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This  study  compares  the adult  survivorship  profiles  of  people  interred  in  the  Saint-Thomas  d’Aizier
leprosarium,  estimated  by  cementochronology,  to eight  archaeological  series  in northern  France  dated
from  Late  Antiquity  to the Late  Middle  Ages,  periods  of significant  visibility  for Hansen’s  disease  (leprosy).
The  goals  are  to  understand  the  impact  of leprosy  on  various  social  groups  and  to  explore  the cause
of  leprosy’s  decline  by  analyzing  male  and  female  fertility.  Survival  rates  differed  between  medieval
eprosy
urvival function
iddle ages

ementum
rance

leprosy-free  sites  and  the  Saint-Thomas  d’Aizier  leprosarium,  although  this  difference  was  statistically
significant  only  for the  female  leprosarium  sample.  The  selective  female  frailty,  a  consequence  of social
exclusion  and  the  collapse  of the  quality  of life,  combined  with  the infertility  of lepromatous  couples,
offer  a  multi-causal  explanation  to  the end  of  the  expansion  and then  decline  of leprosy  in  southern  and
western  European  countries.
. Introduction

Demographic factors related to leprosy in the past have been rel-
tively underexplored, yet the disease is known to impact mortality
nd fertility. We  therefore suspect that changes in demographic
arameters played a role in the decline of this disease. Clini-
al analyses highlight the major role of specific pathologies on
ortality and morbidity, such as suicide, tuberculosis (TB), renal

nsufficiency, and cancer (Tokudome et al., 1981). In addition, the
ossibility that couples affected by leprosy would have a lower
ertility due to male infertility has been raised since the early
0th century (McCoy, 1913). McCoy was the first to discuss the
requency of orchiepididymitis (inflammation of the testicles) in
epromatous patients. The same year, Barbézieux (1913) argued
Please cite this article in press as: Blondiaux, J., et al., The leprosarium 
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hat the decline of leprosy and its disappearance during the 17th
entury in France was due to the legal requirement that leproma-
ous persons and their descendants (i.e., “cagots”) marry affected
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partners, in addition to male infertility. More recently, Beiguelman
(1967) collected a large demographic dataset on leprosy patients
and concluded that since orchiepididymitis is frequent among lepro-
matous males, many were rendered sterile. However, in the fertile
fraction of lepromatous males, fecundity was similar to that of
healthy males. Women’s fertility, however, seemed to be unaf-
fected, as demonstrated by the comparable spontaneous abortion
rates observed between lepromatous and healthy females. Lep-
rosy induced male infertility and a possible increased mortality
of males and females due to leprosy and other pathogens should
therefore be explored to assess their respective effects on the dis-
ease’s 17th century decline. One source of historical information
is represented by bioarchaeological data. However, the paucity of
demographic analyses from archaeological sources, such as the
English medieval leprosaria in Chichester and Winchester in Eng-
land (Magilton et al., 2008; Roffey and Tucker, 2012; Taylor et al.,
2013) and Næstved in Denmark (Bennike et al., 2005; Møller-
Christensen, 1953) limits our understanding of the demography
dynamics of Hansen disease (i.e., leprosy) in Medieval Europe.
Without this information, any conclusions about the “decline of
of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

leprosy” in Europe attributed to the selective impact of tuberculo-
sis (Donoghue et al., 2005) or to the secondary effects of the 14th
century Black Death (Bassukas et al., 2012; Lechat, 2002) appear
premature.
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To explore relationship between mortality, fertility, and pale-
demography, a precise adult age-at-death estimation method
s required. The only available technique that combines accu-
acy and reliability is cementochronology, usually referred to as
he “TCA” count. In the past 30 years, several researchers have
eveloped and applied this technique for human age-at-death esti-
ations by counting the cementum increments of dental roots

Charles et al., 1986; Kagerer and Grupe, 2001; Solheim, 1990; Stott
t al., 1982; Wittwer-Backofen et al., 2004). Recent methodological
mprovements, both for producing histology slides and counting
he cementum increments, have resulted in a significant increase
n the accuracy and controls for inter/intra-observer count error
Blondiaux et al., 2006; Colard et al., 2015; Gocha and Schutkowski,
013; Robbins Schug et al., 2012; Wedel, 2007; Wittwer-Backofen,
012; Wittwer-Backofen et al., 2008). The cementochronology
pproach is the only method that allows for the direct count-
ng of a growing tissue (cementum) without statistical calibration,
ayesian or otherwise, or the need for a reference population. It

s only restrictive in the sense that it requires the presence of one
ooth per individual with suitable preservation, a requirement sim-
lar to that for any other biological indicator (Naji et al., 2014).
ecause we now have a tool to estimate the age-at-death of archae-
logical skeletal series with precision, paleoepidemiologists and
aleodemographers have the opportunity to investigate the dif-
erential impact of various pathogens on historic and prehistoric
eries without the impediment of some of the osteological para-
ox’s issues concerning selective mortality (Wood et al., 2002).

The first objective of this study is to compare demographic
rofiles of skeletons from a French medieval leprosarium to eight
rchaeological series dated from Late Antiquity to the Late Middle
ges by sex and by age, estimated through cementochronology.
hese are all from a geographically and politically restricted area of
orthern France and have been archaeologically and historically
haracterized in terms of socioeconomic levels. This contextual
ackground is essential to interpret the differences in survivorship
nd allows us to compare the samples by sex and economic status.
n addition, a paleopathological characterization of the skeletons

ill serve for discussing the evolution and decline of leprosy during
he Late Middle Ages.

Therefore, a second objective is to test the hypothesis put
orward by Donoghue et al. (2005) that the co-occurrence of
uberculosis and leprosy, associated with depressed socioeconomic
actors, increased early mortality in local populations and thus pre-
ipitated the decline of leprosy. Since we have identified individuals
ith potential lesions due to both leprosy and tuberculosis at two

ites (Aizier and Arras), we also have the opportunity to directly
est the impact of the co-occurrence of M.  leprae and M. tubercu-
osis versus the impact of TB alone on two distinct archaeological
amples.

Using a bioarchaeological approach, that is, using combined his-
orical, archaeological, paleopathological, and demographical data,

 third objective will be to discuss the question of male infertility
nd elevated female mortality within the leprosarium to explore
he pathocenoses that may  have contributed to the decline of lep-
osy at the end of the Middle Ages in Europe.

Our fourth and final objective is to consider the proposal that the
onfinement of various populations in medieval Europe preceded
nd accompanied the decline of leprosy and might be linked to its
isappearance.

. Materials and methods
Please cite this article in press as: Blondiaux, J., et al., The leprosarium
medieval decline of Hansen disease in Europe? Int. J. Paleopathol. (20

.1. Material

Nine osteological series (Fig. 1) housed at the Center for Pale-
pathological Studies (Walincourt-Selvigny, France) were studied.
 PRESS
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They represent a total of 1701 adult skeletons dating from Late
Antiquity (450 AD) to the Late Middle Ages (1300 AD) (Table 1).
These series were selected based on extensive excavations of each
site and overall good bone preservation. Because the archaeological
context was  systematically evaluated for each site, we anticipate no
major taphonomic biases and thus consider these series to be repre-
sentative samples of the regional population. From these skeletons,
one permanent tooth, mostly monoradicular and anterior, was
sampled from each of 842 adults with observable teeth. Cemen-
tochronology was then used to estimate age-at-death and the
corresponding samples survivorship curves. The sample of adult
individuals with identified leprosy comes from the medieval lep-
rosarium of Saint-Thomas d’Aizier (STA; Haute-Normandy, France),
dated from 1150 to 1550 AD (Fig. 2). The rest of the series represents
the samples without observed leprous lesions.

2.1.1. Saint-Thomas d’Aizier leprosarium
The total STA sample is comprised of 186 (88.3%) adults and only

24 (11.6%) subadults identified in situ, either as individual burials
or as commingled remains. Eight were buried in the same aisle of
the chapel, five are in the north cemetery, two  are in the southern
sector, and one teenager was  in a single tomb located at the chevet
of the building. It is noteworthy that the graves of the youngest
were grouped in close proximity along the north wall of the nave
or under the eaves (sub stillicidio). They probably benefited from a
privileged location in the cemetery, while the burials of older chil-
dren, in the most northeastern area, appear more dispersed among
the adult burials. Overall, the excavation and taphonomic study of
the cemetery did not reveal any burials with more than one individ-
ual. Sex estimation based on the morphology and size of the pelvis
(Bruzek, 2002; Buikstra and Ubelaker, 1994) was possible for 125
individuals, including two  older teenagers. At Aizier, 70 males are
present along with 55 females (sex ratio = 1.27). A male predom-
inance was observed for individuals buried inside the chapel (12
males for 3 females).

2.1.2. Comparative sites
Eight sites, totaling 1519 adults, make up the comparative sam-

ple. Archaeological contextual information was used to estimate
the settlement type (rural, urban, and religious) and to assess the
social status (wealthy or poor) (Table 1).

1. The urban site of the “Îlot de la Boucherie” in Amiens (France) was
excavated between 2006 and 2007. This 5200 m2 site revealed
the presence of a vast cemetery around an amphitheater and
contained 277 burials. The systematic study of the skeletons
and associated artifacts offered a detailed picture of a significant
sample of the Amiens population during Late Antiquity (290–395
AD). Available information includes overall health assessments
as well as the social and possible ethnic composition of the pre-
dominantly young male workers and millet eaters of Germanic
origin (Binet, 2012a,b; Blondiaux, 2012).

2. The Arras-Prefecture site is strictly contemporary with STA
(1200–1300 AD) and is composed of lower-class individuals
buried around the chevet of the medieval cathedral of Arras
(Jacques et al., 1988). This urban cemetery yielded 81 skele-
tons, including 65 complete and well-preserved adults. A cluster
of five burials contained five skeletons with bone and joint TB
(Blondiaux et al., 1992).

3. “Les Rues des Vignes” is a Merovingian cemetery (480–680 AD),
 of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

with 269 burials having been excavated from 1980 to 1982
(Blondiaux, 1986). Sex diagnosis has been confirmed on 64.5%
of the adult sample (62 males and 69 females). At least three
cases of bone and joint TB have been recorded.

dx.doi.org/10.1016/j.ijpp.2015.02.005
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Fig. 1. Location of the town of Aiz

. The site of Lisieux-Michelet (866 burials), dated from 280 to 750
AD, was part of a wealthy Gallo-Roman city with an important
military garrison (Paillard et al., 2006).

. Twenty burials were excavated from the choir of the abbey
church of Saint-Pierre-sur-Dives (Normandy) in 1997. These
upper-class burials date from the 12th and 13th centuries AD and
consisted of 19 male skeletons and only one female (Alduc-Le
Bagousse et al., 2004).

. The site of the “Marmousets” at Vendeuil-Caply (France) has
been archaeologically interpreted as a rural site, even though
its cemetery is located near vast cultural and religious buildings
(vicus) (Piton, 2009). Two contiguous burial areas represent two
Please cite this article in press as: Blondiaux, J., et al., The leprosarium 
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chronological phases. The earliest area (178 burials, 250–380
AD) only yielded a few grave goods. Within this area, there
is a distinct cluster of individuals with lesions of probable

able 1
ummary statistics for the sites used in the study with the number of teeth (842) use

 = number, LA = late antiquity, LMA  = late middle ages, EMA  = early middle ages.

Sites Skeleton (N) Adult (N) Sub-adult (N) Tooth (TCA)

Amiens Boucherie 277 148 129 147 

Arras Préfecture 81 65 16 30 

Les Rues des Vignes 269 203 66 127 

Lisieux Michelet 1 648 458 190 94 

Lisieux Michelet 2 218 155 63 35 

Saint Pierre sur Dives 20 20 0 17 

Saint Thomas d’Aizier 206 182 24 63 

Vendeuil-Caply 1 178 115 63 90 

Vendeuil-Caply 2 45 35 10 30 

Vron 1 116 92 24 46 

Vron 2 47 41 6 39 

Vron 3 56 48 8 37 

Wandignies-Hamage 167 139 28 87 

Total 2328 1701 627 842
ure) in Haute-Normandy, France.

tubercular origin. The more recent area (45 burials, 500–600 AD)
was replete with grave goods. Within this second area, there was
a cluster of 7 individuals with bone lesions suggestive of leprosy
(acro-osteolysis, cortical resorption, tarsal destruction)

7. Vron was excavated from 1971 to 1975 and is dated from 308
to 700 AD (Seillier, 2006). The initial component of the site is a
Germanic settlement on the Litus Saxonicum.  The site revealed
219 individuals, among which half were positively diagnosed as
males (41), females (36), and subadults (38). No signs of TB have
been observed.

8. Wandignies-Hamage is a female monastic community dated
from the 7th to 11th centuries AD (Louis and Blondiaux,
of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

2009). A clear segregation of sex and social origins is marked
within the cemeteries, both inside and outside the community
buildings.

d for the age estimation by cementochronology representing 842 adults (49.5%).

 (N) Periods Context Social status Sources

LA 3rd–4th c. Urban, workers Poor Binet (2012a,b)
LMA  10–12th c. Urban Poor Jacques et al.

(1988)
EMA 6–7th c. Rural Rich Blondiaux

(1986)
LA 4th c. Urban Rich Paillard et al.

(2006)
EMA 6–7th c. Urban Rich Paillard et al.

(2006)
LMA  12–13th c. Rural Rich Alduc-Le

Bagousse et al.
(2004)

LMA  12–15th Leprosarium Poor Niel et al.
(2007)

LA 3rd–4th c. Rural Poor Piton (2009)
EMA 5–6th c. Rural Poor Piton (2009)
LA 4th c. Rural, migrants Poor Seillier (2006)
EMA 5 c. Rural Rich Seillier (2006)
EMA 6–7th c. Rural Poor Seillier (2006)
EMA 6–9th c. Nunnery Rich Louis and

Blondiaux
(2009)

dx.doi.org/10.1016/j.ijpp.2015.02.005
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ig. 2. Archaeological site of the medieval leprosarium of Saint-Thomas d’Aizier
photo by. C. de Seréville-Niel).

.2. Methods

Adult median age-at-death and survivorship curves estimated
y cementochronology are compared to assess the mortality dif-
erences among the archaeological samples and subsamples. The
ex estimations for the skeletons used the Bruzek (2002) method
r the Buikstra and Ubelaker (1994) standards, depending on the
keletal parts available for observation.

.2.1. Individual adult-age estimation: Cementochronology
Age estimations were made by cementochronology. Cemen-

um is the interface between the periodontal ligament and the
oot of the tooth, and it serves for the attachment of the tooth
n the alveolar bone (Hillson, 1996). This histological method,
eveloped in animal biology (Linhart, 1973) and later applied
o human remains (Charles et al., 1986; Stott et al., 1982), and
equires observations of tooth roots cross-sections for alternat-
ng dark and clear banding increments, which are visible when
hin sections are microscopically viewed under direct transmitted
ight (Wittwer-Backofen et al., 2004). As described by Blondiaux
nd colleagues (Blondiaux et al., 2006), sections were obtained
rom monoradicular teeth (mostly premolars) and embedded in
n epoxy resin (Araldite Brot). The resulting block was trimmed to
educe cutting time. Eight transverse sections of 80–100 �m were
hen obtained for each tooth using a micrometric low-speed dia-

ond saw (Buehler Isomet). Unpolished sections were mounted
sing Canadian balsam. Each field was observed in normal light
t 200× magnification on a Nikon Labophot microscope equipped
ith a digital camera. Twenty microscopic fields per tooth were

elected and photographed. The images were then displayed on
 computer, and the cementum increments were counted utiliz-
ng Adobe Photoshop software. The modal average counts added
o the average date of tooth eruption (Liversidge et al., 1998)
ere recorded on an automated spreadsheet, which included the

tandard error specific to the reference sample (software by B.
ertrand, Archaeological Service CAD, Douai, France).

To control for biases due to alveolar bone destruction in
ansen’s disease, Magniez (2012) compared the frequency of
Please cite this article in press as: Blondiaux, J., et al., The leprosarium
medieval decline of Hansen disease in Europe? Int. J. Paleopathol. (20

ental conditions of the STA adults with those of the compara-
ive rural, urban, rich and poor populations. The STA oral health
id not seem to differ from the rural and poor samples, with
he exception of teeth exposed by alveolar resorption due to
 PRESS
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rhinomaxillary syndrome (Andersen and Manchester, 1992).
Therefore, the anterior maxillary teeth (when preserved) were not
used for cementochronology at STA. Most of the premolars did not
exhibit additional microscopic cementolysis relative to the other
archaeological teeth used in this study. This assessment is of impor-
tance when dealing with the ante mortem erosion and post mortem
diagenesis of tooth cementum.

2.2.2. Survival functions
The statistical survivorship function applied to the age at death

data was the Kaplan–Meier technique (Kaplan and Meier, 1958;
SPSS software). Kaplan–Meier-estimated survivorship functions
are a series of horizontal steps of decreasing size that allow an
approach to the actual survival in the population when a suffi-
ciently large sample is used. The value of the survivorship function
between successive samples is considered constant. If no truncation
or censoring is reached, the Kaplan–Meier estimate is equivalent to
the empirical distribution function.

The logrank-test (Mantel–Cox) statistic compares the estimates
of the hazard functions for two groups at each observed event. It
is constructed by first computing the observed and expected num-
ber of events in one of the groups for each observed event, and
then adding these to obtain an overall summary across all time
points where there is an event. The survivorship curves have been
traced according to the standardized survivorship (cumulative)
commonly used for the study of survival rates, and the conventional
p-value of 0.05 was used to reject the null hypothesis of there being
no difference between two groups.

2.2.3. Pathology
The diagnosis of leprous lesions uses Andersen, Manchester

and colleagues’ criteria for rhinomaxillary syndrome, tibiofibu-
lar periosteal lesions, infective lesions of the metatarsals and
metacarpals, concentric diaphyseal lesions of the metatarsals and
phalanges, manual phalangeal grooves, and cup and peg interpha-
langeal joint lesions (Andersen and Manchester, 1992; Andersen
et al., 1994). Of the 43 skeletons with facial bones preserved in STA,
34 (76.4%) present at least two criteria of rhinomaxillary syndrome
(Fig. 3), thus having one of the highest proportions of lepromatous
cases studied in France thus far (Colard et al., 2011). Regarding
the periosteal reaction of the lower limbs, a radiographic study
associated with microscopic verification was applied to 35 pairs
of tibiae and fibulae. Of these, 85% (31 pairs) had radiographically
visible appositions of new bone of variable thicknesses and exten-
sion, while only 55% were macroscopically visible. Of the four pairs
“free” of macroscopic or radiographic lesions, two  showed remod-
eled apposition on microscopic sections (Ruffin et al., 2011). The
thickness and extent of periosteal apposition was  positively corre-
lated with age, but rhinomaxillary syndrome was not (Ruffin et al.,
2011).

Lesions characteristic of disseminated TB were included in our
samples to examine leprosy and TB covariance. These lesions
include lumbar and thoracic vertebral cavitations, remodeled
periosteal appositions of the pleural surfaces of the ribs, hyper-
trophic pulmonary osteopathy and bone and joint lesions. Even if
some of these lesions are non-specific, we  believe that it is valid to
use them as expressions of TB with necessary restrictions (Nicklisch
et al., 2012). Seven skeletons exhibited remodeled periosteal appo-
sitions of the pleural surfaces of the ribs, possibly related to TB.
Research linking such ribs and atypical spinal lesions to TB is incon-
clusive, however, possibly because there are few cases confirmed
with ancient DNA (aDNA) and mycolipids analyses, but also because
 of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

there is a lack of precise studies of radiographs, anatomic pathol-
ogy, or pre-antibiotic clinically confirmed cases (Baker, 1999; Haas
et al., 2000; Pfeiffer, 1984; Santos and Roberts, 2006; Spekker et al.,
2012).

dx.doi.org/10.1016/j.ijpp.2015.02.005
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ig. 3. Saint-Thomas d’Aizier (# 904), male, aged 47.3 ± 1.8 yrs, frontal view of the
hino-maxillary syndrome.

A spine sample (STA 642) with lumbar and thoracic vertebral
avitations (Fig. 4) was associated with cribra femoris and cribra
rbitalia. Vertebral cavitations are present as smooth-walled cir-
umferential resorptives lesions of thoracic and lumbar vertebral
Please cite this article in press as: Blondiaux, J., et al., The leprosarium 

medieval decline of Hansen disease in Europe? Int. J. Paleopathol. (20

odies (Baker, 1999). The extensive and irregular pitting is asso-
iated to superficial remodeling and porosities. Cribra femoris or
llen’s fossa, is a lesion formed by atrophy of the cortical bone

ocated symmetrically on the anterior surface of the femoral neck

ig. 4. Saint Thomas d’Aizier; (1a)–(1d) #642, female, aged 19 yrs, rhinomaxillary syndro
ith  radiography lateral right).
 PRESS
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reminiscent of an inflammatory response (Finnegan, 1978). Cribra
orbitalia were identified as clusters of five or more micro-sieves
located on the ceiling of the orbits. Additional descriptions and
scoring for the lesion’s degree and activity followed Buikstra and
Ubelaker (1994).

A radiographic study of a 19-year-old subadult vertebral bodies
(STA 642) clearly revealed centered translucent zones surrounded
by dense and mostly irregular areas. These lesions are different
from the residual sinus venous grooves commonly seen in juve-
niles in the central anterior portion of the vertebral body (Keats
and Anderson, 2012) and described as Hahn cleft and transverse
growth recovery stress lines (Freyschmidt et al., 2002). The com-
parison of the “cavitations” and topography of the vertebral walls
of this individual to descriptions published from autopsy samples
(Ménard, 1888) and to a picture of tubercular caries (Fig. 5) suggests
that this adolescent could combine both Hansen’s disease and an
early stage of “tubercular” caries. In his publication, Ménard, 1888
classified this lesion as a superficial and early stage of tuberculosis,
very different from Pott’s disease, which would be a more localized,
destructive, and chronic form of TB. This description is later used by
Sorrel and Dejerine-Sorrel (1932) as “diffuse and superficial”, and
often lethal in children and adolescents. Freyschmidt et al. (2002)
describe this multiple vertebral tuberculosis as superficial anterior
tuberculosis spondylitis. This case could illustrate the coexistence
of the two mycobacteria infections, M. leprae and M. tuberculosis,
and confirm the deleterious impact of TB in an individual carrying
the stigma of lepromatous leprosy. A bone sample of STA 642 taken
by Mark Spigelman has been submitted to aDNA analysis to Helen
Donoghue’s laboratory in London.

3. Results

3.1. Adult survival by site and sex
of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

There is a definite hierarchy of survivorship levels based on the
social background of each sample as estimated from its archaeo-
logical context. Among the female samples (Fig. 6 and Table 2), the

me with perforation of the palate, vertebral cavitations (anterior and lateral right,

dx.doi.org/10.1016/j.ijpp.2015.02.005
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Fig. 5. Copy of Plate 11 from Victor Ménard’s book (1888), drawn by Karmanski. The
picture shows vertebral cavitations in a five year-old child who died from tubercu-
losis. The associated comment states: “we can see on the surface of the vertebrae
erosions, small ulcerations, superficial cavities, some empty, some full of fongosity
a
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Fig. 6. Survivorship curves of 5 adult female groups.

involves the two aristocratic church burial sites (St Pierre-sur-Dive
and Hamage), with MADs of 65 and 59.4 years, respectively. The
other six rural and urban male series follow various survivorship
nd  pus [. . .]. Under the right parietal pleura there is a prominent tubercular abscess
ymptomatic of an alteration of the third rib.” This superficial form described by
énard is visibly more advanced than for STA-482.

ighest survivorship curve is inferred for the aristocratic nuns from
he monastery of Hamage. The middle survivorship curves are from
ron (rural) and two urban female series in Amiens. The aristocratic
eligious site has the highest mean age-at-death (MAD) and the lep-
osarium the lowest, while the three rural secular cemeteries are
Please cite this article in press as: Blondiaux, J., et al., The leprosarium
medieval decline of Hansen disease in Europe? Int. J. Paleopathol. (20

ntermediate. However, all the sites except Hamage present similar
urvival patterns during the first decade of adult life.

The survivorship curves for the eight male adult series (Fig. 7
nd Table 3) follow a similar pattern. The lowest survival at all ages

able 2
ummary statistics for adult female survival curves by site. MAD = mean age-at-
eath; CI = confidence interval ± 95%.

Females Teeth (N) MAD CI − 95% CI + 95%

St-Thomas d’Aizier 25 31.9 26.9 36.9
Amiens 55 34.7 31.7 37.7
Vron 43 40.1 33.8 46.4
Lisieux 31 46.8 33.7 49.5
Hamage 58 57.1 53.9 60.3
Fig. 7. Survivorship curves of 8 adult male groups.

before 50 is from STA leprosarium, while the highest survivorship
 of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

patterns, depending on their socioeconomic levels, similar to the

Table 3
Summary statistics for adult male survival curves by site. MAD  = mean age-at-death;
CI  = confidence interval ± 95%.

Males Teeth (N) MAD  CI − 95% CI + 95%

St-Thomas d’Aizier 26 39 35 43
Amiens 92 40.9 37.5 50.3
Vron 42 47.3 43.7 50.9
Lisieux 72 49 46 51.9
Hamage 21 59.4 43.1 75.7
Vendeuil 64 52.6 49.1 56.1
Rue des Vignes 42 57.3 51.7 62.9
St  Pierre sur Dive 16 65 51.3 78.7

dx.doi.org/10.1016/j.ijpp.2015.02.005
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Table  4
Summary statistics for adult male and female survival curves. MAD = mean age-at-
death; CI = confidence interval ± 95%.

Teeth (N) MAD CI − 95% CI + 95%

Amiens male 92 39 36.6 44
Amiens female 55 33.8 30.7 36.8

Vron male 42 46.8 42.6 51
Vron female 43 40.1 34.8 45.4

STA male 26 39.3 30.55 48.1
STA female 25 29.4 24.48 34.32
STA indeterminate 12 38.9 32.3 45.5
STA total 63 35.3 32.6 38

t
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s
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r

Arras male 16 38 34.21 41.38
Arras female 13 38 32.13 43.07
Arras total 29 38 34.9 41.3

rend observed for the female curves. It is noteworthy that the
miens profile is close to that of Saint-Thomas d’Aizier, even though

ts MAD  is higher. Amiens is hypothetically the “poorest” of the sites
or survivorship and social background after STA.

For both sexes, the lowest survival function is for the STA
edieval leprosarium, with MADs of 31.9 (Table 2) and 39 (Table 3)

or the females and males, respectively, which are both statistically
ignificant (p < 0.001).

.2. Adult survival by sex (pooled)

In our larger series (Amiens, Vron, and STA; Table 4), we  observe
hat female survival from 20 to 50 years follows the same lower
urve as the males, even though only STA reached statistical sig-
ificance (Figs. 8–10). Following this gap in the survival curves, all
hree samples show considerable overlap. The undetermined sex
omponent of STA (Fig. 10) does not affect the difference between
ale and female survival and its significance.

.3. Adult survival and the co-occurrence of tuberculosis and
Please cite this article in press as: Blondiaux, J., et al., The leprosarium 
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eprosy

Both the STA (with leprosy) and Arras-Prefecture (without lep-
osy) sites include individuals consistent with a possible diagnosis

Fig. 8. Amiens 4th century AD (N = 155).
Fig. 9. Vron 4–7th centuries AD (N = 134).

of TB: bone and joint lesions (STA, n = 1; Arras, n = 3) and periosteal
appositions on the visceral rib surfaces (STA, n = 7; Arras, n = 2).
The comparison between their survival curves offered no statis-
tically significant differences (Fig. 11 and Table 4). Consistent with
the results from the leprosarium, the survival rate of the females
from STA was  significantly reduced in comparison to their male
counterparts and the Arras sample (Fig. 12 and Table 4).

4. Discussion

4.1. The mortality of adult females
of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

Applying cementochronology to a large archaeological sam-
ple to estimate survivorship curves provides unique opportunities
to explore the impact of pathology on human groups. The

Fig. 10. Saint-Thomas d’Aizier, Survivorship curve by sex (N = 63).

dx.doi.org/10.1016/j.ijpp.2015.02.005
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Fig. 11. Saint-Thomas adults versus Arras-Préfecture adults.
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ig. 12. Survivorship of Saint-Thomas d’Aizier females and males versus Arras
emales and males.

urvivorship curves obtained in the STA leprosarium first suggest a
igher mortality for both sexes compared to the samples buried in
Please cite this article in press as: Blondiaux, J., et al., The leprosarium
medieval decline of Hansen disease in Europe? Int. J. Paleopathol. (20

ther cemeteries. STA specifically suggests an increased mortality
f the females affected by leprosy. How can we explain this pattern?

Recent clinical studies on cohorts of patients with leprosy
Table 5) have revealed specific causes of mortality, tuberculosis

able 5
ummary of modern studies on leprosaria.

Source Location Patient (N)

Powell and Swan (1955) Carville (LA, USA) 50
Kolonel and Hirohata (1977) Hawai, (HI, USA) 1123
Tokudome et al. (1981) Japan 2383
Glaziou et al.  (1993) French Polynesia 673
 PRESS
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and cancer, in particular, that could lead to a decrease in life
expectancy and partially explain the increased mortality pattern for
the females in STA. Powell and Swan (1955) reported a 20% mortal-
ity rate from TB and 18% from neoplasms, while Glaziou et al.  (1993)
observed a 13% mortality rate directly from TB. Other researchers
have specifically reported significantly higher mortality among lep-
romatous females from cancers of the cervix and esophagus as well
as from suicides (Kolonel and Hirohata, 1977; Tokudome et al.,
1981). Finally, a third major cause of death reported among patients
with leprosy in two modern samples is renal insufficiency, possibly
as a consequence of chronic urinary infections (Powell and Swan,
1955; Tokudome et al., 1981).

Donoghue et al. (2005) more recently suggested that the
immunological changes found in multi-bacillary leprosy, in asso-
ciation with the socioeconomic impact on those suffering from the
disease, led to an increased mortality from tuberculosis and there-
fore, to the historical decline in leprosy. Thus, it is legitimate to
look for evidence of TB or cancer, among other diseases, in lepro-
matous archaeological samples to assess their potential impact on
mortality, especially on that of females.

However, there appears to be no significant impact of M.  tuber-
culosis to explain the female increased mortality in the STA sample.
Among the comorbidities in the individuals exhumed from STA,
the one case of possible bone and joint tuberculosis, along with
the seven cases of periosteal appositions of the pleural surfaces of
the ribs, suggest that TB was  endemic. They involve four women
aged 19 to 34 years and four men  aged 29 to 73 years. It is
clearly not possible to project definitive conclusions from such a
small sample regarding the impact of TB on differential mortal-
ity of both sexes. Taking into account a proportionate number of
possible tuberculosis cases in the Arras sample (n = 5), we cannot
conclude that the mortality patterns are comparable in both loca-
tions. Similarly, the absence of pathologically visible neoplasms in
the osteological series is inconclusive as to their potential effect
on lepromatous mortalities. Finally, regarding the presence and
impact of renal insufficiency in the STA sample, we  are currently
using a microscopic examination of cortical bone to evaluate its
potential prevalence. Illustrative of these issues, a round concre-
tion was discovered in the pelvic cavity of a 46 year-old male (#STA
659). X-ray diffraction and infrared spectrometry revealed a con-
centric mineral structure with a central cavity characteristic of a
vesical calculus (Aufderheide et al. (1998).

As Donoghue et al. (2005) have suggested, analyzing leprosaria
for aDNA, and particularly the lipid markers of M.  tuberculosis, may
make it possible to estimating the prevalence of the disease in
people buried in leprosaria and therefore the role of TB in these
institutions’ decline and closure. Finally, female mortality should
be explored by considering maternal mortality and the precarious
status of women  in this highly hierarchical society, where female
marginalization, food deprivation, and stricter reclusion were com-
mon  (Bériac, 1988, 1984). Some of the factors implicated in the
modern studies cited above, such as the suicide rate, may  be rel-
evant. Presently, the comparative analysis of STA to the northern
French samples has revealed that tuberculosis was present, even
though it appears to have played a secondary role as a cofactor for
the lepromatous mortality rate.

4.2. Infertility and maternal mortality

Because STA is considered to include many individuals with lep-
rosy, the low proportion of immature skeletons poses questions
(juvenility index: 5–14 yrs/20+ yrs = 0.103; 15P5 ratio = 5–19 yrs/5+
 of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

yrs = 0.119) (Bocquet-Appel, 2008; Bocquet-Appel et al., 2008). The
absence of child burials cannot be attributed to taphonomic pro-
cesses, especially when compared to other secular sites (Table 1).
The overall preservation of subadult skeletons was comparable,

dx.doi.org/10.1016/j.ijpp.2015.02.005
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Fig. 13. Saint-Thomas d’Aizier (# 636a, 636b): female and fetus in utero. (A) Burial with fetal bones underlined in red; (B) burial, in situ view; (C) fetal position outlined in
red  according to the bone dispersal in the mother’s pelvis. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
a
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m
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rticle.)

nd no empty graves were identified. Another hypothesis that
Please cite this article in press as: Blondiaux, J., et al., The leprosarium 

medieval decline of Hansen disease in Europe? Int. J. Paleopathol. (20

ould explain the absence of children could be that the children of
ale, females and couples hosted in the leprosarium were removed

rom their parents early and ultimately pursued their life else-
here (Bériac, 1988). There were no specific or only sketchily
mentioned regulations on child exclusion and expulsion, family
of Saint-Thomas d’Aizier: The cementochronological proof of the
15), http://dx.doi.org/10.1016/j.ijpp.2015.02.005

status, betrothal, marriage, divorce and sex segregation. Although
such explanations have been suggested in few medieval texts,
their strict application is uncertain (Brenner, 2007). One fetus and
three neonates’ remains suggest of active sexual life within the

dx.doi.org/10.1016/j.ijpp.2015.02.005
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esident community at STA and elsewhere (Lewis, 2002). There-
ore, the scarcity of subadult burials is the possible real picture of
he overall infertility within the leprosarium’s inmates.

Increased female mortality may  be implicated in the general
nfertility of reclusive couples, or it could be a direct consequence
f maternal mortality. This may  be illustrated by one burial of a
oung lepromatous woman with her at-term fetus in utero, which
as free of visible pathology (Fig. 13).

Earlier studies convincingly highlighted the impact of leprosy
n male infertility as opposed to normal fertility in female patients
ith leprosy (Beiguelman, 1967). This was probably true in favor-

ble socioeconomic conditions, which was not the case at STA,
here isolation and a low income would have been particularly
armful (Brenner, 2007). Maternal mortality would have certainly
xacerbated the decline in fertility of this small community. All of
hese reasons could explain the relatively low number of immature
amples buried at STA.

.3. The decline of leprosy

After the theory of cross-immunization between M. tubercu-
osis and M.  leprae raised, long ago by Chaussinand (1944) and

anchester (1984), questioned since then by Wilbur et al. (2002),
he hypothesis of Donoghue et al. (2005) implicating tubercu-
osis in the decline of endemic leprosy is attractive. However,

any authors have claimed that the simultaneous development
f enhanced immunity against leprosy due to the selective effect
hat the Black Death could have played a role in the rapid disap-
earance of Hansen’s disease during the 14th and 15th centuries
D (Bassukas et al., 2012; Lechat, 2002).

These are some of the many alternative hypothesized causes
or the decline of leprosy in Europe (e.g., low-fertility, social exclu-
ion, and low income associated with leprosy). However, the results
f our research suggest an association between higher mortality
ates and reduced fertility that may  have contributed as well, since
e know that, despite the absence of congenital forms, the main

oute of transmission occurs by droplet infection within households
Moet et al., 2006; Rao et al., 1975).

The impact of complex social and political factors on individual
ealth, as assessed through non-specific indicators of the quality of

ife, has been demonstrated in modern populations (Audureau et al.,
013). Significant deleterious effects on outcomes including mor-
ality, morbidity and health-related behaviors was observed when
ndividuals were suddenly deprived of work, social interaction and
utonomy (Audureau et al., 2013). Examples of such conditions
nclude forcing patients to use their own chests as coffins, sharing
ingle unhealthy timber cabins or dormitory, and living from alms
Niel and Truc, 2009; Niel et al., 2007). Local conditions leading to an
verall decreased quality of life and low survival of patients, added
o low fertility, surely heavily implicate either the direct impact of
iseases on life expectancy or on fertility, and undoubtedly accel-
rated the inmates demise and the closure of the institution.

. Conclusion

The first objective of this study was to compare demographic
rofiles of a French medieval leprosarium to eight archaeological
eries dated from Late Antiquity to the Late Middle Ages, estimated
hrough cementochronology. The results clearly defined a social
ierarchy of survivorship levels with skeletons showing signs of

eprosy systematically associated with the highest mortality and
Please cite this article in press as: Blondiaux, J., et al., The leprosarium
medieval decline of Hansen disease in Europe? Int. J. Paleopathol. (20

emale’s mortality systematically higher than males.
The second objective tested the hypothesis that the co-

ccurrence of tuberculosis and leprosy increased early mortality
n local populations and thus precipitated the decline of leprosy.
 PRESS
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Conclusions indicate that the impact of Hansen’s disease is indeed
perceptible at STA, but other unassessed important factors may
have affected the morbidity of this population. Among other
possible causes, we found that tuberculosis and chronic urinary
infection, even though diagnosed at STA, probably only played a
secondary role as a cofactor for the lepromatous mortality rate.

The third objective was  to discuss the question of male infertil-
ity and elevated female mortality within the leprosarium to explore
the pathocenoses that may  have contributed to the decline of lep-
rosy at the end of the Middle Ages in Europe. Evidence from the STA
leprosarium seem to favor increased maternal and female mortal-
ity combined to lepromatous male infertility as the main cause for
the decline of leprosy in 17th century Europe.

Our final objective considered the proposal that the confinement
of various populations in medieval Europe preceded and accompa-
nied the decline and disappearance of leprosy. The demographic
impact of the low quality of life for families with Hansen’s disease
in these institutions after the 14th clearly played a catalytic con-
text in which the role of pathocenoses such as the Great Plague and
endemic TB lead to the decline and disappearance of leprosy. This
complex dynamic between social environment and pathocenoses
should therefore be meticulously explore to refine our comprehen-
sion of leprosy evolution at the end of the Middle Age.
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