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Abstract

OBJECTIVES: Evaluation of smoke capture efficiency of different mobile smoke evacuation devices with respect to volatile organic com-
pounds and their noise emission.

METHODS: Electrosurgical incisions were performed on fresh porcine liver in an operating room with vertical laminar flow. The generated
surgical smoke was analysed with proton-transfer-reaction mass spectrometry with and without the use of a mobile smoke evacuation sys-
tem consisting of a smoke evacuator machine, a suction hose and a handpiece. The inlet of the mass spectrometer was positioned 40 cm
above the specimen. Various devices were compared: a hard plastic funnel, a flexible foam funnel, an on-tip integrated aspirator of an
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electrosurgical knife and a standard secretion suction (Yankauer). Also, sound levels were measured at a distance of 40 cm from the hand-
pieces’ inlet.

RESULTS: The smoke capture efficiency of the secretion suction was only 53%, while foam funnel, plastic funnel and integrated aspirator
were all significantly more effective with a clearance of 95%, 91% and 91%, respectively. The mean sound levels were 68 and 59 A-weighted
decibels with the plastic and foam funnel, respectively, 66 A-weighted decibels with the integrated aspirator and 63 A-weighted decibels
with the secretion suction.

CONCLUSIONS: Carcinogenic, mutagenic and reprotoxic volatile organic compounds in surgical smoke can be efficiently reduced by mo-
bile smoke evacuation system, providing improved protection for medical personnel. Devices specifically designed for smoke evacuation
are more efficient than standard suction tools. Noise exposure for the surgeon was lowest with the flexible foam funnel and higher with
the other handpieces tested.

Keywords: Smoke • Plume • Electrocautery • Evacuation system • Mass spectrometry • Volatile organic compound

ABBREVIATIONS

CMR Carcinogenic, mutagenic, reprotoxic
dBA A-weighted decibels
SES Smoke evacuation system
TVOC Total VOC concentration
VOC Volatile organic compound(s)

INTRODUCTION

Surgical smoke contains inorganic, small organic and fragments
of larger biological compounds. In addition, fragments of bacte-
ria or viruses as well as particles (carbon with associated small
and large molecules) and aerosols/bioaerosols are present [1, 2].
The chemical compounds include volatile organic compounds
(VOCs), which are often gases even at room temperature with
high vapour pressure. Therefore, the removal of VOCs from the
operating theatre is not trivial. Since some of these VOCs may

pose a significant health hazard to medical personnel, especially
with repeated exposure, safety precautions are indicated. We
have previously demonstrated that surgical masks and current
smoke evacuations systems may provide only insufficient protec-
tion from toxic and/or carcinogenic compounds of surgical
smoke [3]. Our aim was to evaluate the smoke capture efficiency
of different mobile smoke evacuation system (SES) and their
handpieces in terms of VOCs and to assess the noise exposure
for the operator when using these handpieces.

MATERIALS AND METHODS

Formal ethics approval was waived by the cantonal ethics com-
mittee (Kantonale Ethikkommission, KEK, Bern) because neither
patient data nor any patient tissue was used for the experiments
conducted in this study.

Electrosurgical smoke was produced by the application of
radiofrequency current on porcine liver tissue in an open surgery
model in the operating theatre, which was equipped with a

Figure 1: Experimental setup. Tin foil with neutral electrode. Four different evacuation instruments/handpieces were examined: an integrated aspirator of an electro-
surgical knife, a hard plastic suction funnel, a self-adhesive flexible foam suction funnel and a secretion suction tip (type Yankauer). NE: neutral electrode; RF:
radiofrequency.
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vertical laminar flow of 35–40 l/min (Fig. 1). Tissue specimens
were purchased fresh from the butcher on the day of the experi-
ments and were at room temperature (�24�C) at the beginning
of the experiments. The tissue was placed on a sheet of tin foil
serving as the neutral electrode, which in turn was placed in a
plastic box (length: 40 cm, width: 20 cm, height: 5 cm) that was
positioned on the operating table. The inlet of the mass spec-
trometer (Vocus PTR-TOF, TOFWERK AG, Thun, Switzerland) had
a diameter of 0.5 cm for smoke collection and was placed 40 cm
above the tissue specimens (according to the average distance of
the surgeon’s mouth/nose as measured during routine thoracic
surgical procedures). Through this inlet, the air samples were di-
rectly and continuously transferred to the mass spectrometer via
a heated suction catheter. For each experimental condition, 10
electrosurgical cuts with a length of �3 cm and an activation

time of 10 s each were performed with a stainless steel spatula
electrode of a monopolar electrosurgical knife powered by a
VIOVR 300 D generator (both Erbe Elektromedizin GmbH,
Tuebingen, Germany). Generator settings were SPRAY COAG E2
mode and a power limit of 80 W. These settings are most com-
monly used in the operating theatre (OR) of our thoracic surgical
unit. In between the experimental conditions, a break of 2–3 min
was taken until the mass spectrometer showed that the indicator
VOC concentrations were back to baseline levels (as measured
before the beginning of the experiments).

Surgical smoke evacuation system: IES 3

The basic components of a mobile SES are a smoke evacuator
machine with a vacuum pump and a filter system, a suction hose

Figure 2: (A) Smoke evacuator and electrosurgical knife with an integrated aspirator. (B) Hard plastic suction funnel. (C) Self-adhesive flexible foam suction funnel. (D)
Secretion suction tip.

Table 1: Properties and settings of mobile smoke evacuation systems in this study"/>

Evacuation instrument Hose length (m) Smoke evacuator machine: settinga Volume flow rate (l/min)

Integrated aspirator of an electrosurgical knife 3.0 IES 3: Turbo 135
Hard plastic suction funnel 2.7 IES 3: 70% 235
Self-adhesive flexible foam suction funnel (miniSQUAIR)b 2.5 IES 3: 80% 260
Secretion suction tip 3.0 OR vacuum: Max. (corresponds to

IES 3: 80%)
65

aSmoke evacuator machine setting was adjusted for maximum possible volume flow with each instrument.
bThe device was modified to work with the IES 3, i.e. the width of funnel opening was reduced to 10 cm for equal suction capability per area with a reduced vol-
ume flow rate (260 l/min) compared to recommended volume flow rate (�700 l/min).
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and a handpiece/evacuation instrument. The IES 3, manufactured
by Erbe Elektromedizin GmbH (Tuebingen, Germany), was used
as the surgical smoke evacuator machine (Fig. 2). The IES 3 is
designed to reduce and eliminate surgical smoke, bioaerosols
and odours during surgical procedures. It incorporates 2 motors/
turbines with which aspiration amounts up to 300 l/min (with
inserted filter cartridge) may be set. The series-connected tur-
bines increase the maximum achievable suction pressure. Thus,
an increased volume flow is obtained depending on the instru-
ment connected and the response of the suction is accelerated.
The motors carry surgical smoke aspirated from the surgical field
to a filter via a suction hose. The filter has a 3-stage design: the
first stage, which uses ceramic paper as the filter material, acts as
a pre-filter that eliminates large particles and liquid components.
The second stage, which uses two layers of high-performance ac-
tivated carbon, eliminates and absorbs odours and volatile com-
pounds. The third stage is an Ultra-Low Penetration Air (ULPA)
filter that retains fine particles and microorganisms down to
0.10 lm with an efficiency of 99.9995% (according to DIN EN
1822-3:2011 and EN 1822-5:2011).

Smoke evacuation instruments

The evacuation instrument was either an integrated aspirator of a
monopolar electrosurgical knife for the IES 3 (Fig. 2A, telescoping
with spatula electrode, Erbe Elektromedizin GmbH, Tuebingen,
Germany), a hard plastic suction funnel (Fig. 2B, Erbe
Elektromedizin GmbH), a self-adhesive flexible foam suction fun-
nel (Fig. 2C, miniSQUAIRVR by Nascent Surgical LLC, Eden Prairie,
MN, USA) or a Yankauer suction tip (Fig. 2D, flexible, big, CH22;
Cardinal Health Switzerland 515 GmbH, Zug, Switzerland),
intended to remove blood and similar liquids during surgery.
Each evacuation instrument was used with the IES 3 except the
Yankauer suction tip, which was used with the integrated OR vac-
uum as is common practice in the OR of our thoracic surgical
unit. The volume flow rate of the mobile SES was adjusted to
100% suction power (Table 1).

Data analysis

Data were analysed using Tofware, a TOF data analysis software
package (TOFWERK AG, Thun, Switzerland), SciLab V.6.1.0 (Scilab
Enterprises S.A.S, Rungis, France) and GraphPad Prism V.7.05.
Data are reported as medians with interquartile range for each
experimental condition (i.e. 10 surgical incisions). The mass cali-
bration of the spectra was done with internal water clusters and
benzene, toluene and xylene peaks. The independently verified
mass accuracy using other known peaks in the spectrum (i.e. ace-
tone) was verified to be <3 parts per million, allowing molecular
compositions to be assigned from the mass spectra. The resolving
power of the instrument was RFWHM = 5000, allowing reliable
separation of isobars in the region of the mass spectrum of inter-
est. When possible the measured isotopic distribution was used
as an additional constraint to help confirm molecular assignment
in addition to the mass accuracy of the instrument.

Selection of volatile organic compounds for
analysis

A literature search in the PubMed database (May 2021) com-
prised the following search terms: ‘chemical composition’ AND
‘surgical smoke’, ‘volatile organic compounds’ AND ‘surgical smoke’,
‘health hazard’ AND ‘surgical smoke’, ‘liver’ AND ‘surgical smoke’,
‘porcine liver’ AND ‘smoke’, ‘pig liver’ AND ‘smoke’, ‘air contami-
nants’ AND ‘medical application’, ‘toxic byproducts’ AND ‘surgery’.
These search terms yielded 68 results and thereof 16 original re-
search articles [3–18] contained VOC analyses of laser-generated
or electrosurgical smoke and were included as references to ac-
cumulate a list of candidate VOCs contained in the surgical
smoke from porcine liver. In addition, 1 review article [19] and 2
relevant articles [20,21], not listed in the PubMed database, were
included. Several of these articles explicitly refer to electrosurgical
smoke generated from porcine liver tissue [4, 16, 18, 20], which
was also used in this study. These publications were given prefer-
ential consideration. On the one hand, the final selection of
VOCs was based on this literature search and, on the other hand,
on the observed concentrations of individual ion identities in a
separate baseline/control experiment without the additional use
of a mobile SES. A general detection limit of 50 parts per trillion
by volume was defined, corresponding approximately to the
mean detection limit of ion identities measurable with the mass
spectrometer. VOC concentrations were measured both 40 cm
above the tissue (similar to the oral/nasal position of first sur-
geon) and in the exhaust of the smoke evacuator machine. VOCs
that could not be measured, e.g. do not ionize, could not be in-
cluded, and VOCs that are not carcinogenic, mutagenic, repro-
toxic and not toxic if inhaled were also excluded (Fig. 3). After
exclusion of 95 VOCs in total, 30 VOCs, which were matched to
24 ion identities, were identified for the definition of total VOC
concentration (TVOC). The calculation of smoke capture effi-
ciency was based on the analysis of this custom TVOC concentra-
tion in test and control conditions.

Smoke capture efficiency

Smoke capture efficiency in the individual test conditions was
defined as the percentage of removed TVOC concentration rela-
tive to the baseline/control condition without the additional use

Figure 3: Selection of volatile organic compounds for further analyses in this
study. pptv: parts per trillion by volume; TVOC: total VOC concentration; VOC:
volatile organic compound.
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Table 2: List of VOCs analysed in this study

VOC name Ion identity European CMR Report
classification

Relevant GHS classifica-
tion(s) regarding toxicity

Lowest 8 h limit value worldwi-
dea (ppm) [ISO country code]

Class 1 CMR (CMR or probably CMR)
1,3-Butadiene C4H6H+ C-1A and M-1B n/a 0.05 [NZL]
Benzene C6H6H+ C-1A and M-1B H372 0.05 [NZL]
Formaldehyde CH2OH+ C-1B and M-2 H331 0.016 [USA]
Acrylonitrile C3H3NH+ C-1B H331, H335 0.05 [NZL]

Class 2 CMR (suspected to be CMR)
Furfural C5H4O2H+ C-2 H331, H335 0.2 [NZL]
Toluene C7H8H+ RD-2 H373 14 [LVA]
Phenol C6H6OH+ M-2 H331, H373 1 [AUS, DNK, NZL, NOR, SWE]
Styrene C8H8H+ RD-2 H332, H372 10 [SWE]
Crotonaldehyde C4H6OH+ M-2 H330, H335, H373 0.1 [FIN]
Allyl cyanide C4H5NH+ n/a but H360 H331, H373 n/a
Pyrrole (not CMR) n/a n/a

Toxic substances
Methanol CH4OH+ n/a H331, H370 100 [DEU, NOR]
Acetonitrile C2H3NH+ n/a H319, H332 10 [DEU]
Acetone C3H6OH+ n/a H319, H336 125 [NOR]
Propanal n/a H319, H335 20 [BEL, CAN, FIN, IRL, ESP]
Propionitrile C3H5NH+ n/a H319, H332 0.040 [ROU]
Methanethiol CH4SH+ n/a H331 0.5 [18 countries]

‘C5 Aldehydes’
Pentanal C5H10OH+ n/a H319, H335, H332 25 [NOR]
Isovaleraldehyde H319, H335 10 [AUT, DEU]
2-Methylbutyraldehyde H319, H335 n/a
2-Methylbutanenitrile C5H9NH+ n/a H331 n/a
Isovaleronitrile C5H9NH+ n/a H319, H335 n/a
Pyridine C5H5NH+ n/a H332 1 [BEL, CAN, FIN, NZL, ESP]
Butyrolactone C4H6O2H+ n/a H319, H331, H336 50 [DNK, FIN]
3-Methyl-2-butenal C5H8OH+ n/a H318, H331 n/a
Methyl methacrylate C5H8O2H+ n/a H335 10 [FIN]
2,5-Dimethylfuran C6H8OH+ n/a H319, H335 n/a
3-Methylstyrene C9H10H+ n/a H319, H332, H335 20 [DEU]
Indane (not toxic) n/a n/a n/a
Propylbenzene C9H12H+ n/a H335 n/a

aSource: GESTIS International Limit Values database.
CMR: carcinogenic, mutagenic, reprotoxic; ppm: parts per million; VOC: volatile organic compound.

Figure 4: Median (± interquartile range) concentration increase of volatile organic compounds without mobile smoke evacuation system measured at the oral/nasal
position of the experimenter/chief surgeon (40 cm above tissue). Permissible exposure limits were not exceeded for any specific volatile organic compound.
Formaldehyde, acetone/propanal and propylbenzene showed a decrease in concentration but were included since they showed an increase (>50 parts per trillion by
volume) in the exhaust of the smoke evacuator. ppbv: parts per billion by volume.
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of a mobile SES measured 40 cm above the tissue. In the baseline
measurement, TVOC concentration increased approximately by
20 ppbv, i.e. the removal of e.g. 10 ppbv translated to a smoke
capture efficiency of 50%.

Noise exposure

Sound levels were measured in a separate bench test to evaluate
the noise exposure for the operator due to the different handpie-
ces in this study. A sound level meter (Trotec SL400, Trotec
GmbH, Heinsberg, Germany) was positioned 40 cm from the inlet
of each handpiece. The integrated data logger of the sound level
meter was used to record the sound level during 30 s activation
of the smoke evacuator machine with the settings specified in
Table 1. Mean sound levels with standard deviation are reported
from the middle 28 s, excluding the onset and offset of the acti-
vation of the smoke evacuator.

RESULTS

Volatile organic compounds identified in surgical
smoke

According to the European CMR Report (EU regulation 1272/
2008, Table 3 Annex VI CLP) of carcinogenic, mutagenic and
reprotoxic (CMR) substances and the globally harmonized system
for hazard classification, the generated surgical smoke from the
porcine liver contained four Class 1 CMR substances (CMR or
probably CMR), 6 Class 2 CMR substances (suspected to be
CMR) and 18 further substances, which are toxic if inhaled
according to the globally harmonized system for hazard classifi-
cation. Two not-CMR and not-toxic isomers (pyrrole and indane)
are also listed for completeness (Table 2). The Class 1 CMR sub-
stances were 1,3-butadiene, benzene, formaldehyde and acrylo-
nitrile. The Class 2 CMR substances were furfural, toluene,
phenol, styrene, crotonaldehyde and allyl cyanide. Amongst the
further substances, the ones with the highest concentrations
were methanol and acetonitrile.

Permissible exposure limits

The permissible exposure limits for specific compounds are set
by national institutes dealing with occupational health and safety.
Typically, these institutes define 2 limit values: one refers to a
long-term average (8 h) and the second to a short-term average
(15 min) or a ceiling limit value that must not be exceeded. Since
there is no global consensus on these limit values, we have con-
sidered the lowest long-term (8 h) limit value worldwide
(Table 2). These permissible exposure limits were not exceeded
for any specific VOC even without the use of an additional mo-
bile SES (Fig. 4).

Smoke capture efficiency

The calculated percentage smoke capture efficiency of the inte-
grated aspirator of the electrosurgical knife and the hard plastic
suction funnel were 91%, the self-adhesive flexible foam suction
funnel (miniSQUAIR) achieved 95%, while the secretion suction
tip performed worse with 53% (Fig. 5). There was no significant
difference in smoke capture efficiency of integrated aspirator and
hard plastic funnel (P > 0.99). However, all other comparisons of
smoke capture efficiency showed highly significant differences
(P < 0.0001 in each case).

Noise exposure

The mean sound levels at a distance of 40 cm from the inlet of
the respective handpiece were 66 A-weighted decibels (dBA)
with the integrated aspirator of the electrosurgical knife, 68 dBA
with the hard plastic suction funnel, 59 dBA with the self-
adhesive flexible foam suction funnel (miniSQUAIR) and 63 dBA
with the secretion suction tip. The mean sound level of each
handpiece was significantly different from the mean values of all
other handpieces (P < 0.0001 in each case) (Fig. 6).

Figure 5: Median total VOC concentration concentration (± interquartile range)
of test and control conditions. Calculated percentage smoke capture efficiency
of different smoke evacuation instruments are given in bold numbers. The en-
dorsed evacuation instruments performed better (>90%) than the standard se-
cretion suction tip (53%), which is often used as a replacement for this
functionality. *Significant difference P < 0.0001, n.s.: not significant; TVOC: total
VOC concentration. Figure 6: Sound level of different smoke evacuation instruments measured at a

distance of 40 cm from the inlet of the respective handpiece. Mean and stan-
dard deviation. The means of all instruments were significantly different from
each other (P-value <0.0001 in each case). dBA: A-weighted decibels.
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DISCUSSION

Health hazard from surgical smoke is still underestimated and
endorsed smoke evacuation devices are not used in every case
(hospital and outpatient) [22]. The health risk posed by surgical
smoke is not primarily based on the concentration of a single
VOC, but rather on the total concentration of VOCs and other
chemical and biological compounds and the daily exposure to
this mixture. Permissible exposure limits of individual VOCs were
not exceeded in our study setting, even without the use of an ad-
ditional mobile SES. From a legal point of view, occupational
health and safety are ensured in a modern operating theatre
such as in our study setting, which is equipped with a state-of-
the-art room ventilation system. Nevertheless, our study shows
that health hazards from the mixture of substances in surgical
smoke and repeated exposure can be significantly reduced by
the consistent use of additional mobile evacuation systems
designed for this purpose. Currently, not every operating theatre
is equipped with a room ventilation system, and the mobile
evacuation system is a more economical solution in such a case.

Surgical procedures are usually performed in an operating
room equipped with a positive laminar airflow system to re-
duce surgical site infections and it contributes at the same time
to the evacuation of VOCs. In cases where surgery must be per-
formed in a room equipped with a negative-pressure ventila-
tion system because of infectious conditions, smoke evacuation
devices are the only solution to prevent or reduce the exposi-
tion to VOCs.

The long-term consequences of surgical teams after exposure
to VOCs in an operating theatre are difficult to detect.
Nevertheless, the toxicity of various VOCs, which arise when elec-
trocautery devices are used in the OR, is well known and precau-
tions should be taken. Yokuda et al. showed the effectiveness of
various evacuation systems [22,23] and especially with the emer-
gence of infectious patients, equipment with such evacuation
devices is highly recommended. As Schultz et al. [24] reported ,
smoke evacuation devices reduce the amount of aerosolized via-
ble bacteria, thus reducing the contamination rate of surgical
wounds.

Another observation was that the whole ventilation system of
the operating theatre is most efficient concerning the reduction
and exposition to VOCs but only smoke evacuation devices can
prevent fire risk that can occur when the skin is cut with a
monopolar electrosurgical knife after skin disinfection with
chlorhexidine-alcohol [24,25].

A further important aspect that was not separately addressed
in our experiments, but has become increasingly essential since
the coronavirus disease 2019 pandemic started, is the evacua-
tion/filtering of the aerosol particles that contain virus material
and might travel through the air in the operating theatre. An ex-
perimental study showed [26] that the minimum size of respira-
tory particles carrying SARS-CoV-2 is 4.7 lm. Taking these values
into consideration and knowing that the SESs carry/have filters
that can ‘block’ particles larger than 0.1 lm, we can assume that
the various SES could potentially offer some benefit in controlling
the spread of coronavirus disease 2019 in the OR. Smoke evacua-
tion devices have been shown to reduce the amount of aerosol-
ized viable bacteria [24].

The smoke capture efficiency of the integrated aspirator of the
electrosurgical knife, the hard plastic suction funnel and the self-
adhesive flexible foam suction funnel were comparable and very

high (>90%), while the secretion suction tip performed signifi-
cantly worse (53%). Although in our experiments, the flexible
foam funnel was the device combining most effective smoke
evacuation (i.e. reduction of 95%) with the lowest noise emission
(59 dB), this device can only be used for very limited incisions
and in case of a very small operative field. For a broader applica-
bility, the integration of the smoke evacuation into the surgical
knife seems to be the better option, offering better flexibility to-
gether with very good smoke evacuation (i.e. reduction of 91%)
and acceptable noise emission rates (66 dB).

Limitations

The experiments were restricted to the analysis of VOCs and only
quantitative measurements were made and observed. No conclu-
sions on the direct/immediate or long-term harm on surgeons
can be made. The experiments were not designed for infectious
particles and thus a reduction of infectious risks cannot be con-
cluded, although the results can be possibly extrapolated based
on the filtration properties of the device.

CONCLUSION

Smoke evacuation devices are an economical and efficient alter-
native or complementary system to an operating theatre
equipped with laminar airflow system. Their daily usage can dras-
tically reduce the exposition to VOCs. While the flexible foam
suction device was the most effective tool with the least noise
emission rates, it is only applicable for limited surgical incisions.
The cautery-integrated smoke evacuation device on the other
hand seems to be the optimal solution also for larger incision,
combining good evacuation properties with low noise emission
rates. Concerning the latter, it should be mentioned that none of
the devices produced higher dBA levels than those emerging
during a normal conversation.
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