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ABSTRACT 

This thesis presents an investigation into the hospital microbiome of the built environment. The 

researcher characterised the microbial landscape of two Western Cape hospitals through a 

multi-disciplinary approach. The researcher employed an integrated cross-disciplinary 

methodology that combined spatial analytics, environmental monitoring and microbial 

sampling and sequencing. This thesis presents the first South African hospital microbiome 

classification. Buildings may influence the health and well-being of their occupants through 

healthcare acquired infection (HAI). HAI contributes to two thirds of all patient readmissions. 

The researcher suggests a paradigm shift in building ecology to approach this established 

public health concern. 

The relationship between microorganisms and the built environment is much more prevalent 

than previously recognised. The built environment is a landscape that consists of distinct series 

of landscapes connected by micro and macro ecosystems. These ecosystems are local and 

unique, integrated, and dependent on the adjacent environment. Microbiology of the built 

environment (MoBE) combines built environment studies by merging soft and hard science 

with seemingly unrelated but systemic dependable study fields. These study fields include 

engineering, architecture, microbiology, the health sciences, epidemiology, anthropology and 

sociology. As with all new emerging fields, relationship interplay and interpolation of data 

parameters in each field dictate the scope of discovery. What constitutes a ñhealthyò indoor 

environment is yet to be determined, characterised or defined. One needs to understand the 

manner in which to process various known and unknown dynamic factors. Indoor environments 

are complex by nature - extremely integrated, dynamic ecosystems - and require a vast 

interdisciplinary field of researchers.  

This study found that not only do indoor built environment biomes change seasonally, but the 

indoor conditions of the built environment also experience seasonal variations. Room types 

and potentially building types, can be distinguished through their microbiomes, as is reflected 

by the unique biomes associated with each hospital room type investigated. The factors that 

determine the biome are still unclear but represent possibilities for future research 

investigation. The researcher considers the following as pertinent findings of the research: 1) 

Design guidelines for health, in architecture and engineering, are realised where 

microorganisms are considered. 2) There is confirmation of seasonal variations in the 

composition of hospital microbiomes. 3) The data provide an indicator list that represents the 

core species associated with a South African Western Cape hospital biome. 4) This thesis 

contributes to and confirms the association of known Healthcare associated infection (HAI) 

pathogens through sequencing and culture, identifying both presence and viability. 5) This 

thesis contributes to the MoBE research agenda at various levels.  

The thesis pursued health and design associated understanding to stimulate public health 

centred architectural response, and improve indoor building environments for the user. It 

investigated the spatial relationships of indoor environments and the composition and 

distribution of the local microbiome. A methodology for infection prevention and control (IPC), 

building assessment and operational guidance proposes further development.  
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DEFINITION OF TERMS 

Architecture 
ñThe art and science of designing buildings and (some) non-
building structures.ò 

(Oxford English 
Dictionary 1993, sv 
ñarchitectureò) 

Biofilm 
ñA thin, normally resistant, layer of microorganisms such as 
bacteria that forms on and coats various surfaces.ò 

(Briere & Resnick 
2017) 

Connectivity 
ñNumber of elements which connect to a certain element. 
Connectivity is a local measure. It only takes into account the 
direct neighbours of an element.ò 

(Schneider 2010) 

Ecology 
ñThe scientific study of the relationship between living things 
and their environments.ò 

(Olsen, Choffnes & 
Mack 2012) 

Eukaryotic 

ñOne of the three domains of life. The two other domains, 
bacteria and archaea, are prokaryotes that lack several 
features characteristic of eukaryotes (e.g. cells containing a 
nucleus surrounded by a membrane and with 
deoxyribonucleic acid (DNA) bound together by proteins 
[histones] into chromosomes). Animals, plants and fungi are 
all eukaryotic organisms.ò 

(Olsen, Choffnes & 
Mack 2012) 

Fomite 
ñA surface or other inanimate object onto which a 
microorganism can deposit and from which it transfers to a 
host.ò 

(Briere & Resnick 
2017) 

Genome 

ñThe complete set of genetic information in an organism. In 
bacteria, this includes the chromosome(s) and plasmids 
(extra-chromosomal DNA molecules that can replicate 
autonomously within a bacterial cell).ò 

(Briere & Resnick 
2017, from IOM 2014) 

Hybrid 

ventilation 

ñA ventilation approach that employs natural and mechanical 
ventilation systems, potentially using different subsystems at 
different times of day or seasons of the year.ò 

(Briere & Resnick 
2017, from IEA 2006) 

Integration 

ñThe distance of an element to all other elements in relation 
to the number of elements in the complete system. It is a 
global measure of the network of space, as it takes into 
account the relationship of all elements to an element.ò 

(Al Sayed, Turner, 
Hillier & Lida 2014) 

Mean depth 
ñMean depth compares the shortest path though the graph 
to all other nodes within the graph, summed and divided by 
all nodes in the graph.ò 

(Al Sayed et al. 2014) 

Mechanical 

ventilation 

ñThe process of moving air into and within a building using 
ducts and powered fans or blowers, which may include 
means to filter, cool, heat, humidify, dehumidify, or otherwise 
condition the air.ò 

(Briere & Resnick 
2017) 

Metagenome 
ñThe collection of genomes and genes from the members of 
a microbiota/microbial community.ò 

(Marchesi & Ravel 
2015) 

Microbiome 

ñRefers to the entire habitat, including the microorganisms 
(bacteria, archaea, lower and higher eukaryotes, and 
viruses), their genomes (i.e. genes), and the surrounding 
environmental conditions. The application of one or a 
combination of metagenomics, metatranscriptomics, and 
metaproteomics, together with clinical or environmental 
metadata characterises the microbiome.ò 

(Marchesi & Ravel 
2015) 

Microbiota 

ñThe assemblage of microorganisms present in a defined 
environment. Lederberg and McCray [1], who emphasised 
the importance of microorganisms inhabiting the human 
body in health and disease, first defined the term 
ñmicrobiotaò. Using molecular methods relying predominantly 
on the analysis of 16S ribosomal ribonucleic acid (rRNA) 
genes, 18S rRNA genes, or other marker genes and genomic 
regions, amplified and sequenced from given biological 
samples establishes the microbial census. Performing 
taxonomic assignments using a variety of tools that assign 
each sequence to a microbial taxon (bacteria, archaea, or 

(Marchesi & Ravel 
2015) 
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lower eukaryotes) at different taxonomic levels from phylum 
to species.ò 

Natural 

ventilation 

ñThe entry of outdoor air through intentional openings in the 
building envelope, such as windows, doors and vents, driven 
by indoorïoutdoor air pressure differences due to weather 
and the operation of the building.ò 

(Briere & Resnick 
2017) 

Nosocomial 

infection / 

HAI 

ñA nosocomial infection is strictly and specifically an infection 
"not present or incubating prior to admittance to the hospital, 
but generally occurring 48 hours after admittance. 
Nosocomial infections occur within 48 hours of hospital 
admission, 3 days of discharge or 30 days of an operation. 
Healthcare acquired infection (HAI), also known as 
a nosocomial infection, is an infection that is acquired in 
a hospital or other healthcare facility. To emphasise both 
hospital and nonhospital settings, it is also known as 
a healthcare associated infection (HAI or HCAI) - HAI is 
defined as an infection occurring in a patient during the 
process of care in a hospital or other healthcare facility that 
was not manifest or incubating at the time of admission. This 
includes infections acquired in the hospital and any other 
setting where patients receive healthcare and may appear 
even after discharge. HAI also includes occupational 
infections among facility staff.ò 

(Inweregbu & Dave  
2005, WHO 2011) 

OTU 

ñOperational Taxonomic Units: "the thing(s) being studied". 
An OTU is typically defined as a cluster of reads with 97% 
similarity; the taxonomic level of sampling selected by the 
user to be used in a study, such as individuals, populations, 
species, genera, or bacterial strains.ò 

(Briere & Resnick 
2017, from IOM 2014) 

Pathogen ñAn organism or other agent that causes disease.ò 
(Alberts, Lewis, Raff, 
Roberts & Walter 
2002) 

Reads ñThe number of observations of an OTU.ò  

Sick building 

syndrome 
ñSick building syndrome is comprised of various nonspecific 
symptoms that occur in the occupants of a building. ñ 

(Sumedha 2008) 

Space 

Syntax 

ñIt starts with a certain description of the spatial architecture 
of buildings and cities. In Space Syntax, spaces are voids 
(streets, squares, rooms, parks, etc.). Voids are obstructions 
that might constrain access and/or occlude vision (such as 
walls, fences, furniture, partitions and other impediments).ò  

(Al Sayed et al. 2014) 

Taxa 
ñTerm used to refer to all the organisms that fall under a 
particular taxonomic criterion (such as kingdom, phyla, class, 
order, family, genera, species or subspecies).ò 

(Briere & Resnick 
2017) 

16SrRNA 

ñThe gene that encodes the ribonucleic acid (RNA) 
component of the smaller subunit of the bacterial ribosome 
(16S refers to the rate of sedimentation, in Svedberg units, 
of the RNA molecule in a centrifugal field). The 16S rRNA 
gene is present in all bacteria, and a related form occurs in 
all cells. ñ 

(Britannica, Science 
2017, sv ñ16SrRNAò) 

 

ABBREVIATIONS 

 
 

ABC Airborne bacteria count  

ACH Air changes per hour 

ADMRM Architectural design microbial risk model 

A&E Accident and Emergency  

BE Built environment  

https://en.wikipedia.org/wiki/Infection
https://en.wikipedia.org/wiki/Hospital
https://en.wikipedia.org/wiki/Health_care
https://www.britannica.com/science/gene
https://www.britannica.com/science/ribosome
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BIM Building information modelling  

BRI Building-related illness  

CDC Centre for Disease Control 

CEMS Carbon dioxide evolution monitoring system  

CFD Computational fluid dynamics  

CFU Colony-forming units  

CHD Centre for Health Design 

CRE Carbapenem resistant Enterobacteriaceae - strain E. coli  

CRPA Carbapenem-resistant Pseudomonas aeruginosa  

CSIR Council for Scientific and Industrial Research 

DoH Department of Health 

DNA Deoxyribonucleic acid  

EA Enterobacter aerogenes  

ESBL Extended-spectrum beta-lactamase 

GIS Geographic information system 

HAI Healthcare associated infection  

HAP Hospital-associated pathogens 

HCW Healthcare worker 

HIV Human Immunodeficiency Virus Infection 

AIDS Acquired Immunodeficiency Syndrome 

HVAC Heating, ventilation and air-conditioning  

IAQ Indoor air quality (related to pathogens) 

IPC Infection prevention and control 

ISQ Indoor surface quality (related to pathogens) 

KDH Khayelitsha District Hospital 

MB Microbial burden 

MPH Mitchells Plain Hospital  

MoBE Microbiology of the Built Environment 

MRSA Methicillin-resistant Staphylococcus aureus  

NBR National Building Regulations 

NHAPS National human activity pattern survey 

NIOH National Institute of Occupational Health 

NGO Non-government organisation 

NTMB Non-tuberculosis mycobacteria 

OTU Operational taxonomic unit 

PA Pseudomonas aeruginosa 

PAMP Pathogen-associated molecular patterns  

SANS South African National Standards 

SBS Sick building syndrome  

SS Space Syntax 

RNA Ribonucleic acid  

TB 
Mtb 
MDR-TB 
Xdr 
Tdr 
Mdr 
LTBI 

Tuberculosis  
Mycobacterium tuberculosis 
Multidrug-resistant tuberculosis  
Extremely drug resistant 
Total drug resistant 
Multi-drug resistant 
Latent tuberculosis infection 

UVGI Ultraviolet germicidal irradiation 

VRE Vancomycin-resistant Enterococcus  

WC Western Cape  

WHO World Health Organisation 
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 THE BUILT ENVIRONMENT AND HEALTH 

 INTRODUCTION  

Humans spend up to 90%, the vast majority of their time, indoors (Klepeis, Nelson, Ott, 

Robinson, Tsang, Switzer, Behar, Hern & Engelmann 2001; Hospodsky, Qian, Nazaroff, 

Yamamoto, Bibby, Rismani-Yazdi & Peccia 2012.) Global trends in urbanisation are increasing 

indoor environment living (Höppe & Martinac 1998). Yet our understanding of the indoor 

environment is limited (Hospodsky, Qian, Nazaroff, Yamamoto, Bibby, Rismani-Yazdi & Peccia 

2012). Built environments are complex ecosystems, host to a wide variety of organisms and 

trillions of microorganisms (Rintala, Pitkaranta, Toivola, Paulin & Nevalainen 2008; Tringe, 

Zhang, Liu, Yu, Lee, Yap, Yao, Suan, Sing, Haynes, Rohwer, Wei, Tan, Bristow, Rubin & Ruan 

2008; Amend, Seifert, Samson & De Bruns 2010). A number of studies investigated this 

environment with varied approaches and differential focus and research agendas (Rintala et 

al. 2008; Tringe et al. 2008; Amend et al. 2010, Kembel, Jones, Kline, Northcutt, Stenson, 

Womack, Bohannan, Brown & Green 2013, Adams, Miletto, Lindow, Taylor & Bruns 2014; 

Meadow, Altrichter, Kembel, Kline, Mhuireach, Moriyama, Northcutt, O'Connor, Womack, 

Brown, Green & Bohannan 2014; Ramos, Dedesko, Siegel, Gilbert & Stephens 2015, Lax, 

Sangwan, Smith, Larsen, Handley, Richardson, Guyton, Krezalek, Shogan, Defazio, 

Flemming, Shakhsheer, Weber, Landon, Garcia-Houchins, Siegel, Alverdy, Knight, Stephens, 

& Gilbert 2017. The core focus, however, is to understand this largely unknown ecosystem 

and indoor environment we call home. There are numerous examples of the health effects of, 

and links between, the indoor environment and the humans occupying them. Consequently, 

there is growing interest in the impact that microbiomes have on the health of humans. There 

are a few researchers (Hospodsky et al. 2012; Kembel et al. 2013; Dunn, Fierer, Henley, Lef, 

& Menninger; Ramos et al. 2015) exploring the intersection of microbial ecology, building 

materials and architectural design, to understand microbial diversity and abundance within a 

building. When considering the application of building design spatial factors, the studies are 

limited to a total of three (Adams, Bateman, Holly, & Meadow 2015). The literature review in 

chapter 3 found only four studies considering a form of occupant activity and presence, yet 

numerous studies consistently confirm the importance of human occupancy and user 

identification, human activity, space use and spatial relationships. 

 

A primary problem identified in the study is that a large number of people, in excess of 15% in 

developing countries and 8-10% in developed countries, contract some form of HAI in hospitals 

(Yates et al. 2016; Hamilton 2012). South Africa is suffering from the same burden. Numerous 

studies and investigations (of which only a few are referenced in chapters 1 and 3) point to the 

fact that indoor built environments affect the health and well-being of their users. However, 

little empirical evidence is available on the factors that contribute to this condition (Schweitzer, 

Gilpin & Frampton 2004; Yates, Tanser & Abubakar 2016; Lax et al. 2017). Evidently, there is 

an understudy of architectural factors, primarily spatial networks in building design. With the 

research conducted to date on the microbiology of the built environment and building ecology, 

a lack of understanding and knowledge of the transmission and impacts of infectious 

microorganisms within the built environment still exists (Lax et al. 2017). Unpacking this core 

problem requires an interdisciplinary approach and by extension a subset of problem 

statements. Firstly, buildings and dwellings are colonised by pathogenic bacteria ï microbes 

that have adapted to their extreme environmental conditions. Research shows a decline in 

microbial biodiversity, and a rise in human pathogenic bacteria within engineered 
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environments when compared to naturally ventilated biome spaces (Kembel et al. 2013). The 

relationship between spatial planning and the distribution and prevalence of microbes is limited 

and largely unknown. Secondly, the environmental conditions, including but not limited to 

ventilation and the understudied area of spatial networks in building design and planning of an 

environment, directly contribute to the spread of various surface-origin bacteria, NTMb and 

airborne bacteria such as Tuberculosis (Nardell, Keegan, Cheney & Etkind 1991). 

Consequently, they contribute to the high prevalence rate of nosocomial infections (the driver 

for NTMb, tuberculosis and other infections) in hospitals and other enclosed environments 

(Basu, Andrews, Poolman, Gandhi, Shah, Moll, Moodley, Galvani, & Friedland 2007; Koenig 

2008; Ducel, Fabry, Nicolle, Girard, Perraud, Pruss, Savey, Tikhomirov, Thuriaux & Vanhems 

2002). The resources for implementing and maintaining costly mechanical systems are neither 

affordable nor sustainable in resource-limited settings (Block et al. 1999) such as South Africa. 

The field of architecture, therefore, requires a form of empirical risk validation for building 

design for healthcare associated infection (HAI). 

 

Due to the interdisciplinary nature of the problem, the author proposes a multi hypothesis 

approach. The first hypothesis (A) states that building typologies with associated typological 

planning layouts and room types can be distinguished through their microbiomes, thus 

elucidating potential risk in public health architectural design, based on the biome composition 

(abundance and richness) of indicator organisms. The second hypothesis states that social 

behavioural science studies considering factors of human movement patterns, occupancy and 

functional use of space influence the microbial composition of the built environment. 

Architectural spatial analytics with building ventilation systems provide insight into biome 

composition. Thus the indoor environmental factors of the hospitals (MPH and KDH) influence 

the composition of both the micro (room level) and macro (building level) biome environments. 

The first sub-hypothesis states that the source of ventilation (either mechanical or hybrid) 

uniquely influences the composition of the microbial community and/or richness in a room. 

Sub-hypothesis two states that the levels of social exchange and interaction (measured by 

gateway crossings and internal movement) uniquely influence the composition of the microbial 

community, evidenced through OTU count, abundance and/or richness in a room.  

To test the hypotheses, the researcher proposes the following five core questions, resulting in 

a few sub questions to answer the primary question:   

1. What is the composition of the South African, Western Cape, Cape flats hospital 

microbiome? 

2. What pathogens are commonly found in South African hospitals, with specific reference 

to the Western Cape, Cape flats? 

3. Which built environment factors contribute to and influence the composition of the built 

environment microbiome, and how?  

4. Is there any correlation between the distribution of the microbes in hospitals and the spatial 

design of the hospitals (considering user data and design data)? Do design and planning 

influence the composition of the microbiome? 

5. How can built environment data, microbiome data and spatial design data inform IPC 

processes, with intentional focus on reducing the potential of HAI transmission? 

The objective of the investigation was first, to associate environmental built environment (BE) 

data with microbial communities and building systems for ventilation, surfaces and occupancy, 

and establish guidance for architectural and engineering design decision making towards 
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public health centred design outcomes. Secondly, to test if one can utilise spatial analytics, 

risk and IPC profiling and BE characterisation to support risk assessment and early design 

analysis, as a guide towards a bio-informed design. Thirdly, to define the microbiome of a 

hospital environment in the Cape Flats region of the Western Cape and formulate a database, 

thereby characterising a South African hospital biome which would be representative of the 

developing world for future meta-data studies. Fourthly, to derive and establish a data set of 

indicator species for HAI and establish the prevalence of bacteria in the healthcare built 

environment to support the development of HAI research and a pathogen species list in South 

Africa and South African hospitals. Lastly, to support the agenda for repeatable, financially 

viable research methodologies for developing countries in MoBE studies which will enable 

future research investigations of the collection and generation of data, without compromising 

accepted and established MoBE and other international standards.  

 BACKGROUND 

Occupational comfort and well-being have been widely documented in the field of architecture. 

Margaret Campbell (Campbell 2005) mentions a few of the direct impacts that architecture has 

had on the built environment and the well-being and health of people over the past hundred-

and-fifty years. Considering the rate of urbanisation and city densification, the indoor 

environment is becoming of greater public health concern. Global research investigates 

healthcare associated infection (HAI), or medically termed nosocomial infection, in various 

social settings and under various climatic conditions (Ducel, Fabry, Nicolle, Girard, Perraud, 

Pruss, Savey, Tikhomirov, Thuriaux & Vanhems 2002). HAI transmission occurs primarily in 

three ways: (1) contact spread, (2) droplet spread and (3) airborne spread. The built 

environment plays a significant role in all three modes of transmission. Typical organisms 

associated with contact spread are methicillin resistant Staphylococcus aureus, vancomycin-

resistant Enterococci, extended-spectrum beta-lactamase (ESBL) and Clostridium difficile. 

Organisms associated with droplet spread are Neisseria meningitides, Streptococcus 

pneumoniae and Mycoplasma pneumoniae. Organisms associated with airborne spread are 

Mycobacterium tuberculosis, the measles virus and the Varicella zoster virus. The two main 

strategies to control the emergence and spread of antimicrobial resistant microorganisms 

healthcare acquired infection (HAI) are optimising antimicrobial use and preventing the 

transmission of resistant organisms (Brink, Feldman, Duse, Gopalan, Grolman, Mer, Naicker, 

Paget, Perovic & Richards 2006). The role of the built environment directly relates to the 

second strategy. 

The Centre for Health Design (CHD) conducted an extensive systemic evidence-based 

literature review that included up to a thousand published peer-reviewed papers that 

considered the built environment and health (Hamilton 2003; 2012). Similarly, Texas A&M and 

Georgia Institute of Technology conducted a study of six hundred published peer-reviewed 

papers on the impact of hospital design and measured outcomes (Ulrich 2004). Both studies 

indicate that sufficient evidence exists on outcomes related to reductions in staff errors and 

stress, as well as the amount of pain experienced and medication required by patients. Current 

research indicates that the hospital environment is a contributor in the transmission of 

pathogens, and a potential incubator of bacteria that cause various illnesses through infection 

(Yates, Tanser & Abubakar 2016). However, the field of architecture consistently approaches 

public and human health design outcomes through heuristic social science outcomes that 

consider behavioural science and psychology. The salutogenic movement in architecture, 

derived from Antonovskyôs theory Sense of coherence and the theory on the impact of stress 
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perception in environments (Antonovsky 1979), led to Alan Dilani postulating the 

psychosocially supportive design approach, today defined as salutogenic design. Dilani 

developed and investigated the relationship of psychological impact indicators to design 

markers, to define the human health response to Comprehensibility, Manageability and 

Meaningfulness (Dilani 2001). Furrow and Vanderkaay (2013) further developed this social 

science approach to measure architecture and health outcomes in Salutogenic spaces: 

Designed to thrive. Salutogenic and evidence-based approaches in healthcare architecture 

are popular mechanisms to gauge health-based outcomes in the built environment. Evans and 

McCoy (1998) explored the role of architecture in human health through behavioural and 

psychological social science by measuring stress perception. They concededé ñ[t]here is very 

little evidence that characteristics of the built environment can affect human healthò (Evans & 

McCoy 1998:1). Due to these ñlimitedò evidence outcomes, Schweitzer, Gilpin and Frampton 

(2004) investigate the elements of environmental design that impact on health in an extensive 

literature study covering four major topics with multiple sub categories. These are: (1) The role 

of the environment in behaviours, actions, and interactions; (2) Existing research: physical 

parameters; (3) A survey of healing environment design models; and (4) Elements of spaces 

and environments that inherently affect health. The research indicates relationships between 

architectural markers and health; however, of the 78761 published studies only 84 were found 

to have used adequate methodologies and, furthermore, only 80% of those reported positive 

links between environmental characteristics and patient health outcomes. They came to a 

similar conclusion to that of Evans and McCoy: that numerous research reports indicatedé ñIt 

is evident that, although the amount of research is steadily growing, there is no sound, directly 

relevant research yet available for many healthcare environmental design questionsò 

(Schweitzer et al. 2004:78). 

In a 2009 World Health Organisation (WHO) study in South-East Asia, Europe and the Eastern 

Mediterranean and Western Pacific regions, the outcome reflected that 8.7% of hospitalised 

patients suffer healthcare associated infection. The study concluded that, globally, up to 1.4 

million people suffer from infectious complications acquired in hospitals. Furthermore, 15.5 

people per 100 (15.5%) acquire HAI in developing countries (Brink, Van den Bergh & Kantor 

2011); this developing world figure could be far under-reported due to various factors. In South 

Africa, Tuberculosis (TB) is a driver in nosocomial infection. One such case study, the Tugela 

Ferry TB outbreak in 2005/2006, recorded eight deaths of hospital staff as a conclusive result 

of nosocomial infection (Koenig 2008). The increase in HAI in hospitals and the cost burden 

on government are immense (Eames, Tang, Li & Wilson 2009). This is quantified in various 

countries but not in South Africa (Klevens, Edwards, Chesley, Horan, Teresa, Robert, Pollock 

& Cardo 2007; Mendell, Fisk, Kreiss, Levin, Alexander, Cain, Girman, Hines, Jensen, Milton, 

Rextroat & Wallingford 2002). HAI bears a financial and public health burden (Murray 2004). 

Mendell expresses the current state of the United States health cost condition: ñAvailable data 

suggest that improving building environments may result in health benefits for more than 15 

million of the 89 million US indoor workers, with estimated economic benefits of $5 to $75 

billion annuallyò (Mendell, Fisk, Kreiss, Levin, Alexander, Cain, Girman, Hines, Jensen, Milton, 

Rexroat, & Wallingford 2002:430). The following statistics reflect the estimated USA cost 

burdens and economic impact in 2002: $10-billion-dollar annual healthcare costs, $19-billion-

dollar annual work absence costs, and $3-billion-dollar annual reduced performance loss costs 

(Mendell et al. 2002). These figures represent an alarming cost to government due to HAI. It 

is evident that both surface and air play a defining role in the health and well-being of patients 

and visitors, and hence good Indoor Air Quality (IAQ) and Indoor Surface Quality (ISQ) are 
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required to reduce healthcare costs and improve environmental conditions and human health. 

It is also clear that research based on empirical data correlating health and the built 

environment is imperative and absent. The need exists for research that goes beyond the 

conventional sociological methodology, and into an ecological and a microbiological biome 

paradigm. The ecologist Jessica Green states, ñI am optimistic that well before 2034 we will 

be collectively designing and managing buildings with intention to promote healthy indoor 

ecosystemsò (Green 2014:114). This statement implies healthy indoor environments 

supporting healthy people and moving closer to Florence Nightingaleôs ideal: ñIt may seem a 

strange principle to enunciate as the very first requirement in a hospital is that it should do the 

sick no harmò (Nightingale 1859: preface). 

 HEALTHCARE ASSOCIATED INFECTION (HAI) IN SOUTH AFRICA 

Based on international global incidence and prevalence rates, HAI has not received the 

amount of interest and attention in South Africa that is required. This situation could be the 

result of an overburdened health sector, due to the epidemic levels and high prevalence rates 

of TB and HIV and associated nosocomial infections, and it correlates markedly with the 

current levels of poverty in South Africa (SA 2011; WHO 2009a; Koenig 2008). The expected 

HAI figures for developing countries as per the WHO indicate a prevalence rate of 15 to 16 

people per 100 for hospitalised/healthcare-facility-based patients. As mentioned previously, 

this figure could be higher. In 2005 Whitelaw and Dramowski conducted the only study on HAI 

in South Africa to date. The study estimated a prevalence rate ofé 9.7% for four major HAI 

types, with higher prevalence among children (16.5%) and patients in intensive care units 

(ICUs) (28.5%) (Dramowski 2017:56). In 2012, South Africa introduced the National Core 

Standards for Healthcare Establishments, with a patient safety domain mandating HAI 

surveillance, but lacking recommendations for HAI surveillance methods. (Dramowski et al. 

2017) 

ñThere is an urgent need to obtain data on nosocomial transmissionò (Sissolak 2010:423).  

Tygerberg Academic Hospital in Cape Town conducted studies on their own staff to ascertain 

the impact of nosocomial infection (Wilson-Eshun, Zeier, Barnes & Taljaard 2008). The studies 

were done over an 11-year period, and more than 130 healthcare worker infections were 

identified. Similar studies in KwaZulu-Natal over a period of 5 years, 1999-2004, found that 

1133 per 100 000 healthcare workers (HCW) were infected by TB (Naidoo & Jinhabhai 2006). 

Similar studies that have been conducted globally all point to the same concern: nosocomial 

infection has major implications for the most important health resource South Africa and other 

countries have ï the healthcare worker. Brink, Feldman, Duse, Gopalan, Grolman, Mer, 

Naicker, Paget, Perovic, & Richards (2006) note the following patterns in antimicrobial 

resistance in South Africa, (1) an increase in ESBL production, (2) an increase in Carbapenem 

resistance including multidrug resistance in Pseudomonas aeruginosa and Acinetobacier 

baumanii, (3) the emergence of Carbapenem resistance, (4) an increase in multidrug-resistant 

Escherichia coli, and (5) emerging resistance among gram positive isolates (Brink et al. 2006; 

SATS 2006). The intention with this thesis is to provide a species classification of the most 

prevalent bacteria (excluding viruses and fungi) commonly found in the Accident and 

Emergency (A&E) units of the hospitals under investigation, including both surface and air 

sources, to potentially set baseline data for future studies and inform current cleaning and 

infection controls. 
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 TUBERCULOSIS (TB) AND HIV/AIDS: AN HAI CASE STUDY 

In South Africa, TB is a driver in nosocomial infection. One such case study, the Tugela Ferry 

TB outbreak in 2005/2006, recorded eight deaths of hospital staff as a conclusive result of 

nosocomial infection. This indicatesé [h]ospital transmission was a major factor (Koenig 

2008:896). There is growing evidence that institutional transmission is a critical factor in 

epidemic HIV-associated TB and MDR-TB. Infection prevention and control (IPC) is only now 

becoming a feature of the global strategy to control TB. In South Africa, IPC remains the 

responsibility of individual healthcare facilities (Sissolak 2010:423). 

Mycobacterium tuberculosis (M.Tb) is the bacterium that causes TB. TB is source-based, 

hence only a person that produces M.Tb can transmit TB. Being of obligate airborne infection 

nature, people with TB disease release M.Tb through aerosols called droplet nuclei, produced 

by coughing. The inhalation of M.Tb droplet nuclei sometimes results in the spread of TB. 

Tuberculosis is clinically categorised as TB infection, TB transmission or TB disease. TB 

disease can stay inactive with the presence of M.Tb bacilli due to a healthy immune system, 

but can become active if one encounters other infectious people through increased droplet 

nuclei. This state of TB is also known as latent TB infection (LTBI). One in ten people who 

have LTBI infection develop TB disease (Bock, Jensen & Nardel 2007). TB disease occurs 

predominantly in the lungs, and a person with TB disease may be an active M.Tb producer. It 

can, however, also manifest as meningitis and in organs such as the iris, spine, etc. There are 

strains of TB with differing drug resistance. They are categorised as M.Tb, multidrug-resistant 

(Mdr) TB, extensively drug resistant (Xdr) TB and, recently, total drug resistant (Tdx) TB. TB 

is a global problem and an epidemic in South Africa (WHO 2011). The airborne nature of TB 

infection places all actively infected people with an immune deficiency disease such as HIV, 

unsuspecting patients, healthcare workers and healthy people at potential risk of contracting 

TB. Studies seem to indicate that healthcare facilities are contributing to the spread of TB 

bacteria (Yates, Tanser & Abubakar 2016). 

South Africa is the most infected country in the world (per capita) of Mycobacterium 

tuberculosis (WHO 2009b). As far as Mdr and Xdr TB are concerned, South Africa is the third 

highest tuberculosis burden country in the world, lagging behind two countries, China and 

India, who have significantly larger populations than ours (SA 2011). More than 70% of people 

that have TB are co-infected with HIV in South Africa (WHO 2009b). The rapid increase of drug 

resistant strains of TB compounds the heavy burden of TB in South Africa. Numerous 

organisations such as the WHO, Centre for Disease Control (CDC) and Council for Scientific 

and Industrial Research (CSIR) in partnership with the South African National Department of 

Health (NDoH) are contributing to address the epidemic facing South Africa and other parts of 

the world. In South Africa 768 out of every 100 000 people are TB positive (WHO 2011). The 

unconfirmed cases may exceed the 70% (as noted above) who also have HIV Aids. In addition, 

more than 5.5 million people in South Africa have HIV/Aids and are thus highly susceptible to 

TB due to the immune co-relationship that these diseases share. The statistics indicate the 

potential exposure and risk for the unsuspecting healthy people, the patients in hospital 

environments and the healthcare worker. More recent data indicate that the local rate of 

incidence and prevalence are still of epidemic proportions, but the infection rate does show a 

slow annual decline (WHO 2013). This decline is a positive change in the fight against TB; 

however, we are still in excess of epidemic rates (>300), and on the negative spectrum, 

showing increased numbers of MDR and XDR cases. 
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 INTRODUCING THE BUILT ENVIRONMENT MICROBIOME 

The notion of buildings influencing the health and well-being of their occupants is well 

established and, as noted previously, is of marked public health importance. In order to 

approach this established public health concern, this study and the work of fellow MoBE 

researchers suggest a paradigm shift in building ecology. In recent years interest has grown 

in investigating the built environment from an ecological perspective; more particularly, from a 

microbiological ecosystemic perspective. When one considers complexity theory (a 

mathematical complexity and aggregate complexity) (Litaker, Tomolo, Liberatore, Stange & 

Aron 2006), the chaos theory and the interplay of individual elements within a system and the 

complex behaviour of the system, one is faced with quantitative and qualitative complexity. It 

argues with this very notion and its systemic interplay and interdependency in MoBE. MoBE 

combines built environment studies, merging soft and hard science with its seemingly 

unrelated but systemic dependable factors. It includes engineering, architecture, microbiology, 

the health sciences, epidemiology and anthropology and social sciences. As with all new 

emerging fields, relationship interplay and interpolation of data parameters in each field dictate 

discovery, bringing a distinct level of complexity with much uncertainty and gap research 

potential. Briere and Resnick (2017:23) note that, ñIn-depth studies to explore the connections 

among microbial communities, different environmental conditions in built environments, and 

such outcomes as health or illness need to integrate expertise from microbial ecology, building 

and building system design and operation, epidemiology and human health, materials science, 

and a number of other fieldsò. 

MoBE research has progressed immensely over the past seven years and has led to heuristic 

knowledge advances within the field. Originating from international collaborative research 

studies such as the human gut, the human biome, the home biome, and the space biome 

projects, there are a number of buildings that have been characterised, sampled and reported. 

The data, findings and concrete outcomes will only improve with an increased number of 

building data sets, in different climatic zones, with different contents and in different social 

development environments. Current building analysis is limited to North America, Europe and 

parts of Asia, with no data existing for Africa, South America, Central Asia, etc. The rapid 

progress of study methodologies, sampling methodologies, data analysis, data storage and 

access, factorisation of qualitative and quantitative data sets, comparability and replicability 

are some of the main areas of discussion. Replicating uniform sample and analysis 

methodology is critical (Ramos & Stephens 2014; Ramos et al. 2015; Adams, Miletto, Lindow, 

Taylor & Bruns 2014). Current built environments focused on include office buildings, hospitals, 

a university residence and schools. The studies comprise short-term and longitudinal studies 

with overlapping objectives and hypotheses (Kembel, Jones, Kline, Northcutt, Stenson, 

Womack, Bohannan, Brown & Green 2013; Rintala, Pitkaranta, Toivola, Paulin & Nevalainen 

2008; Lax, Sangwan, Smith, Larsen, Handley, Richardson, Guyton, Krezalek, Shogan, 

Defazio, Flemming, Shakhsheer, Weber, Landon, Garcia-Houchins, Siegel, Alverdy, Knight, 

Stephens & Gilbert 2017; Ramos, Dedesko, Siegel, Gilbert & Stephens 2015; Frankel, Bekö, 

Timm, Gustavsen, Hansen & Madsen 2012). 

In this thesis, the hospital environment of two public hospitals in South Africa is investigated. 

The research indicates that this is the first study in Africa and in a developing world 

environment with social and disease-burden challenges aimed at fully characterising a building 

by applying BE factors, architectural spatial factors and microbial community composition. In 

addition, this study is the first study to investigate two hospital environments simultaneously 
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over two seasons and, lastly, it makes a direct contribution to the field of architecture which to 

date has received limited focus within the built environment sphere with notable variation in 

BE factor integration (Adams et al. 2015; Ramos et al. 2015). Lax et al. (2017) conducted a 

single longitudinal study ï microbiology relationships - and Ramos et al. (2015) studied built 

environment effects in the hospital environment and focused on inpatient ward and nursing 

areas. The current study, however, investigates the accident and emergency units in two 

Western Cape public hospitals. The areas of investigation of the two studies are vastly 

different. The wardrooms are semi-static and predictable environments, whereas the A&E is a 

dynamic environment that in many ways represents the outpatient areas, inpatient wards and 

surgical environments, with patients receiving a range of services, varying degrees of acuity 

and varying time stamps; therefore, the A&E would be a good indicator/snapshot of the general 

hospital environment. 

Studies have indicated that the relationship between microorganisms and the built environment 

(BE) is much more apparent than previously considered. The BE is merely a landscape; in 

fact, it consists of a distinct series of landscapes connected in micro and macro ecosystems. 

These ecosystems are both local and unique, integrated, and to some extent dependent on 

adjacent environments. BE environments (water, air, organic substrates, hosts, etc.) present 

the core survival needs for organisms. These factors and others are present and quantifiable 

in the BE. The prevalence, richness and proliferation of organisms and the spread of infectious 

bacteria, fungi, viruses, prokaryotic and eukaryotic organisms, specifically in hospitals, are 

widely known to firstly, be through human contamination (Hospodsky et al. 2012) and, 

secondly, are dependent on environmental conditions (Wolfaardt, Bester, Foucher & Porosa 

2010; Basu, Andrews, Poolman, Gandhi, Shah, Moll, Moodley, Galvani & Friedland 2007). In 

other words, specific pathogenic harmful microbes either survive or possibly proliferate in the 

built environment, or are cultivated in humans and by interaction distributed to and cross 

infecting other humans, if environmental conditions are favourable; MoBE research indicates 

that we might have overlooked a key area in the response to non-tuberculosis mycobacteria 

(NTMB), TB and other invasive pathogenic microbes. The microbial environment in which 

bacteria survive and live needs to be investigated.  

The way we interact in living spaces, the way that we air-seal living spaces, the way that we 

ventilate and clean living spaces, and the material and methods we use to construct living 

spaces all play fundamental parts in the microbial make-up that architecture intentionally or 

inadvertently cultivates. The postulated result is HAI. MoBE-derived bio-informed design brings 

a new perspective to the built environment in that it is a microbial built environment. Without 

conscious consideration, architects and engineers have been designing this environment for 

centuries. Ecologist Jessica Green and fellow researchers at the University of Oregon and the 

Santa Fe Institute conceived the concept of a microbial landscape or built environment 

microbiome. To quote from a paper presented by this team of researchers: Just as we currently 

manage natural ecosystems to promote the growth of certain species and inhibit the growth of 

othersé  An evidence-based understanding of the ecology of the built environment 

microbiome opens the possibility that we can similarly manage indoor environments, altering 

through building design and operation the pool of species that potentially colonise the human 

microbiome during our time indoors (Kembel et al. 2013:1477). 

As building occupants, we have adapted and engineered our environment to suit our comfort 

and needs. The notion of ñgreenò buildings is of extreme relevance to MoBE - on the one hand 

optimising energy, but on the other impacting BE biomes with unknown health outcomes and 

http://en.wikipedia.org/wiki/Eukaryotic
http://en.wikipedia.org/wiki/Eukaryotic
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effects. We have neglected to consider the environments invisible to the naked eye that affect 

our health (Hospodsky et al. 2014). Similar to Campbellôs deductions (Campbell 2005), 

researchers from the Environmental Health Department at the National Public Health Institute 

in Helsinki, Finland, quantify and define these facts in their paper (Rintala et al. 2008). For 

biomeséas for any other biome, the composition of the built environment microbiome is 

determined by some combination of two simultaneous ecological processes: the dispersal of 

microbes from a pool of available species and selection of certain microbial types by the 

environment (Kembel et al. 2013:1470). Manmade environments, which are in fact unexplored 

ecosystems that in many ways resemble extreme environmental conditions, would 

consequently favour the most resilient biota, often found to be human pathogenic microbes, 

by suppressing competitive exclusion through the various methods of sterilisation. The 

reported reduction of diversity in indoor environments (Adams et al. 2013) as opposed to a 

natural ecosystem is most likely due to the human removing the diversity of the ecosystem, 

while forgetting that he himself is a vector to the most harmful pathogens. Architecture and the 

microbial environment are intimately fused. The interdisciplinary and interrelated nature of the 

MoBE research is captured in Figure 1. It is often at the nexuses of fields where research 

boundaries shift and discoveries are made. 

 

 

Figure 1: MoBE ñADMRMò research relationship diagram 

Architecture plays an important part in this challenge of interdisciplinary studies, not only 

because of space creation, place making, shelter and human comfort (mostly soft social 

science investigations in a hard science field) but, as demonstrated in this thesis, by 

contributing to the study of spatial design. Kembel et al. (2014) confirm that the relationship 

between space use, human flow patterns and functional zones is imperative to understanding 

and predicting indoor environmental quality. The integration of spatial analytics and 

microbiome data supports environmental health risk assessment and enables innovative and 

novel applications in architecture. To understand the research value and current application of 

spatial metrics and analysis, a literature review on the application and influence of spatial 
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metrics was conducted and is presented in chapter 3, section 3.3.1: The microbiology of the 

built environment for architects: understanding the research field through a review on applied 

spatial metrics. 

 

Fundamental to this introduction to the field is the research status quo MoBE report, published 

in 2017. A brief introduction of pertinent components is supplemented with more detail in 

chapter 3 under section 3.2. The report Microbiomes of the Built Environment: from research 

to application. A research agenda for indoor microbiology, human health, and buildings, was 

compiled by the National Academies of Sciences, Engineering & Medicine with contributions 

from all leading research faculties, units, universities and specialists in the field. It sets out the 

status of research in MoBE as well as the current research agenda. Publicly presented in 

October 2017, and officially published as a status document in this emerging field in 2017 

(Briere & Resnick 2017), the report is divided into six key sections: 1) Introduction to MoBE; 2) 

Microorganisms in the built environment: impacts on human health; 3) The built environment 

and microbial communities; 4) Tools for characterising microbiomeïbuilt environment 

interactions; 5) Interventions in the built environment; and 6) Moving forward: a vision for the 

future and research agenda. For the purposes of the thesis, it is critical for the reader to be 

aware of the fact that the state of MoBE research report was published four years after the 

commencement of this study. It therefore may seem as if many of the findings and approaches 

the author used were derived from the report; however, the report came after the author had 

developed the thesis. It is in fact auspicious that the report supports many of this studyôs goals 

and objectives, as well as the methodology developed. This is largely because the author was 

involved in numerous research development discussions with peers through conference 

special sessions.  

 

The report outlines key global objectives, research gaps and twelve global research focal 

areas. These have been compiled into three tables referenced here and again for discussion 

in chapter 3 section 3.2, as well as Chapter 6 under the research investigation methodology 

(chapter 3 contains the full tables). 

 

Table 1.1: MoBE report: box s-2 and identified knowledge gaps (Briere & Resnick 2017) 

MoBE report BOX S-2 

Knowledge gaps identified in this report 

Improve understanding of the transmission and impacts of infectious microorganisms within 
the built environment. 

Clarify the relationships between microbial communities that thrive in damp buildings and 
negative allergic, respiratory, neurocognitive, and other health outcomes. 

Elucidate the immunologic, physiologic, or other biologic mechanisms through which 
microbial exposures in built environments may influence human health. 

Gain further understanding of the beneficial impacts of exposures to microbial communities 
on human health. 

Develop an improved understanding of complex, mixed exposures in the built environment. 

Design studies to test health-related hypotheses, drawing on the integrated expertise of 
health professionals, microbiologists, chemists, building scientists, and engineers. 

Develop infrastructures and practises to support effective communication and engagement 
with those who own, operate, occupy, and manage built environments. 

Explore the concept of interventions that promote exposure to beneficial microorganisms, 
and whether and under what circumstances these might promote good health. 

Knowledge gaps identified in this report, addressed by the thesis 
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Improve understanding of how building attributes are associated with microbial communities, 
and establish a common set of building and environmental data for collection in future 
research efforts. 

Collect better information on air, water, and surface microbiome sources and reservoirs in 
the built environment. 

Clarify the association of building attributes and conditions with the presence of indoor 
microorganisms that have beneficial effects. 

Develop means to better monitor and maintain the built environment, including concealed 
spaces, to promote a healthy microbiome. 

Deepen knowledge on the impact of climate and climate variations on the indoor 
environment. 

Develop the research infrastructure in the microbiomeïbuilt environmentïhuman field 
needed to promote reproducibility and enhance cross-study comparison. 

Improve understanding of ñnormalò microbial ecology in buildings of different types and 
under different conditions. 

Obtain additional data necessary to support the use of a variety of quantitative frameworks 
for understanding and assessing built environment interventions. 

(Briere & Resnick 2017:176-177) 

 

In Table 1.1 the knowledge gaps the MoBE identifies are listed, followed by this studyôs 

contribution to addressing those gaps. This studyôs research questions and objectives in 

Chapter 6 are articulated to produce findings that support the noted gaps and MoBE objectives 

as identified in Table 1.2. MoBE identifies five core objectives; however, this thesis responds 

to 1 and 4 and postulates towards 5 (the full table is referenced in chapter 3). 

 

Table 1.2: MoBE: research objectives 

MoBE research objectives 

1.  Characterize interrelationships among microbial communities and built environment 

systems of air, water, surfaces, and occupants. 

2.  Advance the tools and research infrastructure for addressing microbiome built 

environment questions. 

5 Translate research into practise. 

(Briere & Resnick 2017:78-179) 

 

From the reportôs twelve focal priority research areas for MoBE captured in Table 1.3, this 

study examines foci 1, 2, 3, 7, 8, 9 and 12 (the full table is referenced in chapter 3). 

 

Table 1.3: The 12 MoBE focal priority research areas 

The 12 MoBE focal priority research areas 

Characterize Interrelationships Among Microbial Communities and Built Environment 
Systems of Air, Water, Surfaces, and Occupants 

Priority research 

1 Improve understanding of the relationships among building site selection, design, 

construction, commissioning, operation, and maintenance; building occupants; and 

the microbial communities found in built environments. Areas for further inquiry 

include fuller characterization of interactions among indoor microbial communities 

and materials and chemicals in built environment air, water, and surfaces, along with 

further studies to elucidate microbial sources, reservoirs, and transport processes. 
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2 Incorporate the social and behavioural sciences to analyse the roles of the people 
who occupy and operate buildings, including their critical roles in building and 
system maintenance. 

Authorôs comments 

It is important to note that the subsequent chapters intend to address priority research foci 
one and two in more detail, with chapter five serving as a precursor to item two. In this 
thesis the impact that built environment factors have on the microbiome is investigated with 
the aim to correlate diversity, distribution and proliferation with environmental conditions 
such as occupancy, space use and flow, and the interdependency of space use, occupancy 
and flow patterns (the spatial analytics of the indoor environment). 

Assess the Influences of the Built Environment and Indoor Microbial Exposures on the 
Composition and Function of the Human Microbiome, on Human Functional Responses, 
and on Human Health Outcomes 

Priority research 

3 Improve understanding of the relationships among building site selection, design, 

construction, commissioning, operation, and maintenance; building occupants; and 

the microbial communities. Use complementary study designs - human 

epidemiologic observational studies (with an emphasis on collection of longitudinal 

data), animal model studies (for hypothesis generation and validation of human 

observational findings), and intervention studies - to test health-specific hypotheses. 

Authorôs comments 

It is important to note that the subsequent chapters intend to address priority research 
focus three in more detail. In this thesis, occupancy and functional space use are 
investigated through observational methodologies employed in architecture to correlate the 
spatial analytical findings with the biome findings. Items four and five are not addressed in 
this study. 

Advance the Tools and Research Infrastructure for Addressing MicrobiomeïBuilt 
Environment Questions 

Priority research 

7 Refine molecular tools and methodologies for elucidating the identity, abundance, 
activity, and functions of the microbial communities present in built environments, with 
a focus on enabling more quantitative, sensitive, and reproducible experimental 
design. 

8 Refine building and microbiome sensing and monitoring tools, including those that 
enable researchers to develop building-specific hypotheses related to microbiomes 
and assist in conducting intervention studies. 

9 Develop guidance on sampling methods and exposure assessment approaches that 
are suitable for testing microbiomeïbuilt environment hypotheses.  

Authorôs comments 

It is important to note that the subsequent chapters intend to address priority research foci 
seven, eight and nine. In the thesis a methodology is presented that could be used by 
multiple studies, that is cost effective, and is viable in developing world environments, as 
has been learned from various MoBE and related studies accessed through literature 
reviews. Lastly, a high-level theoretical model that integrates various data sources and 
fields as introduced in chapter 2 is recommended. 

 Priority research 

12 Support the development of effective communication and engagement materials to 
convey microbiomeïbuilt environment information to diverse audiences, including 
guidance for professional building design, operation, and maintenance communities; 
guidance for clinical practitioners; and information for building occupants and 
homeowners. Social and behavioural scientists should be involved in creating and 
communicating these materials. 
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Authorôs comments 

It is important to note that the subsequent chapters intend to address research applications 
through providing the first microbiome data set for South Africa. This study aims to 
implement item 12 by introducing new research to the architecture field. This set is specific 
to the WC, Cape Flats region in Cape Town, South Africa, and is the characterisation of 
two public hospitals. 

 

The fundamental overarching questions asked in the report are: Which microorganisms are 

people exposed to in these indoor settings? Which factors control their abundance, diversity, 

persistence and other community characteristics? And what effects could these organisms 

have on the health of human occupants? This report proposes to contribute through a cross-

seasonal semi-longitudinal study to the MoBE research agenda and data pool. The need for 

improved indoor air quality (IAQ) and indoor surface quality (ISQ) in the built environment is 

evident when addressing public health needs, with particular reference to developing countries 

like South Africa. The field of architecture is set for a paradigm shift towards becoming an 

integrated health focus for all building typologies and industries through a microbial 

perspective, making building design a civic health duty (Brown, Kline, Mhuireach, Northcutt & 

Stenson 2016). The MoBE research could potentially address the proverbial empirical data 

gap through bio informed design (Green 2014) in architecture and current architectural health-

aligned research. Brown, Kline, Mhuireach, Northcutt and Stenson (2016:2) postulate, 

architectural design is poised to undergo a revolution over the next few decades in response 

to climate change, urbanisation, and population growth. MoBE is a critical juncture of study 

because humans spend most of their time inside buildings, and the microorganisms 

encountered there can affect public healthé In closing, we reaffirm that architects and other 

designers are committed to improving occupant health through strategies such as bio-informed 

design.  

 RESEARCH DESIGN 

 RESEARCH METHODOLOGY INTRODUCTION 

A medium-term longitudinal study was conducted, spanning two seasons, four days per 

season. The research investigation included a series of literature reviews and literature 

summaries with reference to seminal published reviews, which included literature on built 

environment microbiomes; microbiology sampling, built environment sampling, analysis, 

sequencing and bioinformatics; ventilation and related models; architecture and engineering, 

salutogenesis; HAI; building ecology; spatial modelling and analytics; and healthcare 

architecture (refer to Chapter 3, Interdisciplinary literature reviews). The microbiology 

methodology found in chapter 8 is a structured and integrated literature review, with reference 

to chapter 3 analysis.  

To provide context and background to the field of space syntax and hospital design (in 

particular Accident and Emergency (A&E) centres, the researcher dedicated two chapters to 

these topics. They address both the study environment and complexities and the research gap 

related to spatial metrics and their application in BE MoBE studies. Chapter 4, Hospitals and 

Accident & Emergency units, is the result of normative development by the author on the new 

Infrastructure Unit System Support (IUSS) healthcare norms and standards for South Africa. 

Understanding of the complex spatial arrangements and inter and intra departmental 

relationships is fundamental to the application of spatial analysis for healthcare environments 

- none more so than those of A&Es. Chapter 5, Spatial analytics, application for the 
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microbiome, was developed from the literature review and personal communication with 

University College London (UCL) staff and GIS specialists. The chapter aims to bring context 

to the reader on common terminology and methods of spatial measure and analysis, supported 

by more than 50 documents. The author also investigated complex modelling theory due to 

the nature of the investigation; this was incorporated into chapter 4. The literature reviewed 

(including academic papers, theses, dissertations, articles, guidelines, manuals, personal 

communication and books) exceeded 350 sources. 

The researcher composed Chapter 2 at the inception of the study as part of the literature 

review. This coincided with the early stages of the MoBE research. Personal communications 

and the attendance of various international conferences, workshops and special sessions 

provided the author with insight into the development of the field, as well as research gaps and 

opportunities. Chapter twoôs framework must be viewed as the authorôs investigation into, and 

vision for, a ñnewò field of research, with specific interest in architecture and risk modelling 

focused on practical outcomes through design guidance. The framework was updated based 

on the dynamic stages of MoBE investigation at the time; however, the fundamental systemic 

approach stays relevant. The framework compares itself to a proposed mechanistic framework 

derived from leading researchers, as described: Unites a material-balance approach of 

engineering with the ecological concept of metacommunities, which both seek to track the 

sources and sinks of a constituent in a system. A material-balance approach draws on the 

principle of conservation of mass to track the material (typically a pollutant), entering and 

leaving a system, while in ecological theory, metacommunities considers sets of local 

communities linked by the dispersal of organisms. We propose this integrated framework, 

which combine principles of particle transport and microbial demographics, to inform how 

microbiomes of indoor environments assemble to generate indoor microbiome patterns 

observed across a variety of settings (Adams, Bhangar, Dannemiller, Eisen, Fierer, Gilbert, 

Green, Marr, Miller, Siegel, Stephens, Waring, & Bibby 2016:225). The Architectural Design 

Microbial Risk Model (ADMRM) framework and long-term vision agenda has been compared 

to the research agenda presented in 2017 (Briere & Resnick 2017) by the MoBE community. 

This included a research map for future work and the development of a core model, intended 

as design tools for BE professionals and building scientists, and for creating an architectural 

design microbial risk model (ADMRM). It is imperative that for each field of study in this 

interdisciplinary research the researcher develops clear and sound methodology, including 

microbiology, environmental and spatial observation. The methodologies, which are described 

in detail in Chapter 7, Chapter 8 and Chapter 9, consider the following criteria defined in Table 

1.4. 

Table 1.4: Methodology criteria 

Chapter 7 
Architectural space  
modelling by observation 

Chapter 8 
Microbiology 

Chapter 9 
Environmental  
data collection 

 Guidance developing a sampling 
strategy and sampling plan 

Mechanical characterisation 
(sub set of methodologies) 

Pre-sample testing Study zones and room types Pre-sample testing 

Sample types Microbiology methodology 
overview 

Sample types 

Sampling duration Site sample sterilisation protocol Sampling duration 

Sample size Pre-sample testing Sample size 

Analysis Sample environments Analysis 

Delineations of the experiment Sampling duration and media Delineations of the experiment 
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Observational questionnaire Sample size Observational questionnaire 

 Sample storage  

 DNA extraction  

 Sequencing and bio-informatics  

 Analysis and sequencing 
processing 

 

 Culture sample analysis  

 Delineations of the experiment  

 

A rigorous ethics approval process was conducted (refer to addenda 5) for approval by the 

University of Pretoriaôs (UP) EBIT and other faculties, the University of Cape Town (UCT), 

Western Cape Department of Health (WC DoH), the National Research Council and the 

research and ethics committees of the two hospital sites. All parties granted and approved 

research access. The investigation affected procurement challenges, resulting in an estimated 

10-month delay, rolling over the sampling date from 2016 to 2017.  

  RESEARCH METHODOLOGY MAIN 

Literature analysis and peer engagement started in 2014. The observational and 

environmental methodologies were tested in a pilot study conducted in June 2015 at both 

hospital sites. In September 2016, a microbial pilot sampling was done for air and surfaces 

and collected in the CMEG laboratory at Pretoria University to test the equipment, establish 

protocols and test methodologies. This was followed by a full system mechanical 

characterisation for both sites in November 2016. During the mechanical system 

characterisation, a research questionnaire was circulated and completed by the hospital staff 

at both facilities, forming part of the environmental and observational methodology as 

finalisation of the methodology development. The first sample set was taken in the summer of 

January 2017. This included all three data sets. The second set was completed in the winter 

of June 2017.  

The sampling included simultaneous data collections by room sensors (CO2, relative humidity 

and temperature) at both facilities. Samplers were calibrated externally for 5 minutes and then 

placed in matching room types with matching room heights. The samplers ran simultaneously 

for the total duration of the sample period, sampling at 1minute 30second intervals. A once-off 

illuminance measure for each room was captured per facility. The illuminance sampling was 

done once consecutively within an hour for both hospitals as only a single Lux meter was 

available. Two technicians, one per facility, performed the Architectural spatial informatics via 

observation analysis. A route mapped out for each facility included the same and additional 

zones as per the environmental samplers. The technician per room took two sampling 

measures: a Mental snap shot for an occupancy measure and a Movement tracer for a people 

flow measure. The technician recorded the instant occupancy value of the space defining user 

type and position on a drawing plan and thereafter the technical recorded user flow identifying 

type and flow for a period of three minutes on a drawing plan. The number of observations per 

hour varied due to practical operational restrictions by the hospital; however, there was an 

average of 18 sheets over the 12 hours of observation.  

Simultaneous microbial sampling for air and surfaces was completed in the same 12-hour 

period as the observational sampling. Sampling started with a 30 minutes outdoor air sample, 

approximately 15 meters away from the hospital building in the adjacent garden. This was 

followed by a 60-minute room sampling placed in the centre of each room approximately 
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1200mm above the floor for the same eight rooms with environmental samplers and 

observational sampling, and completed with another 30-min outdoor sample in a different 

location approximately 15 meters away from the hospital building in the adjacent garden. With 

every air sample, two surface samples were swabbed on various surfaces, one for culture, the 

other for sequencing. In addition, one additional air sample was taken per day in a different, 

matching room location at each hospital for culture analysis. The sequence of rooms was 

constant unless operational restrictions forced a room order change (this did occur, i.e. death, 

emergency stabilisation, room occupied). The environmental measures, observational 

sampling and microbial sampling were done in ñnearò real time. Samples were stored on site 

at 0-4 degrees Celsius, subsequently in the freezer at -10 degrees Celsius, and finally in the 

laboratory at -20 degrees Celsius. This methodology was repeated in both summer and winter 

for each A&E department simultaneously (one air sampler per hospital and one observational 

technician per hospital) for the same room types over the same period daily and seasonally. 

Post sampling, data from loggers, observation data and microbial samples were kept and the 

data captured and stored on multiple drives and servers.  

The air samples were captured in liquid by impingement; it was found that direct DNA 

extraction yielded to low biomass for PCR or sequencing, consequently samples first had to 

be filtered and then the filters had to be dissected and DNA extraction performed using a power 

soil kit. The microbial samples DNA extraction was done, followed by Nanodrop for protein 

quantification and thereafter, horizontal electrophoresis for 35 minutes to determine an 

estimate DNA resolution (due to low biomass expected, as reported for indoor environments). 

One hundred samples were PCR amplified to check acceptable levels of DNA, and then sent 

to the USA for microbial metagenomics DNA sequencing by 16SrRNA after sampling in the 

CMEG laboratory. The samples were sent for sequencing in two batches. The author 

conducted the DNA extraction, PCR viability, electrophoresis, Nanodrop and QIIME 

processing (supported by CMEG staff and Dr Angel Valverde). The raw sequences were 

processed using QIIME and further downstream analysis was performed. Statistical analysis 

was done through the phyloseq package for R. 

The architectural observation data were collected on drawing plans through computer-aided 

design (CAD) software and geographical information system (GIS) software, followed by 

DepthMapÊ (Space Syntax) software for modelling and analysis. Sample sets were recorded 

on a master data table (addenda AD 1), categorised by sample ID and 40 sub categories of 

factors for analysis in R. GaslabÊ Software captured and MicrosoftÊ Excel processed 

Environmental Logger data (T, RH and CO2). The sample sets were recorded on a master data 

table (addenda AD 1), categorised by sample ID and 40 sub categories of factors for analysis 

in R. The analysis for all factors as per the master data set and the microbial data set was 

performed in R, environmental correlations were performed in Excel, and spatial correlations 

were performed in Depthmap. The detailed description of the methodologies can be found in 

Chapter 7, Chapter 8 and Chapter 9. 

Figure 2 is a graphical representation of the route for data synthesis for the different fields and 

hospitals. The dataset for each field is formulated into a single dataset, and categorised. The 

data are captured for each hospital and analysed individually. The hospital datasets are then 

compared and findings presented. The findings, or rather the correlations and comparisons of 

the relevant factors as guided by the research questions, are then tested. Some datasets have 

been tested and reported for only the individual hospital; however, most of the findings have 

been presented based on the combination of both hospital datasets. A randomised 175 
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microbial samples and their related BE factors have been analysed for most findings in chapter 

9 and interdisciplinary findings as reported in chapter 10. Finally, the hypotheses are tested 

based on the answers to the research questions, and the achievement of the research 

objectives determined.  

 

 
 

Figure 2: Applying the research methodology ï a process diagram  

 DOCUMENT OUTLINE 

Chapter 1 introduces the research investigation and provides context to the research problem 

statement and hypotheses, along with the primary research questions to test the hypotheses. 

This is followed by a more detailed background divided into three main sections. 1) HAI in 

South Africa, 2) TB, HIV AIDS and HAI in South Africa and 3) an introduction to the MoBE 

field, with reference to the MoBE report. The research design is described per chapter, followed 

by the methodology followed for the full investigation from inception to submission. The chapter 

on the research outline is completed by noting the various limitations and delimitations of the 

study. Chapter 2 steps back and considers the global viewpoint and direction of the MoBE 

field, by presenting a framework with practical application to BE professionals. This chapter 

intends to provide the broader perspective and direction of the MoBE field. Chapter 3 delves 

into the literature reviews on key topics, starting with a more defined summary of the seminal 

piece, the 2017 MoBE report introduced in chapter 1; this is followed by a critical literature 

review of MoBE and the BE, with specific focus on spatial metrics for architects. This review 

with findings, research gaps and future study proposals lays the foundation for the chapter 6 

research investigation and chapter 10 conclusions. A further review on sampling in the BE - 

both environmental and microbial - is reported on. The literature that is considered, reviewed 

and referenced throughout the thesis completes this chapter.  

 

 
(ASA) Architectural space modelling by 

observation  
(M) Microbiology data 
(E)  Environmental data 
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Chapter 4 investigates the healthcare environment and unpacks the hospital architecture and 

complexity, specifically the accident and emergency unit. It provides background to the study 

in support of the findings. Chapter 5 examines spatial analytics in architecture and its novel 

application in the microbiome study field. It provides background to terminology, methods and 

spatial analysis in support of the findings. Chapter 6 outlines the detailed research 

methodologies, expanding on the introduction in chapter 1. Chapters 7, 8 and 9 report 

individually on each applied study field: observation (spatial analytics), microbiology and 

environmental factors; these include detailed methodology, analysis and findings. 

 

Chapter 10 brings it all together, reporting not only on individual relevant findings, but also on 

the synthesis of all three field metrics and the impact on architecture as postulated in the 

hypotheses for the hospitals investigated. Chapter 11 provides future recommendations and 

research opportunities. 

 DELIMITATIONS 

¶ The results of this investigation are delimited to hospital environments in the Cape Flats 

region, Western Cape.  

¶ This study was limited to the A&E departments at both hospitals. The investigator accepted 

that the fluid nature and varying degree of patient activity are in fact representative of both 

the outpatient and inpatient, as well surgical and medical, units. 

¶ The mechanical ventilation systems of both hospitals were characterised prior to sampling 

in November 2016. The data for the characterisation were utilised as normative for all 

samples. No post-completion characterisation was conducted (refer to section 9.2.1). 

 LIMITATIONS 

¶ Because of on-site equipment failure on the final day of the summer season, sampling for 

MPH had to be conducted at night, but for the same period and with the same 

methodologies. This was repeated in the winter season for replicability. In addition, due to 

equipment failure in the winter sample season, all the sampling, excluding the final day at 

KDH, was conducted at night. Observation sampling was done in both day and night sample 

sets. 

¶ Due to the hospital environment being operational at the time of sampling, care needed to 

be taken to not affect day-to-day activities. This led to occasions on which the sampling 

order was amended when rooms were not available because of a dead body being held 

there, severe trauma incidents, psychiatric patient control, etc. 

¶ Owing to funding limitations, this investigation only considered bacteria. Due to the nature 

of, and challenges in, testing for viruses (using 16S rRNA sequencing) and running separate 

ITS sequencing for fungi, the investigation was limited to bacteria isolation. The culture 

samples identified fungi, but these were not included in the bioinformatics results. 

¶ Lastly, due to cost restrictions only 16S rRNA sequencing was conducted.  
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 TOWARDS AN ARCHITECTURAL DESIGN 

MICROBIAL RISK MODEL  

 INTRODUCTION 

In a recent review of MoBE studies, Adams et al. (2016) propose a framework to deal with 

interpreting different studies, in particular studies that are interdisciplinary, considering 

engineering and architecture factors with those in microbiology. They postulate a ñmechanistic 

framework that combines a material-balance approach of engineering with the ecological 

concept of metacommunitiesé both seek to track the sources and sinks of a constituent in a 

systemò. This framework considers tracking mass, entering and leaving a system, whereas 

metacommunities are a set of local communities linked by dispersal of organisms. They argue 

that the demographic parameters in metacommunities have direct similarities to those of the 

material-balance approach. The similarities in the principles are those of measurable factors 

entering and exiting a system that directly affect either the community (by birth, death, etc.) or 

the aerosol (filtration, deposition, etc.). This proposes a manner in which factorisation can 

occur to predict across fields within a shared framework. In the same way that the researchers 

identified a common challenge of factorisation, and the dissemination of field data to enable 

system definition or system modelling for prediction, the author of this thesis considered the 

need for a framework in which to place architecture and the BE and identify factors and 

measures within a global framework.  

The author postulated a mechanistic theoretical framework in which to place design, planning 

and architecture as a component of the system, with the end goal to develop a design tool to 

assist practitioners and researchers towards ñbio informedò design and risk factorisation. The 

interdisciplinary diversity of the field makes this a particularly challenging task. The author by 

no means suggests that the proposed framework or later version thereof is resolved or fully 

developed. The wire diagram recommends core inputs and suggests critical paths and 

practical outputs that it puts forward.  

The rate at which the MoBE field knowledge has grown demands a clear roadmap and 

framework, be this a mechanistic metacommunities-quasi-material balance approach or other. 

As part of venturing into the MoBE field (2014), the author suggested a micro and macro 

approach, due to the scale of processes and systems. The framework referenced in Figure 3, 

Figure 4 and Figure 5 provide a structure for research development and contribution to the 

MoBE field, but with the focus on health risk in indoor environments. 

 ORIGINAL PROPOSED THESIS MOBE RESEARCH ROADMAP 

At project level for research investigations, the author proposed a macro and micro research 

process as a means of contributing to the research roadmap. 

 MOBE RESEARCH ROAD MAP THESIS PROPOSAL 2014  

The research roadmap (Figure 3) was initially developed to illustrate the potential relationships 

between parties, within research fields and geographically. It merely structures input variables 

in the system that either exist or are novel systems yet to be developed. It considers the four 

core fields of study and the set of variables in the matrix that each field contributes. It 

recognises the various methodologies for data collection and the central role that they would 

play. This section covers the matrix for architectural indicators and spatial metrics. The 
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framework hinges on interdisciplinary study collaboration. This is a rudimentary global study 

framework conceptualised in 2014, to assist the author in finding context within MoBE, and for 

architecture. The MoBE research road map offers a broad, inclusive and open approach 

towards developing public health centred design and bio-informed design. It recognises the 

critical role of funding and institutional role-players. A feedback process loop is required to 

generate interest, build confidence, show outcomes, and inform the broader public on 

emerging findings. The roadmap identifies the need for interdisciplinary research collaboration 

amongst the disciplines of microbiology, epidemiology, medical archetypes and engineering. 

Each of these disciplines boasts numerous theoretical models and sample methodologies, and 

needs metadata studies to disseminate and identify gaps. The research repository for MoBE 

has been established (as is currently done through (microBEnet). From the metadata studies 

a matrix of architectural and engineering indicators and variables can be developed.  

A variety of broad-based studies, both short-term and mostly longitudinal, will be required, as 

well as focused studies to test and develop the matrix and identify the nature of the variables. 

This is a cyclical approach and each study should support the matrix, which informs and 

develops the ADMRM. In addition, field case studies, model validation, HAI database 

development and constant methodology improvement and guidelines are necessary to ensure 

repeatability of studies that could form cross comparisons. To ensure that the findings and 

applications have an impact on and influence the public health domain and authorities, this 

roadmap envisions ecological adaptations with continental and intercontinental studies, 

localised climate studies, localised sub-climate studies, socio-economic diversity studies, and 

intra-urban and rural data sets. The roadmap (Figure 3), although elementary, considers the 

complex inter-relationship between disciplines.  

Much of what has been described and put forward as a potential road map in this thesis 

represents research done over the past four years, and is testimony to the shared approach 

within the MoBE community of the needs and challenges, opportunities and relationships that 

have to be developed and cultivated.  
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Figure 3: ADMRM framework diagram and MoBE research road map developed in 2014 
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 THE ARCHITECTURAL DESIGN MICROBIAL RISK MODEL (ADMRM) 

The ADMRM (Figure 4) depicts the central repository of data, research and development for 

the MoBE research roadmap. It could become the platform for depositing and nurturing 

findings and data studies, expanding the field of knowledge but making it applicable and 

implementable. It aims to serve as practical tool to disseminate data that inform BE scientists, 

BE specialists, architects, engineers, IPC specialists, HCWs, hospital managers, industry, 

government and other policy makers. 

This tool will combine complex data sets and translate indicators into application. The goal is 

to provide real-time measures for designers to inform decision making before the construction 

of healthcare facilities. It promotes bio-informed design for healthier indoor environments. The 

elements discussed in the macro and micro processes are the building blocks for the tool. The 

platform should be BIM-based to allow for computational modelling in real-time, to afford 

potential agent-based analysis for typology-specific environments or function-specific 

programs, not only in the healthcare sector, but also for public buildings, civic centres, sports 

halls, offices and homes, both temporary and permanent. 

 

Figure 4: ADMRM macro process diagram developed in 2014 
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 MICRO RESEARCH PROCESS PROPOSAL 

Figure 5 presents the micro MoBE research diagram that refers to specific BE architectural 

and engineering components. The flow process considers ñinput constantsò that are found 

universally in the built environment, i.e. room types, building typologies and building types. 

This is followed by built environment constants such as volume, function and spatial 

relationships (note the interrelationship between the macro and micro process feed). These 

data are disseminated into architecture and engineering ñbuilt environment indicatorsò, i.e. 

temperature, RH, surface material, UV, climate and others and then combined with 

interdisciplinary factors (sampling methodologies and models) for microbiology, medical and 

epidemiology indicators. The conversion of the macro data is then applied and integrated into 

BIM platforms, as mentioned in the macro process diagram. This process is cyclical, creating 

fluid boundaries and allowing for novel research approaches and the inclusion of new factors. 

The process considers the various potential indicators or factors such as temperature, RH, 

surface material, equipment, CO2, ventilation sunlight, spatial factors, etc. This micro process 

diagram serves as a theoretical approach to investigate building by room type data for input 

into BIM applications as a design tool or dissemination of information in developing data for 

design tools. 

 NEW PROPOSED RESEARCH ROADMAP 

This roadmap considers the ADMRM macro Figure 4 and micro Figure 5 process diagram as 

data generators for the roadmap. The research findings provided critical direction for further 

investigation and studies required to expand the MoBE data sets of knowledge and factors 

influencing the built environment microbiome. The findings of this study and those of other 

research studies point to a complex relationship between BE factors and microbial 

ecosystems. The data confirmed that biomes not only change seasonally in the built 

environment, but that the built environment also experiences seasonal variations. The spatial 

data indicated factors of spatial change in occupancy, flow patterns and functional use of 

spaces and the building program. The building climate factors, such as temperature, relative 

humidity and CO2, showed seasonal variations. The microbial communities present in the air 

and on surfaces evidenced seasonal variation, and the biomes by room type indicated 

seasonal variation in genera and their relative abundance; thus one can infer that the complex 

interrelationship between a ñfluidò built environment, a ñfluidò spatial environment and a variable 

ecosystem requires more research. Sampling for the study directed a broader architectural 

focus by associating spatial patterns, BE factors and microbial community indicators. It is 

evident from the results that it was of local importance that the study be conducted, as it 

confirms previous international MoBE study results, as well as methodology applications. But 

it also indicates that a critical area of investigation is the notion of sample threshold, for both 

BE factors, microbial samples, and the niche role spatial metrics. The study demonstrates that 

focused interventional studies are required to understand the complex relationships between 

BE factors and the microbial environment. It is evident that BE factors do play an influential 

role, but this study could not determine at which scale, of which type, or how much of each 

type played an influential role in the composition of the indoor microbiome (excluding 

ventilation). 
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Figure 5: ADMRM micro process diagram developed in 2014
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The research indicates that the broad macro-scale investigation is critical, as found by Lax et 

al. (2017), to determine the next level of required data and data thresholds. In the context of 

the microbiome, the macro spatial planning network indicated spatial core and isolation flow 

and functional variation; however, it can be inferred from the data that the size of the microbial 

sample needs to be increased and dynamic temporal factors are at play (spatial analytic 

findings presented in chapter 10). This study indicates that total hospital or building 

characterisation is appropriate, but a micro level of investigation should follow. The research 

findings suggest that one of two studies needs to follow this investigation. The first is a study 

repeating the same methodologies, but for two different hospitals in two different provinces 

and climatic zones, that will contribute to the current findings. Conversely, a more in-depth 

study in the same hospital environments with focused sample collection in limited rooms and 

with multiple daily microbial samples could provide guidance as to influential BE factors (niche 

based focus). The number of BE data points will always outweigh microbial data sample 

collection; however, it is critical to determine the critical mass of MoBE studies. The optimum 

extent of sample size and BE data is still undetermined. More studies, longitudinal and short-

term, micro and macro, will be required to determine this threshold of influence in the indoor 

environment. The research map requires a balance between focused interventional studies 

and broad biome studies as presented in this thesis. The micro-focused studies need to isolate 

factors and determine direct influences, such as investigating the Triage Consult 1 room 

through multi-point air sampling daily and seasonally, single area swabs with multiple swabs 

daily and seasonally, and multiple sensors collecting BE data and spatial use and occupancy 

patterns. This methodology will track localised biome variations over the course of multiple 

days, combined with a record of BE variations. The macro studies require completion of the 

same study in two different climate zones at two different hospitals, to inform seasonal 

variations by climate and total varied design by planning. The value of such a study will only 

be relevant if focused or multiple-focused intervention studies are conducted at the same 

hospitals. Areas of investigation should include:  

1. Identifying the threshold of the microbial sample size 

2. Isolating BE factors and determining singular influence (only temperature, only RH, only 

surface material, etc.) 

3. Extensive comparative studies on varied hospital designs (as in this thesis) 

4. Niche environments 

5. Hospital design studies in varying climates 

6. Diverse social demographic studies 

7. Consistent unit-based studies for comparative purposes (wards, A&E or outpatients only) 

 APPLICATION  

Apart from further developing the ADMRM tool for application in the built environment, the 

thesis presents a potential methodology for IPC assessment that will not only inform potential 

designs and evaluate existing designs, operational changes and spatial reconfigurations, but 

also contribute to the data repository for the ADMRM tool. Numerous infection prevention 

control (IPC) risk assessment tools exist, developed by the Council for Scientific and Industrial 

Research (CSIR), Centre for Disease Control (CDC), World Health Organisation (WHO), 

Department of Health (DoH), National Health Laboratory Services (NHLS), National Institute 

for Occupational Health (NIOH), and non-government organisations (NGOs). These tools 

address IPC holistically and some are highly focused, such as for TB and airborne infection 

control; however, the element of spatial assessment is absent in the majority of assessment 

http://www.nioh.ac.za/?page=bioaerosol_projects&id=131
http://www.nioh.ac.za/?page=bioaerosol_projects&id=131
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methodologies (only four present in all studies - refer to chapter 3) and it is, if included, very 

rudimentary. The methodology and findings of this study provide evidence to suggest a 

spatially analytical informed assessment methodology, i.e. the 6 step +1 MoBE analysis tool. 

Derived from the thesis methodology and informed by the results, the following steps 

constitute a framework for this tool: 

1. Model the building plan in GIS and DepthMapÊ or other spatial relationship syntax 

programs that consider the factors of integration, connectivity and mean depth  

2. Observe in real time the assessment area of the environmental study by count, beam 

brake, Rfid, heat sensors or other tools of identification 

3. Verify the model and note the variations of space use through analysis and observations 

4. Overlay the building data for each room within the analysis area 

5. Add in the microbial data based on the samples collected (air and surface) of indicator 

species, OTU abundance for the room and richness of genera, and sample type (source) 

6. Apply appropriate IPC methodologies based on the risk factors found to inform 

maintenance and operational and cleaning policies 

Alternatively, as proposed: +1 

7. Make design changes and test these through agent-based simulation modelling, then 

reassign the sample data to the rooms and review the location variations for factor changes 

or IPC simplification in application  
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 INTERDISCIPLINARY LITERATURE REVIEWS 

 LITERATURE REVIEW METHODOLOGY 

A large quanta of literature was reviewed over the course of this investigation. Additional 

literature concerning spatial analytics, hospital design and A&E departments, microbial fall out 

and complex modelling literature. The diverse literature reviews started in 2013 and formed 

part of an ongoing literature data collection and reference document to guide the author on 

methodologies, practice and analysis.  

The disassociation of the current body of literature dedicated to multi-disciplinary work relating 

to microbiology, architecture and healthcare (medical research and epidemiology) is due to 

the isolation of each discipline. Each of these fields has focused research groups with specific 

research objectives. It became apparent during the development of this thesis that an 

integrated and inclusive multidisciplinary perspective is required. MoBE represents this 

integration and knowledge sharing. In this chapter there is one report review summary, with 

two literature reviews and two literature summaries for literature referenced in the thesis. They 

endeavour to present the current research position of each field and in context to the MoBE 

study field, identify key concepts and critically look at the gaps presented in each field of study 

to identify shared interest, which to date has not been reported.  

The literature reviews comprised a combination of òresearch themesò and ñfocused 

methodologyò investigations, intended to be both focused identification and investigative. The 

key topics of the reviews were MoBE, microbiology and medical; engineering; architecture; 

sampling; space syntax; and complex modelling. The following are key focus areas under 

each theme, including methodologies:  

1. Microbiology:    

¶ TB, NTM, PCP, microorganisms in the built environment, quorum sensing and 
biofilm, indoor and outdoor communities 

2. Engineering:    

¶ Ventilation mechanical, ventilation natural, models and methods, CFD, sensing 
technology, built environment factors, climate 

3. Architecture:    

¶ Nosocomial/HAI, microbial environment, building ecology and materials (CU), 
spatial planning, healthcare environments, health, MoBE reference architecture 
studies 

4. MoBE:     

¶ MoBE studies and architecture or building design themes (due to the newness of 
the field, they are few in number) including the MoBE report 

5. Sampling:    

¶ Microbial and built environment sampling, sequencing, surfaces, air, communities, 
analysis, bio-informatics 

6. Space Syntax:    

¶ Healthcare, sampling, analysis, programs, building, space 
7. Complex modelling:   

¶ Interdisciplinary research and approaches 

The literature search methodology employed made use of the following online research 

databases: Scopus, ISI and Google Scholar. The architecture research specialists of the 

University of Pretoria library provided keyword searches and initial research support. In 

addition, the CSIR and the building ecology workgroup (UC Berkley) made the database 
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resources available. Books, journal articles, theses, dissertations, papers and personal 

communications were scrutinised. The following themes and keyword searches were done: 

1. Microbiology of the Built Environment (MoBE) 

¶ MoBE, architecture, bio informed design, building ecology (see section under 

architecture) 

2. Complex modelling 

3. Microbiology and Medical 

¶ TB, NTMb, PCP, Biofilm persistence, microbe aerosolisation, quorum sensing, 

surfaces, airborne, pathogenic bacteria, competitive exclusion, nosocomial infection, 

hospital acquired infection, sampling, epidemiology, HIV and Aids, immune-

compromised patients 

4. Ventilation  

¶ Mechanical ventilation, natural ventilation, airflow analysis, CFD, air changes, 

measurement testing, statistical analysis, airborne risk 

5. Architecture 

¶ Hospital design, building ecology, microbial environments, case studies, sick building, 

HAI, syndrome, sanatorium, pro-biotic environments, regulation, policy, building 

standard, space syntax, materials 

6. Sampling methods 

¶ Environmental sampling, microbiology sampling, built environment, biome 

For this thesis a MoBE based built environment study was undertaken at two hospital buildings 

in South Africa. The methodologies and findings of similar studies were accessed and 

explored through literature reviews, conference attendance and peer discussions. In 

summary, this chapter includes one report review summary, two literature reviews and two 

literature summaries for literature referenced in this thesis. The literature was formulated by 

topics into Excel sheets and disseminated to the various reviews. The reviews and knowledge 

gathered from, but not limited to, the above sources guided the thesis investigation. The index 

below offers page and section references. 

(1) MoBE status report 2017 (pg.43_3.2) 

(2) Microbiology of the Built Environment (MoBE) (pg.59_3.3) 

(3) Built environment and microbial sampling (pg.75_3.4) 

(4) Microbiology and Medical, the built environment and health (pg.75_3.5) 

(5) Architecture and Engineering in the built environment (pg.93_3.6) 
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  MOBE STATUS REPORT 2017 (REVIEW 1) 

Briere and Resnickôs (2017) report is categorised into six key sections: 1) Introduction to 

MoBE; 2) Microorganisms in the built environment: impacts on human health; 3) The built 

environment and microbial communities; 4) Tools for characterising microbiome-built 

environment interactions; 5) Interventions in the built environment; and 6) Moving forward: a 

vision for the future and research agenda. For the purpose of this thesis, only directly relevant 

and essential information that will provide context and significance to this study within the 

greater research agenda is noted. Where applicable, the potential thesis contribution is stated, 

supported in further detail in later chapters. The MoBE report is essentially a literature 

summary and critical review by numerous authors in the field; for that reason, the author will 

only highlight aspects of the report along with a the specific literature review of MoBE.  

 MOBE REPORT IN REVIEW 

We cannot yet characterise or define a ñhealthyò indoor environment, or fully understand how 

to process the various known and unknown dynamic factors involved. Indoor environments 

are complex by nature, are extremely integrated, dynamic ecosystems, and require a vast 

interdisciplinary field of researchers: microbial biologists, ecologists, chemists, building 

scientists and human psychologists. The more we understand these environments, the closer 

we get to improving, operating and designing indoor environments that enhance human 

health. Essentially, as the report suggests and in accordance with the authorôs deductions, 

these are the questions we face: 1) Which microorganisms are people exposed to in these 

indoor settings? 2) Which factors control their abundance, diversity, persistence and other 

community characteristics? 3) What effects could these organisms have on the health of 

human occupants? The MoBE research community identified the need to collect a core set of 

building, environment, and occupant data when studying indoor microbiomes, which does, 

however, still require further development, consensus and agreement. The balance between 

sufficient information, financial resources and time is yet to be achieved. Complex models that 

represent the various factors, i.e. environmental inputs, social inputs and health outcomes, 

still have to be developed. The complex social and medical data associated with health-related 

concerns, such as the burdens of microbial diseases, energy costs and united health effects, 

need to be considered and incorporated; an important area of sub-study is the social and 

behavioural sciences. This thesis has set out to address this research gap, along with other 

related opportunities noted under the research knowledge gaps as shown in Table 3.1 below. 

The table is an excerpt from the report. Items that are identified and responded to in this thesis 

are noted under the heading: MoBE knowledge gaps identified in this report, addressed by 

the thesis. 

Table 3.1: MoBE report: box s-2 and identified knowledge gaps (Briere & Resnick 2017) 

MoBE report BOX S-2 

Knowledge gaps identified in this report 

Improve understanding of the transmission and impacts of infectious microorganisms within 
the built environment. 

Clarify the relationships between microbial communities that thrive in damp buildings and 
negative allergic, respiratory, neurocognitive, and other health outcomes. 

Elucidate the immunologic, physiologic, or other biologic mechanisms through which 
microbial exposures in built environments may influence human health. 

Gain further understanding of the beneficial impacts of exposures to microbial communities 
on human health. 
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Develop an improved understanding of complex, mixed exposures in the built environment. 

Design studies to test health-related hypotheses, drawing on the integrated expertise of 
health professionals, microbiologists, chemists, building scientists, and engineers. 

Develop infrastructures to support effective communication and engagement with those who 
own, operate, occupy, and manage built environments. 

Explore the concept of interventions that promote exposure to beneficial microorganisms, 
and whether and under what circumstances these might promote good health. 

Knowledge gaps identified in this report, addressed by the thesis 

Improve understanding of how building attributes are associated with microbial communities, 
and establish a common set of building and environmental data for collection in future 
research efforts. 

Collect better information on air, water, and surface microbiome sources and reservoirs in 
the built environment. 

Clarify the association of building attributes and conditions with the presence of indoor 
microorganisms that have beneficial effects. 

Develop means to better monitor and maintain the built environment, including concealed 
spaces, to promote a healthy microbiome. 

Deepen knowledge on the impact of climate and climate variations on the indoor 
environment. 

Develop the research infrastructure in the microbiome-built environment-human field needed 
to promote reproducibility and enhance cross-study comparison. 

Improve understanding of ñnormalò microbial ecology in buildings of different types and 
under different conditions. 

Obtain additional data necessary to support the use of a variety of quantitative frameworks 
for understanding and assessing built environment interventions. 

 
The report that follows describes the complexity of the indoor biome: The built environment 

interacts with the indoor microbiome in multiple ways that affect humans. Microbial exchange 

between indoors and outdoors, microbial growth and persistence in indoor settings, and 

human exposures to indoor microbial communities are affected by building design, operation, 

and maintenance. Research that focuses only on one microbe, on a specific aspect of building 

design, or on a single human health outcome will not be sufficient to understand these 

multifactorial relationships (Briere & Resnick 2017:8).  

3.2.1.1 MOBE REPORT MULTIDISCIPLINARY RESEARCH AGENDA  

It is evident that integrated, interdisciplinary and cross-disciplinary research is required. The 

MoBE report in Box S-3: A Research agenda for moving to practical application, suggests the 

future agenda and focus areas for cross-disciplinary research. In Table 3.3, items that are 

identified and responded to in this thesis are noted under Research Agenda for Moving to 

Practical Application. The MoBE report provided focused insight into specific research areas. 

Derived from the identified gaps and shortcomings in the research, and for the advancement 

of the research, twelve focused research areas were identified that are priorities in progressing 

MoBE research. Table 3.2 presents the five principal objectives of the MoBE research 

committee and the larger research community that guided the development of the twelve 

research focus areas. 

Table 3.2: MoBE: research objectives 

MoBE research objectives 

1.  Characterise interrelationships among microbial communities and built environment 

systems of air, water, surfaces, and occupants. 
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2.  Assess the influences of the built environment and indoor microbial exposures on the 

composition and function of the human microbiome, on human functional responses, 

and on human health outcomes. 

3.  Explore non-health impacts of interventions to manipulate microbial communities. 

4.  Advance the tools and research infrastructure for addressing microbiome built 

environment questions. 

5.  Translate research into practice. 

(Briere & Resnick 2017:78-179) 

 

The author collated the 12 MoBE priority research areas set out by the larger research 

community in Table 3.3 taken from the summary table BOX S-3 in the report, identifying each 

research study area with the research focus areas listed. The author provided, where relevant, 

a key quote or finding with direct relevance to this thesis investigation. 

Table 3.3: The 12 MoBE focal priority research areas 

The 12 MoBE focal priority research areas 

Characterize Interrelationships Among Microbial Communities and Built Environment 
Systems of Air, Water, Surfaces, and Occupants 

Priority research 

1 Improve understanding of the relationships among building site selection, design, 

construction, commissioning, operation, and maintenance; building occupants; and 

the microbial communities found in built environments. Areas for further inquiry 

include fuller characterisation of interactions among indoor microbial communities 

and materials and chemicals in built environment air, water, and surfaces, along with 

further studies to elucidate microbial sources, reservoirs, and transport processes. 

2 Incorporate the social and behavioural sciences to analyse the roles of the people 
who occupy and operate buildings, including their critical roles in building and 
system maintenance. 

 Key quote/finding 

The MoBE report and, by association, the greater MoBE community by consensus 

outline a critical research suggestion that is very relevant to this thesis investigation: 

é [I]dentifying key building attributes that are critical to the survival, activity, or death 

of bacterial, viral, and eukaryotic microbial communities, and discovering how 

variations in indoor environmental conditions, such as air temperature, humidity, and 

the condition of water in premise plumbing and other indoor water systems, affect 

these communities. The level of detail needed to capture and analyse these 

relationships will be substantial given the variations in these attributes in current and 

future built environments, compounded by occupant behaviours and facility 

managements (Briere & Resnick 2017:180) 

Authorôs comments 

It is important to note that the subsequent chapters intend to address priority research foci 
one and two in more detail, with chapter 5 serving as a precursor to item two. In this thesis, 
the impact that built environment factors have on the microbiome is investigated, with the 
aim to correlate diversity, distribution and proliferation with environmental conditions such 
as occupancy, space use and flow, and the interdependency of space use, occupancy and 
flow patterns (the spatial analytics of the indoor environment). 
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Assess the Influences of the Built Environment and Indoor Microbial Exposures on the 
Composition and Function of the Human Microbiome, on Human Functional Responses, 
and on Human Health Outcomes 

Priority research 

3 Improve understanding of the relationships among building site selection, design, 

construction, commissioning, operation, and maintenance; building occupants; and 

the microbial communities. Use complementary study designs - human 

epidemiologic observational studies (with an emphasis on collection of longitudinal 

data), animal model studies (for hypothesis generation and validation of human 

observational findings), and intervention studies - to test health-specific hypotheses. 

4 Clarify how timing (stages of life), dose, and differences in human sensitivity, 

including genetics, affect the relationships among microbial exposures and health. 

These relationships may be associated with protection or risk and are likely to have 

different strengths of effect, parameters that are important to understand further. 

5 Recognise that human exposures in built environments are complex and encompass 

microbial agents, chemicals, and physical materials. Develop exposure assessment 

approaches to address how combinations of exposures influence functional 

responses in different human compartments (for example, the lungs, the brain, the 

peripheral nervous system, and the gut) and downstream health outcomes at 

different stages of life. 

Authorôs comments 

It is important to note that the subsequent chapters intend to address priority research 
focus three in more detail. This thesis investigates occupancy and functional space use 
through observational methodologies employed in architecture to correlate the spatial 
analytical findings with the biome findings. Items four and five are not addressed in this 
study. 

Explore Non-health Impacts of Interventions to Manipulate Microbial Communities 

Priority research 

6 Improve understanding of energy, environmental, and economic impacts of 
interventions that modify microbial exposures in built environments, and integrate the 
relevant data into existing built environmentïmicrobial frameworks for assessing the 
effects of potential interventions, understanding of the relationships among building 
site selection, design and construction. 

Authorôs comments 

- 

Advance the Tools and Research Infrastructure for Addressing MicrobiomeïBuilt 
Environment Questions 

Priority research 

7 Refine molecular tools and methodologies for elucidating the identity, abundance, 
activity, and functions of the microbial communities present in built environments, with 
a focus on enabling more quantitative, sensitive, and reproducible experimental 
design. 

8 Refine building and microbiome sensing and monitoring tools, including those that 
enable researchers to develop building-specific hypotheses related to microbiomes 
and assist in conducting intervention studies. 

9 Develop guidance on sampling methods and exposure assessment approaches that 
are suitable for testing microbiomeïbuilt environment hypotheses.  

10 Develop data commons with data description standards and provisions for data 
storage, sharing, and knowledge retrieval. Creating and sustaining the microbiomeï
built environment research infrastructure would promote transparent and reproducible 
research in the field, increase access to experimental data and knowledge, support 
























































































































































































































































































































































































































































































































