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ABSTRACT 

Millions of people worldwide have sickened and died from tuberculosis in recent centuries. Yet for 

most of human existence, the impact of tuberculosis on society is largely unknown. It is, indeed, 

unknowable without methods suitable for estimating disease prevalence in skeletal samples. Here 

such a procedure is applied to medieval and early modern Danish skeletons, and it shows how 

disease prevalence varied with differences in socioeconomic conditions. The approach is based on 

sensitivity and specificity estimates from modern skeletons. To augment our understanding of 

tuberculosis in Danish history, 713 adult skeletons were examined, all from Ribe. Tuberculosis 

increased from 17% to 40% in the medieval to early modern periods in Ribe. Low status (29%) 

people were more likely to contract the disease than those of high status (10%). The general model, 

derived from the modern expression of tuberculosis, fits the early modern sample better than it does 

the medieval skeletons. Differences in the model’s fit indicate the skeletal expression changed over 

time. Notably, rib lesions increased in frequency from the medieval to early modern periods. The 

approach developed here can provide insights into host-pathogen relationships and disease 

expression in future work with tuberculosis and other diseases that affect the skeleton. 
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1. Introduction 

Tuberculosis (TB) has caused the deaths of many millions of people over the last several centuries, 

and it remains a major public health concern (Daniel, 2006; Stone et al. 2009). Fortunately for 

researchers interested in the history of this disease and its effect on human communities, the 

distribution and prevalence of TB, and its attendant mortality, are reasonably well known for the past 

few centuries in many parts of the world because of rich historical and clinical sources (Bello et al, 

1999; Davies et al., 1999; Ferlinz, 1999; Lillebaek et al., 2002; Vuorinen, 1999). The same cannot be 

said about the more distant past because relevant written records are sparse, if they exist at all.  

Studies of archaeological skeletons, however, can help to fill gaps in knowledge, especially where 

documentary evidence is absent. Besides identifying the presence of TB in the distant past, skeletons 

can yield insights into the disease’s progression in the pre-antibiotic era; its geographical, social, and 

temporal distribution; and its impact on communities (Roberts and Buikstra, 2003). That, in turn, can 

be informative about the hazards faced by people in various environmental and social settings, such 

as those related to living and working conditions, dietary sufficiency, and comorbid conditions 

(Narasimhan et al., 2013). 

Skeletons with lesions attributable to TB date from Neolithic to modern times (Hershkovitz et al., 

2008; Holloway et al., 2011; Pósa et al., 2015; Roberts and Buikstra, 2003; Sparacello, 2016).  

Analyses of pathogen ancient DNA (aDNA) and mycolic acids have confirmed the association 

between skeletal lesions in human remains and the presence of Mycobacterium complex pathogens 

(Brosch et al., 2002; Donoghue et al., 2015, 2017; Gernaey et al., 2001; Hershkovitz et al., 2008; 

Lee et al., 2015; Mays et al., 2001; Pálfi et al., 1999; Salo et al., 1994: Stone et al., 2009; Zink et al., 

2005). Such evidence is unevenly distributed geographically and temporally, reflecting the intensity 

of research in various countries and the abundance of skeletal material (Holloway et al., 2011).  

Despite shortcomings in the existing skeletal record, much has been learned about the geographic 

and temporal distributions of TB as it is represented in archaeological materials (Buikstra, 1999; 

Holloway et al., 2011; Jankauskas, 1999; Pálfi and Marcsik, 1999; Maczel, 2004; Roberts, 2015; 

Roberts and Buikstra, 2003; Stone et al., 2009).  The disease’s impact on archaeologically known 

populations, however, is poorly understood.  That is because the usual approach to assessing a 

disease’s impact on past communities relies on counts of bony lesions, with a heavy reliance on 

highly distinctive, or classic, expressions of the disease.  For TB, that would include extensive spinal 

involvement resulting in the destruction and collapse of vertebral bodies. What is lacking is a 

quantitative appraisal of the degree to which specific lesions serve as TB indicators, followed by the 

use of that information in a procedure designed to assess TB frequencies in archaeological skeletons 

representative of different living conditions.  

Estimating disease prevalence in the past – a central concern of the emerging field of 

paleoepidemiology (Milner and Boldsen, 2017) – requires an approach similar to what has already 

been developed for leprosy (Boldsen, 2001, 2005a, 2008; Boldsen et al., 2013). It is based upon 

quantitative assessments of the association between specific skeletal lesions and the disease of 

interest.  Such estimates are explicit recognition that different disease indicators contribute unequally 

to the detection of specific diseases, in this instance TB.  An accompanying case-control study of 

modern identified skeletons, one-half of which were TB cases, yielded sensitivity and specificity 

estimates for six bony markers associated with TB (Dangvard Pedersen et al., n.d.). These TB-

related lesions and their diagnostic probability estimates can now be applied to the study of TB in 

archaeological skeletons. Doing so yields estimates of the prevalence of the disease among people 

represented in a mortality sample.  That is the first step toward estimating disease prevalence in a 

once-living population, a more difficult process (Milner and Boldsen, 2017; Wood et al., 1992).  

The model was applied to 713 skeletons dated to AD 1225 – 1800 from Ribe, a town on the 

western coast of Jutland in Denmark. Changes from the medieval to early modern periods in the 

prevalence of TB in the mortality sample are thereby estimated for a Scandinavian urban setting.  

For the medieval skeletons, it was also possible to identify the role of an individual’s social standing 

as a risk factor for developing skeletal TB.  
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2. Material and Methods 

 

2.1. Skeletal material 

 

Ribe, a town dating back to AD 710, was one of the earliest urban settlements in Scandinavia 

(Feveile, 2006; Hybel and Poulsen, 2007:229). The settlement grew from a craft and trade center 

situated along trading routes between Scandinavia and the rest of Europe (Kristensen and Poulsen, 

2016:40).  Ribe’s economic importance and connections to a wider world are indicated by its being 

the site of Scandinavia’s first church, erected in AD 860 by the missionary Ansgar (Møller and 

Nyborg, 1979).  

Since the 1950s, archaeologists have excavated large parts of the Viking age and medieval town, 

supplementing a rich historical record (Bencard, 1981; Degn, 1981a, b; Feveile et al., 2010; Kieffer-

Olsen, 2008). Excavations focused on demolished churches and monasteries, along with their 

associated cemeteries, and the still-standing cathedral. Burial grounds have yielded approximately 

1,500 skeletons dating to AD 800-1800. Of these skeletons, 1,350 came from three cemeteries, Grey 

friary, Black friary, and Ribe Cathedral.  The three cemeteries yielded 713 adult skeletons dating to 

the medieval and post-medieval periods, all examined in this study (Fig. 1). The remaining 637 

skeletons were excluded because they were from individuals younger than 16 years, did not have 

any of the required bones available, or they could not be reliably associated with either the medieval 

or post-medieval periods.  

 

   
Ribe  

1,350 skeletons 

 
 

      

      

 
Grey friars  

583 skeletons 
 

Black friars  

103 Skeletons 
 

Ribe Cathedral  
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Age < 16 years 

140 excluded 
 

Age < 16 years  

5 excluded 
 

Age < 16 years 

176 excluded 

 

      

    
No dating  

131 excluded 
 

      

No lesion sites 

preserved  

101 excluded  

 
No lesion sites 

preserved 

24 excluded 

 
No lesion sites 

preserved  

60 excluded  

 

     
 

 

 342 included  74 included  297 included 

 

Figure 1. Selection of skeletons for the present study. 

 

The Grey friars (Franciscan) monastery was established in AD 1232, and continued to be used 

until the Protestant reformation in 1536 (Møller et al., 1984b). Parts of the medieval parish cemetery 

outside the monastery complex, along with some of the monastery and church, were excavated in 

1993 (Andersen, 2003; Jantzen et al., 1995). All 342 Grey friary adults date to the medieval period. 

Of these individuals, 252 were buried in the parish cemetery used by commoners, so they were of 

relatively low social status. The remaining 90 skeletons came from within the church and monastery 

complex, places indicative of an individual’s high social standing.  

The Black friars (Dominican) monastery was founded in AD 1228 (Møller et al., 1984a). In 1543, 

the buildings were converted to a hospital, but the church and cemetery continued to be used by the 

parish residents (Møller et al., 1984a).  Part of the monastery courtyard was excavated in 1983, and 
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the skeletons date to the first half of the 16th century (Madsen et al., 1984). Several years later, in 

1988, the area southeast of the church was excavated.  Based on written sources about burial 

practices, the 74 burials likely date to the AD 1754-1807 period, but no information is available 

concerning the social position of these individuals (Frandsen, 1988).  

The cathedral in the center of Ribe was built in the first half of 12th century. It had several 

predecessors, the first built by Ansgar almost three centuries earlier (Møller and Nyborg, 1979; 

Søvsø, 2009). Two major excavations have been carried out near the cathedral: south of it in 2008-

2009 and 2011-2012, and in areas distributed around the Cathedral in 2012 (Søvsø, 2009, 2010; 

Madsen and Søvsø, 2010). From AD 1050 to 1225, people were not buried south of the cathedral. 

Other than that two-century period, the cathedral cemetery yielded a relatively complete sequence of 

burials from Viking times until 1800. The poor preservation of Viking skeletons, the lowest burials 

in a deep accumulation of sediment and debris around the cathedral, meant that only a few of them 

might provide information about TB.  These early Christian Vikings were, therefore, excluded from 

the present study. Of 297 adult skeletons included in the study, 155 date to the medieval period. 

Many of these burials, 98 of them, are classified as commoners based on their modest graves and 

location within the cemetery. People of relatively high social standing include 48 individuals who 

were either interred in brick coffins in the cemetery or within the cathedral building complex. The 

social standing of the remaining nine medieval skeletons could not be determined. There is not 

sufficient information about the 142 individuals dated to the early modern period to divide them 

according to social standing. 

 

2.2. Osteological material 

 

Six skeletal lesions identified as TB indicators by Dangvard Pedersen et al. (n.d.) were recorded in 

the following locations: 1) visceral surface of the ribs, 2) ventral part of thoracic and lumbar 

vertebral bodies, 3) lateral body of the ilium, 4) acetabular fossa, 5) iliac auricular surface, and 6) 

olecranon process of the ulna. The disease indicators are described and illustrated in Table S1 and 

Figures S1-S6.  Estimates of sensitivity and specificity are available for these skeletal lesions based 

on the Bass Donated (University of Tennessee) and Terry (Smithsonian Institution) collections, both 

of which are documented skeletal samples from the United States. The TB cases are from the Terry 

Collection, which dates to the first half of the 20th century, and controls are from the Bass Collection 

that includes individuals who died during the past several decades.  

Besides TB indicators, data on sex and age were recorded for the Ribe skeletons. Sex was 

estimated from the morphology of the cranium and pelvis, as well as the size and robustness of 

postcranial bones (Buikstra and Ubelaker, 1994).  Only adults, those where the ilium, ischium, and 

pubis have fused in the acetabulum, were included in this study.  Adult age was estimated according 

to experience-based age assessment as discussed by Milner and Boldsen (2012b:Fig. 14; Milner et 

al., 2016). Doing so yields reasonably accurate age estimates for adult skeletons (Milner and 

Boldsen, 2012a, 2012b). Collectively, they can closely replicate mortality distributions for 

“anthropological” populations, as approximated using known-age skeletons (Milner and Ferrell, 

2011:Figs. 7, 8). Only adults were chosen because the lesion patterning in the modern American 

sample was based on adults.  

Table 1 summarizes the sample by sex, age at death, cemeteries, social status, and time period.  

For this study, time period and social status are the categories of interest.  While age and sex are 

potentially important, the sample was not large enough to divide it beyond the temporal and social 

dimensions. 
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Table 1: Distribution of sex, age at death, cemetery and social status of skeletons from medieval (N=497), and post-

medieval (N=713) contexts. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3. Statistical procedures 

 

Data management and statistical analyses were conducted using IBM SPSS Statistics version 24, and 

the general approach builds on an earlier study of leprosy (Boldsen, 2001, 2005a).  Diagnoses of TB 

were based upon an assessment of the probability of the disease occurring with specific skeletal 

lesions, as estimated from their sensitivity and specificity. Sensitivity is the probability of having an 

indicator lesion and the disease of interest. Specificity is the probability of having neither the 

indicator lesion nor the disease.  

We estimate individual probabilities of having TB, termed τ (tau).  The probability of having TB 

(𝜏𝑘) can be calculated as a weighted sum of lesion scores (∆𝑗𝑘), as expressed in Equation 1. Lesion 

scores (∆𝑗𝑘) are derived from data recorded in the Ribe skeletons.  In Equation 1, the τ-statistic for 

an individual designated k is estimated from the combined log-likelihood estimate, where the 

numerator is the possibility that the kth skeleton was affected by TB (sensitivity) and the 

denominator is the kth skeleton not affected by TB (specificity). Sensitivity and specificity estimates 

for the six lesions taken from Dangvard Pedersen et al. (n.d.) are listed in Table 2.  Independence 

was assumed among TB lesion scores when conditioned on disease status.  

 

 

𝜏𝑘  =  ∑ ln (
𝑠𝑒𝑛𝑠

𝑗

∆𝑗𝑘
∙  (1 − 𝑠𝑒𝑛𝑠𝑗)

(1−∆𝑗𝑘)

𝑠𝑝𝑒
𝑗

1−∆𝑗𝑘
 ∙  (1 − 𝑠𝑝𝑒𝑗)

∆𝑗𝑘
)

6

𝑗=1

 

(1) 

 

 

 

 

 

 

 

 Medieval  Post-Medieval All  

 N % N % N % 

Sex  

Male 291  58.6 98 45.3 389 54.5 

Female 199  40.0 116  53.7 315 44.2 

Unknown 7  1.4 2 0.9 9 1.3 

Age group (years)  

16-29 170 34.2 32 14.8 202 28.3 

30-49 259  52.1  96  44.5 355  49.8 

50-69 66 13.3 78 36.1 144 20.2 

70+ 2 0.4 10 4.6 12 1.7 

Cemetery  

Grey friars 342  69.0 0  0.0 342  48.0 

Black friars 0 0.0 74 34.1 74 10.4 

Ribe Cathedral 155 31.0 142 65.9 297 41.6 

Social status  

Low/common 350 70.4 -  - 350 70.4 

High 138 27.8 - - 138 27.8 

Unknown 9 1.8 - - 9 1.8 
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Table 2: Sensitivity and specificity of the TB-related lesions (Dangvard Pedersen et al., n.d.). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The frequency of TB among people who had died (p) – that is, prevalence in a mortality sample – 

can be estimated from the probability of having the disease (𝜏𝑘). The observed mean (𝜏0̅) is 

expressed as the weighted mean of simulated τ values in a sample where nobody (𝜏+̅) and a sample 

where everybody (𝜏−̅) suffered from TB (Equation 2). The variance (𝑠0
2) is likewise expressed as the 

weighted variance of simulated τ-values in a sample where nobody (𝑠+
2) and a sample where 

everybody (𝑠−
2) suffered from TB (Equation 3). The difference between the means of the two sets of 

simulated τ values is also part of the equation. Equations 2 and 3 each provide an estimate of p by 

rearrangement. 

 

𝜏0̅  =  𝑝 ∙ 𝜏+̅ + (1 − 𝑝) ∙ 𝜏̅− 

(2) 

𝑠0
2 =  𝑝 ∙ 𝑠+

2 + (1 − 𝑝) ∙ 𝑠− 
2 + 𝑝 ∙ (1 − 𝑝) ∙ (𝜏+̅ − 𝜏−̅)2 

(3) 

 

In Equation 4, 𝑓(𝑝) combines information about the frequency of TB at death (p) contained in the 

mean and variance for the τ values (Equations 2 and 3). Simulated negative values and simulated 

positive values were used to estimate the maximum likelihood of the frequency of TB (p). The 

designation se in the denominator of Equation 4 refers to the standard error of the observed mean 

(𝜏0̅) of Equation 2 and the standard error of the observed variance (𝑠0
2) of Equation 3. The value of p 

that minimizes 𝑓(𝑝) is termed  �̂�.  A χ2 distribution with one degree of freedom was used to 

evaluate the possibility that the mean and variance for τ values indicate the same �̂�. The hypothesis 

of no difference must be rejected when 𝑓(�̂�) > 3.84 (p < 0.05).  When that occurs, �̂� is not a valid 

estimator of TB frequency. The interval of p values corresponding to 𝑓(𝑝) − 𝑓(�̂�) < 3.84 serves as 

the 95% confidence interval for τ. 

 

𝑓(𝑝) =  (
𝜏0̅ − (𝑝 ∙ 𝜏+̅ + (1 − 𝑝) ∙ 𝜏−̅)

𝑠𝑒(𝜏0̅)
)

2

+ (
𝑠0

2 − (𝑝 ∙ 𝑠+
2 + (1 − 𝑝) ∙ 𝑠−

2 +  𝑝 ∙ (1 − 𝑝) ∙ (𝜏+̅ − 𝜏−̅)2)

𝑠𝑒(𝑠0
2)

)

2

 

(4) 

 

  Estimate S.E. 

Visceral surface of ribs Sensitivity 0.337 0.031 

 Specificity 0.987 0.007 

Ventral part of vertebrae Sensitivity  0.533 0.032 

Specificity 0.959 0.014 

Lateral body of ilium Sensitivity  0.332 0.031 

 Specificity 0.949 0.010 

Acetabular fossa Sensitivity  0.420 0.032 

 Specificity 0.935 0.016 

Iliac auricular surface Sensitivity  0.296 0.030 

 Specificity 0.942 0.016 

Olecranon process of ulna Sensitivity 0.092 0.019 

 Specificity 0.983 0.009 
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3. Results 

Table 3 shows lesion scores for the two time periods. The highest frequencies of bony involvement 

were found in the iliac auricular surface in both the medieval (29.6%) and post-medieval (37.3%) 

samples.  For ribs, there was a significant difference in frequencies in the two time periods (p < 

0.001). Rib involvement was almost three times greater in the post-medieval sample (13.7%) than it 

was in the medieval (4.8%) skeletons.  

Estimates of τ (Equation 1) and TB prevalence (Equation 4) for the two time periods are given in 

Table 4. The observed τ values fall within the range of the simulated negative and simulated positive 

values of τ. The point estimate for the prevalence of TB at death (p) is 17% (15 - 19%) in the 

medieval sample, and 40% (33 - 47%) for the post-medieval one.  Figure 2 shows the non-

overlapping sample frequency distributions (curves) by time period, along with 95% confidence 

intervals (straight lines).  
 

Table 3. Six TB indicators in the two time periods, medieval (N=497) and post-medieval (N=216): positive (present) and 

negative (absent). 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Table 4. The τ distribution and estimated TB frequency at death for the two time periods. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lesions Score 
Medieval Post-medieval p value 

N % N %  

Visceral surface of ribs positive 18 

354356 

60 

281 

63 

241 

4.8 

302 

99 

234 

27 

341 

23 

145 

24 

142 

30 

95 

13.7 

126 

50 

84 

7 

115 

<0.001 
 negative 354 95.2 145 86.3 

Ventral part of vertebrae positive 44 13.0 23 13.9 
0.443 

 negative 295 87.0 143 86.1 

Lateral body of ilium positive 63 20.7 30 24.0 
0.266 

 negative 241 79.3 95 76.0 

Acetabular fossa positive 78 20.8 29 18.7 
0.338 

 negative 297 79.2 126 81.3 

Iliac auricular surface positive 98 29.6 50 37.3 
0.067 

 negative 233 70.4 84 62.7 

Olecranon process of 

ulna 

positive 27 7.4 7 5.7 
0.353 

 negative 340 92.6 115 94.3 

Time period N  

τ TB frequency 

Observed 
Simulated 

negative 

Simulated 

positive 
p 95% C.I. 

Medieval  497 
Mean -0.07 -1.11 

 

 

2.32 
0.17 0.15-0.19 

Variance 4.98 1.56 7.07 

Post-medieval  216 
Mean 0.23 -1.23 2.23 

0.40 0.33-0.47 
Variance 6.28 1.07 7.51 
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Table 5. Goodness of fit of the estimation model to the τ-value distributions for the two time periods 
 

 

 

 

 

 

Table 5 gives the results of the goodness of fit of the estimated model to the χ2 distributions of the 

τ values for the two time periods. The medieval estimate of 𝑓(�̂�) yields a significant p value (p< 

0.01), meaning that the mean and variance are indicative of different distributions of TB (p). In other 

words, the fit of the model to the medieval Ribe data is not good. For the post-medieval period, the 

𝑓(�̂�) estimate results in a non-significant p value (p = 0.48).  Here the mean and variance indicate 

equal distributions of prevalence (p), a good fit between the model and data.  

Lesion scores for the two social groups of medieval Ribe are provided in Table 6. For all 

indicators besides bony changes on the rib visceral surface and ventral vertebral bodies, there are 

significant differences in the frequencies between the high and low social groups (p<0.05). 

Differences are greatest for the pelvic TB indicators: the lateral body of the ilium, acetabular fossa, 

and iliac auricular surface.  

In both the medieval high and low (commoner) status samples, the observed τ values fall within 

the range of the simulated negative and positive values of τ (Table 7).  The frequency of TB at death 

ranges between 10% (7 - 14%) for high-status people and 29% (25 - 34%) for their low status 

counterparts.  Sample frequency distributions do not overlap (Figure 3). 

 

 

 

 

 

Time periods 𝑓(�̂�) df p-value 

Medieval  9.56 1 <0.01 

Post-medieval  0.50 1 0.48 

Figure 2. Sample frequencies of TB in medieval period (grey) 

and post-medieval period (black). Horizontal lines mark the 95% 

intervals. 



10  

Table 6.  Six TB indicators in two medieval status groups, low (N=350) and high (N=138): positive (present) and 

negative (absent). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 7. The τ distribution and estimated TB prevalence for medieval low and high status skeletons. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lesions Score 
      Low High p value 

            N 

253 

49 

188 

54 

161 

          % 

203 

80 

159 

25 

252 

         N 

103 

11 

92 

9 

80 

    % 

95 

18 

75 

2 

87 

Visceral surface of ribs positive 14 5.4 4 3.8 
0.364 

 negative 246 94.6 102 96.2 

Ventral part of vertebrae positive 34 14.7 8 7.9 
0.059 

 negative 197 85.3 93 92.1 

Lateral body of ilium positive 50 23.8 9 10.2 
0.004 

 negative 160 76.2 79 89.8 

Acetabular fossa positive 65 24.7 9 8.7 
<0.001 

 negative 198 75.3 94 91.3 

Iliac auricular surface positive 75 32.3 18 20.0 
0.018 

 negative 157 67.7 72 80.0 

Olecranon process of ulna positive 23 8.5 2 2.2 
0.030 

 negative 248 91.5 87 97.8 

Social status N  

τ TB frequency 

Observed 
Simulated 

negative 

Simulated 

positive 
p 95% C.I. 

Low  350 
Mean 0.15 -1.06 2.39 

0.29 0.25-0.34 
Variance 5.32 1.64 6.96 

High  138 
Mean -0.78 -1.21 2.16 

0.10 0.07-0.14 
Variance 3.02 1.35 7.58 

Figure 3. Sample frequencies of TB in low (grey) and high (black) social 

groups in the medieval period. Horizontal lines mark the 95% intervals. 
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The goodness of fit between the model and data in the two social status samples yielded 

significantly different distributions (p = 0.04) for the low status group. Once again, that indicates the 

fit of the model to the Ribe data is not good.  In contrast, there is a good fit between the model and 

the high status data (p = 0.58).   
 

Table 8. Goodness of fit of the estimation model to the τ value distributions for the two medieval status groups 
 

 

 

 

 

 

4. Discussion 

 

4.1. Differences in frequency of TB across time 

 

The marked difference in TB frequencies from 17% to 40% for the medieval and post-medieval 

periods, respectively, indicates an increase in TB prevalence over time in Ribe.  The extent to which 

Ribe can be said to have been part of a broader trend – what occurred in other Danish urban centers, 

the nearby countryside, or elsewhere in Europe – is unknown.  It is, however, knowable with large 

and contextually well documented skeletal collections.  After all, examples of skeletal lesions 

consistent with TB are not a rare occurrence in human remains dating from the Neolithic period 

onward (Holloway et al., 2011). Unfortunately information comparable to what is provided for the 

Ribe skeletons is not presently available. There are no systematic studies that provide reliable 

estimates of the frequency of TB – an approximation of the prevalence of the disease, not mere 

counts of distinctive skeletal lesions – in archaeological collections.  

Although ancient texts and depictions of diseased people indicate TB was present in ancient times 

(Aufderheide and Rodríguez-Martin, 1998:125-128; Barberis et al., 2017; Cave, 1939; Daniel and 

Daniel, 1999; Morse, 1967), it was not until about two centuries ago that hospital records begin to 

provide reliable information about the prevalence of TB and its associated mortality (Bello et al, 

1999; Davies et al., 1999; Ferlinz, 1999; Grigg, 1958; Krause, 1928; Vuorinen, 1999). These sources 

show that mortality rates were similar in Europe and North America, being somewhere around 3-5 

deaths per 1,000 in the mid-19th century (Aufderheide and Rodríguez-Martin, 1998:130; Davies et 

al., 1999; Lillebaek et al., 2002). What appears to have been an increase in TB to that point is 

presumably connected to crowding, pollution, and poor working conditions during early 

industrialization and the accompanying growth of cities (Davies et al, 1999; Grange et al., 2001). A 

half-century later, around 1900, mortality from TB had been reduced by one-half (Aufderheide and 

Rodríguez-Martin, 1998:130; Davies et al., 1999). This decline took place well before antibiotics 

became available for medical treatment in the mid-20th century, and before the BCG (bacille 

Calmette-Guerin) vaccine was introduced about a century ago (Davies et al, 1999). Why this decline 

occurred has yet to be fully established, although environmental and social changes, as well as 

natural immunity against TB infection, have been implicated in that process (Davies et al., 1999; 

Grange et al., 2001).  

Precisely how mortality rates in near-recent times compare to those provided here for the earlier 

Ribe skeletal samples cannot be determined. Paleoepidemiological estimates are not reflections of 

the frequency of TB in once-living populations.  That is, they are not what one might observe if it 

were somehow possible to assess the residents of Ribe when they were alive. The estimates in this 

study pertain to TB among individuals at the point of their deaths. Disease frequencies are, therefore, 

inflated for any pathological condition that increased the risk of dying. That is because a sample of 

the dead – and skeletons are surely such a sample – is heavily biased toward the frailest individuals 

in the population at each age (DeWitte and Stojanowski, 2015; Milner and Boldsen, 2017; Wood et 

al. 1992; Wright and Yoder, 2003). On average, those who died were not as healthy as their 

Social status 𝑓(�̂�) df               p value 

Low/common  4.21 1 0.04 

High  0.30 1 0.58 
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counterparts of the same age who enjoyed a greater chance of surviving to an older age, although 

they too would eventually die, perhaps after suffering from an illness that would leave its mark on 

the skeleton.  

Nevertheless, it is reasonable to believe that the post-medieval TB frequency in the skeletal 

assemblage is along the lines of high 18th and 19th century mortality from the disease. The Ribe early 

modern experience with TB indicates the disease was more widespread than it was centuries earlier 

in the medieval town. This increase is interesting because urbanization in early modern Ribe went in 

a different direction than the general development of European towns where dramatic increases in 

population were common (Bitsch Christensen, 2010; Degn, 1981a,b; Johansen, 2002:10; Livi-Bacci, 

2017:70). Ribe, in contrast, lost about one-half of its population during the 1600 to 1800 period, 

falling from ca. 5,000 to 2,000 inhabitants, while changing from a thriving town to a sleepy 

backwater.  This transformation resulted from a series of misfortunes. A great fire swept across large 

swaths of the town in 1580, destroying everything in its path. Later flooding and silting of Ribe’s 

river altered the harbor so it could no longer be used by the ever-larger cargo ships that were coming 

into use. Trade was consequently redirected to other Danish ports from the early 17th century onward.  

Plague epidemics and warfare further reduced the town’s population during the 17th century. Yet 

despite a decline in the town’s inhabitants and a lack of early industrial pollution, hence no real 

overcrowding or markedly poor living conditions, TB became a greater problem in early modern 

Ribe than it had been in the preceding centuries.  

Although the general direction of change in TB prevalence in Ribe is clear, the magnitude of that 

change is not. The sensitivity and specificity estimates used in the τ statistics are based on the Terry 

cases and Bass controls (Dangvard Pedersen et al., n.d.). The outcome of a test of the goodness of fit 

between the model and data for the two time periods is evidence that the skeletal expression of TB 

was not the same throughout the time spanned by the cemeteries. The lack of fit for the medieval 

sample indicates that sensitivity and specificity measures derived from modern American skeletons 

do not capture the nature of the early Ribe data.  In short, the skeletal expression of TB during the 

medieval period differs from what it was in 20th century America, as represented by the reference 

skeletal collections.  Notably there was a great difference between the frequencies of rib lesions in 

the medieval and early modern samples.  Much like the post-medieval sample, the Terry Collection 

skeletons had many rib lesions (Dangvard Pedersen et al., n.d.; Roberts et al., 1994).  Ribe and its 

immediate environs was once a center for cattle breeding and trade, especially in the 15th and 16th 

centuries (Enemark, 1999). For the medieval population, contact with large numbers of cattle, 

including the consumption of infected beef and milk, likely contributed to a greater risk of infection 

with extra-pulmonary bovine TB.  In the early modern population, pulmonary TB likely became 

more prevalent, thus accounting for an increase in rib involvement. Ribe’s shift to a greater lung 

involvement in TB is not unexpected because pulmonary TB was common in Denmark less than a 

century ago (Holm and Holm, 1945; Madsen et al., 1942). However, in some outlying areas the 

bovine form was more common than it was in others (Magnus, 1966).  That would be consistent 

with the modern American sample, largely consisting of poor people from the St. Louis, Missouri, 

area, where pulmonary TB was once common. 

 

4.2. Differences in TB among medieval social groups 

 

In medieval Ribe, people of low status were three times more likely to die with TB than those who 

enjoyed high social positions.  It is reasonable to suppose that differences in living conditions within 

the town resulted in variation among social groups in the risk of infection.   

     The influence of social position on the risk of developing active TB and dying from it has been 

noted by many researchers (Ferlinz, 1999; Grange et al., 2001; Gupta et al., 2003; Ladefoged et al., 

2011; Olson et al., 2012; Schoeman et al., 1991; Souza et al., 2000). For example, mortality rates in 

Paris’ poor districts from 1865 to 1934, divided into eight time intervals to capture changes in 

infrastructure and health care, were consistently higher than those elsewhere in the city (Bello et al., 

1999).  The same is true in other places, such as in Danish towns during 1900-1909 where variation 
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in TB deaths was attributable to differences in social and economic conditions (Johansen, 2002:203).  

Danish legislation changed during the 14th century, dividing people more clearly than before into 

social classes, each with clear legal positions, rights, and obligations, dampening upward mobility 

(Jakobsen and Madsen, 2001:139). The economic wherewithal of the classes was very different, and 

presumably so too were many aspects of daily life.  The poor, in particular, likely endured 

inadequate housing and squalid conditions.  With regard to social distinctions, and all that might 

accompany them, Ribe was like other medieval Danish towns.  Social inequality in Ribe in late 16th 

and early 17th centuries, as measured by income with the poor predominating (Degn 1981a:201, 

1981b:240), probably extended deep into the medieval period because of the legislatively imposed 

social categories.  

The explanation, however, might be more complex if commoners tended to live longer when sick 

than their high-status counterparts, so recognizable TB-related lesions had more time to develop.  

That might have happened if people of low status tended to be infected by a less virulent TB strain 

than individuals who enjoyed a high social position. Extra-pulmonary TB caused by the bovine form 

through a gastrointestinal route of infection is assumed to be not as virulent as the person-to-person 

transmission of TB where lungs are a primary site of involvement (Francis, 1950; Grange, 2001). 

That possibility, as contrived as it might appear at first glance, is consistent with differences in the 

model goodness of fit to the low and high status medieval data.   

Considering the presence of cattle in medieval Ribe, as well as the probable close association 

between those animals and commoners, it is possible that people who occupied the lowest rungs in 

the social hierarchy experienced a greater risk of contracting bovine TB bacteria when consuming 

infected meat and milk. High-status individuals, in contrast, might have been infected more often 

with the pulmonary form of TB.  For them, greater virulence came with earlier death before 

distinctive bony changes had time to develop.  If that was indeed what happened, the discrepancy 

between medieval and post-medieval mortality requires explanation.  That difference might be 

attributed to living conditions, because even for high-status people life in a medieval town was 

unlikely to have been as good as it was in the early modern period. Sick people during the medieval 

period might not have lingered as long before dying as they did centuries later.  Although consistent 

with the Ribe data, evaluating such a possibility requires a large sample from diverse settings, which 

is not presently available.   

 

4.3. Value of probability measures  

 

The diagnostic probability measures – sensitivity and specificity – used here were estimated from 

TB indicator data derived from early to mid-20th century American skeletons. Therein lies the 

greatest strength and weakness of this study.   

    The approach adopted here makes it possible to generate quantitative estimates of disease 

prevalence among the people who died.  For characterizing a disease’s impact on past communities, 

such estimates are far more useful than simple counts of highly distinctive bony lesions in skeletal 

collections.  The latter will underestimate by a considerable, but unknown, amount the fraction of 

the mortality sample that was sick at the time of death.   

    The efficacy of diagnostic probability measures, however, depends on the disease following 

roughly the same course in the reference and archaeological samples (in this instance, the American 

and Ribe skeletons).  A lack of fit in the medieval Ribe sample underscores the problems researchers 

face when studying TB using archaeological materials from temporally distant societies (Dutour, 

2008; Waldron, 1999).  It will be a challenge to tease apart the relative importance of different 

Mycobacterium complex pathogens, host-pathogen evolution, and living conditions when accounting 

for variation in the disease’s expression over time (Bloom and Small, 1998; Malik and Geodfrey-

Faussett, 2005; McMichael, 2004; Narasimhan et al., 2014).  Nevertheless, the model presented here 

permits the detection of such variation, such as what was found for medieval commoners.  That is a 

necessary first step toward developing testable explanations for variation in disease experience 

during the long course of human existence.  
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To better account for variation in the expression of TB in the skeleton, it would be rewarding to 

examine samples from populations that differed temporally, geographically, and socioeconomically 

from the American collections that formed the basis of this study (Dangvard Pedersen et al., n.d.).  

Skeletons from collections in Portugal (Cardoso, 2006; Santos, 1999), for example, are potential 

candidates for work that would both enlarge the sample of TB cases and refine the estimates 

provided in this proof-of-concept study.  

 

 

5. Conclusion 

 

This paper presents the first attempt to provide insights into the prevalence of TB in archaeological 

samples using a paleoepidemiological approach based on the sensitivity and specificity of a suite of 

bony lesions. The explicit use of such measures for TB makes it possible to estimate the probability 

that individuals had TB at the time of their death, as well as the frequency of TB in the skeletal 

sample as a whole.  The latter, of course, is the more useful figure when assessing the impact of this 

disease on past communities.  When applied to multiple samples from diverse cultural contexts, this 

approach has the potential of contributing much to our understanding of the effect of TB on past 

peoples.   

     Differences were found in TB frequencies at the point of death in medieval and early modern 

Danish skeletons, as well as medieval samples associated with low and high status groups.  The 

model based on 20th century Americans did not fit all of the archaeological samples equally well.  

That highlights both the limitations of the present study and, more importantly from a host-pathogen 

coevolution perspective, a possible change over time in the Mycobacterium complex pathogens that 

were the most common source of TB that affected human communities. 
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SUPPLEMENTAL MATERIAL 

 

TB osteological markers 

Six osteological lesions were recorded in skeletons for the paleoepidemiological approach to the 

study of TB.  Lesion scoring criteria are reproduced from descriptions in Dangvard Pedersen et al. 

(n.d.). Although lesions will be variably expressed in terms of the extent of involvement, for 

simplicity in paleoepidemiological modeling they are scored dichotomously as absent (0) or present 

(1).  That is also necessary because archaeological samples are generally small, at best typically 

numbering no more than several hundred individuals.  No single lesion can be said to indicate TB on 

its own.  Each lesion contributes to the probability of TB being present. In general, the number of 

lesions observable in a skeleton is related to a likely diagnosis of TB.  

 

Table S1: Scoring criteria for TB indicators RIB, VER, ILI, ACE, AUR and OLE. 

Indicator Scoring Description 

RIB 

Visceral surface 

of ribs 

Location Visceral surface of the entire rib. 

0: No bone changes related to TB are present (Fig. S1.A. and S1.B.). 

1: Two or more pieces of ribs larger than 5 cm have: 

• Superficial bone proliferation covering more than 5 cm (Fig. S1.A.). 

• One or more bean-shaped lytic lesions measuring more than 5 mm in diameter (Fig. 

S1.B.). VER  
Ventral part of 
vertebrae 

Location Ventral part of thoracic and lumbar vertebral bodies. Thoracic and lumbar vertebrae 

are recorded separately. 

0: No bone changes related to TB are present (Fig. S2). 

1: Two or more thoracic or lumbar ventral surfaces have a proliferation of bone 

typically with a woven appearance that covers at least 50% of the bone’s surface 

(Fig. S2). ILI  

Lateral body of 

ilium 

Location Lateral body of ilium between the lower gluteal line and upper acetabular margin. 

0: No bone changes related to TB (Fig. S3). 

1: One of the following is present: 

• Three or more large pits with a roughly circular shape and rounded edges 

measuring more than 3 mm (Fig. S3).  In severe cases an abscess can be present 

(Fig. S3). 

• A proliferation of bone with a woven structure is present on at least 50% of 

the bone’s surface (Fig. S3). ACE  

Acetabular fossa 

of acetabulum 

 

Location Acetabular fossa of acetabulum. 

0: No bone changes related to TB are present (Fig. S4). 

1: Two or more deep cavities in the acetabular fossa, each measuring more than 3 mm 

or covering more than 50% of the area, with borders having the appearance of a 

woven structure with dense trabeculae (Fig. S4). 

AUR  

Iliac auricular 

surface 

 

Location Iliac auricular surface. 

0: No bone changes related to TB are present (Fig. S5). 

1: Clustered pits (Fig. S5) or large cavities (Fig. S5) in two or more areas, each 

measuring more than 3 mm, or in one area measuring more than 10 mm. 

OLE  

Olecranon 

process of ulna 

Location Olecranon process of proximal ulna. 

0: No bone changes related to TB are present (Fig. S6). 

1: Clustered pits (Fig. S6) or large cavities (Fig. S6) are present on the olecranon process 

in two or more areas measuring more than 3 mm, or in one area measuring more than 10 

mm.   
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Figure S1.A. RIB indicator: without changes, archaeological specimen (left); loosely adherent superficial woven 

bone proliferation, Terry Collection 13R (middle); and superficial bone proliferation, Terry Collection 592 (right). 
 

 

Figure S1.B. RIB indicator: without changes, archaeological specimen (left); deep osteolytic bean-shaped pit exposing 

underlying, but thickened, trabeculae, Terry Collection 1002 (middle); and shallow osteolytic pits, Terry Collection 1106 

(right). 

Figure S2. VER indicator: without changes, Terry Collection 1351 (left); slight bone proliferation, Terry Collection 

1468 (middle); and extensive bone proliferation that takes on a woven appearance, Terry Collection 1407 (right). 
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Figure S3. ILI indicator: without changes, archaeological specimen (upper left); large rounded pits, Terry Collection 

1072 (upper right); pits and abscess, Terry Collection 1331 (lower left); and bone proliferation, Terry Collection 1278 

(lower right).  

 

Figure S4. ACE indicator: without changes, archaeological specimen (left); deep pits, Terry Collection 1458 (middle); 

and deep cavities and woven structure, Terry Collection 980 (right). 
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Figure S5. AUR indicator: without changes, archaeological specimen (left); clustered pits and deep cavities, Terry 

Collection 1419 (middle); and extensive cavities that cover most of the joint surface, Terry Collection 1205 (right). 

 

Figure S6. OLE indicator: without changes, archaeological specimen (left); clustered pits, Terry Collection 799 

(middle); and clustered pits and large cavities, Terry Collection 820R (right). 

 

 

 


