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Abstract

One of the fundamental questions in forensic medicine and anthropology is whether or not a bone or bone fragment is human.
Surprisingly at times for the extreme degradation of the bone (charred, old), DNA cannot be successfully performed and one must
turn to other methods. Histological analysis at times can be proposed. However, the variability of a single human skeleton has
never been tested. Forty-nine thin sections of long, flat, irregular and short bones were obtained from a well-preserved medieval
adult human skeleton. A qualitative histomorphological analysis was performed in order to assess the presence of primary and
secondary bone and the presence, absence and orientation of vascular canals. No histological sections exhibited woven or fibro-
lamellar bone. Long bones showed a higher variability with an alternation within the same section of areas characterized by
tightly packed secondary osteons and areas with scattered secondary osteons immersed in a lamellar matrix. Flat and irregular
bones appeared to be characterized by a greater uniformity with scattered osteons in abundant interstitial lamellae. Some cases of
“osteon banding” and “drifting osteons” were observed. Although Haversian bone represent the most frequent pattern, a
histomorphological variability between different bones of the same individual, in different portions of the same bone, and in
different parts of the same section has been observed. Therefore, the present study has highlighted the importance of extending
research to whole skeletons without focusing only on single bones, in order to have a better understanding of the histological
variability of both human and non-human bone.
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Introduction

One of the fundamental questions in forensic anthropology is
whether or not a bone or bone fragment is human. In recent
years, several studies have focused on species identification of
bone fragments by histological analysis providing morpholog-
ical descriptions of the bone tissue in different species [1-7].
Regression formulas to distinguish between human and non-
human Haversian systems have also been published [8—14].
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Nonetheless, although bone histology has been explored
since at least the seventeenth century with the research by
Clopton Havers [15], a number of general biology and histol-
ogy textbooks still mention Haversian bone only when con-
sidering bone tissue types [16]. The latter leaves out the great
variability that exists between (a) different species; (b) differ-
ent bones of the same skeleton; (c) different parts of the same
bone; (d) different areas of the same section; (e) and differ-
ences according to age [17].

Recently, Cuijpers [2] has developed a classification sys-
tem of bone tissue types that derives from previous work by
Francillon-Vieillot et al. [18] on the microstructure of verte-
brate skeletal tissues. This classification takes into account
three different criteria: the organization of the bone matrix
(non-lamellar, lamellar), the type of vascularization (e.g.,
avascular, radial vascular canals), and the type of bone depo-
sition (primary or secondary). Primary bone consists of new
bone laid down in layers during the appositional growth and is
divided according to the composition of the bone matrix
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between non-lamellar tissue or fibrous bone and circumferen-
tial lamellar bone.

On the one hand, non-lamellar tissue or fibrous bone refers
to tissue whose matrix may be either “woven” or “parallel
fibered” in composition. Woven bone generally contains ran-
domly distributed osteocytes [17, 18]. Under polarized light,
woven bone shows general isotropy and does not exhibit bi-
refringence. This bone tissue is associated with rapid osteo-
genesis and it is produced in periods of immediate need, such
as embryonic growth, during repair processes and in response
to pathological conditions [4, 17].

On the contrary, “parallel fibered” bone matrix is charac-
terized by fibers which are oriented in the same plane and
bone lacunae with a regular arrangement [17, 18].

Circumferential lamellar bone, on the other hand, is a tissue
whose matrix is deposited in the form of lamellae and gradu-
ally replaces the natal woven bone. Each lamella is composed
of collagen fibers which have a different orientation compared
to that of the fibers of the previous lamella [16].

This bone can be divided into outer and inner circum-
ferential lamellae which are respectively located directly
underneath the periosteum and on the inner surface of the
bone adjacent to the endosteum [19, 20]. This type of
tissue has a high spatial organization due to the slower
time of deposition compared with non-lamellar bone tis-
sue [4]. Under polarized light, lamellae show anisotropy
with an alternation of light and dark bands due to the
different orientation of collagen fibers [18].

Both the lamellar bone and the fibrous bone may be devoid
of vascularization (avascular tissue) or present various de-
grees of vascularization. The vascular canals, lamellar bone,
and fibrous bone are divided into further subcategories based
on the orientation of the canals, namely [2, 18] longitudinal,
circular, reticular, and radial.

The secondary bone, as opposed to primary bone
which is deposited in a zone where bone tissue has not
existed, is laid down in areas where existing bone is re-
sorbed. Its division into subcategories is done according
to the density of secondary osteons and their organization.
Secondary osteons, also called Haversian systems, have
their origin in a central cavity called Haversian canal
which contains blood vessels and nerves surrounded by
a lamellar bone matrix [21]. When compared with primary
osteons, the secondary osteons are recognizable since they
are bordered by a cement line; this is the outermost la-
mella and is the last to be deposited [9, 18]. In secondary
bone tissue, the Haversian systems can be separated by
interstitial lamellae or tightly packed with little or no in-
terstitial lamellae. When the osteons are scattered, they
can be organized in a linear row surrounded by lamellar
tissue (osteon banding), which is considered in the litera-
ture as a diagnostic feature to distinguish between human
and non-human bone [6].
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When the osteons are tightly packed, these can be with no
organization or arranged in rows roughly parallel to the med-
ullary cavity.

Since the secondary bone is subject to bone remodeling,
Haversian systems can have different morphological charac-
teristics. Among these there are the “drifting osteons,” which
are secondary osteons in which continuous resorption takes
place from one side and deposition to the other [22, 23]. The
resultant effect is an osteon with a sort of tail formed by the
lamellae. Other types of secondary osteons include
“embedded” osteons and “double-zonal” osteons [9, 23].
The first is a smaller osteon which form within a pre-
existing secondary osteon without crossing its cement line
[9]; the latter is characterized by a hypercalcified ring within
the osteon which represents an interruption during its forma-
tion, probably caused by some kind of stress [24].

Considering all the different types of bone tissues and the
existing literature, it is not possible to assume that the human
skeleton exhibits exclusively Haversian bone, as well as skel-
etons of other vertebrates are not characterized by plexiform
bone only.

In fact, recent studies on the diagnosis of species by
histomorphological analysis have mainly focused on some
specific skeletal elements, such as the femur, tibia, and rib
[1-3, 12, 16]. At present, no study has ever examined system-
atically bone histomorphology of an entire human skeleton.

Cortical bone is characterized by a nonuniform strain dis-
tribution which is a consequence of a bone’s function [25].
This may affect bone microscopic structure of the different
bones of the skeleton. Therefore, the present study aims to
map histologically the human skeleton in order to shed light
on the histomorphological variability throughout the skeleton
and in different locations of the same bone by assessing and
comparing the different tissue typologies.

Having a better understanding of the variability of human
bone tissue is paramount in order to perform species discrim-
ination on bone fragments in medico-legal cases to determine
if a bone is human or not.

Materials and methods

Bone samples were taken from a medieval adult human skel-
eton which was recovered in 1983 during an archaeological
excavation by at San Martino di Serravalle’s church
(Valtellina), in the north of Italy [26]. A morphological anal-
ysis to estimate the age at death and sex estimation following a
number of techniques [27-31] revealed that the skeletal re-
mains belonged to a Caucasoid male individual aged between
25 and 46 years without any obvious pathological conditions,
except an osteoma which was identified on the right zygomat-
ic arch. The skeleton was well preserved with only slight
weathering on the epiphysis of long bones.
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The method used in this study to produce thin bone
sections was based on a standard bone preparation method
[32]. Forty-nine samples 5 mm thick were taken along the
entire skeleton including long, flat bone, short bones, and
irregular bones (Table 1). Each section was obtained by
making two parallel cuts, perpendicular to the long axis of
the bone using a hack saw in order to have a complete
“ring” of bone. As regards the cervical vertebra and ilium,
which mainly consist of spongy bone, the sections were
performed both in transversal and longitudinal planes so
as to ascertain the presence of Haversian systems. The
section was then embedded in Pertex resin (Histo-Line,
Milan, Italy) on a glass slide, grounded and polished on
a Struers DAP-7 grinding wheel for geologists, using dif-
ferent abrasive papers graded 180, 320, 600, 1200, 2400,
and 4000.

Cross sections were observed with an Axio Scope.Al po-
larized light microscope, at x25, x100, and X200 magnifica-
tion, and photos were taken using [Scapture ® software.

The main concern related to the use of an archaeological
skeleton regards the possibility that bone histological changes
had occurred through time due to microbiological attack
[33-36]. As a consequence, “microscopic focal destruction”
(MFD) can easily hinder the analysis of bone microscopic
structure.

Although the skeleton dates back to the High Medieval
Period, no signs of MFD [35, 36] were found in its histolog-
ical structure making it suitable for further study.

Given the good preservation of the histological bone
structure (Oxford Histological Index 5) [37], several sam-
ples were taken along the entire skeleton. Moreover, since
most of the previous studies [1, 5, 9, 12, 19] have focused
exclusively on the midshaft of long bones, samples from
other parts of the same bone were taken (e.g., proximal
and distal diaphysis).

A qualitative histomorphological analysis of the entire
cross sections was performed in order to assess the vari-
ability of the histological structure in different parts of the
skeleton. Bone tissue microstructure was described fol-
lowing the classification systems and definitions of
Enlow and Brown [38] and Francillon-Vieillot et al.
[18]. The first distinction concerned the presence of pri-
mary (fibrous, fibro-lamellar, or circumferential lamellar
bone) and/or secondary bone (Haversian bone). Secondly,
the presence or absence and the orientation of the vascular
canals were analyzed (avascular, longitudinal, circumfer-
ential, reticular, or radial vascular canals). As regards sec-
ondary bone, a distinction based on the secondary osteons
arrangements was made [18], distinguishing between
dense or scattered, characterized respectively by tightly
packed and few isolated and scattered osteons. In addi-
tion, the presence of “osteon banding” [6] and “drifting
osteons” [23] was reported.

Results

No histological sections exhibited woven or fibro-lamellar
bone. As regards the Haversian tissue, the most frequent pat-
tern (71% of the samples) is characterized by scattered sec-
ondary osteons with no organization (Table 2).

Approximately 50% of the 49 sections showed primary
circumferential lamellar bone in the form of outer and/or inner
circumferential lamellae, respectively located at the periosteal
and endosteal layers.

Generally, excluding the trabecular bone which consists of
avascular or poorly vascularized lamellar tissue, the long
bones showed a higher variability. Indeed, 50% of long bones
specimens exhibited an alternation within the same section of
areas characterized by tightly packed secondary osteons and
areas in which the Haversian systems are scattered and im-
mersed in a lamellar matrix (Fig. 1).

Some peculiarities have been observed, such as lamellar
tissue with radial vascular canals in the distal metaphysis of
the fibula (Fig. 2) and avascular lamellar tissue in the lateral
portion of the diaphysis of the radius (Fig. 3).

Table 1  Study sample (PM = proximal metaphysis; D = diaphysis; DM
= distal metaphysis)

Humerus (PM, D, DM)

Ulna (PM, D, DM)

Radius (PM, D, DM)

Clavicle (medial end, D, lateral end)
Femur (neck, PM, D, DM)

Tibia (PM, D, DM)

Fibula (PM, D, DM)

Metacarpal (base, shaft, head)
Metatarsal (base, shaft, head)
Glabella

Zygomatic process of frontal bone

Long bones

Flat bones

Parietal (middle portion)

Occipital

Petrous (Temporal bone)

Scapula superior border

Scapula acromion

Sternum

Rib (head, body)

Iliac crest (longitudinal, transversal)

Ischiopubic ramus

Tliopubic ramus
Sesamoid Patella (sagittally)
Irregular bones Gonion (mandible)
Mental protuberance (mandible)
Mandibular condyle (mandible)

Cervical vertebra (longitudinal,
transversal, spinous process)
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The observation of the histological sections by polarized
light allowed the identification of several “drifting osteons” in
the clavicle and the diaphysis of the ulna (Fig. 4). In the distal
metaphysis of the humerus and the diaphysis of the femur,
linear rows of four/five secondary osteons surrounded by la-
mellar tissue have been observed (Fig. 5).

On the contrary, flat and irregular bones appeared to be
characterized by a greater uniformity since the majority of
the cross sections (84%) were characterized by a single pattern
of osteon organization. Generally, flat bones exhibited
scattered secondary osteons with abundant interstitial lamel-
lae, with the exception of the occipital, the rib, the sternum, the
superior border of the scapula, and the iliopubic ramus which
were characterized by a greater osteon density with tightly
packed secondary osteons and scarce interstitial lamellae.
Petrous showed some peculiarities, such as a large network
of reticular and longitudinal vascular canals along with a
higher cellularity (lacunar density), which were not observed
in any other section.

Concerning irregular bones such as mandible and vertebra,
the most frequent pattern is lamellar tissue along with areas
with few scattered secondary osteons and longitudinal vascu-
lar canals with the exception of the spinous process of the
cervical vertebra which is characterized by a higher osteon
density. Linear rows of three/four secondary osteons
surrounded by lamellar tissue have been observed in the
mandible.

Short bones (patella) exhibited lamellar tissue with longi-
tudinal vascular canals and without any secondary osteons.

Avascular Longitudinal vascular canals Circumferential vascular canals Reticular vascular canals Radial vascular canals

f=
§ > S > > As regards the comparison between different portions of
& the same bone, the main differences are with regard to the
= . . .
g density and organizations of the secondary osteons
< . . . .
> > (Table 2). In particular, ulna, radius, and femur exhibited
dense secondary osteons in their proximal metaphyses where-
= 5 as their distal metaphyses were characterized by scattered sec-
3 Ey ondary osteons; flat and irregular bones exhibited a higher
N — . . .. . .
g g homogeneity with similar bone structure even in different por-
g £ tions of the same bone with the exception of the scapula in
g & which the superior border was characterized by a higher
‘q"é 2 osteon density when compared with the acromion in which
g e 5 the osteons were scattered in a lamellar matrix.
<
22| &
88 | =
28| 8
25| 8 Discussion
-0
When skeletal remains are found, one of the questions foren-
g sic anthropologists have to address is whether a bone or bone
—g ‘% § fragment is. of human. origin. In fragmented remains, whgre
El|l o| 28| 4 macroscopic observation of the morphology and anatomical
E = _g E o .. . ..
s| 2 Eg5| & landmarks may be limited and biomolecular analysis is not
NEAR R possible, then histological analysis represents one approach
a3 23 2 . . e
=181 22| < o address the issue of species discrimination. ough the
2| 5 ] to address th f d tion. Although th
El3I2E | & first studies on the histomorphology of human bones date
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Fig. 1 Ulna (diaphysis)—a dense secondary osteons in the lateral portion; b scattered secondary osteons with no organization in the medial portion.
White arrows point towards the periosteum, x25 magnification

back several hundred years and histological studies have in-
creased in recent years in the forensic anthropology literature
[1-3, 8-14, 39], there are still many questions unanswered.
Furthermore, from the existing literature, it seems evident that
most of the studies regarding bone histology take into account
mainly the diaphysis of a few long bones.

The histomorphological analysis on 49 cross sections from
a human adult skeleton showed the prevalence of secondary
bone characterized by secondary osteons immersed in a lamel-
lar matrix. No histological sections from throughout the skel-
eton showed fibrous bone which is typically found in embry-
onic bone, in fracture callus, and in response to pathological
conditions such as bone neo-plasms [4, 40].

Nonetheless, a significant variability has been observed
throughout the skeleton especially regarding the pattern of
osteon organization with areas in which they are tightly packed
and areas in which they are scattered in a lamellar matrix.

The difference in the Haversian system density between
long bones confirms what has been reported in previous re-
search regarding the relationship between the physical prop-
erties of bone and its histological structure [41]. The femur
and tibia showed a higher osteon density when compared to
the fibula in which the Haversian systems are more scattered

Scale:285.32nm

Fig. 2 Fibula (distal metaphysis)—lamellar tissue with radial vascular
canals (white empty arrows). White arrow points towards the
endosteum, x25 magnification

@ Springer

with higher number of interstitial lamellae probably due to a
different load to which these bones are subject. Evans [42]
pointed out that a large number of small osteons and frag-
ments make the tensile strength of a given amount of bone
smaller if compared to areas with few large osteons and frag-
ments. This is due to the abundance of cementing lines which
are directly proportional to the number of osteons and repre-
sent areas of lower resistance to tensile failure. On the one
hand, Haversian systems reduce the tensile strength and in-
crease the tensile strain of cortical bone; on the other hand,
interstitial lamellae reduce the tensile strain while increasing
the tensile strength [42]. This results in a greater tensile
strength and elasticity of the fibula as compared with the fe-
mur and tibia.

Moreover, although flat bones seem generally character-
ized by scattered osteons, some exceptions have been report-
ed. The rib, the sternum, the superior border of the scapula,
and the iliopubic ramus were characterized by large areas with
tightly packed secondary osteons which may be related to
muscular attachments such as internal intercostal and trans-
verse thoracis (rib), pectoralis major (sternum), levator scapu-
lae (scapula), and pectineus (iliopubic ramus). Similarly, the
dense Haversian bone in correspondence of the spinous pro-
cess of the cervical vertebra may be due the attachment of
serratus posterior superior.

Scale:274.35nm

Fig. 3 Radius (diaphysis)—avascular lamellar tissue. White arrow points
towards the periosteum, x25 magnification
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Fig. 4 Ulna (diaphysis)}—several drifting osteons. White arrow points
towards the periosteum, x100 magnification. Polarized light

Furthermore, several sections (particularly irregular and
sesamoid bones) showed large areas of lamellar tissue with
longitudinal vascular canals or avascular lamellar tissue
whose presence apart from humans is attested also in non-
human primates, cats, dogs, and equids [1]. This can present
an issue when performing species identification on small bone
fragments since the same tissue can be present in different
species and there are no peculiar features which help to dis-
criminate between them.

With regard to the differences in osteon organization in
different portions of the same bone, no specific pattern was
observed. Nonetheless, these differences may be related to
muscular or tendon attachment and/or the different loading
to which different parts of bones are subjected to [43].

The observation of the histological sections by polarized
light allowed the identification of several drifting osteons in
the diaphysis of the ulna, the diaphysis of the clavicle, and the
head of the rib.

Although it is still not clear, the stimulus to which the for-
mation of drifting osteons can be attributed, they represent the
most common type of osteon in subadult bones [23, 39, 44].

The drifting osteons are Haversian systems which are char-
acterized by continuous resorption on one side and continuous
formation on the other. This causes Haversian systems to

Fig. 5 Humerus, distal metaphysis—row of four secondary osteons.
White arrow points towards the periosteum, x100 magnification.
Polarized light

become flattened in one plane and elongated transversely in
the other plane with a “tail” of lamellae [23, 39]. The finding
of drifting osteons in the study sample is in accordance with
the literature [23], since, although they are typical of juveniles,
their presence in adult/older individuals is also attested.

Some of the samples, in particular those of the
metaphysis of the humerus, the diaphysis of the femur
and the mental protuberance of the mandible showed lin-
ear rows of maximum five secondary osteons surrounded
by lamellar tissue. Osteon banding has been described as
a typical non-human characteristic consisting of a distinct
row of five or more primary or secondary osteons [6],
particularly frequent in sheep, miniature swine, equids,
and non-human primates [1]. In accordance with the liter-
ature [1, 3, 6], in the study sample rows of maximum five
secondary osteons have been noted.

The present study has pointed out the existing
histomorphological variability between different bones of
the same individual, in different portion of the same bone
and in different part of the same section.

Therefore, this study highlights the importance of studying
the entire skeleton from a histological perspective in order to
have a better understanding of the histological variability of
both human and non-human bone.

Similar studies should take into account the variability be-
tween human individuals at different ages. Caccia et al. [45]
indeed demonstrated that plexiform bone, generally consid-
ered a typical non-human bone tissue, can also be found in
human infants (< 1 year of age).

A similar approach should apply to histomorphometric
analysis since all the regression formulas commonly used for
the diagnosis of species [8, 9, 11, 14, 19] are based on mea-
surements of osteon parameters mainly taken on long bones,
without considering the possible histomorphometric variabil-
ity between different bones. Secondary osteons from irregular
or flat bones may be significantly different in dimensions
when compared to what has been previously reported in liter-
ature [8—14], undermining the reliability of the current
methods of species discrimination.

Moreover, the histomorphological variability of the human
skeleton should be taken into account also when performing
histological age-at-death estimation since most of the current
methods [46-50] refer to specific sites on specific bones.
Accordingly, if the site and/or bones is unknown, those
methods may not be applicable.

As regards drifting osteons, nothing is known at the mo-
ment about their presence or absence in non-human bone. If
they were only found in human bone, they could represent an
important feature for the diagnosis of species.

Given the above scenario, the authors suggest caution
when performing species identification in forensic anthropol-
ogy and medico-legal investigations by histological analysis
until further studies shed light on the histomorphology and
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histomorphometry of the skeletal sites for which there is not
yet a thorough understanding.
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