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Abstract

Background. Exposure to surgical smoke in the operation room has been a long-standing concern. Smoke generated by
the interaction between lasers or electrocautery devices with biological tissue contains several toxic and carcinogenic
substances, but only a few studies so far have provided quantitative data necessary for risk assessment. Methods. With
laser and Fourier-transform infrared spectroscopy, we investigated the chemical composition of smoke produced
with a vessel-sealing device in an anoxic environment during laparoscopic surgery. Results. Harmless concentrations of
methane (<34 ppm), ethane (<2 ppm), and ethylene (<10 ppm) were detected. Traces of carbon monoxide (<3.2 ppm)
and of the anesthetic sevoflurane (<450 ppm) were also found. Conclusions. Gas leaking or gas being released from
the pneumoperitoneum could therefore increase pollution by waste anesthetic gas in the operating room. Most toxic
compounds found in earlier studies remained undetected. Adverse health effects for operating room personnel due to
some of those substances (eg, toluene, styrene, xylene) can be excluded, assuming no significant losses or changes in
the chemical composition of the samples occurred between our sampling and measurements.
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Introduction substances and references are listed in Table 1. Apart
from few exceptions,”"' quantitative information is often
not available, which makes it impossible to assess the risk
caused by the exposure of OR personnel to surgical
smoke.

Many countries set exposure limits for numerous
chemical compounds to safeguard the health of workers.
These limits are usually given as time-weighted average
(TWA) concentrations over a 10-hour workday (United
States®) or an 8-hour workday (Switzerland®®) and
assuming a 40-hour workweek. For some compounds,
there are also short-term exposure limits (eg, TWA con-
centrations over 15 minutes). Ceiling concentrations that
should never be exceeded and concentrations that pose an

The purpose of this study was to determine the quantita-
tive chemical composition of surgical smoke produced by
a vessel-sealing device during laparoscopic surgery, with
the objective of establishing the health hazard for opera-
tion room (OR) personnel and patients caused by expo-
sure to surgical smoke.

Surgical smoke refers to gases, vapors, biological mat-
ter, and particulate matter released as a by-product of the
use of heat-generating surgical equipment."? Devices
known to generate surgical smoke include lasers, bone
drills, saws and burrs, and high-frequency electroknives.

Apart from the unpleasant odor, surgical smoke has
been shown to be a viable transmission mechanism for
the human papillomavirus.>* Laboratory experiments
have also shown the presence of blood aerosol in the 'Institute for Quantum Electronics, ETH Zirich, Zurich, Switzerland
plume generated by bone saws, drills, and electrocautery 2UniversititsSpital Ziirich, Zurich, Switzerland
equipment.”® Several studies have found a multitude of .
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Table I. List of Chemical Compounds Detected in Surgical Smoke in Previous Studies.

Name CAS No. References Name CAS No. References
Toluene 108-88-3 I, 10-25 Pentadecane 629-62-9 10, 13
Ethylbenzene 100-41-4 I, 10, I'1, 13-17, 19-25 Tetradecane 629-59-4 10, 20
Styrene 100-42-5 I, 11, 13-18, 23-25 Decane 124-18-5 10, 20
Benzene 71-43-2 I, 11, 13-19 Formaldehyde 50-00-0 I, 11
Acrylonitrile 107-13-1 I, 11,16,18,22,23,26 |-Butene 106-98-9 I, 11
I-Undecene 821-95-4 I, 10, 13, 15, 20, 21 Acetone 67-64-1 I, 15
|-Decene 872-05-9 1,10, 12, 13, 15, 21 |-Pentene 109-67-1 11,26
p-Xylene 106-42-3 10, 11,13, 15,20 Heptanal 11-71-7 10
m-Xylene 108-38-3 10, 11, 13, 15,20 Nonanal 124-19-6 10
Carbon monoxide 630-08-0 I, 11,17,27,28 Cyclohexanone 108-94-1 10
Furfural 98-01-1 1,12, 15,20, 21 Perchloroethylene 127-18-4 10
Propanenitrile 107-12-0 12, 18, 22, 23 Tridecane 629-50-5 10
Hydrogen cyanide 74-90-8 1,8,17,28 Ammonia 7664-41-7 12
Propylbenzene 103-65-1 10, 13, 15,20 |-Hexene 592-41-6 ]
Isobutene 115-11-7 1,12, 18, 26 Isooctane 540-84-1 ]
I-Heptene 592-76-7 11,12, 13,15 Propadiene 463-49-0 26
|,3-Butadiene 106-99-0 1,8, 12,26 Vinylacetylene 689-97-4 26
Propene 115-07-1 I, 11,18, 26 Mercaptomethane 74-93-1 26
Ethylene 74-85-1 1,12, 18 Ethylacetylene 107-00-6 26
Methylthiocyanate 556-64-9 12,13, 15 Diacetylene 460-12-8 26
|-Dodecene 112-41-4 10, 13, 15 Ethanol 64-17-5 26
|-Tetradecene 1120-36-1 10, 13, 15 Piperylene 540-60-9 26
Acetylene 74-86-2 1,8, 18 Propenylacetylene 2206-23-7 26
o0-Xylene 95-47-6 10, 11, 13 |,4-Pentadiene 591-93-5 26
3-Methylstyrene 100-80-1 12,20 Cyclopentadiene 542-92-7 26
I-Dodecane 112-40-3 10, 20 Butyrolactone 96-48-0 26
I-Undecane 1120-21-4 10, 20

immediate danger to life or health are also given occa-
sionally. As an example, consider carbon monoxide: The
recommended exposure limit by the US National Institute
for Occupational Safety and Health (NIOSH) is 35 ppm
(10-hour TWA), with a ceiling of 200 ppm and an imme-
diate danger to life or health concentration of 1200 ppm.*’
In Switzerland, the recommended exposure limit (maxi-
male Arbeitsplatzkonzentration or MAK) for carbon
monoxide is 30 ppm (8-hour TWA); the short-term expo-
sure limit is also 30 ppm (15-minute TWA).*

Although unrelated to surgical smoke, exposure to
waste anesthetic gases represents another potential health
hazard. Waste anesthetic gas pollution in hospitals is an
extensively discussed topic in the literature.”'* The use
of gaseous (nitrous oxide) and volatile anesthetics (sevo-
flurane, isoflurane, desflurane, etc) inevitably results in
some degree of pollution of the air in the OR. Waste anes-
thetic gas pollution is linked to gas leakage from the
patient’s mask, from endotracheal coupling, from loose
tube fittings, and from air exhaled by patients in the
recovery room after surgery.’’ It is not clear what effect
long-term exposure to low concentrations of volatile
anesthetics has, but experiments on animals have shown

adverse health effects.’’™ As a precaution, NIOSH rec-
ommended in 1977 exposure limits for all halogenated
anesthetics.”

Methods

To investigate the chemical composition of surgical
smoke, a total of 31 gas samples were collected during 6
laparoscopic colorectal resections (Table 2). The CO
pneumoperitoneum pressure was kept at 12 mm Hg (16
mbar) in all operations. The operations took place
between June 2009 and September 2010 at the University
Hospital Zurich, Switzerland. A vessel-sealing device
(LigaSure, Covidien AG Schweiz, Wollerau, Switzerland)
was used to dissect and cut the tissue. In its bipolar opera-
tion mode, a high-frequency voltage is applied between
the 2 electrodes of the device. A high-frequency current
passes through the tissue grasped between the electrodes,
heating it and causing proteins in the blood to denature.
The final result is a burst-resistant seal of partially dena-
tured proteins, which can be transected with no or mini-
mal bleeding.>* A 3-L Tedlar bag (CEL Scientific Corp,
Cerritos, CA) was connected to one of the trocars via a



172

Surgical Innovation 21(2)

Table 2. Summary of the 6 Operations During Which Surgical Smoke Samples Were Taken From the Pneumoperitoneum of

the Patient.

Operation Patient Measured With

OR Time Blood Loss Age

No. Surgery Anesthesia (Minutes) (mL) (Years) Gender BMI DFG NIR FTIR
| Sigmoid resection for cancer GA with sevoflurane 135 50 36 M 216 5 — |
2 Sigmoid resection for diverticulitis GA with sevoflurane 225 100 31 M 346 6 — —
3 Sigmoid resection for diverticulitis GA with sevoflurane 180 100 49 M 296 5 — —
4 Rectosigmoid resection for cancer GA with sevoflurane 220 20 76 F 266 9 — —
5  Sigmoid resection for diverticulitis GA with sevoflurane 145 100 85 M 241 I 3 —
6  Sigmoid resection for diverticulitis GA with sevoflurane 270 50 37 M 35.1 | 3 —

Abbreviations: OR, operating room; BMI, body mass index (kg/m?); DFG, difference frequency generation spectrometer; NIR, near-infrared spec-
trometer; FTIR, Fourier-transform infrared spectrometer; GA, general anesthesia; M, male; F, female.

sterile gas tube. Gas from the pneumoperitoneum was
sampled whenever the vessel-sealing device was active
by opening the valve on the trocar. The small overpres-
sure of 12 mm Hg of the carbon dioxide pneumoperito-
neum was sufficient to fill the sample bag without
requiring a pump.

Twenty-seven of the 31 samples were measured with a
difference frequency generation (DFG)-based infrared
laser spectrometer, described in detail elsewhere.” Briefly,
the DFG spectrometer can measure the absorption spec-
trum of a gaseous sample between 3.18 and 3.55 um. In
this range, many volatile organic compounds manifest
strong and characteristic absorption features. Carbon diox-
ide, which was used as insufflant during the surgeries, does
not absorb in this range and, therefore, does not interfere
with the detection of other species. With a second laser
spectrometer based on the wavelength modulation tech-
nique,***” 6 of the 31 samples were measured with respect
to carbon monoxide (CO) and hydrogen fluoride (HF) con-
tent. In these cases, the laser source was a distributed feed-
back laser diode emitting in the near infrared (NIR) at 2.33
um for CO and at 2.43 pum for HF (both diodes were from
nanoplus GmbH, Gerbrunn, Germany). The motivation for
the measurement of HF is that we have observed the pro-
duction of HF in lab experiments where an electrical dis-
charge from a monopolar electroknife (Coagulasem,
Dolley SA, Montrouge, France) took place in a sevoflu-
rane vapor atmosphere. Neither CO nor HF absorbs
between 3.18 and 3.55 pm, hence they cannot be detected
with the DFG spectrometer. One sample was measured
with a commercial Fourier-transform infrared (FTIR)
spectrometer (model IFS 66v, Bruker Optics, Billerica,
MA) between 2 and 11 um. All 3 spectrometers used mul-
tiple pass gas cells in which the light beam is reflected back
and forth between 2 mirrors to increase the total absorption
pathlength, thereby increasing the sensitivity. For the DFG
spectrometer, the total absorption pathlength was 34.5 m,
for the NIR spectrometer it was 8 m, and for the FTIR

spectrometer it was 4 m. The sensitivity of each spectrom-
eter can be given as the minimum measurable concentra-
tion of one or more compounds, called the limit of detection
(LOD). This value depends on the amount of noise present
in the measured signal, on signal distortions due to optical
interference fringes, on detector or light source drifts, on
vibrations, and on changes in environmental conditions
(eg, air temperature and pressure). Additionally, the pres-
ence of a strongly absorbing compound in the measured
gas mixture may hinder the detection of an additional spe-
cies with an overlapping absorption spectrum. For the NIR
spectrometer, the LODs were 250 ppb (parts per billion)
for CO and 110 ppt (parts per trillion) for HF; for the DFG
and FTIR spectrometers LODs of selected compounds are
given in a table later in the text. Although the number of
volatile substances detectable with laser spectroscopy is
smaller compared with other techniques (eg, gas chroma-
tography/mass spectrometry), concentrations are more
casily obtainable.

The chemical composition of the samples measured
with the DFG and FTIR spectrometers was determined by
fitting the measured absorption spectra with a collection of
reference infrared spectra (Pacific Northwest National
Laboratory™®) with the help of a special algorithm.” By
using all the known absorption lines in the available spec-
tral range, the resulting concentration values are very
robust against noise and interference from, for example,
overlapping absorption lines belonging to other substances.
The algorithm provides the constituents of the sample and
their concentrations. With the NIR spectrometer, only CO
and HF were monitored. This spectrometer was calibrated
with a reference mixture of CO in nitrogen.

Results

The infrared absorption spectrum of a sample taken dur-
ing surgery 2 (see Table 2) and measured between 3.18
and 3.45 um with the DFG spectrometer is shown in
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Figure 1. (A) Absorption spectrum of a sample of surgical

smoke collected during surgery 2 and measured between
3.18 and 3.45 pm with the difference frequency generation
spectrometer. The 4 absorption features indicated are
because of sevoflurane vapour (C H F7O). (B) Magnification
of (A) between 3.33 and 3.37 pm. All the narrow absorption
lines can be attributed to water vapor (H,0), methane
(CH,), ethane (C,H), and ethylene (C,H,) with the given
concentrations. Total absorption pathlength = 34.5 m,
pressure = 960 mbar, temperature = 30°C.

Figure 1. The 4 broad absorption features indicated in
Figure 1A are due to sevoflurane vapor. Sevoflurane is
not part of the spectral library used for the identification
and quantification of the components of the gas mix-
ture,™ hence it could not be identified at first. Only after
we measured the absorption spectrum of the vapors of
Sevorane (Abbott AG, Baar, Switzerland; Sevorane is
pure sevoflurane), a volatile anesthetic used in all proce-
dures during which samples were taken, the identification
became possible. The narrow absorption lines visible
throughout the spectrum belong to water vapor, methane,
ethane, and ethylene. As mentioned earlier, CO and HF
cannot be detected in this wavelength range (3.18-3.45
um). They were measured separately with the NIR spec-
trometer at 2.33 and 2.43 pum.

Few of the samples presented in this study were mea-
sured repeatedly (4-5 times) to verify the reproducibility

of the obtained concentrations. The standard deviation of
the concentration depends on the substance: £5 ppm for
sevoflurane, £0.2 ppm for methane and ethane, £1 ppm
for ethylene, and +0.03% for water vapor.

The measured concentrations of sevoflurane, meth-
ane, ethane, ethylene, water vapor, CO and HF are sum-
marized in Table 3. The samples are sorted in the order
they were collected. The first sample was always taken
shortly after the vessel-sealing device had been employed
for the first time during that operation. Samples were col-
lected throughout the procedure until the vessel-sealing
device had been used for the last time. For samples that
were measured repeatedly, their average concentrations
are given in Table 3.

Discussion

The concentrations of sevoflurane, methane, ethane, ethyl-
ene, and water vapor for all measured samples (Table 3)
are shown in Figure 2. The box-and-whisker plots indicate
the minimum, first quartile, median, mean, third quartile,
and maximum concentration for each compound. The
hatched areas denote concentrations below the LOD. There
is no apparent correlation between the concentrations of
sevoflurane, water vapor, methane, ethane, and ethylene. A
correlation between methane, ethane, and ethylene is pos-
sible, but there are insufficient data points in the detectable
range to provide a meaningful correlation coefficient. The
chemical composition of the measured samples is summa-
rized in Table 4 and a description of the health hazard
linked to the exposure to these substances is presented in
Table 5. Unsurprisingly, water vapor was detected in all
samples with concentrations ranging from 0.27% to 1.1%
(2700-11 000 ppm). Methane, ethane, and ethylene were
detected in 19, 3, and 2 samples, respectively, out of the 27
measured. The recommended exposure limit (MAK) for
all 3 compounds is 10 000 ppm.*® The concentrations of
the aforementioned substances vary from sample to sam-
ple, as can be seen in Table 3. However, they do not sys-
tematically increase during the course of the operation.

A few smoke samples were produced with the mono-
polar setting of the vessel-sealing device. Compared with
smoke produced with the bipolar setting, no significant
difference could be found. However, these samples were
not measured with the NIR spectrometer, so no claim
about the differences in CO (and HF) content can be
made. HF could not be detected in any of the 6 measured
samples (LOD = 110 ppt). In 4 of the 6 measured sam-
ples, CO was found with concentrations between 0.3 and
3.2 ppm. The MAK value for CO is 30 ppm.*® All these
concentrations are significantly smaller than reported in
earlier studies (eg, 326 ppm,”’ >490 ppm'"). However, a
direct comparison cannot be made since the procedure
and tools were different.
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Figure 2. Measured concentrations of the 5 compounds—sevoflurane, methane, ethane, ethylene, and water vapor—pairwise
grouped, in 28 measured samples of surgical smoke. The hatched areas indicate concentrations below the limits of detection
(LOD, Table 4). The numbers within the hatched areas indicate in how many samples at least | of the 2 substances were not

detected.

Relatively large concentrations of the volatile anes-
thetic sevoflurane were found in 21 of 27 measured sam-
ples, with concentrations of up to 450 ppm. This value is
significantly higher than the threshold of 2 ppm recom-
mended by NIOSH.™ Our data suggest that gas released
from the pneumoperitoneum—intentionally or because
of leakage—might contribute to exposure of OR person-
nel to waste anesthetic gas. It should be noted, however,
that the data given in Table 4 correspond to the concentra-
tions in the pneumoperitoneum: When gas is released

into the OR, a dilution occurs. Furthermore, ORs are
often strongly ventilated (NIOSH recommends >15 air
exchanges per hour®®). Hence, concentrations in the OR
could be orders of magnitude lower.

The measurement performed with the FTIR spectrom-
eter, which provides access to a much broader spectral
range (2-11 pm), confirmed the presence of sevoflurane,
but no additional substances were discovered.

Apart from CO, none of the toxic compounds listed in
Table 1 could be confirmed in this study. Some of them do
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Table 4. Detected Chemical Compounds in the 3| Measured Samples of Surgical Smoke, With Limit of Detection (LOD),
Recommended Exposure Limit (MAK?®), and Whether the Measured Maximum Concentration Is Less Than the MAK Value or
Not.

Concentration (ppm)

Substance No. of Samples Median Range LOD MAK Less Than MAK
Carbon monoxide (CO) 6 0.85 <0.25-3.20 0.25 30 Yes
Hydrogen fluoride (HF) 6 <0.0001 1 <0.0001 1 0.0001 | I Yes
Sevoflurane (C4H3F7O) 27 110 <20-450 20 2° No
Methane (CH ) 27 0.39 <0.1-34.0 0.1 10 000 Yes
Ethane (CH) 27 <0.1 <0.1-2.0 0.1 10 000 Yes
Ethylene (CH,) 27 <5 <5-10 5 10 000 Yes
Water vapor® (H,0) 27 0.61% 0.27% to 1.1% — — Yes

*In Switzerland, there is no MAK value for sevoflurane. However, the US National Institute for Occupational Safety and Health recommends
exposure limits of 2 ppm for all halogenated anesthetics.”
®Absolute water vapor concentration.

Table 5. Health Hazard Posed by the Detected and/or Detectable Substances (see Table 4).

Substance Health Hazard Recommended Exposure Limit (MAK)

Methane CH, Nontoxic. Can become dangerous at very high 1%
concentrations by reducing the oxygen concentration in the
air (asphyxiant gas) and by forming an explosive gas mixture
(flammability limits: 5% to 15%). Combustion produces
carbon monoxide (CO) and dioxide (CO?)
Ethane C H, Nontoxic (asphyxiant gas), same hazard as for methane 1%
(flammability limits: 3% to 12.5%). Combustion produces
COand CO,
Ethylene CH, Nontoxic (asphyxiant gas), same hazard as for methane 1%
(flammability limits: 2.7% to 36%). Combustion produces
COand CO,
Carbon monoxide CO  Highly toxic (by inhalation), colorless, and odorless gas. 30 ppm
Depending on the concentration and duration of exposure,
may cause headache, dizziness, rapid breathing, pallor,
cyanosis, nausea, excess salivation, vomiting, convulsions,
unconsciousness, and death
Hydrogen fluoride HF  Highly toxic (by inhalation, ingestion, skin contact, and eye | ppm
contact) colorless gas with irritating odor. Generates
extremely corrosive hydrofluoric acid in contact with
water or moisture. If inhaled, can cause lung inflammation
(chemical pneumonitis), lung bleeding (pulmonary
hemorrhage), and abnormal fluid buildup in the lungs
(pulmonary edema). Can cause severe burns on contact
with skin, which might not be immediately noticeable
Sevoflurane C,H.F. O Volatile anesthetic used in surgery at concentrations in 2 ppm*
the percentage range. Combustion products include CO,
CO,, HF, and COF, (fluorophosgene, a highly toxic gas).
Long-term exposure on animals has been shown to affect
fertility.?' Effects of long-term exposure on humans are
unknown

*In Switzerland, there is no MAK value for sevoflurane. However, the US National Institute for Occupational Safety and Health recommends
exposure limits of 2 ppm for all halogenated anesthetics.*®

not absorb in the spectral range accessible with our spec- quantitatively and qualitatively, on whether the pyrolysis
trometer and, therefore, cannot be detected. Furthermore, took place in an anoxic environment (such as in the carbon
it is likely that the smoke composition depends, both dioxide pneumoperitoneum in laparoscopic surgery) or in
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Table 6. Limits of Detection (LOD) for the DFG
Spectrometer and, in Parentheses, for the FTIR Spectrometer,
and Recommended Exposure Limits (MAK?®) for Some Toxic
Chemical Species Detected in Surgical Smoke in Earlier
Studies but Not in This Study.

Substance LOD (ppm) MAK (ppm) LOD < MAK
Toluene 8.8 50 Yes
Styrene I 20 Yes
Acetone 14 150 Yes
p-Xylene 6.5 100 Yes
m-Xylene 7.7 100 Yes
o0-Xylene 7.6 100 Yes
Ammonia 750 (1) 20 Yes
Formaldehyde 0.78 (2.5) 03 No
Benzene 87(11) 0.5 No
Acrylonitrile 150 (4) 2 No

an oxygen-rich atmosphere (such as in open and cosmetic
surgery'?). Substances found in smoke from open surgery
should not necessarily be expected in smoke from laparo-
scopic surgery, and vice versa. Furthermore, the tempera-
tures reached with vessel-sealing devices such as the one
employed in the present study are considerably lower than
those achieved with other electrocautery equipment or
lasers. Previous studies often employed techniques that,
despite only delivering qualitative results, were more sen-
sitive than the ones used in this study. It is possible that
many of the substances detected in other studies were
present in our samples as well, but remained undetected
because of their small concentrations. However, from a
health hazard perspective, as long as the LOD is lower
than the recommended exposure limit, the substance can
be considered harmless if it is not detected.

In Table 6, the LOD and recommended exposure limits
(MAK) are given for a selection of compounds. The upper
part of Table 6 lists substances for which the LOD is below
the MAK value (LOD < MAK): Since they were not
detected, they can be considered harmless for OR person-
nel as their concentration is ¢ < LOD < MAK. The lower
part of Table 6, however, contains substances for which the
LOD is larger than the MAK value (MAK <LOD): If pres-
ent in surgical smoke, these might have concentrations
lower than the LOD but larger than the MAK value (MAK
<c¢<LOD). In this case a health hazard cannot be excluded,
but the same discussion as above about the dilution follow-
ing gas being released from the pneumoperitoneum into a
sufficiently ventilated OR applies here as well.

As far as OR personnel are concerned, comparisons of
measured concentrations with MAK values are a good
starting point for the risk assessment of exposure to surgi-
cal smoke. However, the same does not apply to the
patients undergoing surgery. Toxic compounds (eg, CO)
present in the pneumoperitoneum can be absorbed into

the blood circulation.”’ Available MAK values (or equiv-
alent thresholds in other countries) do not apply to this
kind of exposure.

Conclusions

In order to establish the health hazard linked to the expo-
sure to surgical smoke, we have collected gas samples
from the pneumoperitoneum of 6 patients undergoing lapa-
roscopic surgery (Table 2) and analyzed them with respect
to their chemical composition with 2 laser spectrometers
and a FTIR spectrometer. Only water vapor, methane, eth-
ane, ethylene, CO, and sevoflurane were detected (Table 4,
Figure 2). Concentrations of methane, ethane, and ethylene
were orders of magnitude below their recommended expo-
sure limit.*® Concentrations of CO were also below dan-
gerous levels stipulated for OR personnel. The relatively
large concentrations of sevoflurane vapors in the pneumo-
peritoneum could contribute to waste anesthetic gas pollu-
tion in the OR if gas is released or leaks from the abdominal
cavity. Despite the large number of compounds reported to
be present in surgical smoke in earlier studies (Table 1),
surprisingly few could be confirmed here. The sensitivity
of our spectrometers might not be sufficient to detect them,
but for several frequently reported compounds (eg, tolu-
ene, styrene, xylene), the sensitivity is sufficient to exclude
a health hazard for OR personnel, since limits of detection
for those substances are below their MAK values (Table
6). However, special attention should be paid to benzene, a
known carcinogen, which was reported in numerous previ-
ous studies"'"""*""” and which we could not measure with
sufficient sensitivity here.
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