SURGICAL SMOKE PLUME

Principles and Function of
Smoke, Aerosol, Gases, and Smoke Evacuators

Charles R. Yeh

<here is substantial literature on various aspects
‘of the hazards of smoke plume generated by
electrosurgical instruments and lasers. Most
studies address single issues. According to a
recent survey of 4,500 Canadian physicians and
surgeons {(with 800 respondents), the more physicians are
involved with electrosurgery, the more concerned they are
about the hazards of surgical smoke. Plastic surgeons and
anesthesiologists have the highest levels of awareness at
80% and 76.6% respectively.'

In Canada, the hazards of surgical smoke have an overall
national awareness level of 39.6%
among physicians. This shows that
education about the hazards of surgical
smoke, both laser plume and electro-
surgical smoke, has not been greatly
effective.’

Lasers and electrosurgical instru-
ments produce large volumes of smoke
that is a potential health hazard and
impairs visibility of the surgical field.
Volatiles and particulate matter irritate
a person’s eyes, nose, and bronchi.
Smoke plume is also a demonstrated
vector for infectious materials, such as the human papilloma
virus (HPV). Surgical smoke is generated whenever tissue is
heated sufficiently to vaporize. It is estimated that 80% of
surgical smoke is generated by electrosurgical units, while
20% is from laser units.

According to one laser specialist and research engineer,

. electrosurgical smoke is more dangerous than laser
smoke and has the same potential for spreading viruses. . . .
Electrosurgery heats up the tissue more than lasers so it cre-
ates more char. Although it's the same tissue component,
overheating (the tissue) makes it more mutagenic—more
dangerous—as far as breathing it in ¢

The volume of surgical smoke and aerosols generated
during laser surgery or electrosurgery depends on the
A type of tissue,
A type of procedure and technique,
A power setting and duration,
A amount of tissue ablated or lased,

A ventilation system, and
A type of smoke evacuator and collection apparatus.

Table 1 shows temperatures of tissue exposed to a
neodymium: yttrium aluminum garnet (Nd:YAG) laser over
time. According to this researcher,

- .. pyrolytic products are generated in two different forms.
They can either appear as gases or as larger particles. In
addition to substances which are produced during the heat-
ing by the laser, the particles and the vapors contain sub-
stances which are not changed during laser application.’

GASES

he gases (ie, vapors) produced dur-
ing the use of lasers or electrosur-
gical units (ESU) consist of

A combustion degradation gases, such
as carbon dioxide (CO,), carbon
monoxide, hydrogen sulfide, and
ammonia;

A volatile organic compounds, such as
toluene, styrene, methylpyrazine,
benzaldehyde, indol, skatol, phenol,
and benzyl cyanide;

A very volatile organic compounds, such as formaldehyde,
benzene, ethanol, carbon disulfide, and tetrachloroethy-
lene; and

A polyaromatic hydrocarbons, such as benz(a)pyrene, a
well-known carcinogen.

Carbon monoxide and hydrocyanic acid are the most
dangerous volatile substances in laser plume. The formation
of carbon monoxide and carbonization indicates incomplete
oxidation.

In the study using the Nd:YAG laser, gas chromatogra-
phy identified 146 compounds, including the following:

A toluene and styrene, which were the predominant com-
ponents among 20 aromatic hydrocarbons;

A methylpyrazine, followed by three isomers of
dimethylpyrazine, which represent the main compounds
in the group of 17 pyrazines identified;

A indol and skatol, which are present in the greatest con-
centration among the 19 non-pyrazine N-heterocycles;

A benzaldehyde, which is the dominating carbonyl com-

pound;
_
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A phenol and 4-methylphenol, the two other aromatic com-
pounds that occur in higher concentrations; and
A the 25 identified forms of nitrile, which form the largest
group, with benzyl cyanide as the main representative.
The study also found that the large proportion of aromat-
ic compounds in the laser plume is striking—both with
respect to qualitative distribution and to absolute amounts.
Pyrazines are among those compounds with the most intense
odor known. Together with indols and sulfur-containing
compounds, these may account for the odor of the plume.
Less volatile compounds do not occur as free molecules.
They are adsorbed by the particles or condensed to droplets,
which are formed during the laser/tissue interaction. Typical
products of pyrolysis (ie, chemical change caused by heating)
are polycyclic aromatic hydrocarbons (PAH)—a well-known
class of carcinogens. Benz(a)pyrene is a well-known, strong
carcinogen. The PAH are formed in the laser/tissue interac-
tion zone, where temperatures are high and tissue is car-
bonized.®

AEROSOLS

ne researcher compared the aerosol particle size distri-

bution of smoke from laser treatment, electrocautery
treatment, and other combustion processes (eg, tobacco
smoke, diesel exhaust) and found only minor differences.’
These results indicate that aerosols are generated because of
incomplete combustion. The concentration of aerosols has a
decisive influence on the particle size distribution (except in
the case of the excimer laser, in which the short pulses pro-
duce particles by mechanical processes such as disintegra-
tion, explosion, or spray formation). Studies show that laser
parameters (eg, wave length, power density) do not influ-
ence particle size distribution to a significant degree. In one
study, 90% of aerosols were found to be less than 3 to 5
microns in size. This means that 90% of particles generated
by laser treatment are likely to be inhaled and deposited on
the alveolar surface of the lung.® In the case of excimer laser
ablation, 90% of the aerosol mass consisted of particles
between 0.9 and 12 microns. The detected particles between
0.08 and 0.15 microns in size are caused by thermal effects,
as compared to particles between 2 and 12 microns, which

are produced by more mechanical effects as described above.

Results obtained with a CO, laser on soft tissue and a
erbium: yttrium aluminum garnet (Er:YAG) laser on different
materials show that the different ablation processes lead to
quite different velocities within the first 10 cm from the abla-
tion site. The stopping range was different for different models.
In the case of the CO, laser, the plume dynamics are compara-
ble to that of a free gas jet; with the Er:YAG laser, the fast par-
ticles are stopped like moving particles in a viscous medium.’

In another study, in which aerosol samples were taken
during 10 orthopedic surgical procedures, aerosol mass con-
centration and size distribution varied widely from procedure
to procedure and from time to time during the same proce-
dure.” Two modes in size distribution were found during the
first six minutes of surgery during which electrocautery was
the primary tool and irrigation/suction was the secondary
tool. The smaller mode (ie, less than 0.3 micron) appeared
to be generated by electrocautery due to vaporization and
condensation of burned tissue; the larger mode (ie, peak
around 3 microns) was probably produced by irrigation/suc-
tion when a water jet was injected into the surgical site.

The aerosol concentration was higher near the surgical
site, as indicated by data from the impactors (ie, devices used
to measure aerosols) worn by surgeons as compared to other
OR personnel. Aerosol concentration was highest when the
surgical site was open and electrocautery was the primary
tool used with occasional applications of irrigation/suction."

Viral particles became airborne during laser irradiation,
suggesting that aerosol particles are scattered throughout an
area of at least 56 cm’ (almost 9 sq. inches) according to one
study." Positive transmission of airborne viruses in the laser
plume between one cell culture and another also was
demonstrated. The general recommendation from this
researcher is to use evacuation systems whenever tissue is
vaporized by laser or electrocautery.

SMOKE EVACUATORS:

PRINCIPLES AND FUNCTIONS

Surgical smoke evacuators are multistage systems consist-
ing of a capture nozzle, a prefilter for larger particles and

aerosols (down to 5 to 10 microns), an ultra-low penetration

TABLE |I: TEMPERATURE DEVELOPMENT DURING
CONSTANT IRRADIATION OF SAME SITE ON TISSUE SAMPLE
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TABLE 2: VELOCITY AND PARTICLE SIZE EFFECTS
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arr {ULPAY filter for viral and small particulate marrer, ;md
a carbon fileer for odar- ontdining gases. | here are fwo
essential features in evaluating smoke evacuation perfor-
mance and efficiency:

& caprurefcollection and

A filtratiom,

CAPTURE/COLLECTION. T|‘|L?Uj.1|1 much s known about
fileration, there is o remarkable lack of knuoswledee and con-
cern reganding caprure and collection. In 1990, 3 researcher
numed that the effects of a given nozzle on the suroeon's field

of view and O naise lewels -;H:*l:l.'l br ot darad 11 WL
several smoks evicuator manufacturers have addressed rhe

issue af noise, only one company has addressed the issue of
capture and collection,

A tiloration syslem cun remove airborne contaminants o
arving degrees of efficiency only if they have been captured.
A brief discussion of the sequence of evenrs and aerodyiam-
ics that influence cuprure and colleetion will clarify this viral
process,

When cellular warer is vaporized, there is u thousand-fuld
increase involume, and the material s propelled from the
site at high velocity. The distribution of plume, which con-
tains aerosols, gases, and cellular marerial, is influenced by
air flow from room ventilation units. If the plume s not
completely eaprured ar the site, the smaller, higher velocity
particles will disperse throughour the room. The OR seaff
members in closest I'\[‘u,:-xi;ni“' are ar |;'-_i;_:h.__-:a.-| risk due the
higher concentration of the smolie, As the plume circulares,
urhers in the room become exposed, albeit at lower concen-
CraTIons.

PRINCIPLES AND FUNCTION OF CAPTURE/COLLECTION NOZZLES: TunL-
Lap {stancaro). Standard nozzles ar “wands™ are ovlindrical
] commonly availuble wich o dismerer of 15 nch. Some
smoke evacuator companies encourage the use of hoses with
larger diamerers {eg, up to 1 14 inch) wichout the wand 1o
enhance caprure. Suction nozzles exhibit extremely low lin-
car velocity only a shon distance from the nozzle end Lie, in-
riaehina FoROL LT il iy T
diameter from the end of the nozzle and less than 2% enrey
velocity ar ewo diameters)." Therefore, larger motors o
incteased suction is of little consequence when noszle peom-
etry is the kev factar, This s due to the area of the collapsing
sphere of velocity profiles around the entry paint extending
in :‘...l L[i]’l_‘"i.'t'i-:'llf‘.ﬂ. Hlll.fl'l_ I_]]l.:r-l_:ii_"i{:ﬂl,:jl:"'_l: [g‘-d one group L:f
researchers to recommend thar a minimum of 30 cubic feer
per minute (CEM) be used with eylindrical nozzles ro cap-
ure smoke |"|I.|1n-: ;Il‘.l'll'rilrll'l..l ]."'5." lasers. Further, it was noted
that the wand must be held no further than two inches from
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the site of production. These researchers noted that callec-
Ton ::TJIJ:I:iL"l‘LL".-' iI:'IE'*TI:'i.-'L'd when room air flow was in the
direction of suction,”

PRINCIFLES AND FUNCTIONS OF CAPTURE/COLLECTION NOZZLES:
Fraren Horw, A horneshaped nozze urilizes o differen e of
capture technology, As the evacuator mator pulls air
through the nozzle, airflow is laminar insread of surbulen,
Ancairfuil effect s generated by the hyperholic shape of the
horn, Adr rushing invenrd rahially creates a negative pressure
on the front of the horn creating life, thereby increasing its

Enld o Ll TRl i o
permanent How loss is only 4%, compared with 93% for the
standard rubular wand. ™ Becuuse of greater utilization of
energy, virtually no turbulence, and hisher linear velociry at
the caprure paint, the area of collection is increased by 60%,

Che use of 2 horn-shaped nozzle reduces the need for
large morors and high velociey from dhar necessary with the
stundard wand. Beciwse of the increased capiure efficiency
and ficld of collection with the flared horn, smaller high
velocity particles and acrosols are completely caprured.
These otherwise may escape collection due o
v iscamce from site of smoke seperation.

A divection of room air flow, or

A movement of personnel or cquipment,

Levwer air velocities, m facr, allow filrarion efficiencies of
the ULTA filter 10 increase, making it essenrial 1o puak per-
formanee (Tahle 2.

FILTRATION. Since the intmoduction of o class of filrers
referred to as “absolute filters” (ie, high efficiency particulare
ait [HEPA], ULPAY, sinoke evacuators have used the larest
and maose efficient within this class—the ULDA filters. Gen-
crally, HEPA filcers have an effrcicncy raring of 999749 for
particle size of 0.3 microns (ie, three particles our of 10,000
measuring 0.3 microns will ger through the fileer). The
ULPA fileers have an efficiency ratmeg of 99.999+% for par-
ticle size of 012 micron (e, one particle out of 100,000 mea-
suring 012 micron will ger through the filter), Because of

prelwooineaan e it iy b E L v LT B L Hs
hepatiris B (0.042 micron), HPY (0.045 micron), and HIV
(0,12 micron), smoke evacuator manofacturers have
expressed ULPA efficiency ratings ac 0.01 micren of
SIS0 (e, ome 1‘:1fl'l(:]k' out of o million measuring 201
micron will ger through the filrer).

Adr velocity plays @ major role in the efficiency rarings of
these fileers. In general, absolure fileer efficieney decrenses as
air velocity increases. Therefore, higher CFMs will result in
lower filiration efficiency. For example, il ULPA filteation
efficicncy measures 99.9999% w1 0.01 microns at media
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velociry (ie, air passing through filter
media) of 13 feet per minuce (FPM},
filtrarion efficiency would drop to
G0.99% ar 0.01 micron when air
velocity increases to 45 FI'M using the
same test eriteria, The four main col-
lecriom modes of ahsolute filters are
illustrared in Figure 1.

Mee that the key wo filtration of
sub-micron particles hinges on inter-
ceprion and diffusion (Figure 21, As
the particle size increases with inver-
CUptio, I._'H‘:-Il;iitllui'_n' Increases, E'inu'E‘f'E'r,
with diffusion, the opposite s at
work—efficiency increases as particle
size decreases, Where the two inrer-
sect, is the most penecracing parcicle
aize {MPPS), which is the weakest
point of the filter efficiency. For LILPA
filters, the MPPS is 012 micron. Ironi-
cally, ws parricle size decreases te 0.01
micron or increases to 1O micrem, effi-
ciency increases due o diffusion and
interception, respectively.

PURCHASING COMNSIDERATIONS
iltration efficiency rarings for akbso-
lure filters are determined when

the filters are stll in sheet form during

the manufacturing process. The sheer

iv then subjecred o handling, pleat-

ing, anud bricacing. The finished filter

produce, therefore, may be perforated
or compromised during the fabricarion

TS, resnlting inoa lower filtration

efficiency. While there are currently

no universal industry or regolarory
standards, o number of considerations
are presented for standardizing filiers,

A Filrrarion efficiency of the finished
product should be sssured afrer fab.
rication. This is the more accurare
measure of the product in actual
use. Due to the long rest rime
invalved (e, two to three hours o
maore), resting each filter is imprac-
tical. Leak testing, however, should
ke pcrfnrmuj and cervitied for each
ULEA Tiher. The highest fileration
efficiency is of no use if the Tiler,
canister, or housing leaks,

& VLPA fileers fileer particles Jown
fr 0] microns in osize, '.l‘|l_'|u:.|jl‘L;'_{
viral parricles and other harmful
by-produces, The Maticnal Institore

FIGURE I: PARTICLE CAPTURE
MECHANISMS—ABSOLUTE FILTERS

There are four main collection modes used in absolute filters.
1. Straining 3. Interception
2. Inertial impaction 4. Diffusion

. Straining

Fileration size: =1.0 micron

Method: Straining occurs in a fileer when
particles enter flow passages between
two or more fibers that have flow pas-
sage dimensions of less than the particle
diameter.

Efficiency: Straining is the least effective
of the four collection modes.

2. Imertial impaction

Fileration size: = 1.0 micron

Method: An airstream is broken up into
many smaller streams as it travels
through the randomly oriented fiber fileer
bed, These streams are capable of bend-
ing around the fibers and rejoining on the
downstreamn side of the filter. Any parti-
cles that have sufficient inertia will not
bend around the fibers with the airstream and therefore, collide with the
fibers and are captured, These particles have either sufficient mass or velocity
{or both) to prevent them frem altering their path along with airstream.
Efficiency: Inertial impaction is most effective against particles that are larger
than 1.0 micron in diameter. Therefore, for absolute (HEPA/ULPA) filters that
are used primarily for sub-micron aerosals, inertial impaction is of secondary
impartance,

3. Interception

Fileration size: 0.1 to < 3.0 micron
Method: Smaller diameter particles will
alter their path along with the flow lines
arcund the fiber. If the particle follows a
path that would eause it to make contact
with the fiber (ie. a2 flow-line whose dis-
tances from che fiber is less than the
radius of the particle), it is captured and
retained,

Efficiency: Interception is more important for relatively large particles (greater
than 0,1 micron). The interception effect is dependent only upon air velocity
insofar as the flow pattern around the filter is altered by changes in flow rate.

4. Diffusion

Filtration size: 0.01 to 0.1 micron
Method: The random motion of the air-
borne contaminants increases the proba-
bility of colllsion with a fileer fiber (ie,
Brownian meovement). Additionally, once
a particle collides with a fiber, it is
rewined by swrong intermolecular forces
{ie. Van der Waal's forces). A decrease in
filtering velocity will further increase the probability of collision with a fiber
and thereby increase capture efficiency.

Efficiency: Caprure by diffusion favors small particles {less than 0.1 micron in
diameter) and low filtering velacities.

{Daa provided by Filtra Corp., Hawtharne, MNJ}
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tor Occupational Safety and Health
(NIOSH) has recommended that
such filters be handled according to
the Occupational Safety and
Health Administration’s (OSHA)
bloodborne pathogen rule. The ideal
ULPA filter, therefore, should be
contained in a closed housing so
those who handle and dispose of
these filters will not be exposed to
contaminants.

A Larger aerosols and particles are col-
lected on the nozzle or wand, pre-
filter, and tubing. The components
should be disposed of and handled
according to OSHA's bloodborne
pathogen rule at the end of each
procedure.

A Charcoal is used to adsorb odor-con-
taining gases. Macroscopic charcoal
has larger pores and is designed to
more efficiently filter larger gas
molecules, such as fatty molecules
commonly found in surgical smoke.
Microscopic charcoal has smaller
pores and is ideal for filtration of
gases such as toluene and styrene. The ideal smoke evacu-
ator charcoal filter will contain both macroscopic and
microscopic charcoal. Currently most smoke evacuator
manufacturers use only microscopic charcoal.

A The order of filter assembly is important. The optimal
performance of a smoke evacuator should start with an
efficient collection nozzle for complete capture of smoke
produced at the site. A prefilter will filter larger particles
and aerosols between 3 and 20 microns. An ULPA filter
as the next stage will filter particles down to .01 microns.
The charcoal filter should be placed last to adsorb odor
containing gases. A fiber filter can be used to prevent
charcoal dust from entering the room atmosphere. A
number of smoke evacuator filters place charcoal first,
which causes it to act as a physical filter rather than the
function for which it is designed (ie, adsorbing odor con-
taining gases). Further, the charcoal dust coats the ULPA
filter, reducing its efficiency and filter life.

A Smoke evacuator filters should be monitored so that opera-
tors can be assured that smoke evacuator filter life is not
exceeded, according to NIOSH recommendations. Timers
measuring cumulative time of operation provide an essen-
tial and convenient means of monitoring filter life.

A Currently, there are no regulatory or industry standards
regarding evacuator noise levels. Manufacturers’ claims
are often made with measurements conducted in sound-
proof rooms (anechoic). This means that, because most
ORs are not soundproofed, those units will sound louder
than the decibels claimed. For purposes of comparison, all
manufacturers should use one standard of conditions for
measuring evacuator noise.

A Cost of disposables per procedure should be a major part of
the purchase consideration because it is the most expen-
sive factor in the use of smoke evacuation systems. /A
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Charles R. Yeh, BA, is president and chief executive officer of
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Editor’s note: The flared horn nozzle described is the TX Nozzle
(a rrademark of Acuderm, Inc., Ft. Lauderdale, Fla.) and subject of
allowed United States patent application.

APRIL 1997 VOLUME 3 NUMBER 4 /\ SURGICAL SERVICES MANAGEMENT 45§



