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S U M M A R Y

Background: The real-world impact of breathing zone air purification and coronavirus
disease 2019 (COVID-19) mitigation measures on healthcare-associated infections is not
well documented. Engineering solutions to treat airborne transmission of disease may
yield results in controlled test chambers or single rooms, but have not been reported on
hospital-wide applications, and the impact of COVID-19 mitigation measures on
healthcare-associated infection rates is unknown.
Aim: To determine the impact of hospital-wide bioaerosol treatment and COVID-19 miti-
gation measures on clinical outcomes.
Methods: The impact of the step-wise addition of air disinfection technology and COVID-
19 mitigation measures to standard multi-modal infection control on particle counts, viral
and bacterial bioburden, and healthcare-associated infection rates was investigated in a
124-bed hospital (>100,000 patient-days over 30 months).
Findings and conclusion: The addition of air disinfection technology and COVID-19 miti-
gation measures reduced airborne ultrafine particles, altered hospital bioburden, and
reduced healthcare-associated infections from 11.9 to 6.6 (per 1000 patient-days) and
from 6.6 to 1.0 (per 1000 patient-days), respectively (P<0.0001, R2¼0.86). No single
technology, tool or procedure will eliminate healthcare-associated infections, but the
addition of a ubiquitous facility-wide engineering solution at limited expense and with no
alteration to patient, visitor or staff traffic or workflow patterns reduced infections by
45%. A similar impact was documented with the addition of comprehensive, restrictive,
and labour- and material-intensive COVID-19 mitigation measures. To the authors’
knowledge, this is the first direct comparison between traditional infection control, an
engineering solution and COVID-19 mitigation measures.

ª 2021 The Authors. Published by Elsevier Ltd
on behalf of The Healthcare Infection Society. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Bioaerosols that carry bacteria, viruses and fungi serve as
transmission vehicles for diverse infections, including influenza
viruses, severe acute respiratory syndrome viruses, and the
novel human coronavirus (SARS-CoV-2). Sneezing, coughing,
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speaking and breathing release and disperse droplets and virus
particles [1,2]. The clinical consequences of bioaerosols
involve complex physical and biological factors, and dis-
infecting bioaerosols is difficult in any indoor air environment.

Cough- and sneeze-generating gas clouds with pathogen-
bearing droplets can travel up to 8 m, and, once desiccated,
the residue or droplet nuclei may stay suspended for hours [3].
Some of the smallest particles (such as viruses <30 nm in
diameter) can invade a room rapidly and may be the most
infectious [4,5]. Even large particles (droplets>100 mm) can be
resuspended and aerosolized, and may behave like small aer-
osols due to the local environment [6,7]. Aerosols and droplets
are subject to a person’s thermal plume, air currents produced
by human traffic, door movements, electrostatic forces,
Brownian motion and convective flows [8e11]. The constant
and turbulent factors within a typical hospital increase broader
dissemination, and extend the settling time of these disease-
carrying pathogens [12].

There is now evidence to warrant engineering controls that
target airborne transmission as part of an overall strategy to
limit indoor infectious risk [13]. Components of these strat-
egies include air disinfection, ventilation, enhanced particle
filtration and avoidance of recirculation. Traditional infection
control strategies such as education, handwashing, surface
cleaning and isolation measures with personal protective
equipment (PPE) were primarily developed for large droplet
and surface contamination. Such strategies have limited ability
to combat airborne pathogens, especially those suspended
continuously within 0.3-m radius of a nose and mouth, com-
monly described as the ‘breathing zone’. Given the human and
environmental factors that constantly move aerosols and
resuspend droplets, the concept of clearing a room of all sus-
pended or airborne pathogens is not as simple as increasing air
flow and installing a finer filter [11].

Current technologies that help clean a ducted air stream
include high-efficiency particulate air (HEPA) filtration, heat-
ing ventilation and air-conditioning modifications, ultraviolet

(UV) radiation, and various intraduct oxidizing or ionizing
technologies [13]. Benefits attributed to these technologies are
often cited from tightly controlled experiments within test
chambers, but these are not real-world settings. Each of these
technologies may provide benefit within environmental
chambers, but few have the capacity to continuously counter
the numerous and constant infectious and environmental per-
turbations of a real-world setting. Ideal air disinfection would
be easily applied to all areas so that all breathing zone air
would be treated, and would result in reduced particulate
pollution, reduced pathogen contamination, reduced disease
transmission and, finally, a reduction in real-world clinical
infections.

The ACTIVE Particle Control (APC) system (SecureAire,
LLC, Dunedin, FL, USA) has been shown to reduce fine and
ultrafine airborne particles and pathogens in live operating
rooms, reduce bacterial contamination in active hospital
compounding pharmacies, and rapidly inactivate or kill the
highly resistant anthrax surrogate (Bacillus subtilis) [14,15].
This novel technology works by local electromagnetic field
manipulation [controlled ionization, enhanced polarization
and controlled particle transport (direction and velocity)].
These forces condition the microparticles (microscopic par-
ticles 1e1000 mm) and pathogens within a space, so they
continuously initiate millions of particleeparticle (ioniza-
tion) and particleemolecular (polarization) collisions. These
collisions lead to immediate and permanent ionically driven
aggregations of fine and ultrafine particles and pathogens
into larger particles. With the larger aggregates attaining a
critical mass, their transport becomes controlled by air flow
and they can be carried by air currents to the particle col-
lector (Figure 1).

This study aimed to determine the impact of adding a
hospital-wide APC system and coronavirus disease (COVID-19)
mitigation measures to a multi-modal infection control strat-
egy on particle and pathogen counts, respiratory viral illnesses
and healthcare-associated infections (HAIs).
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Figure 1. Mechanism of action of the ACTIVE Particle Control system. Particulate pollutants, viruses, bacteria and allergens enter the
conditioning phase and exit with a net-neutral charge. The technology-accelerated collisions result in particle agglomeration. The larger
coagulated particles and their increased mass are subject to air currents that deliver the same to the collector media. Once collected,
the highly defined high voltage field induces oxidative stress killing or inactivates any biological material.

M.H. Ereth et al. / Journal of Hospital Infection 116 (2021) 69e7770



Methods

Facility

This work was conducted at St. Mary’s Hospital for Children
in Bayside, Queens, NY, USA St. Mary’s Hospital is a 124-bed
paediatric post-acute care facility that provides for children
with special healthcare needs and medically complex con-
ditions. Multi-disciplinary teams of paediatric specialists pro-
vide care at St. Mary’s Hospital.

Standard infection control programme

The comprehensive infection control programme of St.
Mary’s Hospital operates daily with ongoing and concurrent
multi-modal processes to optimize the safety of patients,
families, personnel, visitors and the environment. The pro-
gramme reports process and outcome surveillance monthly.
Key components of the standard programme include hand-
washing promotions and signage, infection monitoring, facility
antibiogram surveillance, antibiotic stewardship, transmission-
based precaution modalities, PPE usage, and scheduled
cleaning and disinfection procedures. Automated hand sani-
tizing surveillance using Bluetooth technology captures the
compliance of hand hygiene upon entry or exit from the resi-
dents’ rooms, and from bed-to-bed encounters, and documents
the technique and duration of hand hygiene for each staff
member. Terminal cleaning of all surfaces with disinfectant is

carried out upon patient room changes, and portable UV dis-
infection is conducted in every patient room upon patient
discharge and every 5e6 weeks for routine resident room
cleaning and in general common areas (Figure 2).

APC intervention

The APC system was added to the standard infection control
programme in February 2019. Three commercial-sized roof-top
components were added to each of the air-handling units
bringing the solution to all common areas, all patient rooms,
and all staff and treatment rooms. The APC system has been
maintained and in operation since installation. The only hos-
pital/patient care area that is not part of this continuous air-
disinfection treatment was a single newly remodelled area
(Figure 3). No data or results from this patient care unit were
included in this study.

COVID-19 mitigation measures

Comprehensive COVID-19 mitigation measures were
deployed in late February 2020 and included restricted visita-
tion, screening upon entry, restrictions on volunteers and stu-
dents, discontinued outpatient services, and a facility-wide
comprehensive hand hygiene programme. Use of an N95 res-
pirator mask, or face mask and visor or shield, during aerosol-
generating procedures, and universal masking at other times
were required (Figure 2).
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Figure 2. Progressive infection control methods. Standard infection control procedures were in place in 2018. ACTIVE Particle Control
technology was implemented in late February 2019, and comprehensive coronavirus disease 2019 (COVID-19) restriction and mitigation
measures were implemented in late February 2020.
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Measurements and outcomes

Infection control personnel conducted air quality testing
for ultrafine particles (>0.35 mm) and completed air sampling
for bacteria and fungi before and after installation of the APC
system. Particle counts were determined using a laser-based
particle counter (National Institute of Standards and Tech-
nology specifications for measuring particles >0.35 mm and
>2.5 mm). Engineering control records including ventilation
filter rating, humidity and temperature were documented by
building engineers. Data sources included the electronic
medical record, laboratory result record and hospital census
records. Bacterial, fungal, respiratory viral pathogens, total
pathogens and HAIs from all sources were documented con-
tinuously by infection control personnel. The predominant
infectious aetiology and species isolates were documented,
and total infections and infections per 1000 patient-days
were determined. Next, comparisons were made between
the results before and after the addition of the APC system,
and after the addition of COVID-19 mitigation measures
(Table I).

Statistical analysis

The mean, median and interquartile ranges were deter-
mined for particle counts, bacterial and fungal cultures, res-
piratory viral illness and HAIs. Comparisons were made
between laboratory and clinical outcomes with the standard
infection control programme, after the addition of the APC
system, and after the addition of COVID-19 mitigation meas-
ures. Comparisons between these three groups were con-
ducted using t-tests, analysis of variance, pairwise Bonferroni
multiple comparisons and R2 analyses. P<0.05 was considered
to indicate statistical significance (<0.017 for Bonferroni
correction).

Results

Patient population and characteristics

The study was conducted over 30 months with over 100,000
patient-days. The average monthly census and general diag-
noses on admission did not vary significantly between any of
the intervention groups. Patient, facility and microbial char-
acteristics are summarized in Table I.

Study interval and timeline

Three consecutive years were studied. Outcomes from
January and February in 2019 and 2020 would have reflected
mixed or partially applied APC and COVID-19 procedures, and
were thus excluded. Calendar months were also chosen in
order to eliminate the possible impact of seasonal variation in
allergens and influenza illness (Table I and Figure 2). Regular
infection control procedure monitoring for 2018, 2019 and 2020
revealed very high and comparable rates of influenza immu-
nization, handwashing, surface disinfection, droplet and aer-
osol isolation, and education measures.

Particle counts and hospital bioburden

Mean airborne particle counts (>0.35 mm/ft3) were reduced
by 12e55% (mean 29%) after installation of the APC system
(P<0.01) (Figure S1, see online supplementary material). Fol-
lowing installation of the APC system, few-to-no Gram-neg-
ative species were cultured, reflecting a shift in the facility-
wide bioburden. None of the fungal isolates were pathogenic
after installation of the APC system, as all were environmental
species commonly found in households and garden areas. In the
first 3 months after installation of the APC system, the respi-
ratory viral illness rate was reduced by >90% (P< 0.001). This

Standard ventilation St. Mary’s Hospital

Air-handling units with active particle control

Figure 3. Roof-top placement of ACTIVE Particle Control units. ACTIVE Particle Control devices were placed within roof-top air-handling
units. The entire complex is covered, with the exception of one patient unit (identified in orange).
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varied throughout the 10-month study period and, while the
mean respiratory viral illness rate did increase somewhat, it
remained lower than in previous years and thus was reduced
first by the APC system and second by the COVID-19 mitigation
measures (Figure S2, see online supplementary material).

Healthcare-associated infections

Following implementation of the APC system, HAIs were
reduced by 45% from an average of 11.9/1,000 patient-days for
the standard infection control period to an average of 6.6/1000
patient-days (P<0.0001). The implementation of compre-
hensive COVID-19 mitigation measures in late February 2020
reduced all HAIs by another 47% to 1.0/1000 patient-days
(P<0.0001) (Table I and Figure 4). The model analysis
revealed an R2 value of 0.86 (approximately 86% of the varia-
tion in the mean infection rates was accounted for by each
mitigation measure). The COVID-19 mitigation measures,

including community restrictions, were associated with a
decline in all respiratory viral illnesses by another 72% beyond
the significant impact of the APC system. The addition of the
APC system was also associated with a 63% reduction in wound
infections, which did not decline further with COVID-19 miti-
gation measures. Implementing air disinfection technology was
associated with an 89% reduction in tracheitis, but did not
improve further with COVID-19 mitigation measures. The inci-
dence of Clostridoides difficile infections did not change after
the addition of the APC system, but did decline 90% after the
implementation of COVID-19 mitigation measures.

Discussion

Application of the APC system as an adjunct air disinfection
method was associated with significantly reduced HAIs, bac-
terial and fungal contamination, respiratory viral pathogens
and airborne particles. Further reductions in respiratory and

Table I

Hospital characteristics and healthcare-associated infections

Standard IC

MareDec 2018

Standard IC

þ
APC system

MareDec 2019

Standard IC

þ
APC system

þ
COVID-19 mitigation

MareDec 2020

Hospital characteristics

Months 10 10 10
Patient-days 31,213 36,309 37,377
Filter MERV rating MERV-8 Pre

MERV-15 Post
MERV-8 Pre
MERV-15 Post

MERV-8 Pre
MERV-15 Post

Average indoor relative humidity (%) 38e42 38e42 38e42
Average indoor temperature (◦F) 70e72 70e72 70e72
Most common bacterial culture results Peudomonas

aeruginosa
Pseudomonas aeruginosa Pseudomonas

aeruginosa
Most common respiratory viral pathogens Enterovirus

Rhinovirus
Enterovirus
Rhinovirus

Enterovirus
Rhinovirus

Healthcare-associated infections

(/1000 patient-days)

Mean (95% CI) 11.91
(10.67e13.15)

6.71
(5.47e7.95)

1.03
(0.00e2.27)

Median (IQR) 11.55
(11.00e13.00)

6.00
(5.10e8.10)

0.95
(0.80e1.30)

Range 9.10e14.60 1.60e11.60 0.30e2.10
Analysis of variance modela

Mean difference (95% CI)
IC þ APC � IC �5.20

(�7.32 to �3.08)
IC þ APC þ COVID � IC �10.88

(�13.00 to �8.76)
IC þ APC þ COVID � IC þ APC �5.68

(�7.80 to �3.56)
P-value P<0.0001 P<0.0001
Overall P-value P<0.0001
Model R2 value 0.86

MERV, minimum efficiency reporting value; CI, confidence interval; IQR, interquartile range; IC, infection control; APC, ACTIVE Particle Control;
COVID-19, coronavirus disease 2019.
a Pairwise Bonferroni multiple comparisons significance level would be compared with 0.017 (rather than 0.05).
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total viral pathogens and HAIs were seen with the addition of
comprehensive COVID-19 restriction and mitigation measures.

APC system effectively clears airborne particles and
pathogens

The smallest of airborne pathogens, which are likely the
most pathogenic, are the most difficult to capture by tradi-
tional filtering methods. APC technology treats and captures all
particles equally, including volatile organic compounds, viru-
ses, spores, bacteria, smoke, pollen and other aerosolized
allergens [14]. Unlike filters, this solution is agnostic to bio-
aerosol character or size, and is therefore effective on all
particles and pathogens (Figure 1). The technology operates
continuously and responds rapidly to challenges introduced to
a ventilated space by human activity. The behaviour of all
particles (pollutants, aerosolized or airborne viruses and bac-
teria, pollen, etc.) is guided principally by physical laws and, to
a lesser degree, by chemical and biological influences. It is the
mass and spatial characteristics of these ultrafine particles
(including viruses and bacteria) that keep them suspended for
long periods of time, allowing for wide dispersion and diffusion.
The APC system imparts both positive and negative charges, in
a controlled manner utilizing Gauss’s Law (Maxwell’s first
equation), on individual particles and pathogens. The tech-
nology hardware, firmware and software methodically control
the electronic forces applied to fine and ultrafine particles.

The mechanism of the clinical impact of the APC system is
multi-fold. First, by significantly reducing the resident time of
pathogens within a hospital room or common area, the chance
of adequate inoculum to infect a subject is significantly
reduced. Second, pathogens and large droplets that have
previously settled on surfaces and are resuspended by human
activity become susceptible to APC treatment. Lastly, the
technology responds rapidly and effectively to new pathogen
challenges generated by coughs, sneezes or other human
activity.

Limitations of methods and results

The single greatest limitation of this study is also its greatest
strength. It was conducted in a real-world live hospital with
many uncontrolled variables. As such, it is difficult to demon-
strate a direct cause and effect between the intervention and a
specific outcome for a specific patient. Conversely, the great-
est strength of this work is that it was conducted in a live
paediatric facility with a diverse patient population with varied
co-morbidities, and with patients, clinicians, caregivers and
family coming and going 24/7. All standard infection control
procedures, processes and personnel remained consistent
throughout the study, as did the patient load and general
clinical characteristics of the patient population. With the
COVID-19 pandemic, additional comprehensive restrictions and
mitigation procedures were added. Another concern may be
that airborne particles and pathogens were sampled periodi-
cally but not continuously. Viral cultures were collected from
symptomatic patients, and laser-based particle counters that
are an excellent surrogate for pathogen load, especially when
measured at 0.4 mm, were used [16].

Critics may insist that such a result cannot be attributed to a
single intervention. There are numerous examples of therapies
or, in this case, an engineering solution providing synergistic
benefits. The APC system was added with the express purpose
of providing hospital-wide air disinfection. The study was
conducted entirely by internal personnel, internal sample and
laboratory culture procedures, internal data and analysis, and
without outside funding or influence. The results speak for
themselves in that the interventions overcame all confounding
patient and facility variables.

Aerosolized pathogens generated by normal breathing
may be the most dangerous

Healthy and influenza-infected subjects exhale up to 10,000
particles per litre during tidal breathing, with the majority
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Figure 4. Healthcare-associated infection rates. Baseline mean healthcare-associated infection (HAI) rate with standard infection
control (IC) was 11.9/1000 patient-days; this reduced to 6.7/1000 patient-days after implementation of the ACTIVE Particle Control (APC)
system (P<0.0001), and 1.0/1000 patient-days after implementation of comprehensive COVID-19 restriction and mitigation measures
(P<0.0001). Analysis of variance (with and without Bonferroni multiple comparisons): P<0.0001. With each additional infection pre-
vention measure, 86% of the variation in HAI rate was due to the mitigation procedure (R2¼0.86).
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being <0.3 mm in diameter [17e19]. Normal tidal volume
exhalations, sneezes and coughs contain short-range semi-
ballistic emissions that disperse quickly [20]. Most exhaled
pathogens are carried in fine particles (0.7e1.0 mm) [21]. In one
study, 90% of influenza viral RNA was found in exhaled particles
<1.0 mm, with those same fine particles carrying eight to nine
times more viral copies compared with larger droplets. Lastly,
pathogens and aerosols can remain suspended in the air for
long periods of time [22], with the smallest pathogens
remaining resident for the longest [9,23].

Traditional air purification technology

Traditional air filtration is effective at removing large par-
ticulates such as pollen, mould and animal dander from the air,
yet there are limitations. Viable bioaerosols such as bacteria,
viruses and fungi can be demonstrated on filter media for up to
10 h after aerosolization. In less than 48 h after installation,
30% of filter media from commercial air-handling units have
been contaminated with viable picornavirus, coronaviruses and
parainfluenza viruses [24].

Air purification technology, such as HEPA, bipolar ionizers,
photo electrochemical oxidation and UV light, can be benefi-
cial but has significant limitations. HEPA filters effectively
remove contaminants once presented to the filter matrix.
However, as discussed previously, moving ultrafine particles
and pathogens that are indefinitely suspended to the filter
remains a limitation. Viruses are approximately 100 times
smaller than bacteria, and typically range from 0.004 to 0.1 mm
in size. This means that even the most efficient air filters would
struggle to purge a virus from the air. It has also been dem-
onstrated that mengovirus can pass through filters commonly
used in air-handling units, and remains infectious upstream and
downstream of the filter for long periods after aerosolization
[25]. Many bipolar air purifiers use uncontrolled ionization to
bind particles, causing pathogens to stick to surfaces within a
given space. Recently, the generation of noxious chemical by-
products and ozone from bipolar ionization devices has been
documented, and the technology has been criticized [26,27].
The APC system distinguishes itself from bipolar ionization in
that it does not create an electronic corona, nor does it gen-
erate chemical reactions or ozone [28]. The photo electro-
chemical oxidation solution can react with some pollutants to
generate dangerous by-products such as formaldehyde, nitro-
gen dioxide and carbon monoxide. Disinfection with UV light is
time- and intensity-dependent, and is highly effective on flat
surfaces yet does not kill airborne pathogens, and the benefits
of UV disinfection only persist until human traffic re-enters and
contaminates the treated space [29].

Particle size is the most important determinant of aerosol
behaviour. Particles �5 mm in size can remain airborne indef-
initely under most indoor conditions [9,30,31]. Immediately
respirable aerosols from exhaled breath and coughs are gen-
erally fine (<2.5 mm) or ultrafine (<0.1 mm), and appear to
carry the largest inoculum of viruses; as such, they are themost
infectious [32].

Healthcare-associated infections

HAIs are the most common complication of health care and
are one of the top 10 leading causes of death [33]. Controlling
airborne transmission of infection is not simple or easy.

Antiseptic techniques, wearing PPE and infection prevention
procedures are critical. Also critical is deploying engineering
solutions that are proven to reduce patient complications [34].
Both the APC system and the COVID-19 mitigation measures
resulted in similar reductions in the HAI rate. The first solution
required a single capital outlay and runs continuously, and
never interrupts staff work flow or inconveniences patients or
family members. The second solution is time-, equipment-,
material- and labour-intensive, and causes significant inter-
ruptions to staff work flow.

Engineering solutions applied across all spaces

There is now strong evidence to warrant engineering sol-
utions that target immediately respirable particles (viral laden
aerosols) in the 0.7e1.0-mm range [8]. This is even more
important as the evidence base for the 1e2-m rule of spatial
separation is inconclusive, and it is known that aerosols can
travel horizontally for up to 9 m [35e37].

Effective engineering solutions must harness the laws of
physics to enable clearance of particle pollutants and patho-
gens from the ventilated space. The repeated assumption is
that all airborne pathogens, regardless of size, behave the
same and are susceptible to air currents. The incorrect
assumption is that air flow alone can transport pathogens to the
filter or device, where they are completely cleared from the air
stream. These assumptions counter the laws of physics which
dictate that ultrafine particles are more susceptible to elec-
trostatic forces than gravity or air currents [9]. Specialized
ventilation, such as positive and negative pressurized rooms
and high air exchanges per hour, may help to prevent the
spread of disease, but this is expensive to install, has high
energy costs, and does not fully address the human traffic
factor in aerosol dispersion [38].

Airborne transmission of non-airborne infections?

Over the past 18 months, the transmission of disease has
been actively studied, and there is greater awareness of the
complexity of coughs and sneezes and the aerosols they pro-
duce. Understanding of the impact of human activities on
indoor air currents, resuspension of settled droplets, unin-
tended consequences of air currents in operating rooms, and
broader concepts of pathogen migration has improved [6,7,11].

However, little is actually known about the relative con-
tribution of disease transmission by contact, fomite, droplet or
aerosol routes [39]. The work presented here found that the
APC system was associated with reductions in HAIs, wound
infection, tracheitis and respiratory viral infections. Can air
disinfection technology impact contact, fomite and droplet
routes of disease transmission? Real-world evidence and three-
dimensional modelling have demonstrated that air currents
clearly alter dispersal of bacteria in operating rooms [6,7,11].
Non-respiratory fomites in virally infected animals are readily
aerosolized and airborne [40]. Also, genetically traced and
aerosolized Escherichia coli has been demonstrated in adja-
cent homes, demonstrating airborne transmission between
built environments [41]. Certainly, some human activities and/
or engineering solutions may impart airborne transmissibility to
traditionally non-airborne diseases, but what activity, to what
degree, and what is the clinical outcome? Given this, it is
certainly possible that a treatment targeting airborne disease

M.H. Ereth et al. / Journal of Hospital Infection 116 (2021) 69e77 75



could impact non-airborne disease. The question is simple, but
the answers are complex, elusive and warrant further
investigation.

In conclusion, in a real-world hospital setting with over
100,000 patient-days over 30 months, there was a significant
reduction in HAIs (including respiratory viral pathogens)
when an engineering solution (APC system) was added to the
standard infection control procedures. Even further reduc-
tions were achieved by comprehensive COVID-19 mitigation
measures. Effectively disinfecting all breathing zone air may
be especially helpful in reducing airborne disease trans-
mission and acquired infections in hospitals or other insti-
tutional settings.
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Particle control reduces fine and ultrafine particles greater than HEPA
filtration in live operating rooms and kills biologic warfare surrogate
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Background: Controlling indoor air quality and the airborne transmission of infectious agents in hospitals is
critical. The most hazardous particles and pathogens are not easily eliminated by traditionally passive air
cleansing.
Methods: We studied the effect of a novel particle control technology on airborne particulate matter in 2 live
real-world operating room settings and on pathogen survival in a microbiology laboratory.
Results: Particle control technology reduced operating room particle and pathogen loads by 94.4% in a com-
munity hospital operating room, and by 95% in an academic medical center operating room. The addition of
particle control technology to a collector loaded with a biologic warfare surrogate resulted in a 95% kill rate
of an anthrax surrogate (Bacillus subtilis) within 3 hours.
Discussion: Deployment of this emerging technology could significantly reduce indoor air contamination and
associated infections in operating rooms, hospital isolation rooms, and intensive care settings, as well as
reduce inflammatory responses to airborne particles.
Conclusions: The particle control technology studied may protect patients from hospital-acquired infections,
reduce inflammatory pulmonary disease, and mitigate exposure to biologic weapons.
© 2019 Association for Professionals in Infection Control and Epidemiology, Inc. Published by Elsevier Inc. All

rights reserved.

Key Words:
Indoor air purification
Airborne pathogens
Air quality
Hospital-acquired infections
Operating room air purification

New building technologies and regulations, such as tightening
building envelopes and increased insulation, can increase concentra-
tions of indoor particles, pollutants, and pathogens.1 This is especially
relevant in hospitals and health care settings, considering that hospi-
tal-acquired infections are among the leading causes of death in North

America, killing more people than diabetes or influenza combined.2

Airborne transmission is likely responsible for nearly half of all hospi-
tal-acquired infections and most surgical site infections.3-5 Most anti-
infection efforts focus on direct physical contamination between
patients, providers, surfaces, and devices.6 Increased handwashing,
hand and surface purification treatment, and other quality processes
have indeed reduced direct transmission of pathogens.7,8 Yet there
have been few advances in methods to reduce airborne transmission
of bacteria, viruses, and fungi, or to kill airborne pathogens.

Contemporary air cleansing relies on high-efficiency particulate
air (HEPA) filtration, positive and negative pressurization, high air
exchanges, photocatalytic oxidation, plasma cleaning, and ultraviolet
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light to limit contamination or kill pathogens on surfaces.4 Each of
these methods has significant limitations and may reduce the pres-
ence of larger airborne particles (>2.5 m), but they have limited
impact on fine particles (<2.5 m) and ultrafine particles (<0.25 m).
These very small particles characteristically have low settling veloci-
ties, keeping them resident within spaces even in the presence of
contemporary air cleansing technologies.9

The majority of airborne pathogens fall into the fine particle or
ultrafine particle ranges. It is a common misconception that these
small particles are effectively cleared from a space (such as an operat-
ing room) via HEPA filtration. Unfortunately, most very small par-
ticles and pathogens are of insufficient mass to be controlled by bulk
airflow and can remain suspended for days or even weeks.9 Signifi-
cant fractions of these suspended particles and pathogens cannot be
effectively transported to or removed by conventional air filters (per-
sonal communication, Don Hess, April 2, 2019).

Coarse particles (>2.5 m) are subject to physical forces and are reli-
ably carried by airflow and deposited on the filter media. Conversely,
submicron particles (≤0.4 m) are influenced by electromagnetic forces
within the environments in which they are suspended. Those with
physical diameter between 2 and 5 m are influenced variably by iner-
tial and electrostatic forces. Ultralow penetration air filters and HEPA
filters are only effective on those particles and pathogens that can
reach the filter, not those that remain suspended in space.

The inability to eliminate airborne fine and ultrafine particles is
most hazardous to those who have preexisting pulmonary disease,
are immunocompromised, or are in a hospital or other health care
facility. Although particulate matter 2.5 (particulate matter 2.5 m in
diameter, PM2.5) is frequently measured, it is particulates < 2.5 m that
are the most harmful.10,11,12

These very small particles are inhaled and transmitted through
respiratory passages, and have the ability to settle deep within the
distal pulmonary alveoli.13 They can remain there permanently, caus-
ing localized inflammation and/or infection, and even travel through
cell walls into the bloodstream to be disseminated throughout the
body.13 The uptake of inhaled microparticles can contribute to gener-
alized and localized inflammation, and is directly linked to pulmo-
nary disease, cardiovascular disease, myocardial infarction,
cerebrovascular events, dementia, and Alzheimer disease.3,14,15-18

PARTICLE CONTROL TECHNOLOGY

Particle control technology principally works by local electrostatic
field manipulation (not ionization). These forces condition the micro-
particles and continuously initiate millions of particle-molecular col-
lisions. These collisions lead to rapid and permanent ionically driven
aggregations of fine and ultrafine particles into larger particles. Once
the larger aggregates attain a critical mass, they fall under greater
influence of physical forces and are carried by air currents to the par-
ticle collector. Finally, the aggregated fine and ultrafine particles
trapped in the collector are subjected to a strong electric field that
kills the previously airborne pathogens by oxidative stress.

We sought to determine (1) the effect of particle control on fine
and ultrafine particle loads in live real-world operating rooms, and
(2) the effect of particle control on the survival of a biologic warfare
surrogate, Bacillus subtilis.

METHODS

Live operating room studies

Two clinical settings and 1 laboratory setting were studied. One
was a single operating roomwithin a medium-sized 40-bedMinnesota
hospital with 5 operating rooms. Baseline airborne particle counts
were measured for 5 consecutive weekdays during a variety of routine

general, urologic, orthopedic, and gynecologic surgical procedures. The
existing operating room ventilation system included a prefilter, mini-
mum efficiency reporting value (MERV) 14, HEPA filtration, and 16 air
exchanges per hour during the baseline period.19 These specifications
are compliant with ASHRAE (American Society of Heating, Refrigerat-
ing and Air-Conditioning Engineers) 170 and local state code require-
ments.20 During the subsequent 5 weekday intervention period, a
portable particle control device was added (Active Particle Control
Technology, SecureAire Inc, Dunedin, FL). The unit was placed within
the 4,200 ft3 operating room along with a particle monitor that
remained within the same location throughout both 5-day phases. The
ventilation system settings also remained consistent between the
baseline and intervention period in this experiment.

The second clinical setting was a 300-bed tertiary-care teaching
hospital with 12 operating rooms located in Pennsylvania. This clini-
cal study examined immediately adjacent operating rooms that were
supplied by the same air-handling system. The control operating
room was supplied via a prefilter, MERV 14, HEPA filtration, and 16
air changes per hour. The adjacent treated room was served by a pre-
filter and an installed particle control device MERV 15 system with
16 air changes per hour.

An identical laser-based particle monitor was used at both clinical
sites. The device measures particles that are >0.4 m and those that
are >2.5 m.21 The mean particle counts were calculated throughout
the baseline and particle control treatment phases. Airborne fine and
ultrafine particle counts correlate with airborne contamination, and
have been used and validated as surrogates for airborne patho-
gens.22,23 At both clinical sites, none of the procedures during the
baseline or study period involved open abdomens, bowel incisions,
or emergency procedures that would further contaminate the operat-
ing room environment and potentially compromise results.

Pathogen inactivation study

Airborne pathogen inactivation studies were conducted at the
University of Colorado Environmental Microbiology Laboratory
(Boulder, CO). Anthrax (Bacillus anthracis) is a well-characterized
pathogen, known for its persistence under a broad range of environ-
mental conditions, including the atmospheric environment.24 A
closely related but less virulent bacterium, B subtilis, was used for
controlled disinfection challenges of the particle control system
because these microbes have similar environmental behavior to B
anthracis, and have been widely used as a model for the environmen-
tal behavior of bacterial bioaerosols. In independent and replicated
trials, the filter surfaces of the particle control system were loaded
viable B subtilis cells at a density of approximately 107 cells/cm2.
Direct microscopic counts were concurrently performed with the
standard culturing of eluents from filter coupons embedded in the
particle control system, as previously described.25,26

Widely accepted statistical analysis was applied to compared
mean particle counts before and after the engagement of the particle
control system. Differences were considered statistically significant
at t test alpha level of 0.05.

RESULTS

In a Minnesota community hospital operating room, the mean
baseline particle counts throughout the first week (control-HEPA)
were 167,408/ft3 (peak of 629,100/ft3). For the treatment period
(HEPA plus particle control) the mean particle counts were reduced to
9,313/ft3 (peak count of 22,600/ft3) (Fig 1). The particle control system
resulted in a 94.4% reduction in fine and ultrafine particles (P < .0001).

In a Pennsylvania academic medical center hospital, the control (ie,
HEPA) operating room mean particle counts were 93,351/ft3, and the
operating room with the particle control ventilation system had mean
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particle counts of 3,820/ft3; this corresponds to a 96% reduction of fine
and ultrafine airborne particles during the period of observation (Fig 2).

In the pathogen killing study, at least 95% of viable B subtilis (bio-
logic warfare anthrax surrogate) cells were killed as judged by their
recovery on standard culturing media after 3 hours of exposure to
the electrical field in the particle control technology unit (Fig 3).

DISCUSSION

The use of particle control technology in live operating rooms
resulted in approximately 95% reduction in airborne fine and ultra-
fine particles in 2 real-world applications. Further, the application of
the particle control electrical field resulted in a 95% inactivation of
otherwise viable B subtilis vegetative cells within 3 hours of treat-
ment in a laboratory setting.

A strength of this study is that it was conducted in live operating
rooms with real patients undergoing actual operations conducted by
surgeons, anesthesiologists, and nurses. To ensure clinically relevant
results, these works were conducted in 2 distinctly different facilities: a
small Midwestern hospital and a large East Coast tertiary-care hospital.

One critique of this work is that the minor differences in operating
room volume may have altered particle loads between the baseline
and treatment phases of these studies. This is mitigated by the 5
weekday length of each control and intervention period, which
served to reduce the impact of surgery case variability between base-
line and treatment phases. In these live operating room studies, the
number, length, and type of surgical procedures was similar (but not
identical) between control and intervention (particle control) peri-
ods. It would be impossible to structure such a study with identical
patient and procedure characteristics between control and interven-
tion groups.

In some evaluations of ventilation and air purification technologies,
highly controlled simulated environments are used to approximate
operating room activity.27 Although these represent sound scientific
methodologies, today’s clinicians demand real-world practical evalua-
tions of new technology. Simulating clinicians working around the
operating table does not give an exact representation of the disruption
of airflow and potential for contamination by clinician participants.
Nor does it include aerosolized contamination from preparing the
patient’s incision site or from the incised cavity once opened.

Airborne fine and ultrafine particle counts correlate with airborne
contamination and have been used and validated as surrogates for
airborne pathogens.22,23 Successful mitigation of the short- and long-
term risks of exposure to indoor airborne pathogens requires new

Fig 1. Particle control technology resulted in a 94.4% reduction in fine and ultrafine
particle counts when added to a standard ventilation system in a live 4,200 ft3 commu-
nity hospital operating room. Standard ventilation for the 5-day control and 5-day
study period included a prefilter, MERV 14, HEPA filtration, and 16 air exchanges per
hour (ASHRAE 170 compliant). Mean particle counts during the control period were
167,408/ft3 (peak of 629,100/ft3) and were reduced to 9,313/ft3 (peak count of 22,600/
ft3) with the addition of the portable particle control device (P < .0001). Data are pre-
sented as mean, 25th and 75th percentiles, and ranges. ASHRAE, American Society of
Heating, Refrigerating and Air-Conditioning Engineers; HEPA, high-efficiency particu-
late air;MERV, minimum efficiency reporting value.

Fig 2. Particle control reduced airborne particles better than standard methods in an academic medical center operating room. The control operating room that was supplied with a
prefilter, MERV 14, HEPA filtration, and 16 air changes per hour had mean particle counts of 93,351/ft3. The operating room with the particle control intervention had a reduction in
mean particle counts by 95% to 3,820/ft3 (P < .0001). Data are presented as mean, 25th and 75th percentiles, and ranges. HEPA, high-efficiency particulate air; MERV, minimum effi-
ciency reporting value.
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sustainable approaches to condition fine and ultrafine particles, such
that they can be effectively cleared from the space. Other purification
methods that cause a chemical reaction or oxidation are only effec-
tive on a small portion of fine and ultrafine particles that are adjacent
to their reaction chambers, or can generate dangerous levels of gas-
eous agents, such as ozone, which compromise safety.

The use of rigorous particle and pathogen monitoring methods to
evaluate novel technologies in real-world settings should become
standard. Further, it is confounding that rigorous air quality stand-
ards applied to industrial cleanrooms have not been applied to health
care facilities in general, and to operating rooms and intensive care
units specifically.12

CONCLUSIONS

The use of particle control technology reduced fine and ultrafine
particle counts by 95% in 2 live operating room studies. Furthermore,
the particle control technology killed a pathogenic bacterial bioaero-
sol surrogate in a controlled laboratory study using widely accepted
methods. These results demonstrate that the benefits of particle con-
trol technology in operating rooms, intensive care units, or other
health care settings may be significant. Additional work applying this
novel technology to other clinical settings is warranted.

References

1. US Environmental Protection Agency. Fundamentals of indoor air quality in build-
ings. 2019. Available from: https://www.epa.gov/indoor-air-quality-iaq/funda-
mentals-indoor-air-quality-buildings. Accessed January 2, 2020.

2. Klevens RM, Edwards JR, Richards CL Jr, Horan TC, Gaynes RP, Pollack DA, et al.
Estimating health care-associated infections and deaths in US hospitals, 2002. Pub-
lic Health Rep 2007;122:160-6.

3. Wagner JA, Schreiber KJ, Cohen R. Using cleanroom technology: improving operat-
ing room contamination control. ASHRAE J 2014;56:18-27.

4. Parvizi J, Barnes S, Shohat N, Edmiston C. Environment of care: Is it time to reasses
microbial contamination of the operating air as a risk factor for surgical site infection
in total joint arthroplasty? Am J Infect Control 2017;45:1267-72.

5. US Centers for Disease Control and Prevention. National and state healthcare-asso-
ciated infections progress report. 2017. Available from: Accessed.

6. US Centers for Disease Control and Prevention Healthcare Infection Control Practi-
ces Advisory Committee. Guidelines for environmental infection control in health-
care facilities. 2003. Updated July 2019. Available from: Accessed.

7. Goodman ER, Piatt R, Bass R, Onderdonk AB, Yokoe DS, Huang SS. Impact of an
environmental cleaning intervention on the presence of methicillin-resistant
Staphylococcus aureus and vancomycin-resistant enterococci on surfaces in inten-
sive care unit rooms. Infect Control 2008;29:593-9.

8. Markel TA, Gormley T, Greeley D, Ostojic J, Wagner J. Wearing long sleeves while
prepping a patient in the operating room decreases airborne contaminants. Am J
Infect Control 2018;46:369-74.

9. Hinds WC. Aerosol technology, the properties, behavior and measurement
of airborne particles. 2nd ed. New YorkNY: Wiley Interscience Publishers;
1999.

10. Pope CA 3rd, Ezzati M, Dockery DW. Fine-particulate air pollution and life expec-
tancy in the United States. N Engl J Med 2009;360:376-86.

11. Schraufnagel DE, Balmes JR, Cowl CT, Matteis SD, Jung SH, Mortimer K,
et al. Air pollution and noncommunicable diseases, part 1. Chest 2019;155:
409-16.

12. Schraufnagel DE, Balmes JR, Cowl CT, Matteis SD, Jung SH, Mortimer K, et al. Air
pollution and noncommunicable diseases, part 2. Chest 2019;155:417-26.

13. Yu-Fei X, Yue-Hua X, Min-Hua S, Yi-Xin L. The impact of PM2.5 on the human
respiratory system. J Thorac Dis 2016;8:E69-74.

14. World Health Organization. Ambient air pollution: health impacts. Available from:
https://www.who.int/airpollution/ambient/health-impacts/en/. Accessed January
2, 2020.

15. Zheng Xy, Ding H, Jiang LN, Zheng JP, Qiu M, Zhou YX, et al. Association between
air pollutants and asthma emergency room visits and hospital admissions in time
series studies: a systematic review and meta-analysis. PLoS One 2015;10:
e0138146.

16. Nhung NT, Amini H, Schindler C, Kutlar JM, Dien TM, Probst-Hensch N, et al. Short-
term association between ambient air pollution and pneumonia in children: a sys-
tematic review and meta-analysis of time-series and case-crossover studies.
Envion Pollut 2017;230:1000-8.

17. Kim J, Kim H, Kweon J. Hourly differences in air pollution on the risk of asthma
exacerbation. Envion Pollut 2015;203:15-21.

18. Rychlik KA, Secrest JR, Lau C, Pulczinski J, Zamora ML, Leal J, et al. In utero ultrafine
particulate matter exposure causes offspring pulmonary immunosuppression.
Proc Natl Acad Sci U S A 2019;116:3443-8.

19. Newell D. Interpreting filter performance: the meaning behind the terminology of
ASHRAE standards 52.1 and 52.2. HPAC Eng 2006:44-51.

20. ASHRAE 170-2017. Standard 170-2017−ventilation of health care facilities (ANSI/
ASHRAE/ASHE approved). Available from: https://www.ashrae.org/File%
20Library/Technical%20Resources/Standards%20and%20Guidelines/Standards%
20Addenda/170-2008/ad170_2008_knv.pdf. Accessed January 2, 2020.

21. Knollenberg R, Veal D. Optical particle monitors, counters, and spectrometers: per-
formance characterization, comparison, and use. J IES 1992;35:64-81.

22. Raval JS, Koch E, Donnenburg AD. Real-time monitoring of non-viable airborne
particles correlates with airborne colonies and represents an acceptable surrogate
for daily assessment of cell-processing cleanroom performance. Cytotherapy
2012;14:1144-50.

23. Dai C, Zhang Y, Ma X, Yin M, Zheng H, Gu X, et al. Real-time measurements of air-
borne biologic particles using fluorescent particle counter to evaluate microbial
contamination: results of a comparative study in an operating theater. Am J Infect
Control 2015;43:78-81.

24. Goel AK. Anthrax: a disease of biowarfare and public health importance. World J
Clin Cases 2015;3:20-33.

25. Maus R, Goppelsr€oder A, Umhauer H. Survival of bacterial and mold spores in air
filter media. Atmospheric Environ 2001;35:105-13.

26. Hernandez M, Miller SL, Landfear DW, Macher JM. A combined fluorochome
method for quantification of metabolically active and in active airborne bacteria.
Aerosol Sci Technol 1999;30:145-60.

27. Wagner JA, Greeley DG, Gormley TC, Markel TA. Comparison of operating room air
distribution systems using the environmental quality indicator method of
dynamic simulated surgical procedures. Am J Infect Control 2019;47:e1-6.

Fig 3. Particle control kills anthrax surrogate. The collector surface was loaded with
>100 million viable Bacillus subtilis cells at a surface loading density >107 cells/cm2.
Within 3 hours of exposure, particle control technology killed 95% of the anthrax sur-
rogate B subtilis (P < .0001). CFU, colony-forming units.
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