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Abstract

Inrecent years, several studies have focused on species discrimination of bone fragments by histological analysis. According to
literature, the most consistent distinguishing features are Haversian canal and Haversian system areas. Nonetheless, there is a
consistent overlap between human and non-human secondary osteon dimensions. One of the features that have never been
analyzed for the purpose of species discrimination is the osteocyte lacuna, asmall oblong cavity in which the osteocyte is locked
in. Theaim of this study is to verify whether there are significant quantitative differences between human and pig lacunae within
secondary osteons with similar areas. Study sample comprises the midshaft of long bones (humerus, radius, ulna, femur, tibia,
and fibula) of a medieval humanadultand a juvenile pig. Sixty-eight secondary osteons with similar areas have been selected for
eachspeciesandatotal of 1224 osteocyte lacunae have been measured. For each osteon, the total number of lacunae was counted,
and the following measurements were taken: minimum and maximum diameter, area, perimeter, and circularity of nine lacunae
divided between inner, intermediate, and outer lacunae. Statistical analysis showed minimal differences between human and pig
in the number of lacunae per osteons and in the minimum diameter (P > 0.05). On the contrary, a significant difference
(P <0.001) has been observed in the maximum diameter, perimeter, area, and circularity. Although there is the need for further
research on different species and larger sample, these results highlighted the potential for the use of osteocyte lacunae as an
additional parameter for speciesdiscrimination. Concerningthe difference betweenthe dimensions of osteocyte lacunae based on
their position within the osteon (inner, intermediate, and outer lacunae), results showed that their size decreases from the cement
line towards the Haversian canal both in human and pig.
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Introduction partially or completely burned, or even a combination of
these states of preservation [1].

Several studies have focused on species discrimination of
bone fragments by the evaluation of the histomorphological
appearance of bone tissue [2-8] as well as the morphometric

analysis of histological structures such as Haversian systems

Species discrimination of skeletal material is one of the
first tasks a forensic anthropologist has to deal with when
bone fragments are found. Especially in the event of mass
disasters, in which a wide range of extreme forces are

involved (e.g., heat, crushing, explosion), skeletal remains
can be frequently fragmentary, severely degraded,
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[9-16]. When compared to other species, the human
skeleton is characterized by different growth patterns,
nutritional requirements, and mechanical strain and such
differences are reflected in bone microstructure [17, 18].
Histomorphometric analysis is based on quantitative var-
iables which includes count of structures (secondary
osteon density), size of structures (Haversian canal and
secondary osteon diameter, perimeter, and area) and oth-
er characteristics such as osteon circularity [5].

The main limitations of the studies on species discrimina-
tion by histomorphometric analysis relate to the difficultiesin
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making comparisons between them since they are based on
differentsamplesizes, different bone typesand differentchro-
nological ages of the specimens [9-17].

Generally, in forensic anthropology, secondary osteon den-
sity isnot considered a reliable parameter for species identifi-
cation given the high variability due to chronological age and
location within the bone [10, 17]. Recent studies successfully
applied discriminant function analysis to distinguishing hu-
man and non-human bone, particularly using dimensions of
the Haversian canal, which seems to be the most consistent
distinguishing feature between human and non-human bone,
with smaller Haversian canals in non-human taxa[9, 12, 16].
Cattaneo et al. [9] formulated an algorithm to discriminate
between human and non-human bones through the analysis
of osteon parameters. Results suggest it to be suitable only for
adult long bones. Crescimanno et al. [10] and Dominguez
et al. [11] have used an equation based on osteon circularity
for the same purpose, but this regression equation appeared to
be limited only to bone fragments from adult long bones.
Similarly, Martiniakovaetal. [12] applied adiscriminant func-
tionanalysisbased on micrometric propertiesof compactbone
tissue of different species reaching a correct evaluation for
76.2% of the study sample.

Nonetheless, an overlap exists between human and non-
human secondary osteon dimensions (especially
Perissodactyla and Artiodactyla) [12, 16, 19-21] and in the
case of small fragments of bone, species discrimination can be
particularly challenging. Therefore, there is a need to expand
the knowledge on the histomorphological and
histomorphometric variability of both human and non-
human bone, as well as find other parameters which can aid
speciesdiscrimination fromahistological perspective.

One of the features that have never been analyzed forthe
purpose of species discrimination is the osteocyte lacuna, a
small oblong cavity in which the osteocyte is encysted. In
mature bone, osteocytes are the most abundant cell type and
arise from osteoblasts that become encased in bone matrix
during bone formation [22, 23]. Once they become embedded
in bone matrix, osteocytes create a complex cellular network
characterized by long cytoplasmic processes, which are
enclosed within small channels called canaliculi and connect
osteocytes with each other and allow exchange and commu-
nication among the cells [24, 25]. Besides playing a funda-
mental role in mineral homeostasis [26], the main role of os-
teocytes is biomechanical, given their ability to sense the ex-
ternal mechanical loads. Osteocytes, in fact, constantly send
signalsthat hinder the activation of the basic multicellular unit
(BMU) of remodeling [24]. The disruption of the canalicular
connections between osteocytes due to microfractures or 0s-
teocytes apoptosis provides the stimulus to trigger the remod-
eling process [27, 28].

In the last decades, the interest around osteocytes has in-
creased and several researchers, especially inthe field of bone

biomechanics, have investigated their density, shape, and size
in both normal [29-39] and pathological conditions [40-43].
During his study on bone microscopic structure [44, 45],
Marotti and colleagues pointed out that bone lamellation is
caused by the alternation of dense and loose lamellae, which
are respectively rich and poor in collagen; in addition, osteo-
cytes are randomly scattered in woven bone while in lamellar
bone they are situated exclusively in loose lamellae.
Furthermore, Marotti [45] demonstrated a correlation in la-
mellar bone between the orientation of osteocyte lacunae
and the main organization of collagen fibers. These findings
are paramount in order to overcome the limitation of
performing histomorphometric analysis on a 3D struc-
ture (osteocyte ellipsoid) since it allows us to under-
stand the orientation of osteocyte lacunae with respect
to the plane of the section.

The present investigation aims to perform a
histomorphometric analysis on osteocyte lacunae in human
and pig secondary osteons with similar dimensions, in order
to verify its potential for species discrimination. The choice to
compare human and pig is due to the fact that pig iscommonly
found in forensic context [46] and, in medicine, is considered
the mammal closest to man. Medium-sized mammals such as
pig can exhibit both plexiform and Haversian bone tissues,
with the latter generally located in the middle and endosteal
layers [17]. In case of taphonomic alterations, the periosteal
plexiform layer can be frequently lost leaving only the
Haversian one [5]. Previous studies on the histomorphometry
of Artiodactyla have reported average values of secondary
osteon dimension that are within the human range [12, 16,
19]. Therefore, the possibility to use the size of osteocyte
lacunae to discriminate between osteons with similar dimen-
sion may represent a way to rule out the human origin.

Materials and methods

The study sample comprised the skeleton of a medieval hu-
man adult and a juvenile pig with no sign of pathological
conditions. Atotal of 12 thinsectionsequally divided between
human and pig were obtained from the midshaft of the follow-
ing long bones: humerus, radius, ulna, femur, tibia, and fibula.
The choice of a small study sample was made in order to
verify the potential of such analysis prior to undertaking any
larger research. The method used to produce bone cross sec-
tions was based on a standard bone preparation method [47].
Complete sections approximately 5 mm thick were obtained
from each specimen by making two parallel cuts perpendicu-
larly to the long axis of the bone using a hack-saw. Transverse
thin sections (70-100 um) were prepared by usinga Struers
DAP-7 grinding wheel for geologists with different abrasive
papers. Each section was stuck on a glass slide with Pertex®
mounting medium (HistoLab, Goteborg, Sweden).



The histomorphometric analysis was performed with an
Axio Scope.Al polarized light microscope at x 200 and x
400 magnification, and photos and measurements were taken
using IScapture® software.

Actotal of 136 secondary osteons, equally divided between
human and pig were selected according to the following
criteria[25]: (a) secondary osteons, whichare notinresorption
phase, with an area ranging between 17,000 and 45,000 pm?
and with a well-defined cement line; (b) with a dark appear-
ance under polarized light (cross-sectioned collagenfibers);
(c) the Haversian canal area must be smaller than %2 of the
osteon area; (d) no Volkmann canals crossing the osteon.

As regards the areas of the secondary osteons, the range
17,000-45,000 um? has been chosen since the majority of the
osteons of the study sample fell inthat interval. The choice of
secondary osteons with a well-defined cement line was made
in order to be able to recognize the boundary of osteons when
measuring diameters and areas. Criterion “c” was chosen in
order to exclude immature osteons in which the deposition of
the concentric lamellae is not completed. Osteons crossed by
Volkmann canals were excluded since these vessels hinder the
measurement of Haversian canal parameters and of several
osteocyte lacunae. The choice of osteons with a dark appear-
ance under polarized light was due to the relationship in la-
mellar bone between the arrangement of collagen fibers and
the orientation of osteocytes and their lacunae. Marotti [45] in
fact pointed out that the major axis of each lacuna is always
parallel to the length of the collagen fibres; the intermediate
and minor axes are respectively parallel and perpendicular to
the surfaces ofthe lamellae which enclose the lacunae. Since
secondary osteons which appear dark under polarized light
consistmainly of longitudinal directed collagen fibers, where-
as birefringent osteons are characterized by collagen fibers
whichalternate between longitudinal and transverse direction
[48], the former should be preferred for morphometric analy-
sis of osteocyte lacunae [45]. In fact, in cross sections of bire-
fringent osteons, a number of osteocyte lacunae may not be
intersected according to their major axis.

For each osteon the total number of lacunae (Ln.N) was
counted, and the following measurements were taken: mini-
mum and maximum diameter (Ln.Dm), area (Ln.Ar), and pe-
rimeter (Ln.Pm) of nine lacunae divided between inner, inter-
mediate, and outer lacunae. The focal plane chosen for each
lacuna corresponded to its largest area.

The choice to divide the osteon in three layers comes from
previous work by Aridizzoni [49], who pointed out that hu-
man bone lacunae decrease in size from the cement line to-
wards the Haversian canal.

Each osteon was divided in three equally wide bands by
drawing three concentric circles, starting from the cement line
and proceeding towards the Haversian canal (Fig. 1).

Furthermore, in order to assess whether the shape of cross-
sectioned lacunae significantly differs between the two
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Fig. 1 Pig secondary osteon divided in three equally wide bands—
measurement of an outer osteocyte lacuna (white arrow), x 400
magnification

species, the index of circularity (Ln.Cr) was calculated for
each lacuna using the formula:

o o area
circularity = 47t (—,)
perimeter”

A value of 1 indicates a perfect circle, whereas the more
this value approaches zero, the more the lacuna is elongated.

A Welch two sample T test was used for basic statistical
analysis and Cohen’s d effect size was calculated in orderto
indicate the standardized differences between the means. As
regards the differences between inner, intermediate, and outer
lacunae, one-way ANOVA combined with Tukey post hoc test
was used to analyze the data. Inaddition, intraclass correlation
coefficient (ICC) was calculated for repeating measurements
of 20 osteocyte lacunae by two trained operators and by the
same operator after 24, 48, and 72 h in order to test the inter-
rater and intra-rater reliability.

Results

The results of the morphometric analysis on 1242 osteocyte
lacunae are shown in Table 1.

Human osteocyte lacunae seemgenerally bigger compared
with pig lacunae with a mean area respectively of 45.07 (=
17.42) um? and 39.6 (+ 15.52) um? (P < 0.001, Cohen’s d =
0.33, 95% CI for Cohen’s d 0.172-0.491).

Maximum area reaches 126.91 pm?®in human whereas it
does not exceed 97.52 um? in pig. On the contrary, the
smallest lacuna (11.42 um?) was found in pig while in human
it was never smaller than 14.12 pm?.

As regards the maximum diameter, a statistically signifi-
cant difference was found between the two specimens
(P <0.001, Cohen’sd = 0.62, 95% CI for Cohen’s d 0.454-



Table 1  Morphometric analysis of 1242 osteocyte lacunae divided between human and pig
Lc.DMpax (pm) Lc.DMpyin (Lm) Lc.Pm (um) Lc.Ar (umz) Lc.N Lc.Cr
Sus scrofa Human Susscrofa Human Susscrofa Human Susscrofa Human Susscrofa Human Susscrofa Human
Max 19.05 24.21 11.24 1159 4227 52.18 9752 12691 77 97 0.93 0.92
Min 5.28 6.53 2.55 2.6 14.26 16.24 11.42 1412 23 24 0.38 0.32
Mean  11.04 12.82 5.15 5.16 26.06 29.6 39.60 45.07 46.91 4897 0.72 0.64
St. Dev. 2.58 3.17 1.15 1.18 5.38 6.48 15.52 17.42 1357 15.49 0.10 0.11

0.778). Similarly, the difference in mean perimeter is statisti-
cally significant (P < 0.001, Cohen’s d = 0.61, 95% CI for
Cohen’sd 0.447-0.771). The index of circularity was statisti-
cally significantly higher in pig (0.72 + 0.10) compared to
human (0.64 £ 0.11; P < 0.001, Cohen’s d = 0.76, 95% ClI
for Cohen’sd 0.597-0.925). On the contrary, minimum diam-
eter and number of lacunae per osteon do not seem to differ
significantly between human and pig (P >0.05).

Concerning the differences between inner, intermediate,
and outer osteocyte lacunae, results (Table 2) showed that
their size decreases from the cement line towards the
Haversian canal both in human and pig. ANOVA analyses
indicated that all the variables demonstrate significant differ-
ences due to their position within the osteon (Table 3). Mean
area in human ranges from 61.14 (+ 15.24) um? for the more
external osteocyte lacunae to 35.32 (+ 12.20) um? for the
more internal ones; in pig, the mean area of outer lacunaeis
50.73 (+ 15.23) um?, decreasing up to 31.28 (+ 11.66) pm?in
inner lacunae.

The ICC showed excellent agreement between the obser-
vations of the same observer as well as those of the two

observers (Table 4). The minimum correlation coefficient
concerned the measurement of minimum diameter
althoughthe agreement remains excellent.

Discussion

Recently, the interest around the osteocyte system has in-
creased since many researchers in the fields of medicine and
anatomy have hypothesized osteocytes to have amajor rolein
bone adaptation to stress and in the regulation of bone metab-
olism [31-35]. Over the last decades, several studies have
been carried out on the morphometry of osteocyte lacunae in
normal and pathological conditions both in human [29-37,
40-43] and non-human species [38, 39, 50, 51], but mainly
for clinical applications. At present, no attempts have been
made to assess the inter-species variability of the quantitative
properties of osteocyte lacunae and therefore verify the poten-
tial of osteocytes to discriminate between species, or at least,
to start with, between human and pig. Current methods [9, 12,
16] of speciesdiscriminationbased on osteon parametershave

Table 2 Morphometric analysis

of osteocytes lacunae divided Ln.DMpax (um) Ln.DMpin (um) Ln.Pm (um) Ln.Ar (um’)
between inner, intermediate, and
outer Susscrofa Human Susscrofa Human Susscrofa Human Susscrofa  Human
Inner lacunae
Max 18.65 18.28 7.83 8.26 41.64 42.87 86.27 112.1
Min 5.28 6.53 2.55 2.6 14.26 16.24 11.42 14.12
Mean 9.90 11.42 4.56 457 23.37 26.46 31.28 35.32
St. Dev. 2.07 2.643 0.99 0.92 4.26 5.33 11.66 12.20
Intermediate lacunae
Max 18.31 23.11 11.24 11.59 38.19 50.43 68.67 90.76
Min 5.28 6.86 2.67 3.07 16.6 17.44 16.03 16.87
Mean 10.61 12.13 5.09 4.88 25.13 28.03 36.80 38.74
St. Dev. 2.15 2.99 1.09 0.92 4.47 5.85 12.46 11.72
Outer lacunae
Max 19.05 24.21 9.03 9.51 42.27 52.18 97.52 126.91
Min 6.2 9.11 3.14 3.45 15.79 22.57 16.99 24.79
Mean 12.60 14.92 5.79 6.04 29.68 34.57 50.73 61.14
St. Dev. 2.68 2.74 1.04 1.12 5.27 5.17 15.23 15.24




Table3 Resultsof ANOVAtestand post hoc tests for statistical significance of the size variation of inner, intermediate, and outer osteocyte lacunae in

human and pig

Human
Ln.DMppax Ln.DMpin
df F Sig. df F
Between groups 2 89.847 0.000 2 123.087
Sig. Sig.
Internal vs intermediate 0.031 0.007
Internal vs outer 0.000 0.000
Intermediate vs outer 0.000 0.000
Sus scrofa
Ln.DMpax Ln.DMpin
df F Sig. df F
Between groups 2 74.516 0.000 2 70.898
Sig. Sig.
Internal vs intermediate 0.006 0.000
Internal vs outer 0.000 0.000
Intermediate vs outer 0.000 0.000

Ln.Pm Ln.Ar
Sig. df F Sig. df F Sig.
0.000 2 126.737 0.000 2 232.064 0.000
Sig. Sig.
0.010 0.027
0.000 0.000
0.000 0.000
Ln.Pm Ln.Ar
Sig. df F Sig. df F Sig.
0.000 2 98.525 0.000 2 117.544 0.000
Sig. Sig.
0.000 0.000
0.000 0.000
0.000 0.000

shown a good success rate (between 70 and 76%).
Nonetheless, the size ranges of secondary osteonsinmammals
oftenoverlap [17].

The aim of the present investigation was to assess whether
the size and number of osteocyte lacunae differ significantly
between human and pig secondary osteons of similar
dimensions.

Statistical analysis showed minimal differences between
human and pig in the number of lacunae per osteons as well
as in the minimum diameter. On the contrary, a significant
difference (P < 0.001) has been observed in the maximum
diameter, perimeter, and area. The Cohen’s d effect size for
these three parameters was respectively medium (0.62, 0.61)
andsmall (0.33). Thisimpliesthat that the maximum diameter
and perimeter of approximately 73% of pig osteocyte lacunae
aresmallerthanthe average maximumdiameterand perimeter
in the human skeleton, whereas the area of approximately
62% of pig osteocyte lacunae is smaller than the average area
in human. However, as shown in Fig. 2, a consistent overlap
was found in the size of osteocyte lacunae between the two
species, especially in the range 30-65 um?. Conversely, oste-
ocyte lacunae with an area smaller than 30 um? were more

frequently observed in pig (30% of the total) compared to
human (20% of the total), whereas lacunae bigger than
70 um? were more frequent in human (10% of the total) com-
pared to pig (4% of the total).

Themostinteresting finding however concernsthe index of
circularity. Human osteocyte lacunae appear generally more
elongated with respect to pig lacunae. Recent studies [52, 53]
have hypothesized arelationship between osteocyte shapeand
bone loading pattern with more elongated lacunae in bones
subjectedto unidirectional loading (e.g., longbones), whereas
bones which experience bidirectional loading (e.g., cranial
bones) are characterized by more spherical lacunae. The dif-
ference incross-sectional shape observed between humanand
pig may be a consequence of the different biomechanical en-
vironments due to different posture and locomotion.

As regards the difference between the dimensions of oste-
ocyte lacunae based on their position within the osteon (inner,
intermediate, and outer lacunae), results of the present study
are inagreementwiththe previous investigation by Ardizzoni
[49] who pointed out that human osteocyte lacunae close to
the cement line are generally bigger compared to the ones
which are closer to the Haversian canal.

Table 4 Intraclass correlation
coefficient (ICC) for intra-rater
and inter-rater reliability

Intraclass correlation coefficient (ICC)
Intra-rater reliability

Intraclass correlation coefficient (ICC)
Inter-rater reliability

Ln.DMpmax 0.995
Ln.DMpin 0.897
Ln.Ar 0.996
Ln.Pm 0.991

0.984
0.762
0.976
0.916




Fig. 2 Histograms showing the
distribution of osteocyte lacunae
in human and pig in terms of area
(left) and circularity (right)
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In addition, the same pattern was observed in pig bone. As
hypothesized in previous studies [25, 49], this trend may be
related to the dynamics of osteon formation and the sequence
of events which take place during the narrowing of the
Haversian canal, namely the diminution in the bone apposi-
tionrate and asubsequential decrease in size of the osteoblasts
and osteocytesas well asareduction inthickness of osteocytic
loose lamellae.

Although ICC has shown an excellent intra-rater and inter-
rater reliability, a histomorphometric analysis of osteocyte la-
cunae have some limitations due to their 3D nature [32, 33].
Since lacunar orientation depends on collagen fiber orienta-
tion [45], the use of 2D techniques is limited to longitudinally
structured osteons (dark osteon morphotypes), whichare more
frequent in bones loaded primarily in tension. In these osteon
morphotypes, collagen fibers run parallel to the long axisof
the bone and, in cross section, osteocyte lacunae are
intersected according to their major axis. On the contrary,
transversely structured osteons (bright osteon morphotype)
are not suitable for 2D analysis since their collagen fibers do
not all run in the same direction and, as a consequence, oste-
ocyte lacunae have a different spatial orientation.

This study has demonstrated the potential for using the
shape of osteocyte lacunae rather than their size as an addi-
tional parameter for species discrimination. Further studieson
the inter-species variability of osteocyte lacunae should not
therefore be limited to investigations of their dimensions but
also their shape. When compared to other mammals, in fact,
humans have different growth patterns, locomotion, and me-
chanical strain, and this might be reflected not only in the size
of osteocyte lacunae but also in their shape. With regard to
age, although areduction inthe size of osteons with increasing
age is well-known [54-58], previous studies on osteocyte la-
cunar properties as a function of age found a significant de-
crease in the density of osteocyte lacunae along with a non-
significant decrease in lacunar size [37, 40]. Although this
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certainly represents an advantage for the use of osteocyte la-
cunae for species discrimination, more research isneeded ona
larger sample size, including different species and more indi-
viduals of differentage in order to have a better understanding
of the intra- and inter-species variability in the size and shape
of lacunae.

For this purpose, the use of other techniques such as micro
and nano-CT would allow one to overcome the limitation
regarding 2D techniques and certainly improve the accuracy
of the analysis as well as speed up data acquisition. Recent
studies [32, 33] in fact, obtained quantitative morphometric
data on osteocyte lacunae from synchrotron radiation micro-
CT images, which allow to analyze relatively large fields of
view comprising more than 10,000 osteocyte lacunae.
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