperature is certainly
a major limiting factor of this study. Moreover, this pilot
study includes neither in-vivo analyses nor a detailed char-
acterization of the generated surgical aerosol in terms of
size distributions. Due to the temporal lack of aerosol
sizing technologies as well as the national restrictions in
the course of the COVID-19 pandemic, only a condensa-
tion particle counter was operated. Therefore, the consid-
erable release of particles during ex-vivo LC limited the
incision time for release characterization to 3 seconds to
avoid a passing of the concentration limit of the operated
device. For studying particle release and exposure of
surgical-induced bioaerosols for long-term or repeated
LCs in future work, besides size-selective aerosol-analyt-
ical instruments, appropriate aerosol dilution mea-
sures30,31 should be used. However, with regard to the
coronavirus, released particles/droplets equal to or larger
than the virus (65 to 125 nm) are relevant.32 The deter-
mined particle number concentrations alone can only
serve as an indicator for a lowered risk of becoming
infected by aerosolized virus particles encountered during
laparoscopic surgery. It is therefore necessary to carry out
follow-up studies on in-vivo laparoscopic animal models
with a detailed characterization of generated bioaerosols.
CONCLUSIONS
EAP is an efficient method to eliminate generated bio-
aerosols already at the surgical site and minimize potential
bioaerosol exposure to surgical staff. EAP is currently
the most efficient method for aerosol evacuation and
elimination. A previous study reported the efficient cap-
ture of viruses and its concomitant deactivation using
electrostatic precipitation technology,33 so EAP should
become even more promising in the future.
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3. Göhler D, Gritzki R, Rösler M, et al. Estimation of inhalation
exposure on the basis of airborne nanomaterial release data and
propagation modeling. ACS Sustain Chem Eng 2018;6:
9352e9359.

4. Steege AL, Boiano JM, Sweeney MH. Secondhand smoke in
the operating room? Precautionary practices lacking for surgi-
cal smoke. Am J Ind Med 2016;59:1020e1031.

5. Elmashae Y, Koehler RH, Yermakov M, et al. Surgical smoke
simulation study: Physical characterization and respiratory
protection. Aerosol Sci Technol 2018;52:38e45.

6. OSHA. Laser/electrosurgery plume. 2016. Available at: https://
www.osha.gov/SLTC/laserelectrosurgeryplume. Accessed
September 9, 2020.

https://www.cdc.gov/niosh/nioshtic-2/00229128.html
https://www.cdc.gov/niosh/nioshtic-2/00229128.html
https://www.baaudiology.org/app/uploads/2020/06/1_tbp-lr-agp-v1.21.pdf
https://www.baaudiology.org/app/uploads/2020/06/1_tbp-lr-agp-v1.21.pdf
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref3
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref3
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref3
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref3
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref3
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref4
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref4
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref4
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref4
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref5
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref5
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref5
http://refhub.elsevier.com/S1072-7515(20)32299-7/sref5
https://www.osha.gov/SLTC/laserelectrosurgeryplume
https://www.osha.gov/SLTC/laserelectrosurgeryplume


712 Buggisch et al Operating Room Safety During the COVID-19 Era J Am Coll Surg
7. Manson LT, Damrose EJ. Does exposure to laser plume place
the surgeon at high risk for acquiring clinical human papillo-
mavirus infection? Laryngoscope 2013;123:1319e1320.

8. Baggish MS, Poiesz BJ, Joret D, et al. Presence of human im-
munodeficiency virus DNA in laser smoke. Lasers Surg Med
1991;11:197e203.

9. Kwak HD, Kim SH, Seo YS, Song KJ. Detecting hepatitis B
virus in surgical smoke emitted during laparoscopic surgery.
Occup Environ Med 2016;73:857e863.

10. In SM, Park DY, Sohn IK, et al. Experimental study of the po-
tential hazards of surgical smoke from powered instruments.
Br J Surg 2015;102:1581e1586.

11. Ott DE, Moss E, Martinez K. Aerosol exposure from an ultra-
sonically activated (Harmonic) device. J Am Assoc Gynecol
Laparosc 1998;5:29e32.

12. Bree K, Barnhill S, Rundell W. The dangers of electrosurgical
smoke to operating room personnel: a review. Workplace
Health Saf 2017;65:517e526.

13. Liu Y, Song Y, Hu X, et al. Awareness of surgical smoke haz-
ards and enhancement of surgical smoke prevention among the
gynecologists. J Cancer 2019;10:2788e2799.

14. Rakovich G, Urbanowicz R, Issa R, Wang HT. Minimizing
the risk of aerosol contamination during elective lung resection
surgery. Ann Surg 2020. accepted manuscript.

15. Cohen SL, Liu G, Abrao M, et al. Perspectives on surgery in
the time of COVID-19: safety first. J Minim Invasive Gynecol
2020;27:792e793.

16. Coccolini F, Tartaglia D, Puglisi A, et al. SARS-CoV2 is pre-
sent in peritoneal fluid in COVID-19 patients. Ann Surg
2020;272:e240ee242.

17. SAGES and EAES recommendations regarding surgical
response to COVID-19 crisis. Available at: https://www.sages.
org/recommendations-surgical-response-covid-19/. Accessed
April 4, 2020.

18. Mintz Y, Arezzo A, Boni L, et al. Technology Committee of
the European Association for Endoscopic Surgery. A low
cost, safe and effective method for smoke evacuation in laparo-
scopic surgery for suspected coronavirus patients. Ann Surg
2020. accepted.

19. Ansell J, Warren N, Wall P, et al. Electrostatic precipitation is
a novel way of maintaining visual field clarity during laparo-
scopic surgery: a prospective double-blind randomized
controlled pilot study. Surg Endosc 2014;28:2057e2065.
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