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ABSTRACT

The Hospital Microbiome Project was designed to studytbgressiorof
microbial communities presit insideand nearby patient roomsamew hospital pavilion
recently built at the University of Chicagoothbeforethe hospitalvas occupied and for
nearly one year after introduction of patients and hospital staff. A suite of building
science measamentswhich is the focus of this workyas also designed and
implemented to provide potentially meaningful data on several building environmental
and operational parameters that may have influenced microbial communities inside the
hospital. The buildingscience measurement plan included characterizations of indoor air
temperature, relative humidifiRH), absolute humidity, light levels, outdoor air fractions
in the HVAC systems, room pressurization, and human occupancy using both beam break
counters an€ O, concentrations in the 10 patient rooms and 2 nurse stations. Each
parameter was measured anBute intervals over the span of nearly one y@hich
resulted irmore than 8 milliorcollecteddata points.

Air temperatures varied more than expectedstah a typically tightly controlled
environmentwith surprisingly low correlations between room$i Bnd absolute
humidity were highly correlated between patient rooms, indicating a strong effect from
the HVAC system and little effect from occupants. ntidity was more tightly controlled
during summer and winter months when the weather was most extreme in Chicago. Light
intensity levels were not found to be very different between rooms and (i
received similar solar exposiyéut large seasonphtterns were apparef@O, was
moderatelycorrelatel with nondirectionallR beambreak counts at times, but not

consistentlylR beambreak counters revealed large variations in patient room occupancy
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patterns throughout the studg.the HVAC systemsesving each floor, outdoor air (OA)
fractions were successfully calculated using€@nhcentrations measured in the outdoor
air intake, recirculation air, and supply,aitbeit only after periodic calibrations witlata
from the building automation syste®@A fractionsalso showed distinct patterns of
economizer usage with outdoor temperatutéisimately, this large suite of building
science data will be used alongside microbial diversity data to explore correlations

between indoor microbiology and theilb environment.
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CHAPTER1

INTRODUCTION

Because we spend nearly 90% of our time indoaraveragé€Klepeis et al.,
2001) much of our exposure tmthairborneand surfacdoundpollutants of physical,
chemical and biological origin occurs inside buildingespitals represent a particularly
important indoor environment for human exposure to biological contaminants, with the
potential for contracting a microbial pathogen while inhagiarhospital being quite
high. The number of healthcare associated infections (HAIS) in the United States was
estimatedo be 1.7 million in 2002, revealing a rate of 4.5 infections per 100 hospital
admissions that led to nearly 100,000 deéilisvens et al., 2007)This has placed
HAIs as the sixth leading cse of death in the U.S., ahead of diabetes, influenza,
pneumoni a, and @Ahderkoa & Smath, 0S5)Mhny HAIacarebe
traced back to exposure to specific microbial pathogens in patient rooms in hospitals
Therefore, bspitals are a prime ecosystem for studying thestesirof microorganisms
between humans and theilb environment

The Hospital Microbiome Proje@HMP) was designed to studlge growth and
diversity ofmicrobial communities present inside a new hospital pavilion recently built at
the University of Chicag . The st udwadte chpracienaatheyinddoro ¢ u s
microbiomewithin and nearby patient rooms in a brand new hospital immediately before
it was occupied and farearly oneyear afteiintroduction of patients and hospital staff
This biological ampling desigmprovided a unique scenario under which to observe the
spatial and temporal progression of microbial communities in a brand new, high

occupancy and higturnover hospitagnvironment. In addition to the microbiological
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sampling campaign beirgpnducted simultaneously by project partners at Argonne
National Laboratory and the University of Chicago (data for which are still being
analyzed using a number of culttinelependent sequencing techniquesyliée of
building science measumgens wasaso designedand implementetb provide potentially
meaningful data on several buildiagvironmental and operationadrameters that may
haveinfluenced microbialcommunities inside the hospital'his providesanextensive
environmental context for micbtal sampleandmay lead tanore biologically
significant discoverieand may allow for comparisons to other indoor environments
(Corsi, Kinney, & Levin, 2012)These kinds of data are also commonly referred to as
Abuilt environment met adat &lassietral., 20833 mi cr ob
This workfirst reviewsrecentindoor microbial communityesearchhighlights
the lack ofbuilt environmat metadata collectioim manypreviousinvestigationsand
describesome potentially importartuilt environmentactors thatan influence
microbial communitiesn indoor environmentsBased on this reviewhis workthen
describesn detaila building sciencemeasurement plan thats developed in order to
address the need for accurdtsmgtermenvironmentalnd operationaheasurements
within theHospital Microbiome ProjecHMP), which has applicability to other indoor
environmerg as well Within the hospital, the measurement pilaciuded
characterizatiogiof indoor airtemperature, relative humidity, liglgvels outdoor air
fractions in theHVAC systemsandhumanoccupancy irthe 10 patient rooms and 2
nurse stationthat were also simultanasly sampled for microbial communitieSach
parameter wasieasuret Sminute intervals over the spanmarly oneyearwhile

project partnersook concurrent daily and weekly microbial samples from a variety of
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surfacesThe field equipment, calibratng, installation, data retrieyanalysismethods,

and resultarepresentedn this work andthe constraints ansignificance for building
science characterizati@mealsodiscussedAlthough the microbial samples are still being
sequenced and analyzedese building measurements are intended to provide a robust
set of environmental data that will provide valuable context to the microbial community

samples once analyzed.
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CHAPTER 2

BACKGROUND & LITERATURE REVIEW

The study of microbiatommunitieshas historically relied on culturbased
methods, yielding only partial or biased assessments of microbial community structure
and failing to detect fragments of organisms that may infludrectarger microbial
ecology and potentialljuman healthIn recent years, metagenomics has enabled
cultureindependent analytical methods, allowing microbes to be sampled directly from
their habitats. This, along with faster and cheaper sequencing technologies has
significantly increased our knowledge related to mh@bcommunities and diversity
(Wooley, Godzik, & Friedberg, 2010yhe following subsections describe (1) previous
indoor microbial community research and the importancespital environments in
particular, (2) therevalence obuilt environmenimetalata collection imecentindoor
microbial ecology studies, (#)e importance of building environmental and operational
characteristics imicrobial survival angbathogen trasmission, and (4he methods
typically used to robustly measure individbaiilding sciencgarameters, all of which
inform the building science measuremplan implemented in thidospitalMicrobiome

Project(HMP) described in Chapter. 3

2.1  Previous indoor microbial community researchand the importance of
hospital environments

The development of computational methéasmeasuring and analyzing
microbial diversity has led to a rapid increase in the number of studies exploring

microbial diversity withinthe buit environmen{Humpbhries, 2012; Scott T Kelley &
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Gilbert, 2013) Recent studies have characterized microbial diversity in offices and other
commercial buildinggHewitt, Gerba, Maxwell, & Kelley, 2012; Tringe et al., 2008)
classroomgHospodsky et al., 2012; Meadow et al., 2013; J. Qian, Hospodsky,
Yamamoto, Nazaroff, & Peccia, 201 Realthcare facilitiefHewitt et al., 2013; Kembel
etal., 2012; Lee, Tin, & Kelley, 2007; Oberauner et al., 2013; Poza et al., 2012; Rintala,
Pitkaranta, Toivola, Paulin, & Nevalainen, 2008megDunn, Fierer, Henley, Leff, &
Menninger, 2013; Flores et al., 2013; Jeon, Chun, & Kim, 2013; S. T. Kelley, Theisen,
Angenent, St. Amand, & Pace, 2004; Medrd#@ix et al., 2011)and transportation
environmentgKorves et al., 2013; Robertson et al., 201@)ich all represent indoor
environments where people spend much of their time. Parteti¢antion has been paid
to surface sampling, witfew studiefocusedonindooror outdoor air sampling. Many of
these studies have shown that humans are the main source of microbial diversity in many
indoor environments. Others have shown that outdoaroima communities can also
play a role, depending on specific types of microbes and particular building design and
operational characteristics. For example, many bacterial communities in occupied
environments appear primarily dominated by human skinngsgl, and/or oral sources
(Hewitt et al., 2013; Hospodsky et al., 201&)th some variability @ributed to building
ventilation strategies and occupancy characterigiembel et al., 2012; Meadow et al.,
2013) Conversely, fungal communities appear primarily domeithdy local outdoor
environmentgAdams, Miletto, Taylor, & Bruns, 2013; Amend, Seifert, Samson, &
Bruns, 2010)

Beyondfundamentamicrobial community characteristics, human expesand

susceptibility to specific pathogens is of great concern for public health, and previous
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research has shown that thalt environment plays a significant role in the transmission

of manypathogensHospitals are particularly sensitive indoor enowiments for pathogen
transmission.Hospitalsimplement strict surfaceleanng procedures and hygiene

protocolsin order todecreasenicrobial contamination and reduce the chance of
transmitting infectionsbuthospitalacquired infections (HAIS) continue persist. The
indoorenvironment acts as a reservoir for pathogens that are often capable of prolonged
survival, possibly monthskor exampleKramer et al. (2006) rep@dthat hospital

surfaces with hand contact are often contaminatedneisocomipathogens and may

serve as vectors for transmissigtramer, Schwebke, & Kampf, 20Q6¥tiefel et al
(2011)found that healthcare workers are just as likely to contaminate their hands (gloves)
from commonlytouched ur f aces as from directStefebnt act
et al., 2011) Sharpe et al. (2011) found that everyday levels of surface contamination in
intensive cee units (CUs) are significantly higher than levels considered to represent a
risk for the transmission of infection®ther studiesuggest that more attention is

needed toward building design and environmental factors that can facilitate and enhance
ernvironmental disinfectiorgSharpe & Schmidt, 2011)

As an indoorstudy site, hospitals offer the advantage of hawiagy built
environmental characteristics that are relatively constant across individual patient rooms,
includingbuilding materialssquare footagdurniture, and cleaning procedures and
schedulesAdditionally, the absence of macrofauna such as pets and insects enhances our
ability to measure the effect of a defined set of sources responsible for the introduction of
microorganisms, namely air, wat@and occupant©Other environmental variables such as

air temperatureselativehumidity, ventilationair sourcs, HVAC airflow rates and
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human occupancy are typically assumed to be rather tightly controlled, particularly in
newer hospital facilities,llhough there is a general lack of data to support this

assumption in the peeeviewed literature

2.2 Building sciencemeasurementan recent DNA-based indoor literature

While recent studiestilizing culturedependent molecular techniques and
metag@omic computational tools for measuring and analyzing microbial diversity have
greatly advanced our knowledge of the diversity and dynamics of microbial communities
in indoor environments, accurate and meaningful characterizations of the building and
indoa environmental conditions in which sampling takes place remain limited.
Insufficient descriptions of these conditions may limit our ability to accurately compare
microbial ecology results from different indoor environments (Corsi et al., 2012).

Early DNA-based studiesf microbial diversity in the built environment focused
primarily on surfaces, followed kyy/larger (albeit still limited) number sfudies that
also incorporated indoor air sampling. Many of these stindiesfailed to characterize
locd indoor environmental and operational parameters that may greatly affect microbial
diversity. For example, Kelley et al. (2004) analyzed microbes from four used vinyl
shower curtains from different Colorado households. Each community was highly
comple with no dentical sequences between them. However, no building
environmental conditions, such as shower usage and cleaning procedures, was reported to
potentially explain some d@he observedariation. Lee et al. (2007) used both culture
and culturendependent moleculanethods to determine bacterial diversity in a ¢hild

care center over a siwonth period withsurfacesamples taken from toys and furniture in
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four daycare classrooms. The study showed certain bacteria types consistently found on
all surfaces with some variability in other sequences with time (particularly during cold
and flu season). However, no information on building desigaration or occupancy

was reported, limitingur ability to makecomparisons to other environments.

Therehave been several studies in hospital facilities using similar methods. For
examplePoza et al. (2012) compared bacterial diversity on surfaces in intensive care
units (ICUs) to diversity in an open, crowded entrance hall of a hogpdah et al.,

2012) Bacterial diversity detected in the ICU was different from that in the hall,
suggesting that high human occupancy in close proximity within the hall may have
played an important role. Hewitt et al. (2013) surveyed bacterial diversity in two neonatal
intensive care units (NICUs) and tracked the sources of mic(blesdtt et al., 2013)

Many of the bacteria geneiracluded known pathogens and many were-slgsociated.

Fecal coliform bacteria were also detected in high proportions of surface samples in one
of the units. Although the authors maintained a particular focus on commonly touched
surfaces in the units, rquantitative measures of human occupancy were noted, which
may have helped further explaon extrapolateheir results. In another study of ICUs in a
hospital,Oberauner et al. (2013) sampled floors, medical devices, and workplaces
(Oberauner et al., 2013)rhey found that microbial diversibetween the three areas

were distinct and overall, bacterial communities were not as diverse as other indoor
environmentsFloor-assocated communities formed distinct clusters compared to
devices, whereas workplaces and devices were similar, again suggesting occupancy

influences.The authors noted that the 1Q¢1dd bothair conditioning and window
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ventilation, but other environmental cotohs or operational characteristics were
reported.

Other recent DNAbased microbial diversity studies have given more attention to
building environmental and operational characteristics that could potentiallahave
effect microbial diversityand nany have shown these variables to be influentralr
example, astudy by Rintala et al. (2008) investigated bacterial comnesmit settled
dust in two similarly aged buildings in Finlaongler the course of a ye@Rintala et al.,
2008) Four samples were taken in eacliding, one per season. ifierences between
buildings were found to be greater than differences between seasons. They described
several building characteristiagacluding construction, HVAC system, age, history of
problemsandalsoreportecdthat a civil engineer performed a technical inspection on both
buildings.Both buildingshad a mechanical exhaust ventilation system, althougimat
clear how it actually performed duriniget field campaign. One building, built in 1920,
had local signs of moisture and microbial damage in the bathrooms on both floors;
additionally, the authors noted that employees in the building had complained of
building-related symptoms and indodr problems. The other building, built in 1940,
had undergone a thorough restoration in 1982 and had no visible signs of moisture
damagepccupants reported no problems related to the building or indoor air.

Several other recent studies have gewenfurther, providing more information
about HVAC systems and ventilation strategies, occupant behaviors, and basic indoor
environmental paranters such as temperature (T) and relative humidity (RH). For
example, Kembel et al. (2012) studied the relationship between building attributes and

airborne bacterial communities ahaspitalby quantifying airborne bacterial
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communities and environmeatconditions in patient rooms exposed to mechanical or
window ventilation and in outdoor air on the roof near the HVAC system outdoor air

i nt ake. The rooms were classified as fAexp
wi ndow vent i lhaitallyoentilated fbdmes hacheentilation air supplied by
the HVAC system and removed by a return duct and a bathroom exhaust duct. The
window ventilated rooms had ventilation air supplied directly from the outside through a
window and removed through aetarn duct, bathroom exhaust, and by any outflow
throughportions of the same window. i2rsity of airborne bacterial communities was
found to be lower indoors than outdoors, and communities in mechanically ventilated
rooms were less diverse than windeentilated rooms. Bacterial communities found
indoors contained many taxa that are absent or rare outdoors, including those closely
related to potential human pathogens. Building characterizations included the source of
ventilation air, airflow rates, rei@e humidity and temperature. They correlated that
relative abundance of bacteria closely related to human pathogens was higher indoors
than outdoors, and higher in rooms with lower airflow rates and lower relative humidity
(Kembel et al., 2012)

Several recent studies have also incorporated detailed information about human
activities in their sampled environmentgledranaFeliz et al. 2010)investigated human
activities in terms of cleaning behaviors and identified the presertescberichia coli
Staphylococcus aureuSalmonellahepatitis A, and norovirus in 60 homes in Mexico
and assessed the effect of chlorine and ammonium basececliaimt on these
communitiegMedranaFélix et al., 2011)Surface sample sites included kitchens

(counter top, sponge, dishcloth, cutting board, and sink), bathrooms (siakbtml,
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toilet seat, and shower tile), pet areas (
homes that followed a disinfection protocol, there was a significant reduction in the
presence of the studyos t ar glatddnotilizeeabes co
disinfectant protocol, suggesting that cleaning patterns are very important to assess
accurately for better interpretation of surface sample results.

Qian et al. (2012) took a closer look at bioaerosol dynamics and was the first
study to quantify sizeesolved emission rates of biological (bacteria and fungi) particles
in indoor air inside a 30 fitlassroom measuring under both occupied and vacant
conditions.The reason that the authors were able to calculate emission rates sebecau
they sufficiently characterized detailed building operation, including air exchange rates,
HVAC operation, and the number of occupants during samptiagnan occupancwyas
assessed visually, and position of windows and doors and HVAC system operational
characteristics were noted. AER was meadwsing CQdecay techniques afdRH
was also measured during testimey demonstrated that human occupancy resulted in
significant emissions of airborne particle mass, bacterial genomes, and fungal genomes.

In the same university classroom, Hospodsky et al. (2012) also collected
bioaerosol samples during both occupied and vacant periods in order to characterize total
particle mass concentrations, bacterial genome concentrations, and bacterial phylogenetic
populations indoors, outdoors, and in ventilation duct supply air concurrently. HVAC
filter dust and floor dust were also sampled. They measured several environmental
parameters, including T/RH and €€bncentrations They characterized the HVAC
systemas operating under economizer conditions, varying the fraction of outdoor airflow

rate to total airflav from 25% to 100% depending on heating and cooling needs. OA
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fraction measurements were not mdulé,the authors suggested it would have been near
50% OA during test conditions based on outdoor climatic conditions. The HVAC system
passed through a MERYV 8 patrticle filter before entering the classroom; authors measured
the insitu sizeresolved filtration efficiency of this filter using an optical padicbunter.
PM2.sand PMo air samples were taken in indoor, outdoor, and HVAC supply
environments; HVAC filter and floor dust was mechanically extracted and then sieved
and resuspended to obtain PdIPMyo, and PM7 mass fractions. The authors noted that
there was no visible water damage or known history of water damage in the building. The
room was cleaned every second day by vacuuming and semiannually by wet carpet
cleaning. Students and teachers were asked not to open windows and doors during the
samping campaign. Air exchange rates were measured usingnf&otion and decay

during several distinct periods, with an average AER of 5.5 per hour. Human occupancy
was also th same as in Qian et al. (201@pmparisons between bacterial populations in
indoor air and during unoccupied and occupied periods further suggested that
resuspended floor dust and direct human shedding were important contributors to
bacterial populations in indoor aifhese very detailed building characterizations again

allowed for unprecedented quantitative estimates and interpretations of their results.

2.3  Building environmental and operational factors influencing microbial
survival and pathogen transmission

While contact transmission of diseasdikely responsible fothe majoity of HAI
casesn hospital environmentgransmission thragh the aitmay be more difficulto
control. Howevermeasures can be made to limit the spread. Aside from personal and

administrative measures, engineering control methods including buildmi¢atien, use
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of HEPA and other air cleaning methods, can play a significant role in infection control
in hospital environments and other buildingames et al. (2009) identifiedreebasic
elements of building ventilation, including {he ventilationrate(i.e., the amount of
outdoor air provided to a spag¢éi) airflow direction, which should be from clean to

dirty zones in a hospital, and (iii) air distributioniodoor airflow pattens (i.e., efficient

air delivery and removaivhich all play arole in infection contrgl(Eames, Tang, Li, &
Wilson, 2009) Several studieBavealsosought to quantify the risks associated with
airborne transmission of respiratory diseases. One-ofied approach is the Wells
Riley model, which is based on a concept
of generation oinfectiousairbarne particles can be used to model thelilic®d of an
individual in a steadgtate weHmixed indoor environment being exposed to the
infectious particles and subsequently succumbing to infe(Roay, Murphy, & Riley,
1978)

Qian et al. (2009ntegratel the WellsRiley equation into computational fluid
dynamics (CFDmodelsto predict the spatial distribution of infection risk, analyzing the
2003 SARS outbreak in a hospital in Hong Kong. The spatial distribotiofected
cases was shown to be rethte the airflow pattern and the outbreak was Vigsty
transmitted viairborneroutesand related to the ward ventilation syst@n Qian, Li,
Nielsen, & Huang, 2009Knibbs et al. (2011) assessed the effect of ventilation rates on
influenza, tuberculosis, and rhinovirus infection risk within three distinct sdora
major urban hospital: a lung function laboratory, an emergency department negative
pressure isolation room, and an outpatient consultation room. They measured air

exchange rates (AER) using €65 a tracer and used a model developed by Gammaitoni
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and Nucci to estimate infection rigkgammaitoni & Nucci, 1997) The study showed
that the isolated nature of the first two rooms limited infection risks t8.6%, but for
individuals entering an outpatiecdnsultation room after an infectious individual
departed ranged from 32.7%, depending on occupant duratjgnibbs, Morawska,
Bell, & Grzybowski, 2011)

Blachereetal. (2009)measured siz&actionedairborneparticles in a hospat to
identify airborne influenza virwesusing reattime polymerase chain reaction (PCR
method to amplify anduantify targeted DNA molecule$hey found that ~53% of the
detectable influenza virus particles they found were within the respirablebiaation
(i.e., less than 4 um). More specifically, 46% were in the >4 um stage; 49% were found
on the 14 um stage; and 4% were collected on the hgzkilter (<1 um).Temperature,
relative humidityand air pressureifferentialswere measured anasign airexchange
rates were noteih the studyBlachere et al., 2009particle size is an extremely
important parameter governing removal by HVAC filters and deposition to surfaces
(Nazaroff, 2004)

King et al. (2013)measurd spatial deposition of aesolizedStaphylococcus
aureusin an aerobiology test room arranged in three different layouts: an empty room, a
singlebed and a twebed hospital roomThey demonstrated that small particle
bioaerosols are deposited throughout a room with no clealaton between relative
surface concentration and distance from the source. However, a physical partition
separating patientsasshown to be effective at reducing crasmtamination of

neighboring patient zones. The resalsovalidated the use of €D techniques for
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modeling bioaerosol behavior in indoor environmégKiag, Noakes, Sleigh, &
CamargeValero, 2013)

Overall, these studies and others point to the large influence that a number of
building environmetal conditions, operational conditions, and design and construction
characteristics can have on indoor microbial communities, microbe survival, and

pathogen transmission and infectious disease risk.

24  Built environment metadataparameters andcollection methods

A large number obuilding science measuremetthst may influence microbial
communities in indoor environmertan bedescribed generallyy the following
categorizes(i) building characteristics and bagsntloor environmental conditions, ii
human occupancy measurements, (iii) HYAC system characterizations and ventilation
rate measurements, (iv) @ampling and aerosol dynamics, and (v) surface
characterizationsThese parameters are informed in large part by evidence of their
importance ér influencing microbial communities on indoor surfaces and in indoor air,
as well as their importance for general building characterizations in other indoor
environmental researciThis work was designed to incorporatestof the above
building scienceneasurements in order to adequately support the microbial

measurements in the Hospital Microbiome Project.

24.1 Building characteristics and basic indoorenvironmental conditions. Several
basic building characteristics and indoor environmental measotgmue fundamental to

any indoor environmentahvestigation Important building characteristics include age of
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construction, floor areas and volumes, material descriptions, type of use, typical
occupancy, history of water damage, occupant complaints,G844tem type and

operation (i.e., in heating or cooling modes), the use of humidifiers, and many others.
Important indoor environmental conditions, including air temperature (T), relative
humidity (RH), absolute humidity, and light levels in the sampéeEspmay have

particular influence on microbial diversity outcomes. Portablethafshelf battery

powered sensors can accurately and inexpensively measure and log these data for long
periods of time. Longerm data logging is important for assemblingsadry of indoor
environmental conditions that may affect microbial growth and survival, rather than
relying upon spot measurements during the time of testing.

Indoor T/RH has been shown to be an important influential parameter in a number
of previous fietl studies of indoor microbial ecology. For example, indoor temperatures
have been positively associated with fungi and negatively associated with bacteria and
total inflammatory potential (TIP) of cell assays in several homes in Der(Frankkel et
al., 2012) In the same study, indoor RH was also positively correlated with indoor fungi
concentrations. In a study of child desre centers in Turkey, differences in airborne
bacterial communities were seen with some (varying) outelearonmental conditions,
which could also have manifested in differences in indoor environmental conditions such
as temperature, relative humidity, or HVAC operaf{idgdogdu, Asan, & Tatman
Otkun, 2009)For example, the amount of endospfeming Grampositive bacteria
increased as the amount of sunlight and temperature increased and as relative humidity
decreased (all measured outdoors). In fact, it has long been thought that sunlight (in

addition to increased ventilation) could reduce the sbag@orne infections in hospitals,
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although evidence is quite limited and suspected mechanisms are not entirely
environmenta{Hobday & Dancer, 2013More recently, a study in primary schools in
Australia found that air temperature (measured over the previous 24 hours) was
negativelyassociated with concentrations of endotoximaoorair and positively
correlated with endotoxin loads in floor d¢Salonen et al., 2013\dditionally, lower
airborne endotoxin concentrations were observed duringdseof higher levels of
relative humidity, and T and RH appeared to act separately.

Measurements of T/RH may be particularly important inside HVAC systems as
well; bacteria and fungi have been shown to grow at an accelerated rate with higher
temperatureand higher RH in aiconditioning ducts subjected to dust deposifianLi,

Liu, Zhu, Liu, & Wang, 201Q)Other studies have shown that a substantial amount of
dust can accumulate due to particle deposition eoamditioning ductgSippola &

Nazaroff, 2004; Brent Stephens & Siegel, 2012; Waring & Siegel, 2008je are

complex interactins between moisture and building materials that may be important to
characterize as well. For example, in a recent study of day care centers in Sweden, fungal
DNA levels were shown to be higher in buildings at risk of dampness, in rooms with
linoleum flooing materials, and in buildings with rotating heat exchan@easet al.,

2011) T/RH measurements should also be used to calculate absolute humidity ratios, or
the mass of water vapor per mass of dry air, regardless of temp¢rSIHBAE,

2013a) as there is some evidence that absolute humidity can influence microorganism
survival(Baughma & Arens, 1996)mold growth on building materia{§ielsen, Holm,
Uttrup, & Nielsen, 2004)airborne endotoxifPark et al., 2000)and tre inactivation or

survival of influenza viruses on surfaq@écDevitt, Rudnick, First, & Spengler, 2010; J.



31

Shaman & Kohn, 2009; Jeffrey Shaman, Pitzer, Viboud, Grenfell, & Lipsitch, 2010)
Thus, at a minimumpng-term measurements of T/RH and possibly artificial and/or
natural light levelshouldbe made and recorded in microbial diversity studies, as many
have already donéong-term data logging is important for characterizing changes in
environmental condidns over time, within a study space. Relying on spot measurements

can significantly reduce the information with which to correlate biological data.

24.2 Human occupancy measurementsHuman occupancy and activitye major
factorsinfluencingindoor mcrobial communities. Studies have suggested that the
presence of people, their activitiesd the surfaces with which they come in contact are
important drivers of microbial diversity. There are many ways to measure human
occupancy, witlthe simplest maod beingphysical counting and recordimd people in

the sample spacéHowever, sucta method is only successful in smsdiale, shorterm
studiesand does nadllow for larger, longterm studies, which require more sophisticated
methods and equipmefar accurately capturing human occupancy and activitye

method of choice often depends on the design and construction of the study environment
and may include video cameras equipped with pecplmting softwaréChen, Chen, &

Chen, 2006; Erickson et al., 2009; Liu, Guan, Du, & Zhao, 2013; Terada, Yoshida, Oe, &
Yamaguchi, 1999)optical and infrared tripwires that count people crossing a particular
area, such as a doorwéiyong & Andrews, 2009; Meyn et al., 200@yoximity or light
sensors that can detect movement or lack of movement near a specific I{2atar,

Henze, Tiller, & Guo, 2006; Jennings, Rubinstein, DiBartolomeo, & Blanc, 1999;

Rubinstein, Colak, Jennings, & Niels, 2008)0; sensors coupled with dynamic mass
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balances o indoor CQ concentrationgBartlett, Martinez, & Bert, 2004; Cornaro,
Paravicini, & Cimini, 2011; Lawrence & Braun, 2007; Wang, Burnett, & Chong, 1999)
radio-frequency identificatiofRFID) (Gillott, Holland, Riffat, & Fitchett, 2006; N. Li &
BecerikGerber, 2011; N. Li, Calis, & Beceri&erber, 2012and Bluetooth tracking
systemgBruno & Delmastro, 2003; Kjsergaard, Treu, Ruppel, & Kipper, 2008; Naya,
Noma, Ren Ohmura, & Kogure, 2006y evenacoustic sensors that detect noise levels
(Dong & Andrews, 2009) Even with more sophisticated methods, it may be difficult to
make accurate measurements when the study involves large volumes of people.
Measurementsan also be combined with sophisticated algorithms to provide robust
determinations of tim@arying humaroccupancy and/or activiffHutchins, Ihler, &

Smyth, 2007; Inhler, Hutchins, & Smyth, 2006; Lam et al., 2009; Page, Robinson, Morel,
& Scartezzini, 2008)

The choiceof occupancy measurement technology may depend on the
environment in which sampling is taking place. Fomepke, IR beambreak sensors
installed at doorways are most appropriate for smaller volume enviroswiémtimited
numbers of entrances and ex@adwherelocation inside the room may not be as
significant agnerepresence in the room. Video camera systems, on the other hand, may
provide location detection in smaller environments, but result in higher costs in larger
environments.Proximity sensors can help determine occupancy near a particular
location, but camsuffer from inaccuracy, with a lack of movement not necessarily
eqguatng to a lack of occupancy, and vice veBath beardbreak sensors and video

camera systems are more appropriate for environments with limited entryways.
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Upgrading from nosdirectional to directional beatoreak sensonnakes them more
utilizable in envirmments with multipleloorways, butanincreasecostssignificantly.

COz sensors can be good identifiers of human occupancy as they can be highly
accurate, but suffer from high costs and variable correlation with human occupancy as
emission rates vary beeen individual people. Additionallyeliance on C@
measurementequires sufficient characterization of HVAC system characteristics and a
well-mixed environment in order to complete a mass balance. Several options allow

users to choose depending @edfic needs and budget.

24.3 HVAC system characterizations and ventilation rate measuremenitsAnother

set of parameters that are essential in characterizing building operation are HVAC system
airflow rates and ventilation rates in the sample spaldeese factors greatly impact

indoor concentrations of particles, including those of biological origin. Many HVAC
related factors have been linked to microbial growth, including air temperature, humidity,
air velocity, and filter media location and chagadtics(Bluyssen et al., 2003)Air

exchange rates (AERB@ve also been shown to correlate with indoor microbial
communities.Particle filtration efficiency and HVAC recirculation rates (the airflow rate
throughan HVAC system divided by the volume of the space it serves) can impact the
amount of biomass that et on surfaces, depending on particle size and surface
characteristics; biomass is decreased when particles are removed at a greater rate than
their deposition to surfaces. This factor becomes less importantsahgaiing in

spaces that are frequentheaned. Additionally, the effects of air speed, amount of

mixing in the environment, and surface ateaolume ratio will also have an effect on
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deposition rates, and therefore the amount of settled bidifHas®§lorawska, & Gilbert,
2005; Lai, 2002)

There are a variety of tools to measure airflow rates through HVAC systems,
manywith varying degrees of accurgaomplexity, and equipment requirements
(ASHRAE, 2013b) Airflow rates can be measured either within air handling units or at
individual supply diffuser and return grilles, depending in large part on the size of the
equipment. There are many valid and accepted ways to measure airflow rates at or near
the air handling unjtincluding: (i) pressure readings can be correlated to fan curve data
provided by the fan manufacturer; (ii) flow metering devices such as venturi meters, flow
nozzles, orifice meters, or rotameters can be installed directly into the HVAC system);
(ii) air velocity can be measured using pitot tubes omwice anemometergaversing
the entire area of a duct system, particularly if general guidelines for the number and
spacing of measurement points are followed (i.e., eangd or logl chebycheff methods
can take into account the distribution of air velocity from bulk air in the duct to the
velocity near the edges and corners of ducts), or (iv) pressure matching with a calibrated
fan (The Energy Conservatory, 200Particularly for small and medium sized HVAC
systems, there are also highly accurate airflow metering plates available for rapid
measurements of air handfeow rates(Francisco & Palmiter, 2003)

Additionally, there are ways to measure airflow rates leaving supply diffusers or
entering return grilles, including: (i) airflow capture hoods; (ii) air velocity readings
correlated to diffuser characteristics provided by the manufacturer; (iiiyrdvetse air
velocity measurements; and (iv) pressure matching with a calibrated fan. Once specific

airflow rates have been characterized in an environment, there are several methods to
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continue to record flow data over time without the need for intemesntoy field

workers. For example, airflow rates, which are invasive to measarebe correlatetb

duct pressure measurementhjch can be easily measar and recorded on a data logger
(Stephens, Siegel, & Novoselac, 2010; Brent Stephens, Novoselac, &, @10; The
Energy Conservatory, 2006; Walker, Dickerhoff, Faulkner, & Turner, 2012)

Once airflow rates are measured, the rate of outdoor air supplied by the
ventilation system can also be measured. Although many building automation systems
can repat these values, accuracy is often an issue. The fraction of outdoor air in an air
stream can be measured in several ways, including measurtngp@€entrations in
recirculation, outdoor and supply air streams of an air handlindAwnig. Persily, 1997)
Knowing both supply flow rate and outdoor air fraction, outdoor air ventilaties in
be calculated Another way of measuring ventilation rates and air flows directly in test
environments is using a tracer ga&STM E 741, 2006; Miller, Leiserson, & Nazaroff,
1997; Sherman, 1989990; Wallace, Emmerich, & Howaftleed, 2002) Tracer gas
methods include simple injection and decay, constant injection, and constant
concentratiofASTM E 741, 2006) Both active and passive tracer gas injection and
sampling methods can be used as well. Active techniques allow fevéigimg AER
measurements but involve reaahe monitoring of tracer gases, which can introduce
prohibitive costs ashlabor requirements for large field studies. Passive techniques such
as the perfluorocarbon tracer (PFT) method utilize inexpensive passive tracer sources and
samplers, but are limited to measuring lorgem timeaveraged AERf_unden et al.,

2012) Particular care should be taken to achieve proper mixing and tracer gas
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distribution, as well as selection of a nonreactive, nontoxic, inexpensive, and easily

detectable tracer gas.

24.4 Air sampling and aerosol dyramics. A wide range of air sampling devices have
been used in recent studies to measure microbial abundance and diversity in indoor air.
These methods have included liquid impingé&smbel et al., 2012; Robertson et al.,
2013) filter-based sizeesolvedmpactors(Hospodsky et al., 2012; J. Qian et al., 2012)
and nonsizeresolved impactor@eadaw et al., 2013)petri dishes suspended in air
(Adams et al., 2013HVAC particle filters installed in air handling unitisorves et al.,
2013; Tringe et al., 2008and an experimental sampler similar to a wetted wall cyclone
(Gatizere et al., 2013)These methods may vary widely in their collection efficiencies
and DNA extraction efficiencyAdditionally, they vary in terms ;gfome practical
concerns with airflow rates, noise levels, and introducing potential bias. Bioaerosol
samplers operate at airflow rates ranging from 4 LnjMeadow et al., 2013p as
much as 300 L mih (Robertson et al., 2018y even 1000 L mih (Galizére et al., 2013)
Higher airflow rates have the advantage of colleatmage biomass, but calsocompete
with air exchange rates in smaller volume environments, which could alter aerosol
dynamics in the space. Additionally, larger pumps used for higher flow rates introduce
practical size and noise concerns. Passive sagi@dchniquessuch as suspended petri
dishesavoid these concernsut may introduce bias by oversampling larger particle sizes
that are more likely to settle than smaller particles.

A recently developed technique in air sampling mechanisms has beeetbe u

HVAC filters to passively collect bioaerosol$he advantage of this method is the
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extremely large volume of air that passes through filters on a daily basis. Tringe et al.
(2008) used HVAC particle filters installed in air handling units to sa@plaicrobiota

in two shopping centers in Singapor@ver a period of 90 days, with air passing through
filter for 14 hours per day, approximately &x@& of air passed through the filtefEringe

et al., 2008) Traditional bioaerosol sampling techniquesizing flow rates of 41000 L
mint would have provided a maximum of 75%16° of air for sampling, reducing the
amount of biomass available for analysis significanMpris et al. (2011) conducted a
study that compared bacterial and fungal communities on residential HVAC filters and
found that microbial communities on the filters were not different from those obtained
from impingers that sampled air for a mo(iitoris, Siegel, & Kinney, 2011)

Additionally, dust from the HVAC filters were found to be similariioge collected on
surfaces This suggests that high efficiencyAC filters could be used as a lotgrm

integrated measure of microbial communities in indoor air.

24.5 Surface characterizations Finally, the last type of building environmental

characerization that we should mention involves meaningful characterization of surfaces

from which microbes are samplesurfaces can harbor an array of adsorbed compounds
and settled dust thatay affect the growth and diversity of microbial communities on
them Basic surface characteristics such as porosity, composition, and environmental
conditions immediately adjaneto surfaces caall affect microbial communitiedVater
activity, or the relative humidity at equilibrium, of a building material is a major
determining factor for fungal growt{Nielsen et al., 2004)Water activity varies with

temperature and the type of material; t

he
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the greater risk of fungal grow{Niitanen et al., 2010\Water activity may also vary
with surfa@ temperatures, which may or may not correlate well with nearby air
temperatures.

Another important parameter when sampling microbial communities on surfaces
is the frequency of cleaning. Cleaning impacts settled dust, adsorbed compounds, and the
microbal mass found on surfaces. The effect of cleaning frequency has been
demonstrated in a recent study showing that the microbial community composition on
peopl e dsighltyanttudnsed by time since their last hand wasliiegrer,
Hamady, Lauber, & Knight, 2008)Similar studies involving building materials have

shown the sam@\dams et al., 2013; Btes et al., 2013; Medrasieglix et al., 2011)
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CHAPTER 3

METHODOLOGY

Using information from the review in Chapter 2 combined with realities of budget
constraints in th&lMP, asuite of building science measurements was designed to
support thesimultan@usmicrobial samplingby providing meaningful data on several
building environmental and operational parameters that may serve to influence microbial
communities in the hospitalhe suiteof measurements was informeddsveral initial
walkthroughsof the hospital during constructipavaluations of mechanicahd floor
plans, angeverabaseline measuremensring unoccupied periods parameters that
were predicted to be challenging to acquire once the hospital was occupied, including
supply and retur airflow rates in each patient room. Subsequently,-teng
measurements of parameters including indoor air temperature, relative humidity, light
intensity, HVAC outdoor air fractions, room pressurizatigth respect to the hallways
and human occupanayside the patient roomsereconductedAn assortment of off
the-shelf sensors was selected to measure each of these parameters, giving consideration
for accuracy, ease of data retrieval, aesthetic impact, battery life, and budgetary
constraintsThis chapter describes (1) basic patient room characteristics, (2)
instrumentation, (3) instrument calibration procedures, (4) data collection procedures, and

(5) data analysis procedures.

3.1 Patient room and mechanical roomcharacteristics

Ten patient rooms &re selected for sampling on two floors, with five consecutive

adjacentooms on the ©floor located directly below five identical rooms on thé'10
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floor. All ten rooms were identical, singtecupancy, wedfacing, adult inpatient rooms
and classifiedd s fAneutr al optheerechanica panghdealiten rooms
were patient care units, the"lfloor was devoted to oncology patients, who typically had
longer stays than patients on th&fldor. Each roonhad a floor area afpproximately

360 square feef33.4 nf), including a bathroom &0 square feet4.6 nt). Ceiling

heights were 9.5 fee2(9 m), providing a volume of approximately 3428 6.8 n¥).

Large windows spanned the width of the west side of each room, opposite the sole
doorway on the east siddwo 1.5 m slot supply diffusers were located at the ceiling near
the windows, spanning the width of the room. The design supply airflow ra##50as

cfm (765 n¥/hr) according to detail drawings and schedule sheets, with summer and
winter minimum flows 0f390 cfm 663 n¥/hr). Although the HVAC systems conditioned
air centrally, reheat coils were also installed at the supply diffusers for greater
temperature control within individual rooms single2 ft x 2 ft (0.6 x 0.6 mreturn grille
was located at the ceiling near the doorway with a design airflow r@taffm §95

m3/hr) and a minimum 0290cfm (493 m¥/hr), according to the schedule sheéts
additional exhaust was located in the bathroom with a constant design airflowX@@ of
cfm (170 n/hr). Two largenurse stations locatextrosgshe hallway from th@atient

rooms on each floor were also selected as sampling locations.
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Figurel. Diagram of sensors and locations in hospital patient rooms.

Each floor was served by air handling units (AHUS) located in theléwel
mechanical penthousm the 1% and 12 floors. The 1¢ floor was served by a single
AHU with a design airflow rate 0f50,000 cfm 85,000 ni/hr), while the ¢ floor was
served ly a combination of four connecte&6;000 cfm 85,000 ni/hr) AHUs that also
served the 8floor (for a total of 200,000 cfm 0840,000 rivhr). These four AHUS met
at a common return plenum, mixed with outdoor air, and split into four different supply
plenums after conditioning and filtration. Each AHU had MERV 7 and MERV 13 pre
filters installedbefore the heating and cooling coils and supply fans, as well as HEPA
filtration installedjust beforeentering the supply plenum. Dampers at the outdoor air
intakes were automated to adjust the intake flow rate depending on outdoor air

temperatureAHU detail drawings are shown kgure2.
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Figure2. Air handling unit showing outdooreturn ard supply air streams.

3.2  Patient room and mechanical room coding for identification and
confidentiality

In order to dedentify patient rooms for purposes of patient confidentiality, a
naming convention was created to refer to rooms on'tram@ 1¢' floors of the hospital.
Numbers 101105 referred to consecutive rooms on tfidlor, with 100 referring to the
nurse station on the same floor. Numbers-204 refer to the rooms on thefloor,
directly above those on th& 9with 200 referringo the nurse station on thefloor.

AHU 6 refers to thesingle AHUthat servedhe 10" floor. AHU 11 refers to the
combination of AHUs 11, 12, 13, and 14, which combine to servetaa@ ¥ floor.

For the purposes of our sampling, we are @olycerned with the®floor and do not
refer to the 8 floor. Each of the two AHUBad threesampling locationgoutdoor air
intake, recirculation air, and supply)aigiving a total osix sampling locations within
the mechanical rooms. Here, we shedHU 6 OA, RA and SA and AHU 11 OA, RA,
SA to refer to the AHULhumberandoutdoor air, return air, and sup@y strears,

respectively
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3.3 Sensor instrument selection and installation

Environmental conditions within each patient room and nurse statoe
measured continuously using a combination of sensors and data loggers operating at 5
minute intervals for the span of one y€eHne location of each sensor is showikigure
3. Data was retrievedn aweeklybasis concurent withweeklymicrobial samplindy
project partnersOnset HOBO U112 data loggersvhichrecorded air temperature,

RH, and light intensitywere installed on the wall adjacent to patient beds and at a central
location at each of the two nurse statiohhese locations were chosen primarily by

giving consideration folikely light exposure, aesthetic impact, invasivenass ease of
access. Cowas measured in each roomaseof two surrogats for occupancy using PP
Systems SBA analyzers connectéd Onset HOBO U12 data loggers installed on a

shelf located near an electrical outlet. A differential pressure transducer (OViE&-T
PXU-X) was also installed at each doorway connected to a large battery pack and another
Onset HOBO U12 data logger witarapling lines placed on each side of the doorway to
measure the pressure differential between the patient rooms and the adjacent hallway.
Each of the aforementioned devices that were connected to HOBO U12 data\wagers
synchronized to collect data sinaeously throughout the project.

To furthercharacterize human occupancy and activity-dimactionalinfrared
beambreak people counters (SenSource 12-R) were installed at each patient room
doorway (there was only one doorway for each room). Téeseors recorded the
number of beam breaks that occurred over eatimbite sample interval, although they
were not synchronized with the HOBO data loggers. Finally, a thin sheet of synthetic

filter media was placed on the exterior of each patient rotumrgrille and attached
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with custom fit magnets in order to sample airborne microbial commu(ttasington,
Maestre, Siegel, & Kinney, 2014; Noris et al., 201)e media was removed, preserved
for microbial extraction, and replacegtery week. This was the only airborne microbial

sampling method utilized in this project.

Filter-based bioaerosol sampler

Beam-break People
Counter (Receiver)

Beam-break People
Counter (Beacon)

CO2 Gas Analyzer

@

Data logger
measures
TIRH/Light

Q Biological sampling sites QBuilding science equipment sites

N

Figure3. Typical patient room showing locations of building science sensors and
microbial sampling

All of the building scierce equipment is listed ihablel. Individual parameter

measurements are described in more detail in the following subsections.
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Tablel. Building science instruments

Sampling
Parameter Instrument Location Make/Model
Patient
T/RH/Light Data logger rooms, Nurse Onset HOBO U-12-012
stations
Room Differential Patient Veris Ir_1d_ustr|es PX Series
Pressurization  Pressure Sensor Rooms Digital Pressure
Transducer
Sensource PC-TB12-R
IR Beam-break Patient People Counter Non-
R People Counters Rooms Directional Wireless
oom
Sensor
Occupancy
Patient PP Systems SBA-5 CO»
CO; sensors
Rooms Analyzer
OA Fraction CO; sensors AHUs PP Systems SBA-5 CO;

Analyzer

3.2  Data collection procedures

Many environmental sensors do not have builtlata logging capabilities, so
additional hardwarevas required to record and store data. Onset HOBO data loggers
were selected for their compaitity with indoor environmentdarge memory for long
term samplig, ability to simultaneously launch and l@nd aesthetic appearance
Wireless versions were considered, but proved probability expensive. Therefore, we
utilized small, battery powered HOBO data loggers that reqaitg8B interface cable to
periodicallyoffload datausing HOBOware softwareln addition to temperature, relative
humidity and light intensity measurements, the data loggeasvequipped with
external poifs) to store data frornther externasensofs) that output voltage or current
corrdating to their measurementin total, threaypes of HOBO data loggers were

selecteased omlifferentneeds fotogging requirements throughathis project
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Table2. Types of data loggers used

HOBO data Supported
| Range Accuracy
ogger measurements
-20° to 70°C (-4° to
Temperature, 158°F) - RH: 5% to Temp: £ 0.4°C @ 25°C (+
Relative 95% Light intensity: 1 0.7°F@ 77°F) - RH:
U12-012 Humidity, Light to 3000 foot candles 2.5% from 10% to 90% -
Intensity, 1 (lumens/ft?) External Input: + 2 mV
external External input: 0to 2.5 2.5% of absolute reading
VDC
. 500 o~ ¢  Temp:*0.35°C from 0°
Temperature, Toemp. 29 to 70 _C ( to 50°C (x 0.63°F from
. 4° to 158°F) - RH: 5% o ory- P
U12-013 Relative t0 95% - External input ., 52, 0 122°F); RH: &
Humidity, 2 2.5% from 10% to 90%;

external channels: 0o 2.5 External Input: £ 2 mV +

vbe 2.5% of absolute reading

+ 2 mV or + 2.5% of

U12-006 4 external Oto 2.5VDC .
absolute reading

TR
RN
¥
TR

»
LR
LR R
LA R

| ®@ O

Figure4. 3 types ofOnset HOBO data loggers

3.2.1 Indoor environmental conditions. Onset HOBOJ12-012data loggersvere

usedto record temperature, relative humidity and light intenisigach of the ten patient
rooms Areas that could capture the amount of light exposure within the main sampling
space including both natural and artificial lightiere considered as potential locations

for installation. Becausenuch of the microbial sampling would occur at or around the
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patientbed data | oggers were instal larmdcroesn t he
from thelargewindows. They were installed directly nether room control blend

in andsatisfy aesthetic requirement&dditionally, they weranstalled far enough away

from patient beds to allow access with minimal invasivenessvarelattached bgM

Command strip$or easy removal and +&tachment during data colleatio

Figure5. HOBO data loggers located on a wall in patient room measure temperature,
relative humidity and light intensity.

Figure6. HOBO data logger located on a wall in patient rddemcedin with other room
controls.
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3.2.2 Room Pressurization Differential pressure sensors were installed just inside

each patient room immediately behind one of the dootss@itmpling lines on each side

of the doorway (one was run underneath the gap between the door and floor to obtain
measurements @bom pressurization with respect to the hallway). This measurement
was designed to serve primarily as an indicator of whéetfeerooms were being operated

at neutral pressure, positive pressure isolation (i.e., with airflow moving from patient
rooms toward the hallway, protecting patients from airborne hallway interactions), or
negative pressure isolation (i.e., with airflow nmagyfrom the hallway toward patient

rooms, protecting the hallway and other environments outside of the patient room from a
particular patient)The pressure sensors required 12 VDC power supply and drew
approximately 35 mA when operating. Therefore, ttesgure sensors were connected to
battery packs with 8 D batteries and housed together in a nondescript black plastic project
enclosure box. This box was mounted on the wall with 3M Command $itgzs. vinyl

tubing was used to measure the pressure diffeal and data were logged to an Onset
HOBO data logger at-Bninute intervals, synchronized with other HOBO loggers
throughout the hospital. Field measurements using an Energy Conservat@Q0oDG
differential pressure sensor confirmed very low, typica#tutral pressures with respect

to the hallway, so the pressure transducers were setiteebtional operation with a
maximum range of 0.1 in. W.C. (25 Pa). These sensors have an accutaéy of full

scale, or 0.25 Pa.
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Figure7. Differential pressure sensor; inside enclosure, attached to external data logger
and two tubes for differential pressure measurement between inside and outside of
room.

Figure8. Differential pressure sensor located behilmor, enclosed in box, external
data logger, two tubes: short tube inside room, long tube extending outside room.

3.2.3 Human Occupancy Measurements Patient room occupancy was measured
using two methodsThe primary method was the installation of $nigfrared (IR)
beambreak people countemsountedat each doorway tdetectthe combined numbeof
entrances and exiterough the patient room doorways, again-atibute intervals

(although we were not able to synchronize with the Onset HOBO datadpgdesse
battery powered sensors and loggers were installed on the door frames using 3M
Command stripswWhile logging & 5-minute intervals, their data storage reached capacity

after approximately 10 days, thereby providing the limiting factor to hosnafata had
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to be acquired by an individual from our tearhesemeasurementsere mosthelpful

for inferring the level of activity in each room (i.e., the combined number of entrances

and exits), but not necessarily the tireggying occupancy on its owBualdirection

beam break counters and other methods exist, but were out of range of the budget for this
project. However, when summing over an entirn@dr day, if one assumes there is

roughly the same number of entrances and exits through the doorveagan find a
reasonable estimate of the total number of people (not individual people) that had been in

the room during that day.

\

Side Firing

Figure9. Beambreak people counter components and configuration

FigurelO. Location of bearbreak people counters at patient room doorways
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To support thesbeam breakneasurement§ O, was alsaneasured in each
patient roormusing PP Systems SBACQO analyzers These analyzers were installed in
another nondescript blagiastic project box on a small shelf within the rooms with clear
vinyl tubing running out to the soda lime absorber columns (for zeroing) and to the
sample area (at approximately counter height near the edge of the sink). This location
was chosen primayilbecause of easy access to power; the units require 12 VDC power
supplies and could not operate for very long on batteries. Data from then@l@zers
were output to another Onset HOBO data logger attached to the side of the project box to
allow for easyetrieval. A mass balance on carbon dioxide prodidemethodor
checkng beam breakoom occupancgountsandalsosupporedventilation information
by allowing for estimation of AERs using periods of concentration decay following

periods of concentrian build-up.

SBA-5 Aurrbing
Samﬁ?asl
i
o [I—x—1]
o

IRGA

SoHimeOC2
At Cdum

Figurell SBA5 COp sensor with absorber column filled with selflicating soda lime.



Figurel2. SBA-5 CO sensor setip and location in patient room.

3.24 HVAC system characterizations and ventilation rate measurementslt is also
essential to know the amount of outdoortaimg providedo eachroomand how it may

vary hourly, daily, monthly, or seasonallfoassess outdoor air ventilation rat€&,
concentrationsvere meastedjointly in the outdoorair, recirculaed air,and supphair in

the airhandling unit§AHUS) in the mechanical systerttsat serve the patient rooms.
Measurements were made using the same typeaalfzersas in the patient room®PpP
SystemSBA-5) conrected to Onset HOBO U12 data loggersach ofthe outdoor,
recirculated, and supply air streams at each of the two AHUs serving the patient rooms.
These measurements were also synchronized with the patient room and nurse station

measurementand logged B5-minute intervals
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Figurel5. CO2 sensors installed at AldU

Finally, only spot measurements of the airflow rates in individual patient rooms
were made prior to theopital openindpecause of the level of invasiveness of these
measurement®8oth return airflow rates and exhaust airflow rates were measured using a
pressurematching technique combined with a calibrated fan (Energy Conservatory Duct
Blaster). These meamments were generally in line with the design flow rates on the
hospital plans and schedule she8imilar measurements were also performed at the two

slot supply diffusers, although we have less confidence in their results.

3.25 PassiveAir Sampling with HVAC Filter Media . In addition tothe longterm
building science data collection mentionedections 3.2.1 through 3.2we also used a
single sheet diilter media as a passive samplectdlectairborne particldoound
microbesn each patientaom. A thirsheetof medium efficiencyilter media was
selectedcut into 2 x 2 ft. pieces, and placed on the exteri@ach patient room return
grille on the ceiling and attached with custtwnlt magnetghat resembled the white

drop ceiling frame The filter mediavas removed and replaced on a weeklyidasd
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preserved for microbial extractioA.photo of a roll of media is shown KFigure16; this

media came courtesy of Kevin Kinzer at 3M.

Figurel6. Roll of filter media used for filtebased air sampling
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L
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Figurel?. Efficiency curve for filter media used in filtbased sampling.
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Figure18. Placement of magnetic filter frame for fiklease air sampling.

24-7/8

23-1/8~

Figure19. Magnetic frame design for filtdvased air sampler

33 Instrument Calibration and Initial Measurements

Prior to installation, all C@sensors and differential pressure sensors were
calibratedagainst or anotheusing separate elocation experimenti the laboratory

Calibration factors were estimated using linear regression analyses and applied to data
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retrieved from the sensorBhe calibrated C&sensors were also used dgreshort field
campaignn Felruary 2013 (prior to the hospital opening) to assess mixing
characteristics in one of the patient roos.additional celocation calibration

procedure was later conducted with all of the temperature and relative humidity loggers
used in the patiemboms and nurse stations. The next subsections describeféheh
calibrationprocedurs and results, as well as the results of initial hospital measurements

during unoccupied periods

3.3.1 CO:2 Sensor Calibrations Before installation in the hospitall 17 SBA5 CO
sensors were calibrated usingloocated measurements in the laboratoBata from each
sensor was analyzed analibrationfactors were determined for each sensng linear
regressionsAn additional celocation experiment was al$ater conducted during the

field sampling campaign, albeit only for the six SBACO sensors installed in the
mechanical rooms (where accurate-@@asurements were most useful for calculating
OA fractions). This was performed by connecting all samplmggslfrom the six
instruments in a single small cardboard both a mixing fan operatingCC&, was

injected and allowed to decay; new calibration factors were estimated for use with these
sensors fronthatpoint forward(around week 8) A final calibration was performed

again in the lalat the end of the project, after sensors were disconnected and removed
from hospital locationsTable4 shows results from the regression analysis for the three

calibrations performed throughotiet project.
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Figure20. Colocation calibration o7 SBA-5 CO2 sensors

Table3. Calibration factors fol7 SBA-5 CO, sensors

SBA-5 L , Calibration Factor, Calibration factor, Calibration factor,

Serial ID ocation initial starting at visit 8 final
32 AHUG OA 1.004x-0.39 0.962x + 2.29 0.983x+20.18
29 AHUG6 RA 1.014x+8.37 1.020x T 4.78 0.923x-11.48
27 AHU6 SA 1.079x-16.23 0.999x i 10.32 0.969x-6.83
46 AHU11 OA 1.048x+36.06 1.002x+36.44 1.004x+7.20
30 AHU11 RA 1.021x+7.87 0.994x+5.11 *
26 AHU11 SA 1x+0 1x+0 1x+0
50 101 1.034x+18.56 1.036x+14.78
47 102 1.036x+10.79 1.003x+8.05
65 103 1.010x+2.07 0.937x-52.91
51 104 1.006x+16.05 0.956x-2.77
28 105 1.007x+9.21 0.930x-42.01
44 201 1.006x+10.99 0.967x-8.16
33 202 1.020x+32.72 1.090x+30.15
45 203 1.030x+10.31 *
49 204 1.036x+19.58 1.041x+1.25
31 205 1.001x+12.98 0.966x-3.74 **
64 spare n/a 0.963x-12.93 **

*  Not available for calibration

** Changedocation since initial installation
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Calibration factors appeared to have drifted considerably for most of the sensors
over the course of the projecthe final data set was analyzed using a combination of
one or more of these calibration factors for each sensor, depending on how well it
correldged with related datgarticularly by comparing supply air Gheasurements with

room air CQ measurements made during known unoccupied periods

3.22 Pressure Sensor Calibrations The 10 differentiapressure sensoused in this

work were also calibtad by celocationmethods in the lab alongside a G0
differentialpressure gaugé&his was performed using a simple pressurized cardboard box
connected to both the D®B0 and the pressure sensors to be launched in the field.
Calibration factors weragain estimated using linear regression and applied to raw data

after collection

w

l

v
- & ”/’ 0
”‘ w 4

Figure2l. Caolocation calibration of pressure sensors
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Table4. Calibration factors for 10 differential pressure sensors

Room Calibration factor

101 ( x +0. 208.1929)8
102 ( x +0. A16.7030)1
103 (0. 4518P09
104 ( x +0. A16.7030)1
105 ( x +0. B11.4051)0
201 (9.00/658pP89
202 (0.52/84P93
203 ( x + OTJR05. 999
204 ( x +2. 902.0979)3
205 (A . 4m7/1. 004

3.2.3 Temperature and RH Calibrations. A co-location calibratiorof the
temperature and RH sensors used in the patient rooms and nurse statials® was

conducted at the end of the proje@the calibration factors shown in

Table5, reveaing thatmost of the temperature and RH sensors were within the range of
uncertainty stated for each of the sense@s4°C for temperature, 2.5% for RH)sing

these calibration factors over the range digoa room temperatures measured herein

(i.e., I7°C to 31°C), the temperature sensors appear more accurate than suggested by the
manufacturereported uncertaintyCalibrated temperatures were within 0.07°C of each
other on average, with the highest dawiabeing approximatel®.2°C.CalibratedRH
responded similarly, witmean deviations d@.2-0.4%RH and a maximum deviation of

0.8% RHusing calibrated data over the range of RH values measured throughout the
project Without applying calibration factorshe units were still well within the range of

manufacturereported uncertaintin the celocation experiment: the mean temperature
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deviation was only 0.06°C (ranging from 0.01°C to 0.14°C) and the mean RH deviation

wasonly 0.19% RH (ranging from 0.04% 0.32% RH) Given these strong correlations

with raw sensodatg calibration factorsverenotusedfor T/RH datain this wok.

Table5. Calibration factors for temperature and RH sensors

Temperature calibration

RH calibration

Room  gjope in te)r/éept R2 Slope int?zé;)ept R?
100 1 0 1 1 0 1
101 1.00 0.086 0.999 0.991 0.224 0.999
102 1.00 -0.017 0.999 0.993 0.428 0.999
103 0.984 0.421 0.999 1.003 0.186 0.999
104 0.979 0.420 0.999 0.994 0.637 0.999
105 0.981 0.417 0.998 0.985 0.372 0.999
200 0.994 0.193 0.999 0.995 -0.041 0.999
201 0.998 0.120 0.999 0.990 0.317 0.999
202 0.993 0.128 0.999 0.996 0.102 0.999
203 0.994 0.167 0.999 0.994 0.175 0.999
204 0.995 0.149 0.999 0.993 0.334 0.999
205 1.003 -0.015 0.999 0.987 0.112 0.999

3.2.4 |Initial Patient Room Measurements In order to test thextent ofmixing inside

thepatient roomsfive calibratedCO;, sensors wermstalledin five separatéocations

within just onepatient roonm(Room 102)and measured simultaneouby approximately

24 hoursPhotos of this experiment are shown below. Measurement locations were

chosen to cover a wide range of distances from each other within the relatively small

patient roomThese simultaneous calibrated data are showgimre23 versus time and

in Figure24 with four sensors calibrated against one sensor in the center of the room.



Figure22. Well-mixed test using 5 COgnsors

Figure23. Time-series of 5 CO2 sensors used in vweiked test
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