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Abstract: The aim of this study was to assess the quality of mandibular bone using CBCT images
in archeological populations that inhabited Croatia from the medieval to the Early Modern Period.
A total of 88 human skulls (45 male and 43 female) from three samples (pre-Ottoman (N = 27),
Ottoman (N = 32), and Vlach (N = 29)) were analyzed by using CBCT. The mental index, gonion
index, antegonion index, panoramic mandibular index, degree of resorption of the alveolar ridge,
and cortical index of the mandible were evaluated using the OnDemand3DApp. The results showed
an expected higher value of cortex thickness in males when compared to females. Females in the
younger groups had higher values of cortical thickness than those in the older age group. The
Ottoman sample had significantly lower values of mandibular indices than the other two samples.
There were no age-related differences in bone thickness in males, suggesting that hormonal changes
have a stronger influence in females. Lower values of mandibular indices in the Ottoman sample
may be an indicator of specific factors that influenced this population. Our study of bone changes in
archeological populations with different living conditions may contribute to a better understanding
of impact of biocultural factors on physiological and pathological processes, which are extremely
complex in bone tissue.

Keywords: bone quality; mandible; CBCT imaging; mandibular indices; archaeological
population; anthropology

1. Introduction

Morphometric indices of the mandible have been shown as useful indicators of bone
quality. Their role in identifying individuals with low bone mineral density has been
described previously [1–3]. Mandibular bone is constantly remodeled under significant
influence of age and dental status [4–6]. The bone tissue changes that occur under the
influence of various factors have not been fully elucidated, and we often find contradictory
results in the literature.

Until recently, research on bone quality has been conducted mainly in modern popula-
tions, focusing on osteoporotic changes of the mandibular bone, particularly in females.
The study of bone changes in archaeological populations with different living circum-
stances and conditions can contribute to a better understanding of the biocultural factors
on the physiological and pathological processes. Agarwal and Grynpas reviewed 19 papers
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on bone quantity and quality in past populations from different geographic regions [7].
They found many reports on bone loss in both sexes; however, the pattern of bone loss
related to ageing and postmenopausal osteoporosis was not present. Also, a prevalence of
osteoporotic fractures was absent. They concluded that reduced bone quality may reflect
the effect of nutritional stress with potential compensatory mechanisms that protected bone
quality, like higher activity levels and physical demands of lifestyle.

The focus of this study was on the mandibular bones of archaeological samples. The
aim was to determine whether significant changes in the mandibular bone were present in
archaeological populations living on Croatian territory in the period from the Early Middle
Ages to the Early Modern Period and whether their different living habits, e.g., dietary
habits, could influence the appearance of the mandibular cortex.

This study was conducted on three samples from the Early Middle Ages, the Late
Middle Ages, and the Early Modern Period. The first, a pre-Ottoman sample, relates to
a Croatian site from the Early Middle Ages (9th to 11th centuries). In the Early Middle
Ages, the Croats were involved in battles with the Hungarians, Franks, and Bulgarians
as well as with the Venetians and the Byzantine Empire to gain control over the eastern
Adriatic coast [8]. Any interruption in the fighting was short-lived, so the situation with
the Venetians and the Byzantine Empire continued throughout the developed Middle Ages.
In the 13th century, the Mongols invaded Croatia but did not conquer any major fortified
cities [8]. The second sample, i.e., the Ottoman sample, refers to the Dugopolje site. It is
believed that the necropolis of Dugopolje belonged to the village of Crisii (Križice) [9–11].
According to Gjurašin, the village of Križice probably disappeared after the Ottoman
conquests that began in Croatia in the 14th century. Like the rest of the Croatian population,
the inhabitants of Križice sought safety in the towns and villages on the coast as well as on
the islands. Few of the remaining inhabitants accepted Ottoman rule [10]. The third sample,
the Vlach sample, dates to the Early Modern Period (the 16th to 18th centuries). In the
vast, depopulated mountainous regions of Croatia, the Ottomans settled the Vlachs [8], an
ethnically heterogeneous community united solely by common interests, a nomadic or semi-
nomadic lifestyle, and a subsistence strategy based on transhumant pastoralism [12,13].
Osteological remains from the Vlach sample were found in the Koprivno site.

The aim of this study was: (1) to assess the quality of the mandibular bone using
high-quality CBCT images for measuring the radiomorphometric indices (mental—MI,
gonial—GI, antegonial—AI, and panoramic mandibular index—PMI), (2) to determine
the extent of alveolar ridge resorption (M/M), and (3) to evaluate the mandibular cortical
index (MCI) for these three chronologically consecutive samples. We aimed to estimate if
there were significant differences in bone quality between the samples according to the age
and sex and to relate potential deviations with their different living conditions.

2. Materials and Methods
2.1. Sample Selection

This study was approved by the Institutional Research Ethics Committee of the School
of Dental Medicine, University of Zagreb, Croatia (approval number: 5-PA-26-12/2016).

The research was conducted on 88 skulls from three chronologically consecutive
samples, i.e., archaeological sites (Figure 1). Sample distribution by age and sex is presented
in Table 1. The pre-Ottoman sample was excavated from the archaeological site Šibenik
St. Lovre, which is located about 9 km east of the town of Šibenik. In all archaeological
campaigns together, 350 skeletons were found [14], but this study included only skeletons
from the earlier phase of the cemetery (from the 9th to the 11th century). The architecture
of the tombs consisted of irregular stone slabs that form the floor and walls and cover the
tomb [15]. Grave goods were rare and mostly consisted of rings, earrings, knives, and
anklets [15–17].
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Figure 1. Map of Croatia with locations showing origins of all three samples.

Table 1. Age and sex distribution of samples.

Sample Age
Sex

Total
Male Female

Pre-Ottoman
15.0–39.9 7 7 14

40+ 6 7 13
Total 13 14 27

Ottoman
15.0–39.9 9 11 20

40+ 6 6 12
Total 15 17 32

Vlach
15.0–39.9 3 6 9

40+ 14 6 20
Total 17 12 29

Total
15.0–39.9 19 24 43

40+ 26 19 45
Total 45 43 88

The Ottoman sample (Table 1) originated from the site of Dugopolje—Vučipolje, which
is located 15 km from the city of Split. The grave goods consisted of buttons, earrings, rings,
pins, textiles, and beads and proved the use of the necropolis between the 13th and 16th
centuries [10,13].

The Vlachs sample (Table 1) was from the village of Koprivno—kod Križa. The village
of Koprivno is located northwest of Dugopolje and northeast of Klis (Figure 1). The graves
were dated to the Early Modern Period (from the late 15th to the early 18th century).
According to Gjurašin, most of the graves had an oval or rectangular crown of dry-stone
masonry and contained goods that were quite common and modest, including mainly iron
pins, buttons, parts of clothing, etc. Considering the historical sources, the characteristic
grave architecture, and the fact that some of the graves contained Ottoman silver coins, it
can be assumed that most of the graves belonged to the Vlach population [11,18].

For the purposes of this study, only adult specimens were analyzed. In this study,
adults were defined as individuals older than 15 years of age. They were classified into
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one of two age categories: younger adults (15.0–39.9 years) and older adults (40+ years).
Since the individuals included in the analysis also had a preserved postcranial skeleton,
sex was determined based on pelvic [19] and cranial [20] morphology. Age at death
was determined by using several methods that included the degree of ectocranial suture
closure [21,22], dental wear [23], pubic symphysis morphology [23,24], pelvic auricular
surface morphology [23], and sternal costal end morphology [25].

2.2. Radiomorphometric Assessments

The following measurements were made on the CBCT images of the mandibles:
the mental index, gonion index, antegonion index, panoramic mandibular index, degree
of resorption of the alveolar ridge, and the cortical index. CBCT images of the skulls
were obtained with the Cranex3Dx device (2015, Soredex, Tuusula, Finland), and indices
were measured bilaterally via the OnDemand3D software (Cybermed, Seoul, South Ko-
rea). Values that could not be measured accurately due to mandibular fracture, fragment
misalignment, or a missing reference point were excluded. Three weeks after the first
measurement, all indices on fifteen skulls (16.2% of the total number of skulls) were mea-
sured repeatedly by the same person (T.Č.) to evaluate the reliability of the measurements.
All numerical variables had a high intraclass correlation score (above 0.8 and 0.9), which
indicates good reliability of repeated measurements. With a nominal variable (MCI), there
was no difference at all between the two measurements.

The mental index (MI) is the thickness of the mandibular cortex in millimeters mea-
sured on a line perpendicular to a tangent parallel to the inferior edge of the mandible and
passing through the middle of the mental foramen (Figure 2) [26].
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Figure 2. Measurement of the mental index (MI) on the CBCT scan. The MI was measured by drawing
a line in the panoramic projection denoting the inferior border of the mandible and then a second line
in the sagittal projection perpendicular to it and passing through the center of the mental foramen
(circled in yellow). The cortical bone of the mandible was measured in the sagittal projection on this
line (circled in red).

The gonion index (GI) is the thickness of the mandibular cortex in millimeters at the
mandibular angle (Figure 3) [27].

The antegonion index (AI) is the thickness of the mandibular cortical bone in millime-
ters measured on a line parallel to the anterior edge of the mandibular ramus (Figure 4) [28].
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Figure 3. Measurement of the gonion index (GI) on the CBCT scan. The GI was measured along the
line bisecting the angle formed by the tangent parallel to the inferior edge of the mandible and the
tangent parallel to the posterior edge of the ramus of the mandible (circled in blue). The thickness
of the mandibular cortex at the mandibular angle was measured in the sagittal projection (circled
in red).
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Figure 4. Measurement of the antegonion index (AI) on the CBCT scan. The AI was measured on a
line parallel to the anterior edge of the mandibular ramus (circled in yellow) in the sagittal projection
(circled in red).

The panoramic mandibular index (PMI) is the ratio between the thickness of the
mandibular cortex and the distance between the center of the mental foramen and the
inferior border of the mandible (Figure 5) [26].
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Figure 5. Measurement of the panoramic mandibular index (PMI) on the CBCT scan. The PMI was
measured so that the line drawn in the panoramic projection was perpendicular to the inferior edge
of the mandible and passed through the center of the mental foramen (circled in yellow). Then, the
thickness of the mandibular cortex (BC) and the distance between the line passing through the center
of the mental foramen and the inferior edge of the mandible (AB) were measured in the sagittal
projection (circled in red). Finally, the ratio of the two assessments was determined as PMI = BC/AB.

The level of resorption of the alveolar ridge (M/M) is the ratio between the total height
of the mandible and the distance between the center of the mental foramen and the lower
edge of the mandible (Figure 6) [29].
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M/M = BC/AB.
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The mandibular cortical (Klemetti) index (MCI) is a classification of the appearance
of the inferior edge of the mandible distal to the mental foramen [30]. Three classes are
distinguished: C1—the endosseous margin of the cortical bone is clear and sharp (Figure 7);
C2—the endosseous margin contains semilunar defects and the appearance of fragmented
parts of the margin (Figure 8); and C3—a remarkable porosity of the cortical bone layer
(Figure 9). This index was evaluated in panoramic projection.
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Figure 8. C2 class of the MCI classification: endosseous margin contains semilunar defects.
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Figure 9. C3 class of the MCI classification: significant degradation in the cortical bone layer.

2.3. Statistical Analysis

Data were analyzed using the Statistical Package for Social Sciences (SPSS) version 20
(IBM Inc., Chicago, IL, USA). Parametric and nonparametric independent t tests, paired t
tests, and one-way ANOVA were used to analyze the data, with statistical significance set
at p < 0.05.
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3. Results

There were no statistically significant differences in the values for the MI, GI, AI, PMI,
and M/M between the left (L) and right (R) sides of the mandibles in the three sample
groups. Regarding sex, statistically significant differences were found between males and
females in the pre-Ottoman sample for MI (R) (t = 2.185046, df = 24, p < 0.05), in the Ottoman
sample for MI (R) and MI (L) (Z = −2.595, p < 0.01; t = 4.276355, df = 28, p < 0.001) and
M/M (L) (t = −3.040, df = 29, p = 0.005), and in the Vlach sample for MI (L) (t = 2.140975, df
= 24, p < 0.05). In all cases, males had statistically significantly higher values than females
except in the Ottoman sample for the M/M (L) value.

When comparing two age groups within samples, females from the younger age group
in the Ottoman sample had significantly higher scores for MI (R) and AI (L) than females
from the older age group (Z = −2.459, p < 0.05; t = 2.2449, df = 12, p < 0.05). Younger females
from the Vlach sample had higher scores of borderline significance for MI (L) (t = 2.222, df
= 0, p = 0.05) and a statistically significant higher GI (R) (t = 3.430, df = 6.848, p < 0.05) than
older females. In contrast, there were no significant differences between age groups in men.

Comparison between samples showed that younger males from the pre-Ottoman
sample had higher scores for AI (L) than younger males from the Ottoman sample but of
borderline significance (p = 0.05). Similarly, males in the 40+ age category from the pre-
Ottoman and the Vlach sample had significantly higher scores for AI (R) than males from
the Ottoman sample and the same age category (p < 0.05 and p = 0.05, respectively). Younger
females from the Vlach sample had significantly higher scores for GI (R) than younger
females from the Ottoman sample (p < 0.05). Younger females from the pre-Ottoman sample
also had significantly higher scores for GI (L) than younger females from the Ottoman
sample (p < 0.05). Older females from the pre-Ottoman sample had significantly higher
scores for GI (R) than older females from the Ottoman sample (p < 0.05).

Comparison of MCI categories between samples showed that the Vlach sample had
significantly more C1 values than the pre-Ottoman (χ2 = 3.807, p = 0.05) and Ottoman
samples (χ2 = 4.608, p < 0.05) (Table 2).

Table 2. Distribution according to sex and sample of categories of MCI for left side (L).

MCI (L)

Pre-Ottoman
Sample

C1 C2 C3 Total

Males 5 (38.5%) 5 (38.5%) 3 (23.1%) 13 (48.1%)
Females 2 (14.3%) 9 (64.3%) 3 (21.4%) 14 (51.9%)

Total 7 (25.9%) 14 (51.9%) 6 (22.2%) 27 (100.0%)

Ottoman sample
C1 C2 C3 Total

Males 2 (13.3%) 8 (53.3%) 5 (33.3%) 15 (46.9%)
Females 6 (35.3%) 10 (58.8%) 1 (5.9%) 17 (53.1%)

Total 8 (25.0%) 18 (56.3%) 6 (18.8%) 32 (100.0%)

Vlach sample
C1 C2 C3 Total

Males 10 (58.8%) 7 (41.2%) 0 (0.0%) 17 (58.6%)
Females 6 (50.0%) 4 (33.3%) 2 (16.7%) 12 (41.4%)

Total 16 (55.2%) 11 (37.9%) 2 (6.9%) 29 (100.0%)

When comparing within samples, it is noticeable that in the pre-Ottoman and Ottoman
samples, the mandibular cortical (Klemetti) index (MCI) predominantly showed the C2
category. In contrast, in the Vlach sample, there were significantly more mandibles with
C1 categories than C3 categories (χ2 = 13.614, p < 0.01) and more C2 categories than C3
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categories (χ2 = 6.345, p = 0.01). An analysis of MCI categories according to sex and age
was not performed because of the limited sample size.

4. Discussion

Bone quality is a complex indicator of the overall condition of the body, as it is
influenced by a variety of factors such as age, sex, hormonal status, diet, and others.
Research on bone quality using mandibular indices has been applied in a variety of studies,
mostly in the recent population. Because these measurements have often been shown to
have a significant correlation with overall bone quality and are relatively simple and readily
available on orthopantomographic images (radiomorphometry), they have numerous
advantages over other methods that are destructive [31] or not so reliable for archaeological
specimens (DEXA) [32]. In this study, we used the CBCT radiology technique, which
offers the possibility of precise three-dimensional analysis of anatomical and pathological
structures and allows more accurate measurements of mandibular indices compared with
standard two-dimensional orthopantomograms.

As mentioned earlier, research on bone quality using mandibular indices is conducted
mainly in recent populations. Mandibular indices can tell us a lot about the diet and
subsistence strategies of people. Therefore, it seemed interesting to expand the knowledge
about earlier populations from turbulent times such as the Middle Ages and the Early
Modern Period on Croatian territory. To properly interpret the results, it is important to
understand the political, social, and economic environment of the observed periods.

According to Goldstein, the Early Middle Ages in Croatia can be briefly described as
a turbulent period marked by constant fighting. The battles with Venice and Byzantium
continued into the Late Middle Ages. In the 13th century, a new enemy appeared on
Croatia’s doorstep—the Mongols [8]. Although powerful and aggressive, they did not
conquer any major fortified cities. The Late Middle Ages did not bring any relief either, as
in 1463, the Ottomans conquered the medieval kingdom of Bosnia and made Croatia the
next stop of their campaign [33]. From that moment on, Croatia fought with the Ottoman
Empire for three centuries. The Ottoman strategy was for the Akinji to invade new areas
before the advance of the regular Ottoman forces. The Akinji were an irregular light cavalry
whose goal was to terrorize the local population into leaving their home territory [34]. They
raided, captured livestock, took prisoners who were then sold into slavery, and attacked
routes and trading centers to prevent food supplies and transportation [33,34]. In addition
to the Akinji, the Martologs were also a major threat to the local population. According
to Mažuran, they were a special Ottoman military order composed mainly of conquered
Christians and Vlach shepherds from Bosnia. Their sources of income were also robbery
and the capture of people [11].

After the emigration of the local population, the abandoned mountain regions were
repopulated by the Vlach population. According to Kursar, the Vlachs were largely descen-
dants of the autochthonous, Romanized, pre-Slavic Balkan populations such as Thracians,
Illyrians, and Dacians who inhabited the mountainous regions of the central Balkans and
practiced a nomadic or semi-nomadic lifestyle with transhumant pastoralism as their
primary subsistence strategy [12].

A significantly different lifestyle (also regarding the dominant type of diet) that could
be reflected in bone quality was characteristic for the pre-Ottoman population. The pop-
ulation of the Early Middle Ages was mainly engaged in agriculture and subsisted on
cereals such as soft wheat, durum wheat, and barley [13,35]. According to Fabijanec, the
coastal population also raised livestock [35]. It can be assumed that the subsistence strategy
remained the same in the High and Late Middle Ages [36].

As mentioned above, the population of Vlach primarily engaged in transhumant
pastoralism. Valentić claims that they raised cattle, sheep, and goats and made seasonal
migrations with livestock. They also practiced agriculture, but this was only on a small scale.
Their lack of grain production was compensated by increased meat and milk production [37].
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Research by Adamić and Šlaus also confirmed that the late medieval population of
Dugopolje and Vlach Koprivno had different diets—the population of Dugopolje consumed
more carbohydrates and that of Koprivno more proteins [33].

The results of this study showed the expected higher value of cortex thickness in
males compared to females. In addition, a statistically significant difference was confirmed
between females of different age groups in the Ottoman and Vlach samples, with females
in the older group having lower mandibular cortical thickness. These results indicate a
possible trend that was present and that is consistent with the previously demonstrated
relationship between aging and bone loss. [38]. Interestingly, this difference was not
present in the male subjects, suggesting that age-related hormonal changes have stronger
influence in females. The consequences are seen in a decrease in bone mass, which may
also be reflected in the thickness of the mandibular cortex [39]. Previous studies of modern
populations have shown that cortical thickness does not decrease as much with age in
males as in females [40].

Among the males, an interesting significant difference in cortex thickness was found,
with those in the younger age group from the pre-Ottoman and Vlach samples and those in
the older age group from the Vlach sample having higher values than the Ottoman samples.
This suggests a probable negative influence of some systemic or environmental factors on
mandibular bone quality that were specific to the Ottoman sample.

In the Vlach sample, females had a higher alveolar ridge resorption (M/M) score. The
alveolar ridge tends to remodel under the direct influence of physical stress. For this reason,
pronounced resorption of the ridge occurs after tooth loss due to the lack of functional
stimulation of the alveolar bone. In this study, we did not consider tooth loss due to the
limited sample size, so this result may also be a consequence of this factor, which was not
included in research.

The finding of higher GI values in the pre-Ottoman and Vlach samples compared to
the Ottoman samples in groups of younger females again suggests some factors influencing
the Ottoman sample that could be responsible for lower bone quality. This is supported
by the statistically significant lower GI scores in the older sample of Ottoman females
compared to the pre-Ottoman group. The negative Ottoman influences on political, social,
economic, and demographic changes in medieval Croatia were described in research by
Grgin (2002), in which the possible influence of food shortages at the end of the 15th century
is mentioned [41].

The degree of erosion of the inner edge of the mandibular cortex (MCI) has been
recognized as an indicator of higher risk for osteoporosis [42] and fractures [43] in modern
populations. The present research analysis of MCI scores showed that the Vlach sample
had the highest quality of cortical bone, with significantly more individuals in category C1
compared with the other two populations. This is consistent with the other findings of this
research, confirming the possible beneficial effect of a protein-rich diet on bone quality.

Mays investigated cortical bone loss in a skeletal sample from a British medieval site
using metacarpal radiographs [44]. Significant bone loss in females compared to males
and in older females compared to younger individuals was found, which is concordant
with our findings. As in our research, age-related changes were not found in males. In
comparison to the recent population, lower cortical bone values were found; however, the
same trend in bone loss in postmenopausal females was found.

In later research, Mays compared the British medieval sample with a modern Spital-
fields sample from the 18th/19th century and found no difference in cortical thickness,
although lifestyle significantly changed [45].

In recent research, Šerstn, ova et al. used novel methods including micro-CT and
immunohistochemistry to analyze the bone quality of skeletons (humerus, radius, and
ulna) from medieval and Late Modern Period Latvia. Lower bone quality was found in the
medieval sample, which is consistent with our findings [46].

In our research, the modern digital technology of CBCT was used as noninvasive
method for studying bone quality in archaeological samples. CBCT allowed for bone
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analysis in sagittal and panoramic projections, providing new insights and results that can
be compared to modern populations.

5. Conclusions

This study, which measured the thickness and assessed the quality of mandibular
cortical bone in three different archaeological samples, confirmed the significant influence
of age and hormonal changes on bone quality in females, while in males, there were no
age-related differences in bone thickness. Pre-Ottoman and Vlach populations had better
mandibular bone quality in comparison to the Ottoman population, probably reflecting
different lifestyles and dietary habits that influenced bone-remodeling processes, largely
due to functional requirements. The lower values of the mandibular indices in the Ottoman
sample may be an indicator of a specific factors related to general negative political, social,
economic, and demographic changes in medieval Croatia that influenced this population.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/heritage7010008/s1, Research dataset “Datasheet Savic Pavicin Diachronic
comparison of three historical skeletal series from Croatia with regard to mandibular bone quality”;
Table S1: Mandibular index scores: the mental index (MI), gonion index (GI), antegonion index (AI),
panoramic mandibular index (PMI), degree of resorption of the alveolar ridge (M/M), and cortical
index (MCI). F cells are missing data.
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