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Abstract

Background Concerns regarding the aerosolized transmission of SARS-CoV-2 via SS have caused significant apprehension
among surgeons related to the use of minimally invasive surgery (MIS) during the COVID19 pandemic. While a limited
number of studies have previously demonstrated the presence of viral material in SS, no comprehensive systematic review
exists on the subject of viral transmission in SS.

Methods

A systematic review of the literature was conducted as per PRISMA guidelines. MEDLINE, EMBASE, and CENTRAL
databases were searched for publications reporting the primary outcome of the presence of viral particles in SS and second-
ary outcomes of indices suggesting transmission of viable virus particles in SS producing clinically important infection.
All human, animal, and in vitro studies which used accepted analytic techniques for viral detection were included. A meta-
analysis was not complete due to methodologic heterogeneity and inconsistent reporting of outcomes of interest.

Results 23 publications addressed the presence of viral components in SS, and 19 (83%) found the presence of viral particles
in SS. 21 publications additionally studied the ability of SS to induce clinically relevant infection in host cells, with 9 (43%)
demonstrating potential for viral transmission.

Conclusion Evidence exists for viral transmission via SS. However, HPV remains the only virus with documented trans-
mission to humans via SS. While meaningful translation into practical guidelines during the COVID pandemic remains
challenging, no evidence exists to suggest increased risk in MIS.
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SARS-CoV-2 is a novel coronavirus with zoonotic origins
causing the illness COVID19, which has rapidly progressed
from an isolated epidemic in the city of Wuhan and Hubei
province of the People’s Republic of China to a worldwide
pandemic affecting more than 15.7 million in 213 countries
and territories, as of the day of submission of this article
[1,2].
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Coronaviruses are enveloped large single-stranded
RNA viruses that can infect animals and humans [1]. The
COVID19 virus is of the beta-subfamily of coronaviruses
with 96% whole-genome analysis matching that found in
bats and is similar to SARS-CoV [3]. Although COVID19
was initially detected by identifying a cluster of unusual
cases of pneumonia and thereafter thought to cause predomi-
nantly respiratory influenza like symptoms, it is now recog-
nized that COVID19 may affect multiple organ systems and
cause a range of presentations including (i) asymptomatic
or presymptomatic carriers; (ii) respiratory or influenza like
symptoms: fever, persistent cough, nasal congestion, dysp-
nea, hypoxemia, pneumonia; (iii) gastrointestinal symptoms:
nausea, diarrhea, non-specific abdominal pain; (iv) head and
neck symptoms: anosmia, ageusia; (v) cardiovascular: direct
cardiac effects, abnormal blood clotting; (vi) other: fatigue/
malaise, myalgia, headache, neuropathy and worsening
of underlying chronic medical, and psychiatric conditions
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[4-8]. Preliminary reports in Chinese patients indicate that
the majority, 81% of those affected will have a mild form
of the disease, while 14% will develop severe symptoms
and 5% require critical care admission [6]. COVID19 has
affected all age groups with the youngest reported case in
a 1 month old; however, the majority of affected persons
are between 30-69 years old with a reported slight male
predominance [6]. Mortality rates have been reported to be
greatest in the extremes of age and in those with a greater
burden of comorbidities [9]. The case fatality rate varies
between affected countries, however, in general is thought to
approximate 2—4% [10]. The basic reproductive number (Ro)
of COVID19 or infection rate without social distancing or
other intervention has been estimated at between 1.4 and 3.9
[11]. COVIDI19 has been isolated in respiratory secretions,
stool, blood, and peritoneal fluid [12]. Further, the virus has
been shown to spread through droplet and contact transmis-
sion through mucous membranes, fecal—oral transmission,
and through aerosol transmission during aerosol-generating
medical procedures (AGMP). Airborne transmission outside
of AGMP’s and blood borne transmission have not been
demonstrated [13].

In response to the identification of a significant number
of medical professionals being affected by COVID19 and
initial lack of certainty related to modes of transmission,
major surgical societies released guidelines urging caution
with respect to AGMPs, including surgery, and, in particu-
lar, minimally invasive (MIS) surgery [14]. These recom-
mendations appeared to initially have created wide spread
confusion and apprehension toward MIS within the surgical
community during the pandemic.

It has long been recognized that surgical smoke (SS),
otherwise known as surgical plume or aerosols (defined as
any gaseous byproduct from the use of electrosurgical, ultra-
sonic, and surgical lasers which contain both cellular and
acellular material) pose an occupational health risk [15].
The small particles created with these devices vary with the
particular device modality, device settings, tissue character-
istics, and length of device activation [16]. SS contains parti-
cles which can lead to respiratory and cardiovascular inflam-
mation, carcinogens, viable malignant cells, and viable
pathogens such as bacteria and viruses [15-17]. The latter
has been demonstrated with human papilloma virus (HPV),
hepatitis B (HepB), and human immunodeficiency virus
(HIV), although outside of HPV, no documented cases of
transmission in SS have been observed. Further, it has been
postulated that during laparoscopy, due to the contained
nature of the pneumoperitoneum, that these small particles
build to high concentrations and, with unfiltered release
through the trocar, may lead to a high velocity jet which
increases particle dispersion and potentially particle con-
centration within an operating room. Hence, the latter two
findings, of the theoretical potential for viral transmission

and increased SS generation and dispersion with unfiltered
evacuation of pneumoperitoneum, have generated extraor-
dinary apprehension among some surgeons following the
release of practical guidance from the Society of American
Gastrointestinal and Endoscopic Surgeons (SAGES) in the
setting of COVID19 [14]. However, to our knowledge, very
limited data on the subject exist; therefore, we performed a
systematic review of the literature to better outline what is
known regarding the risk of viral transmission in SS.

Methods and materials
Objective

The primary objective of this study was to determine the
risk of viral transmission from a carrier patient to operat-
ing room personnel via SS during open and laparoscopic
surgery. In particular, the primary outcome of interest was
whether viral particles including viral DNA, RNA, proteins,
or viable virus-infected cells can be detected in the SS gener-
ated during a broad spectrum of surgical procedures.

Study selection

A systematic review of the literature was conducted and
reported in accordance with the Preferred Reporting of Items
for Systematic Reviews and Meta-Analyses (PRISMA) pro-
tocols [18]. A comprehensive search of the MEDLINE,
EMBASE, and CENTRAL databases was conducted with
a medical librarian. The search was conducted from data-
base inception—1946 (MEDLINE), 1974 (EMBASE), and
1991 (CENTRAL) to April 2nd 2020 and limited to Eng-
lish language studies. The search was performed using three
domains of different permutations of medical subject head-
ing (MeSH) or EmTree headings linked with the Boolean
operator “OR,” and subsequently combined with “AND.”
The first domain includes all surgical subspecialties, as well
as surgical and dermatologic procedures; the second SS and
instruments generating SS; and the third virus and viral par-
ticles. See Supplemental Fig. 1 for full search strategies.
Duplicated studies were removed. All abstracts and studies
included for full-text review were screened by two independ-
ent reviewers (TW, CR-M). Additional studies were identi-
fied through a reference review. This systematic review was
submitted to PROSPERO prior to data abstraction.

Inclusion criteria
All human, animal, and in vitro primary research articles
were included if they documented the presence or effects

of viral particles in SS generated by energy-based surgi-
cal instruments across all surgical specialties. Studies were
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excluded if they were preclinical experimental work or did
not include a laboratory-based method for detection of viral
constituents or effects from exposure to SS.

Abstraction and analysis

Data abstraction and quality assessment of included stud-
ies were performed by two independent reviewers (TW and
CR-M). Quality of evidence was assessed based on the 2011
Oxford Centre for Evidence-Based Medicine Levels of Evi-
dence [19]. Methodological quality and bias were assessed
using the National Institutes of Health Quality Assessment
Tool for case series and case reports [20]. Data abstraction
was carried out using a standardized form encompassing
study design, surgical instrument, procedure, virus, detec-
tion method, plume location, and specialty represented. Our
primary outcome of interest was the presence of viral com-
ponents in SS. Secondary outcomes were indices suggest-
ing transmission of viable virus particles in SS producing
clinically important infection. Given the wide heterogeneity
among studies, a meta-analysis was not performed.

Results

The search strategy, after removing duplicates, identi-
fied 738 abstracts for screening, of which 55 articles were
retained for full manuscript review and an additional 3
articles were identified through a manual search of the
article references. As seen in the PRISMA flow diagram
(Fig. 1), 35 articles and abstracts met the aforementioned
inclusion criteria and underwent data abstraction [21-55].
As demonstrated in Table 1, all studies included were
either case series or quasi-experimental studies of a low
level of evidence, based on the 2011 Oxford CEBM levels
of evidence document and were identified to have meth-
odological weaknesses, when assessed using the National
Institutes of Health quality assessment tool for case series.
Significant methodological heterogeneity was observed.

Fig.1 PRISMA diagram of
study selection in the systematic
literature search (Color figure
online)

Identification

Records identified through
MEDLINE, EMBASE, CENTRAL
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Table 1 Na.tional institutes of Study LOE 1 5 3 4 5 6 7 3 9

health quality assessment case

series Abramson et al. 1990 [21] v Yes Yes NR NR Yes Yes Yes N/A Yes
Akbarov et al. 2013 [22] v Yes  Yes NR NR Yes Yes Yes N/A  Yes
Andre et al. 1990 [23] v No No NR NR No Yes Yes N/A  Yes
Baggish et al. 1991 [24] I Yes N/A N/A N/A Yes Yes Yes N/A Yes
Bellina et al. 1982 [25] v Yes No NR NR Yes Yes Yes N/A  Yes
Bergbrant et al. 1994 [26] v Yes No No NR Yes Yes Yes N/A  Yes
Best et al. 2020 [27] 111 Yes  Yes Yes Yes Yes Yes Yes Yes Yes
Capizzi et al. 1998 [28] 111 Yes  Yes Yes NR Yes Yes Yes N/A  Yes
Ediger et al. 1989 [29] I Yes N/A N/A N/A Yes Yes Yes N/A Yes
Ferenczy et al. 1990 [30] v Yes  Yes No NR Yes Yes Yes N/A Yes
Ferenczy et al. 1990 [31] v Yes  Yes No NR Yes Yes Yes N/A  Yes
Garden et al. 1988 [32] v Yes  Yes No NR Yes Yes Yes N/A  Yes
Garden et al. 2002 [33] 111 Yes  Yes N/A  NR Yes Yes Yes N/A  Yes
Hagen et al. 1997 [34] 111 Yes N/A N/A N/A Yes Yes Yes N/A Yes
Higashi et al. 2017 [35] v Yes No NR NR Yes Yes Yes N/A  Yes
Hirota et al. 2018 [36] v Yes No NR NR Yes Yes Yes N/A Yes
Hughes et al. 1998 [37] v Yes  Yes NR NR Yes Yes Yes N/A Yes
Ilmarinen et al. 2012 [38] v Yes  Yes NR NR Yes Yes Yes N/A  Yes
Johnson et al. 1991 [39] 111 Yes N/A N/A N/A Yes Yes Yes N/A Yes
Kashima et al. 1991 [40] v Yes  Yes NR NR Yes Yes Yes N/A  Yes
Kunachak et al. 1996 [41] 11 Yes No NR NR Yes Yes Yes N/A Yes
Kwak et al. 2016 [42] v Yes  Yes NR No Yes Yes Yes N/A  Yes
Matchette et al. 1991 [43] v Yes N/A N/A N/A Yes Yes Yes N/A Yes
Matchette et al. 1993 [55] v Yes N/A N/A N/A Yes Yes Yes N/A Yes
Moreira et al. 1996 [44] v Yes N/A N/A NA Yes Yes Yes N/A Yes
Neumann et al. 2018 [45] v Yes  Yes NR NR Yes Yes Yes N/A Yes
Sawchuk et al. 1988 [46] 111 Yes  Yes NR NR Yes Yes Yes N/A  Yes
Sood et al., 1994 [47] v Yes  Yes Yes NR Yes Yes Yes N/A  Yes
Starr et al. 1992 [48] 111 Yes N/A N/A N/A Yes Yes Yes N/A Yes
Subbarayan et al. 2019 [49] 111 Yes  Yes NR NR Yes Yes Yes N/A Yes
Taravella et al., 1997 [50] v Yes N/A N/A NA Yes Yes Yes N/A Yes
Taravella et al., 1999 [51] 111 Yes N/A N/A NA Yes Yes Yes N/A Yes
Weyandt et al., 2011 [52] v Yes  Yes NR NR Yes Yes Yes N/A  Yes
Wisniewski et al., 1990 [53] v Yes  Yes NR NR Yes Yes Yes N/A  Yes
Zhou et al., 2019 [54] it Yes  Yes NR NR Yes Yes Yes N/A  Yes
LOELevel of Evidence

1. Was the study question or objective clearly stated?

2. Was the study population clearly and fully described, including a case definition?

3. Were the cases consecutive?

4. Were the subjects comparable?

5. Was the intervention clearly described?

6. Were the outcome measures clearly defined, valid, reliable, and implemented consistently across all

study participants?

7. Was the length of follow-up adequate?

8. Were the statistical methods well described?

9. Were the results well described?
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All studies

Overall, 23 publications addressed the primary outcome of
interest, the presence of viral DNA, RNA, or viral-infected
cells contained within SS [21-25, 27, 31-33, 35-37, 39,
40, 42, 45-47, 49, 50, 52-54]. On the other hand, 21 pub-
lications, either additionally or solely, sought to identify if
those viral particles in SS could produce clinically important
infection of operating room personnel [26-31, 33, 34, 38,
41,43, 44, 46, 48-54]. Findings from individual studies are
summarized in Tables 2 and 3, respectively.

Twelve different viruses or bacteriophage models for
viruses were investigated (as outlined in Tables 2 and 3), the
vast majority addressed HPV. Publications came from 8 dif-
ferent surgical specialties. Gynecology, dermatology, otolar-
yngology, and ophthalmology represented the majority with
22.9,22.9, 17.1, and 11.4% of publications, respectively.
General surgery, urology, and orthopedic surgery specialties
were poorly represented. As can be seen in Tables 2 and 3,
although SS generated by a total of 10 different instruments
was investigated, the most commonly studied modalities
were the CO2 laser and electrocautery.

Studies addressing viral particles in SS

Of the 23 publications which investigated for the primary
outcome of viral particles (DNA, RNA, protein, virus-
infected cells) within SS, 17 (74%) addressed the presence
of HPV or models of HPV (BPV or mmuPV1), 3 (13%)
HepB virus, 2 (9%) HIV, and 1 (4%) varicella zoster virus
(VZV). A total of 19 (83%) studies found the presence
of viral particles from the target virus in SS using well-
accepted laboratory methodology. All exceptions were in
publications investigating HPV. The cause of the discrepant
results is unknown. Significant heterogeneity within study
methodology was observed with 18 (78%) using in vivo, 5
(21%) using in vitro, 2 (9%) using ex vivo techniques; 4
publications reported findings in animal models; 10 different
surgical devices were used to generate SS; 9 different types
of surgical procedures where SS is created were investigated,;
and finally the location, method of collection, and processing
of SS samples were seen to vary.

Studies addressing infectivity of viable viral
particlesin SS

A total of 21 publications were identified that sought to
determine if viable viral particles in SS could produce clini-
cally important infection of operating room personnel. Three
general methods were used: (1) the culture of live virus from
the SS samples, (2) the culture of live virus from samples
taken in clinically important locations on operating room
personnel, or (3) the ability of the SS to induce clinically

@ Springer

relevant infection in cell cultures or an animal model. Each
method was used in 12 (57%), 7 (33%), and 4 (19%) of the
publications, respectively. Viral pathogens investigated were
12 (57%) HPV or models of HPV (BPV or mmuPV1), 1
(5%) model of HIV (simian immunodeficiency virus, SIV)
and 1 (5%) VZV, 3 (14%) other viral models, and 3 (14%)
bacteriophage models of small viruses. Potential for trans-
mission of viral infection through viable viral particles in SS
was confirmed in 9 (43%), unable to be demonstrated in 9
(43%) and was equivocal in 1 (4%) publication. Once again,
there was significant heterogeneity in the utilized methodol-
ogy; 12 (57%) used in vivo and 9 (43%) used in vitro tech-
niques; 3 publications reported findings in animal models
while 10 used infected cell cultures, 7 different surgical
devices were used to generate SS, and sampling protocols
varied considerably.

Discussion
Major findings

In this systematic review, our objective was to identify and
summarize the extent of what is known regarding the risk of
viral transmission in SS. Although this has been addressed
in previous narrative and systematic reviews as a minor topic
within the broader subject of occupational health implica-
tions of SS, to our knowledge, this paper represents the most
comprehensive systematic review focused entirely on the
risk of viral transmission in SS.

A total of 35 publications with relevant findings were
ultimately identified [21-54]. The publications were grouped
by the outcome of interest with two predominant themes
observed in the study outcomes. The first category, includ-
ing 23 publications, investigated whether viral DNA, RNA,
proteins, or viral-infected cells were contained within the SS
[21-25, 27, 31-33, 35-37, 39, 40, 42, 45-47, 49, 50, 52-54].
The premise being that if viral particles are contained within
SS, then there exists at least a theoretical risk that SS can
lead to viral transmission. However, the ability of a viral
particle to establish a clinically relevant infection in a host is
dependent on a number of factors outside of their mere pres-
ence. Hence, the assertion that these studies show a theoreti-
cal risk, not definitive proof of concept. In this vein, a sec-
ond group of 21 publications were found that addressed this
knowledge gap by either additionally or solely, investigating
if those viral particles in SS could produce clinically impor-
tant infection of operating room personnel [26-31, 33, 34,
38, 41,43, 44, 46], [48-54]. This was accomplished in three
different manners: first, by the ability to culture live virus
from samples of SS or samples taken in clinically important
locations on the operating room personnel. Establishing that
the viral particles in SS are indeed viable and can be found
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Table 2 Viral particles in surgical smoke

Study Design Modality N Procedure Virus Location Plume Result positive
Bellina et al., 1982 IV CO2 Laser 3 GCA HPV NM DNA/RNA 0/3
[25]
Garden et al., 1988 IVT/IV CO2 Laser 11 PVA HPV/BPV NM DNA 3/41VT, 2/7 IV
[32]
Sawchuk et al., IVT/IV CO2 Laser+EC 8 PVA HPV 2 c¢m from lesion DNA 5/8 laser, 4/7 EC
1989 [46]
Abramson et al., v CO2 Laser 7 LPA HPV 5—-10 mm above DNA 0/7
1990 [21] lesion
Andre et al., 1990 IV CO2 Laser 3 GCA HPV NM DNA 2/3
[23]
Ferenczy et al., v CO2 Laser 9 GCA HPV 1-2 cm from field DNA 1/9
1990 [31]
Wisniewski et al., v CO2 Laser 10 GCA+CIN HPV 5 cm around lesion DNA 0/10
1990 [53]
Kashima et al., v CO2 Laser 30 LPA HPV 2-5 cm from lesion DNA 17/30
1991 [40]
Sood et al., 1994 v EC 49 LEEP HPV NM DNA 18/49
[47]
Hughes et al., 1998 IV Er:YAG Laser 5 EVA HPV Adjacent laser DNA 0/5
[37] handpiece
Weyandt et al., v APC, CO2 Laser 10 GCA HPV NM DNA 3/10
2011 [52]
Akbarov et al. 2013 IV Ho:YAG Laser 66 GCA HPV NM DNA 66/66
[22]
Neumann et al., v EC 24  LEEP HPV Adjacent loop EC  DNA 4/24
2018 [45]
Subbarayan et al., v EC 6 Transoral SCC HPV NM DNA 0/6
2019 [49]
Zhou et al., 2019 v EC 134 LEEP HPV 2 cm from lesion DNA 40/134
[54]
Garden et al., 2002 IV CO2 Laser 3 ACA BPV 2 c¢m from lesion DNA 3/3
[33]
Best et al., 2020 v KTP Laser, Cobla- 5 ACA MmuPVl NM DNA 5/5
[27] tion
Kwak et al., 2016 IV EC 11 MIS resection HBV 5 mm port DNA 10/11
[42]
Higashi et al., 2017 EV EC+HS 11  EV ablation HBV Semi-closed DNA+HBs 3/5EC 5/5HS
[35] system animal, 8/9 EC 7/9
HS human
Hirota et al., 2018 EV EC+HS 21 EV ablation HBV Semi-closed DNA+HBs 3/6 EC and HS
[36] system human, 12 EC 13
HS/15 animal
Baggishetal., 1991 IVT CO2 Laser 1 CC HIV 1 cm from lesion DNA 4/5 samples
[24]
Johnson et al., 1991 IVT EC+PT 27 CC HIV 4-8 inches above p24 0/12 EC, 5/9 router,
[39] 1/4 bone saw, 0/2
irrigator
Taravella et al., IVT Excimer Laser 4 CC VZV NM DNA 3/3

1997 [50]

IVin vivo, EVex vivo, IVTin vitro, GCA Genital condylomata ablation, CCin vitro ablation of cell cultures, PVAPlantar verrucae ablation,
ACA Animal condylomata ablation, EVA Extremity verrucae ablation, LPA Laryngeal papilloma ablatio, MIS Robotic/Laparoscopic Colorectal/
gastric/hepatic, ECelectrocautery, HSharmonic scalpel, APCargon plasma coagulation, PTPower Tools, VZV varicella zoster virus, HIVhuman
immunodeficiency virus, HBVhepatitis B virus, LEEP loop electrosurgical excision procedure, NM =not measured
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Table 3 Viable viral particles in surgical smoke with effects showing potential for transmission

Study Design Modality N  Virus Protocol Result

Ferenczy et al., 1990 [31] IV-H  CO2 Laser 9 HPV Swabs from surgeon naso- No HPV DNA found via
pharynx, eyelids, ears filter hybridization on
pre- and post-procedure surgeon pre/post

Ferenczy et al., 1990 [30] IV-H  CO2 Laser 43  HPV Collected swabs from laser Small non-significant
crater and 5 cm margin increase in positive DNA

Bergbrant et al., 1994 [26] IV-H  CO2 Laser+EC 34 HPV Swabs from surgeon 2/5 petri dishes + with CO2
nasolabial fold, nostril, laser, nasolabial/nostril
and conjunctiva pre and swabs +with EC and CO2
post, petri dishes 1+2m  Laser
from lesion

Kunachak et al., 1996 [41] IVT-C CO2 Laser 10 HPV Plume-exposed culture 0/10+ for HPV infectivity,
plate, light microscopy 0/10 + for viable virus
for cytopathic changes containing cells

Weyandt et al., 2011 [52] IV-H  APC+CO2 Laser 28 HPV Swabs from surgeon 2/18 petri dishes +, all
nasolabial fold and surgeon swabs -
glasses pre and post,
petri dishes 1+2 m from
lesion

Ilmarinen et al., 2012 [38] IV-H  CO2 Laser 10 HPV Swabs from surgeon and ~ Gloves: 5/5 +surgeon and
RN masks and gloves RN GCA, 1/5+ surgeon
pre- and post-procedure and 3/5+RN LPA.

Masks: -
Subbarayan et al., 2019 IV-H EC 6 HPV Swabs from surgical No HPV DNA found
[49] masks, robot arms, suc- on robot arms, suction

tion device device, surgical masks

Zhou et al., 2019 [54] IV-H EC 134 HPV 3 pre- and post-LEEP 2/134 positive for HPV
nasal swabs from DNA
surgeon

Sawchuk et al., 1989 [46] IVT-C CO2 Laser+EC NK BPV BPYV in plume used for BPV in plume induced
infectivity assay of cytopathic changes in cell
mouse C127 cells* cultures

Wisniewski et al., 1990 IV-A CO2 Laser 2  BPV-2 Collected ejecta from 5 cm  0/5 X 2 positive

[53] cylinder around lesion,

inoculated into 2 BPV
naive calves

Garden et al., 2002 [33] IV-A  CO2 Laser 3 BPV Inoculated calf with BPV  3/3 inoculated sites devel-
containing laser plume oped condylomata

Best et al., 2020 [27] IV-A  KTP Laser+Coblation 20 mmuPV1 Media exposed to laser 9/9 KTP, 50% penetrance
plume used to inoculate in Coblation, 100%
nude mice penetrance in filter wash

positive

Starr et al., 1992 [48] IVT-C CO2 Laser 7 SIV Plume-exposed culture No SIV p26 or cytopathic
plate, light microscopy changes noted
for cytopathic changes,
ELISA for p26 protein

Moreira et al., 1996 [44]  IVT-C Excimer Laser 10 HSV, Adenovirus Plume-exposed culture 3/4 positive adenovirus, 6/6
plate, light microscopy HSV
for cytopathic changes

Taravella et al., 1997 [S0] IVT-C Excimer Laser 3 VZV Plume-exposed culture 0/3 positive for cytopathic
plate, light microscopy effect in cultures
for cytopathic changes

Taravella et al., 1999 [51] IVT-C Excimer Laser 2 SPVV#** Plume-exposed culture 2/2 positive for cytopathic
plate, light microscopy effect in cultures
for cytopathic changes

Hagen et al., 1997 [34] IVT-C Excimer Laser 20 PRV* Plume-exposed culture 0/20 positive

plate, light microscopy
for cytopathic changes
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Table 3 (continued)

Study Design Modality N  Virus Protocol Result
Capizzi et al., 1998 [28] IV-H  CO2 Laser 13 All comer Collected CO2 plume for  0/13 positive
viral cultures
Ediger et al., 1989 [29] IVT-C Er:YAG Laser 7 »X174 Plume-exposed culture 6/7 positive plaque forming
plate, light microscopy units
for cytopathic changes
Matchette et al., 1991 [55] IVT-C CO2 Laser, APC 29 X174 Plume-exposed culture 9/29 positive CO2
plate, light microscopy
for cytopathic changes
Matchette et al., 1993 [43] IVT-C CO2 Laser 8  ¢X174 Plume-exposed culture 8/8 positive

plate, light microscopy
for cytopathic changes

1V-H in vivo human, /VT-C in vitro cell culture, in vivo animal, NMnot measured, SPVV Sabin poliomyelitis vaccine virus (**As model for
HSV), PRVPseudorabies virus (* as model for HIV/HSV), X174 =@X174 bacteriophage, VZV varicella zoster virus, H/Vhuman immunodefi-
ciency virus, HBVhepatitis B virus, HSVherpes simplex virus, S/V simian immunodeficiency virus, APCargon plasma coagulation

in locations that are susceptible to viral infection of a host,
in this case, operating room personnel. Second, by the ability
of the SS to induce pathologic changes in cell cultures; and
third, by the ability of the SS to produce clinically relevant
infection in an animal model. Both of which confirm that
the viable viral particles in SS retain the ability to interact
with host cells and generate the known clinical sequela from
their infection.

These combined publications have shown there to be
definitive evidence that transmission of viable viral parti-
cles in SS is possible and can produce clinically important
infections in exposed operating room personnel or models
thereof. However, as can be seen in our systematic review,
although a number of viral pathogens have been found to
have theoretical risk for transmission in SS, the definitive
evidence for establishing clinically important infection has
been shown only for a limited number. In more detail, viral
particles of HPV (or HPV models), HepB, HIV, and VZV
have all been isolated from SS; however, only HPV, adenovi-
rus, herpes simplex virus (HSV), SPVV, and bacteriophage
@®X174 (model for submicron viruses) have been shown to
produce clinically relevant pathologic changes in cell cul-
tures or induce infection in an animal model exposed to the
respective SS [22-24, 26, 27, 29, 31-33, 35, 36, 38-40,
42-47, 50-52, 54]. Further, to date, HPV is the only virus
to our knowledge which has been shown to produce clinical
infection in humans exposed to SS [56, 68—70].

Of the publications looking for the presence of viral parti-
cles in SS, it should be stated that 74% investigated for HPV
or models of HPV in SS and that the presence of HPV viral
particles within the SS was not uniform, with 30% of these
studies returning a negative result. Although the cause of the
discrepant results is unknown, differences in the modality
used (CO2 or YAG laser), distance of collection of SS from
the lesion (>5 cm, adjacent hand piece), laboratory tech-
niques used (southern blot, PCR), or lesion used to produce

the SS (oropharyngeal SCC, laryngeal papilloma) was seen
to differ 21,37,49,53]. The works of Higashi et al. and Hirota
et al. on HepB were similar in methodology, and both were
ex vivo experiments ablating virus-infected cell cultures and
human liver samples with electrocautery. The SS collection
occurred within 1-2 cm of the ablated tissue; hence, unsur-
prisingly, similar positive results were seen in both works
[35, 36]. Kwak et al. represent the only in vivo study on a
virus other than HPV; in particular, these investigators dem-
onstrated the presence of HepB viral particles in SS evacu-
ated from trocars during relatively long (> 1 hr) robotic or
laparoscopic gastric, colon, or liver surgery wherein elec-
trocautery was used in patients with known HepB chronic
infection [42]. Baggish et al. confirmed the presence of HIV
particles in SS after ablating an infected cell culture with a
CO2 laser, once again the SS was taken within 1 cm of the
ablated cell [24]. Johnson et al. subjected a number of dif-
ferent tissues with HIV-infected blood cells to different SS
generating orthopedic instruments and collected the smoke
at varying distance from the affected tissue. HIV particles
were detected in the SS from the router blade and bone saw
but not detect when electrocautery was the used modality
[39]. Lastly, Taravella et al. ablated VZV-infected cells with
an excimer laser and detected VZV particles in the ensuant
SS at an unknown distance from the ablate cells [50].
Similarly, of the publications addressing the infectivity
of viable viral particles in SS, 12 (57%) investigated HPV
or models of HPV, and 41% of these did not demonstrate
changes in cell cultures or animal models suggestive of
infection. Differences in outcome could not be explained
by the modality of surgical instrument used, however, may
relate to the procedure performed, the lesion the proce-
dure was performed on or the distance of collection of the
sample of SS [30, 31, 41, 49, 53]. For example, Zhou et al.
demonstrated that HPV concentration in SS had an inverse
relationship with the distance of sample collection from the
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source [54]. The majority of studies on HPV did confirm
that clinical infection is possible when the host is exposed to
SS containing HPV particles. This confirms previously pub-
lished case reports and case series of operating room person-
nel contracting laryngeal HPV during ablative procedures
of genital and laryngeal condyloma and will not be further
addressed [56, 68—70]. Adenovirus, HSV or a model thereof,
and a bacteriophage model of small viruses were also seen to
induce cytopathologic changes suggestive of infection in cell
cultures exposed to the respective SS [29, 43, 44, 51, 55]. It
should be stated, however that no evidence of infection of
animal or human hosts exposed to SS currently exists. Once
again, it is not clear why discrepant results were obtained in
similar studies on VZV, pseudorabies virus (model of HIV
or HSV), and SIV (model of HIV). Whether this indicates a
difference in the behavior of these viruses or differences in
study design is uncertain [28, 34, 48, 50].

Taken together, these studies indicate that multiple fac-
tors, other than the type of virus, are important in deter-
mining whether viral particles are found in SS and whether
these viral particles retain the ability to produce clinically
relevant infections in those exposed to SS. SS is composed
predominantly of water in the form of steam, while only 5%
is made of particulate matter from cellular debris [17]. Com-
ponents of SS include compounds which cause inflammation
in respiratory and vascular tissue, carcinogens, malignant
cells, and pathogens [17]. Many of these components have
been well documented elsewhere and are beyond the scope
of this review [17, 57, 60]. Germaine to our current work is
the observation that the composition and particle size of SS
have been shown to vary depending on the modality, device
settings, length of device activation, length of surgical pro-
cedure, and the type of tissue on which is being operated
[17, 57-59]. Electrocautery produced from contemporary
electrosurgery devices and surgical lasers heat the target tis-
sue to the boiling point with resultant cell rupture generat-
ing SS. Electrosurgical device settings affect the rapidity of
tissue heating, and hence, the characteristics of particulate
matter in the resultant SS and may also affect viability of
pathogens. On the other hand, SS generated from ultrasonic
surgical devices is produced by vibration of cells causing
relatively low-temperature vaporization. Particulate matter
from each of these modalities has been noted to differ from
one another. The mean particle size is smallest with electro-
surgery devices < 0.1 microns, whereas with surgical lasers,
it is 0.31 microns, and with ultrasonic surgery devices, it
is 0.35-6.5 microns. Particles <5 microns are known to be
able to be inhaled and deposited at all levels of the airway
and alveoli, and those < 0.1 microns may access the circula-
tory system [17, 60, 61]. Smaller particles tend to travel a
further distance from the source device, with the furthest
distance measured up to 100cm [60]. Additionally, small
particulate matter has been postulated to cause a greater risk
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for chemical effects related to SS while larger particles may
be more at risk for pathogen transmission. Interestingly, SS
from ultrasonic devices has been shown to contain more
concentrated particulate matter than that of electrosurgical
devices [60]. Hence, the characteristics of SS due to differ-
ence in these factors between studies may have impacted
the results observed in our systematic review with respect
to viral transmission in SS. Given that the majority of these
factors were not controlled for, the magnitude and direction
of the effect on our results are not ascertainable.

Regarding previous assertions by several authors of the
potential for increased risk of viral transmission associated
with SS generated during MIS procedures, it is important
to recognize that these are entirely theoretical [57, 62].
Although it has been shown that the SS contained in samples
taken from the pneumoperitoneum during MIS procedures
contains high concentrations of small particulate matter
with chemicals which may cause inflammation, mutagenic
agents, and carbon monoxide, no direct comparison between
SS from MIS procedures and open surgery exist [57]. To
our knowledge, there are only two studies which compare
the background concentration of SS in the atmosphere of an
operating room during the two forms of surgery [59, 63].
Despite being recently used to suggest otherwise, the publi-
cation of Li et al. showed a small non-statistically significant
increase in atmospheric particulate matter concentration in
the operating room at a single time point in a laparoscopic
gynecologic procedure compared to an open procedure [63].
It should be highlighted that the study design was weak, did
not control for many of the previously stated factors impor-
tant in determining the characteristics of SS, did not report
on trocar type used and hence propensity for air leakage to
occur, and did not use a smoke evacuation system of any
type in the laparoscopic procedure [63]. The study of Wang
et al. was of better design; however, once again, air samples
were taken after unfiltered release of pneumoperitoneum
[59]. Importantly, our systematic review identified only a
single publication wherein the SS of MIS procedures was
found to contain viral particles (HepB DNA), and no pub-
lications investigated viral infectivity with MIS procedures
[42]. Therefore, any comments espoused about an increased
risk of viral transmission with MIS procedures should be
viewed as speculation until rigorous scientific investiga-
tion suggests otherwise. Further, to date, no case reports of
documented viral transmission to operating room person-
nel exist with MIS procedures. And last, both passive and
active smoke evacuation systems have been investigated for
MIS and when combined with a high efficacy particulate air
(HEPA) or ultralow particulate air (ULPA) filters not only
improve visibility but remove or reduce the concentration
of chemical compounds from SS and capture 99.97% and
99.99% of airborne particles > 0.3 and 0.05 microns, respec-
tively. The smallest relevant viral particle which could lead
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to viral transmission in SS has been shown to be approxi-
mately 0.12 microns [64].

Limitations

This is the first comprehensive review of the risk for viral
transmission in SS; however, there are several limitations to
this study. The methodological heterogeneity, methodologi-
cal weaknesses, study design, and small sample sizes limit
the ability to translate the findings of our review into practi-
cal recommendations. Additionally, due to these limitations,
a pooled analysis to ascertain an estimate of the relative risk
of viral transmission in SS was not possible. Furthermore,
advancements in laboratory techniques over the past dec-
ades, with increasing sensitivity in isolating and detecting
viral particles, make interpretation of early studies challeng-
ing. An important limitation to the detection of viral com-
ponents in SS is the use of techniques such as Southern blot
and PCR which can also detect fragments of DNA/RNA.
Except for Garden et al. (2002), these studies did not differ-
entiate between detecting intact nucleic acids from complete
virions capable of infecting another host. Similarly, as viable
cells have been described in SS [65—-67], virus containing
aerosolized cells cannot be excluded as the primary poten-
tiator of transmission. This is an important distinction that
significantly impacts the level of protective measures in the
operating room. Finally, while we kept our search broad to
encapsulate multiple specialties and surgical procedures to
ensure a comprehensive review, case reports and studies that
did not include a laboratory-based detection method were
excluded as the causative role for transmission is often dif-
ficult to establish and inclusion introduces unnecessary bias.
Several case reports and survey studies on HPV transmission
were, therefore, excluded [56, 68-71].

Conclusion and recommendations

In this systematic review on the risk of viral transmission
through SS, we have shown there to be definitive evidence
that transmission of viable viral particles in SS is possible
and can produce clinically important infections. However,
although a number of viral pathogens have been found to
have theoretical risk for transmission in SS, definitive evi-
dence that clinically important infection is established has
been shown only for a limited number. Specifically, to date,
HPV is the only virus which has been shown to produce
clinical infection in humans exposed to SS. Hence, although
we agree that there is a theoretical risk that SARS-CoV-2
may be spread in surgical smoke, we reject the notion that
MIS procedures are at greater risk than traditional open pro-
cedures. In fact, MIS allows for the filtration of aerosolized
material in a contained field as opposed to open surgery,
concurrently minimizing spillage of fluids and cells [67].

Additionally, MIS, especially robotic surgery, allows for
less personnel in the immediate operating field, decreasing
the potential for transmission via more traditional occupa-
tional health injury mechanisms [69]. Further, any small
risk of viral transmission in SS with MIS procedures may
be mitigated by following the practical recommendations
disseminated by SAGES and partner organizations includ-
ing (i) the use of smoke evacuation systems with a HEPA
or ULPA filter with complete desufflation prior to speci-
men extraction or conversion to open; (ii) being conscious
of avoiding air leaks through appropriate selection of entry
techniques, trocars, and using the lowest necessary insuffla-
tion pressures; (iii) taking measures to minimize the genera-
tion of SS by using the lowest settings on energy devices,
avoiding long sequences of tissue desiccation, using non-
energy-based instruments for dissection where appropriate;
and (iv) through the proper use of recommended personal
protective equipment including diligence in donning/doffing
techniques [64].
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