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Abstract
The objective of this study was to identify hazards that occur due to surgical practices and assess exposure to surgical smoke. We
investigated nine surgical specialties in their corresponding operating rooms (ORs) for on-line measurements of pollutants and
off-line determination of PAHs. Surgery for the face and dentistry generated the smallest particle size with a GMD of 23.3 nm.
Also, the highest levels of the lung deposition surface area (5.8 ± 6.8 μm2/cm3), particulate matter of < 10 μm (PM10; 6.46 ±
5.34 μg/m3), PM2.5 (1.82 ± 1.01 μg/m

3), and black carbon (0.10 ± 0.05 μg/m3) were seen with surgery of the face and dentistry.
For gaseous pollutants, we observed that gastroenterology had the highest levels of CO2 (869 ± 112 ppm) and total volatile
organic compounds (3.70 ± 1.00 ppm) compared to the other operating rooms. Levels of CO (3.40 ± 1.20 ppm) and formalde-
hyde (0.90 ± 0.51 ppm) were highest in the urology OR. Average total PAHs were mainly present in the gaseous phase with the
highest concentrations of 746.6~1045.8 ng/m3 for gynecology. Our results showed that most pollutant levels were relatively low.
However, gaseous PAHs emitted from surgical practices can reach levels that may pose important cancer risks in terms of
occupational health.
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Introduction

Electrosurgery, laser ablation, and ultrasonic scalpel dissec-
tion are commonly used for surgical incision and dissection.
However, significant amounts of pollutant byproducts are

generated (Bigony 2007). Surgeons are transiently exposed
to surgical smoke with high peak concentrations of pollutants.
Other surgically related health care staff, such as nurses and
anesthetists, also experience continuous and chronic exposure
to surgical smoke throughout the course of a routine workday.
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The Occupational Safety and Health Administration (OSHA)
in the USA estimates that 500,000 US workers are exposed to
surgical smoke annually (OSHA 2003), and many health care
professionals are chronically exposed to surgical smoke. A
study reported that the surgical smoke-related cancer risk for
surgeons and anesthetists exceeded the US Environmental
Protection Agency (EPA) acceptable level of 10−6 for inhala-
tion (Tseng et al. 2014; USEPA 1992). However, a large co-
hort study indicated that long-term exposure to surgical smoke
did not increase the risk of lung cancer (Gates et al. 2007), but
it may increase the risk of chronic pulmonary conditions such
as asthma and pneumonia (Gates et al. 2007).

Previous reports indicated that surgical smoke has muta-
genic potential and can cause inflammatory responses (Tomita
et al. 1981; Wenig et al. 1993). Surgical smoke mainly con-
tains fine (< 2.5 μm) and ultrafine particles (< 0.1 μm) and
gases. A previous study showed that surgical smoke consists
of 95% water in the liquid phase or steam, whereas the re-
maining 5% contained organic vapors and cellular debris in
the form of particulate matter (PM) (Ulmer 2008).
Electrosurgery generates numerous chemical compounds in-
cluding benzene, formaldehyde (HCHO), toluene, acrolein,
and polycyclic aromatic hydrocarbons (PAHs) (Mowbray et
al. 2013; Tseng et al. 2014). Given the composition of surgical
smoke and its mutagenic and inflammatory potential sug-
gested previously, more research is required to identify the
hazards of surgical practice and exposure assessment.

Chronic exposure to surgical smoke can cause pulmonary
disorders in humans. The medical staff, such as operating
nurses, spend all of their time in the same OR during the entire
working day (more than 8 h), who is the population-at-risk for
pulmonary exposure of surgical smoke. Previous reports
showed that standard surgical masks do not adequately
prevent/reduce exposure to particulate surgical smoke (Chen
and Willeke 1992; Weber et al. 1993). The US National
Institute for Occupational Safety and Health (NIOSH) recom-
mends the use of smoke evacuation and filtering systems to
reduce exposure to surgical smoke (NIOSH 1998). Even
though there are systems to evacuate surgical pollutants, the
pollutants still get produced and thus pose a potential health
effect that needs to be controlled. Also, the level of exposure
to surgical smoke is dependent on multiple factors, including
the surgical procedure and the positioning of the smoke
evacuator (Smith et al. 1989; Smith et al. 1990). The causal
association of surgical smoke with human health remaining
unknown may be due to a lack of comprehensive exposure
assessment and accurate hazard identification. The objective
of this study was to quantify hazardous pollutants generated
by different surgical specialties. A comprehensive investiga-
tion of particulate and gaseous pollutants was performed by
environmental monitoring for an exposure assessment in op-
erating rooms (ORs). Also, the cancer risk due to inhalation of
PAHs was estimated.

Materials and methods

Experimental design

Characterization of surgical smoke was conducted from
March to May 2016 at a hospital located in New Taipei City,
Taiwan. Nine specialty ORs were investigated in the present
study: outpatient surgery, otolaryngology, gynecology, ortho-
pedics, face and dentistry, cardiac surgery, gastroenterology,
neurosurgery, and urology. A nursing station served as a con-
trol. All of the environmental monitoring and exposure sam-
pling were performed between 09:00 and 17:00 for 5 days
(Monday to Friday). The ORs consisted of an anesthesia ma-
chine, electrocautery, and Mayo stand (Fig. 1). Environmental
monitoring equipment was set up near the Mayo stand with an
extended tube to the breathing area (approximately 1.4 m
above ground level; Fig. 1). There were four HEPA-filtered
ventilations (airflow outlet) in the OR. The HEPA-filtered
clean air was positioned on the ceiling in the OR. The venti-
lation rate was controlled to 2100 m3/h in the ORs. All oper-
ating durations and procedures were recorded by OR nurses.

Environmental monitoring

To evaluate the environmental concentrations of particulate
and gaseous pollutants emitted during surgical practices, con-
tinuous 8-h measurements were conducted per day in the ORs.
All instruments were integrated in a single cart. Surgical pol-
lutants were introduced through a unified stainless steel sam-
pling tube, and the inlet was located at 1.4 m above the floor
level. The particle size distribution (PSD), PM, and black
carbon (BC) mass concentrations and lung-deposition surface
area (LDSA) concentrations in the alveolar region were mon-
itored for particulate pollutants (Chuang et al. 2018). Details
of the particle monitors are provided in the Supplementary
Information Table S1. A scanning mobility particle spectrom-
eter (SMPS, TSI 3936, USA) was used to measure the particle
number distribution in the size range of 13.6~736.5 nm. PM10

(PM of < 10 μm), and PM2.5 (< 2.5 μm) mass concentrations
were determined by an optical dust monitor (Grimm 1.108,
USA). BC mass concentrations were monitored with a porta-
ble Aethalometer (microAeth AE51, USA). An AeroTrak
9000 (TSI) was used to characterize the LDSA (in μm2/
cm3). Particles introduced into the AeroTrak were charged,
and the voltage of the ion trap was set to achieve the alveolar
deposition fraction of total aerosols (Fissan et al. 2007;
Leavey et al. 2013). For gaseous pollutants, total volatile or-
ganic compounds (TVOCs), HCHO, carbon dioxide (CO2),
and carbon monoxide (CO) were monitored by an air quality
monitor (SeeAiR, model M5–201, Chen-Wei VR
International, Kaohsiung, Taiwan). The detection limit for
TVOCs was 1 ppb, for HCHO was 10 ppb, for CO2 was
0.1 ppm, and for CO was 1 ppm. The sensitivity and accuracy
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for TVOCs were 1 ppb/6 s and ± 5%, for HCHOwere 10 ppb/
6 s and ± 10%, respectively. All particulate and gaseous mon-
itors were calibrated before and after the measurements. The
details for operating time in operating rooms of different spe-
cialties are provided in Supplementary Materials (Table S2).

Ventilation efficiency

To understand the ventilation efficiency for removing surgical
smoke, levels of CO were used as a tracer gas to estimate the
air change per hour (ACH) and the decay rate (h−1) as de-
scribed in a previous report (Rydock 2004).

Exposure sampling

Two IOM samplers (SKC, USA) in parallel were used to
collect 8-h particulate PAHs onto 25-mm Teflon substrates
(Pall, USA) using an AirChek® XR5000 personal air sam-
pling pump (SKC, Eighty-Four) at a flow rate of 2 L/min.
Simultaneously, two XAD-2 sorbent tubes (SKC) in parallel
were used to collect 8-h gaseous PAHs at a flow rate of 0.2 L/
min.

Field emission-scanning electron microscopic
and energy-dispersive X-ray microanalyses

The physicochemical features of PM collected during surgical
practice were characterized by a portion of Teflon substrate.
The preparation and analytical processes for field emission-
scanning electron microscope (FE-SEM) (JEOL 2100, Japan)
were previously reported (Chuang et al. 2011). FE-SEM was
operated at an accelerating voltage of 15 kV. An elemental
ana lys i s was per formed us ing an EDX Genes is
Microanalysis System.

Particulate and gaseous PAHs

PAH extraction from Teflon substrates (n = 19) and XAD-2
sorbent tubes (n = 76) was conducted with methylene chloride
followed by concentration, cleaning up, and re-concentration
to 1 mL. Chromatography/mass spectrometry (GC/MS)
(GCMS-QP2010; Shimadzu, Japan) was used to analyze
PAHs according to a previous report (Yang et al. 2015). The
16 PAHs recommended by the USEPA were determined:
naphthalene (Nap), acenaphthylene (AcPy), acenaphthene
(Acp), fluorine (Flu), phenanthrene (Phen), anthracene
(Ant), fluoranthene (FL), pyrene (Pyr), benzo(a)anthracene
(BaA), chrysene (Chr), benzo(b)fluoranthene (BbF),
benzo(k)fluoranthene (BkF), benzo(a)pyrene (BaP),
indeno(1,2,3-cd)pyrene (INP), dibenzo(a,h)anthracene
(DBA), and benzo(g,h,i)perylene (BghiP). Detection limits
for particulate and gaseous PAHs were 0.028~0.115 and
5.54~22.6 ng/m3, respectively. Mean recovery yields for par-
ticulate and gaseous PAHs were 86.49 and 87.13%, respec-
tively. Blank filters and XAD-2 were used to determine con-
taminants. The background level of blank filters and the blank
front and back XAD-2 for all samples were subtracted from
the PAH concentration.

Incremental lifetime cancer risk

The incremental lifetime cancer risk (ILCR) was performed in
accordance of the report of risk assessment guideline of the
US EPA (USEPA 2005), which has been commonly used for
the risk assessment of PAH exposure (without unit) (Hu et al.
2007; Pooltawee et al. 2017). The ILCR is a probability that a
person will develop cancer per 1000,000 people from inhala-
tion exposure to a carcinogen over a lifetime. Toxicity equiv-
alency quantity (TEQ), equivalent to benzo[a]pyrene toxicity,

Fig. 1 Illustration of the locations
of environmental sampling and
exposure sampling in the
operating room
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was calculated according to a previous report (Nisbet and
LaGoy 1992). TEQ and ILCR were calculated based on the
PAHs determined in the particulate and gaseous phases. The
ILCR of PAHs (ILCRPAHs) to health care workers was calcu-
lated as follows:

ILCRPAHs ¼ TEQ� IR� ET� EF� ED

BW� AT
� SFBap;

where ILCRPAHs is the total TEQ (ng/m3), equivalent to
benzo[a]pyrene toxicity, which was the sum of the individual
PAH concentrationsmultiplied by their own toxic equivalency
factors (TEFs) as in a previous report (Nisbet and LaGoy
1992). The TEFs for the 16 PAHs were Nap (0.001), AcPy
(0.001), Acp (0.001), Flu (0.001), Phen (0.001), Ant (0.01),
FL (0.001), Pyr (0.001), BaA (0.1), Chr (0.01), BbF (0.1),
BkF (0.1), BaP (1), INP (0.1), DBA (1), and BghiP (0.01).
The inhalation rate (IR) was 1.25m3/h, the exposure time (ET)
was 8 h/day, exposure frequency (EF) (days/year) was
260 days/year (5 days/week), the exposure duration (ED)
was 30 years, body weight (BW) was 70 kg, the average
exposure time (AT) was 25,567 days (70 years), and the value
of the slope factor of BaP (SFBap) was 3.1 (mg/kg/day)−1

(Castro et al. 2011; Wei See et al. 2006; Yu et al. 2015).

Results

Characterization of surgical smoke

Levels of the 8-h particulate and gaseous pollutants in the
nursing station (background) and the nine ORs are shown in
Table 1.We observed that all particulate pollutants determined
at the nursing station were the highest compared to the ORs;
however, gaseous pollutants were lower than for most of the
ORs. The averaging particle number size distributions for
nursing station, outpatient surgery, orthopedics, and cardiac
surgery are provided in Fig. S1. We observed that the OR
for orthopedics had the highest particle number concentration
of 2065 cm−3, whereas the OR for gastroenterology had the
lowest particle number concentrations of 180 cm−3. All the
geometric mean diameter (GMD)measured in the ORs as well
as the nursing station were below 70 nm, particularly surgery
for the face and dentistry generated the smallest particle size
with a GMD of 23.3 nm. Notably, we observed that the
LDSA, PM10, PM2.5, and BC were at the highest levels at
the OR for face and dentistry, and were 5.8 μm2/cm3 and
6.46, 1.82, and 0.10 μg/m3, respectively. ORs for outpatient
surgery had the highest BC/PM2.5 ratio of 0.22 compared to
the other ORs. For gaseous pollutants, we observed that the
OR for gastroenterology had the highest levels of CO2

(869 ppm) and TVOCs (3.7 ppm) compared to the other

ORs. Levels of CO and HCHO were the highest in the OR
for urology, and were 3.40 and 0.90 ppm, respectively.

Ventilation efficiency

Ventilation efficiencies of the ORs are shown in Table 2.
Volumes of the nine ORs were between 74.25 and
117.30 m3 with the ventilation rate of 2100 m3/h. To under-
stand the ventilation efficiency of the ORs, we firstly calculat-
ed the ACH values of the ORs, which were between 17.09
(orthopedics) and 28.28 (outpatient surgery). However, exper-
imental CO decay rates in the ORs were inconsistent with the
order of ACHs. CO decay rates observed in the ORs were
0.90 ± 0.26 h−1 for otolaryngology, 1.01 ± 0.39 h−1 for gyne-
cology, 1.20 ± 0.43 h−1 for orthopedics, 0.54 ± 0.16 h−1 for
face and dentistry, and 1.30 ± 0.34 h−1 for cardiac surgery.

Physicochemical characterization of PM

FE-SEM images for the PM collected from the ORs of the
nine specialties are shown in Fig. 2. We observed that most of
the filtered substrates were present but with small amounts of
PM loading. Irregular PM was observed in otolaryngology
and face and dentistry ORs, whereas fiber-like PM was ob-
served in gynecology, orthopedics, and face and dentistry
ORs. Different elements were detected in the PM collected
from the nine operating rooms: Cr, Cd, and Pb for outpatient
surgery; Mg, Ca, V, Ni, Cu, and Pb for otolaryngology; Cr,
Mn, and Pb for gynecology; Cu, Cd, and Pb for orthopedics;
Pb for face and dentistry; P, V, and Pb for cardiac surgery; Cr
and Pb for gastroenterology; P, Cr, Co, Cu, Cd, and Pb for
neurosurgery; and As and Pb for urology.

Gaseous and particulate PAHs

Figure 3 shows gaseous and particulate PAHs determined in
the ORs of the nine specialties and the nursing station. The
total of 16 gaseous PAHs at the nursing station was 659.7 ng/
m3, but particulate PAHs were below the detection limit. The
highest level of total gaseous PAH concentrations determined
near the Mayo stand in the ORs was 1045.8 ng/m3 for gyne-
cology, whereas the lowest PAH concentration was 368.2 ng/
m3 for cardiac surgery. The highest concentration of total gas-
eous PAH concentrations determined near the anesthesia ma-
chine in the ORs was 746.6 ng/m3 for gynecology, whereas
the lowest gaseous PAH concentration was 296.7 ng/m3 for
cardiac surgery. For the particulate PAHs, we observe that the
OR for gastroenterology had the highest level of 0.13 ng/m3

determined near the Mayo stand, whereas the OR for face and
dentistry had the lowest concentration of 0.02 ng/m3. The OR
for gynecology had the highest particulate PAHs (0.07 ng/m3)
determined near the anesthesia machine, whereas the OR for
otolaryngology had the lowest level of 0.02 ng/m3.
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TEQ for PAHs

Figure 3 shows the TEQ for gaseous and particulate PAHs
estimated in ORs of the nine specialties and the nursing sta-
tion. The TEQ of the 16 gaseous PAHs for the nursing station
was 0.660 ng/m3. The TEQ for the 16 gaseous PAHs deter-
mined near the Mayo stand ranged between 0.368 (cardiac
surgery) and 1.046 ng/m3 (gynecology), whereas the TEQ
for the 16 gaseous PAHs near the anesthesia machine ranged
from 0.297 (cardiac surgery) to 0.747 ng/m3 (gynecology).
The TEQ for the 16 particulate PAHs determined near the
Mayo stand ranged from 0.00002 (face and dentistry) to
0.0001 ng/m3 (gastroenterology), whereas the TEQ for the
16 particulate PAHs near the anesthesia machine ranged from
0.00002 (otolaryngology) to 0.00007 ng/m3 (gynecology).

ILCR for PAHs

Figure 3 shows the ILCR for gaseous and particulate PAHs
estimated in the ORs of the nine specialties and the nursing
station. The ILCR of the 16 gaseous PAHs for the nursing
station was 8.91 × 10−8. The ILCR for the 16 gaseous PAHs
determined near the Mayo stand ranged between 4.97 × 10−8

(cardiac surgery) and 1.41 × 10−7 (gynecology), whereas the
ILCR for the 16 gaseous PAHs near the anesthesia machine
ranged from 4.01 × 10−8 (cardiac surgery) to 1.01 × 10−7 (gy-
necology). The ILCRs for the 16 particulate PAHs determined
near the Mayo stand were 3.34 × 10−12 (face and dentistry) to
1.78 × 10−11 (gastroenterology), whereas the ILCRs for the 16
particulate PAHs near the anesthesia machine ranged from
3.34 × 10−8 (otolaryngology) to 9.59 × 10−8 (gynecology).

Discussion

ORs are micro-environments for indoor air quality in health
care premises. Exposure levels to surgical smoke mainly

depend upon the surgical process, ventilation efficiency, per-
sonal protective equipment (PPE), and working routines. In
this study, particulate and gaseous pollutants of surgical
smoke generated from nine specialties in ORs were character-
ized. The TEQ and ILCR were estimated based on the partic-
ulate and gaseous phases of PAHs. Three major findings are
reported in the present study: (1) pollutant by-products emit-
ted from surgical practice depend on the surgical specialty, (2)
gaseous pollutants pose a more-significant risk than particu-
late pollutants, and (3) pulmonary exposure to gaseous PAHs
has a higher cancer risk than the particulate phase.

Surgical smoke is produced by all electrosurgical tools in
the operating room, such as monopolar, bipolar, and argon
diathermy and other devices (Gallagher et al. 2011). To iden-
tify hazards of air pollutants generated in different surgical
specialties in ORs, nine specialties were investigated in the
present study: outpatient surgery, otolaryngology, gynecolo-
gy, orthopedics, face and dentistry, cardiac surgery, gastroen-
terology, neurosurgery, and urology. For comparison between
the general indoor air quality in the hospital and in ORs, a
nursing station for the OR was used as a control. On-line
environmental monitoring for particulate and gaseous pollut-
ants and off-line exposure sampling for particulate and gas-
eous PAHs were conducted for 5 consecutive days in the ORs.

First, we characterized particulate and gaseous pollutants at
the nursing station. We observed that particulate pollutants
present at the nursing station were higher than in all of the
ORs, whereas most of the gaseous pollutants were lower at the
nursing station than in the ORs. These results suggest that the
OR is a relative clean environment in terms of PM levels, but
with significant gaseous pollution during surgery. Importantly,
we observed that the emitted surgical pollutant by-products
depend upon the surgical specialty. We observed that ortho-
pedics surgery generated the highest concentrations of parti-
cles. The GMD of all the particles size distributions measured
from the nine ORs ranged 23.3~60.0 nm, suggesting that the
surgical PM is dominated by nano-sized fractions. This

Table 2 Ventilation efficiency
and the CO decay rate in
operating rooms of nine
specialties

Operating room Volume (m3) Ventilation rate (m3/h) ACH CO decay rate (h−1)a

Outpatient surgery 74.25 2100 28.28 –

Otolaryngology 85.60 2100 24.53 0.90 ± 0.26

Gynecology 116.33 2100 18.05 1.01 ± 0.39

Orthopedics 117.30 2100 17.90 1.20 ± 0.43

Face and dentistry 116.82 2100 17.98 0.54 ± 0.16

Cardiac surgery 116.82 2100 17.98 1.30 ± 0.34

Gastroenterology 105.60 2100 19.89 –

Neurosurgery 117.30 2100 17.90 –

Urology 116.82 2100 17.98 –

aWe were unable to estimate the CO decay rates of CO levels in the operating rooms for outpatient surgery,
gastroenterology, neurosurgery, and urology

ACH air change per hour
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observation is consistent with previous reports (Eshleman et
al. 2017; Ragde et al. 2016). The nano-sized PM emitted from
surgical practice has high potential to be inhaled into the
deeper lungs and alveolar region (Brook et al. 2010), leading
to interaction with alveolar epithelial cells. To confirm this, we
measured alveolar deposition of inhaled surgical PM (LDSA
results). We observed that PM with the smallest size of
23.3 nm emitted from face and dentistry surgery had the
highest concentrations that were able to deposit in the alveolar
region of humans. Previous reports indicated that surface area
concentrations of alveolar deposition range 30~70μm2/cm3 in
urban areas (Ntziachristos et al. 2007; Sabbagh-Kupelwieser
et al. 2010). The LDSA measured in the OR for face and
dentistry was 5.8 μm2/cm3 in the present study, which is rel-
atively lower than urban levels. Also, levels of PM10, PM2.5,
and BCwere the highest for face and dentistry among the nine
surgical specialties in the present study. These particle con-
centrations were relatively lower than previously reported oc-
cupational (Chuang et al. 2018) and hospital levels (Wang et
al. 2006). However, the highest BC/PM2.5 ratio was measured
with outpatient surgery. This result suggests that monopolar
and/or bipolar diathermy could be the main electrosurgical

tools used in this specialty, and the heating process is the main
mechanism for generating surgical particles.

Similar to particle numbers and mass concentrations, FE-
SEM images presented sparse PM collected onto filter sub-
strates. Nano-sized PM was mainly observed in samples col-
lected fromORs. The emission sources of surgical PM depend
on the surgical procedures. Notably, this PM contained dis-
tinct metal elements dependent upon the surgical specialty
with Pb consistently presented in all samples. Pb was been
previously observed in surgical gloves (Mehra et al. 2011);
however, the sources of Pb emitted into the ambient air of
ORs remain unclear. A report observed that surgical PM with
a size range of 0.3~0.5 μm may potentially penetrate through
medical masks into human respiration (Tseng et al. 2014).
Therefore, engineering control for reducing surgical PM is
important for protecting human health. Further investigation
is required to identify the metal elements from different emis-
sion sources by surgical procedures.

Similar to particulate pollutants, levels of gaseous pollutant
emissions were dependent on the surgical specialty. We ob-
served that the highest levels of CO2 and TVOC were gener-
ated during gastroenterological procedures, whereas measured
levels of CO and HCHO were the highest in the urology OR.

Fig. 2 FE-SEM images observed in the operating rooms of nine specialties
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The 8-h mean levels of CO2 and COmeasured in all ORs were
below the California Division of Occupational Safety and
Health Administration (CA/OSHA) permissible exposure
limit-time weighted average (PEL-TWA) (OSHA 2018),
which are 5000 ppm for CO2 and 25 ppm for CO. CO2 and
CO levels were similar to those of a previous investigation
conducted in a respiratory care ward at a hospital of Taiwan
(Shen et al. 2014). Currently, there is no TVOC regulation for
occupational settings. The mean TVOC levels determined in
the complaint area of an university hospital in Thailand was
9.5 ppm (Ekpanyaskul 2010), which was higher than our re-
sults determined in the ORs. A previous study found that CO
was mainly produced from urological endoscopic diathermy
with a maximum level of HCHO of 0.0056 ppm (Weston et al.
2009). Notably, we observed that the 8-h mean HCHO in ORs
for gastroenterology (0.80 ppm) and urology (0.90 ppm)
exceeded the CA/OSHA PEL-TWA of 0.75 ppm (OSHA
2018). Together, hazards from gaseous pollutants should be
controlled/removed during surgical practice to protect human
health.

Efficient ventilation is important to remove pollutants re-
leased into occupational environments. We observed that the
ACH in the nine ORs ranged 17.90~28.28 times, all of which
are above the 15 times of ACH requirement for ORs reported
by the US Centers for Disease Control and Prevention (CDC
2018). Notably, we used CO emitted from surgical practice as

a tracer gas to estimate the decay rate in ORs. The reasons for
employing CO to estimate ACH are twofold. One is that CO is
a concern in laparoscopic procedures in which high concen-
trated CO could be trapped and concentrated in the peritoneal
cavity. It is a recognized chemical of electrosurgical smoke,
and generally co-emitted with soot/black carbon. The trend of
CO concentration could reveal local ventilation process, while
particulate pollutants cannot, majorly due to their inertial
property. Therefore, the ACH estimated by CO could reflect
the “local” flow field/ventilation condition. The inequity be-
tween the nominal ACH and estimated ACH suggests that
localized high concentration of CO is the real exposure sce-
nario for workers in OR. Second, CO is the only monitoring
gas species which is suitable for estimating ACH. Results
showed that the OR for face and dentistry had the lowest
CO decay rate. These values are generally about one order
of magnitude smaller than the calculated ACH, which also
suggests that air in ORs was poorly mixed, and emitted air
pollutions could accumulate longer than expected. The low
decay rate may have been due to continuous CO emissions
from surgical processes and the localized high concentration
of CO measured in this study. In other words, the emitted CO
was not instantaneously removed by ventilation. Also, the
ventilation air flow field might not be as efficient as expected.
Such phenomena could lead to the accumulation of surgical
pollutants, as the highest levels of particulate pollutants (i.e.,
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LDSA, PM10, PM2.5, and BC) were present in the OR for face
and dentistry. Persistent pollutants in ORs could increase pul-
monary hazards for health care professionals. Notably, the
method of estimating the CO decay rate in the present study
slightly differed from the standard method (Rydock 2004) of
filling the experimental room with a tracer gas followed by
turning the ventilation on. However, our observation repre-
sents real conditions in ORs. Our findings suggest that even
when the ACH is higher than the CDC recommendation, emit-
ted pollutants can still accumulate locally in ORs. Therefore,
local exhaust ventilation may be an essential method to re-
move the surgical smoke as soon as it is generated.

Next, levels of 16 PAHs in gaseous and particulate phases
detected in the operating rooms for the nine specialties were
determined. In the present study, gaseous PAH concentrations
were 368.2~1045.8 ng/m3 for measurements near the Mayo
stand and 296.7~746.6 ng/m3 measurements near the anesthe-
sia machine. A previous report showed that a diesel engine
emitted 16.66 ng/m3 of nano-sized particles of 16 bulk PAHs
(Chuang et al. 2012), which was significantly higher than the
PAHs determined in ORs. A previous study indicated that
surgeons are exposed to 487~2257 ng/m3 of total gaseous
PAHs during breast surgery (Tseng et al . 2014).
Additionally, an increased amount of bleeding was associated
with higher PAH emissions during surgical practice (Naslund
Andreasson et al. 2012). Our results further indicated that
PAH emissions may depend on the surgical specialty.
Therefore, the resultant cancer risk after chronic pulmonary
exposure to surgically emitted PAHs may differ with surgical
specialty. We estimated ILCRs for gaseous and particulate
PAHs in the nine ORs based on the TEQ. None of the
ILCRs for the nine specialties exceeded the USEPA level of
10−6 for inhalation (USEPA 1992). However, Tseng and col-
leagues indicated that ILCRs of gaseous and particulate PAHs
ranged 131 × 10−6~992 × 10−6 during breast surgery (Tseng et
al. 2014). The difference with our results may have been due
to the sampling stage, surgical types, and environmental con-
ditions. Although the cancer risk was relatively lower than the
USEPA level, chronic exposure to PAHs by the lungs, eyes,
and skin should be a concern in ORs, particularly to gaseous
PAHs.

There are a few limitations of this study, which are listed
here.We estimated the CO decay rates based on CO emissions
from surgical processes, which is not the recommend standard
method for investigating ventilation efficiency. But we can
better understand the pollutant removal efficiency in the actual
micro-environment during different surgical specialties in
ORs. The settings/locations of different surgical equipment
could affect pollutant removal/monitoring. To avoid the influ-
ence of surgical procedures during an entire week of monitor-
ing, PAH sampling was set up near the anesthesia machine,
which was used to estimate personal exposure levels. The
exposure assessment might not truly represent exposure levels

of health care staff. We investigated all surgical processes in
the same surgery, but details of the surgical procedures were
not discussed in the present study.

Conclusions

In conclusion, we provide results of a comprehensive investi-
gation of gaseous and particulate pollutants in ORs generated
from nine common surgical specialties. The OR usually sup-
plies a relative clean HEPA-filtered air with a good ventilation
purification system, which is able to reduce the effects of
outdoor air pollution. However, we observed that gaseous
pollutants including PAHs may pose a more significant hazard
to OR health care staff compared to particulate pollutants.
Also, hazardous by-products depend on the surgical specialty.
Removal of gaseous pollutants should be considered a first
priority for ORs. For example, a better ventilation design
and local ventilation system are essential to improve the air
quality of ORs. Higher levels of personal protective equip-
ment are a second line of respiratory protection against partic-
ulate pollutants. Notably, accumulation of surgical pollutants
emitted outside the ORs should be recognized due to the pos-
itive pressure design of ORs. Our findings suggest that surgi-
cal smoke, especially gaseous pollutants, generated from sur-
gical practices should be further controlled in order to reduce
risks of human health impacts on surgical health care staff.
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