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Introduction

The COVID-19 pandemic has focused attention on sur-
gical access1,2, with many surgeons3–5 and professional
bodies6 abandoning minimally invasive surgery (MIS) for
emergency and elective procedures, even in healthcare sys-
tems with preserved capability. The reason cited is con-
cern over the aerosolization hazard from surgical gases
and airborne transmission of infection. In the face of this
challenge, to maintain the advantages of MIS to patients,
protection of both the surgical team and environment is
required7. This has already begun, with protocols emerg-
ing for more mindful, deliberate practice with respect
to pneumoperitoneum management, combined with use
of controlled, filtered insufflation and smoke evacuation
systems8,9. However, to fully address safe MIS, a bet-
ter understanding of gas leakage is essential. To illustrate
the full extent of the issue and to establish clinically use-
ful modelling tools, a series of clinical and experimen-
tal explorations regarding surgical airflow around laparo-
scopic, robotic and transanal access sites was performed.
These studies were performed with Institutional ethics
review board approval (AEROSOLVE, IRB 1/378/2172).

Methods

For clinical qualitative assessment, a near-infrared cam-
era (FLIR GF343; FLIR Systems, West Malling, Kent,
UK), spectrally attuned to the absorption wavelength of
carbon dioxide to enable its visualization by the absorp-
tion δ, was used to observe both elective and emergency
surgery performed by standard and robotic-assisted
laparoscopy and transanal minimally invasive surgery.
Experimentally, a high-fidelity laparoscopy model using
fresh porcine cadaver was established for operation (diag-
nostic laparoscopy, cholecystectomy and small bowel
examination), with standard instrumentation employed by

experienced surgeons and carbon dioxide pneumoperi-
toneum. To characterize and quantify gas leaks in this
model, high-speed Schlieren optical imaging, a passive
imaging method whereby changes in refractive index can
be visualized directly (Fig. S1, supporting information), was
applied continuously. Leaks were studied at three different
pneumoperitoneal pressures (8, 12 and 25 mmHg) using
three different brands of trocar (Applied Medical, Santa
Margarita, California, USA, Conmed, Utica, New York,
USA; and Medtronic, Minneapolis, Minnesota, USA)
in separate models, with recording by monochromatic
camera (Phantom® v311/VEO4k 990; Vision Research,
Wayne, New Jersey, USA). To demonstrate the droplet
propulsion capability of the gas streams, a laparoscopic
nebulizer (Aerogen® Pro Solo, 1–5-μm mist; Aerogen,
Dangan, Galway, Ireland) humidified intra-abdominal gas
and high-definition videography was used to study droplet
escape via transillumination in a darkened room. Post hoc
image processing included optical flow-based estimation
of indicative leak velocity flow field using feature track-
ing, and two-dimensional cross-correlation image flow to
predict flow patterns (laminar or turbulent, by Reynold’s
number calculation) and quantify volumes and evolution
of observed flow structures indicative of microdroplet
kinematics (allowing approximation of particle path lines).
Management of leaks by compensatory local ring vacuums
(Leaktrap™, Palliare Surgical, Dangan, Galway, Ireland)
was investigated using the same methodology.

Results

Considerable gas leakage was observed during all proce-
dures (Fig. S2 and Video S1, supporting information), and
was reliably and repeatedly evident experimentally (Fig. 1;
Video S2, supporting information). Such trocar leaks are
capable of actual droplet propulsion (Fig. S3 and Video S3,
supporting information). Trocar valve fatigue developed in
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Fig. 1 Photographic stills from video capture of high-speed Schlieren imaging during laparoscopic surgery showing examples of each
category of gas leak

a  Intentional b  Intentional c  Inadvertent d  Inbuilt

e  Inbuilt f  Inbuilt g  Inbuilt h  Inbuilt

a,b Category 1 intentional leak owing to venting gas from trocar to clear smoke (a) and removal of a trocar without first desufflating pneumoperitoneum
(b). c Category 2 inadvertent leak occurring at abdominal wall around trocar base. d–h Category 3 inbuilt leak occurring through the trocar, as happens
during optical port insertion (d) and removal of an obturator from a 5-mm port (e) and from a Hassan port (f), or because of leakage via valves at the time
of insertion (g) or removal (h) of an instrument. Best viewed in Video S2 (supporting information).

Table 1 Classification of gas leak at laparoscopy by underlying causative mechanism

Category Definition Example

Intentional Those caused by deliberate action. Mitigatable by careful
adherence to best practice

Venting trocar into room to clear smoke, reduce pressure, conclude
procedure

Specimen extraction

Interruption of valve closure (e.g. specimen bag thread/drain
placement across valve)

Inadvertent Commonly occurring at skin–trocar interface placement sites Incision too big

Extreme movement/positioning of instrument

Inbuilt Those occurring through trocars or instruments either by design
or mechanical failure/fatigue

Optical trocars used with insufflation to initiate pneumoperitoneum

Obturator use to (re)place trocars during procedure

Robotic instrumentation
Energy devices

Instrument exchange

Leaky valve leaflet

Leaks in each category can be continuous or intermittent and affected (either exacerbated or relieved) by pneumoperitoneal pressure changes. Examples
are shown in Fig. 1, and Figs S2–S5 and Videos S1–S5 (supporting information).

some ports experimentally after as few as three instrument
exchanges and, interestingly, was worst at lower pneu-
moperitoneal pressures (data not shown).

Mechanistically, leaks can be grouped into three cate-
gories (Table 1). Volumes and flow patterns of gas leaks

are shown in Table 2, and Fig. S4 and Video S4 (supporting
information), along with particle trajectories, showing
mean velocities reaching 5 m/s and estimated leak flow
rates up to 20 l/min. Instrument insertion was associated
with greater turbulence of leak stream and volume (litres
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Table 2 Indicative volumetric flow rate and Reynolds number estimation of gas leaks occurring around and through trocars

Orifice diameter (mm) Flow rate (l/min)* Reynolds number*

Abdominal wall leak – 0⋅49 (0⋅22–0⋅75) 1458 (1087–1830)

Obturator removal 5 2⋅71 (1⋅18–3⋅06) 2630 (1144–2973)

12 15⋅50 (13⋅90–20⋅73) 7520 (6748–10 065)

Venting from insufflation tap 4⋅3 4⋅23 (2⋅22–6⋅95) 4771 (2508–6748)

Instrument insertion 5 5⋅45 (2⋅53–5⋅89) 5290 (2459–5504)

10–12 16⋅96 (12⋅39–18⋅71) 8235 (6016–9081)

Instrument withdrawal 5 2⋅36 (1⋅18–7⋅48) 2288 (1144–7263)

10–12 7⋅54 (7⋅07–11⋅17) 3660 (3431–5421)

Trocar removal 12 13⋅90 (13⋅90–19⋅01) 6748 (6245–6748)

*Values are median (range). Reynolds number (Re) below 2300 indicates laminar flow, 2300–4000 indicates transitional flow, and over 4000 indicates
turbulent flow. In general, volumes, mean and maximum velocities and Re increased with higher intra-abdominal pressure.

per minute) than withdrawal, with pressure exacerbating
both. Observed jet streams tended to turbulence and
were eliminated at trocar top and base by ring vacuums
(15 l/min, 10 kPa suction) (Fig. S5 and Video S5, supporting
information).

Discussion

The COVID-19 pandemic has demonstrated a problem
with contemporary MIS practice. The imperative now is
to improve the fundamentals of MIS, so that further such
threats cause less systemic shock and best patient care con-
tinues. In the hierarchy of hazard control measures10, engi-
neering controls trump administrative and personal protec-
tion equipment controls, and rank below risk elimination
only. This is needed whether or not the peak of the pan-
demic passes soon as resumption of normal services will
involve patients at ongoing community risk of infection
for the foreseeable future. Furthermore, even if it could be
proved that COVID-19 is not transmissible from virions
detectable in blood and enteric content (and perhaps also
peritoneal fluid)2–13, the precedent now is that laparoscopy
may be discarded in the face of any other transmissible
epidemic. There is already enough evidence to support
improved practice regarding gas management, irrespective
of infection risk (including non-COVID infections)14,15.
Some estimates suggest that MIS in the USA alone creates
more carbon dioxide pollution than some countries16, and
that the risks of inhaling surgical smoke equate to those of
passive smoking17.

This work has developed tools and models for the assess-
ment of gas leakage. Carbon dioxide leakage is common,
occurs at considerable velocity (equivalent to that occur-
ring with a human cough) and volume, and is capable of
transmitting particles into the operating room environ-
ment. Although some of the leaks are unsurprising, others,

such as gas escape through hollow spaces needed for energy
and lever transmission, were unexpected. Some of the
known mismatch between carbon dioxide volumes needed
to maintain pneumoperitoneum (200–400 ml/min) and
the amount absorbed systemically (40 ml/min) has already
been explained, showing how operative carbon dioxide
consumption rates are in the order of 200–300 l/h (and
higher with Airseal® (Conmed) insufflation18). Because
of powerful insufflation, considerable ongoing gas leakage
occurs without disruption of operative view or fluency.

Although intentional leaks are controllable, technolog-
ical development is needed to address the inadvertent
and inbuilt ones. Different leaks occur simultaneously
and therefore it is insufficient to focus on any one cat-
egory alone. Furthermore, although current guidelines
help in terms of intentional leaks, some leakage will still
occur in this category despite adherence to best prac-
tice. Patient factors such as obesity can also confound;
even if ideal incisions are made at the start, skin or fas-
cial stretch can occur during the procedure, especially
with extreme instrument movement. Smoke evacuation
solutions are also only partially effective. Leaks occur-
ring through functional trocars and instrumentation as
well as trocar valve fatigue (interestingly, worsened by
lower-pressure pneumoperitoneum) show some limita-
tions of the present recommendations. Without more fun-
damental address, high-level personal protective equip-
ment (perhaps powered air-purifying respirators19) will
continue to be needed to mitigate the hazards of pathogen
and pollutant contamination.

With the indicative data generated by these assessments,
many practice and technological solutions can begin devel-
opment, but further modelling is needed for precision.
Smaller trocars and instruments let lower volumes of
gas escape but their higher velocity accentuates droplet
trajectory. Although initial mechanical adaptations can be
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configured as a universal add-on for rapid deployment
(including lower device classification), next-generation
design is needed within trocars for use in conjunction
with filtered gas evacuators and low-pressure insufflators.
Whatever the exact method of amelioration, the con-
structs need to be robust, widely acceptable and available.
Their use could also extend to other aerosol-generating
interventions such as endoscopy20 and airway intubation21.

Historically, there has been complacency about gas pol-
lution in the operating room from endolaparoscopy22,23.
Although concern exists that complete eradication of cav-
ity gas loss from instrument insertion, manipulation and
withdrawal through trocars is impossible, the issues can be
markedly improved. Within the stark context of a global
pandemic with high healthcare staff infection rates and
the cessation of elective surgical practice worldwide, the
present data should inspire change.

Acknowledgements

The authors acknowledge the following equipment loans:
v311 Phantom high-speed camera from the Thermal
Management Group, Bell Labs (Dublin, Ireland), and
VEO4K 990 Phantom high-speed camera from A. Kear-
ney at Vision Research (Belfast, UK), both used for
Schlieren imaging; FLIR GF 343 from S. Beynon, Flir
Systems (West Malling, Kent, UK), supplied with ther-
mographic training by D. Doyle, Butler Technologies
(Maynooth, Kildare, Ireland); Vacuum Ring Donuts used
for suctioning assessments supplied by J. O’Dea, Palliare
Surgical (Dangan, Galway, Ireland); and Aerogen® Pro
Solo supplied by B. Russell, Aerogen (Dangan, Galway,
Ireland). R.A.C. receives speaker fees from Stryker, con-
sultancy fees from Touch Surgery and Distal Motion,
and holds research funding from Intuitive Corpora-
tion and Deciphex and IBM Ireland (from the Irish
Government).
Disclosure: The authors declare no other conflict of interest.

References

1 Zheng MH, Boni L, Fingerhut A. Minimally invasive surgery
and the novel coronavirus outbreak: lessons learned in China
and Italy. Ann Surg 2020; 272: e5–e6.

2 Welsh Surgical Research Initiative Collaborative. Surgery
during the COVID-19 pandemic: operating room
suggestions from an international Delphi process. Br J Surg
2020; https://doi.org/10.1002/bjs.11747 [Epub ahead of
print].

3 Di Saverio S, Khan M, Pata F, Ietto G, De Simone B, Zani E
et al. Laparoscopy at all costs? Not now during
COVID-19 and not for acute care surgery and emergency

colorectal surgery: a practical algorithm from a hub tertiary
teaching hospital in Northern Lombardy, Italy. J Trauma
Acute Care Surg 2020; 88: 715–718.

4 Lisi G, Campanelli M, Spoletini D, Carlini M. The possible
impact of COVID-19 on colorectal surgery in Italy. Colorectal
Dis 2020; 22: 641–642.

5 Schwarz L, Tuech JJ. Is the use of laparoscopy in
COVID-19 epidemic free of risk? Br J Surg 2020;
107: e188.

6 Royal College of Surgeons of Edinburgh. Intercollegiate
General Surgery Guideance on COVID-19 Update; 2020.
https://www.rcsed.ac.uk/news-public-affairs/news/2020/
march/intercollegiate-general-surgery-guidance-on-covid-
19-update [accessed 21 April 2020].

7 Yeo C, Yeo D, Kaushal S, Ahmed S. Is it too premature to
recommend against laparoscopic emergency surgery in
COVID-19 patients? Br J Surg 2020; 107: e202.

8 SAGES. SAGES and EAED Recommendations Regarding
Surgical Response to COVID-19 Crisis. https://www.sages.org/
recommendations-surgical-response-covid-19/ [accessed 21
April 2020].

9 Mowbray NG, Ansell J, Horwood J, Cornish J, Rizkallah P,
Parker A et al. Safe management of surgical smoke in the age
of COVID-19. Br J Surg 2020; https://doi.org/10.1002/bjs
.11679 [Epub ahead of print].

10 Centers for Disease Control and Prevention. Hierarchy of
Controls; 2015. https://www.cdc.gov/niosh/topics/hierarchy/
default.html [accessed 21 April 2020].

11 Barberis A, Rutigliani M, Belli F, Ciferri E, Mori M, Filauro
M. SARS-Cov-2 in peritoneal fluid: an important finding in
the Covid-19 pandemic. Br J Surg 2020; https://doi.org/10
.1002/bjs.11816 [Epub ahead of print].

12 Gu J, Han B, Wang J. COVID-19: gastrointestinal
manifestations and potential fecal–oral transmission.
Gastroenterology 2020; 158: 1518–1519.

13 Xiao F, Tang M, Zheng X, Liu Y, Li X, Shan H. Evidence
for gastrointestinal infection of SARS-CoV-2.
Gastroenterology 2020; 158: 1831.e3–1833.e3.

14 Liu Y, Song Y, Hu X, Yan L, Zhu X. Awareness of surgical
smoke hazards and enhancement of surgical smoke
prevention among the gynecologists. J Cancer 2019; 10:
2788–2799.

15 Pereira M, Tribess A, Buonanno G, Stabile L, Scungio M,
Baffo I. Particle and carbon dioxide concentration levels in a
surgical room conditioned with a window/wall
air-conditioning system. Int J Environ Res Public Health 2020;
17: 1180.

16 Power NE, Silberstein JL, Ghoneim TP, Guillonneau B,
Touijer KA. Environmental impact of minimally
invasive surgery in the United States: an estimate
of the carbon dioxide footprint. J Endourol 2012; 26:
1639–1644.

17 Schultz L. An analysis of surgical smoke plume
components, capture, and evacuation. AORN J 2014; 99:
289–298.

© 2020 BJS Society Ltd www.bjs.co.uk BJS 2020; 107: 1401–1405
Published by John Wiley & Sons Ltd

https://doi.org/10.1002/bjs.11747
https://www.rcsed.ac.uk/news-public-affairs/news/2020/march/intercollegiate-general-surgery-guidance-on-covid-19-update
https://www.rcsed.ac.uk/news-public-affairs/news/2020/march/intercollegiate-general-surgery-guidance-on-covid-19-update
https://www.rcsed.ac.uk/news-public-affairs/news/2020/march/intercollegiate-general-surgery-guidance-on-covid-19-update
https://www.sages.org/recommendations-surgical-response-covid-19/
https://www.sages.org/recommendations-surgical-response-covid-19/
https://doi.org/10.1002/bjs.11679
https://doi.org/10.1002/bjs.11679
https://www.cdc.gov/niosh/topics/hierarchy/default.html
https://www.cdc.gov/niosh/topics/hierarchy/default.html
https://doi.org/10.1002/bjs.11816
https://doi.org/10.1002/bjs.11816


Aerosols at endolaparoscopy and robotic surgery 1405

18 Horstmann M, Horton K, Kurz M, Padevit C, John H.
Prospective comparison between the AirSeal® System
valve-less trocar and a standard Versaport™ plus V2 trocar in
robotic-assisted radical prostatectomy. J Endourol 2013; 27:
579–582.

19 Dalli J, O’Keeffe DA, Khan F, Traynor O, Cahill RA.
Powered Air Purifying Respirators (PAPR) for the protection
of surgeons during operative tasks: a user perspective
assessment. Br J Surg 2020; 107: e328–e330.

20 Bang CS, Lee K, Yang YJ, Baik GH. Ambient air
pollution in gastrointestinal endoscopy unit. Surg Endosc

2019; https://doi.org/10.1007/s00464-019-07144-8 [Epub
ahead of print].

21 Au Yong PS, Chen X. Reducing droplet spread during
airway manipulation: lessons from the COVID-19
pandemic in Singapore. Br J Anaesth 2020; 125: e176–e178.

22 Bree K, Barnhill S, Rundell W. The dangers of
electrosurgical smoke to operating room personnel: a review.
Workplace Health Saf 2017; 65: 517–526.

23 Bigony L. Risks associated with exposure to surgical smoke
plume: a review of the literature. AORN J 2007; 86:
1013–1020.

Supporting information

Additional supporting information can be found online in the Supporting Information section at the end of the
article.

© 2020 BJS Society Ltd www.bjs.co.uk BJS 2020; 107: 1401–1405
Published by John Wiley & Sons Ltd

https://doi.org/10.1007/s00464-019-07144-8

