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Abstract

Purpose Surgical smoke is generated during the cauterization, coagulation, and incision of biological tissues by electro-
cautery, ultrasonic coagulation, incising devices, and lasers. Surgical smoke comprises water, water vapor, steam, and some
particulate matter, including bacteria, viruses, cell fragments, and volatile organic compounds, which can pose health risks
to the operating room personnel. In this study, we measured the concentration of particulate matter 2.5 (particles with a
diameter of <2.5 pm) in surgical smoke.

Methods We used digital dust counters for real-time monitoring of particulate matter 2.5 generated intraoperatively in breast
and gastrointestinal surgeries performed at our hospitals between 2019 and 2020.

Results Concentrations of particulate matter 2.5 were measured in surgical smoke generated when performing 14 different
surgeries. Immediately after electrocautery, the concentration of particulate matter 2.5 increased to 2258 pg/m> and then,
when we stopped using the devices, it decreased rapidly to the initial levels. Interestingly, the concentrations increased after
each intermittent electrocautery procedure. Higher concentrations of particulate matter 2.5 were observed during breast
surgeries than during laparoscopic procedures.

Conclusion Surgical smoke poses potential health risks to operating room personnel by contaminating their breathing zone
with high concentrations of particulate matter 2.5. A local exhaust ventilation system is needed to reduce exposure.
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Introduction

Surgical smoke, comprising water, water vapor, and
particulate matter, is generated by high-energy devices,
namely electrocautery and ultrasonic coagulation incision
devices, during cauterization, coagulation, and incision of
biological tissues. The visible white plume consists pri-
marily of water and fine particles containing tissue, cell
fragments, and volatile chemicals. In some cases, it may
also contain viruses such as human papillomavirus (HPV)
and hepatitis B virus (HBV), bacteria, and other pathogens
[1]. Kwak et al. [2] reported the presence of HBV deoxy-
ribonucleic acid (DNA) in the surgical smoke, which was
emitted during robotic or laparoscopic surgery in 10 of 11
patients with positive HBV antigen. Surgical procedures
involving virus-infected organs may be associated with
health risks for those in attendance in an operation room
(OR). Cases of laryngeal papilloma were reported among
surgeons and OR nurses in charge of laser treatment for
condyloma caused by HPV [3, 4]. Furthermore, squamous
cell carcinoma of the pharynx and tongue was reported
among gynecologists involved in laser ablation and the
loop electrosurgical excision procedure for early cervi-
cal cancer for many years [5]. Another study reported the
presence of HPV DNA in surgical smoke emitted during
the loop electrosurgical excision procedure surgery and in
the nasal epithelial cells of the surgeons [6].

Surgical smoke also contains fine particulate matter
and various harmful volatile organic compounds [7]. Fine
particles, 0.5-3 pm in size, can reach the peripheral bron-
chi [8] and cause bronchitis and asthma. Notably, volatile
organic compounds can cause sick building syndrome [9].

Among the various substances contained in surgi-
cal smoke, our study focused on particulate matter
2.5 (PM, 5), which refers to particles with a diameter
of <2.5 pm. Exposure to PM, 5 is considered deleteri-
ous as it increases health risks for patients and clinicians.
Therefore, we performed real-time monitoring of PM, s in
the surgical smoke generated by electrocautery and ultra-
sonic coagulation incision devices in the OR. Using these
results, we investigated the effects of PM, 5 on surgeons
and OR personnel and the necessary countermeasures.

Methods

This prospective observational study focused on surgical
procedures performed in our department between 2019 and
2020. We started our study with a planned case entry from
September, 2019 to September, 2020. All participants
provided informed consent prior to their inclusion in the
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Table 1 Characteristics of the operating rooms analyzed in the study

OR Area of OR Differential JIS (ISO)  Designed air
(m?) pressure (Pa) class change rate
(times/h)
A 31.2 0.5 7 62.6
B 42.1 1.0 6 31.1

OR operating room, JIS Japanese Industrial Standards, ISO Interna-
tional Standards Organization

Fig. 1 Intraoperative real-time particulate matter 2.5 (PM, 5) meas-
urements. a The tube was affixed to the surgeon's anterior chest. b
The digital dust meter was affixed to the surgeon's lower back

study, although because of the coronavirus disease 2019
(COVID-19) pandemic in 2020, the number of surgeries in
this period was relatively low. Furthermore, surgeons and
OR staff were compelled to use smoke exhaustion devices
for surgical smoke control intraoperatively for infection
control and ethical concerns. Therefore, we closed our
case entry. Table 1 summarizes the features of the two
operation rooms (A and B) that we used for the analysis.
We applied the method used by Yamato et al. to measure
PM, 5 generated by smoking indoors [10]. A digital dust
counter (SidePak AM510; TSI, Inc., Shoreview, MN, USA)
was connected to a sterile silicone tube (Iength, 70 cm; inner
diameter, 5 mm) affixed to the surgeon's anterior chest with
tape (Fig. 1a). Another digital dust counter affixed to the
back of the surgeon's surgical gown (Fig. 1b) started measur-
ing PM, 5 simultaneously when the operation started, with
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measurements taken every 5 s until the surgery was com-
pleted. We attached another dust meter to the OR wall, 2 m
away from the surgeon, and used the PM, 5 measurement as
a control. The local exhaust ventilation (LEV) system was
not used for open surgeries. We used Bonimed Switchpen
(Muranaka Medical Instruments Co., Ltd., Osaka, Japan)
and Opti4 (Covidien Japan Inc., Tokyo, Japan) for elec-
trocauterization, Olympus SonoSurg (Olympus, Tokyo,
Japan) as the ultrasonically activated device, and LigaSure
(Covidien Japan Inc.) as the vessel-sealing system. Table 2
presents the types of devices used in each procedure. Fur-
thermore, we used the intra-abdominal insufflation unit
(UHI-4®, Olympus) for CO, supply and exhaust for laparo-
scopic surgery, which had a wall suction evacuation system
without filtration. The OR area, room differential pressure,
International Standards Organization (ISO) class, and design
ventilation frequency are presented in Table 1.

A suction tube was used by surgeons or assistants to aspi-
rate the surgical smoke, as appropriate, for body surface sur-
gery and laparotomy. Surgical smoke was not aspirated with
a suction tube during extracorporeal procedures performed
during laparoscopic surgery.

Results

Table 2 summarizes the characteristics of the 14 patients
registered in this study. Highly elevated PM, 5 was observed
during electrocautery for mastectomy (Fig. 2). During lapa-
roscopic inguinal hernia repair (Fig. 3) and laparoscopic

Table 2 Demographic and surgical characteristics of the study participants

cholecystectomy (Fig. 4a), the concentration of PM, s
increased in a spiky pattern when electrocautery was used
to control bleeding during incision of the subcutaneous tis-
sue and fascia. However, during intraperitoneal procedures,
the PM, s concentration increased only slightly. In contrast,
during the same surgery (laparoscopic cholecystectomy)
without electrocautery for subcutaneous tissue or fasciot-
omy (Fig. 4b), no increase in PM, 5 was observed. During
open surgery, the concentration of PM, s was very mildly
elevated because the surgical smoke was aspirated with a
suction tube (Fig. 5). Conversely, for laparoscopic colorec-
tal resection, surgical smoke was not aspirated; therefore,
high concentrations of PM, 5 were observed during incision
and extracorporeal manipulation, without smoke evacuation
using a suction tube (Fig. 6). During all operations, a dust
meter placed 2 m from the surgeon showed a slight increase
in PM, 5 levels (Figs. 2, 3,4, 5 and 6).

Discussion

During the current COVID-19 pandemic, the Society of
American Gastrointestinal and Endoscopic Surgeons and
the European Association for Endoscopic Surgery issued
recommendations regarding the use of smoke exhaust sys-
tems along with energy devices to prevent infection [11]. In
response to these recommendations, the Japanese surgical
associations jointly released similar recommendations [12].
In some countries and regions in Europe and the USA, man-
datory countermeasures against surgical smoke had already

Surgical procedure Sex Age BMI Blood loss  Operation time Maxi- Devices OR
(years) (kg/rnz) (ml) (min) mum
PM, 5
(ng/m’)
1 Total mastectomy + sentinel lymph node biopsy F 68 20.7 19 107 1331 E A
2 Laparoscopic hernia repair M 48 26.5 3 114 100 E; USAD (lap) B
3 Laparoscopic hernia repair M 34 21.7 9 127 82 E; USAD (lap) B
4 Laparoscopic hernia repair M 58 20.5 8 81 965 E; USAD (lap) B
5  Laparoscopic hernia repair M 80 18.6 5 90 543 E; USAD (lap) A
6  Laparoscopic cholecystectomy F 64 23.9 5 95 176 E; USAD (lap) B
7  Laparoscopic cholecystectomy F 56 19.1 5 127 14 E; USAD (lap) B
8  Laparoscopic cholecystectomy M 70 24.1 10 53 367 E; USAD (lap) A
9  Laparoscopic appendectomy F 54 22.6 9 38 69 E; USAD (lap) A
10  Distal pancreatectomy M 65 27.1 1619 334 68 E; USAD, VSS B
11  Total gastrectomy and cholecystectomy M 87 21.5 509 228 122 E; USAD, VSS B
12 Laparoscopic right colectomy M 75 18.1 30 220 2258 E; E+USAD (lap) B
13 Laparoscopic right colectomy F 64 28.1 5 262 159 E; E+USAD (lap) B
14 Laparoscopic ileocecal resection F 56 244 189 1345 E; E+USAD (lap) B

BMI body mass index, PM, 5 particulate matter 2.5, OR operating room, F' female, M male, E electrocautery, USAD ultrasonically activated

device, VSS vessel-sealing system, lap laparoscopic
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Fig.2 PM, 5 concentration during total mastectomy and sentinel
lymph node biopsy (Patient 1). When using electrocautery, the PM, 5
concentration was significantly higher than the environmental stand-

Control
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Fig.3 Concentration of PM, 5 during transabdominal preperitoneal inguinal hernia repair (Patient 4). PM, 5 particulate matter 2.5

been taken; however, in Japan, quicker responses to these
recommendations were challenged by a delay in the instal-
lation of LEV systems.

PM, 5 is defined as suspended particulate matter in the
air that is collected after filtering off large particles using a
granulator, which separates particles with a 2.5 pm diam-
eter at a rate of 50% [13]. In 2009, the Ministry of the
Environment Government of Japan set the environmental
standard for PM, 5 as an annual average value of <15 pg/
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m? and a daily average value of <35 pg/m? [13]. In addi-
tion to respiratory diseases such as asthma and bronchitis
[14], PM, 5 can increase the risk of cardiovascular disease
[15] and impair cognitive function [16]. Our intraoperative
measurements showed that PM, s could reach maximum
levels of 1000 pg/m?, indicating that OR staff members,
especially surgeons, are exposed to high concentrations of
PM, 5 comparable to passive smoking, which is a health
risk. Even if the PM, 5 level is within the standard range,
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Fig.4 Concentration of PM, s released during laparoscopic chol-
ecystectomy. a Without electrocautery at the incision, almost no
intraoperative increase in PM, 5 concentration was observed (Patient
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7). b With electrocautery at the incision, a spiky elevation of PM, 5
occurred during the incision, but no elevation was observed during
the intraperitoneal procedure (Patient 8). PM, 5 particulate matter 2.5
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Fig.5 Concentration of PM, 5 during laparotomy. a Total gastrectomy and cholecystectomy (Patient 13). b Distal pancreatectomy (Patient 14).
During abdominal surgeries, only a modest increase in PM, 5 was observed. PM, ; particulate matter 2.5

a temporary sharp increase can become a risk factor for
people with sensitivities, such as those with asthma. The
present study could not evaluate the effects of different
elements of PM, 5 in surgical smoke and air pollution;
however, the adverse health effects of foreign substances
absorbed into the lungs over a long period, triggering
inflammatory reactions, are an important concern.

During mastectomy, skin flap elevation requires continu-
ous electrocautery, leading to a high PM, s concentrations.
It has been reported that the composition and concentration
of surgical smoke may vary depending on the tissue com-
position [17]. Although electrocauterized incisions in fat do
not produce more surgical smoke than those in other tissues
[18, 19], the continuous use of electrocautery is required
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Fig.6 Concentration of PM, 5 during laparoscopic colectomy. a Lap-
aroscopic right colectomy (Patient 11). b Laparoscopic right colec-
tomy (Patient 10). A remarkable elevation of PM, 5 in both surgeries

more in the breast than in gastrointestinal surgery. Another
possible reason for the higher PM, 5 in mastectomy is that it
is superficial surgery; therefore, the site of surgical smoke
generation is closer to the measurement site than that in
intra-abdominal surgeries. The duration of exposure to PM, 5
was shorter in laparoscopic surgery than in mastectomy, and
limited to the wound incision and extracorporeal procedure
(Figs. 3, 4a, 6). When only a scalpel was used for the wound
incision without electrocautery (Fig. 4a), no elevation in
PM, 5 was observed. However, surgeons should be careful
while inserting and removing tools through the trocar and
when insufflation gas leaks from the gap between the trocar
and the skin [20].

The small number of cases analyzed in this study made it
difficult to conclude how the OR area, room differential pres-
sure, ISO class, and design ventilation frequency affected the
PM, 5 concentration. However, surgical smoke is diffused
upward by heat and reaches the mouth and nose area of the
surgeon. In this study, the surgeon was exposed to high con-
centrations of PM, 5 in both ORs. As the ventilation system
of the entire OR is far from the source of the generation of
surgical smoke and the breathing areas (nose and mouth) of
the surgeon, assistants, and scrub nurses, such a ventilation
system alone cannot reduce the exposure of the OR staff to
PM, 5. Surgical smoke can penetrate the gap between the
mask and face of surgeons and OR staff, partly through the
non-woven fabric, to reach the alveolar region and can cause
respiratory diseases and systemic allergic reactions.
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was observed during incision and extraperitoneal manipulation. PM, 5
particulate matter 2.5

When this study was initiated, an LEV system had not
been installed in the OR, so we measured the PM, 5 levels
without it. However, because of the COVID-19 pandemic,
we reduced the number of operations performed and sus-
pended the PM, 5 measurements. When surgery resumed,
LEV systems had been installed in our facility as a counter-
measure against severe acute respiratory syndrome corona-
virus two infections. These systems now accompany the use
of energy devices.

Our study had two main limitations that should be
addressed in future investigations. First, the sample size was
small, and it was a single-center study. However, the find-
ings confirmed the real-time PM, 5 concentration derived
from surgical fields during various operations with the same
equipment and surgeons before the incorporation of the LEV
system in our institution. In the future, all ORs should be
equipped with LEV systems and it may not be possible to
measure the surgical smoke without LEV as we did in this
study. Thus, this study may be the last to evaluate surgical
smoke in the OR without an LEV system. Second, the PM, 5
concentration was measured on the surgeon’s chest instead
of around the mouth or nose. Sterile tubes were used for the
measurements, which were disinfected and fixed to the sur-
geon's chest to prevent contamination of the surgical field in
case of fixation removal. To measure PM, 5, we considered
fixing the tube near the surgeon's mouth; however, we fixed
it on the chest because we were concerned that it could fall
and contaminate the surgical field, and also that if it was
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fixed on the neck it could distract the surgeon and affect the
surgery. However, we measured the concentration of PM, 5
that the surgeons were directly exposed to intraoperatively,
and the results suggested potential health risks.

In conclusion, this study showed that PM, 5 concentra-
tion increased rapidly with the intraoperative application
of electrocautery, which may pose several health hazards
to surgeons and the OR team. The management of surgical
smoke is a serious concern and every medical institution, as
an employer, has a responsibility to protect employees from
surgical smoke by adopting appropriate measures. As sur-
geons, we hope that the LEV systems will enable us to effec-
tively eliminate surgical smoke intraoperatively and perform
surgical procedures without any interference. LEV systems
should be improved based on feedback from surgeons about
the effectiveness of the device.
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