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AssTrACT: The purpose of this study was to evaluate the calcium (Ca) and phosphorus (P) contents of pulp
stones in a historical population (18%-19% centuries) from Radom, Poland. Ten molars from adults from
the Radom cemetery (18%-19% centuries) were used in the study. The crowns of the teeth were mechan-
ically opened, and visible pulp stones were examined with a scanning electron microscope equipped with
a Si(Li) energy dispersive detector (energy dispersive X-ray spectrometry detector, which uses a lithium (Li)-
doped silicon (Si) single-crystal semiconductor as a detector element). Enamel presented higher values of
Ca/P ratio compared with the dentine and/or pulp stones. Moreover, in one case, the external layer of the
pulp stone had significantly lower Ca and P contents compared with the internal layer (Ca: 13.97+0.31
vs. 34.2+0.37 [wt%]; P: 6.13+0.21 vs. 16.5+0.34 [wt%]). Evaluation of the Ca and P composition of the
analyzed enamel and dentine in the Radom samples from the 18%-19% centuries produced findings that
are consistent with studies conducted on teeth from contemporary populations. In the case of one individ-
ual, two chemically distinct layers were diagnosed in the pulp stone. It is difficult to interpret this finding
based on a single case, but it may be due to the fact that the outer layer is characterized by higher organic
structure.
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Pulp stones are calcified structures that
occur in the coronal and radicular pulp,
where they may be free, attached, or em-
bedded in the dentine. Free pulp stones
are present within the pulp tissue proper
and are the most commonly seen type on
radiographs (Goga et al. 2008; Al-Ghurabi
and Najm 2012). Pulp stones can be ob-
served in deciduous and permanent den-
tition. Moreover, pulp stones can occur
in both erupted and unerupted teeth, as
supported by previous studies (Sener et al.
2009; Colak et al. 2012; Kaabi et al. 2024).

The exact cause and mechanism of
pulp calcification are still largely unknown
and have been the subject of a great de-
bate (Mitrega and Dreher 1968; Barnas et
al. 1972; Goga et al. 2008; Marshall et al.
2023). Among the main etiological factors
mentioned in the literature are: the age of
the individual, trauma, periodontal dis-
ease, dental caries, abrasion, and genetic
predisposition (Ozkalayci et al. 2011; Ba-
hetwar et al. 2012; Colak et al. 2012). Dis-
eases of the metabolic and/or cardiovascu-
lar systems may also co-occur with pulp
stones (Huang and Chen 2016; Nicklisch
et al. 2021). In our previous study (Tom-
czyk et al. 2017), we showed that pulp cal-
cification is not connected with the age of
the individual; rather, it is caused primar-
ily by pulp irritation. This irritation may
be the result of either mechanical factors
(dental wear) or disease processes (den-
tal caries and periodontal diseases). The
type of diet is also discussed regarding the
formation of pulp stones (Raj et al. 2012;
Tomczyk et al. 2014). Nicklisch et al.
(2021) showed that individuals with high-
er 8'°N isotope values in their bone colla-
gen appear to be more frequently affected
by pulp stones. This finding implies that
diets containing higher amounts of animal
protein may influence the formation and
development of pulp stones.

In dental examinations, the most
common pulp stones are diagnosed us-
ing intraoral radiography. However, this
applies only to structures that exceed
200 pum in diameter. Smaller pulp stones
are diagnosed using cone-beam comput-
ed tomography (Gulsahi et al. 2009; Sis-
man et al. 2012). In selected cases, the
diagnosis of pulp stones can be based on
histological or micro-CT analysis. How-
ever, the examination procedure in both
methods is time-consuming and costly
(Goga et al. 2008; Marshall et al. 2023).
The evaluation of pulp stones increas-
ingly uses advanced technology, such
as inductively coupled plasma atomic
emission spectroscopy (ICP-AES), which
makes it possible to analyze their struc-
ture and chemical properties. This meth-
od is based on the excitation of atoms
and ions with plasma. The result is the
emission of electromagnetic radiation at
wavelengths specific to the element (Mil-
cent et al. 2019). The results from this
evaluation have confirmed earlier reports
that the density and chemical composi-
tion of pulp stones is very similar to den-
tin (Mitrega and Dreher 1968; Barna$ et
al. 1972), mainly regarding the contents
of the two main elements, calcium (Ca)
and phosphorus (P) (Le May and Kaque-
ler 1993).

The presence of pulp stones as well
as their structure and composition are
a topic of clinical research (Turkal et al.
2013; Gaddalay et al. 2015; Palatyniska-
-Ulatowska et al. 2021; Mirah et al
2023). This is because knowledge of pulp
stones is important in endodontic treat-
ment. Unfortunately, only a few studies
have addressed pulp stones in historical
populations. The authors of these papers
have typically focused on the occurrence
of pulp stones and their location (Elvery
et al. 1998; Tomczyk et al. 2014; Tomczyk
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et al. 2017; Nicklisch et al. 2021). There
are several reasons for the limited num-
ber of studies on pulp stones in historical
populations. First, it is impossible to sub-
ject all specimens to radiography; usually,
only random samples of specimens are ex-
amined. Second, highly specialized evalu-
ations are invasive in the sense that they
require mechanical opening of the tooth
chamber, which leads to permanent dam-
age to the tooth. The historical value of ar-
chaeological materials prevents conduct-
ing such analyses. Therefore, only certain
materials from archaeological sites can be
subjected to such examination (Nicklisch
et al. 2021). Such an opportunity to study
pulp stones has arisen for several speci-
mens from a historical cemetery from Ra-
dom (Poland).

The present study evaluated the Ca
and P contents in the pulp stones of indi-
viduals from a historical population from
Radom (18%-19% centuries). This study
aimed to answer the following research
questions: (i) Do the Ca and P contents
vary among the studied dental struc-
tures? (ii) Do the pulp stones exhibit
differences in Ca and P content between
their outer and inner layers?

Materials and methods

Dental material of adult individuals from
the historical population of Radom (Po-
land), which came from the cemetery
used in the years 1791-1811, was select-
ed for the study. The dental material used
for the research is stored at the Institute
of Biological Sciences, Cardinal Stefan
Wyszynski University in Warsaw. Mater-
ial was stored in a dry place, stored from
possible contamination that could affect
the results of the study. The material
used in the present study had been ana-
lyzed previously in terms of the frequen-

cy and location of pulp stones (Tomczyk
et al. 2017). The presence of pulp stones
was determined with a portable X-ray
machine (EZX-60, Edlen Imaging, USA).
Due to the invasive (destructive) nature of
the study, 10 molars were selected from
the described material for further analysis.

First, crowns of the teeth were opened
with a dental drill. Next, the edges of
the crowns were filed down so that there
were leading-edge pulp stones. The trans-
versely cut teeth with the pulp chamber
filled with pulp stones were polished
gently with sandpaper and rinsed in an
ultrasonic bath in cold deionized water.
After air drying, each tooth specimen was
mounted in a microscopic holder with
carbon conductive paint (EM-Tec C33,
Rave Scientific, USA) and stored under
vacuum overnight. The exposed surfaces
of enamel, dentine, and pulp stones were
positioned parallel to the holder surface.
After coating with a thin layer of carbon
(JEC-530, JEOL, Tokyo, Japan), the sam-
ples were observed in scanning electron
microscope (SEM) (JSM-5410, JEOL)
equipped with an Si(Li) energy-dispersive
detector (EDS; Noran Instruments Inc.,
the Netherlands). To determine qualita-
tively the elemental composition of all
dental structures, X-ray microanalysis
was performed with the following condi-
tions: an accelerating voltage of 15 keV
and an absorption current of 100 pA as
measured for the aluminum stub, and
a 25° take-off angle for the EDS detector,
which was positioned 30 mm from the
specimen to achieve a 0.033 sr solid an-
gle. Each analysis was performed in the
raster mode at 750X magnification to
obtain the total X-ray intensities emit-
ted from the enamel, dentine, and pulp
stones not exceeding 30% of the EDS
detector deadtime. The same analytical
conditions were used for quantitative
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estimation of the Ca and P contents. For
this endeavor, the apatite standard was
measured (SPI Supplies, West Chester,
PA, USA).

Three measurements were taken
at random locations (the test locations
were estimated visually) on each tested
dental structure (enamel and dentin). In
addition, three random measurements
(averaged before the statistical analysis)
were taken from the pulp stones from the
central part (internal layer) and the pe-
riphery (external layer). All spectra were
processed to obtain the peak-to-back-
ground (P/B) Ca and P values (Roomans
1988). Next, the P/B values derived from
the apatite standard were compared with
the P/B values for unknown enamel, den-
tine, and pulp stones and the Ca and P
contents [wt%] were calculated. Differ-
ences in the Ca and P contents as well
as the Ca/P ratio were estimated using
the non-parametric Kruskal-Wallis test
(Statistica, TIBCO Software Inc., Palo
Alto, CA, USA). The Shapiro-Wilk test
was used to test for normality. A p-value
<0.05 was considered to indicate a sta-
tistically significant difference.

Results

X-ray microanalysis of three parts of
teeth — enamel, dentine, and pulp stones
- revealed no significant differences in
the Ca and P contents (Table 1).

The enamel part was the most miner-
alized, with a notably higher continuum
radiation (background) intensity com-
pared with the dentine and pulp stones
(Fig. 1). This effect is due to the strong
contribution of elements with a higher
atomic number, that is, Ca (Z=20), in
the generation of bremsstrahlung rather
than elements of organic matter, that is,
H (Z=1), C (Z=6), N (Z=7), or O (Z=8)
(Goldstein et al., 2018). Indeed, enam-
el presented a significantly higher Ca/P
ratio compared with the dentine or pulp
stones (p=0.048) (Fig. 2).

Although the Kruskal-Wallis test re-
vealed no statistically significant differ-
ences in calcium (Ca) and phosphorus
(P) contents individually among enamel,
dentine, and pulp stones (Table 1), the
Ca/P ratio differed significantly. This
apparent discrepancy can be explained
by the cumulative effect of even minor,
statistically insignificant variations in
Ca and P contents, which collectively
affect their proportional relationship, re-
sulting in a significant difference in the
Ca/P ratio. In one case, the pulp stone
showed two layers that had a distinct
elemental composition. The external
layer had markedly lower Ca and P con-
tents compared with the internal layer
(Ca: 13.97+0.31 vs. 34.2+0.37 [wt%);
P: 6.13x0.21 vs. 16.5%£0.34 [wt%])
(Fig. 3). The other pulp stones did not
show such variation.

Table 1. The results of X-ray microanalysis of phosphorus (P) and calcium (Ca) content [%wt] in teeth

enamel, dentine and pulp stones parts. The values are means + standard deviations

Amount [%wt]

Elements Enamel Dentine Pulp stones p-value’
P 16.41+0.78 16.55+0.64 16.71+0.73 0.0796
Ca 35.43+1.72 33.51+0.84 33.36x1.20 0.0685

‘Kruskal-Wallis statistical analysis
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1. The representative spectra obtained during
X-ray microanalysis of the tooth enamel, den-
tine, and pulp stones. The dentine and pulp
stone spectra are similar in their background
intensity; however, the enamel spectrum shows
a higher background (arrows). This indicates
a greater contribution of the mineralized part of
the enamel structure compared with the den-
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Fig. 2. The calcium-to-phosphorus (Ca/P) ratio for

the tooth enamel, dentine, and pulp stones.
The asterisk (*) indicates a significantly high-
er Ca/P ratio for enamel compared with the
dentine and pulp stones (Kruskal-Wallis test,
p<0.05).

Fig. 3. A picture of a pulp stone with external and internal layers
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Discussion

Ca and P are the main elements that
make up the structure of teeth, so
these elements have been widely eval-
uated (Arnold and Gaengler 2007; He
et al. 2011; Liu et al. 2013; Palatyniska-
Ulatowska et al. 2021; Sarna-Bo$ et al.
2022); however, the authors of these
studies focused on contemporary popu-
lations. Murray (1936) reported a Ca/P
ratio variation for human teeth that var-
ied from 1.92 (dentin) to 2.15 (enamel).
Hillson (1996) found that the biogenic
Ca/P ratio varied from 1.91 to 2.17 for
enamel and from 2.1 to 2.2 for dentin.
Different Ca/P ratios indicate the differ-
ent nature of enamel and dentin (Arnold
and Gaengler 2007). This ratio decreases
in the case of demineralization of enam-
el due to dental caries (Robinson et al.
1995; Sakoolnamarka et al. 2005). The
Ca and P contents of the analyzed teeth
from the 18%-19% centuries in Radom
are consistent with studies conducted
on teeth from modern populations (Ar-
nold and Gaengler 2007; He et al. 2011;
Sarna-Bo$ et al. 2022). Moreover, the
Ca/P ratios calculated for the enamel
and dentin are within the range of vari-
ation of this indicator for contemporary
populations (Hillson 1996; Sarna-Bos$ et
al. 2022). The content of elements in
teeth can fluctuate due to, among other
things, a diverse diet, which is the
source of these elements. This means
that in different historical periods, when
there were different dietary trends, the
elemental content of teeth can vary (e.g.
Nedoklan et al. 2021). The elemen-
tal composition, including Ca and B is
also influenced by the environmental
conditions in which the skeletal mate-
rials were deposited. For example, alka-
line soil better protects bones and teeth

compared with acidic soil, which easily
destroys hydroxyapatite (Stipisic et al.
2014). The lack of differences in the
abovementioned studies may be due to
a similar diet for the current population
as well as the population in the 18%-19®
centuries. This may be confirmed by
other anthropological studies (Pach et al.
2023; Perkowski et al. 2024).

The Ca/P ratio did not differ signif-
icantly between the dentin and pulp
stones. However, there was a significant
difference between the enamel and the
dentin and pulp stones (Fig. 2). These
results indicate that pulp stones have
chemical properties that are similar
to dentin, a finding that is consistent
with the results of other studies con-
ducted on teeth extracted from modern
patients (Milcent et al. 2019). Con-
sistently, Le May and Kaqueler (1993)
pointed out that pulp stones chemically
resemble dentin, with average Ca and P
contents of 32% and 15%, respectively.
Milicent et al. (2019) found differences
between pulp stones and dentin. They
noted that pulp stones are characterized
by the presence of water and more or-
ganic material. These features observed
on the teeth from contemporary pa-
tients were also captured in the histori-
cal population.

Of note, one pulp stone showed two
distinctly different areas (the external
and internal layers) based on the Ca and
P contents. Pulp stones of the other in-
dividuals did not show chemical differ-
entiation of their layers. Milcent et al.
(2019) made similar observations with
teeth that were extracted from patients.
According to this study the inner surface
of pulp stones shows increased levels of
oxygen, calcium, and phosphorus com-
pared to the outer surface which might
be attributed to higher organic structure.
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It is well known that pulp stones show
very high heterogeneity in their struc-
ture and composition, so it is difficult to
make far-reaching interpretations on the
basis of a single case (Berés et al. 2016).

Limitations

This study has its limitations. The main
limitation of most historical population
studies is their small size. As mentioned,
the examinations performed are destruc-
tive in nature, as they require mechani-
cal opening of the tooth chamber. Such
a procedure cannot be standardly per-
formed on historical materials.

Contribution to the field

There is still controversy over both the
causes and mechanisms of the formation
of pulp stones. This issue is important for
several reasons, including for endodontic
treatment. While research on the teeth of
modern patients is common, examina-
tion of odontological material from histo-
logical specimens is extremely rare. The
results from the present study confirm the
observation that pulp stones are chemi-
cally similar to dentin. This means that
dentin irritation is an important cause of
pulp stone formation. In addition, the for-
mation of pulp stones occurs via a certain
process that involves the mineralization
and calcification of these structures. This
can be useful in the treatment process
when assessing the degree of development
of pulp stones in the tooth.

Conclusion

Studies of pulp stones from historical pop-
ulations are not often carried out due to
the uniqueness and specificity of the dental
material. In the present study, we analyzed

the chemical composition of pulp stones;
it corresponded to the chemical composi-
tion of dentin. Enamel showed the most
mineralized structure, as the intensity of
continuous (background) radiation was
significantly higher compared with the
dentin and pulp stones. In one pulp stone,
we noted two chemically distinct areas
(the internal and external layers). Further
analysis of larger samples is needed to as-
sess whether such layering is a common
feature in historical pulp stones.
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