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Abstract The body exhaust suit (BES) of Charnley cre-
ates ‘negative pressure’ inside the gown using intake/out-
take tubing. Modern ‘space suit’ (SS) systems incorporate
helmet-based intake fans, which use the hood material as a
filter and create ‘positive pressure’ inside the gown. While
early studies of BES demonstrate a clear reduction in
infection rates following arthroplasty, recent clinical data
on SS use has paradoxically reported a marked increase.
We hypothesized that the positive pressure inside the gown
could carry air and particles via the unsealed area around
the surgeon’s cuff into the operative field. We performed
12 simulated operations with the surgeons hands covered in
fluorescent 0.5 micron powder that approximates the size
of shedded skin squames. Photographs under UV light and
air particle counts were used to compare potential con-
tamination rates between SS and conventional gowns using a
standardised scoring system. The highest powder migration
was seen in the SS group with a score of 15.3 out of 28. No
powder migration was seen in the standard gown group
(p = 0.028). This study provides a plausible explanation for
the increase in infection rates seen with SS use. We recom-
mend SS be considered for personal protection only and
supplemented with sealant tape around the inner glove.
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Introduction and background

Deep infection following total joint replacement is a dev-
astating complication. Early arthroplasty series reported
infection rates as high as 9.5 % [1] leading to a consider-
able efforts to reduce this rate. Charnley introduced the
body exhaust suit [2] (BES), aiming to reduce wound
contamination caused by bacterial shedding from the sur-
gical team. In the large MRC trial reported by Lidwell
[3, 4], BES resulted in a further 90 % reduction in infection
rates (0.7 vs. 0.06 %) in patients given both prophylactic
antibiotics and operated on in ultraclean theatres. These
results led to the widespread introduction of BES.

BES were designed with both air intake and outlet tubing to
create ‘negative pressure’ inside the gown, ensuring any shed
particles are extracted away from the surgical field. However,
such tubing is cumbersome, which led to the development of
more portable ‘space suit’ (SS) systems such as the T4 Steri-
Shield (Stryker Instruments, Kalamazoo, MI, USA), the
Provision Surgical Helmet (DePuy, Warsaw, Indiana), and
Stackhouse FreedomAire (Stackhouse Incorporated, Palm
Springs, CA, USA). Space suit systems have an intake valve
on the helmet itself, which draws air in from outside using the
hood material as a filter. The air is then blown down across the
surgeon’s face and neck, creating a ‘positive pressure’ situa-
tion inside the surgeon’s gown.

This positive pressure is of concern, as theatre staff are
thought to be the primary source of microbial contamina-
tion in up to 98 % of cases [5, 6]. Air under positive
pressure will escape though any gaps that are not sealed,
such as that between the glove and the surgeon’s cuffs. In
addition, turbulent flow around the surgeon’s hood may
disrupt normal theatre airflow.

A recent large registry study [7] reported markedly
increased infection rates when SS are used in arthroplasty
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compared to conventional gowns. We hypothesized that
increased egress of air and bacteria around the surgeon’s
cuffs with SS could provide a mechanism with which to
explain higher infection rates. Fluorescent powder has
previously been used to track aerosol spread in sterile
environments [8, 9], and the aim of this study was to use
this technique to investigate potential routes for contami-
nation of the SS. We also sought to measure particle levels
around the hood to assess whether these were altered by the
presence of the intake fan on the helmet.

Methods

A pilot study was carried out in a cadaver lab where total knee
replacements were performed with the surgeons gowned
using Sterishield Togas and T4 helmets (Stryker Instruments,
Kalamazoo, MI, USA) and conventional gowns (Microcool,
Kimberly-Clark, Ohio). After surgical scrub and prior to
gowning, the surgeon covered his hands in fluorescent powder
(Neon Red AX, DAYGLO Corp, Ohio). This powder has a
mean particle size of 0.5 micron, similar to the size of shedded
skin squames that are thought to carry bacteria.

On the basis of this pilot study, a 30 min simulated knee
replacement was developed which was carried out on saw-
bones (Synbone, Malans, Switzerland) in a theatre environ-
ment using conventional ventilation operating at 22 air
changes per hour. Each operation commenced with the sur-
geon performing a surgical scrub in a separate room, after
which the hands of the surgeon were rubbed in fluorescent
powder to the level of the distal wrist crease. The surgeon then
moved to a second room and gowned with assistance in one of
4 ways: with a SS (Stryker T4 helmet system and Stryker
toga), SS but with inner gloves taped down to the cuffs using
drape tape, SS with the fan off and plastic facemask cut away
to allow breathing, and finally a standard gown (Microcool,
Kimberly-Clark, Ohio). Double gloving was performed in all
scenarios (Biogel Eclipse, Molnlycke, Gothenburg, Sweden).
Gowning was standardised such that the cuff of the gown
finished at the metacarpophalangeal joint of the thumb, and
gloves were drawn proximally over the wrist.

After gowning, the surgeon stepped into a clean anaes-
thetic room and ultraviolet light was used to check for any
fluorescent particles on the exterior of the gown, gloves, or
hood. If any particles were found the surgeon returned to
rescrub and regown. The surgeon then moved into theatre
and performed a simulated TKR.

A resting particle count was taken using a laser particle
counter (PMS Handilaz Mini) for comparison. During the
simulated operation, a total of three particle counts were
taken 10 cm from the right ear of the surgeon and the
results averaged. This site was chosen to better evaluate the
effect of the fan on air particle counts.
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At the conclusion of the procedure, standardised photos
were taken of the extensor and flexor surfaces of the left
and right forearms, the right aspect of the hood, the fan
intake of the hood, and the anterior aspect of the chest.
Migration of powder was then graded by the number of
particles in the image according to the following system: O
particles = score of 0, 1-5 a score of 1, 5-10 a score of 2,
10-100 a score of 3, and >100 a score of 4. The average
result of two observers gave the recorded grade.

Statistical evaluation

Data was evaluated using Mann—Whitney U tests, and p values
were considered to be statistically significant when <0.05. We
performed a power calculation based on a pilot study in which
joint replacements were performed on cadavers; out of six suits
used, all three that were used with the fan in operation had
powder migration, whilst all with the fan off had none. Using a
continuity correction, we calculated a need for four patients
with the fan on and four with the fan off to achieve 80 % power.

Results

All of the full suit procedures showed migration onto the
flexor surface of both arms; the only group to have no visible
powder on any part of the gown was the standard gown group
(Fig. 1). The highest mean powder migration was within the
spacesuit group with a score of 15.3/28, and the lowest mean
score was in the standard gown group of 0/20 (p = 0.028).
The region with the highest powder migration was the flexor
surface of the surgeon’s dominant right hand in the spacesuit
group, with a mean score of 3.75 (Table 1). The addition of
surgical tape around the cuff of the spacesuit appeared to
prevent forearm powder migration with a mean score of 0. In
the two groups that had a fan in use, powder migration around
the fan was seen with a mean score of 2 in the spacesuit group
and a score of 3 in the spacesuit with taped cuffs group.

The highest particle counts were seen when using a
spacesuit with the average total particle count of 17,583 in
the spacesuit group and 21,666 in the spacesuit with taped
cuffs. The lowest total particle counts were present with the
spacesuit with the fan off and the standard gown with an
average total particle count of 10,533 and 12,855, respec-
tively. When the data were analysed for particle size, the
spacesuit group had a higher 5 pum particle count of 958
versus 254 with the fan off (p = 0.045) (Table 2).

Discussion

Reports of lower infection rates with BES systems led to
their widespread introduction; however, the more modern
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Fig. 1 a Powder migration onto the flexor surface of the surgeon’s dominant arm in the full suit group. b Depicts the lack of powder migration in

the standard gown group

Table 1 Mean powder

L . Type of suit
migration and particle counts P

Mean powder migration by region evaluated

Rt. flexor Lt. flexor Rt. extensor Lt. extensor Body Fan  Hood
Spacesuit 3.75 2 2.25 2 .75 2 1.5
Spacesuit and no fan 2.67 1.3 1 0.67 0.67 0.67 0.33
Spacesuit and taped cuffs 0 0 0 0 0 3 1.5
Standard gown 0 0 0 0 0 - -
Table 2 Mean number of particles by size
Mean number of particles (range)
Particle size (um) Spacesuit Spacesuit and no fan Spacesuit and taped cuffs Standard gown p value
0.3 9,717 (6,767-12,467) 6,144 (5,333-7,733) 10,850 (9,900-11,800) 7,921 (4,767-11,430) 0.195
0.5 6,909 (3,930-12,807) 4,104 (3,890-4,417) 9,895 (5,517-14,273) 4,417 (2,507-6,780) 0.284
5 958 (613-1,120) 284 (210-327) 922 (917-927) 518 (293-790) 0.045

SS design differs significantly from Charnley’s original
concept. Using the New Zealand joint registry, Hooper
et al. [7] reported the first clinical data on modern SS and
infection rates. Among surgeons who had completed at
least 50 TKRs both with and without a SS, there was a
tenfold increase in the rate of early revision due to deep
infection when they had used a SS compared to conven-
tional gowns (0.251 vs. 0.028 %, p = 0.016). The revision
rate increased further when space suits were combined with
laminar flow.

Our study provides two potential explanations. Egress of
skin squames or other particles around the surgeon’s cuff,
maximal on the flexor surface of his dominant right arm,
provides a convenient entry point for bacterial contami-
nation into the wound (Fig. 1). Contamination from direct
contact with the surgeons cuffs may explain the lack of
correlation between wound contamination and bacterial air
counts seen in other studies [10]. Cuff contamination
would be exacerbated by vertical laminar flow, as it is
interposed between the air pathway and the wound [11].

Secondly, the visual powder migration and higher par-
ticle counts seen around the hood when a fan is in operation
probably reflect disruption of laminar theatre ventilation as
a result of the suction effect of the fan. The presence of
fluorescent particles on the outside of the hood was an
unexpected finding of this study, as presumably these
particles exited from inside the suit either around the cuff
or from below the surgeon’s gown. Recent studies have
found the outer aspect of the hood to show bacterial con-
tamination in 49-80 % of cases [12, 13] suggesting hoods
should not be considered sterile.

There are a number of limitations to our study. Firstly,
the relationship between the study outcomes (visual pow-
der migration and particle counts) and the clinical outcome
of interest (deep infection rates) is unknown. This is
common among studies of the theatre environment, since
prophylactic antibiotics have lowered infection rates to a
level where clinical studies are difficult to power ade-
quately. ‘Surrogate’ markers for infection are therefore
used, such as air particle counts or wound washings
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Table 3 Comparative papers assessing efficacy of suits versus conventional gowns

Suit type evaluated Assessment Results In favour
of suit?

Blomgren BES (Charnley type) Culture of wound washouts Positive cultures in 10 % BES wounds Yes

et al. [14] versus 43 % conventional
Lidwell BES (Charnley type) Joint sepsis and infection after 0.3 % Incidence joint sepsis BES Yes

et al. [3] THIJR and TKJR versus 1.3 % conventional
Bohn SS (Stackhouse Freedom, Stackhouse  Air sampling 30 cm from wound Mean 3.6 CFU/ft® for SS versus No

et al. [15] Inc, Palm Springs, CA, USA) 3.6 CFU/ft® for conventional
Shaw SS (Steri-shield helmet system, Bio- Air sampling next to the wound Mean CFU 37.0 for SS versus 29.6 No

et al. [16] Medical Devices, Irvine, CA, USA) for Conventional
Der Tavitian SS (DISP barrier hood Depuy, Warsaw, Wound bacterial count 64 % of SS and 60 % of conventional No

et al. [10] IN, USA) tetrazolium-stained membrane wounds were contaminated

(TSMI)

Pasquarella ~ SS (Helmet-based system, Depuy, Surface contamination in theatre Mean 210 CFU/m%h for SS versus No

et al. [17] Warsaw, IN, USA) using settle plates 250 CFU/m?/h conventional

p = 0.68

Hooper SS (type not stated) 6 month Revision rates for 0.243 % with SS versus 0.098 % No

et al. [7] infection conventional p < 0.001

[10, 14—-17], assuming a relationship between these mark-
ers and clinical infection rates. Our visual powder migra-
tion score is arbitrary, and particle counts have been
criticised for their inconsistent relationship to microbio-
logical wound contamination [18]. Secondly, we conducted
a sham operation to allow the study to be conducted in a
theatre environment, but this does not correspond to clin-
ical reality. Finally, in our study, the surgeon’s hands were
covered in 5 micron size particles after scrubbing; a situ-
ation very different to the normally ‘clean’ hands post
scrubbing. Thus, the actual amount of skin or other parti-
cles that egress through this route is unknown.

However, the dramatic difference in visual cuff powder
migration between the clothing types suggests this is a
feasible mechanism. Positive pressure inside the gown is an
obvious explanation, but particle egress occurred even
when the fan was off suggesting that this may not the only
factor. The toga used in this study is made of a thicker
waterproof material than the conventional gown, which
may lead to an imperfect seal under the glove.

Our findings are consistent with previous comparative
studies (Table 3); all of which failed to show an advantage
of SS over conventional gowns in reducing contamination
of the sterile field. Der Tavitian et al. [10] used perhaps the
most plausible surrogate for infection, measuring wound
bacterial counts with tetrazolium-stained membrane
imprinting in 50 TKR patients. Overall, contamination was
seen in 64 % of SS versus 60 % of conventional gown
wounds; however, there was a trend for SS wounds to
become more contaminated as the procedure went on (1.5
colonies per membrane versus 0.5 at last sample point).

Our study provides a plausible mechanism to explain the
failure of modern SS designs to match the reduction in
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infection rates seen with Charnley’s original BES. Modern
SS are known to provide a clear advantage over conven-
tional clothing in terms of surgeon safety from fluid splash
[19]; therefore, we recommend that if used they be con-
sidered for personal protection only and supplemented with
tape around the inner glove.
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