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Background: Airborne contamination from microbe carrying particles (MCPs) is a risk factor for devastating
early onset periprosthetic joint infection(PJIs). There are no published guidelines to quantify this risk factor
for PJI events. This observational cohort project addresses this gap and utilizes a simple passive system to
produce quantitative data from 80 total joint replacement cases performed in operating rooms built to current USA standards.
Methods: A petri dish-based system inspired by industrial cleanroom technology was deployed. Surgical helmet systems (SHSs) and strict protocols were used in all cases. 450 MCPs/m2 was used as a cutoff for bioburden. This benchmark corresponds to the ultraclean air standard of 10 MCPs/m3.
Results: 75/80 cases (94%) achieved desired benchmark levels of bioburden at the wound zone compared to
only 52/80 (65%) of back table zones. No surgical site infections (SSI) or PJI events (0/80; 95% CI, 0.00 3.68%)
at minimum 18-month (average 25.8 months) follow-up were detected.
Discussion: The current USA ventilation design uses low velocity airﬂow and appears to achieve ultraclean
air conditions at the surgical site but requires SHSs and strict protocols. Higher contamination levels seen in
back tables are consistent with this design.
Conclusions: This settle plate system may be useful for early onset PJI event investigations and thus lower the
incidence of these complications.
© 2022 The Author(s). Published by Elsevier Inc. on behalf of Association for Professionals in Infection Control
and Epidemiology, Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

BACKGROUND
Periprosthetic joint infections (PJIs) of hip and knee replacements
are a subset of surgical site infections (SSIs) that cannot be treated
with antibiotics or local wound care and require repeat surgeries and
prolonged intravenous antibiotics. PJIs have dire consequences for
patients and healthcare systems alike, affecting approximately
43,000 patients in 2022, and a projected 66,000 patients in 2030.
Annual treatment costs are currently estimated at over $1.23 billion
and are projected to rise to $1.88 billion 2030.1 Therefore, minimizing
the incidence of PJIs is a valuable healthcare system stakeholder goal.
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The causes of PJIs are complex and multifactorial. Early onset
PJIs occur within 90 days after surgery and are thought most
likely related to the replacement procedure itself. Current AORN
guidelines2 recommend “an interdisciplinary team that includes
an infection preventionist evaluate sterile technique practices”
after an early onset PJI event. Many sterile technique practices
involve protecting sterile ﬁelds from airborne microbial contamination. A recent international conference found in a consensus
vote that intraoperative airborne microbe-carrying particles
(MCPs) during hip and knee total joint replacement surgeries
(TJRs) are a risk factor for PJI.3
Minimal sterile ﬁeld bioburden is the purpose of operating
room (OR) ventilation systems and sterile practices that address
airborne contamination. How can an a PJI event investigative
team assess if bioburden was minimal for a given case? Contemporary literature across multiple disciplines4−8 does not address
monitoring, quantiﬁcation, or benchmarks for assessing
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intraoperative airborne bioburden. This report will attempt to
address this gap ﬁrst by reviewing basic science related to airborne microbial contamination.
The predominant source of airborne MCPs in the OR are derived
from the personnel in the room.9 The human MCP origins are nasopharyngeal droplets and squames.10 Squames (which likely far outnumber droplets) consist of microbe-harboring desiccated human
skin particles that are produced continually by natural epithelial
turnover. The average human sheds these at a rate of 1,000 MCPs per
minute. The equivalent diameters of MCPs can be modeled to a lognormal distribution, with an average diameter of 12 mm, fewer than
1% having a diameter smaller than 1 mm, and fewer than 5% having a
diameter larger than 50 mm. This average size is comparable to water
droplets in fog. The smallest particles, with movement governed by
aerodynamic forces, can remain suspended in air for long time periods. The largest particles, with movement governed by gravitational
forces, quickly settle out of the air onto surfaces. Particles of intermediate size are governed by both aerodynamic and gravitational
forces.
Ventilation systems remove the smallest airborne particles from
the OR; other particles fall directly or impinge onto sterile ﬁelds, nonsterile surfaces, or the ﬂoor. The problem in the orthopedic OR is that
MCPs can be transported via airﬂow and turbulence and can be
deposited onto the critical sterile zones.11
Several recent studies have examined operating room (OR) ventilation designs12−14 and effects at the surgical site or protected zone
but these have not considered the current USA standard design speciﬁed by paragraph 7.4.1 of ASHRAE 170-2021.8 It is important to
understand this design because there is no national requirement for
orthopedic ORs to adhere to this standard resulting in the potential
for large variability in US OR as-built ventilation systems. The ASHRAE 170 speciﬁcation only applies to new and remodel projects.
Existing OR ventilation systems are not automatically upgraded to
this standard. Furthermore state, regional, or local authorities can
modify these speciﬁcations and alter their implementation during
construction.
Recent engineering studies demonstrate that current USA standards results in a unique airﬂow pattern over sterile ﬁelds.15−17 See
Figure 1 The central jet is low velocity (0.127−0.178 m/s; 25-35 FPM)

HEPA ﬁltered (hence sterile) air. This jet has a curved vertical proﬁle
and is limited to the center of the room beneath the ceiling air supply
diffusers and over the surgical table. Heat loads from personnel and
equipment inﬂuence the size of the central sterile zone due to buoyancy effects. The central jet is bounded by a free shear mixing layer
that can allow MCPs from nonsterile ambient room air to enter the
protected zone and impinge on the sterile ﬁeld. The ambient air outside the central jet has much lower velocity allowing turbulent wakes
from movement of personnel, equipment, and doors to transport
MCPs to non-protected zones such as sterile back tables. Wakes and
other effects can also transport MCPs to the free shear mixing layer
resulting in critical zone contamination.
The issue of critical zone contamination is not unique to surgery
or healthcare facilities. Cleanroom technology18 has developed methods to address this in other ﬁelds such as pharmaceutical
manufacturing. Two general cleanroom basic science principles are
useful to understand the focus of this study. First: there are 2 major
classes of air particulate matter that can be measured: viable and
nonviable. A subclass are biologic particles that create ﬂuorescence
when struck by laser light sources. However, presence of a bioﬂuoresence signal is nonspeciﬁc to a viable organism; that is, biologic particles may include both viable organisms and nonviable fragments.
Nonviable particles pose no direct infection risk; therefore, this study
is limited to measuring only viable microbes on squame particles.
The second cleanroom principle is there are the 2 broad classes of
viable particle air quality measurement techniques. Active methods
require air to move via a pump through a sampling device and to
impinge on culture media. Passive techniques do not require pumped
air ﬂow and measure particles that sediment onto culture media. As
shown above, the current USA ventilation design results in very low
air velocities outside the central sterile jet. Active sampling instruments can in theory create unexpected backﬂows contaminating
sterile ﬁelds in low velocity areas. This study uses settle plates, a passive system, therefore minimizing possible inadvertent contamination. A detailed discussion of several other test methods19 that could
be utilized for testing is beyond the scope of this paper.
This study was initiated to quantify the microbiological performance of operating rooms conforming to the ASHRAE 170-2021 standard under actual clinical conditions during orthopedic surgery. The

Fig 1. Schematic diagram of airﬂow in an operating room built to ASHRAE 170 − 2021 standards. (A) Ceiling diffusers supplying HEPA ﬁltered air. (B) Surgical wound zone located in
central jet of sterile air. (C) Back table zone for sterile instruments and supplies located in ambient air. (D) Near ﬂoor level exhaust grilles. Ambient air surrounds the central sterile
jet and will contain variable amount of MCPs from personnel in room. The free shear mixing layer allows ambient room air to contaminate the central sterile jet.
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clinical observation portion of the study follows STROBE guidelines
and was performed for internal validation. This information may
enhance the evaluation of SSI or PJI events at other facilities.
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contacted by telephone to conﬁrm the PJI status obtained from the
medical records.
Statistical analyses

METHODS
The clinical study was accomplished via a prospective observational program approved by the institutional review board; informed
consent was secured from all patients and surgeons. The tests were
conducted from May 2016 through September 2017. Four surgeons
performing primary total hip, knee, or knee revision cases at a single
hospital participated. The surgeons used identical supplies and similar gowning and draping techniques. Surgical helmet systems
(Stryker), AAMI Level 4 sterile gowns, surgeon indicator gloves, frequent regloving, impermeable drapes, minimal trafﬁc, and jackets for
non-scrubbed personnel were utilized in all cases. Except 1 revision
case which used antibiotic loaded cement no additional antibiotics
were used other than standard parenteral prophylaxis. Only normal
saline was used for pulsatile irrigation.
During the normal course of their surgical practice, 5 cases were
selected from each surgeon for testing spaced at 3 to 4-month intervals. The sample size of 5 cases was chosen to give an optimum balance of information and resource utilization. A total of 4 groups of 5
cases from each of the 4 surgeons were tested, for a total of 80
patients. The testing days were selected based on the surgeons’
schedules, Petri dish availability, instrument logistics, and research
staff schedule. The test schedule was blinded with respect to patient
characteristics. The patients’ intrinsic PJI risk factors of age, BMI, ASA
class, and smoking status were recorded.
Two ORs were used for all cases. The OR construction documents
were reviewed in detail to verify compliance with the current
national codes. These rooms were nearly mirror images (approximately 57.0-m2 ﬂoor area and 3.05-m ceiling height), with the Centers for Disease Control and Prevention (CDC)/ Healthcare Infection
Control Practices Advisory Committee (HICPAC) -recommended airﬂow pattern (ceiling supply and exhaust near ﬂoor level).7 The room
air temperature, airﬂow rate, humidity, and pressurization relative to
the entryway were monitored continuously and kept within regulatory requirements. Air was ﬁltered by a rooftop unit with a pre-ﬁlter
and high-efﬁciency particulate air (HEPA) ﬁlter and was ducted to 10
ﬂat, perforated ceiling diffusers (61 cm £ 122 cm, ASHRAE Group E
non-aspirating type) arranged in a dispersed pattern See Figure 2.
The selected technique for MCP measurement utilized Petri dishes
to capture MCPs that settled from the OR air, and is described in
detail elsewhere.20 This method examined 2 sterile ﬁelds: the back
table zone, created for instruments and supplies, and the wound
zone, created around the patient’s operative extremity. Petri dishes
were exposed from the time of sterile ﬁeld creation until fascia closure. Plates were then collected and incubated for 48 h at 35°C, photographed, and the colonies were counted to determine the
bioburden for each zone. Exposure time for each plate was recorded.
Microbial deposition rate (MDR, MCPs/m2/hour) and Microbial Deposition Total (MDT, MCPs/m2) levels were calculated for each zone and
case in a spreadsheet program. Since MDT allows easier comparison
of case data (as opposed to reporting MDR and exposure time) only
MDT values were used for subsequent analyses. The MDT benchmark
for comparison is based on the historic orthopedic ultraclean air
(UCA) limit of 10 MCPs/m3.21 This value corresponds roughly to a surface bioburden limit of 450 MCPs/m2 (450 MDT).
Patient follow-up
At a minimum of 18 months post-surgery, each patient’s medical
record was reviewed for readmissions. The patients were also

Patient and case descriptive statistics were calculated. Patient,
surgeon, and case outcome variables were analyzed to establish
patient risk factors and case MDT variation according to surgeon and
test group in anticipation of PJI events. When assumptions of normality and homogeneity of variance were not met, variables were transformed with rank or Box-Cox transformation. MANOVA with followup univariate analysis was performed for signiﬁcant ﬁndings. A
paired t-test was performed on back table and wound zone MDT levels to conﬁrm an expected difference seen in pilot studies. A Pearson’s Product-Moment Correlation analysis was performed to assess
the hypothesis of a relationship between bioburden and exposure
time.
RESULTS
Patient descriptive statistical analysis for all 80 cases revealed an
average age of 63.8 years (s.d. 9.04, range 42 − 79); ASA (American
Society of Anesthesiology) class average was 2.58 (s.d. 0.49, range 2 −
3); and, the BMI (Body Mass Index, kg/m2) average was 35.6 (s.d.
8.48, range 21 - 64).
All patients had medical record-based follow-up with average
duration of 2.15 years (range, 1.56 3.76). Seventy-four out of 80
(92.5%) patients or families were available for telephonic follow-up.
One patient expired during the study, 1.8 years after surgery, of unrelated causes. There were no readmissions for PJI or SSI (0/80; 95% CI,
0.00 3.68%). There were no patient safety events nor negative comments regarding the testing system itself.
Statistical analysis
Since there were no PJI or SSI related events there was no clinical
signiﬁcance in small variations between test and surgeon groups
noted from the statistical analysis. However, it is described herein for
completeness. The ﬁrst multivariate analysis revealed statistically
signiﬁcant differences in patient characteristics across the surgeons
and test groups. Follow-up univariate analysis showed there were
signiﬁcant differences in patient age (F(3, 64)=3.07, P<0.05, partial
h2=0.12) and patient BMI (F(3, 64)=2.93, P<0.05, partial h2=0.12)
among surgeon groups. However, there were no signiﬁcant differences in patient ASA score (F(3, 64)=0.21, P>0.05, partial h2=0.10) or
patient smoking (F(3, 64)=2.12, P>0.05, partial h2=0.09) among surgeon groups. There was a signiﬁcant difference in ASA score between
test groups (F(3, 64)=2.95, P<0.05, partial h2=0.12). However, there
were no signiﬁcant differences in age (F(3, 64)=1.58, P>0.05, partial
h2=0.06), smoking (F(3, 64)=1.45, P>0.05, partial h2=0.06), or BMI (F
(3, 64)=1.96,P>0.05, partial h2=0.08), between test groups.
A second multivariate analysis showed no statistically signiﬁcant
differences (P>0.05) in MDT values between surgeons or case groups.
Because case groups were sequentially spaced at 3- to 4-month intervals, our study detected no statistically signiﬁcant time “drift” variation.
The paired t-test showed a highly signiﬁcant difference (P<
0.0001) in MDT levels between wound and back table sterile zone
groups. Regarding the back table sterile zone, Pearson’s ProductMoment Correlation analysis detected no correlation between exposure time and MDT (r=0.05, P>0.05). As for the wound zone, exposure
time was signiﬁcantly and positively but weakly correlated with MDT
(r=0.41, P<0.01).
Sterile zone bioburden data is detailed in Table 1. MDT outcomes
for both sterile zones are plotted in the Figure 3 scattergram. Figure 4
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Fig 2. Plan view of operating room layout and plate positions generally used in study. Ceiling diffusers are shown as dotted rectangles. Only major equipment positions shown for
simplicity. One OR in study had long axis of OR table aligned with long axis of diffuser array. This arrangement appears to meet the intent of ASHRAE 170 − 2021 paragraph 7.4.1b
regarding diffuser coverage of surgical table. The second OR is shown and did not meet this requirement. No statistical differences in wound or backtable zones were noted between
rooms.

focuses only on wound zone contamination data grouped by surgeon.
Out of 80 cases, 75 (94%) had wound zone MDT under 450 colonies/
m2 .
The 5 outlying cases with a wound zone MDT above this threshold
were reviewed, and 4 cases involved patients with higher BMI (average= 43.2 kg/m2) who underwent direct anterior approach total hip
arthroplasty. The remaining case was a primary knee replacement;
review of settle plate photographs indicated one presumed ﬁber or
hair fragment consistent with a possible surgical protocol violation.
52/80 (65%) cases had back table MDTs below 450. Fischer’s Exact
test showed that the difference in the 450 MDT standard complaince
(wound zone, 94% versus backtable zone, 65%) was highly statistically
signiﬁcant (P< 0.0001).
DISCUSSION
The large variability in bioburden as shown in Figure 3 is a characteristic of microbiological systems. The sterile zone MDT values are
consistent with ultra clean air (UCA) benchmark of 10 MCP/m3 for
75/80 (94%) of cases. Overall, the ASHRAE 170-2021 ventilation system with low wall returns appears to provide UCA class protection to
the sterile critical zone at the patient wound area. This study used
Table 1
Summary of sterile ﬁeld bioburden and exposure times for all 80 cases.
Variable (units)

Minimum

Maximum

Mean

SD

Wound zone exposure (hours)
Backtable zone exposure (hours)
Wound zone MDT
Backtable zone MDT

0.41
1.00
0
0

2.65
3.93
942
1663

1.17
1.94
205.1
461.13

0.48
0.61
165.57
331.08

MDT, microbial deposition total (microbe carrying particles/m2), SD, standard
deviation.

multiple other procedures and special equipment including SHSs,
AAMI Level 4 gowns and strict OR personnel protocols to achieve this
protection level. The study design did not examine the effects of each
component individually.
The ASHRAE 170-2021 design with a diffuser face velocity of 2535 fpm (0.127 -0.178 m/s) does not appear to meet unidirectional airﬂow (UDAF) ventilation system criteria proposed by Whyte22 of 5975 fpm (0.30-0.38 m/s). The ASHRAE 170-2021 design also does not
appear to meet complex criteria for UDAF per DIN 194623 or ISO
14644-3:2019.24 The ASHRAE 170-2021 design appears to meet the
non-unidirectional (non-UDAF) pattern described by these same 3
references. Therefore, this report suggests that UCA class surgical site
protection can be reliably obtained with a non-UDAF system and
without the higher velocity airﬂows seen in UDAF systems (sometimes erroneously labeled “laminar” systems). This ﬁnding may be of
interest to all ventilation designers and facility owners as lower
velocities are associated with lower energy costs.
However, this energy savings requires a tradeoff in the size of the
protective zone and protocol strictness. The protected zone is smaller
than the supply diffuser ceiling area due to thermal effects that focus
the sterile air in a smaller footprint at the OR table. The zone is
bounded by a free shear mixing layer that was protected with the
stringent procedures, AAMI Level 4 gowning, and SHS used in this
study. Outside the protected zone is a much larger nonsterile zone of
low velocity ambient air. This study shows that this zone, often containing back tables for instruments and supplies, has statistically signiﬁcantly higher level of surface contamination (MDT > 450) above
the UCA benchmark of 10 MCP/m3. Only 65% of cases met the MDT
benchmark for bioburden. Since the back table airborne wound contamination mechanism is indirect via transfer (as opposed to direct
airborne inoculation in the wound zone) the clinical implications of
this higher sterile ﬁeld bioburden are concerning. Whyte25 estimated
30% of wound contamination was due to the direct mechanism and
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Fig 3. Each point represents one case. Wound zone MDT is plotted on the horizontal axis, and the back table zone MDT is plotted on the vertical axis. Overlapping data points have
been offset slightly for clarity. The blue lines represent suggested MDT limits of 450 MCPs/m2 which roughly correspond to Ultraclean air (UCA) limit of 10 MCPs/m3. Points within
450 MCP limit in wound zone are shown as squares. Points to the right of the vertical dashed line had high wound zone MDTs exceeding 450 colonies/m2 and are shown as diamonds. MDT, Microbial Deposition Total (MCPs/m2).

Fig 4. Each point on x-axis represents each of 20 cases performed by one surgeon. Cases are arranged in date and time order left to right. Y -axis is MDT level (MCPs/m2). Blue line
represents suggested MDT limit of 450 MCPs/m2 which roughly correspond to ultraclean air (UCA) limit of 10 MCPs/m3. This graph is similar to a classic Shewhart control chart.
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thus implied 70% of wound bacterial contamination was from adjacent skin and the indirect transfer mechanism. Further study of back
table transfer contamination risk mitigation appears indicated.
The technique and MDT data produce are consistent with a quality
control sensor.26 The data is produced within a few days of the index
case, is likely proportional to the PJI risk, and measures viable particles in the direct causal chain of PJI events.
In addition, the outliers in the better controlled wound zone had
explainable causes (case length, complexity, or protocol violation) for
the higher MDT values. These characteristics suggest MDT data is
suitable for a Shewhart type quality analysis chart. Figure 4 can be
viewed as such a control chart that uses the UCA benchmark of 450
MDT as the control limit.
Microbiological testing as demonstrated in this study has several
potential applications in PJI risk management and quality programs.
If MDT levels appear stable, and outliers have explainable causes,
then Figures 3 and 4 can be interpreted as acceptable benchmarks for
the combined effects of OR ventilation and airborne sterile techniques. That is, most, but not all, MDT levels in the sterile zone meet
the UCA/MDT standard of 10 MCPs/m3 or 450 MDT. A PJI event occurring in an OR with similar performance is more likely related to other
practices or factors than OR ventilation and sterile airborne contamination techniques.
The settle plate, data analysis, and test techniques used in this
study were not created de novo but are based on widely accepted
industrial cleanroom technology. Another USA healthcare example of
applied cleanroom technology can be found in hospital compounding
pharmacies.27 The straightforward settle plate method utilized here
has only become feasible recently due to advances in cleanroom technology in the form of terminally sterilized triple-wrapped Petri dish
sets.28 This method is both simple and inexpensive, with Petri dishes
costing $4 each. Other costs include dish holder instrument sets,
incubation facilities, and labor to read the plates and manage the testing program. However, a detailed economic analysis is beyond the
scope of this report.
Study weaknesses
The uncertainty about the completeness of follow-up PJI data is
not unique to this study. Despite having 100% chart follow-up, and
despite additional telephonic conﬁrmation, PJI events may have been
missed due to patient relocation outside the facility’s care area, reticence, or death with concurrent occult PJI during the follow-up
period.
This was not a hypothesis-testing study, and so conclusions can be
considered preliminary. The test method itself requires further development of standard operating procedures, performance checks, and
data characterization (precision, accuracy, and detection limits) for
quality control. The testing was conducted at a single institution, and
a single investigator performed plate counts and compiled follow-up
ﬁndings so conﬁrmation bias could be present. Hence, the ﬁndings
require replication at other sites for external validity.
However, this lack of higher-level evidence should not preclude
technology innovations from being considered for reducing PJI incidence in patients and its impacts to the healthcare system29 even in
the absence of a well understood causal relationship. A recent Agency
for Healthcare Research and Quality (AHRQ) report regarding
improving patient safety states “Scarcity of evidence at a given point
of time does not necessarily equal lack of effectiveness.”30
CONCLUSION
The unique low energy consumption ventilation system speciﬁed
for US operating rooms (ASHRAE 170-2021) produces different zones
of sterile protection from airborne MCPs. This 80-patient

observational study conﬁrms a statistically signiﬁcant difference in
sterile ﬁeld bioburden. Careful attention to equipment and techniques appears necessary to obtain UCA conditions (450 MDT, roughly
10 colonies/m3) at the wound zone in 94% of cases. The back table
zone in ambient low velocity air can be problematic with only 65% of
cases meeting this standard. Surgical, quality, and infection control
personnel may ﬁnd this technique and benchmark information useful
for future studies to improve patient outcomes.
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