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Abstract
Objective

This study aims to place trepanation in a medieval therapeutic context by addressing its medical use
in neurological disorders and by testing the existence of particular dietary care for the sick.

Materials

Six cases of trepanation found at the St. Cosme priory (La Riche, France) dated from the 12th-15th
centuries.

Methods

Neurological health was explored by geometric morphometrics by comparing the six cases to 68 skulls
and 67 endocraniums belonging to individuals from the same period and geographical area. Trepanned
diet was investigated by carbon and nitrogen isotopes and compared to 49 individuals from the same
site.

Results

The study of shapes suggests a possible pathological state for four subjects. The diet of the trepanned
is not different from the rest of the population.

Conclusions

The treatment of neurological disorders emerges as the main therapeutic motivation in the corpus,
contrary to the reports from the ancient surgical treatises. A specific diet for the sick is not highlighted.

Significance

Geometric morphometrics is rarely used in paleopathology and the results suggest a potential of this
type of analysis in the identification of pathological cases. The results on therapeutic motivations and
diet do not fit the descriptions from ancient medical sources.

Limitations

The study of forms did not lead to definitive diagnosis. The isotopic study does not allow us to
appreciate all the aspects of the diet.



Suggestions for Further Research

A geometric morphometric study of the skulls and endocraniums of individuals with a known
neurological condition would allow a better appreciation of the link between shapes and pathologies.
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1. Introduction
1.1. Trepanation in the middle ages

Trepanation refers to the use of a small circular saw called trepan. However, its use in medical
vocabulary is broader and is metonymically equivalent to the action of perforating a bone
(Quevauvilliers et al., 2011). Since the work of (Broca, 1867), this term has been used in archaeology
to refer to an anthropic perforation of a bone of the skull vault not resulting from an act of violence or
an accident.

Trepanning is the oldest surgical procedure documented by archaeology (Arnott et al., 2003; Verano
and Finger, 2009) with cases dating back to the Epipaleolithic (Ferembach et al., 1962) and the
Mesolithic (Lillie, 1998). Although prehistoric cases are numerous and broadly studied (Verano, 2016)
the aims of trepanning are hard to assess by osteological examination. Taking into account the textual
sources, the study of trepanation during historical periods allows us to place it in a broader therapeutic
context.

According to ancient and medieval medicine, body functions are governed by four humours. As
disorder results from the imbalance of these, therapy is seen as a health regimen (diet, exercise, rest,
environmental conditions) that either prevents an excess or a deficiency of humours, or allows a return
to a state of equilibrium (Magner, 2005; Siraisi, 1990). Surgery intervenes when such therapy is not
sufficient, as summarized in the Hippocratic aphorism 7: 87: “Those diseases which medicines do not
cure, iron cures; those which iron cannot cure, fire cures; and those which fire cannot cure, are to be
reckoned wholly incurable” (ed. Littré, 1844). Cranial interventions involving the removal of part of a
bone are described in ancient and medieval surgical treatises in the chapters addressing cranial trauma
(e.g. On injuries of the head Hippocrates, c. 400 BC, On fractures of the head Albucasis, c. 1000, On
head wounds Chauliac, 1363; eds. Hippocrate, 1839; Leclerc, 1861; Nicaise, 1890). Trepanning is used
to clean broken bone surrounding a fracture.

Other assumptions have been made about the reasons leading to trepanning for this period: the
treatment of neurological disorders (Giraud, 2004), psychopathology (Guenée, 2016), or the recovery
of bone powder (Giuffra and Fornaciari, 2015). In a medico-historical approach, the treatment of a
trauma is the main motivation retained because it is the only one traceable to ancient surgical texts.

Although there is a rich ancient medical literature on the subject of trepanations, french archaeological
cases from the medieval period remain sparse.

Archaeological discoveries regularly provide new cases of trepanation (e.g. Diaz-Navarro, 2021). For
the medieval period (5th-15th centuries), at least 134 cases of trepanation have been published (Table
1). These are found throughout Europe, with a gap in the documentation for the Islamic world. Out of



the 51 cases recorded in the bibliography and dated between the 12th and 15th century, only five
came from french sites.

1.2. Study background

The archaeological excavations carried out at the St. Cosme Priory in the center of France uncovered
six cases of cranial bone defects resulting from anthropic interventions dated between the 12th and
15th centuries. Studies performed by digital imaging based on CTscan and uCTscan acquisitions were
carried out on these six cases in order to assess their osseous and endocranial morphology and
volumes (Bédécarrats et al., 2021). The results of those studies, summarized below (see 2.4), lead to
the hypothesis that, at St Cosme Priory, trepanation was mainly used on patients having neurological
disorders. The present study further explores neuropathology through a study of cranial and
endocranial morphological variabilities and the place of diet in therapy of trepanation.

1.3. Aims of the current study: increasing paleopathology semiology by geometric morphometrics and
approach dietary aspects of medieval therapeutic

Taking into account previous studies of these cases (Bédécarrats et al., 2021), the hypothesis of the
use of trepanation to treat neurological disorders at St. Cosme should be considered. As surgery was
part of a broader therapeutic approach in the Middle Ages, we propose in this new study to further
explore the neurological health of the individuals in order to investigate the motivations for the
interventions and to consider the diet of these individuals as a possible indicator of a specific health
regimen taking part to a therapeutic approach.

We sought to increase paleopathological semiology by exploring the variability of cranial and
endocranial shapes and analysing the place of trepanned individuals in those variabilities by a
geometric morphometrics (GM) approach. GM is defined as a set of methods for the acquisition,
processing and analysis of shape variables (Slice, 2005). It provides the ability to study shapes as
geometric properties of an object independently of their positions, scales and orientations. The birth
of modern GM is attributed to Marcus who, in the article (Rohlf and Marcus, 1993), gives it its current
definition. Applied to biology, GM accounts for the spatial heterogeneity associated with the anatomy
and ontogeny of biological structures (Klingenberg, 2003). In this study, GM has been used to explore
the variability in cranial and endocranial morphologies within populations of medieval Touraine. Those
variabilities are mainly genetic and environmental dependents (Boas, 1912, 1907; Carson, 2006). They
can also account for pathological phenomena as demonstrated by (Mitteroecker et al., 2004) in their
analysis of a case of hydrocephalus from the Neolithic period. The reasoning then no longer focuses
on variability but on the study of individuals outside of it (Claes et al., 2012). Since those works, other
studies have focused on the identification by GM of bone and soft tissues morphologies associated
with pathologies (e.g. Bruner and Jacobs, 2013; Milella et al., 2015; Plomp et al., 2015, 2012).

Moreover, if according to ancient and medieval medicine, body functions are governed by four
humours, diet plays a prophylactic or even curative role by contributing to their good balance
(Audouin-Rouzeau and Sabban, 2007; Laurioux, 2002). This is notably the case in the monastic context,
where living conditions were dictated by rules in the form of prescriptions, commandments or
prohibitions. While several Eastern rules influenced Western monasticism, a relative unity was
achieved with the Benedictine rule written in the 6th century by Benedict of Nursia. This rule
dominated Western monastic life throughout the medieval period following the monastic reform
implemented from the beginning of the 9th century by Benedict of Aniane and Louis the Pious (Le Goff
and Rémond, 1988; Racinet, 2006). Several chapters of the Rule of St. Benedict frame the dietary
practices of monastic communities, which respond to biological as well as spiritual imperatives. While



the consumption of quadruped meat was usually forbidden, it was authorised for the sick in chapter
36 of the Benedictine Rule (Saint-Benoit, 2002).

The hypothesis of a possible adapted diet for trepanned individuals, within the framework of this rule,
can be examined through isotope analysis. To test this hypothesis an analysis of the stable isotope
ratios of carbon and nitrogen in bone collagen was conducted.

2. Material
2.1. Archaeological context

St. Cosme Priory (La Riche, Indre-et-Loire, France) is located 3 Km from the city of Tours in central
France. It was founded in the 11th century, and remained in use until its canonical suppression in 1742.
Archaeological excavations were carried out mainly between 2009 and 2010 (Dufay et al., 2018). They
unearthed 481 individuals in 450 burials located inside and outside the buildings (Fig. 1).

Osteological analysis used observations of bone maturation (Coqueugniot et al., 2010) and auricular
surface senescence (Schmitt, 2005) to estimate age at death, and coxal morphology (Brizek, 2002)
and/or metric (Murail et al., 2005) to determine sex. Biological identifications revealed an over-
representation of males (82.58 % of the adults whose sex is determined) and an under-representation
of immature subjects (4.18 % of the individuals whose age at death is estimated), indicating that the
majority of burials belonged to monks. Recruitment by funerary spaces, however, led to the
assumption that the southern cemetery received more lay people than the other spaces (Dufay and
Gaultier, 2011): the female represent 36.84 % of the adults whose sex is determined and buried in the
southern cemetery whereas they represent 5.84 % of the adults unearthed from the northern
cemetery. Individuals with cranial lesions attributed to trepanation (Fig. 2) were not placed in a
dedicated burial site.

2.2. Description of the cases
2.2.1. Individual 163_1

Individual 163_1 is a teenager who died between 10 and 14 years of age (Coqueugniot et al., 2010)
and whose skull has a hole on the left frontal, 10.66 mm above the left orbit, mainly involving the
ipsilateral half of the bone. The metopic suture is observable. This suture normally disappears at about
one year of age (Vinchon, 2019). Its persistence after this age is an anatomical variation (Cunningham
et al., 2016). This persistence allows to deduce the small involvement of the contralateral half of the
frontal bone. The opening is oblong with a straight lower edge, a quasi-straight upper edge not parallel
to the lower and two rounded lateral edges. Its maximum length is 51.39 mm and its maximum width
is 21.39 mm. No evidence of bone reaction is observed, suggesting a peri or post-mortem phenomenon
(Kranioti, 2015).

2.2.2. Individual 511_1

Individual 511_1 is identified as an adult male (Brizek, 2002; Murail et al., 2005). His skull displays two
holes: one on the frontal and one on the left parietal. The opening in the posterior lower quarter of
the left parietal is oblong with a maximum length of 40.97 mm and a maximum width of 17.16 mm. Its
edges are well defined with two parallel sub rectilinear long sides and two short sides rounded. The
latter have circular removals with a resituated diameter of approximately 10-15 mm. The edges are
sloping and a progressive thinning of the bone is visible on an area of approximately 19.42 cm?2. The
frontal opening lies on the median axis of the bone, 13.67 mm above the nasion. It creates a
communication between the frontal sinuses and the exocranium. It is round with a diameter of 13.48



mm. Its edges are vertical and parallel. The diploe is covered by reactive bone at both openings, which
is evidence of the long survival of the individual, more than a year after the creation of the perforations
(Barbian and Sledzik, 2008; Nerlich et al., 2003).

2.2.3. Individual 556_1

Individual 556_1 is identified as a male (BrliZzek, 2002; Murail et al., 2005) adolescent (probability 10—
14 years old = 0.34, probability 15-19 years old = 0.66, Coqueugniot et al., 2010). His skull shows two
intersecting areas of defect: a fracture line visible in right lateral view and extending from half of the
frontal to the right lateral third of the occipital; and a hole located in the right parietal above the pars
petrosa. The latter extends slightly over the occipital. The opening is oblong, with a maximum length
of 58.92 mm and a maximum width of 38.13 mm. It mainly occupies the inferior-posterior quarter of
the left temporal, 6.01 mm from the parietomastoid suture. It continues for about 1 cm on the
occipital. The edges are well defined with rounded corners. The edges are mostly sloping and
occasionally vertical at the lower edge. Both the fracture and the opening show signs of advanced bone
healing, making it difficult to discuss the relative chronology of the two phenomena and suggesting a
long survival of more than a year (Barbian and Sledzik, 2008; Nerlich et al., 2003).

2.2.4. Individual 572_3

Individual 572_3 is identified as a man (Brlzek, 2002; Murail et al., 2005) who died between 30 and 59
years of age (Schmitt, 2005). He has a very large hole in the central part of his left parietal. This oblong
lesion has a maximum length of 54.09 mm and a maximum width of 46.17 mm. The edges are sloping
and sub-perpendicular in some places. Advanced bone healing is observed: the diploe is entirely
covered with newly formed bone, indicating that the individual survived for a considerable time (more
than a year) following the perforation (Barbian and Sledzik, 2008; Nerlich et al., 2003). His skull shows
early craniosynostosis of all but the squamous sutures of his neurocranium. This craniosynostosis
defines an oxycephaly, in this case one with pathological consequences (see 2.4) (Renier et al., 2006a).

2.2.5. Individual 902_1

Individual 902_1 is identified as a young male (Brlzek, 2002; Murail et al., 2005) adult between 20 and
39 years of age (Schmitt, 2005). He presents two distinct cranial lesions. The first, involving the two
parietals, consists of two perpendicular “rod” removals forming a “T” shape. One of the rods has a
right anterolateral / left posterolateral axis and a length of 120.65 mm. The second rod, with an antero-
posterior axis, cuts the sagittal suture 51.36 mm from the bregma and 41.31 mm from the
opisthocranion. It is 98.12 mm long. The widths of the two removals are almost constant, averaging 9
mm (variation between 8.12 and 10.11 mm, 15 measurements taken). Their edges are vertical and
there is no sign of bone healing, suggesting a peri or post-mortem intervention (Kranioti, 2015). The
second lesion is located on the right upper lateral quarter of the frontal bone and creates a hole of
19.82 by 14.58 mm. The upper edge is slopping and the lower one is irregular with a tendency to
verticality, suggesting weapon related trauma (Symes et al., 2002; Verano, 2016). The absence of bone
healing suggests a peri or post-mortem character for this second lesion (Kranioti, 2015).

2.2.6. Individual 942_1

The sex and age at death of Individual 942_1 could not be reliably estimated due to pathologic bone
remodelling at the coxal bones. The skull has a hole in the left upper lateral quarter of the frontal bone,
consisting of two arcs. This ellipsoidal opening measures 22.3 mm by 9.29 mm. The maximum length
of the opening follows the upper-inferior axis of the bone. The sloping edges show a significant bone
reaction resulting in a remodelled cortical bone covering the entire diploe and developing into a thin



blade at the inner table. Macroscopic examination thus suggests a long survival of more than a year of
the individual after creation of the opening (Barbian and Sledzik, 2008; Nerlich et al., 2003).

2.3. Differential diagnosis

Numerous physiological, pathological, or taphonomic phenomena can cause a cranial lacuna (Kaufman
et al., 1997; Pavlovic et al., 2019; Verano, 2016). For the St. Cosme cases, application of the criteria
proposed by (Verano, 2016) leads to a preferential diagnosis of surgical intervention for the lacunae
observed on 163 1, 511 1, 572_3 and 902_1 (Table 2). For individuals 556_1 and 942_1, cranial
trauma is also included in the final differential diagnosis. This etiology does not exclude the possibility
of a surgical cleaning that favors the survival of the individuals and could be consistent with the practice
known from ancient medical treatises.

2.4. Synthesis of previous studies

The six cases have already been studied using CTscans and uCTscans acquisitions (Bédécarrats et al.,
2021). In this previous study, 3D models of the skulls and endocraniums of these individuals were
assessed morphologically. The volume of the endocraniums was compared to the variability of
medieval populations from Touraine.

Morphological analysis of the endocranium of 572_3 showed numerous reliefs in the frontal zone,
indicating disorders of cerebrospinal fluid flow and implying intracranial hypertension (Desai et al.,
2014), a phenomenon associated with a risk of papilledema (Craig et al., 2001; Friedman, 2007) and
headaches (Round and Keane, 1988). His frontal area is also atrophied, a feature that may be
associated with a frontal syndrome and thus behavioral disorders (Altschuler and Augenstein, 2012;
Harlow, 1868; Mesulam, 2000). These two signs, intracranial hypertension and frontal atrophy, are
consistent with his multiple synostosis (Renier et al., 2006b).

Volume analyses noted macroendocranial-like values for four of six individuals (163_1, 511_1, 556_1,
942 1):relative to their stature, their endocranial volumes are high in comparison with the populations
of reference. This may suggest megalencephalies whose pathogenesis remains undetermined, but
which may have been accompanied by neurological disorders (DeMyer, 1986; Pavone et al., 2017; Tan
et al., 2018).

Thus, one case presents neurological disorders (572_3) and four cases may have had neurological
disorders (163_1, 511 1, 556 _1, 942 1). Among the latter four, 556_1 shows a fracture line which
suggests a case of trauma treatment. Confirming the existence of neurological disorders is therefore
of crucial interest in order to determine whether he has undergone surgery to relieve central nervous
system disorders or to surgically manage his cranial trauma.

3. Methods
3.1. Geometric morphometrics approach to cranial and endocranial shape variability

The study of the cranial shapes involved 74 individuals excavated from medieval sites located in the
center of France and dated from the same period as the trepanned cases (12th-15th centuries). Thirty
three are from St. Cosme, 19 from Rigny (rural parish cemetery; Theureau, 2007), 19 from St. Pierre-
le-Puellier (urban parish cemetery; Theureau, 1985) and 8 from Chinon (urban parish cemetery;
Lorans, 2006). A case of trepanation found at the St Lazare leprosarium in Tours (Theureau, 1994) is
also included in this study. For endocranial shapes, 73 individuals were studied: 32 are from St. Cosme,
19 from Rigny, 13 from St. Pierre-le-Puellier, 8 from Chinon and the case from St. Lazare.



The skulls were scanned on a Siemens Somatom Definition (Cire platform, Inra Centre Val de
Loire/CHRU of Tours). A unique protocol conceived for bony tissue was applied for all the acquisitions
(140 kVp, 400 mAs, section thickness 0.4 mm). Segmentations (image partitions, Cocquerez and Bolon,
1995) were then carried out on the CTscans acquisitions to select the skulls and the endocranial spaces.
The TIVMI software (Dutailly et al., 2009) was used to produce 3D cranial models (meshes) and virtual
endocasts from segmentations. This choice was based on the fact that this software integrates the
“half maximum height” algorithm (Spoor et al., 1993) which recalculates the segmentation limits in
order to produce meshes very close to the reality of the reconstructed objects (Guyomarc’h, 2011).
The cranial meshes and virtual endocasts were used as a support for the GM. GM comprises three
main processes: data collection, alignment and statistical analysis (Bookstein, 1992, 1992; Marcus,
1996; Marcus et al., 1993; Rohlf and Bookstein, 1990; Zelditch, 2008).

In this study, data are collected by placing digital landmarks on the three-dimensional models to record
the shape of the specimens. These landmarks must be homologous from one subject to another: their
definitions must be the same from one individual to another, thus ensuring that the shapes obtained
are comparable (Bookstein, 1992). It is also possible to use semilandmarks (sliding landmarks
distributed according to a given density) whose position is defined by two (in the case of a curve) or
more fixed points (in the case of an area).

The use of biologically defined homologous landmarks is optimal in the recording of shapes for a study
in GM (Bookstein, 1992). However, skull and endocranial analyses regularly use semilandmarks
because there are not enough craniometric and endocranial points to account for the shapes (Gunz
and Mitteroecker, 2013). In this study, the cases of interest have bony defects related to human
interventions and taphonomy. Thus, the application of semilandmarks gives rise to the problem of
missing data: the estimation of the position of numerous landmarks that could not be placed implies
a significant risk of modification of the data in GM (Arbour and Brown, 2014; Couette and White, 2010).
In order to limit the amount of missing data and the problem of their estimation, only fixed landmarks
were used.

GM is systematically subject to intra-observer error (Barbeito-Andrés et al., 2012; Valeri et al., 1998).
This error is due to the learning curve, fatigue and daily variations in the positioning of landmarks
(Corner et al., 1992; Engelkes et al., 2019; Shearer et al., 2017). A measure of this error was made by
calculating the coefficient of variation for the coordinates obtained after five successive poses. Only
landmarks with coefficients of variation of less than 5% in their coordinates are included in the study.
The landmarks subject to a variation linked to learning or to a fatigue effect were therefore excluded,
leading to a final protocol comprising 15 cranial points and 14 endocranial points (Table 3 Fig. 3). A
second reduction of intra-observer error was achieved by conducting the final placement of the
landmarks in a single session. Daily variability is therefore excluded. The landmarks were placed using
the software MorphoDig (Lebrun, 2018). The coordinates obtained were then completed by estimating
the missing values with the “thin-plate spine” method (Gunz et al., 2009).

The data obtained remains dependent on the space in which it was collected: each individual presents
variations in the coordinates of similar points linked to the position in space. The next step in GM
analysis is therefore to reduce all the data to a single space that retains only the shape information by
removing the orientation, scale and position of the individuals. The most widespread approach in GM
is the Procrustes alignment (Gower, 1975; Kendall, 1989, 1984; Mosier, 1939). This alignment consists
of three steps: elimination of position differences by translation, elimination of scale by reducing to
“centroid size” and rotation to optimise the overprinting of shapes. After this alignment, a “consensus
shape” is created and Procrustean residues (differences from the consensus) are calculated for each
individual. The study of Procrustes distances is suitable for characterizing morphological heterogeneity



(Klingenberg, 2003) and, as stated earlier, can also highlight the effect of pathological phenomena on
shapes (Bruner and Jacobs, 2013; Claes et al., 2012; Milella et al., 2015; Mitteroecker et al., 2004;
Plomp et al.,, 2015, 2012). Procrustes analysis were used to define cranial and endocranial
morphospaces and to assess the influence and significance of pathological phenomena on the cranial
and endocranial morphologies of trepanned individuals. The covariance matrix of Procrustean residues
is analysed by principal component analysis (PCA, Hotelling, 1933; Pearson, 1901). This
multidimensional descriptive method assembles the covariance variables into principal components
(PCs) ordered according to their influence in the population.

Retrodeformations (Schlager et al., 2018) of the “consensus” individuals according to the theoretical
coordinates of the landmarks at the ends of the PCs were performed in R: the individuals at the centre
of the variability were virtually deformed to correspond to the theoretical individuals found at the ends
of the axes. These retrodeformations are proposed on the figures in order to visualize the changes in
shape along the axes.

All statistical operations and production of figures were carried out using the R software (packages:
geomorph, Adams and Otarola-Castillo, 2013; RGL, Adler et al., 2003; Morpho and RVCG, Schlager,
2017). The group variabilities are represented by 95 % confidence ellipses.

3.2. Isotopic approach to possible difference in the diet of trepanned individuals

The analysis of stable isotope ratios of carbon and nitrogen was conducted on 55 individuals from St.
Cosme Priory, including the six with trepanning stigmata. Collagen extraction was carried out at the
UMR 7269 LAMPEA in Aix-en-Provence following the Longin (1971) protocol modified by Bocherens et
al. (1991). Elemental and isotopic measurements of collagen samples were performed on a Europa
Scientific 20-20 isotope mass spectrometer coupled with an automated elemental analyser (EA-IRMS)
at the Iso-Analytical laboratory (Crewe, Cheshire, UK). Isotopic measurements were calibrated with an
internal beef liver standard (IA-R042) and standards provided by the international atomic energy
agency (IAEA-CH-6: 613CV C=-10.43%o; IAEA-N-1, 615N = 0.40%.). The analytical accuracy, calculated
on the repeated measurements of archaeological samples and internal laboratory standard, was less
than 0.1%. for the §13C and the 615N values.

Isotopic ratio reliability was checked using classical preservation indicators (Ambrose, 1990; DeNiro,
1985; van Klinken, 1999). Yield of extraction, carbon and nitrogen contents and C/N atomic ratios are
within the limits proposed by authors ensuring the good conservation of all samples (Yield>10 mg.g-1,
%C > 30, %N > 11 and 2.9 < C/N<3.6).

4. Results
4.1. Cranial and endocranial shapes of the trepanned cases

The analysis of the results focused on the location of trepanned individuals within overall cranial and
endocranial morphological variability. Therefore, analyses and interpretations were made using PCA
on Procrustes residue matrices.

Regarding the cranial morphology, the linear regression crossing Procrustean coordinates and centroid
sizes shows a lack of correlation between these two parameters (p-value = 0.128, 10 000 permutation
tests). The shape variations observed are therefore not considered allometrics (size-dependent). The
totality of the variance of the individuals considered is expressed in 38 PCs. The first two express
respectively 18.11 % and 16.02 % of the variance. These were used to define the cranial morphospace
(Fig. 4).



Individuals with traces of surgery are dispersed within cranial morphological variability. Subjects
511 1,556 _1and 942 1 are within the common variability of all groups. Individuals 163 1,942 1 and
the case from St. Lazare are outside the variability of Rigny and subject 572_3 is outside the global
variability.

For the endocranial models, an effect of allometry is highlighted by linear regression (adjusted R? =
0.381, p-value < 0.001, prediction of 4.17 %). Allometry can be ontogenetic (changes according to
developmental stage), evolutionary (evolution between different species) or static (related to
biological variability) (Gould, 1966; Gunz, 2012; Klingenberg, 1998; Mitteroecker et al., 2013; Schaefer
et al., 2004). As the study conducted involves mature individuals from the same area and time period,
the observed allometry is assumed to be mainly static. When constructing a morphospace by PCA, the
effect of allometry is found on the first PC and the space studied is a size-shape space (Mitteroecker
et al., 2005, 2004). Since we are looking for the location of trepanning individuals in morphospace and
not for differences according to static allometry factors (e.g. sex differences), we used the residuals of
the linear regression to perform a “size correction” (Klingenberg, 2016, 2011) before constructing the
PCA that is used to define the morphospace. The variance is expressed in 35 PCs. The first PC expresses
16.70 % of the variance and the second 13.16 %. These were used to construct the endocranial
morphospace (Fig. 5).

The endocranial morphologies of trepanned individuals fall within the overall variability. Similar
morphologies can be observed for subjects 511_1, 572_3 and 942_1. The individual 556_1, although
being within the normal range of variability of the St. Cosme Priory population, falls outside this if the
confidence interval is lowered from 95 % to 90 %.

4.2. Isotopic approach of diet

Trepanned individuals 815N values range between 10.6 and 13.0%. (median [Q1/Q3] = 12.0
[11.7/12.5] %o; n = 6) and 613C values from 19.8 to 19.3%. (19.6 [19.8/ 19.4] %o). Non-trepanned
individuals 615N values range from 10.6 to 14.2%o0 (12.3 [12.0/12.7] %o; mean = 12.3 + 0.8%o; n = 49)
and 613C values from 20.4 to 18.5%o0 (19.6 [19.7/19.5] %o; 19.6 + 0.3%0; n = 49). Comparison between
trepanned and non-trepanned shows no statistical difference for both isotope ratios (Fig. 6; Mann-
Whitney test: p-value(615N) = 0.344, W = 182.5; p-value(613C) = 0.816, W = 138.0 ; Levene test: p-
value(615N) = 0.892, F =0.019 ; p-value(613C) = 0.963, F = 0.002).

5. Discussion
5.1. Place of the trepanned individuals in the morphospaces

The distribution of the six individuals does not suggest a particular condition impacting the cranial and
endocranial morphologies, which might have motivated a trepanation: the trepanned cases are not all
outliers or gathered in a specific area of the morphospaces. However, there are indications of an
association of pathological phenomena and features of morphospaces. Individual 572_3, who presents
a synostosis and a trepanation, comes out of the general cranial variability and lies in the positive
values of the first two axes of the PCA. The morphologies of the St. Lazare trepanation, the individual
163_1 and another individual from the St. Cosme priory that does not have a trepanation and shows
no macroscopic signs of neuropathy are close and falls in the same quarter of the morphospace as the
individual 572_3.

In relation to endocranial morphology, individuals 511_1, 572_3 and 942_1 are found in the quarter
defined by the negative values of the first two main components. Due to the presence of 572_3, this
could suggest the association of a pathological phenomenon and morphology. This individual presents



a cranial morphology impacted by a craniosinostosis. Some of the subjects appearing close to 572_3
might have an endocranial morphology potentially indicating a pathological condition. However, the
three trepanned individuals (511 _1,572_ 3,942 1) are not outliers or clearly gathered in the variability,
making the hypothesis of a pathological influence insufficient to explain the result.

The endocranial morphology of subject 556_1 is outside the variability of all comparison populations
if a threshold of 90 % is accepted. In order to characterize his morphology, his endocranium was
compared to the eight individuals who were the most complete and closest to the consensus form.

The most recurrent difference concerns Brodmann areas 44, 45 and 47 left (lower frontal gyrus, pars
orbitalis, opercularis and triangularis, Brodmann, 1909). These areas seem different for the trepanned
individual compared to seven of the eight comparison individuals (Fig. 7). The first two areas define
Broca’s area (Keller et al., 2009). Broca (1865, 1863, 1861a, 1861b) demonstrated an association
between lesions of this area and aphasia, leading to the deduction that this cerebral zone played a role
in the production of language. However, lesions in this area are not systematically accompanied by
aphasia (Ardila et al., 2016). Broca’s area seems to have a role in coordinating the transformation of
information and not only in initiating language (Flinker et al., 2015).

Population variability exists in the volume of the lower frontal gyrus and its subdivisions. The
volumetric study by Kennedy et al. (1998), based on 20 magnetic resonance imaging acquisitions, notes
a variation of 1.9 cm3 for the pars triangularis, 2.2 cm3 for the pars opercularis and 2.5 cm3 for the
pars orbitalis. Associations of the overgrowth of these pars with schizophrenia (Lieberman et al., 1992)
and professional music practice (Sluming et al., 2002) have been proposed. It is thus difficult to link the
morphological variation identified for individual 556_1 to human biological variability or to a specific
pathology.

The results obtained for individual 556_1 in particular, although difficult to relate to a precise
pathological phenomenon, question the main hypothesis on the use of trepanning during the Middle
Ages. From antiquity onwards, surgical treatises mention trepanation in chapters related to cranial
trauma, presenting it as a method for removing bone debris from a fracture site. Regarding the cases
from St. Cosme, morphological and metric characterizations of skulls and endocasts have suggested
the possibility of neuropathies for five of the six individuals presenting trepanations. GM revealed that
the only case in the corpus with clear evidence of head trauma also presents an endocranial
morphology potentially indicative of a pathology.

5.2. Diet of trepanned individuals

If a strong association existed at a regional scale between dietary behaviors and social groups (Miclon,
2020), isotopic data would show differences between the diets of trepanned individuals and those of
the other individuals from this site. However, in our study, statistical differences were not found. These
results, therefore, do not allow us to confirm an adaptation or change of diet of sick individuals within
monastic institutions, at least not to an isotopically visible extent.

6. Conclusion

The examination of six cases of trepanation reveals a discrepancy between the written sources and
observed practice. The diet of the patients and the monks is similar to the extent that it can be
identified in isotopic analysis. This result therefore does not highlight specificities in the sick’s diet.
Furthermore, trepanations seem to be carried out on individuals with neurological disorders, whereas
medical treatises recommend it to clean fractures. Therapeutic motivations assumed from the ancient
medical treatises are therefore not reflected in our paleopathological analysis.



These same treatises are perhaps not intended to present therapeutic approaches (Savage-Smith,
2013), but rather to discuss in a scholastic approach the good practice of surgery. This assumption
would explain the discrepancies observed regarding both dietary specificities and therapeutical
motivations. It needs to be confirmed by generalizing isotope and imaging analyses of individuals
presenting evidence for surgical procedures.

Even though the proposed use of GM to discuss paleoneuropathology is limited in its interpretation,
our results, without leading to diagnoses, are very encouraging and allow us to hypothesise an
association of pathologies and the observed variability. This observation leads us to propose further
exploration of the concept of dysmorphometry in paleopathology, since pathologies associated with
morphological deformations can be identified by GM (Bruner and Jacobs, 2013; Claes et al., 2012;
Milella et al., 2015; Mitteroecker et al., 2004; Plomp et al., 2015, 2012). Working on modern clinical
case studies is necessary to improve our knowledge of pathology impact on GM studies. This future
research has to be done in order to establish semiological criteria in virtual anthropology and to assess
their paleopathological significance.
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Country N cases References

Belgium 7 (Amato, 2014)

Croatia 4 (Boljunci¢ and Hat, 2015; Novak et al., 2013)
Czech

Republic 7 (Likovsky et al., 2010; Smrcka et al., 2003)

(Cave, 1956; Giraud, 2004; Jones and Webster, 1968; Knocker, 1958; Malim

et al, 1998; Mays, 2006; Parker and Roberts,  1986; Parry,

1940, 1936, 1921; Piggott, 1940; Roberts and McKinley, 2003; Wacher and
England 31 McWhirr, 1982; Warhurst, 1955; Wells, 1974; Wheeler, 1943)

(Blary and Bougault, 2004; Buchet, 1983; Crépeau et al.,, 2018;de
Claifontaine, 1989; Fernandez, 1989; Franckaert, 2014; Giot,

France 25 1988, 1974, 1949; Giot and Monnier, 1977; Giraud, 2004; Zanello et al., 2015)
Greece 1 (Barnes and Ortner, 1997)
Hungary 3 (Giraud, 2004; Kissné-Korompai, 1973; Laszld, 2016; Perrot, 1982)

(Buckley and O Donnabhdin, 1992; Giraud, 2004; Lisowski, 1967; Pilet et al.,
Ireland 6 1990; Roberts and McKinley, 2003)

(Capasso and Tota, 1996; Di Salvo and Germana, 2002; Fabbri et al.,,
2012; Facchini et al., 2003; Giuffra and Fornaciari, 2017; Nuzzolese et al.,

Italy 13 2010; Pasini et al., 2018)

Netherland

s 9 (Giraud, 2004; Hanewald and Periziounus, 1980)
Norway 2 (Holck, 2008)

Poland 3 (Lorkiewicz et al., 2018)

Scotland 1 (Roberts and McKinley, 2003)

Serbia 3 (Pavlovic et al., 2019)

(Campillo et al.,, 1999; Giraud, 2004; Guillén et al., 2016; Lopez et al.,,
Spain 19 2011; Reverté, 1980)

Table 1. Published cases of trepanation found in Europe and dated between the 5th and the 15th
centuries.



B Immature
Bl Male

Bl Female
B Adult

B Indet.

[ Buildings
¢ Trepanation

Fig. 1. Inhumations at the St. Cosme Priory and localisation of trepanned cases.



Fig. 2. The six cases of cranial interventions excavated at the St. Cosme Priory. Scale: 5 cm.
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Cranial landmarks

No

AU WN -

O 00

10

11
12
13
14
15

Name

Nasion

Glabella

Ectocranial bregma
Frontomalare (right)
Frontomalare (left)
Stephanion (right)

Pterion (right)
Porion (right)
Asterion (right)
Stephanion (rleft)

pterion (left)
Porion (left)
Asterion (left)
Lambda
Opisthion

Endocranial landmarks

No

A WON B

10
11
12
13

14

Name

Internal glabella
Central sulcus
Frontal pole (right)
Frontal pole (left)

Broca’s cap (right)
Temporal pole
(right)

Cerebellar pole
(right)

Lateral sulcus (right)

Broca’s cap (left)
Temporal pole (left)
Cerebellar pole (left)
Lateral sulcus (left)
Perpendicular sulcus
Internal occipital
protuberance

Description

midline point where the two nasal bones and the frontal intersect

most anterior midline point on the frontal bone, usually above the frontonasal suture
point where the coronal and sagittal sutures intersect

most anterior point of the frontozygomatic suture

most anterior point of the frontozygomatic suture

point where the coronal suture crosses the temporal line

region where the frontal, temporal, parietal, and sphenoid meet on the side of the
vault

uppermost point on the margin of the external acoustic meatus

point where the lambdoid, parietomastoid, and occipitomastoid sutures meet
point where the coronal suture crosses the temporal line

region where the frontal, temporal, parietal, and sphenoid meet on the side of the
vault

uppermost point on the margin of the external acoustic meatus

point where the lambdoid, parietomastoid, and occipitomastoid sutures meet
ectocranial midline point where the sagittal and lambdoid sutures intersect
midline point at the posterior margin of the foramen magnum

Description

most anterior midline point on the frontal area

intersection of the central sulcus with inter-hemispheric fissure

anteriormost point following maximum length

anteriormost point following maximum length

maximum prefrontal width, namely, the posterior bulging area of the third frontal
gyrus, corresponding to the Broca’s cap in humans

tip point of the temporal pole

lowermost point of the cerebellum

posterior limit of the lateral sulcus

maximum prefrontal width, namely, the posterior bulging area of the third frontal
gyrus, corresponding to the Broca’s cap in humans

tip point of the temporal pole

lowermost point of the cerebellum

posterior limit of the lateral sulcus

Parioeto-occipital boundary, central point

inter-hemispheric and cerebro-cerebellar separation, central point

Table 3. Landmarks selected for the study. Descriptions are adapted from (Martin, 1929) for the cranial
landmarks and from (Pereira-Pedro and Bruner, 2018) for the endocranial landmarks.
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Fig. 4. PCA of the cranial shapes. Retrodeformations of shapes at the extremities of the principal
components are represented. Population variability are represented using 95 % ellipsoidal confidence
interval.
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Fig. 5. PCA of the endocranial shapes. Retrodeformations of shapes at the extremities of the principal
components are represented. Population variability are represented using 95 % ellipsoidal confidence
interval.
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Fig. 6. Isotope ratios (615N and 613C) of trepanned and non-trepanned individuals of St. Cosme Priory.
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Fig. 7. Heatmap of the differences in endocranial shape of 556_1 and eight reference subjects. Only
left side is represented and the differences are projected on 556_1.
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