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Abstract 

The annual risk of infection (ARI), a measure of recent transmission, has been described as the most 

important parameter in tuberculosis (TB) epidemics. Nevertheless, mounting evidence suggests all 

factors contributing to TB transmission are not yet completely understood. This research was 

performed to investigate the role various parameters, e.g. overcrowding, period of infectivity, 

ventilation, and infectivity of source cases, play in TB transmission. An established airborne 

transmission risk model, the Wells-Riley equation (WRE), was modified to account for scenarios 

where unknown numbers of infectious individuals may be present. Subsequently, the ARI for three 

indoor locations conducive to TB transmission were calculated. Two locations (households and 

minibus taxis) were identified in a social mixing survey conducted within a South African 

community where TB is endemic as a part of this research. The third location (prison) was 

identified in an earlier independent study in the same community. The impact various interventions 

could have in reducing the ARI associated with each location was explored. Poor ventilation, severe 

overcrowding, extended exposure periods, and high incidence rates contributed to high TB 

transmission risks in each location. The household-associated ARI was related to the number of 

resident adults. Current TB control programs will only reduce the ARI if household ventilation 

levels are improved simultaneously. Similar reductions in the ARI could be achieved by trebling 

current ventilation levels or by separating child and adult sleeping areas. Neighbouring households 

can also contribute substantially to the ARI. The minibus taxi-associated ARI for drivers and 

commuters was considerable but readily reduced by opening windows or keeping the fresh-air fan 

on. Reducing TB case prevalence through active or passive case-finding would reduce the ARI 

substantially. The prison-associated ARI was proportional to levels of overcrowding. No single 

intervention, such as improved ventilation, decreased lock-up time, or improved case-finding, 

would decrease the ARI substantially, but concurrent implementation of all of them to meet national 

or international standards would. This research shows TB is not only transmitted in epidemics by 

highly infectious TB cases, but that any TB case, no matter how infectious, has the potential to 

infect susceptible people under the right conditions. 
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Opsomming 

Die jaarlikse infeksierisiko (ARI) – ŉ maatstaf van onlangse siekteoordrag – word as die 

belangrikste parameter in tuberkulose- (TB-)epidemies bestempel. Nietemin dui toenemende 

bewyse daarop dat nie álle faktore wat tot TB-oordrag bydra, volledig verstaan word nie. Hierdie 

navorsing is onderneem om ondersoek in te stel na die rol van verskillende parameters – 

byvoorbeeld oorbevolking, tydperk van aansteeklikheid, ventilasie en die aansteeklikheid van 

brongevalle – in TB-verspreiding. ŉ Gevestigde model vir die raming van siekteverspreiding deur 

die lug, die Wells-Riley-vergelyking (WRE), is aangepas vir scenario’s waar ŉ onbekende aantal 

aansteeklike individue moontlik aanwesig is. Daarna is die ARI bereken vir drie ingeslote ruimtes 

wat TB-oordrag bevorder. Twee van die ruimtes (huishoudings en minibustaxi’s) is ten tyde van die 

navorsing uitgewys in ŉ sosialevermengingsopname in ŉ Suid-Afrikaanse gemeenskap waar TB 

endemies is. Die derde ruimte (gevangenisse) is uitgewys in ŉ vroeëre onafhanklike studie in 

dieselfde gemeenskap. Die navorser het gevolglik bepaal watter moontlike impak verskillende 

intervensies op die verlaging van die ARI in elke ruimte het. Swak ventilasie, ernstige 

oorbevolking, verlengde blootstellingstydperke en hoë voorkomsyfers het in elke ruimte tot ŉ hoë 

TB-oordragrisiko bygedra. Die huishoudingsverwante ARI het verband gehou met die aantal 

volwassenes wat in die huis woon. Huidige TB-beheerprogramme sal slegs die ARI kan verlaag 

indien huishoudelike ventilasievlakke terselfdertyd verbeter word. Drie keer beter ventilasievlakke 

of die skeiding van kinders en volwassenes se slaapareas kan soortgelyke verlagings in die ARI 

teweegbring. Buurhuishoudings kan ook aansienlik tot die ARI bydra. Die minibustaxi-verwante 

ARI vir bestuurders en pendelaars was beduidend, maar kan betreklik maklik verlaag word deur 

vensters oop te maak of die varslugwaaier aan te hou. Die vermindering van die voorkoms van TB-

gevalle deur aktiewe óf passiewe gevalle-opsporing kan die ARI ook beduidend verlaag. Die 

gevangenisverwante ARI het met vlakke van oorbevolking verband gehou. Geen enkele intervensie 

soos beter ventilasie, korter toesluittye of beter gevalle-opsporing sal die ARI aansienlik verlaag 

nie, maar die gelyktydige inwerkingstelling van ál hierdie intervensies in pas met nasionale of 

internasionale standaarde kan wél. Hierdie navorsing toon dat TB in epidemies nie net deur hoogs 

aansteeklike TB-gevalle oorgedra word nie, maar dat enige TB-geval, ongeag hoe aansteeklik, die 

siekte in die regte omstandighede na vatbare mense kan oordra. 
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Chapter 1: Introduction 

1.1 The History of Tuberculosis and Its Treatment 

Tuberculosis (TB) is a disease that has plagued humankind for thousands of years, with the first 

known records of TB including a Neolithic burial ground near Heidelberg (4000 B.C.), Hindu 

writings from India (2000 B.C), and a mummified Egyptian priest (1000 B.C.)
1
. The excavation of 

many other bodies with tuberculous-like lesions from the same region as the Egyptian priest has 

been proposed as reason to believe that a large TB sanatorium was situated in the area. Furthermore, 

a classical description of a TB case, which included symptoms such as hoarseness of voice, a bent, 

tender and extended neck, slim fingers with swollen joints, brilliant and glassy eyes, and most 

notably a body that appeared to have been consumed, with muscles wasting away and bones 

protruding extensively, was recorded as long ago as 200 B.C. by the Greek monk Aretæus
1
. 

Over the years, TB has not been limited to any particular class of society, but has affected both rich 

and poor, famous and not-so-famous, alike. Examples of well-known and influential people who 

were affected by TB include the poets, authors and musicians of John Keats, Percy Shelley, Henry 

David Thoreau, Robert Louis Stevenson, Ralph Waldo Emerson, Emily and Charlotte Brontë, 

Frédéric Chopin, and Nicolò Paganini. Royalty was not exempt from TB with several members of 

the Bourbon family in France also having fallen prey to the disease
1
. One of the most prominent 

men, in a southern African context, to be plagued with TB was that of pioneer and colonialist Cecil 

John Rhodes who owned many of the diamond mines in South Africa through his company De 

Beers, and after whom present-day Zimbabwe and Zambia were previously named Southern and 

Northern Rhodesia respectively. The fact that TB was also widespread amongst the common 

layman throughout history is clear from the proportion of deaths in England and Wales attributed to 

TB in 1650 and 1715, i.e. 20% and 13% respectively
1
. Also, Dubos et al argued that writers and 

artists in the late 19
th

 century started associating TB with the “the miserable humanity living in the 

dreary tenements born of the Industrial Revolution
1
.” In fact, so widespread was TB throughout 

Europe and America between 1700 and 1850 that it became known as ‘the Great White Plague.’ In 

more recent times it has been shown that overcrowding, shelters for the homeless, and poor living 

conditions continue to be associated with TB disease, and therefore TB remains common amongst 

the general population
2-6

. 

The uncertainty surrounding the exact cause of diseases in general has played a large part in 

governing how TB has been understood and treated over time. During the Middle Ages (5
th

 – 15
th

 

century), diseases were largely regarded as either contagious or infectious, with contagion caused 

by the spread of disease between people and infection by the breathing in of noxious vapours 
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(miasmas)
7
. At different times, however, evidence supporting the classification of TB as either 

contagious or as infectious presented itself so that its cause remained a mystery. The many ways in 

which TB presented itself symptomatically, reflected by the multiple names assigned to the disease 

(lunger, poitrinaire, scrofulous, strumous glands, consumption, phthisis, asthenia, tabes, hectic 

fever, gastric fever, lupus, and inflammation of the lungs), would also have added to the difficulty 

in identifying its exact cause
1
. Furthermore, the manner in which TB was previously treated 

confirms the poor understanding of the cause of TB, with travel to warmer climates (especially by 

sea voyage), the bleeding of patients, and the use of opium all having previously been 

recommended
1
.  

It was only with the demonstration of the cellular structure of living organisms in 1861, the 

formation of the germ theory of disease circa 1880, and the isolation of Mycobacterium tuberculosis 

(MTB) by Robert Koch in 1882 that an accurate fundamental understanding of the cause of TB 

started to develop from which further investigation and research could be based
7
. For example, 

Flügge went on to find MTB in human spittle in 1897, and concluded that no extra cause was 

required to explain TB transmission, so that there was no longer any need for the miasma theory
7-9

.  

The next major discovery relevant to TB transmission was made by William Wells and Richard 

Riley, where they convincingly showed that although Flügge was correct in concluding no miasmas 

(noxious vapours) were required for the spread of TB, it was in fact possible for MTB to be 

transported on small airborne respiratory droplets, produced by coughing, sneezing, and talking, 

within indoor environments
7,9-11

. In hindsight, this may explain the earlier confusion with regards to 

whether TB was contagious or infectious since it is easy to see why TB could have been thought of 

as being transported on ‘noxious vapours.’ Last of all, the identification of MTB facilitated the 

finding of a cure for TB since the microbe responsible for the disease could be studied directly and 

not just the symptoms it produced. The result of these efforts has been the production of various 

drug regimens for the treatment of TB over the course of the last 60 years, the first of which was the 

antibiotic streptomycin, discovered by Selman Waksman and Albert Schatz. Due to the limited 

efficacy of streptomycin, however, owing to the development of drug resistance (which was 

recognized as early as 1948)
12

, TB monotherapy has since been replaced by combination 

chemotherapy
13-19

.  

With multiple cures for TB now having been found, it may be tempting to believe the eradication of 

TB is at hand. However, due to the sheer vastness of the global TB burden and other complexities 

such as HIV co-infection and drug resistance, eradication remains a distant goal. For this reason, we 

consider the TB pandemic as it currently stands around the world and in South Africa, before 

discussing the main research questions to be addressed in this thesis. In particular, we first focus on 
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the various measures of disease morbidity, since infectious, diseased individuals are those who 

drive the transmission rates which subsequently determine the age-specific prevalence of infection 

within communities from which the next generation of infectious cases arise. 

1.2 Tuberculosis in the World and South Africa Today 

The World Health Organization (WHO) estimated that in 2009 there were a total of 14 million 

prevalent cases of TB, 9.4 million incident cases, and 1.7 million TB-associated deaths (amongst 

HIV-positives and negatives) across the globe
20,21

. WHO defined regions containing the greatest 

proportion of prevalent cases were the South-East Asia, Africa, and Western Pacific regions with 

35%, 28%, and 21% attributed to each respectively
20

. It was also estimated that 12% of incident 

cases occurred in those who were HIV-positive, of which 92% were in Africa and 26% in South 

Africa
20,22

. A total of 30 000 cases of multidrug-resistant (MDR) tuberculosis were notified in 2009, 

but WHO estimated an additional 220 000 cases in the same year that were not reported
20

. It was 

not all bad news, however, as there have been a couple of positive developments in the first nine 

years since 2000. The first of these was the observed increase from 45% to 62% in the case 

detection (notification) rate of incident cases (CDR) and the second was the increase from 69% to 

85% in the successful treatment of smear-positive pulmonary TB of which there were 2.6 million 

notified cases in 2008
20,21

. These improvements can largely be attributed to the extensive promotion 

of the directly observed treatment short-course (DOTS) strategy. Regrettably, despite the resultant 

decreasing incidence of TB cases, the overall burden of TB continues to increase due to the 

population growth seen in many of the most heavily affected nations
20,21

. There is therefore still a 

long way to go before global eradication of TB is achieved. 

In South Africa, a little over 360 000 TB cases were notified in 2009, whilst WHO estimated there 

to be between 390 000 – 400 000 actual prevalent cases (780 – 800 per 100 000 population)
20,21,23

. 

The estimated number of incident cases and TB-associated (HIV-negative) deaths in that same year 

was 490 000 (980 per 100 000 population) and 23 000 – 26 000 (46 – 52 per 100 000 population) 

respectively
20,23

. These statistics place South Africa as the country with the 10
th

 highest number of 

prevalent TB cases and the 3
rd

 highest number of incident cases globally, with per capita rates that 

are unparalleled elsewhere in the world
20,22

. To further compound the situation, 60% of incident 

cases within the country are HIV-associated, as compared to 37% for the whole of Africa
20

. Despite 

these considerable challenges though, progress comparable to that which is being made worldwide 

is being achieved at the same time, with a 15% increase in the CDR to 74% over the nine years 

leading to 2009
21,23

. Also, the successful treatment of smear-positive pulmonary TB cases has 
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increased by 13% to 76% in 2008
21,23

. Nevertheless, it is clear that the burden of disease remains 

substantial and further progress is required for inroads to be made into the TB epidemic. 

1.3 An Incomplete Understanding of Tuberculosis Transmission 

A key point to be noted from Section 1.2 is that even though the CDR and the proportion of 

successfully treated smear-positive pulmonary TB cases have improved, a substantial amount of 

transmission must still be taking place in order for the number of global prevalent TB cases to 

increase at the same time that incidence is falling. This is supported by the fact that WHO estimates 

as much as a third of the world’s population to be latently infected with TB by 2010
3,24

, and 

suggests that we have not fully understood how to prevent transmission or what all the factors are 

that contribute towards it. 

In South Africa, four recent studies have demonstrated high levels of ongoing TB transmission by 

illustrating the high prevalence of infection amongst children, adolescents and young adults
22,25-28

. 

Specifically, the prevalence of infection was found to be as high as 26.2% at school entry, 52% for 

those 15 years of age, and 75% in 25 year olds, so that the corresponding force of infection (FOI: 

the proportion of TB-uninfected individuals infected in a single year) was consistently between 3% 

and 5%
22,25-28

. These rates of transmission are unprecedented in modern times, with similar rates 

only seen 50 years ago in other comparable African countries such as Botswana and Lesotho prior 

to the widespread introduction of chemotherapy
22,29-32

. The current FOI in South Africa confirms 

that TB transmission is a component of the epidemic that has been severely neglected and in general 

is poorly understood. 

A third indicator that we have an incomplete understanding of TB transmission is that the annual 

risk of infection (ARI) in England and Wales was already declining at over 4% per annum in the 50 

years prior to the introduction of chemotherapy
30,32

. In fact, Vynnycky et al concluded that 

chemotherapy only served to speed up the decline in the ARI that was already taking place
30

. This 

suggests that other factors associated with TB transmission, such as overcrowding and poor living 

conditions
2,3,5,6

, were being addressed in society at that time, and most importantly it was producing 

a decrease in the ARI. The importance of these factors to TB transmission, however, has largely 

been ignored since the start of the widespread rollout of chemotherapy, and it is appropriate now to 

reconsider the role these factors play in transmission considering that our current efforts are having 

little impact. 

A final reason for the generally poor understanding of TB transmission is that the predominant 

means by which it takes place, i.e. on respiratory droplet nuclei (which will be discussed 
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comprehensively in Chapter 2), is not widely known. A consequence of this is that chemotherapy is 

often viewed and practiced as the only viable means of transmission prevention when in fact 

environmental interventions specific to the actual mode of transmission are also plausible and 

readily implementable. 

The irony with regards to the current generally poor understanding of TB transmission as described 

above, together with the lack of investigation into the factors that determine whether it will take 

place or not, is that Vynnycky et al concluded that the FOI is the most important parameter in a TB 

epidemic
30,32,33

. This is because the FOI determines the age at primary infection (and consequently 

the life-time risk of developing disease), in addition to the risk of reinfection within a community. 

Thus, the general TB morbidity within a population is determined by the FOI and its decrease 

should remain a key priority of any future interventions. 

1.4 Thesis Outline 

The research reported here was performed in response to the need that the understanding of TB 

transmission be improved. More specifically, the goal of this study was to shed some light on the 

role that various parameters (such as overcrowding, average period of infectivity of a TB case, 

ventilation rates, and the like) play in determining whether TB transmission will occur. To 

accomplish this, an established airborne transmission risk model, namely the Wells-Riley equation 

(WRE), was modified to take into account scenarios where an unknown number of infectious 

individuals may be present, after which it was used to calculate the mean ARI for three locations 

potentially conducive to TB transmission in a South African community where TB is endemic. Two 

of these locations, namely households and minibus taxis, were identified in a social mixing survey 

conducted within the community as a part of this research. The third location, namely prison, was 

identified in an earlier independent study conducted in the same community. Last of all, exploration 

of the possible impact various interventions could have in reducing the ARI associated with each of 

these locations was performed by sensitivity analysis of the relevant model parameters.  

For ease of reading, the reader should note that the second chapter of this thesis will be dedicated to 

a review of the development of the WRE, starting with the fundamental experiments performed by 

Wells and Riley to establish that TB is an airborne spread disease. The third chapter will 

subsequently focus on the derivation of the modified WRE mentioned previously. Following this, 

the social mixing survey, conducted to identify locations potentially conducive to TB transmission, 

will be outlined in Chapter 4. Chapter 5 will see application of theory to the 3 locations identified as 

potential TB transmission ‘hotspots’ within the community, and in Chapter 6 the findings and 

general conclusions one can draw from this research will be discussed.  
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Chapter 2: The Wells-Riley Equation 

2.1 Tuberculosis and Droplet Nuclei: An Airborne Spread Disease 

As mentioned in Section 1.1, sound research into TB transmission was only possible after the 

isolation of MTB by Robert Koch in 1882. Initially after the discovery it was thought that TB was 

spread by the breathing in of dust particles contaminated with dried MTB-laden sputum
9
. Flügge et 

al, however, found MTB in human spittle in 1897 and concluded instead that TB was spread by 

respiratory droplets (e.g. spittle) produced during processes such as coughing, sneezing and 

talking
7-9

. Droplets such as these would essentially limit transmission to the close proximity of an 

infectious TB case, so that transmission would not occur over distances much more than a metre or 

two
7,9

. Flügge’s research would remain the most influential result with regards to TB transmission 

for the next 50 – 60 years. 

The next major breakthrough in TB transmission would take place over the course of 30 years, and 

began in 1931 when Wells studied the seemingly unrelated process of humidification by the 

atomization of water
7,34,35

. The first two important findings of this work included that atomization 

produced droplets with a minimum diameter of 10µm and secondly that the smallest of these 

droplets (with large surface area-to-volume ratio) evaporated almost instantaneously whilst falling 

through the air to become droplet nuclei with diameters <5µm
7
. In addition, Wells found that the air 

resistance resulting from droplet nuclei falling through the air (and which was proportional to their 

surface area) would be comparable to their weight so that the droplet nuclei would remain buoyant 

in the air for much longer than larger respiratory droplets (>10µm)
7
. Consequently Wells 

recognized that droplet nuclei would disperse throughout enclosed atmospheres, extending the 

infectious range from a metre in front of the infectious case to the entire indoor space shared with 

them
9
. It also explained why Flügge had not observed the droplet nuclei during his research, since 

he used plates to capture the droplets emitted by an infectious individual, whereas droplet nuclei 

would have evaporated before landing on them
7
. 

Thus, when Wells was asked in 1934 to investigate the source of respiratory infections amongst 

textile mill workers, he was already well aware of the two potential means by which transmission 

may have been taking place, i.e. either by large respiratory droplets (spittle) or those droplet nuclei 

buoyant enough to remain airborne for extended periods of time
34,36,37

. It was this knowledge that 

allowed Wells to hypothesize that the bacteria causing the respiratory infections in the textile mill 

workers (not MTB) were the same as those found in the standing water used to humidify the 

atmosphere inside the mills to keep dust levels down
34,36,37

. Wells went on to confirm this by 

finding the bacteria in air samples he took from the mills using an air centrifuge, which in turn 
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showed that the bacteria were being transported on droplet nuclei produced during the 

humidification process until they were either breathed by the mill workers or vented out of the 

mills
36,37

. 

The textile mill findings led Wells to speculate that droplet nuclei, capable of transmitting infection 

(and MTB in particular), could be produced in a person’s respiratory tract through processes such as 

talking, coughing, singing, and sneezing
7,34,37

. He first set out to confirm this by taking high speed 

photographs of people coughing and sneezing. The images showed the generation of droplets with 

diameters just slightly larger than 10µm but still small enough to evaporate and become droplet 

nuclei before falling to the ground
7
. At this point, however, it remained to be shown that MTB 

could be transmitted on droplet nuclei. This was demonstrated when Wells and Riley performed 

animal exposure experiments that involved the atomization of TB-containing broth culture filtrates 

into the air that susceptible rabbits and guinea pigs were breathing
7,10,34

. In one such experiment, 

twelve rabbits were exposed to the atomized culture filtrate whilst ultraviolet (UV) lights were 

turned on in the room. After 2 hours, 6 of the animals were removed, the UV lights switched off, 

and the remaining animals exposed to the atomized culture filtrate for another 3 hours. After the 

animals were sacrificed several weeks later, each animal in the group exposed for 5 hours had 

macroscopic tubercles on the surface of their lungs, which when examined contained acid-fast 

organisms, indicating infection with MTB. All of the animals from the group exposed for only 2 

hours, on the other hand, did not present tubercles on their lungs. Wells and Riley drew two 

conclusions from these results, namely that MTB could be transmitted on droplet nuclei, and 

secondly that irradiating the room with UV light was an effective means of air sanitation
10

. 

The final proof that MTB-laden droplet nuclei could be produced by infectious TB cases came by 

way of a two-year study conducted in a 6-bed hospital TB ward by Riley et al
11,38

. In preparation for 

the study, the ward rooms were modified so that the air from each was vented to an animal exposure 

chamber housing susceptible guinea pigs on the hospital floor above (Figure 1). The guinea pigs 

were isolated from all possible sources of tuberculosis, and in particular from direct contact with the 

TB patients in the ward, so that the only means by which they could become infected was through 

the inhalation of buoyant infectious droplet nuclei carried on the air exhausted from the TB ward 

rooms below. Consequently, when 71 guinea pigs were infected during the study it provided 

concrete evidence that droplet nuclei, capable of transmitting MTB, could be produced in the 

respiratory tract of infectious TB cases
11

. As confirmation, the drug susceptibility profiles of 

organisms in the sputum of patients and organisms cultured from the lung tissue of infected guinea 

pigs were compared so that the specific patient responsible for a given guinea pig infection could be 

identified
11,38

. The sources of 42 of the 48 cultured guinea pig infections were determined
38

. To 
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remove any remaining concerns over the possibility of cross-infection having occurred as a result of 

the animal handlers, a second 2-year study was conducted after modification of the ventilation 

system to allow the installation of a second animal exposure chamber
9
. During the study, the animal 

handlers managed both sets of guinea pigs in the exactly the same manner, with the only difference 

between the two sets of animals being that one received TB ward exhaust air irradiated with UV 

light, whilst the other received TB ward exhaust air that was not. By the end of the study, no guinea 

pigs receiving irradiated air had been infected, whilst 63 guinea pigs receiving unchanged ward air 

had, thereby eliminating any lingering concerns about cross-contamination
9
. 

With it having been established that infectious TB cases produce droplet nuclei capable of infecting 

susceptible animals, the question remained as to whether infectious TB cases could infect other 

people in the same way. The answer would come by way of a TB epidemic that broke out aboard a 

United States Navy vessel, namely the Richard E. Byrd
39

. Here, the initial TB case managed to 

infect 78.8% of his fellow crew members who shared sleeping quarters with him during the seven 

months he was onboard. In addition, 54.3% of the crew members in a second sleeping compartment 

were also infected by the same TB case. The crew members in each of the compartments had little 

to no interaction with one another whilst working or during social hours, so that the only way in 

which transmission could have taken place on such a large scale was by infectious droplet nuclei 

transported through the ventilation system shared by the two compartments. Other suggestive 

evidence in support of this conclusion was that the relative infection rate of crew members sleeping 

in the second compartment (54.3%/78.8% = 0.69) was similar to the proportion of air the 

compartment received from the one in which the initial TB case slept (9 out of 12 vents = 0.75; 

assuming the volume air flow in each of the twelve inlet vents of the second compartment was the 

same). Thus human-to-human transmission by droplet nuclei had been demonstrated, the biggest 

breakthrough in terms of the understanding of TB transmission achieved, and once and for all TB 

had been irrevocably shown to be an airborne spread disease. 

2.2 Deriving the Wells-Riley Equation 

Whilst conducting the multiple animal exposure experiments described above, Wells and Riley 

determined that each infectious droplet nucleus inhaled by an animal would induce a single tubercle 

on the surface of the animal’s lungs
7,9,11,34

. Thus the total number of TB-infected droplet nuclei 

inhaled by an animal was equal to the number of tubercles that subsequently presented
7,10,34

. From 

these findings, Wells and Riley calculated the concentration of infectious droplet nuclei in the 

hospital TB ward to be roughly 1 per 300 - 350 cubic metres of air
9,11,34

. This they noted was 

approximately the same amount of air breathed in a year by a student nurse working on a TB ward 
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(during the pre-chemotherapy era) prior to converting tuberculin skin test (TST) positive, and they 

therefore concluded that the inhalation of just a single infectious droplet nucleus was all that was 

required for TB infection in humans, just as they had shown for guinea pigs and rabbits
11,34

. Wells 

and Riley also recognized that because tubercles were an indication of infection with TB
7,9,11

, and 

because there was a one-to-one relationship between the number of droplet nuclei inhaled and the 

number of tubercles that subsequently developed, if the concentration of infectious droplet nuclei in 

the air of an enclosed (indoor) space was known then the probability that a susceptible person or 

animal would become infected could be calculated using the Poisson distribution
7,34

. They derived 

the risk of infection by defining the parameters below as follows, 

I = the number of infectious cases present, 

p = the respiration rate of the susceptible people or animals (m
3
hr

-1
), 

q = the rate at which infectious cases produce TB-infected droplet nuclei (hr
-1

), 

t = the length of time the susceptibles are exposed to the infectious cases (hr), 

Q = the fresh-air ventilation rate in the enclosed environment (m
3
hr

-1
), 

so that 

Iq/Q = equilibrium concentration of infectious droplet nuclei and 

pt = the volume of air breathed by each susceptible during the exposure time. 

Under equilibrium conditions, therefore, the expected number of infectious droplet nuclei inhaled 

by a susceptible is given by λ = Ipqt/Q
34,40

. Assuming that the infectious droplet nuclei are discrete, 

randomly distributed, and in very low concentration (all of which were demonstrated in the multiple 

experiments conducted by Wells and Riley
9-11

) the risk of infection is given by 

     ���� = 1 − �
	
��
� .     (1) 

If V is defined as the volume of the indoor space (m
3
) and F the number of times the volume of air 

is replaced with fresh air every hour (hr
-1

), then Q = V x F, and Equation 1 can be rewritten as 

follows 

     ���� = 1 − �	
���� .     (2) 
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Wells went on to recognize that when one TB-infected droplet nucleus on average had been inhaled 

by rabbits (λ = 1), the risk of infection was equal to 

     ���� = 1 − ��� = 0.632,    (3) 

so that only 63.2% of the rabbits would be infected
7,34

. In generalizing the theory, to make it 

applicable to other diseases where the number of infectious droplet nuclei required for infection was 

not known, Wells defined a ‘quantum’ of infection as the number of infectious droplet nuclei 

required to infect 63.2% of the susceptibles, which could be one or more infectious droplet nuclei 

depending on the disease
7,34,40

. He therefore redefined q to be the rate at which infectious cases 

produce quanta (hr
-1

), which was consistent with its previous definition since a quantum of infection 

for TB was just a single infectious droplet nuclei. Therefore, to remain consistent with Wells’ 

definition and the terminology used in the papers included in this thesis, a quantum of infection 

shall be referred to from this point onwards. 

2.3 Subsequent Developments of the Model 

For the last 30 years, the standard method to determine whether the airborne transmission of an 

infectious disease will take place in an indoor or enclosed environment has therefore been to make 

use of the WRE (Equation 2). The equation has several limitations however, the first of which is 

that it is only applicable in steady state conditions. Other limitations discussed in the literature 

include that the equation incorrectly assumes all people not yet infected are equally susceptible, that 

it does not allow its parameters to vary with time, that it does not take into account proximity of a 

susceptible person to the infectious case(s), and that it ignores immune system response to different 

pathogen dosage. 

Work has already been done to take into account some of these weaknesses though. For example, 

Gammaitoni and Nucci accounted for situations where the steady state condition does not hold by 

incorporating the transient effects of ventilation on the concentration of pathogens in an ordinary 

differential equation model
41

. A method to account for diseases with short incubation periods has 

been discussed by Beggs
3
, whilst Noakes demonstrated how the equation could be included in a 

traditional SEIR model to allow the number of infectious cases to vary with time
42

. Noakes has also 

presented a stochastic model based on the WRE, for those scenarios, such as hospitals, where the 

number of susceptibles is low and the stochastic variability in risk should be taken into account
43

. 

This stochastic model was linked together with a zonal model to investigate the dependence of the 

risk of infection with proximity to an infectious case at the same time. Zonal models have also been 

used to assess how the risk of infection in different airplane compartments depends on where the 
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infectious case sits during extended national and international flights
44

. Computational fluid 

dynamic models have also been applied to better understand the effect of proximity on infection 

risk as well
45

. Efforts to incorporate immune system dose-response and pathogen-host biological 

interaction have been reported
43,46,47

; however this is not applicable to TB, since it is generally 

agreed that a single inhaled infectious bacterium renders a susceptible person infected
43

, as was 

established in Sections 2.1 and 2.2. In addition to the above model developments, the difficulty in 

measuring ventilation rates, especially when multiple connected spaces are considered, has resulted 

in other methods to determine the concentration of infectious airborne particles to be explored. One 

such method has been to measure the concentration of carbon dioxide inside a building to determine 

the proportion of air that has been re-breathed, which then allows the volume of fresh air flowing 

into the building to be calculated
48

. 

Despite these model developments, there remain several gaps in the applicability of the WRE to 

situations where the number of infectious cases may not be known. The modification of the WRE 

required to take these situations into account is discussed next in Chapter 3, after those scenarios to 

which the WRE has already been applied have been reviewed.  
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Chapter 3: A Generalized Epidemic (Endemic Tuberculosis) 

3.1 Retrospective Applications of the Wells-Riley Equation 

Since the WRE was first derived, it has been applied to several epidemics, the first of which was a 

measles outbreak in a suburban elementary school near Rochester, New York, USA in 1974
40

. This 

particular epidemic attracted a lot of attention because of the fact that it took place in a school 

where 97% of its attendees had already been vaccinated for measles. The initial case was a girl in 

second grade who managed to infect at least 28 of her fellow scholars, who were either in the same 

class as herself or in other classes sharing the same ventilation system, within 3 days. The outbreak 

lent itself to mathematical analysis because the daily movement of children between classes at 

school, and on buses to and from school, was documented, and the exposure time for each 

susceptible child could therefore be determined. Also, the ventilation rates in each classroom of the 

school could be approximated since the percentage of fresh and recycled air could be estimated 

relatively easily. Using the WRE, the infectiousness of the initial and second generation cases was 

estimated, with the initial case calculated to have emitted 5,580 quanta per hour (qph) and those in 

the second generation an average of 480 qph. 

The second application of the WRE involved a TB epidemic in 1981 that resulted after a 

bronchoscopy and intubation procedure was performed on a 64 year old, smear-negative, culture-

positive gentleman resident at a university hospital in San Diego, California, USA
49

. The epidemic 

was recognized after one of the patient’s physicians converted TST positive and started to show 

symptoms of TB including malaise, increased fatigue, and a slight persistent cough a couple of 

months later. After comprehensive contact tracing, it was determined that during the bronchoscopy 

and intubation procedure, 10 of the 13 susceptible doctors, nurses, nurse aids, and respiratory 

specialists had converted TST positive. The time it took for the bronchoscopy and intubation 

procedure to be performed was known, as well as the amount of fresh-air ventilation flowing into 

the intensive care unit (ICU), which allowed the rate at which infectious quanta were produced by 

the TB case to be calculated. An estimated 249 quanta per hour were produced by the patient. In 

addition the concentration of infectious droplet nuclei in the air of the ICU was estimated at 1 

quantum in every 1.95 cubic metres. 

The WRE was next used to determine the impact improved ventilation would have had in reducing 

the risk of infection during a TB epidemic that took place in an office block in 1985
50

. The index 

case was a 30 year old woman with smear positive TB, who had been symptomatic from the time 

she returned to work after a holiday until she went to seek medical attention 4 weeks later. After 

diagnosis, contact tracing was performed amongst her work colleagues to determine who the index 
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case may have infected during the 4 week period – 27 (40%) of 67 susceptible office colleagues had 

been infected, 1 of whom subsequently developed active TB. The office block’s fresh air ventilation 

rate was measured only a couple of weeks after the TB epidemic and found to be below the 

minimum standard recommended by authorities for offices at that time. The authors went on to 

calculate the infectivity of the initial TB case to be 12.7 qph using the WRE, and after performing 

sensitivity analysis showed that doubling ventilation would only prevent 12 of the 27 infections. 

They also noted that because of the logarithmic relationship between ventilation and the risk of 

infection, ventilation only had a limited efficacy in preventing transmission. 

Another application of the WRE was devoted to calculating the infectivity of a TB case travelling 

aboard an airplane from Chicago to Honolulu in 1994
51

. The number of passengers infected during 

the 8.5 hour flight was obtained from a previous contact tracing study conducted by Kenyon et al
52

, 

and the ventilation rates in each of the plane’s cabins were obtained from a commercial aircraft 

constructor. The infectivity of the infectious case was calculated to be 108 qph. The risk of infection 

for susceptible passengers in each cabin was then modelled, together with how that risk depended 

on the infectivity of the TB case and the amount of ventilation available in each of the cabins. In the 

cabin in which the index case sat, it was also shown that the risk of infection decreased 

exponentially with distance from the infectious case. 

The WRE has more recently been used by Furuya et al to determine the risk of TB infection for 

those who spend time in internet cafés in Japan
53

. The proportion of employees and patrons of an 

internet café who converted TST positive after a TB epidemic broke out in 2004 had previously 

been reported in a separate contact tracing study. Furuya et al approximated the quanta production 

rate of the symptomatic index case responsible for the outbreak (who went undetected for 6 months) 

at 17.58 qph using previously published TB infection risks for a similar untreated TB case
50,51,53

. 

Using this measure of infectivity, together with transmission parameters describing the conditions 

typically found in a internet café from that area, the risk of infection was estimated using the WRE 

and found to be comparable to the TST conversion rates of the employees and patrons.  

The common theme in each of the above mentioned applications of the WRE is that the model was 

always applied retrospectively to well-documented epidemics. A question to be asked, though, is 

whether it is possible to apply the WRE prospectively to determine the risk of infection in a 

community where TB is endemic and where parameter values may not be known or are hard to 

estimate? More specifically, is it possible to use the WRE to determine the ARI associated with a 

particular indoor setting (enclosed space) in the community when the number of infectious cases 

present is not known but the proportion of the community’s population who become infectious 
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during the course of the year is? In Section 3.2 it will be shown that it is in fact possible and the 

relevant theory will be developed accordingly.  

3.2 Prospective Application of the Wells-Riley Equation in a Generalized Epidemic 

When using the WRE (Equation 2) to determine the risk of infection in an indoor setting (enclosed 

space) it is necessary to know the number of infectious individuals (I) present. When the number of 

infectious cases is not known, though, it needs to be estimated. To do this, it is necessary to first 

identify who the infectious cases are for the disease being considered, which in the case of TB, is 

more often than not adults who are smear-positive. Thus a requirement for TB transmission to take 

place is that at least one adult is present, and that at least one of the adults present is infectious 

(smear-positive). Now, if it is assumed that there are A adults present in an indoor setting and that 

every adult is equally likely to be infectious during the period of exposure with probability R, then 

the probability there will be I infectious adults present is given by the Poisson distribution 

     ���|�� = �

�! ���,     (4) 

where λ = R x A is the expected number of infectious adults present in the indoor setting. The mean 

ARI (PARI) can then be determined by summing over all possible values for I as follows, 

     � �� = ∑ ���|������ �"�     (5) 

     � �� = ∑ �

�! ��� �"� #1 − �	
���� $.   (6) 

In the case where the number of adults (A) in an indoor setting is not known or varies between 

similar indoor settings, the mean ARI can be determined by summing over all possible values for A 

as well, so that 

     � �� = ∑ ∑ �������|������ �"�% "�    (7) 

     � �� = ∑ ∑ ���� �"�% "�
�

�! ��� #1 − �

	
��
�� $  (8) 

where P(A) is the probability that A adults are present, and N is the maximum number adults present 

in such a setting. 
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Chapter 4: Social Mixing Survey – Identifying Indoor Locations Conducive to Tuberculosis 

Transmission 

From Equation 8 it is clear that the number of infectious cases (I) and the time of exposure (t) are 

two key parameters in determining whether TB transmission will take place or not. To identify 

indoor settings where social contact takes place regularly, and the presence of at least one infectious 

case is therefore likely, as well as those settings where people spend a large proportion of their time, 

a social mixing survey was conducted in a township community where TB is endemic on the 

outskirts of Cape Town, South Africa in 2010. The paper describing this survey in full forms the 

central component of this chapter (see Addendum for full publication details). Nevertheless, it is 

still worth mentioning here that survey participants were requested to record all locations visited 

within a 24 hour period in diary format, together with the demographics of all contacts met and the 

time spent at each location. A graph (not included in the published paper, but relevant to the current 

discussion) of the total number of contacts met by participants at various indoor locations (enclosed 

spaces) versus the total amount of time they spent at each is shown in Figure 2. Four types of 

enclosed spaces can be seen to meet the criteria that either a large number of social contacts were 

met there or that a lot of time was spent there, namely households (own and other), crèche/school, 

work, and transport (predominantly minibus taxis). Figure 2 therefore offers suggestive evidence of 

locations where transmission is likely to occur. On a precautionary note, though, it is important to 

emphasize that Figure 2 should not be over-interpreted. Just because there were few social contacts 

met and a small amount of time spent at health clinics this does not mean that TB transmission will 

not take place there (since people frequenting a clinic are more likely to be infectious cases than the 

general public). All that Figure 2 does indicate therefore are those potential transmission ‘hotspots’ 

where there is a good chance of finding an infectious adult or where the exposure time may be 

extensive, both of which are required for TB transmission to occur. Of the four locations identified, 

households and travel by minibus taxi were selected for further analysis with Equation 8, the 

reasons for which are explained in Chapter 5. 
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Chapter 5: Application of Theory 

In the previous chapter it was described how the social mixing survey identified four locations as 

potential transmission ‘hotspots,’ namely households (own and other), crèche/school, work, and 

transport (predominantly minibus taxis). Of these locations, crèche/school was not considered for 

mathematical analysis since very few adults visited them (Figure 3B) and it was therefore regarded 

as unlikely for an infectious adult to be present. Similarly, the ARI associated with work 

environments was not modelled, because despite the fact that many contacts were made by 

participants whilst at work (Figure 3C), the variability between different working environments 

meant that accurate estimation of parameter values would be difficult, if not impossible. 

Households, on the other hand, lent themselves to being evaluated for several reasons, the first of 

which was that people of all ages were recorded as residing in households within the community 

(Figure 3A), so that infectious adults are likely to expose susceptible people to infection whilst at 

home or whilst visiting other households. In addition, the availability of population census data, 

describing the number of residents per child-containing household, as well as TB notification rates 

from the community TB register, meant that the probable number of infectious adults resident in 

each household could be determined. Last of all, and perhaps most importantly, by defining the 

susceptibles to be children, and therefore specifically considering the risk of TB transmission from 

adults to children, the modelled ARI could be compared with directly-measured ARI data for 

children from the same community. The published paper describing the analysis of household 

transmission can be found in Section 5.1. Likewise, minibus taxis, the predominant means by which 

community residents travelled, were also analyzed using Equation 8 because of their relatively 

constant volumes and high occupancy levels. In addition, it is also clear from Figure 3D that the 

vast majority of minibus taxi transport users are between 20 and 44 years of age, so that infectious 

adults are likely to expose susceptible adults to TB infection during this form of transport. The ease 

with which parameters such as ventilation could be measured also contributed to the analysis of 

minibus taxi transport as well. The paper describing TB transmission within minibus taxis can be 

found in Section 5.2. 

The third indoor location to which Equation 8 was applied was a hypothetical prison cell, 

corresponding to the standard incarceration conditions an awaiting trial prisoner would find 

themselves in at present in South Africa. A prison cell was considered for mathematical analysis for 

two reasons: (1) because previous incarceration was identified as a significant risk factor for 

prevalent TB in an earlier independent study conducted in the same community as that of the social 

mixing survey
54

, and (2) because the availability of data from court evidence and judicial reports, 

describing typical South African awaiting trial prison cells, meant that parameters could be readily 
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estimated. The published paper describing the methods and assumptions used to calculate the 

probability of TB transmission within a South African prison cell can be found in Section 5.3. 
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5.1 Households 

Please refer to the paper below entitled “Tuberculosis transmission to young children in a South 

African community: modeling household and community infection risks” for the full description of 

all data sources and methods used to calculate the mean ARI for children exposed to potentially 

infectious adults within households in a South African township. This paper was published in 

Clinical Infectious Diseases on 15 August 2010 (see Addendum for full publication details). 
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5.2 Taxis 

The modelled risk of TB transmission between adults (commuters-to-drivers and commuters-to-

commuters) whilst travelling in minibus taxis is described in full in the paper below entitled 

“Exposure to Mycobacterium tuberculosis during minibus taxi journeys in South Africa: modelling 

tuberculosis transmission risks.” This paper is in draft form and is not currently under review for 

publication in any journal (see Addendum for contribution of SP Johnstone-Robertson to this 

paper). 
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Abstract  

 

Background 

Minibus taxis are frequently used as public transport in sub-Saharan Africa. We hypothesized that 

conditions within minibus taxis might pose significant risks for tuberculosis (TB) transmission. 

Methods 

Taxi ventilation was assessed by carbon dioxide levels and tracer gas concentration-decay 

technique. The probability of passengers having infectious TB was estimated from the national 

smear-positive TB incidence rate and the mean period of TB infectiousness (∆). The Wells-Riley 

equation was used to estimate the TB transmission probabilities. 

Results 

During observed taxi journeys, windows were typically closed or only partially open and high 

ambient levels of carbon dioxide were recorded (maximum, 5,866 parts per million). Ventilation in 

a popular minibus taxi model was 0.51 air changes per hour (ACH) with windows closed and 

increased to 9.17 ACH with mechanical fresh-air ventilation. Modeling of TB transmission 

probabilities were estimated using base case scenario of 14 passengers, ACH=0.51, infectivity 

(q)=1 and ∆=60 days. Transmission risk for a single 10 hour journey reached 0.5%, annual 

cumulative TB risk of passengers commuting 2-hours per working day reached 29%. The annual 

risk for a driver spending 8-hours per day in an unventilated taxi was as high as 75% but reduced 

10-fold with fresh-air ventilation. All transmission probabilities were reduced by shortening ∆. 

Conclusions 

In South Africa where TB is endemic, minibus transport could add significantly to the national TB 

burden. Transmission probabilities were related to crowding and journey time. However, 

transmission could be reduced by efforts to increase ventilation and decrease the mean period of 

infectiousness of TB cases.  

 

Key Words: Minibus taxi, tuberculosis, transmission, ventilation, period of infectiousness, Wells-

Riley equation.
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Introduction  

The TB epidemic in South Africa is extraordinary. South Africa is a country with the 3
rd

 highest TB 

burden in the world, with approximately 1% of the population developing TB each year [1, 2]. 

Multi-drug resistant (MDR) and extensively drug resistant (XDR) TB are now being increasingly 

reported [3, 4]. In Cape Town one of the largest cities in South Africa, the calculated life time risk 

of an HIV-uninfected individual developing primary and retreatment TB is approximately 30% [5] 

and the TB risk for HIV-infected individuals is in excess of 5% per annum [6, 7]. The rate of 

acquisition of TB infection among adolescents (7% per annum) is as high as reported in the pre-

chemotherapy era in industrialized countries. In a random selection of adults in an African 

Township population, laboratory confirmed pulmonary TB was detected in 1.6% of those 

investigated [8]. Therefore, there is a risk for TB transmission whenever numbers of adults 

congregate, particularly in poorly ventilated spaces.  

 

The World Health Organization (WHO) and Stop TB Partnership have recognized the importance 

of TB transmission within congregate health care settings [9, 10]. However, extremely high annual 

rates of TB infection have been reported South African populations [6, 7] emphasizing the further 

importance of TB transmission within community settings. TB transmission is predominantly 

airborne from smear positive cases [11, 12]. In the USA outbreaks of TB have been reported in 

those using public buses and trains [13-15]. Increased rates of TB disease have been reported in 

regular users of public transport in Lima, Peru [16] where employment in the public transport sector 

has also been associated with a 2.7 to 4.5-fold increased risk of TB [17]. In a high burdened country 

such as South Africa there is a particularly high risk of being exposed to an infectious TB case 

while sharing crowded public transport.  

 

There are 126,000 minibus taxis in South Africa which are frequently overcrowded and comprise 

the dominant mode of public transport for the black population [18]. Taxis are used by all age 

groups including 87-92% of school going children [18]. Approximately 2.5 million of the 3.9 

million public transport commuters use taxis for travel to and from work or school and a further 

325,000 use taxis as a feeder to other forms of public transport [18]. In metropolitan areas 

commuters spend approximately 1 hour each trip to and from work [18]. There are in excess of 4.5 

million hours of person time spent in minibus taxis in South Africa daily.  
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We hypothesized that conditions within minibus taxis might pose significant risks for tuberculosis 

(TB) transmission. A preliminary survey demonstrated markedly elevated carbon dioxide levels 

indicative of poor ventilation during routine minibus taxis journeys. We therefore measured 

ventilation characteristics of a popular type of minibus taxi commonly used in South Africa and 

modeled the risk of TB infection for susceptible individuals during taxi commuter journeys of 

varying lengths and under varying ventilation conditions. The model was used to further explore the 

ability of the national TB control program to decrease TB transmission in these settings by 

reduction of the period between the onsets of infectivity and starting effective chemotherapy by 

intensified and active case finding. 

 

Methods 

Study Design 

The study aim was to explore TB transmission probabilities between adults travelling in minibus 

taxis (Figure 1). In preliminary surveys of minibus taxi journeys in Cape Town, South Africa, 

carbon dioxide levels (CO2) were recorded longitudinally throughout the duration of 22 urban 

commuting journeys using an EA80: EasyView™ Indoor Air Quality Meter/Datalogger (Extech 

Instruments Corporation, Waltham MA, USA.). The probability of an infectious TB case being 

among a standard passenger and driver complement of 15 individuals was determined from the 

South African adult national smear-positive notification rate and the time period of infectiousness 

(∆) prior to initiation of effective chemotherapy. The ventilation characteristics of a typical minibus 

taxi were explored under a variety of conditions using carbon dioxide dilution. The Wells-Riley 

equation has been used to describe airborne transmission probabilities within a single enclosed 

space with defined ventilation [19] and has been applied to a wide range of transmission scenarios 

[20-25]. 

 

Mathematical Transmission Model  

The number of TB infections (C) occurring in a taxi with susceptible commuters (S) was assumed 

to be a function of the number of infectious adults (I), their infectivity (q=number of infectious 

quanta produced per hour), time of journey (t=time of exposure in minutes), respiration rate 

(p=liters per hour), and germ-free ventilation (Q=liters per hour) as given by Wells-Riley equation 

C=S(1-e
-Iptq/Q

). The prevalence (P) of infectious adults at any time is given by the annual smear 
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positive incidence rate (M) and the period of infectivity (∆ days) as P = M/[365/∆]. The risk of 

contact with an infectious adult is given by the Poisson distribution (λ
I
/I!)e

-λ
, where λ = P*(A-1) is 

the expected number of infectious adults in a taxi with A = I + S adults. The probability that a 

susceptible person was infected per taxi journey (Pjourney) was therefore calculated as 

 

�journey =	' (�
�! �

�� )1 − ��
�*+,
- .

 ��

�"�
, 

 

and the annual probability of infection (Pannual) was subsequently calculated using 

 

�annual = 1 −	�1	 −	�journey�% , 

 

where N is the number of journeys travelled per year. 

 

Model Inputs and Analyses 

The South African government requires minibus certification by the South African national 

standards bureau. Twenty four models of minibus from 12 manufacturers have been certified for 

public transport, each with seating capacities between 13 and 16 passengers [26]. The germ-free 

ventilation (Q) was measured for a popular recently certified model of minibus (Quantum Ses’fikile 

2007, Toyota South Africa Motors (Pty) Ltd) as air changes per hour (ACH) for a variety of 

ventilation options.  

 

Taxi volume and ACH were measured using a tracer gas concentration-decay technique [27]. 

Carbon dioxide (12 grams) was released and distributed by fan throughout the stationary vehicle, 

whereupon the fan was switched off. Five repeated experiments were performed for each of the 4 

ventilation configurations. CO2 concentrations were measured at 5-10 second intervals using an 

infrared gas analyzer (Model LCA2, Analytical Development Corporation, Hoddesdon, UK). ACH 

Stellenbosch University http://scholar.sun.ac.za



Page 56 of 107 

 

 56

was calculated as the gradient of the straight line through the natural logarithm of CO2 change 

plotted against time.  

 

Single journeys were modeled up to 10 hours and annual cumulative commuting was estimated for 

2 taxi trips per day of 60 minutes for 250 days per year. The daily period of exposure of the taxi 

driver was assumed to be an 8-hour working day. The South African national adult smear positive 

notification rate in 2007 was 396/100,000 population.
1
 The period of TB diagnostic delay has been 

reported in a meta-analysis of 58 studies to be a mean of 72 days with most studies reporting total 

diagnostic delay of 60-90 days [26]. Since the period of infectiousness (∆) may exceed the period of 

diagnostic delay and is the primary modeled parameter influenced by case finding within the TB 

control program, it was allowed to take values of 30, 60, 90, and 120 days to populate the model. 

 

The respiratory volume for adults lies within a range of between 5 and 8 liters per minute. For 

modeling purposes we assumed a resting respiratory rate of 12 breaths per minute and a tidal 

volume of 500 milliliters resulting in a respiratory rate (p) of 360 liters per hour. 

 

A wide range of estimated values for the rate of production of infectious TB quanta (q) have been 

reported. Laryngeal TB is highly infectious with q estimated at 60 infectious quanta per hour [25]. 

In a work place outbreak due of an untreated smear-positive pulmonary case, q was estimated at 

12.7 infectious quanta per hour [23]. Over a 2 year period in a TB ward, q was directly measured at 

1.25 infectious quanta per hour [25]. In order to be conservative, (q) was modeled at a value of 1 

infectious quantum per hour and sensitivity analyses were performed to values of q as low as 0.2 

infectious quanta per hour. 

 

Results 

Preliminary Survey 

During 22 observed typical commuter minibus taxi journeys, the average number of passengers was 

16. Windows were fully closed or only partially open during 62% of journeys made during October 

2010 (South African spring). The maximum CO2 concentration recorded was 5,866 parts per 
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million (ppm) which was more than 10-fold greater than ambient levels. Carbon dioxide 

concentrations were above 1000 (ppm) for 87% of the journey-time, even with windows partially 

open. These data indicated that ventilation was frequently suboptimal during routine minibus 

journeys. 

 

Ventilation Measurements of Minibus Taxi 

The results of the tracer gas experiments for the minibus taxi are shown in table 1. The taxi volume 

was measured at 9.31 m
3
 and the mean ventilation with windows closed without mechanical 

ventilation was 0.51 ACH. ACH increased sequentially with fresh air fan activation, driver window 

open and combination of driver and passenger windows open. The ventilation with 2 windows open 

was much more variable and may be more dependent on external factors such as cross-winds.  

 

Risk of Tuberculosis Transmission During a Single Taxi Journey  

The probability of TB infection for a single journey is shown in figure 2A, and is strongly related to 

the length of potential exposure during the journey and the prevailing ventilation of the taxi. The 

modeled risk for a commuter in a taxi with a complement of 14 passengers with ventilation of 0.51 

air exchanges per hour (ACH) and a ∆ of 60 days is 0.49% for a single long-distance journey lasting 

10 hours. The transmission probabilities are shown for scenarios of improved taxi ventilation with 

4.29 ACH and 9.17 ACH, resulting in transmission probabilities of 0.08% and 0.04%, respectively.  

 

The impact of changing values of ∆ on transmission probability is shown in figure 2B for a 

ventilation of 0.51 ACH. A TB control program in which patients have a mean period of 

infectiousness of 60 days before diagnosis and treatment initiation would result in a transmission 

risk in a single 10 hour trip of 0.49%. Greater values of ∆ of 90 days and 120 days would result in 

increased transmission probabilities of 0.73% and 0.97%, respectively. In contrast shortening ∆ to 

30 days by means of improved TB case finding would decrease transmission risk to 0.25%. 

Therefore the transmission probability during a 10 hour journey varies over a 4-fold range between 

the upper and lower modeled values of ∆. 
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Cumulative Risk of Tuberculosis Infection During a Year of Commuting 

The effect of ventilation on the cumulative TB infection risk for a commuter undertaking 2 journeys 

of 1 hour each per day is shown in figure 3A for a period of infectivity of 60 days. The cumulative 

risk for an individual commuting for 250 days per working year approaches 28.7% at a ventilation 

of 0.51 ACH. The cumulative TB risk is very dependent on the ventilation during the journey time. 

Ventilation of 4.29 ACH and 9.17 ACH reduces transmission to 4.0% and 1.9%, respectively.  

 

The effect of changes in ∆ on cumulative TB transmission risk is shown in figure 3B for a 

ventilation of 0.51 ACH. Transmission risk with a ∆ of 60 days is 28.7% per annum. Increases of ∆ 

to values of 90 days and 120 days would result in estimated transmission risks of 39.7% and 49.1%, 

respectively. Reduction of ∆ to 30 days through enhanced TB case finding could reduce 

transmission risk to 15.5%. 

 

Annual Risks of Tuberculosis Transmission to Drivers 

We next explored the exposure risk that taxi drivers themselves are subject to during a working 

year. The effect of different values of ventilation on the cumulative TB transmission risk for a taxi 

driver who spends 8 hours a day in a taxi for 250 days of the year is shown in figure 4A for a period 

of infectivity of 60 days. The cumulative TB risks are considerable reaching 73.9% for a driver who 

drives without ventilation. Even when ventilation levels are increased to 4.29 ACH and 9.17 ACH, 

however, accumulated annual TB transmission risks remain at very high values of 15.2% and 7.5%, 

respectively. The risk is not appreciably sensitive to the number of trips driven during a standard 8 

hour working day, so that increased TB transmission risk associated with additional passengers was 

compensated by the shorter period of contact per passenger.  

 

The impact of differing levels of infectiousness of the TB source individuals (q) on the cumulative 

annual TB transmission probability for a driver was explored. TB transmission risk for a driver 

undertaking 8 trips during an 8-hour working day for 250 days a year is shown in figure 4B. For the 

lowest explored value of q that was equal to 0.2 infectious quanta per hour, the cumulative 

transmission risk at 250 days in a closed taxi (ACH=0.51) remained substantial at 12.9%, 24.2%, 

34.0% and 42.5% for values of ∆ of 30, 60, 90 and 120 days respectively. 
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Discussion 

We have used mathematical modeling to explore the risks of TB infection in minibus taxis which 

are used as the predominant public transport modality in South Africa. Our preliminary 

observations of taxi journeys found that windows typically remained closed and ventilation was 

poor even during mild spring weather. Our mathematical modeling suggests that the risk for TB 

transmission in minibus taxis is considerable and identified that the transmission risk was related to 

fixed parameters such as commuting frequency and carrying capacity of the vehicles. These 

parameters determine the length of potential exposure and the numbers of individuals at risk of 

airborne transmission. However, our model also highlighted the importance of two other critical 

parameters: the ventilation characteristics of vehicles and the period of infectiousness of TB cases 

prior to treatment initiation, both of which are amenable to interventions.  

 

The period of infectiousness (∆) is a composite parameter resulting from individual health-seeking 

behavior, programmatic health system delays and time required for establishing a laboratory 

diagnosis. The combination of TB incidence rate and ∆ determine the prevalence of untreated TB in 

a population which in turn provides the source for ongoing TB infection. Intensified and active TB 

case finding in communities and streamlining of diagnosis and referral within the health system can 

decrease the period of infectiousness [28-30]. While these measures can rapidly impact TB 

prevalence, TB incidence will remain for many years to come due to a very large latent pool of 

infection already in the population [6, 7]. However, the benefits of a decrease in ∆ may be even 

larger than presented in the model as the more infectious cases are likely to be most easily identified 

[31, 32].
 

 

Our model addresses risk of TB infection during travel and did not quantify the numbers of TB 

cases which subsequently result from such exposures. The Wells-Riley equation describes the 

numbers of infections resulting from exposure of susceptible individuals to infectious cases under 

specific environmental conditions but not the rate of progression to TB disease. However, the large 

proportion of children, HIV-infected individuals and previously treated TB cases regularly using 

minibus taxis are at increased risk for progression from TB infection to TB disease [33-35].  
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The novel mathematical model used in this study combined a probabilistic analysis of the likelihood 

of an infectious individual to be amongst the complement of passengers, together with the well 

established Wells-Riley model of airborne TB transmission in confined spaces. The probability 

analysis is dependent on the assumption of a generalized TB epidemic with equal mixing of 

infectious cases throughout the population. Currently there are two modeling approaches for 

quantification of respiratory disease infection risk: the Wells-Riley model and dose-response 

models [36]. The Wells-Riley model provides a simple assessment of transmission risk utilizing the 

quantum of infection (q) as the hypothetical infectious dose unit, and is predicated on stable 

equilibrium conditions. Stochastic transmission events due to proximity of an infectious case 

however, are not captured by this model [37]. 

 

While it is preferable to populate any model only with primary measured inputs this is often not 

possible. There is currently no method to estimate the infectious source strength of TB cases except 

by back calculation from outbreaks assuming a well mixed approach. Back-calculation of the 

number of infective quanta of source patients has been reported values between 1.25-60 infective 

quanta/hour [23-25]. For these analyses we used a conservative value of q=1 infective quanta/hour 

and performed sensitivity analyses down to 0.2 quanta/hour.  

 

Our ventilation studies were performed on a recent model of minibus and did not take into account 

illegal overcrowding. However, the South African minibus fleet consists predominantly of old and 

poorly maintained vehicles in which mechanical ventilation would be less efficient and 

overcrowding is very common [38].  

 

An important strength of this study is that it highlights a largely ignored but important mode of 

potential TB transmission. While absolute TB transmission risks will vary widely with the diversity 

of prevailing conditions during minibus taxi journeys, the model has enabled identification and 

exploration of the interactions between major risk factors. In particular we have identified an urgent 

need for improved ventilation which will require education of passengers and drivers of the 

importance of ventilation during travel. Furthermore, the national TB control programs of very 

heavily burdened countries such as South Africa should also prioritize strategies to decrease the 

prevalence of infectious TB disease.
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Table 1 Ventilation characteristics of a minibus taxi 

 Air changes per hour  Ventilation litres per hour* 

Closed windows and no fan  0.51 (SD±0.1) 4,722 

Driver window open and no fan 4.29 (SD±0.6) 39,948 

Closed windows with “fresh-air” fan  9.17 (SD±0.5) 85,360 

Driver and passenger windows open 9.7 (SD±2.9) 89,853 

 

* Ventilation [liters/hour] = Air changes per hour x volume of taxi (9.31 m
3
) x 1000 
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Figure Legends 

Figure 1 

A popular model of minibus taxi with occupants in Cape Town, South Africa. These older minibus 

taxis have less ventilation than modern replacement models but still constitute the major form of 

public transport throughout sub-Saharan Africa.  

 

Figure 2A 

The TB transmission probability for a susceptible individual traveling on a single journey of up to 

10 hours duration calculated for a period of infectiousness of 60 days. Transmission probabilities as 

percentage are shown for 3 levels of ventilation 0.51, 4.29 and 9.17 air changes per hour and reach 

up to 0.49%, 0.08% and 0.04% respectively after a journey length of 10 hours. 

 

Figure 2B 

The TB transmission probability for a susceptible individual traveling on a single journey of up to 

10 hours duration for a ventilation of 0.51 air changes per hour (ACH). Transmission probabilities 

as percentage for different values of period of infectiousness (∆) are shown. For values of ∆ of 30 

days, 60 days, 90 days and 120 days the corresponding transmission probabilities after a 10 hour 

journey are 0.25%, 0.49%, 0.73% and 0.98% respectively. 

 

Figure 3A 

The annual cumulative TB transmission probability for a TB susceptible commuter traveling twice 

daily for a mean time of 1 hour per trip up to 250 days per year is shown for 3 levels of taxi 

ventilation. The period of infectiousness is modeled at 60 days. At ventilation levels of 0.51, 4.29 

and 9.17 air exchanges per hour (ACH) the accumulated TB risk of infection after 250 days of 

commuting is 28.7%, 4.0% and 1.9% respectively.  
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Figure 3B 

The annual cumulative TB transmission probability for a commuter susceptible for TB infection 

traveling twice daily for a mean time of 1 hour per trip for up to 250 days is shown for 4 values of 

the period of infectiousness (∆).The ventilation is modeled for 0.51 air changes per hour. For values 

of ∆ of 30 days, 60 days, 90 days and 120 days the corresponding transmission probabilities after 

250 days of commuting is 15.5%, 28.7%, 39.7% and 49.1% respectively. 

 

Figure 4A 

The cumulative annual TB transmission probability of a taxi driver exposed during 1-8 trips per 8-

hour working day over 250 days of a year. TB transmission risks are relatively independent of the 

number of trips driven per day. TB transmission probabilities for 0.51, 4.29 and 9.17 air changes 

per hour (ACH) are 73.9%, 15.2% and 7.5% respectively for 8 trips per day. Analysis performed for 

input values of q = 1 quantum per hour and ∆ = 60 days. 

 

Figure 4B 

The cumulative annual TB transmission probability of a taxi driver exposed during 8 trips during an 

8-hour working day for 250 days of a year. Transmission risks are high although very sensitive to 

values of ∆ (30, 60, 90 and 120 days) and q (0.2, 0.4, 0.6, 0.8 and 1 quanta per hour). With a value 

of q=1 cumulative risks were 48.9%, 73.9%, 86.7%  and 93.2% for values of ∆ of 30, 60, 90 and 

120 days respectively. With a value of q=0.2 accumulated risks were 12.9%, 24.2%, 34.0%, and 

42.5% for values of ∆ of 30, 60, 90 and 120 days respectively. Analysis performed for input value 

of ACH = 0.51. 

 

 

 

 

 

Stellenbosch University http://scholar.sun.ac.za



Page 69 of 107 

 

 69

Figure 1 
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Figure 2A 
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Figure 2B 
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Figure 3A 
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Figure 3B 
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Figure 4A 
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Figure 4B 
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5.3 Prisons 

Please refer to the paper below entitled “Tuberculosis in a South African prison: a transmission 

modelling analysis” which describes the tuberculosis ARI an awaiting trial prisoner would face 

whilst incarcerated in a South African prison. The aim of this paper was to investigate the effect 

increased ventilation, reduced overcrowding, shorter lock-up times, and active case-finding would 

have on the ARI if current recommended South African and international standards were 

implemented. The paper was published in the South African Medical Journal in November 2011 

(see Addendum for full publication details). 
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Chapter 6: Discussion 

The research presented in this thesis was performed with the aim of improving the current, 

generally poor understanding of TB transmission. In addition, the role several key parameters, such 

as overcrowding, fresh-air ventilation, and period of infectivity, play in determining whether 

transmission will take place or not was explored, together with the potential impact various 

interventions could have in reducing the TB transmission risk associated with several indoor 

settings. An established airborne transmission risk model, namely the WRE, was first modified to 

take into account scenarios where the number of infectious cases may not be known, such as 

settings where TB is endemic or where prospective TB transmission risk assessment is to be 

performed. Subsequently, indoor locations (enclosed spaces) conducive to TB transmission were 

identified in a social mixing survey performed in a South African community where TB is endemic. 

Of the four indoor locations identified in the survey, the TB transmission risk in households and 

during travel in minibus taxis was determined using the modified WRE. Likewise, the risk of TB 

transmission in a hypothetical prison cell, similar to that which awaiting trial prisoners would 

typically be incarcerated in within South Africa, was also calculated.  

In general, poor ventilation conditions, severe levels of overcrowding, extended periods of 

exposure, and high incidence rates all contributed to the high TB transmission risks calculated for 

each of the three indoor locations. Specifically in households, the ARI for children was determined 

by the number of adults living in their household, and was shown to be comparable to previous 

estimates determined independently for the same community
26

. Also, the excessively high levels of 

overcrowding meant that the household-associated TB transmission risk would not be substantially 

impacted by the passive case-finding efforts of the existing TB control program unless ventilation 

rates within households were improved at the same time. Similar reductions in the ARI could be 

achieved by either the trebling of current ventilation levels or by the separation of child and adult 

sleeping areas. Neighbours’ households were also shown to be potential sources for further 

infection, with the difference being that the risk of infection in these households was more 

dependent on fresh-air ventilation and the average period of infectivity of infectious cases within 

the community. The analyses also indicated that as children become more socially active, 

neighbours’ households could potentially become the largest contributors to a child’s overall TB 

transmission risk. During travel in minibus taxis, windows were for the most part kept fully closed 

or only partially open during the journey so that ventilation was generally very poor. Consequently, 

the ARI for both commuters and drivers was found to be exceptionally high. By opening windows 

or keeping the vehicles fan on to circulate fresh-air, the risk of transmission would be reduced 

substantially. Also, the risk of transmission was found to depend on the average period of 
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infectivity since this would determine the prevalence of infectious cases travelling on such 

transport. Any reduction in the period of infectivity, whether through active or passive case-finding, 

would therefore serve to decrease the risk of infection as well. It is important to note that the 

modelled ARI calculated for minibus taxi transport did not take into account transmission by non-

buoyant large infectious respiratory droplets (i.e. Flügge droplets) or contaminated surfaces 

(fomites). Transmission by either of these two modes, however, is probable during such transport 

since the level of crowding is greater than even that seen in households in the social mixing study 

(as well as in the census data used to calculate the household infection risk in Section 5.1). Thus the 

risk may be even greater than that which was modelled. In the analysis of the South African prison 

cell, it was found that the current levels of overcrowding contributed considerably to the high ARI, 

with the risk of TB transmission proportional to the level of overcrowding. The poorly functioning 

prison TB control programme also only served to further exacerbate the situation by extending the 

average length of time that any susceptible person would be exposed to infectious cases. In 

addition, it was noted that with such poor living conditions any one single intervention on its own, 

such as increased ventilation, decreased lock-up time, or increased case-finding, would not make a 

significant difference to the ARI, however the concurrent implementation of each of these 

interventions to meet current recommended national or international standards would. 

Importantly, when it comes to understanding TB transmission, this research has shown that TB is 

not only transmitted in epidemic outbreaks where TB cases are usually highly infectious 

(sometimes referred to as “super-spreaders” or “dangerous disseminators”)
55

, but rather that any TB 

case, no matter how infectious they may be, has the potential to infect susceptible people in the 

general population. This is a direct consequence of the mathematical analysis of the three TB 

transmission ‘hotspots’ which revealed that the risk of infection in settings where TB is endemic 

may be considerable. In addition, although the purpose of this research was not to determine the 

predominant means by which TB is spread, it did reveal that airborne transmission by droplet nuclei 

has the potential to account for all the ongoing transmission still seen in communities where TB is 

endemic
22,25-28

. Thus any lingering doubt there may have been (after Wells’ and Riley’s TB ward 

experiments) with regards to the predominant mode of TB transmission has been quashed. 

At this point it is relevant to mention that both the WRE (Equation 2) and its modified form 

(Equation 8) describe the number of susceptible people that will be infected after exposure to 

infectious cases and not the number of TB cases that will develop subsequent to infection. 

However, in populations such as the one in which the social mixing survey was conducted, where 

young children, HIV-infected individuals, and those previously treated for TB comprise a 
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substantial proportion of the community, one can expect to see a significant proportion of those who 

are infected to progress to disease. 

One of the strengths of the modified WRE (Equation 8) worth mentioning here is that, without 

losing any information contained in the original WRE (Equation 2), it managed to capture any 

uncertainty there may be with regards to the number of infectious cases when being used in 

prospective risk assessment or applied to scenarios where TB is endemic. The most important 

consequence of this modification is that the effects of overcrowding, previously associated with TB 

transmission but never before quantified
2-6

, can now be estimated. 

The modified WRE does not do away with any of the original equation’s assumptions either, but 

instead adds an extra condition to those already assumed. The first of the assumptions was that the 

susceptibles are exposed to the infectious TB case(s) under equilibrium conditions (when the quanta 

production rate equals the rate at which quanta are removed from the indoor environment by fresh-

air ventilation). The risk of infection in situations where equilibrium has not yet been reached may 

therefore differ slightly from that predicted by the model. However, due to the typically extended 

length of time residents spend in households (as determined by the social mixing survey) and 

prisoners are locked up in their cells, the time it would take for equilibrium conditions to be reached 

would be short compared to the overall exposure time, and therefore the modelled infection risks in 

households and prisons can be taken as approximately equal to the actual transmission risks. 

Although this same argument is not always necessarily true for travel in minibus taxis, the fact that 

sustained poor ventilation conditions were frequently recorded during this means of transport 

supports the high TB transmission risk that was modelled with the modified WRE. For more 

accurate estimates in this and other settings where the equilibrium assumption is not strictly valid, 

though, the model developed by Gammaitoni and Nucci, which allows the concentration of quanta 

to vary with time, would be more appropriate
41

. In the second assumption it was held that quanta 

are discrete, randomly distributed, and in low concentration, all of which were confirmed by Wells 

and Riley in their TB ward experiments
9-11

. On occasion however, it is likely that the quanta will be 

non-randomly distributed but related to the proximity from the infectious source case(s). Such 

scenarios have been dealt with previously by treating individual rooms (spaces) separately in zonal 

and computational fluid dynamic models
43-45

. This added complexity was not deemed necessary to 

fulfil the primary purpose of this research though, and consequently it was not incorporated into the 

model. The third and extra assumption of the modified WRE was that every adult present in an 

indoor location (enclosed space) was equally likely to be an infectious case. Although simplistic, 

this ‘first principles’ approach at estimating the number of infectious cases became one of the 

strengths of the model, allowing the quantification of the effects of overcrowding on the TB 
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transmission risk as already discussed above. With this being said, the homogenous distribution of 

infectious cases throughout a community is unlikely, though, with it being more probable that 

infectious cases are grouped together within the same households for example. Other methods to 

take this fundamental assumption closer to that of reality is therefore required to better understand 

the relationship between overcrowding and TB transmission risk. 

One potential weakness of the modelling was that of the quanta production rate q chosen to 

represent the infectiousness of the average TB case. Other than the fundamental TB ward 

experiments performed by Wells and Riley
9,11,38

, all previous estimates of q were back-calculated 

from well documented TB epidemics resulting from highly infectious cases
49-51,53

, and were 

therefore not directly applicable. Consequently, q was made equal to the average infectivity of the 

patients residing on the TB ward. This was despite Wells and Riley recommending the use of 

caution when doing so, due to the large variation they observed between individual TB cases 

residing on the ward
9
. A variable such as the quanta production rate is likely to be complicated by 

other factors which were not considered here, some of which may include the cough and sneeze 

frequency of the infectious individual, the pathogen concentration in their respiratory fluid, and the 

aerosol volume per expiratory event
55

. A first step to improve estimates of the risk of TB 

transmission would therefore be to improve the current understanding of the variability in 

infectiousness of TB cases. One way this could be done would be to determine the proportion of TB 

cases in a population with a given measure of infectivity and to then use a probabilistic approach for 

the level of infectivity q similar to that used in Equation 8 for the number of infectious individuals. 

A further caveat with regards to the modelling was that the effect of HIV on the parameter values 

was completely ignored. HIV co-infection may alter the infectiousness of a TB case or the period of 

infectivity (due to differing presentation of those infected with HIV compared to those who are not), 

so that communities where HIV prevalence is high (such as the one in which the social mixing 

survey was performed) should have its effects taken into account. A final potential weakness of the 

modelling was that the proportion of TB cases on treatment was not taken into account when using 

the annual smear positive incidence to determine the number of infectious cases present in an 

indoor setting. Sultan et al showed that upon initiation of chemotherapy the infectiousness of TB 

cases decreases dramatically within a short space of time, so that these cases can essentially be 

regarded as non-infectious
38

. The number of infectious cases may therefore have been 

overestimated in this analysis and should be adjusted for in future estimations of the ARI.  

Despite the above mentioned limitations, the modified WRE holds potential for application to other 

‘hotspot’ settings within similar communities and in particular to those settings where there is 

uncertainty in the number of infectious cases. Also, it can be easily extended to account for any 
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uncertainty that may exist with regards to other parameters as well, so that ultimately more accurate 

estimates of the ARI can be determined. 

In conclusion, the extension of a well-established airborne transmission model has enabled the ARI 

associated with several TB transmission ‘hotspots’ in a South African community where TB is 

endemic to be calculated. The relationships between parameters such as ventilation, source case 

infectivity, time of exposure and risk of infection, as established by Wells and Riley, were revisited 

at the same time, whilst the effect of overcrowding on the ARI was quantified for the very first 

time. In general, it was found that the current efforts of the TB control program need to be 

intensified and the general population needs to be better educated about the role ventilation and 

overcrowding can play in determining the risk of TB infection. 
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Figures 

 

Figure 1 

A schematic diagram of the 6-bed hospital TB ward and animal exposure chamber used by Riley et 

al to confirm that droplet nuclei, capable of transmitting MTB, could be produced in an infectious 

TB case’s respiratory tract during processes such as talking, coughing, and sneezing.
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Figure 2 

The total number of contacts met at various indoor locations (enclosed spaces) versus the total 

amount of time spent at each location, as recorded over a 24 hour period by residents of a township 

community where TB is endemic just outside Cape Town, South Africa in 2010. 
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Figure 3 

The mean number of daily indoor contacts per participant recorded during a 24 hour period (A) in 

all households (own households and other households), (B) at crèche/school, (C) at work, and (D) 

during transport (predominantly minibus taxis), stratified by 5-year participant age group. The 

average indoor contact times lasted 15.2 hours, 2.3 hours, 4.1 hours, 6.4 hours, and 1.4 hours in own 

households, in other households, at crèche/school, at work, and during travel respectively, with 

prolonged contacts lasting over 4 hours reported for 47.3%, 7.9%, 38.3%, 73.9%, and 1.9% of visits 

to each location (see Figure 2 in the published paper entitled “Social mixing patterns within a South 

African township community: implications for respiratory disease transmission and control” 

included in Chapter 4). 
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