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Background: The operating theater is recognized to involve a high frequency of
occupational blood and body fluid contacts.

Objectives: This study aimed to visualize the production of blood and body fluid airborne
particles by surgical procedures and to investigate risks of microbial contamination of the
conjunctival membranes of surgical staff during orthopedic operations.

Methods: Two physicians simulated total knee arthroplasty (TKA) and total hip
arthroplasty (THA) in a bio-clean theater using model bones. The generation and
behaviors of airborne particles were filmed using a fine particle visualization system, and
numbers of airborne particles per 2.83 L of air were counted at the height of the operating
and instrument tables. Each action was repeated five times, and particle counts were
evaluated statistically.

Results: Numerous airborne particles were dispersed to higher and wider areas while
“cutting bones in TKA” and “striking and driving the cup component on the pelvic bone in
THA” compared to other surgical procedures. The highest particle counts were detected
while “cutting bones in TKA” under unidirectional laminar air flow.

Discussion: These results provide a clearer image of the dispersion and distribution
of airborne particles and identified higher-risk surgical procedures for microbial
contamination of the conjunctival membranes. Surgical staff including surgeons, nurses,
anesthesiologists, and visitors, should pay attention to and take measures against
occupational infection particularly in high-risk surgical situations.

Keywords: surgery, airborne particles, microbial contamination, occupational infection, orthopedic surgery

INTRODUCTION

Despite improvements in preventive strategies, healthcare workers (HCWs) still face the risk of
bloodborne infection from occupational exposures to human blood and body fluids (BBF) (1, 2).
BBF can lead to transmission of fatal infectious diseases, such as hepatitis B (HBV), hepatitis C
(HCV) and human immunodeficiency virus (HIV), some with unfavorable prognoses (3, 4). The
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incidences of occupational transmission of HBV, HCV, and HIV
to HCWs after percutaneous exposure from an infected source
patient rest at about 30.0%, 3.0%, and 0.09-0.3%, respectively
(5, 6). Pathogens can be transmitted to HCWSs through sharps
injuries (needlestick or cut by a scalpel blade or any other
sharp object contaminated with BBF from an infected patient)
or mucocutaneous exposure (MCE; contact of BBF with non-
intact skin or the mucosa of the eyes, nose or mouth). In Japan,
a nationwide epidemiological study has been conducted annually
since 1996, and reported 7,397 cases of bloodborne exposure in 93
key hospitals between 2013 and 2014 (7). The research revealed
that these exposures comprised 6,201 sharps injuries (83.8%) and
1,196 MCEs (16.2%), with occupational BBF exposures occurring
more frequently among nurses (49%) than among doctors (36%).
Although most previous studies have focused on sharps injuries
(8, 9), the annual Exposure Survey of Trends in Occupational
Practice (EXPO-S.T.O.P) in 2017, including 33 states in the
United States, reported MCEs occurring in 0.87% of full-time
equivalent staff and the incident rate had increased over the 2011
rate in all hospital categories (10).

The operating theater is recognized as showing a high
frequency of occupational BBF contact because of prolonged
contact of surgical personnel with open surgical sites, frequent
manipulation of sharp instruments, and the presence of relatively
large quantities of BBF (4, 11-14). Endo et al. (15) evaluated
facial blood spatter rates and locations on 600 face masks of
surgical staff, including lead surgeons, first assistants, and scrub
nurses. They revealed that 74.4% (447/600) of blood spatters
were detected in the orbital or para-orbital regions, with an
incidence of 60.0% (90/150) in orthopedic surgeries. Biological
and epidemiological evidence suggests that the deposition of
a sufficient number of infective BBF particles on the mucous
membranes can lead to HCV or HIV-1 transmission (5, 16).
In the orthopedic field, total joint arthroplasties are thought
to generate large quantities of aerosol particles and bone dust
in the air (17, 18). However, surgeons are often unaware of
potentially infectious BBF spatter, as their attention is focused on
the surgical procedures being performed (14, 17, 19). Awareness
of exposure to blood spatter among surgeons was 8.0% according
to Marasco and Woods (14) and 0% according to Keogh et al.
(19). Surgical staff should thus pay attention to protecting the
face and conjunctival membranes of surrounding surgical staff
against exposure to potentially infective surgical debris. However,
the frequency of using facial shields has been reported to be as
low as 4.0% (3), because upper facial protection is uncomfortable
and obstructs vision or because staff lack awareness of the
need to protect against intraoperative BBF splashes (18, 19).
As the dispersal and flow of BBF particles during surgery
has not been visualized to date, the mechanisms and degree
to which they are generated by surgical procedures remain
unclear. Each staff member in an operating theater needs to
understand which situations are risky and increase the number
of BBF particles.

The present study aimed to quantify the dispersion and
distribution of airborne particles of BBF arising in two major
orthopedic surgeries, to evoke awareness in surgical staff about
MCE and to help reduce the risks of occupational infection.

MATERIALS AND METHODS

Experimental Design

Two orthopedic physicians were recruited for the present
study. After donning a surgical cap and mask, each participant
put on a surgical gown (JG-100®; Hopes Co., Hokkaido,
Japan) and latex powdered surgical gloves (Tradition®; Medline
International Japan, Tokyo, Japan). All surgical garments used
in this study were made from standard spun-lace non-woven
fabric comprising 45% wood pulp and 55% polyester pulp. The
physicians performed two types of simulated surgery on an
operating table (height, 1.1 m; width, 50 cm; length, 212 cm)
located in the center of a unidirectional laminar airflow (LAF)-
equipped bio-clean theater, which creates a homogeneous, low-
turbulence vertical airflow directly over the operating area
through a combination of high airflow rates and high-efficacy
particulate air (HEPA) filtration (20). The bio-clean theater was
an ISO class 7, Fed. Standard class 10,000 and LAF settings
were as follows: air velocity, 0.44 m/s; theater temperature,
21.9°C; humidity, 32.4%; and air pressure, 15Pa (1.53 mmAq)
positive (21).

The simulated surgeries comprised total knee arthroplasty
(TKA) and total hip arthroplasty (THA) using sawbones
models in actual situations. TKA was performed with an
anterior-cut-first and anterior reference technique and a
non-cement implantation method with cruciate-retaining total
knee components (Genesis II®; Smith & Nephew Orthopedics,
Memphis, TN). Distilled water to mimic blood was soaked
in sawbones (SKU:1179; Pacific Research Laboratories, Vashon,
WA, USA) and the bone models were fixed to the metal flame
on the operating table. The distal femoral condyle and proximal
part of the tibia were resected and molded procedurally using
appropriate cutting blocks and a bone saw. After prosthetic
trialing, femoral and tibial components and articular insert
were implanted. THA was performed assuming a posterior
approach with non-cement total hip components (Reflection®
and Synergy Select II®; Smith & Nephew Orthopedics). Distilled
water to mimic blood was soaked into sawbones (SKU:1301-170;
Pacific Research Laboratories) and the bone models were fixed
to an original metal frame on the operating table. After cutting
the femoral neck and removing the femoral head, curettage
and reaming of the acetabulum were performed in a sequential
manner. The medullary cavity of the femur was reamed and
broached, then a prosthesis of optimal size was implanted.

The generation and behaviors of airborne particles were
filmed using a fine particle visualization system (ViEST™; Shin-
Nihon Air Technologies Co., Tokyo, Japan) with a green laser (22,
23). After generating a uniform laser light sheet, light reflected
from airborne particles was filmed using a highly sensitive
camera with an interference filter. Movies were converted into
1/30-s images, and particle density hazard maps were created
using MATLAB® image analysis software (MathWorks Co.,
Tokyo, Japan). Risk areas were classified as ultra-high (red),
high (light blue) or medium (white) zones. The number of
airborne particles was determined using a KC-52® laser particle
counters (RION, Tokyo, Japan) located 20 cm from both the
operating table and instrument table. Samples were collected at
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(red), high (light blue) or medium (white) density zones.

FIGURE 1 | Resecting the distal femoral condyle with the bone saw. The fine particle visualization system shows dispersal of reflective airborne particles (bright dots).
(A) Many particles including bone tissue and BBF disperse in the direction of saw blade oscillation. (B) The particle density hazard map shows risk areas as ultra-high

FIGURE 2 | Hammering the trial shell to the acetabulum. (A) The generated particles are widely dispersed and carried higher from the acetabulum and drop down to
the floor. (B) The particle density hazard map displays risk areas expanding in all directions over a 3-m distance.

1.1 m above the floor to simulate the height of the operating or
instrument tables. A sampling tube (internal diameter, 6 mm)
was attached to the air intake port of the particle counter,
and the measurement interval was set as 1 min (2.83L of air
per minute), with the mean value used for analysis. Particles
were separated based on size distributions of 0.3-0.5, 0.6-
1.0, 1.1-2.0, and 2.1-5.0 um. The theater used in this study
was cleaned every morning and evening, and the floor was
wiped before each performance. The particle counter in the
empty theater constantly showed 50-200 particles/min, and no
operating actions were performed until particles had finished
dispersing (particle count <200 particles/min).

Statistical Analysis

Each surgical procedure task was repeated five times. Particle
counts were compiled for statistical analysis, which consisted of
one-way analysis of variance multiple comparison tests followed
by post hoc Tukey-Kramer and Bonferroni-Dunn multiple
comparison tests. All data were analyzed using SPSS version
22.0 software (SPSS, Chicago, IL, USA). Values are expressed as

mean =+ standard deviation. Statistical significance was defined
for values of P < 0.01.

RESULTS

The dispersal of reflective airborne particles was evidenced by
small, bright dots through the fine particle visualization system.
In the absence of action, airborne particles in the bio-clean
theater drifted down under the LAF and slowly moved away
from the center to the perimeter of the theater. Fine particles
dispersed around the surgical field throughout TKA and THA
processes. In TKA, many particles were dispersed in the direction
of blade movement during resection of the femur and tibia
from the contact between saw blade and bone (Figure 1A). After
turning off the bone saw, most distributed particles hovered for a
short period in the air, followed by slow migration down under
the LAF. The hazard map constructed during bone resection
indicated a high-risk zone spreading in the same direction as
the saw blade oscillation (Figure 1B). In THA process, a notable
number of particles containing moisture was observed while
“hammering the trial shell and impacting the acetabular cup,” and
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TABLE 1 | Mean number and standard deviation of airborne particles (particles/2.83L).

Particle size category (um) 0.3-0.5 0.6-1.0 1.1-2.0 2.1-5.0 Total
TKA femur resection Operating table 3691 + 256.3*8* 444 4+ 13.6*8 1156 £22.3* 180 + 38.1* 4431 4 217.1*8#
Instrument table 1030 + 140.3% 150 + 29.6 65 +18.9 96 + 31.8 1341 4 181.4%*
THA femur broaching Operating table 2355 + 396.7* 272 £36.1F 84 +10.6* 120 £ 18.1* 2831 + 450.7*
Instrument table 807 £ 96.2 110+ 20.1 28+7.0 35+10.9 980 + 125.7
THA acetabular hammering Operating table 2154 + 407.0* 383 + 66.9* 89 + 13.5% 106 + 14.7* 2732 + 490.5*
Instrument table 830 + 193.6 124 £54.7 37 +£6.7 57 +16.6 1047 + 262.2

*P < 0.01 compared with instrument table.
8P < 0.01 compared with broaching of the femur in THA.
#P < 0.01 compared with acetabular hammering in THA.

“broaching the femur and implanting the stem into the medullary
cavity of the femur” (Figure 2A). Fine particles dispersed from
the acetabulum and medullary cavity of the femur and promptly
dropped down toward the floor. Hazard maps of “hammering
the trial shell to the acetabulum” showed that the high-density
area expanded higher and wider compared to other processes
in all directions over a 3-m distance (Figure 2B). Table 1 shows
the mean number of airborne particles measured during surgical
procedures, near both the operating and instrument tables. More
particles were detected on the side of the operating table than on
the side of the instrument table in all size categories, especially
those 0.3-1.0 um in size (P < 0.01).

DISCUSSION

At least 60 bloodborne pathogens can be acquired via
BBF exposure (2). Although not as lethal as acquired
immunodeficiency syndrome, an estimated 12,000 HCWs
each year develop hepatitis, resulting in 200-300 deaths (24, 25).
Awareness is increasing that surgical staff are also at risk of
transmission of bloodborne pathogens from patients through
exposure to BBF during operations (4, 11-13, 15). A multicenter
national survey in Italy reported accidental exposure to BBF
in 9.2% of the total of 15,375 surgeries, with 3.5% and 7.1% as
conjunctival and facial exposures, respectively (4). However,
upper facial protection such as protective eyewear or face shields
is not widely used due to discomfort (17). As reported by
Jovic-Vranes et al. (3), facial exposures accounted for 34.4% of
BBF exposure among HCWs, but protective facial equipment
was utilized in only 3.7%. According to the International Health
Care Worker Safety Center (26) based on data from 70 hospitals
in the United States, the use of personal protective equipment
(PPE) ranged from 1.5% to 59.5% depending on the particular
equipment. Furthermore, even with the adoption of preventive
strategies, MCEs continue to develop at a constant rate. To
reduce the occupational risk of infection for surgical staff,
another new approach is desired to deepen the understanding
of high-risk surgical procedures for conjunctival contamination
and bloodborne infection.

The particle visualization system revealed that airborne
particles of BBF continued to disperse around the operating table
during TKA and THA. In the United States alone, 719,000 TKAs

and 332,000 THAs were carried out in 2010 (27) and numbers
of TKAs and THAs are projected to reach 3.48 million and
572,000 by 2030, respectively (28). Many precautions, such as
sterile operating environments, peri-operative antibiotics, and
antibiotic-loaded bone cement, are applied to avoid surgical
site infections for patients. However, no guidelines have been
established to avoid MCEs in surgical staff. Singh et al. (18)
investigated 110 sets of face and eye PPE used in 55 total joint
arthroplasties and revealed that all equipment was contaminated
with blood or fat droplets. The video recordings in the present
study revealed that the step showing the greatest dispersal of fine
airborne particles was resection of the femur and tibia bone in
TKA, arising from the tip of saw blade. Dispersed particles were
thought to include BBF and crushed bone fragments. Hazard
mapping elucidated a high-risk area spreading in the direction
of blade movement and a proportion of particles hovered for
a short period in the air. LAF with HEPA filters can remove
~99.97% of airborne particles larger than 0.3 wm, resulting in
minimal bacterial counts in the air (29, 30). However, the particle
counter indicated that the mean number of particles produced
by all TKA procedures remained high, particularly during the
use of bone saw as a result even under LAF. Floating fine
particles can act as vectors for transmission of microorganisms
(31-33). Hansen et al. (20) noted that bacterial counts were
lower in environments with fewer airborne particles, and that
the number of particles >5pm in diameter closely correlated
with bacterial concentrations (P < 0.01, Spearman correlation).
Surgical staff, including surgeons and nurses, should thus pay
attention during the use of power tools, especially bone saws,
to avoid inhaling particles into the body and to protect the
eye and conjunctival membranes from microbial contamination.
In THA, meanwhile, a large number of moistened particles
were generated and distributed around at high speed while
“hammering the trial shell and impacting the acetabular cup”
and “broaching the femur and implanting the stem into the
medullary cavity of the femur”. Excavated acetabulum and
femoral bone marrow tend to accumulate and store blood or
body fluids of the patient. Therefore, the impaction procedures
of trial, broach, and implantation or insertion of prosthetic
components into the acetabulum and medullary cavity of the
femur can scatter BBF over large distances. Particles were
detected not only on the side of the operating table, but also
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on the side of the instrument table for particles of all size
categories. These procedures may thus increase the potential
for facial (conjunctival) contamination of nearby surgical staff,
including surgeons, nurses, anesthesiologists, vendors, and
visitors. Surgical staff should re-recognize the risk of conjunctival
contamination leading to devastating infections, and need to
protect their own conjunctival membranes with eyewear or a
face shield more frequently and more effectively. Approaches
to minimize the risk of occupational infection by MCE have
included intelligible evidence for education in PPE usage as well
as training in safe surgical techniques and legislative action. The
video obtained in the present study suggested that the use of
power tools, especially bone saws and impaction tools in total
arthroplasty resulted in dispersal of a large number of BBF
particles. Surgical staff must pay attention to avoid contamination
of their own face and conjunctival membranes, particularly
during these high-risk procedures.

Several potential limitations to this study should be noted. We
were able to visualize the dispersal of BBF particles and clarify
risky procedures for conjunctival contamination of surgical
staff during TKA and THA surgeries. However, the simulated
surgeries could not completely reproduce the actual surgical
situations, which involve additional soft tissues and bleeding in
the surgical wound. Further studies simulating various other
experimental situations are therefore necessary. In addition,
we were unable to assess the actual relationship between
particle counts and occupational infection rates. However,
more particles can increase the possibility of conjunctival
contamination, and awareness of the production and behavior of
BBF particles and effective usage of PPE during total arthroplasty
is therefore important.

This study provides surgical staff with a clearer image of the
dispersal and distribution of BBF particles that may contaminate
the conjunctival membranes during several patterns of operating
activities within the bio-clean operating theater. To reduce
the risk of occupational infection by airborne microorganisms,
surgeons should take measures to minimize the production of
BBF particles and surgical staff must pay attention to protecting
themselves from MCEs.

CONCLUSIONS

Fine particle visualization and automatic particle counting
revealed large numbers of BBF particles dispersed and distributed
during the use of bone saws and impaction tools in TKA and
THA procedures. Surgical staff should re-recognize the risk of
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