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SURGICAL SPACE SUITS INCREASE PARTICLE AND
MICROBIOLOGICAL EMISSION RATES IN A SIMULATED
SURGICAL ENVIRONMENT

ABSTRACT
BACKGROUND: The role of space suits in the prevemtdf orthopaedic prosthetic joint
infection remains unclear. Recent evidence sug@gsiise suits may in fact contribute to
increased infection rates, with bioaerosol emissioom space suits identified as a
potential cause. This study aimed to compare thicfgaand microbiological emission
rates of space suits and standard surgical clathing
METHODS: A comparison of emission rates betweeresgaits and standard surgical
clothing was performed in a simulated surgical ssrvinent during five separate
experiments. Particle counts were analysed withdggarate particle counters capable of
detecting particles between 0.1 and 20 um. An Agetetmpactor was used to sample
bacteria, with culture counts performed at 24 afdhdurs.
RESULTS: Four experiments consistently showedsdieaily significant increases in
both particle and microbiological emission rateewlspace suits are used compared with
standard surgical clothing. One experiment showedrisistent results, with a trend
towards increases in both particle and microbiaalgemission rates when space suits
are used compared with standard surgical clothing.
CONCLUSION: Space suits cause increased partidenaarobiological emission rates
compared with standard surgical clothing. This ifngdorovides mechanistic evidence to
support the increased prosthetic joint infectidesabserved in clinical studies.

KEYWORDS: Orthopaedics; space suit; clean air; arthroplgstysthetic joint

infection; emission rates
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INTRODUCTION

Total joint arthroplasty is one of the most sucttdlssommonly performed
orthopaedic procedures and an effective methodiefiating symptoms associated with
hip and knee osteoarthritis [1-3]. Prosthetic jairiéction is a concerning complication
of total hip and knee replacement, with currerésastimated to be between 2.0% and
2.4% over an eight year period in the USA [4]. Tisis marked improvement compared

to early arthroplasty series in the 1960s thatmlesd rates as high as 10% [5].

This reduction has been attributed to a numberezdsuares that were introduced
at the time, including the formulation of the clenhypothesis which suggested that the
prosthetic joint might constitute a system uniqusgwsitive to infection by a very small
bacterial inoculums derived from airborne parti¢eg’]. A multifaceted approach
involving both improved room air ventilation systemcorporating laminar flow and
modified surgical clothing consisting of body exkisuits were introduced in an effort to

reduce infection rates [5, 6].

Multiple clinical and non-clinical studies suppadithe use of body exhaust suits
have since been published, leading to their wicegpuse [8-14]. These studies have
used air and wound bacterial and particle counsmia®gate markers for infection, as the
number of samples or participants required in dystf statistical significance with the
current low prosthetic joint infection rates woldd in the thousands and very difficult
logistically [10-27]. Body exhaust suits were onglly designed with both the air inlet
and outlet tubing arranged to create negative presaside the gown, ensuring any shed
particles are extracted via the outlet tube anehisdd in a controlled manner away from
the surgical field, preventing any contaminatioowéver, such tubing is cumbersome,
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which led to the development of more portable ‘spswit’ systems such as the T4 Steri-
Shield (Stryker Instruments, Kalamazoo, MI, USAE Provision Surgical Helmet
(DePuy, Warsaw, IN, USA), and Stackhouse Freedoen@tackhouse Incorporated,
Palm Springs, CA, USA). With the added benefit @iy splash resistant and serving as
a form of self-protection for the surgeon, spadesswave now become the most common

form of clean air clothing systems used [28].

In contrast to the proven effectiveness of bodyaesh suits, the impact of space
suits on infection rates remains unclear. Receuurte have suggested that space suits
appear to cause increased rates of wound contaarireatd deep infection compared
with standard surgical clothing [29]. Various hyjpetes have been put forward to
explain these increased rates, including decress&iibl awareness, which makes it

easier to contaminate oneself, and also the exleauissions of space suits.

To date no studies have compared particle or miclagical emission rates
between space suits and standard surgical clo#sregpotential mechanism to explain

the increased rates of infection recently reported.

This study aimed to assess the emissions of spétseasnd standard surgical
clothing in a laboratory based setting by creaéirggmulated surgical environment,
providing a mechanistic rationale for the increaséelction rates that have been

observed in the literature.

MATERIALS AND METHODS

This study was conducted in a laboratory-basethgedt our institution between

September 2011 and June 2015. Data was colleabs@qutively in a novel simulated
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surgical environment, designed to replicate aatparating theatre conditions and

custom-built for the investigation of particle soes during five separate experiments.

The simulated surgical environment consisted ddigirght flow-through chamber
with dimensions measuring 2.1 x 0.9 x 0.85 m, \aithinternal volume of 1.6 TnA
circular inlet measuring 17cm in diameter in thefrof the chamber was connected to a
high efficiency particulate air (HEPA) filtered aupply from a large filter bank and fan
unit via aluminium tubing. HEPA filtered clean aas thus introduced into the chamber
constantly to ensure there was no confounding émites from ambient room air, and that
activities in the chamber were the only sourceasfiples and bacteria. The chamber
operated at a slightly higher air pressure tharstimeounding room to prevent ingress of
room air. A circular outlet was located on the framll of the chamber adjacent to the
floor. With this configuration, the filtered air temed above and exited below the
simulated surgical field. No other air ingress gress pathways were present in the
sealed chamber and therefore all emissions frorsulgical clothing were captured, free
of contamination from other sources. An isokinsampling cone attached to electrically
conductive rubber tubing measuring 4mm in diametes attached at the chamber air
outlet, and in turn attached to a flow splittertttimected air towards two separate particle

counters.

Particle counting was performed with two instrunsethe Lasair Il 110 optical
particle counter (OPC) (Lasair, Korskildelund, Gseldenmark) and the TSI 3312A
ultraviolet aerodynamic particle sizer (UVAPS) (TShoreview, MN, USA). The use of
both these counters has been reported in othelasistiidies analysing air quality [25-27,

30]. The instruments were used together to enbgrevidest possible range of particle
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sizes was captured. The OPC measured particlegbet:1pm and 5.0um. The UVAPS
measured particles between 0.5um and 20 um. Dihe toigh levels of noise and low
detection efficiency of channel sizes below 0.523umd channel sizes above 15um for
the UVAPS, these measurements were excluded. M&asats were made by both

particle counters at 10 second intervals.

Microbiological sampling was performed in additi@nparticle counting because
particle concentrations alone do not indicate ttesgnce of viable organisms. A Thermo
Scientific six-stage viable Andersen cascade inggg®Waltham, MA, USA) was also
placed at the test chamber outlet., analysinggestbetween 0.6um and 7.0 um. Air was
sampled onto Tryptone soya agar plates on eaclstige (BiomerieuMarcy| ‘Etoile,
Lyon, France) which have previously been usedrmlar experiments [25, 27]. Plates
were sent immediately for microbiological analysisthe day of the experiment and
incubated for 48 hours at 37°C in air. Colony ceumére performed at 24 and 48 hours,
except for the first experiment where counts wety performed at 24 hours. Bacterial

subtyping was also done but only for the first expent.

A hot-wire anemometer (TSI model 9535, Shoreview,MSA) was used to
measure the air velocity at the spirometry chanolélet where the particle and
microbiological samples were collected. This alldvtiee volume flow of air during each
test to be calculated in order to determine themasaission rates of particles and

bacteria.

Five experiments were conducted in total over figparate days. Each
experiment involved twelve 40-minute cycles condddequentially. This in turn

consisted of two separate cycle conditions thatwested three times each in a computer
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randomised order on the day of testing. The twause#p cycles tested were identical
apart from the type of surgical head gear. Foryeegperiment, the surgeon wore the
same pair of cotton surgical scrub trousers/shiitts Work Bistro Vent Clog shoes

(Crocs, Niwot, CO, USA) along with for each cyckansets of:

1) Kimberley-Clark large standard surgical gownsi{Berley-Clark, Roswell,
GA, USA).

2) Ansell Gammex PF surgical gloves (Ansell, RichiohoVictoria, Australia).
3) Sentry Medical shoes covers (Sentry MedicaligtasCreek, NSW, Aus).

4) Sentry Medical surgical caps (Sentry MedicaktEa Creek, NSW, Aus).
The two different types of surgical head gear userk either:

1) The combination of a Kimberley Clark Balaclavadd and Kimberley Clark
Fluid-Shield surgical mask (Kimberley-Clark, Roslw@&8A, USA) — “Standard
Surgical Clothing”

2) The Stryker T3 Sterishield Helmet and StrykerSI&rishield Hood Cover

(Stryker Instruments, Kalamazoo, Ml, USA) — “Sp&uets”

A plastic stool was always present in the chamibesrder to best simulate
operating theatre conditions, the same set of scand shoes were used during each
experiment and cleaned afterwards. All other itefndothing were changed for each
cycle. The same space suit helmet was used foyaks/experiments and was cleaned

afterwards.

Prior to each cycle, the chamber was wiped cledn ¥% ethanol and also

vacuumed. On each separate day prior to commendtehte cycles, the HEPA filter



138  fan unit was allowed to initially run for a totdl twvo hours to flush the test chamber and
139  ensure a steady flow rate. Each cycle involvedstirgeon entering the spirometry

140 chamber fully clothed with a particular type ofgigal clothing. The chamber was then
141  sealed with the surgeon inside and a total of tywamhutes was allowed to elapse before
142 sampling was commenced to allow particle countgtiarn to baseline and all external
143  air that had entered from opening of the door tavhshed out, as confirmed by the real-
144  time OPC and UVAPS data. Sampling periods lastemtyvconcurrent minutes for both
145  particle counters and the impactor. During eachtweninute sampling period, the

146 surgeon would perform a standardised set of uppgy movements at one minute

147  intervals for a total of thirty seconds to simulateactual surgeon’s movements.

148 The mean emission rate (ER) of particles and bacteas determined for each
149  experiment and condition via the formula:

150 ER = GreaV/t

151  where ER is the mean particle number (particley/seenicrobiological (bacterial

152 CFU/sec) emission rateGnis the arithmetic mean particle number (partictésbr

153 bacterial (CFU/M) concentration during the measurement, V is dinwe that flowed
154  past the sample point during the measuremef); @nd t is the duration of the

155 measurement (sec). This formula has been usedidasexperiments previously [30].
156  Statistical analysis of data was performed for eaqieriment using descriptive analysis
157  and a univariate general linear model in the StedisPackage for the Social Sciences
158  Version 22 (SPSS, IBM, Armonk, NY, USA). Comparisamere made between the
159  space suits and standard surgical clothing. Intexidio standard analysis of overall

160  results from both particle counters, a separatly/sisaf the larger channel sizes (0.5
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pm, 1.0 um and 5.0um) for the OPC was done, asitesange includes particles that
have been associated with the ability to carrysewtl bacteria [31]. Results were
analysed separately for each experiment as sudtigtions in flow velocities and

surgeon particle counts on each experimental daleraacombined analysis invalid.

RESULTS

Particle Emission Rates

The results of this study show statistically sigraiht increases in particle
emission rates (PER) when space suits are usedactethpwith standard surgical clothing.
This was a consistent finding in all experimenigept in experiment one, which showed
inconsistent findings trending towards an increadeER with space suits. Statistical
comparisons of PERs between space suits and sthsul@ical for each particle counter

in all the experiments are shown in Figures 1-3.
Microbiological emission rates

The results of this study show statistically sigraht increases in microbiological
emission rates (MER) when space suits are usedamthpvith standard surgical
clothing. This was a consistent finding in all espeents, except experiment one, which
showed low microbiological counts preventing aisti&glly significant analysis of
results, although the trend was towards increasesdrobiological emission rates when
space suits were used compared to standard suctpdaing. These microbiological
findings are consistent with the particle countsuhes. The 8 bacterial colonies cultured
and subtyped in the first experiment consistedaf toagulase negative staphylococcus

species, one gram positive micrococcus speciesg@m negative bacillus species and
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one gram positive corynebacterium species. Staistomparisons of MER between
space suits and standard surgical clothing at 848rhours in all the experiments are

shown in Figures 4 and 5.

DISCUSSION

This study is the first to examine particle andnoigological emission rates of
space suits and standard surgical clothing. Ovehalresults show a statistically
significant increase in particle and microbiologdjiemission rates when space suits are
used compared to standard surgical clothing dugimgilated operating procedures.
These findings support the results of previousistudnd provide a mechanistic rationale
for the increased rates of wound contaminationdeep infection that have been

observed [29].

There are a number of limitations to this studysthy, large variations exist
between particle emission rates of the experimdittis. variation is up to tenfold when
comparing certain experiments (one and five fomgxa). It is difficult to explain this
variation. Causes include varying levels of surgskin contamination on the day of each
experiment, varying levels of surgical scrub péetaontent and contamination used for
each experiment and varying levels of chamber coint@ion during each experimental
day. Surgeon skin contamination could have beetr@ed more accurately using a
strict and consistent personal hygiene and groomauafine (such as showering/shaving)
at the same time on day of the experiment; thisweaslone. Similarly, varying levels of
surgical scrub particle content and contaminatauict have been standardised by
following a regimented laundry regime, which wasaiagiot performed. Finally, attempts
were made to control levels of chamber contaminatiaring each experimental day with

9
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a structured cleaning routine of the chamber, tagtplausible that minor variations in
chamber cleaning could have contributed to theimgrsates between experiments.
However, regardless of these influences becausespace suit and standard clothing
test was done on the same day, the relative difterebetween the two should remain.
This is bolstered by the observation of a relagivansistent trend showing increased
emission rates of space suits compared with stdrelagical clothing in all the

experiments.

Another limitation of this study is its laboratdogsed nature. Clinical studies
conducted during actual total hip and knee replacgsare the current gold standard for
investigating factors associated with prosthetitjmfection. The feasibility of
performing such studies is limited though due ®dbrrent low rates of infection and the
large number of participants that would be requfceda clinical trial. The correlation
between the importance of air quality and infectiates has been proven previously on
multiple occasions, and laboratory based studiels as the current study using air
particle and bacterial counts as surrogate mafkeigctual prosthetic joint infection
rates still have relevance [8, 9, 31, 32]. Moreotlas study was able to account for the
confounding influence of non-clothing particle/beré sources by using HEPA filtered
supply air. This would be exceedingly difficult werdeal world operating conditions.
The results of the first experiment were not cdesiswith the other four experiments.
There was no consistent statistically significattionship between the type of clothing
and the particle/microbiological emission rate fnpiarticle emission rates at times even
showing an opposite effect). The cause of thisidear, but it may be attributed to the

large variations in air velocity found in the fiestperiment and the high overall velocity,

10
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which may have diluted the concentration of paschnd bacteria that was able to be
detected. This is also reflected by the fact thatall particle counts were much lower in
the first experiment compared with the other faypegiments. The experience of the first

experiment allowed the velocity to be adjustedrinrmpexperiments.

There are a number of explanations for the incbagassion rates seen with the
use of space suits. The first relates to the p@sgiressure environment created by the
space suit. Space suit systems have an intake oalttee helmet itself, which draws air
in from outside using the disposable hood matesa filter. The air is then blown down
across the surgeon’s face and neck, creating pegitessure inside the surgeon’s gown
and potentially expelling contaminated particlés ithe operating environment and onto
the surgical field [15].

Another explanation for the increased emissiorsratay relate to the increased
amount of clothing material involved when spacessaie used. The hoods on the Stryker
T3 hoods (Stryker Instruments, Kalamazoo, MI, USfasure more than 50 x 70cm.
This creates a separate interface for generatirtgcies within the surgical gown that
could be responsible for additional particles beangtted, thus leading to increased

particle shedding.

The lack of face and head coverage provided byespaits may also have
contributed to increased emission rates. Standagical headgear used during joint
arthroplasty surgery involves a balaclava simitathie one used in this study that covers
most of the surgeon’s forehead, ears and eyebi®pace suit helmets and hoods do not
routinely cover these areas unless additional resadg worn. Studies have shown that

there are a significant amount of potentially harnilacteria and squames present on

11
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surgeon’s foreheads, eyebrows, and ears partigy8#]. The lack of coverage provided
by space suits in combination with the positivesptge environment that is created may

thus be responsible for the increased emissios.rate

A final possible explanation for the increased aiois rates relates to spatial
awareness issues that arise when space suitseateAlthough meticulous attention was
paid to the simulated surgeon’s surroundings withenspirometry chamber, contact of
the surgeons hands with the hood or the sidesecithmber due to decreased spatial
awareness may have resulted in additional parti@sgy generated. This concern has

been raised by surgeons surveyed previously [33].

Advocates of space suits describe two main redsorseir use, prosthetic joint
infection prevention and personal protection. Btigly and the majority of studies in the
literature support either an equivalent or detritakeffect of space suits with regards to
infection prevention. The use of space suits fos@eal protection has more merit, with
studies showing a high rate of surgeon and clotborgamination with the surgical site
as the primary source during total knee and hiprepiasty [34, 35]. The recent literature
on space suits and their role in the surgicalregtiias suggested that space suits should

be used primarily as a form of self-protection antlas an infection prevention tool [33].

Based on the findings of this study and their piémplications, surgeons who
choose to use space suits as a form of self-protecan implement a number of steps to
potentially reduce the potential for causing inif@ct Firstly, all gown interfaces which
could serve as an external conduit for emissioagiqularly those coming into close
contact with the surgical field such as the sur¢ggebands (gown/glove interface) should

be sealed air tight, and exhaust air routed thr@ugimgle pathway which is either

12
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filtered or discharged such that it cannot contat@rhe surgical field. This has been
highlighted in the literature recently, with measisuch as sealant tape having been
recommended [15, 16]. Further headgear should éx tascover as much as the
surgeon’s face as possible including ears and eyehrsuch as the balaclava used with
standard surgical clothing. Surgeons using spaite swuld also pay meticulous

attention to their surroundings and have a heigltesense of spatial awareness.

Unnecessary movements generating excess partietdsalso be avoided.
Modification to current space suit instrumentation other operating room equipment
may also potentially help reduce emission rateskyBspace suit helmets and hoods
should be modified, and excessive hood materiallshize avoided. A translucent hood
material may help with a surgeon’s spatial awaren¥sgative pressure suits with outlet
tubing are no longer commercially available but fications to existing suits such as
the implementation of an exhaust fan within the gakat expels emissions towards a
specific location away from the surgical field mago be useful. The use of laminar flow
systems and similar devices which blow clean aio @amd away from the surgical field
may also be of benefit. Large clinical studies hstvewn lower infection rates (1.5% vs
0.56%) when laminar flow is used in conjunctionhamodified surgical clothing (body
exhaust suits) [8, 9]. Recent nationwide registitachas also shown a slight but
clinically significant reduction in infection rateghen space suits are used in laminar
flow theatres compared to conventionally ventilateshtres. A combination of these
measures should be employed to limit the effethefpotentially harmful emissions of

space suits when they are used.
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The potential exists for a number of different arembe researched based on the
findings of this study. A study assessing the favparticles and bacteria emitted by
surgeons and surgical clothing has yet to be paédr While particles derived from the
skin and clothing of surgeons have been shownrty bath aerobic and anaerobic skin
bacteria capable of causing infections[31], theic#l significance of different thresholds
of particle and microbiological emission rates #melr impact on prosthetic joint
infection rates specifically also requires furthresearch. Finally, a comparison between
positive and negative pressure clothing systerasliody exhaust suits and space suits)
would be of value, as this is an important mechargentributing to the results of this

study.
CONCLUSION

Orthopaedic prosthetic joint infection rates mayalfected by the emissions of
orthopaedic surgical clothing. This study compatedemission of space suits to
standard surgical clothing, via laboratory basethos of particle and microbiological
counting, in a simulated surgical environment. Téslts of this study consistently
showed statistically significant increases in géetand microbiological emission rates
when space suits are used compared with standagidaclothing. These findings
provide mechanistic evidence to support the fingiofjlarge epidemiological studies
reporting higher infection rates, and can be usadform the choices made by surgeons
about their clothing. Surgeons should proceed eatltion when using space suits during

surgery, particularly total joint arthroplasty.
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Figure Legends

Figure 1: Mean of UVAPS patrticle emission ratescepguit vs standard

Figure 2: Mean of OPC All particle emission ratpace suit vs standard

Figure 3: Mean of OPC Large particle emission rapegce suit vs standard

Figure 4: Mean of microbiological emission rate4thours

Figure 5: Mean of microbiological emission rateg&thours (Experiment 1 not read at 48

hours)
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