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ABSTRACT 

 

The Hospital Microbiome Project was designed to study the progression of 

microbial communities present inside and nearby patient rooms in a new hospital pavilion 

recently built at the University of Chicago, both before the hospital was occupied and for 

nearly one year after introduction of patients and hospital staff.  A suite of building 

science measurements, which is the focus of this work, was 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 building science measurement plan included characterizations of indoor air 

temperature, relative humidity (RH), absolute humidity, light levels, outdoor air fractions 

in the HVAC systems, room pressurization, and human occupancy using both beam break 

counters and CO2 concentrations in the 10 patient rooms and 2 nurse stations. Each 

parameter was measured at 5-minute intervals over the span of nearly one year, which 

resulted in more than 8 million collected data points. 

Air temperatures varied more than expected for such a typically tightly controlled 

environment, with surprisingly low correlations between rooms. RH and absolute 

humidity were highly correlated between patient rooms, indicating a strong effect from 

the HVAC system and little effect from occupants.  Humidity 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 floors (which 

received similar solar exposure), but large seasonal patterns were apparent. CO2 was 

moderately correlated with non-directional IR beam-break counts at times, but not 

consistently. IR beam-break counters revealed large variations in patient room occupancy 
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patterns throughout the study. In the HVAC systems serving each floor, outdoor air (OA) 

fractions were successfully calculated using CO2 concentrations measured in the outdoor 

air intake, recirculation air, and supply air, albeit only after periodic calibrations with data 

from the building automation system. OA fractions also showed distinct patterns of 

economizer usage with outdoor temperatures.  Ultimately, this large suite of building 

science data will be used alongside microbial diversity data to explore correlations 

between indoor microbiology and the built environment. 

  



14 

 

 

CHAPTER 1 

INTRODUCTION 

 

Because we spend nearly 90% of our time indoors on average (Klepeis et al., 

2001), much of our exposure to both airborne and surface-bound pollutants of physical, 

chemical and biological origin occurs inside buildings. Hospitals represent a particularly 

important indoor environment for human exposure to biological contaminants, with the 

potential for contracting a microbial pathogen while inhabiting a hospital being quite 

high.  The number of healthcare associated infections (HAIs) in the United States was 

estimated to be 1.7 million in 2002, revealing a rate of 4.5 infections per 100 hospital 

admissions that led to nearly 100,000 deaths (Klevens et al., 2007).  This has placed 

HAIs as the sixth leading cause of death in the U.S., ahead of diabetes, influenza, 

pneumonia, and Alzheimerôs disease (Anderson & Smith, 2005).  Many HAIs can be 

traced back to exposure to specific microbial pathogens in patient rooms in hospitals.  

Therefore, hospitals are a prime ecosystem for studying the transfer of microorganisms 

between humans and the built environment. 

The Hospital Microbiome Project (HMP) was designed to study the growth and 

diversity of microbial communities present inside a new hospital pavilion recently built at 

the University of Chicago.  The studyôs primary focus was to characterize the indoor 

microbiome within and nearby patient rooms in a brand new hospital immediately before 

it was occupied and for nearly one year after introduction of patients and hospital staff.  

This biological sampling design provided a unique scenario under which to observe the 

spatial and temporal progression of microbial communities in a brand new, high-

occupancy and high-turnover hospital environment. In addition to the microbiological 
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sampling campaign being conducted simultaneously by project partners at Argonne 

National Laboratory and the University of Chicago (data for which are still being 

analyzed using a number of culture-independent sequencing techniques), a suite of 

building science measurements was 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.  This provides an extensive 

environmental context for microbial samples and may lead to more biologically 

significant discoveries and may allow for comparisons to other indoor environments 

(Corsi, Kinney, & Levin, 2012). These kinds of data are also commonly referred to as 

ñbuilt environment metadataò in the microbial ecology literature (Glass et al., 2013). 

This work first reviews recent indoor microbial community research, highlights 

the lack of built environment metadata collection in many previous investigations, and 

describes some potentially important built environment factors that can influence 

microbial communities in indoor environments.  Based on this review, this work then 

describes in detail a building science measurement plan that was developed in order to 

address the need for accurate, long-term environmental and operational measurements 

within the Hospital Microbiome Project (HMP), which has applicability to other indoor 

environments as well.  Within the hospital, the measurement plan included 

characterizations of indoor air temperature, relative humidity, light levels, outdoor air 

fractions in the HVAC systems, and human occupancy in the 10 patient rooms and 2 

nurse stations that were also simultaneously sampled for microbial communities. Each 

parameter was measured at 5-minute intervals over the span of nearly one year while 

project partners took concurrent daily and weekly microbial samples from a variety of 
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surfaces. The field equipment, calibrations, installation, data retrieval, analysis methods, 

and results are presented in this work, and the constraints and significance for building 

science characterization are also discussed. Although the microbial samples are still being 

sequenced and analyzed, these 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 microbial communities has historically relied on culture-based 

methods, yielding only partial or biased assessments of microbial community structure 

and failing to detect fragments of organisms that may influence the larger microbial 

ecology and potentially human health.  In recent years, metagenomics has enabled 

culture-independent 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 microbial communities and diversity 

(Wooley, Godzik, & Friedberg, 2010). The following subsections describe (1) previous 

indoor microbial community research and the importance of hospital environments in 

particular, (2) the prevalence of built environment metadata collection in recent indoor 

microbial ecology studies, (3) the importance of building environmental and operational 

characteristics in microbial survival and pathogen transmission, and (4) the methods 

typically used to robustly measure individual building science parameters, all of which 

inform the building science measurement plan implemented in the Hospital Microbiome 

Project (HMP) described in Chapter 3. 

 

2.1 Previous indoor microbial community research and the importance of 

hospital environments 

The development of computational methods for measuring and analyzing 

microbial diversity has led to a rapid increase in the number of studies exploring 

microbial diversity within the built environment (Humphries, 2012; Scott T Kelley & 
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Gilbert, 2013). Recent studies have characterized microbial diversity in offices and other 

commercial buildings (Hewitt, Gerba, Maxwell, & Kelley, 2012; Tringe et al., 2008), 

classrooms (Hospodsky et al., 2012; Meadow et al., 2013; J. Qian, Hospodsky, 

Yamamoto, Nazaroff, & Peccia, 2012), healthcare facilities (Hewitt et al., 2013; Kembel 

et al., 2012; Lee, Tin, & Kelley, 2007; Oberauner et al., 2013; Poza et al., 2012; Rintala, 

Pitkaranta, Toivola, Paulin, & Nevalainen, 2008), homes (Dunn, Fierer, Henley, Leff, & 

Menninger, 2013; Flores et al., 2013; Jeon, Chun, & Kim, 2013; S. T. Kelley, Theisen, 

Angenent, St. Amand, & Pace, 2004; Medrano-Félix et al., 2011), and transportation 

environments (Korves et al., 2013; Robertson et al., 2013), which all represent indoor 

environments where people spend much of their time. Particular attention has been paid 

to surface sampling, with few studies focused on indoor or 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 outdoor microbial 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 skin, gut, nasal, and/or oral sources 

(Hewitt et al., 2013; Hospodsky et al., 2012), with some variability attributed to building 

ventilation strategies and occupancy characteristics (Kembel et al., 2012; Meadow et al., 

2013). Conversely, fungal communities appear primarily dominated by local outdoor 

environments (Adams, Miletto, Taylor, & Bruns, 2013; Amend, Seifert, Samson, & 

Bruns, 2010). 

  Beyond fundamental microbial community characteristics, human exposure and 

susceptibility to specific pathogens is of great concern for public health, and previous 



19 

 

 

research has shown that the built environment plays a significant role in the transmission 

of many pathogens. Hospitals are particularly sensitive indoor environments for pathogen 

transmission.  Hospitals implement strict surface cleaning procedures and hygiene 

protocols in order to decrease microbial contamination and reduce the chance of 

transmitting infections, but hospital-acquired infections (HAIs) continue to persist.  The 

indoor environment acts as a reservoir for pathogens that are often capable of prolonged 

survival, possibly months.  For example, Kramer et al. (2006) reported that hospital 

surfaces with hand contact are often contaminated with nosocomial pathogens and may 

serve as vectors for transmission (Kramer, Schwebke, & Kampf, 2006).  Stiefel et al. 

(2011) found that healthcare workers are just as likely to contaminate their hands (gloves) 

from commonly touched surfaces as from direct contact with patientsô skin sites (Stiefel 

et al., 2011).  Sharpe et al. (2011) found that everyday levels of surface contamination in 

intensive care units (ICUs) are significantly higher than levels considered to represent a 

risk for the transmission of infections.  Other studies suggest that more attention is 

needed toward building design and environmental factors that can facilitate and enhance 

environmental disinfection (Sharpe & Schmidt, 2011). 

As an indoor study site, hospitals offer the advantage of having many built 

environmental characteristics that are relatively constant across individual patient rooms, 

including building materials, square footage, furniture, and cleaning procedures and 

schedules. Additionally, 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, water, and occupants. Other environmental variables such as 

air temperature, relative humidity, ventilation air sources, HVAC airflow rates, and 
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human occupancy are typically assumed to be rather tightly controlled, particularly in 

newer hospital facilities, although there is a general lack of data to support this 

assumption in the peer-reviewed literature.  

 

2.2 Building science measurements in recent DNA-based indoor literature 

  While recent studies utilizing culture-dependent molecular techniques and 

metagenomic 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 

indoor 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 studies of microbial diversity in the built environment focused 

primarily on surfaces, followed by a larger (albeit still limited) number of studies that 

also incorporated indoor air sampling.  Many of these studies have failed to characterize 

local 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 

complex with no identical sequences between them.  However, no building 

environmental conditions, such as shower usage and cleaning procedures, was reported to 

potentially explain some of the observed variation.  Lee et al. (2007) used both culture 

and culture-independent molecular methods to determine bacterial diversity in a child-

care center over a six-month period with surface samples 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 design, operation or occupancy 

was reported, limiting our ability to make comparisons to other environments. 

  There have been several studies in hospital facilities using similar methods.  For 

example, Poza et al. (2012) compared bacterial diversity on surfaces in intensive care 

units (ICUs) to diversity in an open, crowded entrance hall of a hospital (Poza 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 microbes (Hewitt et al., 2013). 

Many of the bacteria genera included known pathogens and many were skin-associated. 

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, no quantitative measures of human occupancy were noted, which 

may have helped further explain or extrapolate their results. In another study of ICUs in a 

hospital, Oberauner et al. (2013) sampled floors, medical devices, and workplaces 

(Oberauner et al., 2013).  They found that microbial diversity between the three areas 

were distinct and overall, bacterial communities were not as diverse as other indoor 

environments. Floor-associated communities formed distinct clusters compared to 

devices, whereas workplaces and devices were similar, again suggesting occupancy 

influences. The authors noted that the ICU had both air conditioning and window 
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ventilation, but other environmental conditions or operational characteristics were 

reported.  

   Other recent DNA-based microbial diversity studies have given more attention to 

building environmental and operational characteristics that could potentially have an 

effect microbial diversity, and many have shown these variables to be influential.  For 

example, a study by Rintala et al. (2008) investigated bacterial communities in settled 

dust in two similarly aged buildings in Finland over the course of a year (Rintala et al., 

2008).  Four samples were taken in each building, one per season.  Differences between 

buildings were found to be greater than differences between seasons. They described 

several building characteristics, including construction, HVAC system, age, history of 

problems, and also reported that a civil engineer performed a technical inspection on both 

buildings. Both buildings had a mechanical exhaust ventilation system, although it is not 

clear how it actually performed during the 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 indoor air problems. The other building, built in 1940, 

had undergone a thorough restoration in 1982 and had no visible signs of moisture 

damage; occupants reported no problems related to the building or indoor air. 

  Several other recent studies have gone even further, providing more information 

about HVAC systems and ventilation strategies, occupant behaviors, and basic indoor 

environmental parameters such as temperature (T) and relative humidity (RH).   For 

example, Kembel et al. (2012) studied the relationship between building attributes and 

airborne bacterial communities at a hospital by quantifying airborne bacterial 
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communities and environmental conditions in patient rooms exposed to mechanical or 

window ventilation and in outdoor air on the roof near the HVAC system outdoor air 

intake.  The rooms were classified as ñexposed to mechanical ventilationò or ñexposed to 

window ventilation.ò The mechanically ventilated rooms had ventilation 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 a return duct, bathroom exhaust, and by any outflow 

through portions of the same window.  Diversity of airborne bacterial communities was 

found to be lower indoors than outdoors, and communities in mechanically ventilated 

rooms were less diverse than window-ventilated 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, relative 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 environments.  Medrano-Feliz et al. (2010) investigated human 

activities in terms of cleaning behaviors and identified the presence of Escherichia coli, 

Staphylococcus aureus, Salmonella, hepatitis A, and norovirus in 60 homes in Mexico 

and assessed the effect of chlorine and ammonium based disinfectants on these 

communities (Medrano-Félix et al., 2011). Surface sample sites included kitchens 

(counter top, sponge, dishcloth, cutting board, and sink), bathrooms (sink, toilet bowl, 
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toilet seat, and shower tile), pet areas (toy sites) and childrenôs areas (toy sites). In 30 

homes that followed a disinfection protocol, there was a significant reduction in the 

presence of the studyôs target microbes compared to a control group that did not utilize a 

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 size-resolved emission rates of biological (bacteria and fungi) particles 

in indoor air inside a 30 m2 classroom measuring under both occupied and vacant 

conditions. The reason that the authors were able to calculate emission rates is because 

they sufficiently characterized detailed building operation, including air exchange rates, 

HVAC operation, and the number of occupants during sampling. Human occupancy was 

assessed visually, and position of windows and doors and HVAC system operational 

characteristics were noted.  AER was measured using CO2 decay techniques and T/RH 

was also measured during testing. They 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 CO2 concentrations.  They characterized the HVAC 

system as operating under economizer conditions, varying the fraction of outdoor airflow 

rate to total airflow from 25% to 100% depending on heating and cooling needs.  OA 
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fraction measurements were not made, but the authors suggested it would have been near 

50% OA during test conditions based on outdoor climatic conditions.  The HVAC system 

passed through a MERV 8 particle filter before entering the classroom; authors measured 

the in-situ size-resolved filtration efficiency of this filter using an optical particle counter.  

PM2.5 and PM10 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 PM2.5, PM10, and PM37 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 

sampling campaign. Air exchange rates were measured using CO2 injection and decay 

during several distinct periods, with an average AER of 5.5 per hour. Human occupancy 

was also the same as in Qian et al. (2012). Comparisons 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 air. These 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 disease is likely responsible for the majority of HAI 

cases in hospital environments, transmission through the air may be more difficult to 

control. However, measures can be made to limit the spread.  Aside from personal and 

administrative measures, engineering control methods including building ventilation, 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 buildings. Eames et al. (2009) identified three basic 

elements of building ventilation, including (i) the ventilation rate (i.e., the amount of 

outdoor air provided to a space), (ii) airflow direction, which should be from clean to 

dirty zones in a hospital, and (iii) air distribution or indoor airflow patterns (i.e., efficient 

air delivery and removal, which all play a role in infection control) (Eames, Tang, Li, & 

Wilson, 2009).  Several studies have also sought to quantify the risks associated with 

airborne transmission of respiratory diseases.  One often-used approach is the Wells-

Riley model, which is based on a concept of a ñquantum of infectionò, whereby the rate 

of generation of infectious airborne particles can be used to model the likelihood of an 

individual in a steady-state well-mixed indoor environment being exposed to the 

infectious particles and subsequently succumbing to infection (Riley, Murphy, & Riley, 

1978). 

Qian et al. (2009) integrated the Wells-Riley equation into computational fluid 

dynamics (CFD) models to predict the spatial distribution of infection risk, analyzing the 

2003 SARS outbreak in a hospital in Hong Kong.  The spatial distribution of infected 

cases was shown to be related to the airflow pattern and the outbreak was very likely 

transmitted via airborne routes and related to the ward ventilation system (H. Qian, Li, 

Nielsen, & Huang, 2009). Knibbs et al. (2011) assessed the effect of ventilation rates on 

influenza, tuberculosis, and rhinovirus infection risk within three distinct rooms in a 

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 CO2 as a tracer and used a model developed by Gammaitoni 
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and Nucci to estimate infection risk (Gammaitoni & Nucci, 1997).  The study showed 

that the isolated nature of the first two rooms limited infection risks to 0.1-3.6%, but for 

individuals entering an outpatient consultation room after an infectious individual 

departed ranged from 3.6-20.7%, depending on occupant duration (Knibbs, Morawska, 

Bell, & Grzybowski, 2011). 

Blachere et al. (2009) measured size-fractioned airborne particles in a hospital to 

identify airborne influenza viruses using real-time polymerase chain reaction (PCR), a 

method to amplify and quantify targeted DNA molecules. They found that ~53% of the 

detectable influenza virus particles they found were within the respirable aerosol fraction 

(i.e., less than 4 µm). More specifically, 46% were in the >4 µm stage; 49% were found 

on the 1-4 µm stage; and 4% were collected on the back-up filter (<1 µm). Temperature, 

relative humidity, and air pressure differentials were measured and design air-exchange 

rates were noted in the study (Blachere et al., 2009). Particle size is an extremely 

important parameter governing removal by HVAC filters and deposition to surfaces 

(Nazaroff, 2004). 

King et al. (2013) measured spatial deposition of aerosolized Staphylococcus 

aureus in an aerobiology test room arranged in three different layouts: an empty room, a 

single-bed, and a two-bed hospital room.  They demonstrated that small particle 

bioaerosols are deposited throughout a room with no clear correlation between relative 

surface concentration and distance from the source.  However, a physical partition 

separating patients was shown to be effective at reducing cross-contamination of 

neighboring patient zones.  The results also validated the use of CFD techniques for 
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modeling bioaerosol behavior in indoor environments (King, Noakes, Sleigh, & 

Camargo-Valero, 2013). 

Overall, these studies and others point to the large influence that a number of 

building environmental conditions, operational conditions, and design and construction 

characteristics can have on indoor microbial communities, microbe survival, and 

pathogen transmission and infectious disease risk. 

 

2.4 Buil t environment metadata parameters and collection methods  

  A large number of building science measurements that may influence microbial 

communities in indoor environments can be described generally by the following 

categorizes: (i) building characteristics and basic indoor environmental conditions, (ii) 

human occupancy measurements, (iii) HVAC system characterizations and ventilation 

rate measurements, (iv) air-sampling and aerosol dynamics, and (v) surface 

characterizations.  These parameters are informed in large part by evidence of their 

importance for influencing microbial communities on indoor surfaces and in indoor air, 

as well as their importance for general building characterizations in other indoor 

environmental research.  This work was designed to incorporate most of the above 

building science measurements in order to adequately support the microbial 

measurements in the Hospital Microbiome Project. 

 

2.4.1 Building characteristics and basic indoor environmental conditions.  Several 

basic building characteristics and indoor environmental measurements are fundamental to 

any indoor environmental investigation. 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, HVAC system 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 sample space, may have 

particular influence on microbial diversity outcomes. Portable, off-the-shelf battery-

powered sensors can accurately and inexpensively measure and log these data for long 

periods of time. Long-term data logging is important for assembling a history 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 field 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 Denmark (Frankel et 

al., 2012). In the same study, indoor RH was also positively correlated with indoor fungi 

concentrations. In a study of child day-care centers in Turkey, differences in airborne 

bacterial communities were seen with some (varying) outdoor environmental conditions, 

which could also have manifested in differences in indoor environmental conditions such 

as temperature, relative humidity, or HVAC operation (Aydogdu, Asan, & Tatman 

Otkun, 2009). For example, the amount of endospore-forming Gram-positive 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 spread airborne infections in hospitals, 
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although evidence is quite limited and suspected mechanisms are not entirely 

environmental (Hobday & Dancer, 2013). More recently, a study in primary schools in 

Australia found that air temperature (measured over the previous 24 hours) was 

negatively associated with concentrations of endotoxin in indoor air and positively 

correlated with endotoxin loads in floor dust (Salonen et al., 2013). Additionally, lower 

airborne endotoxin concentrations were observed during periods of 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 

temperatures and higher RH in air-conditioning ducts subjected to dust deposition (A. Li, 

Liu, Zhu, Liu, & Wang, 2010). Other studies have shown that a substantial amount of 

dust can accumulate due to particle deposition on air-conditioning ducts (Sippola & 

Nazaroff, 2004; Brent Stephens & Siegel, 2012; Waring & Siegel, 2008). There are 

complex interactions 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 flooring materials, and in buildings with rotating heat exchangers (Cai et 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 temperature (ASHRAE, 

2013a), as there is some evidence that absolute humidity can influence microorganism 

survival (Baughman & Arens, 1996), mold growth on building materials (Nielsen, Holm, 

Uttrup, & Nielsen, 2004), airborne endotoxin (Park et al., 2000), and the inactivation or 

survival of influenza viruses on surfaces (McDevitt, Rudnick, First, & Spengler, 2010; J. 
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Shaman & Kohn, 2009; Jeffrey Shaman, Pitzer, Viboud, Grenfell, & Lipsitch, 2010). 

Thus, at a minimum, long-term measurements of T/RH and possibly artificial and/or 

natural light levels should be made and recorded in microbial diversity studies, as many 

have already done. Long-term data logging is important for characterizing changes in 

environmental conditions over time, within a study space.  Relying on spot measurements 

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

 

2.4.2 Human occupancy measurements.  Human occupancy and activity are major 

factors influencing indoor microbial communities.  Studies have suggested that the 

presence of people, their activities, and the surfaces with which they come in contact are 

important drivers of microbial diversity.  There are many ways to measure human 

occupancy, with the simplest method being physical counting and recording of people in 

the sample space.  However, such a method is only successful in small-scale, short-term 

studies and does not allow for larger, long-term studies, which require more sophisticated 

methods and equipment for accurately capturing human occupancy and activity.  The 

method of choice often depends on the design and construction of the study environment 

and may include video cameras equipped with people-counting software (Chen, 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 doorway (Dong & Andrews, 2009; Meyn et al., 2009), proximity or light 

sensors that can detect movement or lack of movement near a specific location (Dodier, 

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

Rubinstein, Colak, Jennings, & Niels, 2003), CO2 sensors coupled with dynamic mass 
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balances on indoor CO2 concentrations (Bartlett, Martinez, & Bert, 2004; Cornaro, 

Paravicini, & Cimini, 2011; Lawrence & Braun, 2007; Wang, Burnett, & Chong, 1999), 

radio-frequency identification (RFID) (Gillott, Holland, Riffat, & Fitchett, 2006; N. Li & 

Becerik-Gerber, 2011; N. Li, Calis, & Becerik-Gerber, 2012) and Bluetooth tracking 

systems (Bruno & Delmastro, 2003; Kjærgaard, Treu, Ruppel, & Küpper, 2008; Naya, 

Noma, Ren Ohmura, & Kogure, 2005), or even acoustic 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.  

Measurements can also be combined with sophisticated algorithms to provide robust 

determinations of time-varying human occupancy and/or activity (Hutchins, Ihler, & 

Smyth, 2007; Ihler, Hutchins, & Smyth, 2006; Lam et al., 2009; Page, Robinson, Morel, 

& Scartezzini, 2008). 

The choice of occupancy measurement technology may depend on the 

environment in which sampling is taking place.  For example, IR beam-break sensors 

installed at doorways are most appropriate for smaller volume environments with limited 

numbers of entrances and exits, and where location inside the room may not be as 

significant as mere presence 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 can suffer from inaccuracy, with a lack of movement not necessarily 

equating to a lack of occupancy, and vice versa. Both beam-break sensors and video 

camera systems are more appropriate for environments with limited entryways.  
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Upgrading from non-directional to directional beam-break sensors makes them more 

utilizable in environments with multiple doorways, but can increase costs significantly.   

CO2 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 between individual people.  Additionally, reliance on CO2 

measurements requires 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 on specific needs and budget. 

 

2.4.3 HVAC system characterizations and ventilation rate measurements.  Another 

set of parameters that are essential in characterizing building operation are HVAC system 

airflow rates and ventilation rates in the sample space.   These 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 characteristics (Bluyssen et al., 2003).  Air 

exchange rates (AERs) have also been shown to correlate with indoor microbial 

communities.  Particle filtration efficiency and HVAC recirculation rates (the airflow rate 

through an HVAC system divided by the volume of the space it serves) can impact the 

amount of biomass that settles 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 important when sampling in 

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

mixing in the environment, and surface area-to-volume ratio will also have an effect on 
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deposition rates, and therefore the amount of settled biomass (He, Morawska, & Gilbert, 

2005; Lai, 2002). 

  There are a variety of tools to measure airflow rates through HVAC systems, 

many with varying degrees of accuracy, complexity, 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 unit, including: (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; 

(iii) air velocity can be measured using pitot tubes or hot-wire anemometers traversing 

the entire area of a duct system, particularly if general guidelines for the number and 

spacing of measurement points are followed (i.e., equal-area or log-Tchebycheff 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, 2007). Particularly for small and medium sized HVAC 

systems, there are also highly accurate airflow metering plates available for rapid 

measurements of air handler flow 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; (iii) duct traverse 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 interventions by field-

workers. For example, airflow rates, which are invasive to measure, can be correlated to 

duct pressure measurements, which can be easily measured and recorded on a data logger 

(Stephens, Siegel, & Novoselac, 2010; Brent Stephens, Novoselac, & Siegel, 2010; 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 report these values, accuracy is often an issue.  The fraction of outdoor air in an air 

stream can be measured in several ways, including measuring CO2 concentrations in 

recirculation, outdoor and supply air streams of an air handling unit (A. K. Persily, 1997).  

Knowing both supply flow rate and outdoor air fraction, outdoor air ventilation rates can 

be calculated. Another way of measuring ventilation rates and air flows directly in test 

environments is using a tracer gas (ASTM E 741, 2006; Miller, Leiserson, & Nazaroff, 

1997; Sherman, 1989, 1990; Wallace, Emmerich, & Howard-Reed, 2002).  Tracer gas 

methods include simple injection and decay, constant injection, and constant 

concentration (ASTM E 741, 2006).  Both active and passive tracer gas injection and 

sampling methods can be used as well. Active techniques allow for time-varying AER 

measurements but involve real-time monitoring of tracer gases, which can introduce 

prohibitive costs and labor 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 longer-term time-averaged AERs (Lunden 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.    

 

2.4.4 Air sampling and aerosol dynamics.  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 impingers (Kembel et al., 2012; Robertson et al., 

2013), filter-based size-resolved impactors (Hospodsky et al., 2012; J. Qian et al., 2012) 

and non-size-resolved impactors (Meadow et al., 2013), petri dishes suspended in air 

(Adams et al., 2013), HVAC particle filters installed in air handling units (Korves et al., 

2013; Tringe et al., 2008), and an experimental sampler similar to a wetted wall cyclone 

(Gaüzère et al., 2013).  These methods may vary widely in their collection efficiencies 

and DNA extraction efficiency.  Additionally, they vary in terms of some practical 

concerns with airflow rates, noise levels, and introducing potential bias.  Bioaerosol 

samplers operate at airflow rates ranging from 4 L min-1 (Meadow et al., 2013) to as 

much as 300 L min-1 (Robertson et al., 2013) or even 1000 L min-1 (Gaüzère et al., 2013).  

Higher airflow rates have the advantage of collecting more biomass, but can also compete 

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 sampling techniques, such as suspended petri 

dishes, avoid these concerns but 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 been the use of 

HVAC filters to passively collect bioaerosols.  The 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 sample air microbiota 

in two shopping centers in Singapore.  Over a period of 90 days, with air passing through 

filter for 14 hours per day, approximately 6×66 m3 of air passed through the filters (Tringe 

et al., 2008).  Traditional bioaerosol sampling techniques utilizing flow rates of 4-1000 L 

min-1 would have provided a maximum of 75×103 m3 of air for sampling, reducing the 

amount of biomass available for analysis significantly.  Noris 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 month (Noris, Siegel, & Kinney, 2011). 

Additionally, dust from the HVAC filters were found to be similar to those collected on 

surfaces.  This suggests that high efficiency HVAC filters could be used as a long-term 

integrated measure of microbial communities in indoor air. 

 

2.4.5 Surface characterizations.  Finally, the last type of building environmental 

characterization that we should mention involves meaningful characterization of surfaces 

from which microbes are sampled. Surfaces can harbor an array of adsorbed compounds 

and settled dust that may affect the growth and diversity of microbial communities on 

them.  Basic surface characteristics such as porosity, composition, and environmental 

conditions immediately adjacent to surfaces can all affect microbial communities. Water 

activity, or the relative humidity at equilibrium, of a building material is a major 

determining factor for fungal growth (Nielsen et al., 2004).  Water activity varies with 

temperature and the type of material; the longer a materialôs water activity is over 75%, 
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the greater risk of fungal growth (Viitanen et al., 2010). Water activity may also vary 

with surface 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 

microbial mass found on surfaces.  The effect of cleaning frequency has been 

demonstrated in a recent study showing that the microbial community composition on 

peopleôs hands is highly influenced by time since their last hand washing (Fierer, 

Hamady, Lauber, & Knight, 2008).  Similar studies involving building materials have 

shown the same (Adams et al., 2013; Flores et al., 2013; Medrano-Félix 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 the HMP, a suite of building science measurements was designed to 

support the simultaneous microbial sampling by providing meaningful data on several 

building environmental and operational parameters that may serve to influence microbial 

communities in the hospital. The suite of measurements was informed by several initial 

walkthroughs of the hospital during construction, evaluations of mechanical and floor 

plans, and several baseline measurements during unoccupied periods of parameters that 

were predicted to be challenging to acquire once the hospital was occupied, including 

supply and return airflow rates in each patient room. Subsequently, long-term 

measurements of parameters including indoor air temperature, relative humidity, light 

intensity, HVAC outdoor air fractions, room pressurization with respect to the hallways, 

and human occupancy inside the patient rooms were conducted. An 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 

constraints. This 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 room characteristics 

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

adjacent rooms on the 9th floor located directly below five identical rooms on the 10th 
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floor. All ten rooms were identical, single-occupancy, west-facing, adult inpatient rooms 

and classified as ñneutral pressureò rooms on the mechanical plans. While all ten rooms 

were patient care units, the 10th floor was devoted to oncology patients, who typically had 

longer stays than patients on the 9th floor. Each room had a floor area of approximately 

360 square feet (33.4 m2), including a bathroom of 50 square feet (4.6 m2). Ceiling 

heights were 9.5 feet (2.9 m), providing a volume of approximately 3420 ft3 (96.8 m3). 

Large windows spanned the width of the west side of each room, opposite the sole 

doorway on the east side. Two 1.5 m slot supply diffusers were located at the ceiling near 

the windows, spanning the width of the room. The design supply airflow rate was 450 

cfm (765 m3/hr) according to detail drawings and schedule sheets, with summer and 

winter minimum flows of 390 cfm (663 m3/hr). Although the HVAC systems conditioned 

air centrally, reheat coils were also installed at the supply diffusers for greater 

temperature control within individual rooms. A single 2 ft x 2 ft (0.6 x 0.6 m) return grille 

was located at the ceiling near the doorway with a design airflow rate of 350 cfm (595 

m3/hr) and a minimum of 290 cfm (493 m3/hr), according to the schedule sheets. An 

additional exhaust was located in the bathroom with a constant design airflow rate of 100 

cfm (170 m3/hr). Two large nurse stations located across the hallway from the patient 

rooms on each floor were also selected as sampling locations.  
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Figure 1.  Diagram of sensors and locations in hospital patient rooms. 

 

  Each floor was served by air handling units (AHUs) located in the two-level 

mechanical penthouse on the 11th and 12th floors. The 10th floor was served by a single 

AHU with a design airflow rate of ~50,000 cfm (85,000 m3/hr), while the 9th floor was 

served by a combination of four connected ~50,000 cfm (85,000 m3/hr) AHUs that also 

served the 8th floor (for a total of ~200,000 cfm or 340,000 m3/hr). 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 installed before the heating and cooling coils and supply fans, as well as HEPA 

filtration installed just before entering the supply plenum. Dampers at the outdoor air 

intakes were automated to adjust the intake flow rate depending on outdoor air 

temperature. AHU detail drawings are shown in Figure 2. 
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Figure 2.  Air handling unit showing outdoor, return, and supply air streams. 

 

3.2 Patient room and mechanical room coding for identification and 

confidentiality  

  In order to de-identify patient rooms for purposes of patient confidentiality, a 

naming convention was created to refer to rooms on the 9th and 10th floors of the hospital.  

Numbers 101-105 referred to consecutive rooms on the 9th floor, with 100 referring to the 

nurse station on the same floor.  Numbers 201-205 refer to the rooms on the 10th floor, 

directly above those on the 9th, with 200 referring to the nurse station on the 10th floor. 

  AHU 6 refers to the single AHU that served the 10th floor.  AHU 11 refers to the 

combination of AHUs 11, 12, 13, and 14, which combine to serve the 8th and 9th floor.  

For the purposes of our sampling, we are only concerned with the 9th floor and do not 

refer to the 8th floor.  Each of the two AHUs had three sampling locations (outdoor air 

intake, recirculation air, and supply air), giving a total of six sampling locations within 

the mechanical rooms.  Here, we specify AHU 6 OA, RA and SA and AHU 11 OA, RA, 

SA to refer to the AHU number and outdoor air, return air, and supply air streams, 

respectively. 
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3.3 Sensor instrument selection and installation 

Environmental conditions within each patient room and nurse station were 

measured continuously using a combination of sensors and data loggers operating at 5-

minute intervals for the span of one year. The location of each sensor is shown in Figure 

3. Data was retrieved on a weekly basis, concurrent with weekly microbial sampling by 

project partners. Onset HOBO U12-012 data loggers, which recorded air temperature, 

RH, and light intensity, were installed on the wall adjacent to patient beds and at a central 

location at each of the two nurse stations. These locations were chosen primarily by 

giving consideration for likely light exposure, aesthetic impact, invasiveness, and ease of 

access. CO2 was measured in each room as one of two surrogates for occupancy using PP 

Systems SBA-5 analyzers connected to Onset HOBO U12 data loggers installed on a 

shelf located near an electrical outlet. A differential pressure transducer (Onset T-VER-

PXU-X) was also installed at each doorway connected to a large battery pack and another 

Onset HOBO U12 data logger with sampling 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 loggers was 

synchronized to collect data simultaneously throughout the project.  

To further characterize human occupancy and activity, non-directional infrared 

beam-break people counters (SenSource PC-TB12-R) were installed at each patient room 

doorway (there was only one doorway for each room). These sensors recorded the 

number of beam breaks that occurred over each 5-minute 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 room return grille and attached 
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with custom fit magnets in order to sample airborne microbial communities (Hoisington, 

Maestre, Siegel, & Kinney, 2014; Noris et al., 2011). The media was removed, preserved 

for microbial extraction, and replaced every week.  This was the only airborne microbial 

sampling method utilized in this project. 

 

 

Figure 3.  Typical patient room showing locations of building science sensors and 

microbial sampling 

 

All of the building science equipment is listed in Table 1. Individual parameter 

measurements are described in more detail in the following subsections.  
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Table 1.  Building science instruments 

Parameter Instrument 
Sampling 
Location 

Make/Model 

T/RH/Light Data logger 
Patient 

rooms, Nurse 
stations 

Onset HOBO U-12-012 

Room 
Pressurization 

Differential 
Pressure Sensor 

Patient 
Rooms 

Veris Industries PX Series 
Digital Pressure 

Transducer 

Room 
Occupancy 

IR Beam-break 
People Counters 

Patient 
Rooms 

Sensource PC-TB12-R 
People Counter Non-
Directional Wireless 

Sensor 

CO2 sensors 
Patient 
Rooms 

PP Systems SBA-5 CO2 
Analyzer 

OA Fraction CO2 sensors AHUs 
PP Systems SBA-5 CO2 

Analyzer 

 

3.2 Data collection procedures 

Many environmental sensors do not have built-in data logging capabilities, so 

additional hardware was required to record and store data. Onset HOBO data loggers 

were selected for their compatibility with indoor environments, large memory for long-

term sampling, ability to simultaneously launch and log, and aesthetic appearance. 

Wireless versions were considered, but proved probability expensive. Therefore, we 

utilized small, battery powered HOBO data loggers that required a USB interface cable to 

periodically offload data using HOBOware software.  In addition to temperature, relative 

humidity and light intensity measurements, the data loggers are also equipped with 

external port(s) to store data from other external sensor(s) that output voltage or current 

correlating to their measurement.   In total, three types of HOBO data loggers were 

selected based on different needs for logging requirements throughout this project. 
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Table 2.  Types of data loggers used 

HOBO data 
logger 

Supported 
measurements 

Range Accuracy 

U12-012 

Temperature, 
Relative 

Humidity, Light 
Intensity, 1 

external 

-20° to 70°C (-4° to 
158°F) - RH: 5% to 

95% Light intensity: 1 
to 3000 foot candles 

(lumens/ft2) 
External input: 0 to 2.5 

VDC 

Temp: ± 0.4°C @ 25°C (± 
0.7°F @ 77°F) - RH: ± 

2.5% from 10% to 90% - 
External Input: ± 2 mV ± 
2.5% of absolute reading 

U12-013 

Temperature, 
Relative 

Humidity, 2 
external 

Temp: -20° to 70°C (-
4° to 158°F) - RH: 5% 
to 95% - External input 

channels: 0 to 2.5 
VDC 

Temp: ± 0.35°C from 0° 
to 50°C (± 0.63°F from 
32° to 122°F); RH: ± 

2.5% from 10% to 90%; 
External Input: ± 2 mV ± 
2.5% of absolute reading 

U12-006 4 external 0 to 2.5 VDC 
± 2 mV or ± 2.5% of 

absolute reading 

 

 

Figure 4.  3 types of Onset HOBO data loggers 

 

3.2.1 Indoor environmental conditions.  Onset HOBO U12-012 data loggers were 

used to record temperature, relative humidity and light intensity in each of the ten patient 

rooms.  Areas that could capture the amount of light exposure within the main sampling 

space, including both natural and artificial light, were considered as potential locations 

for installation.  Because much of the microbial sampling would occur at or around the 
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patient beds, data loggers were installed on the wall adjacent to patientôs bed and across 

from the large windows.  They were installed directly next other room controls to blend 

in and satisfy aesthetic requirements.  Additionally, they were installed far enough away 

from patient beds to allow access with minimal invasiveness and were attached by 3M 

Command strips for easy removal and re-attachment during data collection. 

 

 

Figure 5.  HOBO data loggers located on a wall in patient room measure temperature, 

relative humidity and light intensity. 

 

Figure 6. HOBO data logger located on a wall in patient room blended in 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 doors with sampling lines on each side 

of the doorway (one was run underneath the gap between the door and floor to obtain 

measurements of room pressurization with respect to the hallway). This measurement 

was designed to serve primarily as an indicator of whether the rooms 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 moving from 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, the pressure 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 strips. Clear vinyl 

tubing was used to measure the pressure differential and data were logged to an Onset 

HOBO data logger at 5-minute intervals, synchronized with other HOBO loggers 

throughout the hospital. Field measurements using an Energy Conservatory DG-700 

differential pressure sensor confirmed very low, typically neutral pressures with respect 

to the hallway, so the pressure transducers were set to bi-directional operation with a 

maximum range of 0.1 in. W.C. (25 Pa). These sensors have an accuracy of ±1% of full 

scale, or 0.25 Pa. 
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Figure 7.  Differential pressure sensor; inside enclosure, attached to external data logger 

and two tubes for differential pressure measurement between inside and outside of 

room. 

 

Figure 8. Differential pressure sensor located behind door, 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 methods.  The primary method was the installation of single infrared (IR) 

beam-break people counters mounted at each doorway to detect the combined number of 

entrances and exits through the patient room doorways, again at 5-minute intervals 

(although we were not able to synchronize with the Onset HOBO data loggers). These 

battery powered sensors and loggers were installed on the door frames using 3M 

Command strips. While logging at 5-minute intervals, their data storage reached capacity 

after approximately 10 days, thereby providing the limiting factor to how often data had 
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to be acquired by an individual from our team. These measurements were most helpful 

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

and exits), but not necessarily the time-varying occupancy on its own. Dual-direction 

beam break counters and other methods exist, but were out of range of the budget for this 

project. However, when summing over an entire 24-hour day, if one assumes there is 

roughly the same number of entrances and exits through the doorway, one can find a 

reasonable estimate of the total number of people (not individual people) that had been in 

the room during that day. 

 

Figure 9.  Beam-break people counter components and configuration 

 

Figure 10.  Location of beam-break people counters at patient room doorways 
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To support these beam break measurements, CO2 was also measured in each 

patient room using PP Systems SBA-5 CO2 analyzers.  These analyzers were installed in 

another nondescript black plastic 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 primarily because of easy access to power; the units require 12 VDC power 

supplies and could not operate for very long on batteries. Data from the CO2 analyzers 

were output to another Onset HOBO data logger attached to the side of the project box to 

allow for easy retrieval.  A mass balance on carbon dioxide provided a method for 

checking beam break room occupancy counts and also supported ventilation information 

by allowing for estimation of AERs using periods of concentration decay following 

periods of concentration build-up.  

 

Figure 11.  SBA-5 CO2 sensor with absorber column filled with self-indicating soda lime. 
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Figure 12. SBA-5 CO2 sensor set-up and location in patient room. 

3.2.4 HVAC system characterizations and ventilation rate measurements.  It is also 

essential to know the amount of outdoor air being provided to each room and how it may 

vary hourly, daily, monthly, or seasonally.  To assess outdoor air ventilation rates, CO2 

concentrations were measured jointly in the outdoor air, recirculated air, and supply air in 

the air handling units (AHUs) in the mechanical systems that serve the patient rooms. 

Measurements were made using the same type of analyzers as in the patient rooms (PP 

System SBA-5) connected to Onset HOBO U12 data loggers in each of the 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 

measurements and logged at 5-minute intervals.  
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Figure 13. Diagram showing how AHUôs are connected to patient care floors 9 and 10. 

 

 

Figure 14. Air -handling system schematic (A. Persily, 1997). 

 



54 

 

 

 

Figure 15. CO2 sensors installed at AHUs 

 Finally, only spot measurements of the airflow rates in individual patient rooms 

were made prior to the hospital opening because of the level of invasiveness of these 

measurements. Both return airflow rates and exhaust airflow rates were measured using a 

pressure-matching technique combined with a calibrated fan (Energy Conservatory Duct 

Blaster). These measurements were generally in line with the design flow rates on the 

hospital plans and schedule sheets. Similar measurements were also performed at the two 

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

 

3.2.5 Passive Air Sampling with HVAC Filter Media .  In addition to the long-term 

building science data collection mentioned in sections 3.2.1 through 3.2.4, we also used a 

single sheet of filter media as a passive sampler to collect airborne particle-bound 

microbes in each patient room.  A thin-sheet of medium efficiency filter media was 

selected, cut into 2 x 2 ft. pieces, and placed on the exterior of each patient room return 

grille on the ceiling and attached with custom-built magnets that resembled the white 

drop ceiling frame.  The filter media was removed and replaced on a weekly basis and 
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preserved for microbial extraction. A photo of a roll of media is shown in Figure 16; this 

media came courtesy of Kevin Kinzer at 3M. 

 

 

Figure 16.  Roll of filter media used for filter-based air sampling 

 

Figure 17.  Efficiency curve for filter media used in filter-based sampling. 
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Figure 18. Placement of magnetic filter frame for filter-based air sampling. 

 

Figure 19. Magnetic frame design for filter-based air sampler 

3.3 Instrument Calibration  and Initial Measurements 

Prior to installation, all CO2 sensors and differential pressure sensors were 

calibrated against one another using separate co-location experiments in the laboratory. 

Calibration factors were estimated using linear regression analyses and applied to data 
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retrieved from the sensors. The calibrated CO2 sensors were also used during a short field 

campaign in February 2013 (prior to the hospital opening) to assess mixing 

characteristics in one of the patient rooms. An additional co-location calibration 

procedure was later conducted with all of the temperature and relative humidity loggers 

used in the patient rooms and nurse stations. The next subsections describe each of the 

calibration procedures and results, as well as the results of initial hospital measurements 

during unoccupied periods. 

 

3.3.1 CO2 Sensor Calibrations.  Before installation in the hospital, all 17 SBA-5 CO2 

sensors were calibrated using co-located measurements in the laboratory.  Data from each 

sensor was analyzed and calibration factors were determined for each sensor using linear 

regressions. An additional co-location experiment was also later conducted during the 

field sampling campaign, albeit only for the six SBA-5 CO2 sensors installed in the 

mechanical rooms (where accurate CO2 measurements were most useful for calculating 

OA fractions). This was performed by connecting all sampling lines from the six 

instruments in a single small cardboard box with a mixing fan operating. CO2 was 

injected and allowed to decay; new calibration factors were estimated for use with these 

sensors from that point forward (around week 8).  A final calibration was performed 

again in the lab at the end of the project, after sensors were disconnected and removed 

from hospital locations.  Table 4 shows results from the regression analysis for the three 

calibrations performed throughout the project. 
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Figure 20.  Co-location calibration of 17 SBA-5 CO2 sensors 

Table 3.  Calibration factors for 17 SBA-5 CO2 sensors 

SBA-5 
Serial ID 

Location 
Calibration Factor, 

initial 
Calibration factor, 
starting at visit 8 

Calibration factor, 
final 

32 AHU6 OA 1.004x-0.39 0.962x + 2.29 0.983x+20.18 

29 AHU6 RA 1.014x+8.37 1.020x ï 4.78 0.923x-11.48 

27 AHU6 SA 1.079x-16.23 0.999x ï 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 

**  Changed location since initial installation 
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  Calibration factors appeared to have drifted considerably for most of the sensors 

over the course of the project.  The final data set was analyzed using a combination of 

one or more of these calibration factors for each sensor, depending on how well it 

correlated with related data, particularly by comparing supply air CO2 measurements with 

room air CO2 measurements made during known unoccupied periods. 

 

3.2.2 Pressure Sensor Calibrations.  The 10 differential pressure sensors used in this 

work were also calibrated by co-location methods in the lab alongside a DG-700 

differential pressure gauge. This was performed using a simple pressurized cardboard box 

connected to both the DG-700 and the pressure sensors to be launched in the field. 

Calibration factors were again estimated using linear regression and applied to raw data 

after collection. 

 

 

Figure 21.  Co-location calibration of pressure sensors 
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Table 4.  Calibration factors for 10 differential pressure sensors 

Room Calibration  factor 

101 (x+0.2812) / 0.9987 

102 (x+0.4673) / 1.0017 

103 (x-0.4578) / 1.0092 

104 (x+0.4673) / 1.0017 

105 (x+0.3145) / 1.0109 

201 (x-0.0058) / 0.9896 

202 (x-0.5254) / 0.9937 

203 (x+0.25ππ) / 0.9999 

204 (x+2.9207) / 0.9933 

205 (x-1.471π) / 1.0044 

 

3.2.3 Temperature and RH Calibrations.  A co-location calibration of the 

temperature and RH sensors used in the patient rooms and nurse stations was also 

conducted at the end of the project.  The calibration factors shown in  

 

Table 5, revealing that most of the temperature and RH sensors were within the range of 

uncertainty stated for each of the sensors (±0.4°C for temperature, 2.5% for RH).  Using 

these calibration factors over the range of patient room temperatures measured herein 

(i.e., 17°C to 31°C), the temperature sensors appear more accurate than suggested by the 

manufacturer-reported uncertainty. Calibrated temperatures were within 0.07°C of each 

other on average, with the highest deviation being approximately 0.2°C. Calibrated RH 

responded similarly, with mean deviations of 0.2-0.4% RH and a maximum deviation of 

0.8% RH using calibrated data over the range of RH values measured throughout the 

project. Without applying calibration factors, the units were still well within the range of 

manufacturer-reported uncertainty in the co-location 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 

was only 0.19% RH (ranging from 0.04% to 0.32% RH).  Given these strong correlations 

with raw sensor data, calibration factors were not used for T/RH data in this work. 

 

Table 5.  Calibration factors for temperature and RH sensors 

 
Room 

Temperature calibration RH calibration 

Slope 
y-

intercept 
R2 Slope 

y-
intercept 

(%) 
R2 

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 the extent of mixing inside 

the patient rooms, five calibrated CO2 sensors were installed in five separate locations 

within just one patient room (Room 102) and measured simultaneously for approximately 

24 hours. Photos 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 room. These simultaneous calibrated data are shown in Figure 23 versus time and 

in Figure 24 with four sensors calibrated against one sensor in the center of the room. 
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Figure 22.  Well-mixed test using 5 CO2 sensors 

 

Figure 23. Time-series of 5 CO2 sensors used in well-mixed test 




