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ABSTRACT  

 

 

Kendra Quinn  

 

 

A Bioarchaeological Study of the Impact of Mobility on the Transmission 

of Tuberculosis in Roman Britain  

 

 

 

Tuberculosis (TB) is an infectious disease mainly transmitted to humans by the 
inhalation of infected droplets (produced when an infected person coughs or 
sneezes). It is caused by bacteria within the Mycobacterium tuberculosis 
complex. In the early 1990s, the World Health Organisation (WHO) declared TB 
a global emergency and this continues to be the case today, and the increase in 
global travel, including migration, is thought to be exacerbating its spread.  
 
This research tests the hypothesis that people buried in Roman Britain who 
were infected with TB had been mobile at some point in their lives, by the 
application of stable isotopic analysis (C, N, Sr, O) to their skeletons to establish 
if their childhoods were local or non-local to their burial locations. 
 
The study uses bone and dental samples from skeletons who were buried on 
chalk geology and with bone changes suggesting possible TB and/or a positive 
TB ancient DNA result. Collagen was successfully extracted from bone for 19 
out of 21 individuals. Carbon and nitrogen isotope analysis revealed that all but 
three of these people ate a diet based on C3 terrestrial ecosystems with limited 
aquatic food intake, and they were similar to other people buried in the same or 
other contemporary cemeteries. Enamel from the teeth of all 21 individuals was 
subject to strontium and oxygen isotope analysis, which identified six people as 
not having been brought up in the area where they were buried. The remaining 
15 people were possibly raised locally, although other places of origin have 
been considered.  
 
It was concluded that linking mobility, as identified using stable isotope analysis, 
with transmission of infectious disease evidence in the skeleton is very 
challenging, particularly because there is no way of knowing how long people 
had been infected with the disease before or after they were mobile.  
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Chapter 1: Introduction  

 
The research within this thesis examines the potential relationship of the 

transmission of tuberculosis (TB) due to mobility of people in Roman Britain, 

namely within the area of modern England. It tests the hypothesis that people 

buried in Roman Britain (modern England), who were infected with TB at the time 

of their death, originated from an area some distance from where they were 

eventually buried. The research uses techniques of isotope analysis to look for 

differences in diet (using carbon and nitrogen isotope systems) and for differences 

in place of upbringing (using strontium and oxygen isotope analysis) in order to 

establish if the TB infected individuals were local to their place of interment.  

 

Tuberculosis is an infectious disease caused by Mycobacterium tuberculosis 

complex bacteria. It typically affects the lungs (pulmonary TB) but can also affect 

other sites in the body (extrapulmonary TB). TB remains a considerable cause of 

ill-health and death worldwide in the 21st century (WHO 2015), which makes it a 

particularly interesting disease to study. It is briefly introduced in this chapter and 

considered in much more detail in Chapter 2.   

 

Although TB can be transmitted via the ingestion of infected meat and milk, 

generally, the disease is spread from human to human in the air by droplets of 

saliva exhaled from the lungs containing Mycobacterium tuberculosis complex 

bacteria (see Table 2.1). These infected droplets are transmitted when a person 

coughs, or even speaks, and individuals in contact with them inhale the droplets. 

Fortunately, a relatively small proportion (approximately 5 to 15%) of people 

infected by Mycobacterium tuberculosis complex bacteria will go on to develop TB 

disease (WHO 2015). However, the probability of developing TB disease is much 

higher in people today who are already infected with Human Immunodeficiency 

Virus (HIV) due to these individuals having a weakened immune system. TB in 

humans is most commonly caused by Mycobacterium tuberculosis or 

Mycobacterium bovis and the disease is more common in men than in women, 
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and it tends to affect more adults than children, particularly those adults in the 

most economically productive age groups (Ibid. 2015).  

 

Today, the most common method for diagnosing TB worldwide is still the sputum 

smear microscopy method developed more than 100 years ago (WHO 2015). This 

technique requires sputum samples to be stained and then examined under a 

microscope. The Mycobacterium tuberculosis complex bacteria are, however, 

often quite difficult to see and could be missed. Developments in TB diagnostics in 

the last five years mean the use of rapid molecular tests to diagnose both TB and 

drug- resistant TB are increasing. Some countries are now even phasing out the 

use of sputum smear microscopy for initial diagnosis, although in countries with 

good laboratory facilities cases of TB are also diagnosed via culture methods. This 

is the current reference standard although it has the disadvantage of taking up to 

six weeks to culture the bacteria (Ibid. 2015).  

 

Up until the 1940s, there were no effective drug treatments for TB, and without 

treatment the death rate is high; today approximately 70% of untreated people with 

positive sputum smears die of pulmonary TB within 10 years (Tiemersma et al. 

2011). Effective drug treatment of TB started in 1946 with the introduction of the 

antimicrobial drug, streptomycin (Mitchison and Davies 2012:724) and the most 

effective first-line anti-TB drug, rifampicin, became available in the 1960s (WHO 

2015). The currently recommended treatment for new cases of drug-susceptible 

TB is a six-month regimen of four first-line drugs, namely isoniazid, rifampicin, 

ethambutol and pyrazinaminde (Ibid. 2015). Treatment success rates of 85% or 

more are reported from the World Health Organisation (WHO) from those patients 

who correctly follow this treatment regime (Ibid. 2015).  

 

Multi-drug resistant TB (MDR-TB) is defined as being caused by bacteria that are 

resistant to isoniazid and rifampicin, which are the two most powerful anti-TB 

drugs (WHO 2015). Treatment for patients infected with MDR-TB takes longer and 

is more expensive than for drug-susceptible TB, and requires the use of more toxic 

drugs. Treatment for 20 months for these patients is currently recommended by 
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the WHO. The emergence of Extensively Drug Resistant TB (XDR-TB) has also 

recently emerged and was first described in 2006 (WHO 2006). XDR-TB is defined 

as MDR-TB plus resistance to one fluoroquinalone drug and also to a second-line 

injectable antibiotic (WHO 2015). Unfortunately, success rates for these treatment 

regimes are much lower than that for the sensitive strains of the bacteria (Ibid. 

2015). However, new drugs with novel modes of action are currently undergoing 

extensive research and clinical trials. Several vaccines are also undergoing trials, 

although these are primarily aimed at protecting children; a vaccine that is 

effective in preventing TB in adults is proving difficult to develop (Ibid. 2015).  

 

There are many risk factors which predispose people to contracting TB and these 

will be discussed in more detail in Chapter 2. However, this research focuses on 

one risk factor in particular, which is mobility. Mobility, including the migration of 

people for various reasons, is known to be a major factor in the spread of TB 

around the world today. Reasons for this appear to be rather complex (Blumberg 

et al. 2010, Zammarchi et al. 2014) with second-generation immigrants continuing 

to be at higher risk of contracting the disease than locally born and raised 

individuals (Zammarchi et al. 2014, Marx et al. 2015). This could be due to 

frequent contact and transmission within migrant communities, which is not picked 

up by current screening methods for immigrants themselves (Marx et al. 2015:2).  

 

The current PhD arose due to two previous projects examining the aDNA of MTBC 

bacteria. These previous projects were both NERC (the Natural Environment 

Research Council) funded and run collaboratively between the Universities of 

Manchester and Durham. The first of these, entitled “Biomolecular archaeology of 

ancient TB in Britain and Europe”, ran from 2007 to 2011 (Roberts et al. 2011). It 

aimed to study the origin and evolution of the causative agents of TB in Britain and 

other parts of Europe by analysing samples of bones from skeletons of different 

dates and from a range of archaeological sites of different periods (Müller et al. 

2014a). The second project, entitled “Palaeopopulation genomics of 

Mycobacterium tuberculosis”, exploits the outcomes of the first project and ran 

from September 2013 to September 2016 (Brown et al. 2016, Müller et al. 2014b, 
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2014c, 2016). During this research, 491 archaeological skeletons from across 

Britain and Europe dating back to the Roman period were screened for the 

presence of Mycobacterium tuberculosis complex aDNA. The samples containing 

the best-preserved aDNA were subject to polymerase chain reaction (PCR) which 

was used to type a small number of single nucleotide polymorphisms (SNPs) 

whose identities enable strains to be placed into broad population groupings 

recognised in modern genomic work on the Mycobacterium tuberculosis complex 

(Brown et al. 2016, Müller et al. 2014b, 2014c, 2016). The project also established 

that next generation sequencing (NGS) can be used to type substantially greater 

numbers of SNPs in Mycobacterium tuberculosis complex aDNA than is possible 

by PCR, and that genotypes resulting from NGS allow detailed examination of 

evolutionary relationships between historic and extant types of TB.  

 

The specific objective of the second aDNA project was to test the hypothesis that 

hybridisation capture and NGS of Mycobacterium tuberculosis aDNA can provide 

enough genotype data from enough archaeological skeletons for palaeopopulation 

genomics of TB to become a reality. To test this hypothesis, the researchers 

attempted to obtain genotype information from samples taken from British and 

European skeletons.  

 

As a result of these two previous NERC projects and skeletal samples available 

from them, the current research focuses on 21 individuals who were likely to have 

been infected with TB during their lifetimes (detected by aDNA and/or osteological 

analyses) and who were buried at sites in Roman Britain. This era was chosen as 

the incidence of the evidence of skeletal TB had greatly increased from the Iron 

Age. This was thought to be likely to be due to some alterations in lifestyle, of 

which increased mobility and urbanisation were two changes typifying the Roman 

Era in Britain. Mobility was chosen for investigation as it is known to be a major 

factor in the spread of TB today and isotope analysis has been used previously to 

identify mobility in the past, but it has not been widley linked with identifying the 

origins and spread of infectious diseases.  
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It was also expected that strain data for the MTBC aDNA would be available from 

the NERC funded work. This would have been used to further inform of origin of 

the infecting strains of TB and to lend weight to the argument that mobility was 

mainly responsible for the increase in TB in Roman Britain. Alas as the current 

mobility project progressed, it became clear that strain data would not be available 

(discussed in Chapter 7) and so the hypothesis of the research was adjusted 

slightly to compare mobility of individuals with TB with those buried nearby who 

were probably not infected with the disease.  

 

Bones and teeth from the sample of 21 individuals selected were subjected to a 

multi-isotope analysis to explore if they were born and brought up, or lived the last 

decades of their lives, in the area in which they were buried. Strontium and oxygen 

isotope analysis was chosen as these are the widely used indicators of mobility, 

but carbon and nitrogen isotope analysis was also included to inform of any 

differences in diet consumed by the individuals with TB compared with others 

buried in the same area. For example, the consumption of plants grown in warmer 

areas (C4  plants) could indicate the people had migrated from warmer areas as 

these types of plants were not grown or widely available in Roman Britain. The 

research did not result in further destruction of skeletal collections because 

remnant dental and bone samples remaining from the aDNA projects described 

above were available for use. This eliminated any ethical issues about 

unnecessary destructive analysis.  

 

The hypothesis proposed in the current research is that the mass movement of 

people that characterised the Roman period was responsible for the spread of TB 

into Britain from the rest of the Roman Empire, and that individuals from Roman 

Britain who were infected with TB were less likely to be local to the area in which 

they were finally buried than other individuals buried in Roman Britain who had no 

skeletal evidence of TB.  

 

The current project is important because it will help to explore how TB was 

transmitted in the past. This disease continues to be a “global emergency” today 
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(WHO 2015), when human migration has reached massive proportions with 

around one in every seven people in the world being migrants (Blumberg et al. 

2010), and there are multi-drug and extensively-drug resistant emergent strains of 

TB. Hence the project may also confirm that migration has been a longstanding 

risk factor for TB transmission and may be something that should be considered 

as a major risk factor if migration continues at current rates or indeed if it increases 

in future.  

 

The format of this thesis shall now be described. There are four background 

chapters to provide information relevant to the research on TB and mobility. 

Chapter 2 considers TB today and in the past in more detail by examining risk 

factors for transmission of the disease, diagnosis, treatment and current research 

into prevention of transmission of infection and/or development of the disease. 

Although much of the current treatment would not have been available in the 

Roman era, many of the risk factors for transmission that were experienced in the 

past are still relevant today.  

 
In Chapter 3, previous stable isotope analyses of Roman skeletons will be 

discussed; this is important to understand how the current research fits with extant 

data, and because some of the published work is used as “control” comparisons 

for the data in this study. In Chapter 4, evidence for mobility in the Roman Empire 

is explored, and in particular within Europe and Britain. This will help to clarify how 

difficult or easy it was to be mobile in the Roman period. Finally, in Chapter 5, the 

impact of mobility on transmission of infectious diseases will be reviewed, and 

specifically for tuberculosis. This will show how mobility today has a considerable 

effect on how rapidly tuberculosis (and other diseases) can move around the 

world. Chapter 6 discusses materials and methods used in the project, including a 

description of the burials and skeletons which were sampled. Chapter 7 describes 

the results from isotope analysis of the skeletons, Chapter 8 discusses the results 

to establish if isotope analysis can help to identify locals and non-locals in relation 

to the research hypothesis and Chapter 9 draws together the conclusions from the 
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research and suggests some ideas for further research to support and strengthen 

the findings of this project.  
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Chapter 2: Tuberculosis  today and in the past.  

 

This chapter is divided up into two main sections; TB today and then TB in history. 

The nature of tuberculosis will be explored. This will include its epidemiology, 

pathogenesis, signs and symptoms, diagnosis, treatment, current global 

frequency, and bone changes associated with the disease. The chapter will 

provide a base from which a more nuanced picture of tuberculosis in the past can 

be understood. 

 

Firstly, in section 2.1, the problems caused by tuberculosis today will be examined. 

This is important to show that the disease, which became increasingly common in 

Britain during the Roman era, is still causing serious health issues today, not least 

because many strains of the disease are now resistant to the antimicrobial drugs 

available in the 21st century. Of course, these drugs were not available in the 

Roman era, and hence current treatments of the disease are becoming as 

severely limited as they were in the Roman period. In light of the problems with 

treatment of the disease, prevention of spread becomes more important. Perhaps 

transmission methods and patterns of the disease in the past could help predict 

pathways the disease will take today, bearing in mind that public transport is so 

much more rapid than it was in the Roman era these issues of transmission due to 

mobility will probably arise far quicker today than they did in the past.   

  

 

2.1 Tuberculosis today  

 

2.1.1 What is TB? 

 

Tuberculosis (TB) is an infectious disease caused by a group of gram-positive 

bacteria of the genus Mycobacterium: the “Mycobacterium tuberculosis complex”. 

This consists of several species of bacteria that are capable of causing TB in 

humans (see Table 2.1). These are closely related species of which M. 
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tuberculosis and M. bovis are particularly pathogenic to humans (Goering et al. 

2013:230, Grange 2008:66). 

 

Name of bacterium  Usual host  References  

Mycobacterium 

tuberculosis 

Humans Bouakaze et al. (2010) 

Mycobacterium bovis Cattle, badgers Bouakaze et al. (2010) 

Mycobacterium microti Voles Bouakaze et al. (2010) 

Mycobacterium 

africanum 

Humans (in Africa) Bouakaze et al. (2010) 

Mycobacterium avium Birds, soil Koirala + Bronze (2015) 

Mycobacterium 

pinnipedii 

Seals Bos et al. (2014) 

Mycobacterium cannetti Humans (in Africa) Somoskovi et al. (2009) 

Mycobacterium caprae Deer, cattle, pigs, wild 

boar 

Rodríguez et al. (2011) 

Table 2.1 Causative organisms of TB in humans 

 

Tuberculosis in humans typically affects the lungs (pulmonary TB) but can also 

affect other sites in the body (extrapulmonary TB). The disease is spread between 

humans through exhalation and inhalation of bacteria-laden droplets caused by 

sneezing and coughing (CDC 2016a). The high quantity of droplets produced in a 

single sneeze are shown in Figure 2.1: 
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Fig. 2.1 Droplets produced during a sneeze. (Pappas 2010)  

 

When the bacteria from these infected droplets reach the alveoli of the lungs they 

multiply rapidly and infection begins (Goering et al. 2013:231). Airborne 

transmission of TB is very efficient because infected people cough up enormous 

numbers of bacteria whose waxy coat prevents desiccation and therefore they can 

survive for “long periods of time” in the air and in house dust (Ibid. 2013:231) 

although it is not clear if long periods of time covers months, years, decades or 

even millennia.  

  

TB can also be contracted from working with infected animal products (such as 

skins via the tanning industry) or through the consumption of milk and meat 

infected with M. bovis  (O’Reilly and Daborn 1995:1, Stone et al. 2012:164-165, 

Waters et al. 2014:115). This method of transmission was probably more common 

in Roman times due to more use of leather and animal products then than today, 

now manufactured alternatives (eg. use of synthetic materials in shoemaking) are 

available. Milk during Roman times would have been “raw” (that is unpasteurised) 

and thus bacteria present would survive in it to be ingested by people consuming 

it. Distribution of raw milk today is illegal in Scotland and strictly limited and 

controlled in England and Wales (Raw Milk 2017), so presumably risks of 

contracting M.bovis are far lower today than they were in the past.  
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M. bovis is the organism which most commonly causes TB in animals. It can be 

found in wild and domestic animals and has been of particular concern in the UK 

over recent years, due to the risk of infections passing to humans from cattle with 

the disease. For example, dairy cows tend to have higher rates of TB than beef 

cattle and this is thought to be because they live in more crowded conditions 

(Morris et al. 1994:157, Waters et al. 2014:115). Movement of infected animals 

and fence-line contact with other herds is a common means of transferring the 

disease between herds and regions (Waters et al. 2014:115). International trade in 

livestock is also significantly increasing risks for the spread of bovine TB over 

large distances (Ibid. 2014:115). TB in cattle causes a cough, weight loss and 

shortness of breath as it also does in humans, and in dairy cows it results in a 

decline in milk production. Obviously, infected animals should not be contributing 

to the food chain, and thus the increase in TB in UK cattle, and indeed across the 

world, is causing concern (Smith et al. 2012:1).   

 

The European badger, which is found throughout the UK, except in the far north of 

Scotland, is of special interest because the Government suggests that these 

animals are a reservoir of TB and that a cull will decrease its incidence (TB Free 

England 2013). However, infection in badgers probably presents a relatively low 

risk for domestic livestock and the effectiveness of a mass cull is questionable, 

particularly as there is no test for TB infection in live badgers; testing for TB for 

research purposes occurs on road killed animals, so killing would be indiscriminate 

(Atkins and Robinson 2013). In addition, badger culling appears to increase the 

risk of transmission of bovine TB to cattle because surviving badgers in culling 

areas show expanded ranging behaviour. This leads to each infected badger 

coming into contact with more cattle herds and other badgers in neighbouring 

areas, despite overall badger density being reduced (Vial and Donnelly 2012:50-

53). 
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2.1.2 Contracting TB 

 
Fig. 2.2 Second World War poster showing how diseases can be spread on public transport.  
(Posters of War 1940) 
 

 

The methods by which TB bacteria can be transmitted have been examined 

(section 2.1.1 and Figures 2.1 and 2.2), and now the route taken by resulting 

infection, should it occur, will be discussed. Primary infection occurs in individuals 

encountering TB for the first time. The Mycobacteria are engulfed by macrophages 

in the alveoli of the lungs, in which they survive and multiply. Other macrophages 

are attracted to the site where they also ingest invading bacteria and carry them 

via the lymphatic system to lymph nodes where the immune response is 

stimulated. This is detectable four to six weeks after infection via the TB skin test 

in which purified protein derivative (PPD) of Mycobacterium tuberculosis is 

introduced into the skin. A positive result occurs 48 to 72 hours later when signs of 

local erythema can be observed (Goering et al. 2013:231). Primary TB is mild and 

asymptomatic and in around 90% of cases it does not proceed further. However, 

clinical disease develops in the remaining 10% (Ibid. 2013:232). This happens 

when some bacteria escape to set up foci of infection in other body sites.  

Sensitised T cells release cell-signalling chemicals, lymphokines, which activate 
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macrophages and increase their ability to destroy the microorganisms. The body 

then reacts to contain the bacteria within “tubercles”, or small granulomas 

consisting of epithelioid cells and giant cells. The tubercles may heal 

spontaneously, become fibrotic or calcified, and they persist as such for life while 

the person remains otherwise healthy (Russell 2006:39). These tubercles would 

be seen on radiographs as radiopaque nodules. However, in a small percentage of 

people with primary infection, particularly those who are immunocompromised, the 

bacteria are not contained within tubercles and instead invade the bloodstream, 

causing disseminated disease, or “miliary” TB (Goering et al. 2013: 231, Leung et 

al. 2014, Russell 2006:40).  

 

Secondary TB is due to the reactivation of dormant Mycobacteria (caused by 

some change in the host immune system) or due to reinfection. However, 

reactivation is usually linked to an impaired immune function caused by poverty, 

malnutrition, infection such as that caused by HIV, chemotherapy for treatment of 

malignancy, or corticosteroids for the treatment of inflammatory diseases (Galagan 

2014: 307, Goering et al. 2013: 231). The secondary stage starts when the 

immune response that occurs during the acute and/or chronic phases fails and 

allows M. tuberculosis infection to become clinically apparent. This most 

commonly presents as pulmonary signs and symptoms, but sometimes as extra-

pulmonary disease (Boom 2004:105). 

 

 

2.1.3 Signs and Symptoms of TB 

 

Signs and symptoms help with the diagnosis of a particular disease. Signs of the 

disease are features that are visible (eg. pallor) and measurable or objective (eg. 

weight loss). Symptoms describe what is felt by the patient who is suffering from 

the disease (eg. tiredness or chest pain). Symptoms of pulmonary TB include 

extreme fatigue and chest pain. Signs of pulmonary TB include a persistent cough 

that may be bloody, weight loss, a high temperature (in excess of 380 C) and night 

sweats. The classic signs of the pulmonary form of the disease are fever, cough 
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prospect. This is because TB is transmitted by infected droplets, and therefore the 

likelihood of infection increases with duration and intensity of exposure (Ibid. 

2014:131). This association has been demonstrated for individuals living in 

crowded housing and has also been noticed during long-haul air travel (Abubakar 

2010). TB bacteria in droplets are killed by exposure to ultra-violet radiation from 

sunlight, but some cramped, confined conditions, such as in work situations in 

mines, being a person in a prison, (all conditions that people in the Roman era 

could have endured), do not favour UV light exposure and can increase the risk of 

infection as a result (Ibid. 2014:131).  

 

Other extrinsic factors which can predispose people to infection with TB include 

previous infection with HIV and other diseases which also impair immune system 

function. Whilst HIV did not exist in the Roman era, other malfunctions of the 

immune system would have been prevalent. For example, malnutrition results in 

reduced cellular responses to invading pathogen antigens and also causes a 

reduction in immunoglobulin. This reduced immunity increases the likelihood of TB 

infection leading to TB disease. Excessive alcohol consumption inhibits the 

function of alveolar macrophages and also results in a decrease in 

immunoglobulin if liver disease occurs as a result of the alcoholism (Ponnuswamy 

2014:131). Alcohol was certainly consumed during the Roman era, although it is 

not possible to conclude if this was in “excessive” amounts. Recreational drug 

users have an increased risk of becoming infected by TB, as have smokers or 

people exposed to cigarette or other smoke, for example from open fires using 

biomass fuels (Ibid. 2014:131), the latter of which will have applied to people in the 

Roman era. Linked with this is exposure to inhaled dust, (which could have also 

been relevant in the past), and subsequent silicosis, asbestosis (inhaled asbestos 

particles), and anthracosis (anthracite inhalation), all associated with increased 

rates of TB infection (Ibid. 2014:131). Further examples of extrinsic risk factors for 

TB include malignancy (especially head and or neck and haematological cancers), 

renal disease, a previous gastric by-pass, coeliac disease, diabetes and people 

with vitamin D deficiency. People in health care professions and individuals with 

occupational contact with high-risk groups, for example persons working in 
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homeless shelters or with substance abusers, are also at risk (Cohen and Dye 

2014:23, Ponnuswamy 2014:131-2).   

 

In conclusion, it can be seen that the risk factors for TB, both today and in the 

past, are many and complex, and some may have synergistic effects, for example, 

the darker skin of some ethnicities may lead to vitamin D deficiency, which can 

predispose these individuals to infection with TB. Now that risk factors which 

increase the risk of becoming infected with TB have been discussed, methods of 

diagnosing the disease today will be examined. 

 

 

(ii) Diagnosis of TB 

 

The sputum smear microscopy method for the diagnosis of TB was discovered 

around 100 years ago and is still the most widely used tool for TB diagnosis, 

particularly in low and middle income countries (WHO 2015:69). The staining of 

smears and the observation of the resulting slide using a microscope is a relatively 

straightforward and inexpensive method to perform. However, in patients with a 

low load of the tuberculosis bacilli in their sputum, for example HIV positive people 

and children, positive results can be missed. Also, the test provides no information 

as to the antibiotic sensitivity and resistance profile of the bacteria (Ibid. 2015:70).  

 

Bacteriological culture is still considered to be the reference standard for detecting 

TB. However, it takes at least six weeks to obtain results (WHO 2015:70) during 

which time the patient is not receiving treatment and could possibly be infecting 

other individuals. Culture also requires a well-equipped laboratory with trained 

staff. Rapid transport is further required to transfer patients’ samples from the 

clinician to the laboratory in order to ensure the viability of the bacteria in the 

sample. Culture itself also does not provide information on the antibiotic sensitivity 

profile of the bacteria. This is established through further testing, with Phenotypic 

Drug Sensitivity Testing being the conventional method used to detect resistance 

to first and second line TB drugs, although faster liquid culture systems are now 
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available. However it is proving costly and slow to provide adequate culture 

capacity in many countries with a high burden of TB (WHO 2015:70). Recently a 

small number of quicker and more sensitive diagnostic tests have been 

introduced. These test samples for the presence of drug sensitive and drug 

resistant TB based on molecular methods. These rapid testing methods include 

the Xpert MTB/RIF (Mycobacterium tuberculosis / Rifampicin resistance), and line-

probe assays (LPAs) (Ibid. 2015:70). The WHO reports an increase in the use of 

the rapid molecular test, the Xpert MTB/RIF, since 2010 when it was first 

recommended. By 2015, 69% of countries recommended using the Xpert MTB/RIF 

test as an initial diagnostic tool for people at risk of being infected with drug-

resistant TB, and 60% recommend it as an initial diagnostic test for people with 

HIV (WHO 2015:2), who may have a low bacterial load that is difficult to detect 

using the sputum smear technique. However, despite the advantages of using 

these new molecular diagnostic tests, the conventional microscopy and culture 

methods still remain necessary for monitoring the response of patients to their 

treatment regimens (WHO 2015:70). In addition, culture-based drug sensitivity 

testing methods are currently the only diagnostic techniques available for 

accurately testing bacterial sensitivity to second-line drugs (Ibid. 2015:70). In June 

2015, the WHO started to review the evidence on the use of the urine lateral flow 

lipoarbinomannan (LF-LAM) assay for the detection of TB in patients with HIV. 

This test works by detecting a lipoarbinomannan (LAM) antigen, which is only 

present in people with active TB disease. LAM is a lipopolysaccharide present in 

the cell walls of Mycobacteria. It is released from metabolically active or 

degenerating bacterial cells, and hence the presence of LAM in a patient’s urine 

indicates active TB. Other advantages of the use of this method are that the urine 

samples are usually easier to collect than sputum samples (WHO 2015:70).  

 

Throughout 2016, WHO were evaluating and reviewing the use of several other 

diagnostic technologies for TB testing. These include LPAs for the detection of 

resistance to first and second line anti-TB drugs, and the use of DNA sequencing 

for the detection of drug resistance-conferring gene mutations. Other methods 

under review were the Xpert Ultra assay and the GeneXpert Omni, and several 
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rapid and sensitive diagnostic tests that will be used in reference laboratories, as 

well as by clinicians in contact with the patient (WHO 2015:71). In order to reduce 

transmission of TB and to improve treatment, it will be of great advantage for 

clinicians to have a positive diagnosis more quickly than when using the current 

culture and traditional antibiotic sensitivity testing methods. This rapid diagnosis 

will enable them to put patients onto a suitable treatment regimen almost 

immediately. Of course, no rapid diagnostic tests were available to Roman people, 

so anyone infected probably did not initially realise they were ill and could pass on 

the infection to their close contacts.  

 

(iii) Treatment of TB 

 

Tuberculosis has been a disease of humans for many millennia (Roberts and 

Buikstra 2014:3). During this time, prior to the discovery of suitable antibiotics in 

the 1940s, many “cures” for the disease were attempted: ‘the human desire to help 

the sick prompted the most fantastic remedies for tuberculosis’ (Webb 1936:136). 

A good example of one of these was blood letting in order to rid the body of blood 

containing the cause of infection. This method was used from the 5th century BC 

and the time of Hippocrates right up into the 20th century (Roberts and Buikstra 

2003:225). Bloodletting is still used as a cure in some parts of the world today 

(Ibid. 2003:225). Leeches were also used in an attempt to drain fluid from swollen 

tuberculosis infected joints (Smith 1988:43). Other remedies included the 

recommendation of any methods that were suggested to be able to cleanse the 

body of infection, for example, sweating, urinating and defaecating (Daniel 

1997:42).  

 

Classical physicians had opinions on how TB should be treated. Galen suggested 

that the disease was at best difficult to cure, and that it was possibly incurable 

(Pease 1940). On the other hand, Celsus (1st century BC to 1st century AD) 

suggested rest and breathing exercises, which was a treatment well ahead of his 

time. Pliny thought that the application of grease to the shoulders and chest whilst 

the patient was in a pinewood should cure the disease. Hippocrates suggested 
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wine, liquid foods and gruel were an effective remedy, while Aelinanus (AD170 – 

235) recommended consumption of the blood of a bull, and Tertullian (AD160 – 

240) thought consuming butter boiled with honey would be a successful cure. 

Whilst probably unpleasant, these suggestions were undoubtedly preferable to the 

drinking of pitch and resin prescribed by Galen, Pliny and Dioscorides (Roberts 

and Buikstra 2003:225, and references therein).  

 

Pliny was probably the only one of the ancient physicians to suggest a remedy 

which may possibly have offered some protection against initial infection with TB.  

He recommended the drinking of milk and the inhalation of smoke from a fire of 

burning dung (Roberts and Buikstra 2003:225, and references therein). However, 

exposure to the TB bacillus in this manner would have to be undertaken for a long 

period in order for resistance to the disease to be built up. It is doubtful that it 

would have any effect as a cure for an established case of the disease. As these 

were the only “cures” for tuberculosis that were around in the Roman period, it is 

clear that the individuals studied in the current research would have had no 

effective method of treatment other than their own immune systems attempting to 

combat the disease.  

 

In historical times, in Italy in 1699, the burning of clothes and possessions of 

people with TB was performed in order to attempt to prevent transmission of 

infection (Warring 1981:179), although the precise nature of the infective agent of 

the disease was not yet known. It probably was not until Robert Koch discovered 

the tubercle bacillus in 1882 that widespread worldwide attempts to control the 

disease began (Roberts and Buikstra 2003:226; 2014:12). In 1886, France was 

the first country to introduce laws banning spitting in public places (Dormandy 

1999:137), and by 1897 it was well understood that TB was transmitted by infected 

droplets (Roberts and Buikstra 2014:12).   

 

In 1898 in Britain, the National Association for the Prevention of Consumption and 

Other Forms of Tuberculosis was formed. This body began work in order to 

educate the public in avoiding the spread of TB infection and to eradicate the 
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disease in cattle to prevent its spread to humans. They also created open 

institutions for the treatment of TB which were accessible to all (Roberts and 

Buikstra 2003:226). In 1902 in Europe, the International Union Against 

Tuberculosis was founded to control the disease using methods such as contact 

tracing and the provision of sanatoria (Evans 1998:13). Arthur Ransome was the 

first person in Britain to concern himself extensively in the decline of TB (Worboys 

2010:150). Ransome claimed that TB declined because of an ‘unconscious 

campaign’ of sanitary reform which took place in the 1830s and 1840s. In 1896, he 

acknowledged the similarities of the disease with leprosy in an article for the 

Lancet. He stated that leprosy was brought under control by the implementation of 

improved sanitary methods whilst being largely unaffected by methods to directly 

prevent the spread of the disease (Ibid. 2010:150). Ransome was an advocate for 

improving water supply, sewerage systems and better housing with good 

ventilation (Ibid. 2010:150), which undoubtedly led to better living conditions and 

improvement of general population health. This could have resulted in fewer 

people having weakened immune systems and thus succumbing to TB. By 1913, 

compulsory notification of TB began in England but had already been in place for 

almost ten years in Scotland (Evans 1998:14). Between the wars, research into TB 

increased, but it was not until after the Second World War that treatment for TB 

really improved. Mass radiography became available along with national benefits 

for people with TB and their families. National rehabilitation schemes commenced 

with BCG vaccinations and pasteurisation for milk being introduced (Roberts and 

Buikstra 2003:227).  

 

The use of sanatoria became popular in England around 1840 and treatment in 

these institutions was one of the main weapons in the fight against TB for around a 

century. However, there is no scientific evidence that sanatoria had a significant 

effect on the reduction of the disease (Evans 1998:13). In the UK, although access 

was available to sanatoria for people of all classes and backgrounds, beds were 

often scarce and not all patients stayed for the full course of their treatment 

(Gleissberg 1999:400). It was probably also difficult to recruit nursing staff to work 

in these establishments due to stigma associated with TB. However, sanatoria did 
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promote a healthier lifestyle for TB patients. This included exposure to fresh, clean 

air and sunlight (Roberts and Buikstra 2003:228), and no drinking or smoking was 

allowed (Ibid. 2003:229). By the late 1950s, sanatoria were being phased out and 

replaced by drug treatments and vaccines (Warring 1981:184), which resulted in 

the disease going into further decline. By the late 1980s, TB had become so 

uncommon that it rarely featured on a school of nursing syllabus and so the level 

of knowledge and understanding of the disease among UK nurses was probably 

similar to that of the average lay person (Gleissberg 1999:400-401). The nurses 

probably also shared misconceptions about the disease with the general populace. 

The situation changed by the mid-1990s when TB had experienced an upturn and 

the British Thoracic Society recommended that there should be appropriate 

numbers of tuberculosis nurses available, according to the number of notifications 

of the disease within a given area of the UK (Gleissberg 1999:401).  

 

 

(iv) Drug treatments for TB 

 

As has been discussed (in section (iii) Treatment of TB), in the Roman era, 

effective drug treatment would not have been available for TB and other infectious 

diseases, so reliance was upon the ability of the immune system to overcome 

infections. While we now have antibiotics, we shall see that infections are 

becoming increasingly antibiotic resistant (below, in this section), and so humans 

are returning to the reliance upon their immune systems to rid their bodies of 

disease. It is necessary to discuss some drug treatments that have been and are 

being used against TB in modern times in order to learn now progress in treatment 

has been made and to observe why concerns about mobility spreading the 

disease are still relevant in today’s world. 

 

Effective drug treatment for TB started in 1946 when streptomycin was introduced. 

Streptomycin, when given alone, caused a large reduction in mortality, and also 

striking improvements in chest radiology and sputum smear and culture results 

(Mitchison and Davies 2012:725). Unfortunately, however, after monitoring for a 
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period of five years, it was discovered that patients treated with streptomycin died 

in the same proportion and with similar speed to patients not receiving the drug. 

This was due to the frequent emergence of streptomycin resistance (Fox et al. 

1954:347). However, treatment using streptomycin and para-aminosalicylic acid 

was found to greatly reduce the incidence of streptomycin resistance (Medical 

Research Council 1950, Fox and Sutherland 1956). In 1952, isoniazid was 

introduced. This drug was found to be effective in low concentrations and had the 

added advantage of having a low toxicity (Mitchison and Davies 2012:725). The 

activity of isoniazid was tested on its own or in combination with streptomycin and 

para-aminosalicylic acid (Medical Research Council 1952, 1953). Shortly after 

these trials, drug resistance research discovered that resistant strains of the 

tubercle bacillus were almost always resistant to only one of the three available 

drugs (Fox et al. 1957, Mitchison and Selkon 1957). This discovery led to 

exploring a treatment regimen using the three drugs so that almost any resistant 

strain of the bacteria would be sensitive to the other two drugs. However, the 

disadvantage of this “triple” treatment was that it required a prolonged treatment 

period of at least one year in hospital, and thus was a very expensive method that 

could only be used in richer countries (Mitchison and Davies 2012:725).  

 

Between the 1960s and up until 1986, further drug development found that the far 

cheaper drug, thioacetazone, could be substituted for para-aminosalicylic acid 

(East African/British Medical Research Council 1970). By 1960, it was discovered 

that chemotherapy at home was as effective as treatment programmes undertaken 

in expensive hospitals or sanatoria (Tuberculosis Chemotherapy Centre 1959, 

Andrews et al. 1960). However, this then raised the issue of ensuring patients 

followed their treatment regimes correctly over the course of the year which was 

required to cure them (Fox 1958). This issue eventually led to the Directly 

Observed Treatment, Short-course (DOTS) strategy which was introduced by the 

WHO and concentrated on the necessity of shortening the treatment period in 

order to increase patient compliance with the regimen (Mitchison and Davies 

2012:725). During the 1950s and 1960s, experiments on mice discovered that 

pyrazinamide was highly successful at killing tubercle bacilli, which were persistent 
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following treatment with isoniazid and streptomycin (McCure et al. 1956:763). 

Later experiments on mice established that rifampicin could accelerate the killing 

of the bacillus (Grumbach 1970:392). These discoveries led to a new drug 

regimen being tested that added rifampicin or pyrazinamide to a basic six month 

treatment programme using streptomycin and isoniazid. This regimen was found 

to radically reduce the rate of relapse (East African/British Medical Research 

Council 1972), and thus became the basis of the modern short course treatment. 

Various forms of this treatment continued to be used until it was found, with the 

advent of AIDS (Acquired Immune Deficiency Syndrome, the disease caused by 

HIV), that HIV infection led to an increase in the toxicity of thioacetazone so this 

drug could no longer be used. Instead, ethambutol was given to replace 

thioacetazone (Mitchison and Davies 2012:726). At the same time it was 

discovered that a six month duration of treatment was much more effective than 

the previously used eight month regimen with a two month continuation phase. 

The WHO now recommends this six-month regimen (Mitchison and Davies 

2012:726, WHO 2015).  

 

Standard WHO recommended treatment for people with drug susceptible TB now 

consists of a two-month induction phase with, at least, isoniazid, rifampicin and 

pyrazinamide, followed by a four month consolidation phase with, at a minimum, 

isoniazid and rifampicin. During the first two months, if therapy is effective, viable 

bacteria in sputum reduce in two different ways with one sub-population of 

bacteria being rapidly killed and the other responding more slowly (Horsburgh et 

al. 2015:2149). The second sub- population has been described as “persistent”. 

These persistent bacteria are thought to be in a metabolic state that makes them 

less susceptible to being killed by drugs. These differences in susceptibility could 

be due to local variation in an environmental factor (eg. abundance of bacteria) or 

to genetic variation of the pathogen (Horsburgh et al. 2015:2149). This would be 

relevant in the past as much as it is today, although not in relation to drug 

susceptibility in the past, but to pathogenicity of the disease being higher in some 

bacterial sub-populations. Thus making it more likely that people in a particular 
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location could become infected if a sub-population of the bacteria is more virulent 

than in other areas.  

 

It has recently been discovered that Mycobacterium tuberculosis complex 

organisms are successful pathogens because they have a remarkable ability to 

exploit cellular host factors to enable their own survival and persistence. The 

bacteria have been found to establish infection by targeting macrophages in the 

lungs and to actively evade host defences by modulating host protein transcription 

and translation (Guler and Brombacher 2015:748). Once inside macrophage cells, 

M. tuberculosis prevents antigen processing and can escape the phagosome. This 

ability to escape the phagosome determines the bacterial virulence (Ibid. 

2015:748). Through further research into the methods that M. tuberculosis uses to 

influence the host immune system, new drugs may prevent this influence. Owing 

to increased resistance to current drugs, new treatments for TB are urgently 

required. Some existing drugs also appear to have some potential for TB 

treatment. For example, the tyrosine kinase inhibitor, imatrnib, promotes 

maturation of phagosomes, and vitamin D promotes bacteriocidal defence 

mechanisms, such as the induction of antimicrobial peptides (Guler and 

Brombacher 2015:748). In addition, it has been discovered that M. tuberculosis 

may use host cholesterol as a nutrient. The cholesterol-lowering drugs, statins, 

could possibly give increased host protection with reduced bacterial burden, 

reduced dissemination and decreased pulmonary histopathology (Parihar et al. 

2014:754). If people in the past were lacking in vitamin D (likely in England in 

winter), and if they consumed a diet that was high in cholesterol (evidence from 

the isotope analysis results suggests the 21 people in the current project all ate 

animal products which are the largest source of dietary cholesterol - WebMD 

2017), it seems that they could have been at increased risk of developing TB.  

 

People today with multiple drug resistant TB (MDR-TB) are known to have 

infections resistant to rifampicin and isoniazid, and frequently to other drugs (WHO 

2015:4), and treatment is complicated (Horsburgh 2015:2152). WHO recommends 

an initial regimen for treatment of MDR-TB to include four drugs to which the 
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patient’s infection is susceptible, plus pyrazinamide. This treatment phase should 

last six to eight months (Ibid. 2015). Globally, approximately 3.3% of new TB 

cases and 20% of previously treated ones have MDR-TB and, in 2014, around 

190, 000 people died of MDR- TB worldwide (Ibid. 2015:2). In 2014, more people 

than in previous years were tested for resistant TB globally. This improvement is 

largely attributed to the increased availability of rapid molecular testing methods, 

but the WHO suggests that if all people with TB notified in 2014 had been tested 

for antibiotic resistance, an estimated 300,000 would have been found to have 

MDR-TB; 54% of these new cases occurred in India, China and Russia (Ibid. 

2015:2). However, globally, the most common diagnostic test is still the sputum 

smear microscopy method that was developed more than 100 years ago and, as 

previously discussed, this gives no information as to the antibiotic sensitivity 

pattern of any Mycobacterium tuberculosis complex infection identified. In 

countries with better access to laboratory facilities, TB diagnosis is carried out by 

bacterial culture, the current reference standard (Ibid. 2015:4), which also provides 

no information about antibiotic resistance of identified strains of the tubercle 

bacillus. This resistance knowledge is critical because MDR-TB is increasing, 

strains of Extensively Drug Resistant TB (XDR-TB) are now appearing, and 

appropriate treatment for people with these strains needs to be given. XDR-TB is 

defined as MDR-TB plus resistance to at least one fluoroquinolone and also to a 

second line injectable antibiotic (Ibid. 2015:58). This strain had been reported by 

105 countries by 2015, with an estimated 9.7% of people having XDR-TB (Ibid. 

2015:2).  

 

In summary, a better understanding of how and where drugs penetrate the tissues, 

along with the optimum dosages, is needed in order to achieve effective drug 

levels in the infected tissues of the body (Horsburgh 2015:2157). As has been 

discussed, the current recommended treatment for new cases of people with drug-

susceptible TB is a six-month regimen of four first-line drugs: isoniazid, rifampicin, 

ethambutol and pyrazinamide. This treatment has a success rate of 85% or more 

(WHO 2015:4) but, with increasing rates of resistant strains of TB causing 

infection, it is imperative that new diagnostic tests and novel treatments are 
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developed and used carefully. Methods of transmission also need to be fully 

investigated in order to decrease transmission rates and thus the numbers of new 

cases of the disease arising each year. Between 1995 and 2011, 51 million people 

were successfully treated for TB. However, while progress in treatment of multi-

drug resistant TB (MDR-TB) remains slow, innovations in diagnosis have moved 

on with the Xpert MTB/FIF, a rapid molecular test that can diagnose TB and 

rifampicin resistance within 100 minutes (Ibid. 2012). This will hopefully replace 

the sputum microscopy smear and notoriously difficult culture methods currently 

used in diagnosis in the near future. Clinical and pharmaceutical research has also 

lead to the development of new drugs and vaccines which are in the 

developmental and clinical trial stages (Ibid. 2012, Schluger 2008) and are needed 

to achieve the targets set by WHO in the End TB Strategy (England et al. 

2008:499).  

 

 

(v) Vaccinations against TB 

 

As has been previously discussed, TB is a complicated disease. It is an infection 

whose pathogenesis is characterised by a period of subclinical, asymptomatic 

infection which may continue for varying periods of time, from weeks to decades. 

As a result, a large reservoir of infected people exists and new cases of active TB 

disease may arise from this group at any time (Rangaka et al. 2015:2344). Added 

to this problem is the increasing emergence of antibiotic resistant strains of the TB 

bacteria, namely MDR-TB and XDR-TB, which take a long time to cure and are 

challenging and expensive. It is therefore becoming increasingly important that 

new and effective vaccines are developed to prevent infection in the first place, or 

are used to stop a latent TB infection from developing into an active disease if 

there is any hope of reduction and eradication of the disease in the future.  

The only vaccine that is currently available is that of Bacillus Calmette-Guérin 

(BCG), which has been in use for a century in many countries (Tang et al. 

2016:30). However, the main problem with this vaccine is that it does not protect 

adults against pulmonary TB although it is reasonably effective in protecting 
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children (Rangaka et al. 2015:2345, Tang et al. 2016:469), particularly from 

tuberculosis related meningitis (Tyagi et al. 2011:469). Another problem with the 

BCG vaccine is that prior exposure to environmental mycobacteria interferes with 

the BCG efficacy, and that efficacy is variable, ranging from 0% in Southern India 

up to about 80% in the UK (Tang et al. 2016:33). In addition, BCG does not induce 

long lasting immunological memory and hence its efficacy against TB in adults is 

questionable (Tyagi et al. 2011:469, Rangaka et al. 2015:2345, Tang et al. 

2016:30). The aims of a new vaccine would be to prevent new TB infections or to 

stop latent TB infection from developing into TB disease, or to eliminate 

Mycobacterium tuberculosis infection completely (Ibid. 2016:33).  

 

Currently, most vaccines that are being developed target the prevention of new 

infections and the reactivation of latent TB (Tang et al. 2016: 33). Some of these 

vaccines that are in trial presently are already proving to be more successful than 

the BCG in offering protection (Ibid. 2016:33). However, despite the promising trial 

results of these new vaccines, none of them have demonstrated the ability to 

completely prevent and eradicate Mycobacterium tuberculosis infection in humans 

or other animals (Ibid. 2016:37). 

 

In summary, whilst vaccine development is moving on, and several different types 

of vaccine with differing modes of action are currently undergoing trials, it still 

remains necessary to discover novel TB vaccines which are more effective. This 

will necessitate further research into the correlation of immunity with effective 

protection against the disease, and also a deeper understanding of the 

pathogenesis of Mycobacterium tuberculosis and its interaction with the host 

defence system (Tang et al. 2016:37). In this respect, little progress has been 

made since 2011 when Tyagi et al. (2011:477) concluded that, although many TB 

vaccines developed in various countries had shown superior protection against TB 

compared with BCG in animal models, some of these vaccines were still in clinical 

trials. Obviously, clinical trials take a long time, but, in the meantime, it is important 

that researchers continue to work on new types of vaccine if worldwide eradication 

of TB is ever to be achieved. 
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2.1.4 TB: a re-emerging disease 

 

As has been discussed, due to new drugs and improved treatment regimens, TB 

was thought to have been under control by the late 1980s (Smith 1988:2), but it 

had begun to rise again by the early 1990s, particularly in relation to HIV infection 

(Pozniak 2008:343). The WHO Global Tuberculosis Report 2012 stated that in 

2011 there were an estimated 8.7 million new cases of TB globally, 13% of these 

being in people who also had HIV infection (WHO 2012). In 2012 an estimated 8.6 

million people developed TB and 1.3 million died from the disease, with 320,000 of 

these deaths being in HIV-positive people (WHO 2013). By 2013, nine million 

people worldwide were estimated to have developed TB, 1.1 million (13%) of 

these people developing TB in 2013 were estimated to be HIV positive. HIV 

increases the risk that a latent TB infection will reactivate and that new infection or 

re-infection with TB will progress to active disease. Progression from infection to 

disease in a patient with HIV usually occurs within three months (Goldfield and 

Ellner 2007:526). The increased susceptibility of HIV patients to TB increases the 

incidence of TB in the community, and atypical features of the disease associated 

with TB infection, such as sputum smear negativity and isolated extra-pulmonary 

disease, make delays in diagnosis highly probable (Ibid. 2007:527). This means 

that during that time the person would be untreated and could be transmitting the 

infection. In addition to HIV causing acceleration from latent TB infection to active 

TB disease, TB also accelerates the course of HIV by activating viral replication 

and increasing the rate of decline of CD4 T cell counts (Ibid. 2007:527). Along with 

these issues are the problems that HIV/TB co-infected people have with drug 

interactions and drug toxicities that do not affect TB patients without HIV (Ibid. 

2007:527). It should be noted that the prevalence of TB/HIV co-infection is highest 

in low-income countries such as those in sub-Saharan Africa (Ibid. 2007:529).  

 

In 1993 the World Health Organisation (WHO) declared TB a global emergency 

(Squire 2008:288), and launched the Stop TB Strategy, with specific targets to 

eradicate TB by 2050 (England et al. 2008:499). In 2013, there were reported to 

be 1.5 million deaths from TB (WHO 2014). The latest WHO figures (WHO 2015) 
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illustrate that the policies for global reduction of TB are having some effect; TB 

mortality has decreased by 47% since 1990. This has been attributed to effective 

diagnosis and treatment, which has saved around 43 million lives between 2000 

and 2014; TB incidence has declined globally by 1.5% per year since 2000. This 

means the incidence is now 18% lower than it was in 2000 (WHO 2015:1). 

However, in 2014, TB still killed 1.5 million people, which is similar to the figures 

for 2013. Of these, 1.1 million people were HIV negative and 0.4 million were HIV 

positive; 890,000 were men, 480,000 were women and 140,000 were children. TB 

now ranks alongside HIV as a leading cause of death worldwide (Ibid. 2015:1), 

and therefore despite reductions in mortality and incidence, it is still a major global 

challenge. The aims of WHO are now to end the TB epidemic (in other words, to 

have an incidence of fewer than 100 cases per million people) by 2035 (Ibid. 

2015:x).  

 

Figure 2.3 shows the latest (2014) WHO figures for the global incidence of TB: 

 

 
Fig. 2.3. Global incidence of TB (WHO 2015)  
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In the UK in 2014 (the latest figures available from WHO in the report WHO 2015), 

there were a total of 7,077 new TB cases notified. This is a slight decrease from 

the number of new and relapse cases notified in 2013, which WHO reported was 

7,293 (WHO 2015) but Public Health England (PHE) reported as 7,892 for the 

same period (PHE 2014:7), with 73% of these people being born outside the UK, 

and stating India, Pakistan and Somalia being the most common countries of 

origin (PHE 2014:13) and only 15% being recent migrants (that is, within the last 

two years) (Ibid. 2014:7). PHE state that 7,892 cases equates to an incidence of 

12.3 per 100,000, with overall TB cases having declined in the two years prior to 

2013, due to a small decline in the numbers and rates in the non-UK born 

population (Ibid. 2014:7). This decline is likely to have been influenced by a 

number of factors including changes in migration patterns, with less migrants 

entering the UK from high and very high TB burden countries (Ibid. 2014:50). It is 

likely that the UK-based and global interventions to improve the control of TB, 

such as pre-entry screening for migrants from all high incidence countries (Ibid. 

2014:17), could also be responsible for the decline in cases. As in previous years, 

London accounted for the highest proportion of TB cases in 2013 (37.8%) which is 

a rate of 35.5 cases per 100,000 (Ibid. 2014:9). The main burden of disease 

countrywide was concentrated in other large urban areas (Ibid. 2014:50).  

 

Of the new cases reported in the UK in 2014, 63 were confirmed as being infected 

with MDR-TB (WHO 2015), and PHE confirmed this has remained constant over 

the past three years with 87.3% of these cases being born outside the UK (PHE 

2014:25). Among all culture-confirmed cases of TB in notified in the UK in 2013, 

97.5% were caused by Mycobacterium tuberculosis, 0.6% by M. bovis, 1.4% by M. 

africanum and 0.5% with M. tuberculosis complex bacteria which were not further 

differentiated (Ibid. 2014:25). 82% of these culture-confirmed cases were strain 

typed and there was found to be considerable variation in lineage by country of 

birth, with 35% of cases being of Euro-American lineage, 25.7% were Central 

Asian strain, 12.2% were East African Indian, 5.3% were Beijing strain, 0.8% were 

M. africanum, 0.5% were M. bovis and 19.1% had no lineage assigned to them 

(Ibid. 2014:40).  
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Globally, of the 9.6 million new cases of TB notified in 2014, 58% were in the 

South East Asia and Western Pacific regions (WHO 2015). The African region had 

28% of the World’s TB cases in 2014 and the most severe burden relative to the 

population size, with 281 cases for every 100,000 people. This is more than 

double the current global average of 133 cases per 100,000 people. Meanwhile, 

India, Indonesia and China had the largest number of TB cases at 23%, 10% and 

10% of the global total, respectively (Ibid. 2015:2).  

 

While only 5 to 15% of the estimated global 2 to 3 billion people infected with 

Mycobacterium tuberculosis complex go on to develop the actual disease, the 

WHO state that this figure is probably much higher in people infected with HIV as 

has previously been discussed. Additionally, death rates in untreated individuals 

are high; without treatment, the death rate is approximately 70% within 10 years 

from diagnosis for sputum smear positive pulmonary TB and 20% for people with 

culture positive but smear negative pulmonary TB (WHO 2015:4).  

 

Many risk factors have been identified that can predispose people to TB infection. 

Some of these are similar today to those in the past (eg. poor diet, overcrowding 

and travel/migration), but the single and most important factor from past to present 

appears to be poverty. There appears to be a higher incidence of HIV and TB co-

infection in Africa, (WHO 2015) where high levels of poverty could lead to impaired 

immunity in the population. High-income countries (where there is less poverty) 

have a lower incidence of TB, while frequency and death rates are lower in all 

areas of the world except African countries. This is partly because of the ease of 

access to, and use of, antibiotics in developed countries (Goering 2013:232), 

although TB is a complex disease and other poverty-related factors, such as 

malnutrition, can also lead to compromised immune systems and therefore higher 

incidences of infection. It is argued here that dealing with poverty around the world 

would drastically reduce the problem of TB, but mobility also has a large effect on 

the incidence of the disease.  
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It is increasingly being recognised that there is a specific link between poor health 

and migrant populations, and it is well documented that there is a higher risk of TB 

in travellers and in people who migrate to other countries (WHO 2010, Albert and 

Davies 2008:367). For example, there are studies exploring the link between air 

travel and the transmission of TB, and recommendations for the reduction of these 

risks (eg. Dowdall et al. 2010, Neilson and Mayer 2010). Travel permits the 

introduction of TB into previously unexposed populations. In addition to this, the 

travellers themselves may be more vulnerable because they are adapting to 

changes in their environment, and this process places stress upon their immune 

systems and makes them more prone to infectious diseases or activation of a 

dormant primary TB infection. Moreover, as the WHO (2015) suggests, immigrants 

often experience poor living conditions as they travel and when they arrive in new 

countries. Although the Roman world would have been very different from the 

modern world, Hall suggests that the working classes and craftsmen of Roman 

London would have been migrants to the town with some of the more specialist 

craftsmen being brought to London from abroad (Hall 2005:125). These people 

were likely to have lived in recently excavated Mediterranean-style buildings with 

timber frames and no foundations, which, due to problems with rising damp, would 

have needed replacting every five to ten years (Ibid. 2005:125). Such damp living 

conditions would certainly have predisposed the craft-workers and shopkeepers 

living there to TB. Hall also describes people as living in close proximity to each 

other (Ibid. 2005:127), another factor making the transmission of TB more likely.  

 

That immigrants experience poor living conditions whilst travelling and sometimes 

on arrival at their destination was therefore probably true in the Roman era and 

would certainly be the case for people involved with the 18th and 19th century slave 

trade when Africans were forced to migrate to the Americas (eg. Merbs 1992), but 

also for refugees in the past and political asylum seekers today (Figueroa-Munoz 

and Ramon-Pardo 2008:733). One of the most frequent migration pathways is 

possibly from rural to more urban environments in the pursuit of work. However, in 

the past and also in developing countries today, migration could mean exposure to 

overcrowded living conditions, unsanitary situations and an increased risk of 
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contracting TB and other infectious diseases. In addition, people become exposed 

to new diseases when they travel, while carrying pathogens with them that could 

cause infection in the local population. Furthermore, the food that people eat can 

transmit pathogens, including M. bovis (Stone et al. 2012), so poor food 

preparation and storage methods encountered whilst travelling could lead to 

increased exposure to TB.  

 

 

(i) Eradication of TB 

 

The global vision of the End TB Strategy (2016 – 2035) is for zero deaths, disease 

and suffering due to TB (WHO 2015:7). This aim is building upon the previous 

achievements of targets set in the Millennium Development Goals which stated 

that, by 2015, world TB incidence should fall and TB prevalence and mortality 

rates should be halved compared with their 1990 levels (Ibid.2015:7). The Stop TB 

Strategy was developed for the period 2006 – 2015 in order to try to achieve these 

aims. In addition to the 2015 target, the Stop TB Strategy’s ultimate aim was for 

the elimination of TB as a public health problem (defined as less than one case 

per million population per year) by 2050 (Ibid. 2015:6). This is a continued aim of 

the End TB Strategy, which has the ultimate goal to end the global TB epidemic. 

Although a date is not set for when this is to be achieved, it is assumed that as the 

End TB Strategy continues until 2035, this goal is intended to be achieved by then.  

 

Theron et al. (2015) have suggested that ending the global TB epidemic will 

require a shift from strategies which focus on control of the disease to those which 

actually focus on elimination of it (Ibid. 2015:2324). In order to achieve this shift, 

they suggest a three-step process is required; 

 

•  improved collection and use of existing TB notification data, 

•  collection of data additional to notification of new TB cases (eg. drug 

resistance, risk factors and precise geographical location of new cases) in 

order to develop tailored responses in treatment and control, 
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•  targeted collection of novel data (for example, sequencing data and contact 

investigations).  

 

The researchers hope this expanded data collection will result in the improvement 

of the understanding of the dynamics of TB transmission (Theron et al. 

2015:2324). It has been these sorts of responses that have been instrumental in 

eliminating other infectious diseases such as smallpox (Fenner et al. 1988), and all 

such successful methods have involved two components, namely the systematic 

reporting of every case of the disease, and successful identification of disease 

clusters at the local level (Theron et al. 2015:2324).  

 

Local TB epidemics have been found to differ in intensity, “drivers” and key 

characteristics. Approaches to control that work in some hotspots (eg. urban 

areas) may not work in others, for example prisons or rural villages with poor 

access to care (Theron et al. 2015:2324). Efficient collection of data at a local level 

is therefore suggested to be key to the development of effective control strategies. 

Unfortunately, routinely collected data for TB vary substantially in scope and detail 

between countries and, although WHO recommends the use of secure and self-

contained electronic systems, paper forms are still predominantly used, with 

delays thus occurring for this information to be entered into databases (Ibid. 

2015:2325). The researchers also suggest that because TB in children is currently 

under detected, there should be more of a focus on childhood TB; this is of 

particular importance for interrupting transmission of the disease. Additional data 

collection to include would be the reporting of the geographical location of newly 

notified cases of TB, to assist with community-based follow-ups or transmission 

hotspot mapping. Drug-resistance patterns for predicting region-specific drug 

susceptibility, and documenting risk factors, such as diabetes, smoking, previous 

hospitalisation or imprisonment, in order to inform local screening strategies 

should also be included (Ibid. 2015:2326). Other suggestions for enhancing data 

systems included investment in surveillance systems for TB, including WHO-

supported electronic data collection systems, in order to improve local control of 

TB (Ibid. 2015:2328). While this will undoubtedly be easier in some areas of the 
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world than others, they suggest implementation of flexible systems for a locally 

tailored TB response. This is especially important in high burden countries with 

resource limitations, little political support and the highest need for such systems, 

but it is acknowledged that this will present great challenges.  

 

Having considered current issues concerned with TB diagnosis, treatment and 

possible future eradication, TB in the archaeological record is now discussed, 

starting with skeletal diagnosis of the disease in skeletal remains.  

 

 

2.2 Tuberculosis in the past: recognition of the s keletal changes and their 

differential diagnosis  

 

In the archaeological record, osteological examination of the skeleton and 

diagnosis of disease is needed in order to learn what we can about morbidity and 

mortality in the past. However, not all illnesses will leave their mark upon the 

skeletal tissue, perhaps because these diseases affected only the soft tissues, or 

perhaps because the person died before the infection, in the case of infectious 

diseases such as TB, could cause bone changes (Ortner 2003:51). Fortunately, 

TB does sometimes leave traces on the skeleton, but some of these are non-

specific changes that could also be caused by other diseases. However some, 

such as Pott’s disease of the spine, are accepted as being strongly likely to 

indicate the presence of TB disease. These specific and non-specific bone 

changes associated with TB will now be detailed and discussed. 

 

The skeleton can be affected by TB when tubercle bacilli, which are circulating in 

the bloodstream or lymphatic system of an infected individual, begin to invade the 

bones. This occurs largely in bones with large amounts of haemopoietic (red) 

marrow, which is essentially cancellous bone, rather than the cortex or medullary 

cavity (Resnick and Niwayama 1995:2462). Within the long bones of adults, this 

means the metaphyses and epiphyses are primarily affected, and also the spine, 

with the spine being implicated in 50% of adult cases with bone involvement 



! $' !

(Ormerod 2008:166). In infants and young children, there is more haemopoietic 

marrow in the skeleton, and hence tuberculous foci often occur in tubular bones of 

the hands and feet and in ossification centres of tarsal and carpal bones, in 

addition to lesions in the long bones (Resnick and Niwayama 1995:2477). Figure 

2.4 shows some of the more common sites of the skeleton that can be affected in 

TB: 

 

 
Fig. 2.4 The most common sites of skeletal TB infection (Steinbock 1976:178), coloured black, 
although any bone or joint could be affected by TB, as is shown by the grey shaded areas. 
 
 
M. tuberculosis and M. bovis can both produce similar skeletal changes. Left 

untreated, M. bovis causes bone and joint TB in approximately 20% of all cases 

(Resnick and Niwayama 1995:2462), and this is particularly thought to be the case 

in children (Myers 1951). Unfortunately for palaeopathology, studies suggest only 

3-5% of infected and untreated people with TB may display skeletal involvement 

(Peto et al. 2009:1350) with some more conservative estimates putting this figure 
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for untreated infections today as low as 1 to 3% (Rankin and Tuli 2010:161). 

These bone changes tend to present three to five years following initial respiratory 

infection, after the bacteria have lain dormant. The low frequency of skeletal 

pathology of course cannot be taken as representative of the total number of 

people infected in the past, as aDNA studies have recently proven, because 

skeletons with no bone change have been analysed and have shown that the 

person had TB when alive (Müller et al. 2014a). 

 

There are three types of TB in humans, namely primary, secondary and miliary. 

Primary TB from a site of initial infection is the most common form of TB in 

children (Leung et al. 1992:87), with secondary TB resulting from reactivation of 

latent infection and usually occurring in adults and adolescents (Marais et al. 

2004:394). However, miliary TB results from the extension of primary caseating 

lesions into pulmonary blood vessels, leading to haematogenous or lymphatic 

spread of infection to lungs and distant sites. This is a frequent complication in 

children (Shingadia and Novelli 2003:635). Miliary TB and meningitis can occur 

one to three months after exposure to infection, with spinal and joint changes 

becoming evident after one to three years in children under five years of age 

(Wallgren 1948:245).  

 

Congenital TB is considered to be rare, i.e. transmission from mother to child via 

the placenta or by the foetus ingesting bacteria through infected amniotic fluid 

(Hakim and Grossman 1995:119, Lorin 1983:333). In children aged over 10 years 

old, the most common manifestations of skeletal TB are spondylitis (spinal 

lesions), with joint involvement and osteomyelitis being more common in younger 

children (Teo and Peh 2004:853). Lewis (2011) examined some of the children at 

one of the study sites in the current research, namely Poundbury in Dorset and 

she points out that much of what is known about the prevalence and progression 

of TB in children is based on post-1950s data where the natural progression of the 

disease, and even how it is expressed in the skeleton, is affected by 

chemotherapy. In the pre-antibiotic era there was likely to have been a more     
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severe expression of the disease resulting from the lack of suitable treatment to 

reduce numbers of bacteria present in the individual (Lewis 2011:13). 

 

A wide range of sites in the skeleton can be affected by TB (Figure 2.5). These are 

now discussed, starting with the most common site: the spine. 
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Tuberculous osteomyelitis 
without joint involvement (%) 

Tuberculosis involvement of joints 
and associated bone (%) 

 
Fig. 2.5 The distribution and frequency of skeletal tuberculosis. (Aufderheide and Rodríguez-Martin 

1998:134).  These data were derived from pooling the results of clinical studies by Fraser (1914), 

Johansson (1926), Sorrel and Sorrel-Dejerine (1932), Sevastikoglou and Wernerheim (1953), 

LaFond (1958), Somerville and Wilkinson (1965), Tull (1975), Martini et al. (1986), and Martini 

(1988).  
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 2.2.1 The Spine 

 

Bone changes in the spine are the most common and most characteristic skeletal 

lesions which can be caused by TB (Ortner 2003:230). In the past, the disease 

usually began in childhood but today, older individuals are often affected (Resnick 

and Niwayama 1995:2464). Spinal change is the most commonly reported skeletal 

change associated with TB in bioarchaeology (Ibid. 1995:2462) and accounts for 

between 25 to 60% of all cases of bone and joint TB (Ibid. 1995:2463). The most 

common part of the spine to be affected by TB is the first lumbar vertebra with the 

lower spine being the primary focus for skeletal TB for people of all ages (Ortner 

2003:231, Moon 1997:1791, Rajeshwari and Sharma 1994:1214). Frequency of 

involvement of other lumbar vertebrae decreases with distance from this site 

(Resnick and Niwayama 1995:2436), however cervical spine infection may occur 

in individuals with absence of any other vertebral involvement (Mathew and Bais 

1997:899). Today, spinal damage has been estimated in 25 to 50% of people with 

untreated skeletal TB (Resnick and Niwayama 1995:2462). However, this figure 

appears to be dependent on the population studied, with other researchers 

suggesting 40 to 50% of all people with skeletal TB are estimated to have 

involvement of the spine (Moon 1997:1791).  

 

Resnick and Niwayama (1995:2464) suggest infection of the spinal vertebrae first 

takes place in the anterior part of the vertebral body. Even after extensive 

destruction of several adjacent vertebral bodies, it is uncommon for the damage to 

extend to the vertebral arches and the spinous processes are almost never 

destroyed (Ortner 2003:231). The damage to the vertebral body can lead to 

collapse and this will result in kyphosis of the spine (Resnick and Niwayama 

1995:2472). This can be seen in Figure 2.6 and is known as Pott’s disease after 

the 19th century physician, Sir Percival Pott, who first named the condition (Luk 

1999:338).  
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Fig. 2.6 Pott’s disease of the spine. (Courtesy of C.A. Roberts) 

 

However, other diseases can cause similar spinal changes. These diseases 

include brucellosis, fungal infections, pyogenic osteomyelitis, vertebral fractures 

and neoplasms (Évinger et al. 2011:165) and therefore careful differential 

diagnosis is required to eliminate these alternative causes in skeletal remains. 

Bone lesions caused by TB are reported as occurring in other locations of the 

skeleton, but most frequently at major weight-bearing joints such as the hip and 

knee where the typical lesion is destruction of the articular surfaces of the joint 

(Resnick & Niwayama 1995:2480). Therefore, looking at the location of changes in 

the spine and within affected vertebrae, and examining a skeleton for lesions in 

weight-bearing joints may help the osteologist to make a differential diagnosis for 

TB. Roberts and Buikstra (2003:96) suggest that half of the people with spinal 

damage caused by TB will also have signs of bone infection elsewhere in their 

bodies, which would substantiate any diagnosis of TB. These other bone changes 

shall now be examined, starting with the hip joint. 
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2.2.2 The hip Joint 

 
Fig. 2.7 Destructive lesions of the hip joint (circled), and loss of head of the femur, possibly caused 
by TB (Courtesy of C.A.Roberts). 
 

The hip joint is the second most frequent part of the skeleton affected, making up 

approximately 20% of the cases of skeletal involvement (Aufderheide and 

Rodríguez-Martin 1998:139). It tends to occur in childhood (most commonly 

between three and 10 years of age) with an onset after 25 years of age being rare 

(Ibid. 1998:139). The lesions which form are destructive (see Figure 2.7) and can 

lead to total bone destruction and partial or complete dislocation of the remains of 

the femoral head or neck (Schinz et al. 1953, in Aufderheide and Rodríguez-Martin 

1998:139). Diagnosis may be confused with septic (non-tuberculous) arthritis but 

this tends to have much more limited bone destruction than TB, in addition to 

some bone formation, which is unlikely to occur in TB. Growth deficit may also be 

observed (Aufderheide and Rodríguez-Martin 1998:139, Roberts and Buikstra 

2003:97).  
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 2.2.3.The knee joint 

 
Fig. 2.8 Bone destruction in the knee joint, possibly caused by TB. (Courtesy of C.A. Roberts). 

 

TB of the knee joint is not uncommon, being seen in approximately 16% of cases 

of skeletal TB (Aufderheide and Rodríguez-Martin 1998:139), with the majority of 

cases beginning before the age of five years and with an equal distribution 

between the sexes. The infection usually starts in the synovium and can extend 

along the capsular insertions of the femur and tibia, and along the cruciate 

ligament attachments. Destruction of the articular surface then occurs (See Figure 

2.8). Tuberculosis of the knee is more often unilateral than bilateral, and 

dislocation with associated deformity can occur in severe cases, particularly in 

children. Generally, adult cases show less bone destruction than infant cases 

(Martini and Ouahes 1988:861). 
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2.2.4 Other sites of skeletal TB 

 

Although the spine, hips and knee are the most common sites, any bone or joint 

can be affected by TB (Resnick and Niwayama 1995:2462) as tuberculous 

osteomyeltitis can remain localised to bone or it can spread to include adjacent 

joints (Ibid. 1995:2474). Some other areas of skeletal involvement will now be 

briefly considered. 

 

(i) The ribs  

 

Bone changes in the ribs are more non-specific in nature and could be caused by 

chronic chest infections and conditions other than TB. However rib lesions need to 

be discussed, due to the high number of individuals (17 out of 21) in the current 

project sample having them.  

 

The middle and lower rib cage is more often affected by bone changes than the 

upper region (Eyler et al. 1996:926) and infection arrives here from a peripheral 

lung focus of TB infection which disseminates directly to affect the pleura and 

ultimately the visceral/internal surfaces of the ribs (Roberts et al. 1994:169). 

Pulmonary TB may be the cause of empyema in the pleural cavity, which may 

initiate inflammatory changes on the ribs (Ibid. 1994:169). Rib lesions are 

described in some detail now, as previously mentioned, 17 out of 21 people used 

in this project had rib lesions described as being likely to indicate TB infection. The 

typical rib lesions discussed are shown in Figures 2.9 and 2.10 and are 

characterised mainly by new bone formation; 
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Fig. 2.9 Ribs showing new bone formation (grey - circled) on the visceral surfaces, Skeleton 189 
from Cirencester (sample CIRE189 used in this study), Roman Gloucestershire (Courtesy of C.A. 
Roberts) 
 

 
Fig. 2.10 The effects of TB as additional bone growth on the visceral surfaces of the ribs (circled). 
(Courtesy of C.A Roberts) 
 
 
In 1984, Kelley and Micozzi presented what they stated as being ‘a new diagnostic 

approach to tuberculosis’ (Kelley and Micozzi 1984:381). They researched the link 

between a mild form of periostis (periosteal new bone) on the internal surface of 

the ribs and pulmonary TB. The start of “rib lesion” research focused on the 

Hamann Todd documented skeletal collection in the United States (Ibid.1984). 
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This collection is curated in the Cleveland Museum of Natural History and 

comprises individuals who died in the early 20th century; these people were white 

and black adult Americans from the lower socio-economic classes of greater 

Cleveland, Ohio, USA. Information documented for each individual includes name, 

age, sex, “race”, height, weight, cause of death and whether an autopsy was 

performed or not (Ibid.1984:381-2). Kelley and Micozzi concluded that, of the 39 

people found to have rib lesions, 31 had died of pulmonary TB, and seven were 

listed as dying from “tuberculosis” but the location of this infection was unspecified. 

One person died of meningeal TB. In addition to these 39, only two people who 

had died from pneumonia had any rib changes and these were very slight (Ibid. 

1984:382). However, this study was weakened by the lack of two additional control 

groups of skeletons; those who had died of a lung disease that was not 

pneumonia and those who had not died from any form of lung disease to see if 

other lung diseases and uninfected individuals also had any lesions on these 

bones. Without these controls, it is difficult to conclude how valid it is to record rib 

lesions as being strongly indicative of TB in skeletons when other diseases could 

cause similar bone changes. These issues were examined in later work. 

 

The documented Robert J. Terry Collection, curated in the Department of 

Anthropology, National Museum of Natural History, Washington DC, USA was the 

focus of the next study (Roberts et al. 1994). Individuals in this collection had 

dates of birth between 1822-1943 (Hunt 2016). There were 414 of 1718 individuals 

(24%) who displayed bone formation on one or more ribs, and 62% of the 

individuals with lesions had died of TB, or TB alongside another pulmonary 

disease. These findings emphasise that lung diseases other than TB can also 

cause rib lesions. It was also found that 15% of individuals with rib lesions had 

died from non-pulmonary causes. However, overall, individuals with rib lesions 

were more likely to have had TB or TB and another lung disease as their cause of 

death.  

 

More recent work on rib lesions in a palaeopathological context which supported 

the findings that rib lesions may be indicative of TB infection was carried out on 
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the Coimbra Identified Skeletal Collection curated at the Department of 

Anthropology, University of Coimbra in Portugal (Santos and Roberts 2006). This 

collection includes individuals with dates of birth ranging between 1826-1922, and 

dates of death between 1904-1938. Of the individuals with rib lesions, 85.7% 

(69/81) had TB (pulmonary or extrapulmonary) stated as their cause of death 

compared with 17.8% (16/90) with rib lesions and a non-TB cause of death (Ibid. 

2006:38).  

 

These findings support those of a clinical study into rib lesions by Eyler et al. 

(1996), who studied radiographs of living people who were categorised into four 

groups. Group I consisted of those with chronic pleural disease, group II consisted 

of those who had had TB for more than five years, and group III was made up of 

patients with empyema (thoracic cavity abscess). The data on rib enlargement 

(presumably due to new bone formation) from these three groups were all 

compared with a control group without any lung diseases to see whether any 

group had a higher frequency of rib enlargement (Eyler et al. 1996:921). The 

researchers found more asymmetry between the thickness of ribs on the diseased 

and non-diseased sides of the thorax of patients with chronic lung infections than 

in the control group patients (Ibid. 1996:924). The most common condition 

associated with rib enlargement was TB. This was concluded not to be skeletal TB 

per se because there was no evidence of bone destruction, and the enlargement 

of the rib remained stable over time (Ibid. 1996:925). 

 

The conclusions to be drawn from these studies suggest that rib enlargement/ 

changes may be seen in patients with chronic pleural disease, and the disease 

most commonly associated with these rib changes appears to be TB (Eyler et al. 

1996:926). However, research focusing on rib lesions in skeletal remains appears 

to be mainly confined to palaeopathology rather than clinical medicine (Roberts 

1999:312) and thus clinicians are likely to be unaware that they can occur.  Further 

research along the lines of Eyler et al.’s work is needed, but with a far larger 

sample size of patients known to be suffering from tuberculosis and patients with 

other chronic lung diseases, as well as patients without any form of lung disease 
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whatsoever. This would establish how likely it is for new bone formation on the ribs 

(leading to their enlargement) to be indicative of pulmonary TB. Until such time, 

new bone growth and thickening of the ribs of skeletons found in archaeological 

contexts may be recorded only as indicating a chronic pulmonary condition. These 

bone changes appear to be more likely to be caused by TB than any other lung 

disease, but until further work has been done in clinical contexts they can still only 

be classed as a non-specific indicators of the infection. 

 

 

(ii) The trochanter of the femur. 

 
Fig. 2.11 Bone destruction of the trochanter of the femur (circled), possibly caused by TB. 
(Courtesy of C.A. Roberts) 
 
 
Destruction of the greater trochanter of the femur can result from complications of 

spinal TB. Chronic TB of this part of the femur is not common but when it does 

occur, it most commonly tends to affect individuals between 10 and 40 years of 

age, with the lesion remaining localised in the trochanteric area, which is 
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progressively destroyed (see Figure 2.11), (Ortner 2003:239, Resnick and 

Niwayama 1995:2465). 

 

 

(iii) The sacroiliac joint 

 

 
Fig. 2.12 Bone destruction (circled) associated with possible TB. (Courtesy of C.A. Roberts). 
 

TB of the gastrointestinal tract may extend to the pelvic bones. The sacrum, ilia 

and sacroiliac joint may be affected if this situation occurs. The sacroiliac joint is 

involved in TB in approximately 2% of cases, and is one of the few joints that, if 

infected, shows bilateral involvement. This is because most of the cases are linked 

with spinal involvement, with the sacroiliac joint becoming affected as a result of 

direct extension of the infection. As a result of this taking time to occur, sacroiliac 

lesions are rarely seen until very late in childhood/ young adulthood (Aufderheide 

and Rodríguez-Martin 1998:139). The majority of lesions are destructive to the 

bones (Ortner and Putschar 1985:149 in Aufderheide and Rodríguez-Martin 

1998:139) as can be seen in Figure 2.12.  

 



! &+!

(iv) The ankle and feet 

 

TB involvement of the short, tubular bones of the hands and feet is known as 

tuberculous dactylitis. This is especially common in children with the condition 

increasing in frequency after the age of five years, and becoming rare after ten 

years of age, before increasing again in frequency in an adult (Resnick and 

Niwayama 1995:2477). Ankle involvement in TB is also most frequently observed 

in children (Ortner 2003:241). One of the most frequent sites of skeletal TB in 

infants and young children is often multiple involvement of metacarpals, 

metatarsals and phalanges, known as tuberculous dactylitis, as previously 

mentioned, or spina ventosa (Resnick and Niwayama1995:2477). If the child does 

not die from TB located elsewhere, these lesions often heal. However, destruction 

of the growth plate in metacarpals and metatarsals (and less frequently of the 

phalanges) may lead to shortening of the affected digits on healing (Ibid. 

1995:2477). In children, tuberculous dactylitis does not affect the phalangeal 

joints, whereas in adults the phalanges may occasionally be affected, with the 

lesion extending into the joint (Ortner 2003:242).  

 

(v) The shoulder, elbow and wrist 

 

The shoulder, elbow and wrist joints can also be affected by TB. Adults are more 

frequently affected by lesions in the shoulder than children, although these can 

occur at any age, with males being affected more frequently than females. If it 

does occur in children, shoulder TB may heal, although extensive destruction of 

the humeral head and of the glenoid fossa is common in adults, with the 

occasional involvement of the acromium and clavicle (Ortner 2003:242). Elbow TB 

most commonly affects individuals up to 20 years of age, with the most frequent 

osseous involvement being that of the distal humerus followed by the proximal 

ulna, being least common in the proximal radius (Ibid. 2003:243). TB of the wrist 

can occur equally in children or adults, but involvement of different joints is 

characteristic of different age groups. The metacarpophalangeal joints are most 

commonly affected in children, with the radiocarpal joint remaining unaffected. In 
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adults, lesions usually begin in the radiocarpal joint from where they spread rapidly 

throughout the joint compartments of the wrist (Ortner 2003:243). Involvement of 

the shafts of the long bones is uncommon, with estimated frequency of occurrence 

in less than 1% of cases of TB although, for reasons unstated, this is somewhat 

greater in Chinese patients (Resnick and Niwayama 1995:2474). When 

tuberculous osteomyelitis of the long bones does occur, it is almost exclusively 

observed in children and then usually as a manifestation of multiple skeletal foci, 

particularly spina ventosa (Ibid. 1995:2477). The highest frequency of involvement 

is seen in the tibia, followed respectively by the ulna, radius, humerus, femur and 

fibula (Ibid. 1995:2477, Ortner 2003:245).  

 

(vi) The skull 

 
Fig. 2.13 Bone destruction of the skull (circled) possibly caused by TB. This is a cast of the original 
skull. (Courtesy of C.A. Roberts).  
 
 
The skull is rarely involved in skeletal tuberculosis except in young children, who 

account for up to 50% of cases that occur. However, the lack of cancellous bone in 

infant skulls accounts for the limited number of cases in infants aged under one 
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year old (Malhotra et al. 1993:1119). In children, it is unlikely to be the only focus 

of TB (Malhotra et al. 1993:1119, Rajeshwari and Sharma 1994:1214). The cranial 

vault is the most common site of cranial TB and this is characterised by numerous 

small, round areas of destruction up to 2cm in diameter (see Figure 2.13), which 

perforate the inner and outer tables (Ortner 2003:248). Tuberculosis meningitis 

occurs in up to 50% of cases of untreated military TB in children (Cruz and Starke 

2007:107). These children are usually aged up to four years old (Walls and 

Shingadia 2004:13). Infection reaches both the cranial vault and meninges through 

the haematogenous/ lymphatic routes (Malhotra et al. 1993:1119, Rajeshwari and 

Sharma 1994:1214).  

 

2.2.5 Summary 

 

As has been discussed, if TB is not treated, it can spread via haematogenous and 

lymphatic routes to other parts of the body, including the skeleton. Identification of 

TB in the skeleton therefore primarily relies on the recognition of characteristic 

alterations to the bones of the spine, hip and knee joints, although there is 

evidence to show that rib lesions could also be useful in diagnosis of the disease 

in skeletal remains. As has already been mentioned, TB can, less commonly, 

affect any bone or joint in the body. However, diseases other than TB could leave 

similar signatures and therefore care must be taken to look for as many skeletal 

indicators as possible in order to draw a confident conclusion about the nature of 

the infection. In conclusion, it should now be apparent that there are limitations to 

the diagnosis of disease from the examination of skeletal remains. It is therefore 

important to consider the osteological paradox when making diagnoses of past 

disease from skeletons. To this end Wood et al. (1992:343-4) state that a 

‘common sense approach’ to estimating the prevalence of a disease in the past 

would suggest that there is an association between the frequency of skeletal 

lesions typical of that disease and the number of people in that population 

suffering this disease. Although it must be noted that the exact number of people 

affected in a given population may never be established. Wood et al. also suggest 

that the interpretation of these sorts of data is more difficult than it appears due to 
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failure to address three important conceptual issues, namely demographic non-

stationarity, selective mortality and hidden heterogeneity in risks.  

 

Demographic non-stationarity refers to the departure of a population from the 

stationary state. This is due to migration, age-specific fertility, mortality and 

population growth (Wood et al. 1992:344). Selective mortality brings to notice the 

sample of skeletons that is observed are the dead part of the population: we can 

never be sure of the number of people in that population at risk from a disease 

such as TB or who suffered from the disease, but who did not die from it. Hence, 

the presence or absence of skeletal lesions demonstrates a data bias because it is 

not known how the percentage affected relates to the number of people in the 

whole population who suffered TB (Ibid. 1992:344). An additional factor to be 

considered is whether the frequency of people affected, if it could possibly be 

estimated, reflects the frequency of disease in the once living population. Finally, 

the problem of hidden heterogeneity means that the variation in susceptibility to 

diseases such as TB and to death from them is an unknown variable (Ibid. 

1992:345).   

 

Taking these points into consideration, it is impossible to obtain direct estimates of 

the demographic profile, or the prevalence, of a disease in a given population from 

archaeological skeletal remains. However, it is argued that the introduction of new 

biochemical techniques such as the previously mentioned aDNA analysis could be 

used to address some of these challenges. For instance, as will be discussed later 

in the chapter, the identification of aDNA of Mycobacterium tuberculosis complex 

in skeletons not exhibiting any bone changes indicative of TB have led scientists to 

conclude that the prevalence of the disease, which was until recently based upon 

osteological analysis alone, has been previously underestimated.  
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2.3 Bioarchaeological and historical studies of TB  

 

2.3.1 The emergence of TB as a human pathogen 

  

Tuberculosis has existed alongside humans and caused infection for thousands of 

years. Until relatively recently, prior to the advance of biochemical techniques, 

literary and artistic depictions were the only sources available to inform us of this 

ancient association, alongside visual or macroscopic examination of human 

skeletal remains. However, as only 3 to 5% of untreated people infected with TB 

go on to develop these bone changes (Peto et al. 2009:1350, Holloway et al. 

2013:2), there were obvious limitations and gaps in knowledge.  

 

It is now possible to identify and isolate Mycobacterial ancient DNA (aDNA) from 

human remains, and the development of genetic techniques, such as the use of 

PCR amplification and DNA sequencing (Galagan 2014:307), are helping us to 

clarify our understanding of this ancient pathogen, and are suggesting that the 

disease was more common than we may have previously thought from 

osteological evidence alone. It appears Mycobacterium tuberculosis complex 

(MTBC) aDNA can sometimes be detected in skeletons showing no bone changes 

indicative of the disease (Müller et al. 2014a:178). Furthermore, genetic studies 

have lead to the identification of variable genomic regions that are present in 

some, but not all, MTBC strains. The distribution of these regions has enabled 

scientists to construct a phylogenetic tree of the organisms making up the MTBC 

species and this has led to an overturning of long-held beliefs about the origin of 

tuberculosis as a human infection (Brosch et al. 2002:3684, Galagan 2014:308).  

The evidence for TB in the past is now discussed in more detail. 

 

The earliest documented evidence detailing the signs of TB comes from India and 

Egypt, approximately 4,000 years old (Keers 1981:91), and from medical texts 

from China dated to approximately 3,000 BC (Brothwell and Sandison 1967:48). It 

is also mentioned in the Old Testament of the Bible, approximately 1,300 to 400 

BC (Daniel and Daniel 1999:1557) and in the writings of Hippocrates, 
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approximately 460 BC (Hippocrates and Chadwick 1950, Roberts and Buikstra 

2003:8). These texts refer to a disease often called schachepheth (Hebrew), 

sosha (Sanskrit), yaksm!  or xoy (Hindi) or phthisis (Greek). Phthisis translates as 

“wasting away”, which describes one of the signs of TB. These signs also gave 

rise to the common nineteenth century name used in Britain: “consumption” 

(Galagan 2014:308), although it must be noted that several diseases other than 

TB cause loss of appetite and thus “wasting away”, so these descriptions are not 

necessarily referring to TB in every instance.   

 

Artistic evidence of the disease is interpreted from illustrations and sculptures of 

people with kyphotic spines, and also of pale, thin people (Morse et al. 1964:526). 

However, these representations must be interpreted with care as they could be 

depicting medical conditions other than TB; for example, anaemia causes 

paleness. Additionally, Mitchell (2011:82) brings attention to the fact that 

illustrations in medical texts were often made by non-medically trained artists who 

may not have seen people with the disease they were asked to illustrate, which 

leads to further problems in interpreting artistic depictions. A further complication 

of using past documentary and artistic evidence to provide an indication of disease 

in the past is that genetic changes in the microbial agents of those diseases may 

have led to different expressions of the infection (Mitchell 2011:84). Signs and 

symptoms of TB in the past may not have been as they are understood today. 

Additionally, patients described and depicted in ancient texts and pictures, 

respectively, could have been affected by more than one disease, the combination 

of which could produce signs and symptoms similar to TB today. Another 

confounding issue is that while microorganisms can mutate to become more 

pathogenic or resistant to antibiotics in use today, they could also mutate to be 

less or even non-pathogenic and thus disappear from medical history (Mitchell 

2011:84). Some of these “extinct diseases” could have caused signs and 

symptoms similar to those related to TB and thus lead to inaccurate interpretations 

of old texts and pictures.  
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In terms of palaeopathological evidence of TB in the Old World, the majority is in 

Europe with few countries, for example Belgium and Iceland, having very little 

evidence and other countries, for example the UK and Hungary, having much 

more (Roberts 2015:S118). All of the Old World evidence for TB is found in the 

Northern Hemisphere (Ibid. 2015:S118). The earliest skeletal evidence of TB is 

from Israel and is dated to 7250 – 6160 BC (Hershkoviz et al. 2008:3), although 

controversial (Wilbur et al 2009). This is followed by early Egyptian evidence 

(4500BC) (Morse et al. 1964:526), and evidence from German (5400-4800 BC) 

(Nicklisch et al. 2012:391), Italian (approximately 5,500 BC) (Canci et al. 

1996:487), and Hungarian skeletons (approximately 5,000 BC) (Köhler et al. 

2012:697, Masson et al. 2015:13). However, most evidence for TB in Europe 

comes from the Roman and later periods, especially the early and later Medieval 

eras, dating to around 5th to 15th centuries AD (Roberts 2015:119). The lack of 

evidence in areas such as most of Africa could be due to lack of survival of 

skeletal remains because of the manner of funerary practices (eg. cremation), 

poor preservation of skeletal remains (for instance, due to acidic soils), and a lack 

of excavation of cemeteries and bioarchaeological training and research, rather 

than to lack of the presence of the disease itself (Roberts 2012:439-440). Perhaps 

it could be the case that there is not any evidence of the disease, or it could be 

found in the future as the scope of archaeological work and paleopathological 

training extends.  

 

In addition to this osteological evidence, aDNA analysis has successfully taken 

place on skeletons and mummies with and without evidence of TB in their tissues 

from Britain, Egypt, Hungary and Lithuania and to a lesser extent from the Czech 

Republic, France, Germany, Hungary, Spain and Sweden in Europe, and Israel, 

Japan and Siberia outside of Europe (Roberts 2015:119).  
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(i) Tuberculosis in the New World 

 

For many years, it was thought that TB had not existed in the Americas before 

Columbus brought it to the New World in 1492 (Hrdi" ka 1909, Morse 1967:250). 

However, this has been proven to be an incorrect assumption. Within North 

America, for example, there are two main clusters of pre-Columbian TB evidence 

(Roberts and Buikstra 2003:190). These were both areas of major population 

density during late prehistory and are located in the midcontinent and in the 

Southern USA (Roberts and Buikstra. 2003:190). In Mesoamerica, there were 

even larger centres of population concentration than those found in North America 

prior to Columbian contact (Ibid. 2003:191). However, there is very little evidence 

of TB in this region, which may be partly explained by the poor preservation 

conditions of many Central American regions (Ibid. 2003:191). However, large 

skeletal samples have been found from post-Columbian contexts, such as in the 

Valley of Mexico at Teotihacán, but no evidence of TB was reported (Sempkowski 

and Spence 1994). This could be due to lack of palaeopathological training on the 

part of bioarchaeologists who have worked on these remains, and therefore further 

re-examination of the skeletons could reveal some evidence for the disease. 

However, it could be that there indeed is not any evidence to be discovered.  

 

The earliest convincing cases of TB in the New World have been found in South 

America. Evidence comes from Peru (Buikstra and Williams 1991, Bos et al. 

2014), Venezuela (Requena 1945), Chile (Allison et al. 1981) and Columbia 

(Arregoces 1989). It is suggested that New World TB developed in South America 

approximately 1,500 years ago and the spread to North America by AD1000 

(Roberts and Buikstra 2003:193). However, this does not account for the lack of 

TB in Mesoamerica if migration and trade followed overland routes. However, sea 

routes could have been mainly used for trade and this may explain why the spread 

of TB appears to have “missed out” Mesoamerica.  

 

A recent aDNA study suggested that as the majority of Mycobacterium 

tuberculosis genetic strain diversity exists in Africa, the pathogen probably spread 
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worldwide via human movements out of Africa during the Pleistocene period (Bos 

et al. 2014:494). However, this research proved another transmission route 

appears to have happened for people who lived in the New World. The 

researchers screened 68 skeletal samples from pre- and post-Columbian contact 

sites in the New World (Ibid. 2014:494). All of these skeletons had some form of 

bone changes indicative of TB infection, but only three of the samples showed 

convincing evidence of aDNA preservation (Ibid. 2014:495). Coincidentally, 

genetic analysis for these samples made an interesting discovery; the DNA from 

these Peruvian remains was not closely related to human Mycobacterial strains, 

but were very closely related to M. pinnipedii strains which have only been isolated 

from seal and sea lion species found in the Southern Hemisphere (Ibid. 2014:495). 

Bos et al. suggested that seals probably contracted TB from a host species in 

Africa and migrated across the oceans to South America where human 

exploitation of the marine mammals allowed a zoonotic transfer some time within 

the first millennium AD (Ibid. 2014:495). It was suggested that TB reached North 

America around AD 900 via a similar zoonotic route (Ibid. 2014:495), which would 

also explain the lack of evidence of TB in Mesoamerica.  

 

2.3.2 Biomolecular studies of TB 

 

It is now important to examine some of the research that has taken place on 

isolating Mycobacterium tuberculosis genetic material in the form of DNA, from 

archaeological skeletons of people who suffered from TB in their lifetimes. This is 

necessary as the current isotope research required bone and tooth enamel 

samples from skeletons positively identified as having had TB. This identification 

has been done by traditional osteology and also by the examination of the bones 

for the presence of the bacterial DNA. Although the osteology and DNA research 

was not undertaken by the current author, and the results were somewhat 

disappointing, some familiarity with the methods is required. 

 

As previously discussed, TB usually initially infects the lungs and can spread to 

the bones via the bloodstream and lymphatic systems. Mycobacterium 
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tuberculosis complex bacteria are present in the bone marrow of patients suffering 

this infection (Brown and Brown 2011:245). When the infected person dies, 

genetic information in the form of DNA from infecting M. tuberculosis bacterial cells 

may remain in affected bones, such as the vertebrae in Pott’s disease, or in the 

visceral surface new bone of the ribs (Brown and Brown 2011:246, Galagan 

2014:308, Donoghue et al. 2004:585), although it must be noted that it is not 

certain where the bacterial DNA is actually located within the rib bones; it is not 

necessarily confined to the areas of new bone formation (Roberts 2016 pers. 

comm.). However, not all pathogenic bacteria leave traces of their aDNA in this 

manner: the successes with isolating M. tuberculosis complex DNA is largely due 

to the infecting bacteria sometimes finding their way into the bones, which tend to 

be better preserved in archaeological contexts than ancient soft tissues (Brown 

and Brown 2011: 245). Hence, reported survival of pathogen aDNA within the 

skeleton is restricted to a small number of microorganisms of which Yersina pestis, 

the causative organism of plague (Bos et al. 2011) is one example, and 

Mycobacterium leprae, the bacterium that causes leprosy (Rafi et al. 1994), is 

another.  

 

A recently developed clinical technique used in DNA analysis is also showing 

much potential in archaeological studies. Next generation sequencing (NGS) is a 

newer DNA sequencing technology which has revolutionised genomic research. It 

is faster than the older Sanger sequencing technology that took over a decade to 

sequence the human genome. In contrast, NGS can sequence the entire human 

genome within a day (Behajati and Tarpey 2013:236). There are a number of 

different NGS sequencing technologies, but all of them involve sequencing millions 

of small fragments of DNA in parallel. Bioinformatics analyses are then used to 

piece together these fragments by mapping the individual readings and comparing 

them with a reference genome (Ibid. 2013:236).  

 

In clinical practice, NGS is used to capture a broader spectrum of mutations than 

can be achieved with Sanger sequencing (Behajati and Tarpey 2013:237). In 

microbiology, the main use of NGS is to replace conventional characterisation of 
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pathogens through looking at morphology, their staining properties, and the 

metabolic criteria with a genomic definition that can provide information about drug 

sensitivity and can also inform the evolutionary relationship of different pathogens 

with each other. The information provided by NGS can also be used to trace the 

source of infection outbreaks (Ibid. 2013:237). Limitations of NGS include requiring 

trained staff and the use of high specification computers. In clinical settings this is 

leading to developing the required infrastructure required to analyse and interpret 

the data produced (such as computer capacity and personnel training) which add 

to initial expenses. However, the actual cost of NGS is far lower than that of 

traditional Sanger sequencing (Ibid. 2013:238).  

 

In terms of use of NGS in TB research, the technique is used successfully to more 

effectively detect antibiotic resistance in clinical samples (Merker et al. 2013, 

Feuerriegel et al. 2015, Mokrousov et al. 2016). Mokrousov et al. (2016:1127) 

suggest that NGS technology is becoming more affordable and so it is increasingly 

used for high-resolution molecular epidemiology of tuberculosis. For example, in 

this study the researchers used spoligotyping (a classical method of M. 

tuberculosis genotyping) and they were particularly interested in spoligotype 

international type (SIT) 266. This genotype constitutes a large proportion of M. 

tuberculosis found in patients in Belarus in Eastern Europe. It has also been 

described sporadically in neighbouring provinces in northwest and central Russia 

and Latvia (Ibid. 2016:1128). Of particular concern is the fact the genotype is 

multidrug resistant (MDR) and very likely to be extensively drug resistant (XDR). A 

recent study found SIT266 in 25 out of 163 strains tested. All 25 of these were 

MDR (Zalutskaya et al. 2013). This contrasts with the apparently parental type, 

SIT264, which differs from SIT266 in a single spacer 8 in its DNA. SIT264 is more 

widespread across Eastern Europe but it is in low prevalence and not associated 

with MDR. Both SIT266 and SIT264 isolates have been assigned to the Latin 

American-Mediterranean lineage of the M. tuberculosis complex on the basis of 

genetic similarities (Mokrousov et al. 2014).  
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While this NGS technique is of great value in clinical microbiology, in order to 

update M. tuberculosis lineages and to understand the global spread of MDR 

genotypes, the technique could also be used to extend the current project to 

provide even more detailed strain data than that attempted by Müller et al. 

(2014b). This information could then be used to assess to what extent mobility 

played a part in the transmission of TB in the Roman period. aDNA analysis can 

therefore also be used to study pathogen evolution. This is of particular interest 

because the evolutionary pathway of disease-causing microorganisms could 

possibly help microbiologists today to predict the route of future evolution (Brown 

and Brown 2011:246, Galagan 2014:307) and antibiotic resistance (Merker et al. 

2013:9, Feuerriegel et al. 2015:1908, Mokrousov et al. 2016:1833). Furthermore, 

the resulting data from this type of study could be used for exploring possible 

routes of transmission of TB, and hence new prevention methods and treatments 

for antibiotic resistant strains already in existence, and to predict a pattern for 

those new strains likely to emerge in the future.  

 

Fortunately, for the purposes of the current research, TB is the disease most 

extensively studied by biomolecular archaeologists (Brown and Brown 2011:250). 

This is in part due to the re-emergence, persistence and widespread nature of the 

disease today, leading people looking for patterns in the past to perhaps inform us 

of why this disease is so successful at evading eradication. The interest in TB is 

also due to the disease causing typical identifiable bone changes, albeit in a small 

percentage of skeletons, thus pinpointing individuals to whom biomolecular 

analysis, such as aDNA analysis, can be applied (Brown and Brown 2011:250, 

Donoghue et al. 2004:584). In addition, studies suggest that TB DNA survives well 

for long periods of time in some archaeological contexts so it lends itself to genetic 

study (Spigelman and Lemma 1993:137-138, Fletcher et al. 2003:143). 

 

However, in view of the low frequency of bone changes associated with TB 

actually occurring in a skeletal population, there have been debates about the 

accuracy of estimates of the prevalence of the disease in past populations that are 

represented in the bioarchaeological record (Brown and Brown 2011:251). aDNA 
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patterns appear to be stable under standardised growth conditions (Ibid. 

1984:228). The patterning of mycolic acids was the only biomolecular method 

available to identify Mycobacterium tuberculosis prior to the introduction of aDNA 

analysis, and considerably more work has been done on the use of this technique 

since 1984, including a comparison of the usefulness of mycolic acid and aDNA 

analysis in confirming the presence of TB in archaeological skeletons, which is 

now briefly discussed.  

 

In 2001, Gernaey et al. tested the capacity of two biomarkers to confirm 

osteological diagnoses of TB. These were Mycobacterium tuberculosis complex 

mycolic acids, and DNA targeting the mobile genetic element, IS6110, which is 

discussed in more detail in the following section, (Gernaey et al. 2001:259). In 

order to do this, the researchers examined three archaeological skeletons that 

were approximately 1000 years old. One of these individuals had Pott’s disease, 

one had rib lesions, and one had no bone changes indicative of infection with TB 

(Ibid. 2001:260). Rib samples from all three of these individuals were examined for 

the presence of M. tuberculosis mycolic acids and Mycobacterial aDNA. Only the 

individual with Pott’s disease tested positive for the presence of M. tuberculosis 

aDNA. Two ribs from this individual also tested positive for mycolic acids. The 

individual without any lesions indicative of TB tested negative for both M. 

tuberculosis aDNA and mycolic acids. Finally, the individual with rib lesions tested 

negative for M. tuberculosis aDNA, and had traces of mycolic acids but these were 

insufficient in quantity to be confirmed as being of M. tuberculosis complex origin 

(Ibid. 2001:261-262). The conclusions drawn by the researchers were that M. 

tuberculosis complex mycolic acids survive undegraded in the archaeological 

record for periods of at least 1000 years, and that their use in diagnosing TB in 

archaeological skeletons complements aDNA and osteological analysis. However, 

further discussion of these techniques is beyond the scope of this study, but 

Mycobacterial related protein analysis is now discussed.  

 

In 2011, Boros-Major et al. reported on their research into ancient Mycobacterial 

proteins to detect the presence of TB in archaeological skeletons. Their methods 
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utilised the techniques of direct sequencing and peptide mass sequencing of 

several proteins. However, the study did not make clear whether modern proteins 

were used as comparisons for the ancient proteins, or whether these proteins 

were specific to pathogenic bacteria in the MTBC or to the genus Mycobacteria in 

general. Other problems with the use of proteomics appeared to be linked to the 

possibilities of proteins becoming denatured and thus changing in structure and 

amino acid composition. This could occur as a result of exposure to the burial 

environment, for example, the presence of possibly protein-hydrolysing acidic 

soils, or the action of decomposing microbes within the soil, whose enzymes may 

digest the proteins into shorter polypeptides and thus change their primary 

structures. In addition, it has been acknowledged by other researchers examining 

the aDNA of TB that mutations have taken place. These have led to the 

development of new strains of TB (Müller et al. 2014b) and also to the emergence 

of antibiotic resistance (Galgan 2014, Guler and Brombacher 2015, Horsburgh et 

al. 2015). The nature of DNA mutations means that the amino acid sequence of 

the resulting protein will be changed. Sometimes, the mutation can have far-

reaching consequences and will lead to a non-functional form of the protein being 

synthesised. Boros-Major et al. (2011) did not discuss how these issues could 

affect their research. However, their method would only be useful in the detection 

of ancient TB if it was used in conjunction with mycolic acid and aDNA analysis. 

The researchers did allude to this requirement without discussing the 

shortcomings of their own methods (Ibid. 2011:197-198).  

 

Some very recent work on identification of TB using proteomics has attempted to 

replicate the work of Boros-Major et al. (2011) - Hendy et al. (2016). However, the 

new research confirmed some of the issues the current author has highlighted 

above, namely that the three proteins Boros et al identified were not specific to 

Mycobacterium tuberculosis, although one was similar to proteins found in other 

bacteria of the MTBC (Hendy et al. 2016:148). These proteins were however also 

very similar to human collagen, which will obviously be present in most 

archaeological samples, as it is frequently preserved. Boros-Major et al. had failed 

to notice or comment upon this major issue. Another problem was that there has 
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not been sufficient research done on the effect of preservation on proteomic 

profiles (Ibid. 2016:148), which also confirms what is stated above. Further issues 

to confound the proteomics method include the discovery of many other bacterial 

proteins in all seven of the samples tested. These were thought to be 

environmental contaminants, probably introduced from the burial soil. This lead to 

concerns about the unknown effect of these upon other proteins in the samples 

(Ibid. 2016:149). Hendy et al. recommend that, before any more research is 

published using proteomics, detection methods should be made more sensitive 

and that all archaeological journals should insist on accepted minimum standards 

for reporting protein mass spectrometry data (Ibid. 2016:152).  

 

As previously mentioned, the current research leads on from a joint Durham and 

Manchester Universities NERC funded project which isolated MTBC aDNA from 

the remains of British and other European skeletons (Müller et al. 2014a, Müller et 

al. 2014b, Müller et al. 2014c, Müller et al. 2016). The skeletal samples used for 

the NERC project were shared with the current research project. In the following 

sections, a brief summary of the history of study of MTBC aDNA in terms of 

detection, and its use in diagnosis and phylogenetic reconstructions are 

discussed. It is important to consider these here because it is a method that can 

be used to identify TB in skeletal remains and this project has its basis in the 

Durham/Manchester projects that have aDNA analysis. 

 

The first studies of TB aDNA were carried out in the mid 1990s and were aimed at 

identification of M. tuberculosis in archaeological human remains (Spigelman and 

Lemma 1993, Salo et al. 1994) and the complete genome of Mycobacterium 

tuberculosis was sequenced in 1998 by Cole et al. The early aDNA research 

projects focused on the identification of two insertion sequences present on the M. 

tuberculosis genome. These sequences are mobile, can move about within the 

bacterial genome, and can also transfer between bacteria, taking genes such as 

those for antibiotic resistance with them (Brown and Brown 2011:251, Cole et al. 

1998:537). The insertion sequences may have up to 20 copies in each bacterial 

cell, thus aiding the chances of detection (Brown and Brown 2011:252, Cole et al. 
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1998:537). A point of consideration of this technique is that, when attempts to 

identify the presence of TB aDNA are made, it is essential that polymerase chain 

reactions (PCRs) and primers specific for M. tuberculosis are used or, 

alternatively, it must be known which other species of Mycobacteria may also give 

a positive result. M. tuberculosis is only one species of the genus Mycobacteria, all 

members of which have very similar genomes (Müller et al. 2014c). Some of these 

bacteria also cause human TB (eg. M. bovis), but some are soil-dwelling 

contaminants (Konomi et al. 2002:4740, Müller et al. 2016). These discoveries 

have called into question the accuracy of the use of aDNA analysis in identification 

of ancient tuberculosis.  

 

A distinction between the DNA and therefore the organisms, M. tuberculosis and 

M. bovis, became possible with the identification of a single nucleotide 

polymorphism (SNP) in the oxyR pseudogene, where the presence of nucleotide 

base A indicates M. bovis, and the presence of G indicates one of the other 

members of the Mycobacterium tuberculosis complex. Shortly after this discovery, 

two SNPs were discovered in the katG and gyrA genes, which, in combination, 

achieved the same result. In recent years, other diagnostic SNPs have been 

discovered, thus making distinctions between the two species much easier (Biet et 

al. 2012:264, Cagneux 2013:1, Brown and Brown 2011: 252). These early studies 

of the use of aDNA are now considered in more detail in the following section. 

 

 

(i) The history of studies of the aDNA of TB 

 

Spigelman and Lemma (1993) considered that collagen can be preserved in 

bones for thousands of years despite the actions of bacterial decay, and so they 

hypothesised that other organic substances may also be preserved and 

detectable. Thus, if a bone was infected with a micro-organism during life, it could 

be possible to detect that organism using DNA analysis many years after death 

and burial (Spigelman and Lemma 1993:137). However, it is necessary for the 

pathogen to have been present in the bone or tooth being analysed (and be 
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preserved for analysis) at the time of death of the individual, and for the bacteria to 

be present in large enough numbers to contain detectable amounts of aDNA 

(Brown and Brown 2011:245). The complete genome of modern M. tuberculosis 

was sequenced and published in 1998 (Cole et al. 1998), and has thus been used 

for comparison with aDNA studies. PCR had been developed in 1987 (Mullis and 

Faloona 1987) and the importance of PCR lies in the ability to amplify, in just a few 

hours, small traces of DNA, such as may be found in archaeological bones. 

Spigelman and Lemma proposed that PCR might contribute to our knowledge of 

disease in the past by allowing pathological bones with suspected disease to have 

a diagnosis confirmed or refuted (Spigelman and Lemma1993:138).  

 

Bacteriologists had already made primers for Mycobacterium tuberculosis (i.e. 

short stretches of single-stranded DNA complementary to known sequences of 

DNA in the target organism). Spigelman and Lemma described these primers, 

possibly optimistically, as being so specific that they would not give false positive 

results for other Mycobacterial species (Spigelman and Lemma 1993:138). On 

testing their hypothesis on some archaeological bones sourced from several sites 

around the world, namely Cyprus, Egypt, England, Scotland and Turkey. These 

skeletons were from different time periods ranging from Romano-British 

(approximately AD 43 to AD 410) up to and including the 18th century AD. It was 

found that aDNA of TB was found in four skeletons, two of which had skeletal 

signs of the disease in the form of Potts disease, and two that had no skeletal 

indicators of TB (Ibid. 1993:140 and 142). The researchers concluded that more 

knowledge of the degradation of DNA over time was needed, and the possibility of 

contamination with foreign DNA after death or during excavation needed to be 

considered. In order to mitigate against the introduction of possible contaminant 

DNA using their methods, they suggested their further work would be on diseases 

no longer found in Britain, such as the plague (Ibid. 1993:142). However, they 

remained very optimistic that huge advances in the diagnosis and confirmation of 

the presence of ancient disease had been made through their research, although 

further research called this into question due to the lack of detail given about 

procedures used, and the lack of DNA sequencing used to confirm the aDNA that 
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was discovered as being that from Mycobacterium tuberculosis (Spigelman et al. 

2002:393). 

 

In some clinical DNA research in 1990, Thierry et al. (1990:188) had reported 

finding a “mobile genetic element” (IS6110), which they reported as having been 

found in M. tuberculosis and M. bovis but not in any other MTBC complex species. 

They also suggested IS6110 could be used as a probe for the identification of 

organisms from the M. tuberculosis complex (Thierry et al. 1990:188). Salo et al. 

(1994) made use of this clinical research by applying it to archaeology. Salo et al. 

(1994:2091) reported the recovery of DNA “unique to” M. tuberculosis from a lung 

lesion of a spontaneously mummified adult body in southern Peru. No evidence of 

skeletal change could be identified in the spine, ribs or anywhere else in this 

individual (Ibid. 1994:2091). The lung lesion was suggested to provide good 

evidence for the pre- Columbian presence of human TB in the New World. The 

mummy analysed was a 40 to 45 year old woman found entombed in a burial site 

used by the Chiribaya. These people were a largely agricultural population that 

occupied the lower Osmore Valley near the southern Peruvian coastal community 

of the Ilo about A.D. 1000-1300. 14C dating of liver tissue from the mummified 

woman yielded a date of 1040 ± 44 years B.P. (Salo et al. 1994:2091).  

 

Although the lungs of the deceased individual had collapsed, the right upper lobe 

of the right lung was found adhering to the chest wall and contained a small, 

calcified nodule. DNA was extracted from samples of the lung lesions and 

subjected to PCR, which was targeted at a segment of DNA unique to M. 

tuberculosis, i.e. the insertion sequence mentioned previously (IS6110). Although 

the first round of analysis was negative for TB a DNA, the lung nodule and a lymph 

node were re-examined using nested PCR. The authors justify this method by 

stating that nested PCR ‘can greatly reduce background and increase sensitivity’ 

(Ibid.1994: 2092). This time, the results from one of the mummy’s lesions indicated 

the presence of M. tuberculosis (Ibid.1994: 2093). The partial sequence of the 97 

bp (base pair) nested PCR target of IS6110 was stated to be identical to modern 

M. tuberculosis (Ibid.1994: 2093). However, these methods only tested the soft 
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tissues of this individual; at no point did the researchers extend the study to 

include repeating this PCR analysis on the bones of the mummy, and thus did not 

test for the survival and possible identification of M. tuberculosis in the skeletal 

tissues. It is possible that aDNA preservation in the skeletal tissues may have 

been different to that of mummified soft tissues. 

 

Baron et al. (1996) acknowledged the work of Salo et al. (1994), but were more 

interested in trying to follow Spigelman and Lemma’s (1993) lead in amplifying 

DNA from ancient bone. They also chose to experiment with aDNA of TB. As TB 

can affect the bone, the authors expected aDNA to possibly be present in bones of 

affected individuals (Baron et al. 1996:667). They were careful to choose primers 

specific to Mycobacterium tuberculosis and also to run negative controls with DNA 

extracted from soil-dwelling Mycobacterial species for comparison (Ibid. 

1996:668). Skeletal remains for analysis were sourced from a historical 

pathological collection curated in the Institute of Anthropology, University of 

G#ttingen, Germany. This collection had been developed at the end of the 19th 

century up to the beginning of World War II. Two femora and one skull were 

selected for analysis from individuals who were documented as having suffered 

from bone tuberculosis (Ibid. 1996:668). The results showed that the 123 bp 

Mycobacterium tuberculosis specific DNA sequence could be amplified from all 

three of the bones (Ibid. 1996:669). Baron et al. claimed that an important part of 

their study was to test if the PCR assay they used was specific for the M. 

tuberculosis complex, and could be applied to skeletal remains that had been 

excavated from an archaeological site. The soil-dwelling species of Mycobacteria 

used as controls did not give any specific amplification product, and thus it was 

concluded that it was possible to use PCR for the detection of TB aDNA in 

archaeological remains (Baron et al. 1996:670), a statement which has recently 

been called into question (Müller et al. 2014c, 2016). The only limitations of the 

method that the researchers acknowledged were that there could be a possibility 

of false-negative results and the impossibility of the method to distinguish between 

silent, dormant primary TB infection and acute TB disease (Baron et al. 1996:671).  
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individual. Therefore, this is not considered to be a negative point, and could 

possibly help provide a more accurate picture of the number of people infected 

with TB in the past than using osteological analysis alone.  

 

In the 1999 study, which used bones from the same individuals as their 1996 

research, the authors stated that ‘each of the samples had osteological evidence 

of TB’ (Taylor et al. 1999:900). However, this evidence was not detailed in the 

1999 paper, the bones having been described in depth in the previous paper 

(1996). None of these osteological changes actually provide the firm ‘osteological 

evidence of TB’ described (Taylor et al. 1999:899) as the bone changes were non-

specific and could equally have been caused by any number of other infective 

agents. The results showed the presence of IS6110 via PCR, which was 

performed once on each of the three samples (Ibid. 1999:902), and an M. bovis 

PCR was performed twice on two of the extracts and was negative (Ibid. 

1999:902).  

 

By 2000, Haas et al. were also using aDNA analysis, this time to examine 

apparent different stages of TB in archaeological bone from Hungary (Haas et al. 

2000). These skeletons dated from the 7th to 8th centuries and 17th century A.D. 

Three of the skeletons showed typical bone changes associated with TB whereas 

six had bone changes probably caused by TB. Five individuals had evidence of 

skeletal pathology but these were all atypical for TB, four having minor pitting of 

the vertebral bodies indicating a possible inflammatory response, and the final one 

having anklosing spondylitis (Haas et al. 2000:301). Baker (1999:301) suggested 

pits on the ventral aspects of thoracic and lumbar vertebral bodies, accompanied 

by rib lesions, may indicate TB infection. Once again, DNA was extracted from the 

bones and PCR was used to amplify the DNA. Fourteen samples were processed 

and, of these, eight were unambiguously positive for the presence of 

Mycobacterium tuberculosis complex. This was demonstrated by amplification of 

the IS6110 sequence (Ibid. 2000:293). However, the presence of another PCR 

product suggested that other Mycobacterial species from the soil had caused 
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contamination (Ibid. 2000:293), which casts doubt on the accuracy of previous 

studies where “foreign DNA” contamination from the soil was not accounted for.  

 

A study of mycobacterial DNA in Andean mummies from South America focused 

on samples of preserved dried soft tissue from ‘histologically confirmed skin 

samples in the pelvic region’, (that is, confirmed TB positive), of 12 mummies 

curated in the American Museum of Natural History Collection in New York 

(Konomi et al. 2002:4738). Radiocarbon dating places the date for the mummies 

to between A.D. 140 and 1200 (Ibid. 2002:4738). The authors do not discuss the 

nature of the histological confirmation of TB in the skin samples, so it is assumed 

microscopy was used to identify the presence of Mycobacterial species. The 

results showed that M. tuberculosis was detected in two of 12 of the samples and 

Mycobacteria other than M. tuberculosis (MOTB) in seven samples. However, this 

latter group of Mycobacteria is present in soil and water and probably does not 

equate to a clinical infection (Konomi et al. 2002:4740). M. tuberculosis was 

confirmed in the two samples using PCR with primers specific for insertion 

sequence IS6110 and unique to the M. tuberculosis complex (Ibid. 2002:4739).  

 

Taylor et al. (2007) used aDNA analysis to report what is the first discovery of M. 

bovis causing Pott’s disease in archaeological human remains. In their research, 

they examined five Iron Age individuals with spinal lesions buried in the cemetery 

of Aymyrlyg in Southern Siberia radiocarbon dated to between 1761 and 2199 

years B.P (Taylor et al. 2007:1243). The skeletons were chosen because three of 

them showed ‘infective lesions that are considered to be indicative of tuberculosis’ 

(Ibid. 2007:245). These were lytic lesions of eight or nine vertebrae (in two 

individuals), in addition to lytic lesions in the knee joint (in one individual) and new 

bone formation on one or more of the lumbar vertebrae in two individuals (Ibid. 

2007:1244). Mycobacterial DNA was successfully amplified and genotyped from 

four out of five of the individuals sampled, and was identified as M. bovis (Ibid. 

2007:1245-1246). However this first evidence for M. bovis may not be too 

surprising since Brosch et al.’s research in 2002 into the evolution of the MTBC 

suggests that Mycobacterium tuberculosis strains are direct descendants of 



! ($ !

tubercle bacilli that existed before the M. africanum – M. bovis lineage separated 

from the M. tuberculosis lineage (Brosch et al. 2002:3684). However, whether or 

not the progenitor of currently existing MTBC complex was already a pathogen 

when the M. africanum – M. bovis lineage separation occurred is unknown, but 

they believed this to be the case (Ibid. 2002:3688). They also believed most cases 

of tuberculosis in the archaeological record had been caused by M. tuberculosis 

and not M. bovis, which could account for the paucity of examples of M. bovis 

proven to be causing infection in archaeological human remains. This therefore 

supports this first evidence of M. bovis causing a human infection. 

 

Recent advances in biomolecular archaeological techniques have allowed the 

mapping of genotypes of a historic strain of Mycobacterium tuberculosis (Fletcher 

et al. 2003, Bouwman et al. 2012). For example, the genotype of TB was 

determined by analysing the rib of a 19th century adolescent female buried in St 

George’s Crypt in Leeds, West Yorkshire, England. The rib displayed surface new 

bone formation that may indicate pulmonary TB. The study concluded that the 

person suffered from a strain of M. tuberculosis that is uncommon worldwide today 

but was known to be present in North America in the early 20th century (Ibid. 

2012). However, the scope of the study did not include establishing, by stable 

isotope analysis, if the infected individual had originated from Britain or if they may 

have migrated from (or visited) North America, although this research is currently 

ongoing.  

 

Previous to this work, aDNA analysis of the TB bacteria in paleopathology had 

been restricted mainly to confirmation of TB in individuals with identified skeletal 

lesions. However, Bouwman et al.’s work increased the potential of aDNA 

analysis. Mapping the genotype of TB had, until recently, required the performing 

of different PCRs (polymerase chain reactions) for each gene locus being studied 

(Spigelman and Lemma 1993). The advent of NGS has meant that it is now 

possible to generate genome-wide sequence data from small amounts of aDNA 

starting material. The technique has also been used by Schuenemann (2013) to 

compare genomes of medieval and modern Mycobacterium leprae. This genome 
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knowledge can inform us how pathogenic species and strains have altered over 

time, in order to see if different strains are currently causing infection compared to 

those causing infections in the past. The genome sequencing can also help us to 

understand how pathogenicity of a disease may have increased or even 

decreased since archaeological/historical times. However, gaining a complete 

genome sequence for Mycobacterium tuberculosis is complicated by the presence 

of other Mycobacteria that may be in the soil of the burial (Wilbur et al. 

2009:1990). Nevertheless, this problem can be avoided by using a more directed 

NGS approach, using hybridisation capture directed at specific polymorphic 

regions of the M. tuberculosis genome (Bouwman et al. 2012:2).  

 

Müller et al. (2014a) analysed some of the same skeletal remains utilised in the 

current study for the presence of aDNA of TB. There has been concern about the 

high success rates of earlier researchers in identifying the presence of aDNA of 

TB in archaeological skeletons (Müller et al. 2014a:186). The study aimed to apply 

a rigorous analytical regime to the detection of MTBC DNA in 77 bone and tooth 

samples from 70 individuals from Britain and Continental Europe, dating from the 

1st to the 19th century A.D. (Ibid: 2014a:178). Most (27) of the samples analysed 

were taken from ribs with new bone formation, or non-pathological long bones. 

Only a few sampled skeletal elements were of vertebrae showing signs of TB 

infection. Nineteen samples were taken from skeletal elements without signs of 

any pathology, and these included teeth from six individuals, and fourteen samples 

were taken from skeletons without any visible bone changes suggestive of TB 

infection (Ibid. 2014a:182). The results of the study illustrated that 12 samples had 

definite evidence of MTBC DNA. Twenty-two further samples were classified as 

probably or possibly containing MTBC DNA (Müller et al. 2014a:178). Interestingly, 

compared with other previous studies discussed, Müller et al. did not find “definite” 

MTBC DNA in any vertebrae analysed. Instead, eight positive identifications of 

MTBC DNA came from ribs with new bone formation on their visceral surfaces, 

one was from a tooth of an individual with rib lesions, one was from an individual 

with endocranial lesions, one from an individual with sacral and sacroiliac joint 

lesions, and the final individual had no lesions indicative of TB.  
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The rigorous techniques discussed and used in Müller et al.’s study included the 

use of dedicated aDNA laboratories at the University of Manchester and at the 

Complutense University of Madrid, Spain. Four key principles were followed to 

ensure accuracy and reliability of results. Firstly, the laboratories used were aDNA 

dedicated facilities with filtered air systems. This was deemed necessary to 

eliminate the risk of amplicon cross-contamination which could potentially lead to 

false positive results for MTBC DNA (Müller et al. 2014a:185). Secondly, positive 

PCRs were not scored just from the generation of amplicons of the expected size. 

Instead, all IS6110 amplicons were checked by sequencing of cloned products 

(Ibid. 2014a:184). The requirement for this rigorous approach was confirmed by 

the discovery of several amplicons of the correct size, which were found to not 

match the IS6110 reference sequence. Thirdly, replicates of all PCRs were carried 

out using fresh extracts with a set of samples from an independent laboratory 

(Ibid. 2014a:185). Fourthly, samples were not concluded to be “positive” or 

“negative” for the presence of MTBC aDNA. Instead, samples were classified as 

“probable” or “possible” based on the results of individual PCRs.  

 

The conclusions reached, despite taking all of these precautions, were that the 

results are probably not entirely accurate. This was due to false positives resulting 

from contamination with MTBC aDNA from unknown and unaccounted for sources 

eg. environmental Mycobacteria. The paper also concluded that the vertebrae, 

whilst being an obvious target for aDNA analysis due to them frequently displaying 

typical bone changes of TB, are not a good skeletal element to use for this type of 

study. None of the 11 vertebrae analysed in the study were definitely positive for 

MTBC aDNA (Ibid. 2014a:184). It was suggested that vertebral body surfaces can 

be very porous and can be infiltrated by ground water from the burial environment. 

Indeed, Baker suggested TB may actually cause pitting of vertebrae (Baker 

1999:301), which, if present, would allow more water ingress. This may result in 

aDNA degradation or the introduction of PCR inhibitors into the bone, and four of 

the five bone samples that were found to contain PCR inhibitors were vertebrae. 

However, as only 11 vertebrae were tested, this was probably too small a sample 

to make damning conclusions about the use of these skeletal elements in genetic 
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analysis. After all, of the 27 ribs with lesions tested, only eight of them yielded 

definite MTBC aDNA, which is also a low success rate, but no such negative 

conclusions were drawn by the authors about the use of ribs in future studies.  

 

The Müller et al. (2014a) study suggests that the reported prevalence of TB during 

the past in Britain may be underestimated, and this is particularly true for Roman 

Britain. This was based on finding that MTBC aDNA was ‘probably present’ in 

three individuals of a possible 33 analysed from Roman Britain who did not display 

any TB related bone changes (Ibid. 2014a:184). A final point to consider was that 

the low number of individuals testing positive for the presence of MTBC aDNA was 

not reflected in previous work by other research teams (Ibid. 2014a:186), some of 

which are discussed above. This suggests that the rigorous approach utilised by 

Müller et al. may have eliminated contaminants, which could have caused false 

positive results.   

 

Müller et al. extended their research by genotyping ancient Mycobacterium 

tuberculosis to find out more about different strains and genetic diversity in these 

bacteria in the past (Müller et al. 2014b). The researchers used aDNA sequencing 

to type 11 SNPs and two large sequence polymorphisms in the MTBC strains 

present in 10 archaeological samples from the skeletons already published (Müller 

et al. 2014a). The new research found evidence of a mixed strain infection in an 

individual from a Roman site at Ashchurch in south-west England. They ruled out 

that this result had been caused by any errors due to contamination, or being due 

to a miscoding of the DNA (Müller et al. 2014b:3). They also pointed out that 

mixed infection has been reported in patients today, either as a result of 

concurrent infections (multiple MTBC strains), or as reinfection with a different 

strain (Ibid. 2014b:3). Therefore, the Roman individual probably was unfortunate to 

contract a “double strain” infection due to one of these scenarios. Of further 

interest is that this information proved that two strains of TB (namely PCG 2 and 

PCG 3) co-existed in south-west Britain during the 2nd to 4th centuries AD. The use 

of isotope analysis to help assess the origin of the people from the Müller et al. 

projects, and to explore if they were migrants, was identified as the next logical 
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phase of research into understanding TB in the past and is, of course, the subject 

matter of the current project. It would be interesting, however, to extend the 

current project to include the Ashchurch individual in order to learn more about the 

origin and mobility of this person to establish the origins of these strains.  

 

However, Müller et al.’s later work (2016) suggested some important limitations 

and considerations to be made with aDNA analysis of MTBC from archaeological 

contexts. This is namely that extracts from the ancient skeletons may contain DNA 

from the burial environment from ‘mycobacteria other than tuberculosis’ (MOTT). 

These bacteria are common in the environment but are not normally associated 

with clinical TB. By 2016, Müller et al. were not convinced of the specificity of 

PCRs to MTBC alone, and suggested that PCR products could actually pertain to 

MOTT rather than MTBC. Furthermore, the identification of such errors is difficult if 

not impossible (Müller et al. 2016:5). This must be taken into consideration 

especially when skeletons display no bone changes that may indicate a possible 

clinical infection with TB – the aDNA analysis may be providing a false positive in 

such cases.  

 

Another study of MTBC aDNA research, with very novel findings, was also 

published in 2014 (Bos et al.). Instead of concentrating on the identification and 

isolation of MTBC aDNA as a guide to prevalence of infection in individuals with or 

without the bone changes, the study looked for the source of TB causing infections 

in the New World (Bos et al. 2014:494). This was briefly mentioned in the section 

above entitled Tuberculosis in the New World, and is considered here in more 

detail, because it is one of the newer uses of genetics in TB research. Modern 

strains of M. tuberculosis from the Americas are genetically closely related to the 

strains from Europe, so it has always been assumed that TB was introduced to the 

Americas post-Columbian contact; that is after Columbus landed in America in 

October 1492. Firstly, it was shown that a member of the M. tuberculosis complex 

had caused TB in humans prior to Columbian contact. Secondly, it was found that 

the ancient strains of TB were most closely related to strains isolated from seals 
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and sea lions. It was concluded that these sea mammals had a role in transmitting 

the disease to humans in these parts of the world (Ibid. 2014:494).  

 

Bos et al. screened 68 skeletal samples from skeletons from New World sites 

dated to pre- and post- contact with Europe. All of these individuals displayed 

bone changes associated with TB (Ibid. 2014:494). Unfortunately, no details of 

what types of bone changes present were given. Only three of the 68 samples 

showed convincing evidence of MTBC aDNA presence and preservation. 

Radiocarbon dating revealed a date range of between AD 1028 and AD 1280, thus 

predating European contact (Ibid. 2014:495). All the MTBC aDNA which had been 

sequenced from three 1,000 year-old Mycobacterium genomes from bacteria 

isolated from the three Peruvian skeletons was compared to that of identified 

ancestral strains of MTBC. This comparison showed that the lineage tree 

reconstructions of the Peruvian genomes did not cluster with other human strains. 

They were found to be more closely related to the non-human lineage, and 

particularly to M. pinnipedii, a strain that had previously only been isolated from 

seal species in the Southern Hemisphere (Ibid. 2014). Hence it was suggested 

that, within the past 2,500 years, pinnipeds (seals and sea lions) probably 

contracted TB from an African host species and then carried the disease across 

the oceans. The disease was then contracted, via zoonotic transfer from these 

seals, by the coastal peoples of South America around the first millennium AD 

(700 and 1000) Bos et al. (2014:496). The contact between humans and pinnipeds 

which resulted in the disease being spread from animal to human presumably 

happened as a result of human exploitation of, and thus close contact with, these 

marine mammals, although the nature and extent of this human-pinniped contact 

is not understood. The appearance of skeletal lesions suggestive of TB infection in 

North America later in time (around AD 900) is consistent with either a trans-

continental spread of the pathogen via established trade routes, or as a later and 

independent introduction of TB from a different source (Ibid. 2014: 496). The Bos 

et al. (2014) study drew two new conclusions about TB that had not previously 

been considered. Firstly, it was shown that a member of the M. tuberculosis 

complex had caused TB in humans prior to Columbian contact, and secondly, that 



! (* !

the ancient strains of TB were most closely related to strains isolated from seals 

and sea lions. 

 

 

2.3.3 Phylogenetic studies of TB 

 

In recent years, considerable research has been undertaken in clinical contexts 

which involves analysing DNA and amino acid sequences of proteins in order to 

understand how closely related other microbial species are to each other (Hocking 

et al. 2008:142). This work includes research to understand the sequence 

variations between the species of MTBC and also between different strains of 

these species (Brosch et al. 2002, Fletcher et al. 2003, Müller et al. 2014b).  

 

The complete genome of modern M. tuberculosis was sequenced and published in 

1998 (Cole et al. 1998), as discussed above, thus enabling phylogenetic research 

to take place. This resulted in an evolutionary tree demonstrating that M. bovis 

was not an ancestor of M. tuberculosis  - indeed the converse was thought more 

likely to be true; that M. bovis probably derived from human-adapted M. 

tuberculosis (Brosch et al. 2002:3684). It was previously thought that TB started in 

humans when they contracted it as a zoonosis from their cattle soon after 

domestication. This was suggested to have taken place in southwest Asia (Ibid. 

2002:3684). However, aDNA research found that M. bovis is probably descended 

from M. africanum, which in turn descended from an ancestor of M. tuberculosis 

(Ibid. 2002:3684, Brown and Brown 2011: 254, Mostowy and Behr 2005:207). Of 

course, more recent work by Bos et al. (2014) has introduced the idea of human 

TB originating from different sources, such as M. pinnipedii, and then being spread 

zoonotically to humans from other animals, in this case seals. This has certainly 

proven true for TB in the New World.   

 

Further studies of modern strain varieties of organisms of the M. tuberculosis 

complex have confirmed that the species probably originated two to three million 

years ago in East Africa, and has been a human pathogen since infecting early 
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hominids in this region (Brown and Brown 2011: 254, Comas et al. 2013:1176).  

By 2011, 875 strains of M. tuberculosis had been analysed from 80 countries and 

this work has allowed the species to be divided into six main lineages and 15 

sublineages, with each of the main lineages being associated with a specific 

geographical area. All six of these main lineages are found in Africa, which 

supports the hypothesis that the disease spread out of Africa and through Europe 

with the first migrations of Homo erectus two million years ago, and again when 

Homo sapiens left Africa 70,000 years ago (Brown and Brown 2011: 255, Mostowy 

and Behr 2005:208). A diagram of the phylogenetic lineages of the Mycobacterial 

species is shown in Figure 2.14; 

 

 
Fig. 2.14 The phylogenetic lineages of Mycobacterial species. (Rue-Albrecht et al. 2014) 
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Brown and Brown (2011:255) suggest a point to consider is that, although 

phylogenetic studies show human TB did not derive from bovine TB, it cannot be 

concluded that all TB in the archaeological record must have been caused by M. 

tuberculosis. There were quite probably localised transfers of bovine TB to 

humans from their animals in the past, and, as Bos et al. (2014) show, from TB in 

other animal species, although it is thought that human-to-human transmission of 

M. bovis would probably be very limited.  

 

In summary, in this chapter, literature pertaining to the clinical, bioarchaeological 

and genetic aspects of TB has been reviewed and discussed. The preceding 

aDNA analysis projects (Müller et al. 2014a, 2014b, 2014c, 2016), from which the 

current research project skeletal samples derive, have now been considered, and 

their results discussed. As the current research focuses on stable isotope analysis 

to examine the proposed origins and likely mobility histories of TB sufferers who 

were buried in Roman Britain, it is appropriate to now explore these techniques 

and their recent uses in exploring mobility. 
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Chapter 3 : Stable isotope analysis  

 

3.1. Introduction  

 

Stable isotope analysis of archaeological human remains may be utilised to 

examine diet in the past, but also to explore evidence for possible places of origin 

and mobility during a person’s life. Over the past few decades, isotope data have 

been increasingly used in archaeology to study ancient diets and to learn about 

movements of groups of people or individuals, including those from Romano-

British contexts. For this study, collagen was extracted from bones for carbon and 

nitrogen isotopic analysis, and tooth enamel was used for strontium and oxygen 

analysis, so it is appropriate at this point to consider the formation and composition 

of bones and teeth before the isotope systems are discussed.  

 

Dry bone is about 70% mineral and 30% organic, with the greatest part of the 

organic component being collagen (Roberts et al. 1993:179). Collagen is a fibrous 

protein and the fibres of which it is composed are long (see Figure 3.1). The 

crystals that make up the mineral portion of the bone are embedded within a 

matrix of these collagen fibres (Mays 2010:1). The main component of bone 

mineral, hydroxyapatite (a form of calcium phosphate), gives the bone its rigidity 

(Roberts et al. 1993:179). The organic component gives the bone slight flexibility 

and hence strength. It is the organic part which degrades after death, and this 

process accounts for the brittle nature of archaeological bone (Mays 2010:1).  

 

The bone component essential in carbon and nitrogen isotope analysis is collagen 

(see Figure 3.1). Collagen is a protein found within bones and bone is renewed 

(turned over) throughout life, so carbon and nitrogen isotope analysis of collagen 

(if preserved), will potentially provide information about the diet of the sampled 

individual in his or her later years of life, and not their full life history. However, 

Hedges et al. suggest that human femoral bone collagen isotopically reflects a diet 

over a much longer period than 10 years and can include a substantial portion of 

collagen synthesised during adolescence (Hedges et al. 2007:815). Bone turnover 
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(Dobberstein et al. 2009:31). However, dental enamel is far less subject to 

diagenetic change than bone mineral or dentine. This can be attributed to the fact 

that dental enamel has larger crystals than bone mineral (Koch et al. 1997:417, 

Ayliffe et al. 1994:5291). Enamel also contains very little organic material and 

hence, unlike bone, enamel generally is not degraded by soil micro-organisms 

(Hackett 1981:243). 

 

 

3.2 Bone  

 

3.2.1 Gross structure of bone 

 

There are two different types of bone tissue: cortical and trabecular bone. Cortical 

bone is the solid, dense outer layer. It is thickest in the diaphysis (shafts) of the 

long bones (see Figure 3.2), and forms a thin layer round the long-bone ends and 

around flat bones, for example ribs, and irregular bones, such as the vertebrae 

(White and Folkens 2005:40, Mays 2010:2). Trabecular bone is less dense and 

has a honeycomb structure. This is located within the ends (epiphyses) of long 

bones and in the interior of the flat and irregular bones (Roberts et al. 1993:180). 

In living bone, most of the outer surface is surrounded by a thin membrane; the 

periosteum (White and Folkens 2005:41, Mays 2010:2) (see Figure 3.2). The 

internal walls of the medullary cavities of long bones are lined with another 

membrane, the endosteum. This also lines the network of tiny cavities in 

trabecular bone (Roberts et al. 1993:181, White and Folkens 2005:40, Mays 

2010:3).  
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Fig. 3.2 A longitudinal section of a long bone (Nasir 2014) 

 

Bone is living tissue, permeated with nerves and blood vessels and is continually 

being formed and broken down. This also means it can repair damage after 

disease or injury (Mays 2010:4-5). Relevant to this project, this reparative process 

has actually been observed by bioarchaeologists studying the skeletons that have 

provided the samples for this project, with inflammatory related new bone growth 

on the ribs observed for most (17 out of 21) of the individuals.  

 

 

3.2.2 Microscopic structure of bone 

 

Bone is initially laid down as woven or primary bone. This is replaced gradually by 

mature, lamellar bone. Woven bone forms the foetal skeleton, but this has been 

replaced by lamellar bone by the age of one year. Woven bone may also be 

produced in the adult skeleton in response to disease or injury (White and Folkens 
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Fig. 3.3 The structure of mature bone (Teach Me Anatomy 2016) 

 

 

3.2.3 Bone cells 

 

Bone renewal and replacement occurs due to the activity of bone cells. There are 

three main types of bone cells, namely osteoblasts (responsible for formation of 

new bone), osteocytes (responsible for maintenance of bone as a living tissue) 

and osteoclasts (responsible for resorption of bone) (Roberts et al. 1993:181, 

Mays 2010:7, White and Folkens 2005:43). Osteoblasts are concentrated on bone 

surfaces, for example beneath the periosteum, where they produce the organic 

matrix, osteoid, which then mineralises to form bone. Osteocytes are found within 

lacunae (spaces) in bone and receive nutrients via canaliculi (small channels), 

which connect osteocyte lacunae with neighbouring lamellae. Osteoclasts which 

are actively resorbing bone are found in depressions on bone surfaces known as 

Howship’s lacunae (White and Folkens 2005:43). 
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3.3 Teeth 

 

Humans possess four different types of teeth: incisors (chisel-like for cutting food), 

canines (conical for puncturing and tearing), premolars and molars (broad, 

flattened surfaces for crushing and grinding) (Berkovitz et al. 1986:18 Hillson 

1996:7). Humans have had one set of teeth (deciduous) that are replaced by 

another (permanent) by the time they reach adulthood (see Figure 3.4). The 

deciduous (milk) teeth are smaller than the permanent adult teeth and appear 

during infancy and early childhood. The deciduous dentition is composed of 20 

teeth. Both the maxilla (upper jaw) and mandible (lower jaw) each contain four 

incisors, two canines and four molars. There are no deciduous premolars 

(Berkovitz et al. 1986:18, Hillson 1996:9). The deciduous teeth are all replaced 

from middle childhood onwards with all of the permanent teeth having erupted by 

about 18 years of age. The third molars (wisdom teeth) are the last to emerge. The 

adult permanent dentition is normally comprised of 32 teeth with each jaw 

containing four incisors, two canines, four premolars and six molars (Berkovitz et 

al. 1986:18, Hillson 1996:7), as shown in Figure 3.4; 
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Fig. 3.4 Human dentition. Deciduous dentition (centre) and permanent dention (top and bottom). 
Ages of tooth formation (in brackets) shown as months (mo) and years (yr) of age. (Open Stax 
2013) 
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3.3.1 Tooth structure 

 

Each tooth consists of a crown (which projects above the gum) and one or more 

roots which taper into sockets (known as alveoli) within the jaw (see Figure 3.5). 

The junction between crown and root is termed the neck or cervix of the tooth 

(Hillson 1996:8, Scott 2008:267). Teeth consist of three hard tissues; enamel, 

cementum and dentine. These enclose the dental pulp (soft tissue made up of 

nerves and blood vessels), which is located in the pulp cavity and the root canal. 

The dental hard tissues do not possess a blood supply and, unlike bone, are not 

being continuously renewed. Once formed, they are unable to repair themselves in 

response to damage of disease (Scott 2008:267, Mays 2010:11). 

 

 
Fig. 3.5 The structure of a tooth (IGCSE 2016) 
 

Enamel is mostly made up of inorganic matter with a chemical composition similar 

to that of bone mineral (hydroxyapatite). Enamel is arranged in rods or prisms and, 

because it is not a living tissue, it lacks a cellular structure. Dentine consists of 

about 70% inorganic material by dry-weight, mainly hydroxyapatite, along with an 

organic component, which is mainly collagen (Berkovitz et al. 1986:79). 

Odontoblast cells are only found on the inner surface where they line the pulp 



cavity. Cementum coats the roots of the teeth and anchors them into their sockets. 

It has a composition similar to bone with a degree of cellular structure (Hillson 

1986:6, Hillson1996:8, Mays 2010:11). 

3.3.2 Tooth formation and development 

Dental hard tissues start to form during the 15th week of foetal development. 

Dentine forms first. Odontoblasts secrete an organic matrix which then becomes 

mineralised to form dentine (Berkovitz et al. 1986:177). Enamel formation 

(amelogenesis) consists of three phases; the formation of an organic matrix, 

mineralisation of the matrix, and a maturation phase when enamel loses most of 

its organic component. The enamel-forming cells are known as ameloblasts. 

Enamel formation begins near the tip of the crown and the crown grows back 

towards the cervix until it is complete (Ibid. 1986:176). Cementum, like the other 

hard dental tissues, results from the laying down of an organic matrix followed by 

its mineralisation. The cementum layer increases in thickness with age because it 

continues to be formed throughout life (Mays 2010:13). The development of 

permanent tooth crowns takes place in three phases (the roots continue to form 

after the crowns are completed – see also Figure 3.4):  

1. Incisors, canines and first molars initiate development during the first year after 

birth (or just before birth) and the crowns of these teeth are completed between 

three and seven years of age (Berkovitz et al. 1986:176, Smith 1991:144).  

2. Premolars and second molars start formation during the second and third years 

after birth and are completed between four and eight years (Berkovitz et al. 

1986:176, Smith 1991:144). 

3. Third molars begin formation between seven and 12 years and are completed 

between 10 and 18 years of age (Smith 1991:145), with some variation for 

completion and eruption (Fanning and Moorrees 1969:999).

91
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In terms of the teeth used for the current research, the author only had permission 

for access to samples of bones and teeth remaining unused following the 

collaborative Durham and Manchester Universities aDNA TB project (see Chapter 

1). This means that some of the teeth were formed during the years an individual 

would have been breastfeeding, and hence interpretation of these results need to 

take this breastfeeding effect into account. Ideally, second premolars, second 

molars or third molars would be used for isotope analysis, as these teeth tend to 

be formed after the period where breastfeeding would impact on their composition 

and thus may inform more about the history of the mother of the sampled 

individual rather than of about the individual themselves. These limitations of the 

study are discussed in depth in Chapter 8 Discussion, and Chapter 9 Conclusion, 

and so will not be mentioned in more detail here. 

 

Having discussed bone and tooth composition and development, stable isotope 

analysis of these skeletal elements are now detailed.  

 

 

3.4 Isotope analysis  

 

Stable isotope ratios of carbon and nitrogen vary in different foods. These 

differences are reflected in the tissues (including the skeleton) of the consumer. 

This makes these skeletal tissues useful for reconstructing past diets for the 

individuals in this study, and informing us if the sample population being studied 

was eating similar foods to those available from the diet in the locality in which 

they were buried, and if the sample population were consuming the same foods as 

the rest of the cemetery population where they were interred. Interpretation of 

these results can also provide evidence of possible migration into the country, i.e. 

if they consumed a different diet to local individuals, they are likely to be 

immigrants to the area from somewhere with different food availability and dietary 

customs.  
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Isotope analysis provides researchers with information on who was moving in a 

specific population and can suggest where they may have come from (Prowse 

2016:205). Oxygen and strontium isotope analyses of dental enamel are used in 

this study to determine if the study sample individuals spent their childhood in the 

same area where they were eventually buried. Isotope ratios of strontium differ 

according to local geology and oxygen isotopes in rainwater vary with local 

climate, meaning that isotopic ratios of these elements differ with respect to 

locality. Strontium and oxygen isotope ratios are incorporated into bones and teeth 

via foods and drinking water, respectively. Assuming people in the past sourced 

their foods and drinking water locally, skeletal strontium and oxygen ratios may be 

used to indicate the area where people lived at the time their bones and teeth 

were mineralising (eg. see Mays 2010:265, Brown and Brown 2011:79, Müldner et 

al. 2007, 2011, Eckardt et al. 2009, Chenery 2010, 2011 and Prowse 2016).  

 

Isotopes of elements have the same chemical properties but differ in their atomic 

masses due to having different numbers of neutrons in the nucleus of their atoms. 

Most elements exist as two or more isotopes. Some isotopes are radioactive; 

these steadily decay and break down into other elements. Other isotopes are 

stable; they are not radioactive and do not change proportion in the natural 

environment over time (Norris and Corfield 1998:2, Mays 2010:265, Brown and 

Brown 2011:80, Prowse 2016:205). To illustrate this point, the element carbon 

occurs both as a radioactive isotope (14C) and as the more abundant stable 

isotopes, 12C and 13C with 12C constituting 98.99% of stable carbon and 13C 

making up the remaining 1.11%. Organism metabolism and many physical 

processes, such as evaporation, discriminate between different isotopes and their 

relative abundances in biological tissues. This is due to lighter isotopes (the ones 

with fewer neutrons in their atomic nuclei) often being more reactive than heavier 

isotopes because the bonds of the lighter isotopes are more easily broken, thus 

leading to easier evaporation or easier incorporation into organic tissues than that 

occurring with the heavier isotopes (Prowse 2016:205). For instance, clouds are 

more enriched in 16O compared with surface waters because H2
16O evaporates 

more easily than H2
18O. This results in surface water, rain, snow and ice being 
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(PDB). The original belemnite material is now all used up and secondary 

standards (notably the marble, NBS-19) are used. The differences between NBS-

19 and PDB are accurately known and so results can be reported relative to a 

notional standard called Vienna PDB (VPDB) (Norris and Corfield 1998:2, Coplen 

1994:275, American Society of Limnology and Oceanography 1995:1182).  

Oxygen ratios can also be measured against VPDB or against Vienna “standard 

mean ocean water” (VSMOW). The original standard was SMOW (Standard Mean 

Ocean Water), which was a hypothetical water sample with abundances of stable 

hydrogen and oxygen isotopes similar to those of average ocean water. However, 

there were three versions of SMOW in use; the U.S. National Bureau of Standards 

version, the H. Taylor and S. Epstein (California Institute of Technology) version, 

and the International Atomic Energy Agency (IAEA) version, all of which were 

different. So VSMOW was introduced and superseded all three of these versions 

in order to provide one comparable standard reference material (Coplen 

1994:275). Atmospheric air is usually used as the standard for nitrogen isotope 

measurements (Coplen 2011:2543). These standards are thus used for the 

measurement of relative differences of isotope ratios, and the standard materials 

are assigned reference delta values of zero by agreement (Ibid. 2011:2543). 

 

 

3.4.1 The study of palaeodiet using carbon and nitrogen stable isotopes  

 

 As previously discussed, carbon occurs as two stable isotopes, the lighter 12C and 

the heavier 13C (Prowse 2016:206). The relative abundances of these are about 

98.99% and 1.11%, respectively (Norris and Corfield 1998:2). Nitrogen also has 

two stable isotopes; these are 14N and the heavier 15N and they show relative 

abundances of approximately 99.6% and 0.4%, respectively (Mays 2010:265). 

Most palaeodietary studies have concentrated on carbon and nitrogen in bone 

collagen, which is the method used here, and approximately 90-200mg of bone is 

required for the process. In order to analyse stable isotopes in collagen, the 

collagen is first extracted from the bone and then purified. The resulting material is 












































































































































































































































































































































































































































































































































































































