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a  b  s  t  r  a  c  t

Identification  and  interpretation  of bone  tissue  types  is  the  primary  goal  of histological
analysis.  Lamellar  bone,  a fundamental  tissue,  is  generally  easily  identifiable  in  polarized
microscopy.  It  is  important,  however,  to understand  the  formation  and  structure  of  the  tis-
sues that  are  being  studied.  Lamellae  are  widely  accepted  to  form  a plywood-like  structure,
but this  hypothesis  has  been  and  continues  to  be  contested.  Here,  we discuss  the  com-
mon  interpretations  provided  by  the  scientific  community  as to  the  spatial  organization  of
lamellar bone.  The  two major  competing  hypotheses,  lamellae  that  have  alternating  tissue
compositions  versus  lamellae  that  alternate  in fiber orientation,  are  described.  In addition,
recent research  has  led  to  a  confounding  array  of  interpretations  of lamellae,  with  several
authors viewing  the  thickness,  orientations  and  composition  of  lamellae  differently.  We
conclude  that  a blended  approach  is  needed,  as the  varying  methods  are  not  easily  com-
parable  to  one  another.  With  an integrated  approach,  lamellae  can  be  better  understood,
improving  interpretations,  including  histological  ones.

© 2015  Académie  des  sciences.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
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r  é  s  u  m  é

L’identification  et  l’interprétation  des  types  de  tissu  osseux  constituent  le but principal
de  l’analyse  histologique.  L’os  lamellaire,  un  tissu  fondamental,  est  généralement  facile-
ment  identifiable  au microscope  polarisant.  Il  est  cependant  important  de  comprendre
la formation  et  la  structure  des  tissus  qui  sont  étudiés.  Il est largement  admis  que  les
«  lamellae  » forment  une  structure  de  type  contreplaqué,  mais  cette  hypothèse  a  été et
continue  à  être  contestée.  Dans  cet  article  sont  discutées  les  interprétations  courantes
fournies  à  la communauté  scientifique  quant  à  l’organisation  spatiale  de  l’os  lamellaire.
Les  deux  hypothèses  majeures  en présence  sont,  d’une  part,  que  les  lamellae  ont des  com-
positions  de  tissu  alternant,  d’autre  part,  qu’elles  alternent  dans  l’orientation  des  fibres.
En outre,  une  recherche  récente  a conduit  à  un  ensemble  déconcertant  d’interprétations
des  lamellae,  avec  des  auteurs  envisageant  différemment  l’épaisseur,  les orientations  et  la

composition  des  lamellae.  Nous  en  concluons  qu’une  approche  combinée  est  nécessaire,
sachant  que  les  diverses  

aux autres.  Avec  une  app
perfectionnant  les  interpr
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1. Introduction

Lamellar bone is one of the main tissue types of bone and
is found throughout vertebrates. In recent years, much has
come to light about the origin and structure of the lamel-
lae. However, with new methods and approaches come
re-interpretations, and a decisive explanation of the orga-
nization and composition of lamellae has not yet been
established. And, although the theory of bone lamellation
has been discussed for over a century with several different
hypotheses proposed, a consensus is still lacking.

Histologically, lamellar bone can be either a primary or
secondary tissue. In polarized light microscopy, lamellae
are typically easily identifiable with organized and parallel
alternating dark and light layers and elongated osteocyte
lacunae. Both in primary and secondary osteons, lamellar
bone centripetally infills the vascular spaces. Secondary
osteons form by first resorbing bone then redepositing
new lamellae (Fig. 1A, B, D, E). They are elliptical, have a
cement line, separating the osteon from surrounding bone,
and are oriented parallel to the main loading direction,
which means they can alter the original vascular organi-
zation. Primary osteons, on the other hand, do not alter
the original vascular organization and form directly on the

surface of bone. Circumferential layers are lamellae with
usually very elongated and thin osteocyte lacunae, which
are deposited on the endosteal or periosteal edge of the cor-
tex (Fig. 1C). Trabeculae (Fig. 1F) are frequently remodeled

Fig. 1. Polarizing light microscopic images of lamellae in recent (A–C) and fossil (
and  light lamellar layers in secondary osteons. B. Elephant showing secondary o
C.  Giraffe tibia showing very bright inner circumferential layers (ICL) (also know
in  secondary osteons of a long bone of nodosaurid Hungarosaurus. E. Mostly da
Alamosaurus.  Secondary osteons that are predominantly dark are common in man
F.  Bright secondary lamellae forming trabeculae of an indet. nodosaurid.
Fig. 1. Images au microscope polarisant de lamellae dans des os récents (A–C) et
distincts, alternativement noirs et blancs dans les ostéones secondaires. B. Ostéo
apparaissent sombres, excepté la ligne de cimentation. C. Tibia de girafe montr
tant  que lamellae endostéennes). D. Réseau à alternance de feuillets brillants e
Hungarosaurus.  E. Ostéones secondaires sombres pour la plupart, avec une ligne d
ostéones secondaires, sombres de manière prédominante, s’observent couramme
dans  de nombreux cas, à des effets diagénétiques. F. Lamellae secondaires brillan
 Palevol 15 (2016) 23–31

with scalloped regions of lamellae. Researchers rely on
these observations to make assumptions about the collagen
fiber organization (e.g., Ascenzi and Bonucci, 1967, 1968;
Skedros et al., 2009). Even though there is support for these
interpretations from the literature, alternative hypotheses
have been proposed, as well as new techniques applied,
which provide more complex ideas as to how collagen
fibers are organized within lamellae.

When studying fossil material, however, diagenetic and
fossilization processes can alter, damage, or obscure the
ability to effectively observe lamellae as they were in
life. We,  therefore, need comparisons with modern bone
to be able to say anything relevant about fossil bone.
Unfortunately, however, it is not possible to make proper
assessments about lamellar organization in fossil bone, if
there is no consensus on its organization in modern bone.
Here, we  review the recent literature on lamellar bone
organization with the different methods used and discuss
the problems and potential solutions.

1.1. Lamellar bone formation

Lamellar bone forms from dynamic osteogenesis
(Ferretti et al., 2002; Marotti et al., 1999), a process that

involves osteoblasts moving away from the osteogenic
surface as they deposit osteoid. Osteoblasts secrete a col-
lagenous matrix in an organized and parallel fashion on a
preexisting hard surface (e.g., cartilage or bone) (Prondvai

D–F) bone. A. Elephant humerus showing the distinctive alternating dark
steons with almost all lamellae appearing dark, except the cement line.
n as endosteal lamellae). D. Alternating pattern of bright and dark layers
rk secondary osteons with a bright cement line in a sauropod humerus
y fossil sections and can be in some cases attributed to diagenetic effects.

 fossiles (D–F). A. Humérus d’éléphant montrant les feuillets de lamellae
nes secondaires d’os d’éléphant montrant que presque tous les feuillets
ant les feuillets internes circulaires très brillants (CL) (connus aussi en
t sombres dans des ostéones secondaires d’un os long de nodosauridé
e cimentation brillante dans un humérus de sauropode Alamosaurus. Les

nt dans de nombreuses coupes d’os d’animaux fossiles et sont à rapporter,
tes formant des trabécules chez un nodosauridé indéterminé.
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t al., 2014). Some osteoblasts stop secreting osteoid and
ecome buried in the newly forming bone, thus becoming
steocytes. This differs from woven bone, which is formed
rom static osteogenesis, where the osteoblasts deposit
steoid in all directions, trapping themselves in the matrix
Marotti, 2010). In addition to this difference, lamellar
one is also much more slowly deposited, and accord-

ng to Currey (2002), it is less mineralized than woven
one.

At the ultrastructural level, lamellae are composed
f ordered collagen fiber bundles and apatite crystals;
ollagen fibrils form helical structures and within these
tructures include embedded apatite platelets that are
longated, with the long axis parallel to the long axis of
he collagen fiber (Landis et al., 1993, 1996). The apatite
latelets can vary in size (Landis et al., 1993). Dumont
t al. (2011) showed that sauropod dinosaurs had larger
patite platelets than recent mammals, which may  be
aused by diagenetic or scaling effects. Shinoda and Okada
1988) have shown with Pb (lead) staining that there is a
iurnal pattern of lamella formation in Wistar rats, chip-
unks and rabbits, both in primary and secondary lamellar

one. Bromage et al. (2009) show, however, that lamel-
ae are formed following a long period rhythm (analo-
ous to the striae of Retzius in teeth) in Wistar rats,
acaques, patas monkeys, sheep and humans. Although

his seems contradictory, Wistar rats, and presumably
ther small mammals, have fast rhythmic growth and a
triae of Retzius repeat interval of one day (Bromage et al.,
009, 2011). These rhythmic patterns suggest a more or

ess constant and cyclical rate of bone deposition that
s dependent on species. Further research in this field
s needed, and it could be quite beneficial if a relation-
hip between formation time, or these rhythmic patterns,
nd the sub-structure of individual lamellae can be
ncovered.

.2. Lamellar bone organization

Most research and textbooks defining or referring to
amellar bone assume and accept the Gebhardt model
Gebhardt, 1906), or some variation thereof (Ascenzi and
onucci, 1967, 1968; Francillon-Vieillot et al., 1990; Frank,
968; Frank et al., 1955; Giraud-Guille, 1988; Reid, 1986;
mith, 1960; Wagermaier et al., 2006; Weidenreich, 1930;
einer et al., 1997) when interpreting histological and
icrostructural aspects of lamellae. The basic model pro-

oses that collagen fibers in alternating layers, or lamellae,
re oriented at different angles, similar to a plywood
tructure (see Fig. 2A). However, since its conception, the
ebhardt model has been contested, and alternative inter-
retations have been presented (Ardizzoni, 2001; Boyde
nd Hobdell, 1968; Engström and Engfeldt, 1953; Marotti,
993; Marotti and Muglia, 1988; Marotti et al., 2013;
ouiller, 1956; Rouiller et al., 1952; Ruth, 1947; Vincent,
957; Ziegler, 1908). These alternative hypotheses are
ased on the concept that lamellae are actually hetero-

eneous (e.g., alternating collagen-poor and collagen-rich
ayers; see Fig. 2B). And within the last few years, more
omplex interpretations have arisen using methods such
s serial surface view (SSV) (Faingold et al., 2013; Reznikov
 Palevol 15 (2016) 23–31 25

et al., 2013, 2014) and synchrotron X-ray phase nanoto-
mography (Varga et al., 2013).

2. Lamellar bone organization as observed using
various techniques

2.1. Light microscopy

When studying bone in polarized light microscopy, bire-
fringence is assumed to be an indicator of collagen fiber
orientation, since collagen is an anisotropic material. When
the fibers are perpendicular to the light source, they appear
the brightest and when the fibers are parallel to the light
source, they appear dark (Bromage et al., 2003). Intermedi-
ate levels of brightness indicate intermediate orientations.
When rotating the stage, if the bone remains dark or
isotropic, we assume the bone is of a woven nature (col-
lagen fibers are unorganized, preventing the light from
reaching the eye) or that the collagen fibers are oriented
longitudinally.

Gebhardt (1906) primarily used light microscopy to
come up with the first models of lamellar bone orga-
nization. The simplest model is the orthogonal plywood
structure, in which the lamellae are oriented at approx-
imately 90 degrees relative to one another (Fig. 2A,
Gebhardt, 1906). The extinction pattern in polarized light
microscopy is uniform (when all fibers are at a 45 degree
angle to the section plane) or banded (when the fibers in
some lamellae are perpendicular and in others parallel to
the section plane).

These observations can be readily observed in mod-
ern (Fig. 1A–C) and fossil (Fig. 1D–F) bone. The distinctive
banded or alternating pattern can be observed in secondary
osteons of Fig. 1A and D. A more uniform pattern can
be observed with either mostly dark (isotropic) lamellae
(Fig. 1B and E) or bright lamellae as observed in the inner
circumferential layer on Fig. 1C or the trabeculae on Fig. 1F.
However, with respect to fossil bone, diagenetic and fos-
silization effects have to be taken into consideration. In
many cases, diagenetic staining can make the entire sec-
tion, both primary and secondary tissues, appear uniformly
dark or isotropic looking. Thus, it cannot be ruled out that
diagenetic effects have altered the bone or prevented accu-
rate microscopic interpretations.

Boyde and Hobdell (1968) argued that studies, such
as those of Gebhardt (1906) that rely on polarized light
microscopy, should be questioned with respect to their
reliability to determine collagen fiber orientation. It is
well known that differential birefringence can also be
attributed to section thickness (Bromage et al., 2003), and
it is very important that the same thickness is maintained
in thin-section preparation (Lamm,  2013). This can be
problematic with the diagenetic staining previously men-
tioned. A section with diagenetic staining may  need to be
polished more to observe the histology, but this may mean
the section is much thinner. In the same way, different
densities have different optical properties (refractive

index, in particular). It is feasible to assume if lamellae
had different concentrations of collagen, mineral and
ground substance (i.e., noncollagenous organic matrix),
the optical properties could be different, erroneously
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Fig. 2. Interpretation of proposed models using simplified osteonal diagrams. Arrows indicate the orientation of collagen fibers. A. The orthogonal plywood
model,  which assumes two distinct orientations of lamellae. Note that the longitudinally oriented fibers would appear dark in a polarizing microscope, and
the  transversally oriented fibers would appear bright in transverse view (based on Gebhardt, 1906). B. The heterogeneous lamellae model, which depicts
the  unorganized collagen-rich dense lamellae and the collagen-poor loose lamellae, which also contain osteocyte lacunae (black ovals) (based on Marotti
et  al., 2013). C. Twisted plywood model with distinctive sub-layers of lamellae that fan out. Several lamellae maintain a similar range of orientations except
for  the “backflip”, which drastically changes angle. The number of sub-lamellae can be varied (based on Weiner et al., 1999 and Wagermaier et al., 2006).
D.  Twisted plywood model with a smooth transition from one orientation of collagen fibers to the next. Lamellae, however, are not distinguished (based
on  Varga et al., 2013 and Schrof et al., 2014). E. Oscillating plywood model, which is similar to D, but with a slight difference in collagen fiber orientations.
F.  Three motif model, which illustrates the concept of three sub-layers (fanning, disordered, and unidirectional) (based on Reznikov et al., 2013, 2014).
Fig. 2. Interprétation de modèles proposés utilisant des diagrammes d’ostéones simplifiés. Les flèches indiquent l’orientation des fibres de collagène.
A.  Modèle orthogonal de contreplaqué, qui suppose deux orientations différentes des lamellae. À noter que les fibres orientées longitudinalement appa-
raissent sombres au microscope polarisant, et que les fibres orientées transversalement apparaîtraient brillantes en vue transversale (d’après Gebhardt,
1906). B. Modèle à lamellae hétérogènes, qui dépeint les lamellae denses, inorganisées, riches en collagène et les lamellae lâches, pauvres en collagène,
qui  contiennent aussi des lacunes d’ostéocytes (ovales noirs) (d’après Marotti et al., 2013). C. Modèle de contreplaqué enroulé, avec des sous-feuillets de
lamellae qui s’étalent en éventail. Certaines lamellae conservent la même  fourchette d’orientations, avec quelques exceptions, celles-ci changeant alors
drastiquement d’angle. Le nombre de sous-lamellae peut varier (d’après Weiner et al., 1999 et Wagermaier et al., 2006). D. Modèle de contreplaqué enroulé,
avec  transition floue d’une orientation des fibres de collagène à la suivante. Les lamellae ne sont cependant pas distinguées (d’après Varga et al., 2013
et Schrof et al., 2014). E. Modèle de contreplaqué oscillant, similaire à D, mais avec une légère différence dans les orientations des fibres de collagène.
F.  Troisième modèle de motif qui illustre le concept de trois sous-feuillets (en éventail, désordonné et unidirectionnel) (d’après Reznikov et al., 2013, 2014).
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uggesting a difference in orientation of collagen fibers.
he dark lamellae could easily be caused by more dis-
rganized layers or a different density (compositional
ifference) than the bright layers. The reversal or cement

ine (well visible on Fig. 1B and E), which usually appears
s the brightest aspect of secondary osteons in polarizing
ight, has been interpreted as having high amounts of
ulfur but less calcium and phosphorus than surrounding
one using back-scattered electron imaging (BSE) and
-ray microprobe analysis (Schaffler et al., 1987). With
imilar techniques (BSE and energy dispersive X-ray
pectroscopy), Skedros et al. (2005), on the other hand,
ound that cement lines were actually highly calcified.
lthough authors do not necessarily agree on its exact
omposition, most affirm that it is a collagen-poor layer
Currey, 2002). This is important, because it shows that it is
ot well-established how compositional differences affect
olarized light observations, that is, it is not clear which
roportions of collagen, mineral and ground substance
roduce the ‘bright’ and ‘dark’ birefringence patterns.

.2. SEM and TEM

The orthogonal plywood structure in transmission elec-
ron microscopy (TEM) is characterized by a herringbone
attern in an oblique section, or, very rarely, longitudinal
egments alternating with short perpendicular segments,
hen the section plane is parallel to one of the fiber orienta-

ions (Giraud-Guille, 1988). The Weiner research group (Liu
t al., 2000; Weiner and Wagner, 1998; Weiner et al., 1997,
999; Ziv et al., 1996) also supports the Gebhardt model
nd, using scanning electron microscopy (SEM) and TEM in
heir analyses, proposed additional structures beyond the
rthogonal structure of the Gebhardt model. The twisted
r rotated plywood structure (Fig. 2C) is slightly more
omplex and is found in the same bone specimens, some-
imes even the same osteons, as the orthogonal structure
Giraud-Guille, 1988; Weiner and Wagner, 1998; Weiner
t al., 1991). They suggest that each lamellar unit has five
ub-layers. The sub-layers are not of equal thickness and
he relative thickness of the sub-layers varies between taxa.

In the twisted plywood model, the fibers appear as arcs
n an oblique section and as line segments of oscillating
ength in transverse section. Each lamellar unit is com-
osed of several sub-layers. The fibers are offset by 30
egrees, with a 120-degree backflip to the original orien-
ation every fifth layer, which is observed as a 60-degree
hange in fiber orientation (180–120 degrees). In polarized
ight microscopy, the extinction pattern is banded, with
elatively narrow dark bands.

SEM and TEM have both been used to support the
ebhardt model, but also to uphold an alternative hypoth-
sis, which suggests that lamellae are heterogeneous,
lternating in composition, not orientation. Boyde and
obdell (1968), for instance, concluded in SEM studies of
ammalian lamellar bone that lamellae contained layers

f higher density, amorphous material, which they termed

interlamellar” bone. These interlamellar layers were sim-
lar to the perilacunar bone (bone surrounding osteocyte
acunae) and peritubular dentine, being more resistant to
esorption from osteoclasts than surrounding mineralized
 Palevol 15 (2016) 23–31 27

collagen fibers (Boyde and Hobdell, 1968). They fur-
ther argued that “dark” lamellae, as interpreted in light
microscopy, could be the interlamellar bone. However,
they did not completely disagree with the idea of oriented
collagen fiber bundles, noting that, within a lamella, colla-
gen fiber bundles oriented themselves at different angles.

The most recent publications supporting heterogeneous
lamellae are also based on SEM and TEM studies, examin-
ing transverse and longitudinal sections of human lamellar
bone (Marotti, 1993, 1996; Marotti and Muglia, 1988;
Marotti et al., 1994a,b, 2013). They propose that lamellae
are heterogeneous, with alternating dense (collagen-rich)
and loose (collagen-poor) lamellae (Fig. 2B), and that osteo-
cytes only occur in the loose lamellae (e.g., Marotti, 1993;
Marotti et al., 2013).

Marotti et al. argue that no single orientation of collagen
fibers can be observed in a lamella. Comparing longitudinal
and cross sections of a secondary osteon, they argue that
one would expect to see a striped pattern in one view and a
stippled pattern in the other view, if the fibers in a lamella
were truly oriented in one direction. Their results, however,
show no such change in pattern between longitudinal and
cross sectional views (Figs. 1 and 3 in Marotti et al., 2013).
However, one could argue that this pattern would only
be visible if the orientation was  orthogonal with collagen
fibers oriented perfectly transversally and longitudinally.

Marotti et al. (2013) note that the loose lamellae, which
is the only type that contains the osteocyte lacunae, can
be easily split and appear to be similar to the osteo-
cytic collagen surrounding osteocytes in woven bone. Their
description of osteocytic collagen is similar to the inter-
lamellar layers of Boyde and Hobdell (1968). The dense
lamellae, on the other hand, cannot be split as easily, and
TEM observations show collagen fiber bundles intertwined,
with bundles of fibers splitting off in arrays of around 30
degree intervals (Fig. 6 in Marotti et al., 2013). In polarized
light microscopy, they consider the dense lamellae to be
the bright lamellae, and the loose lamellae to be the dark
lamellae (Marotti, 1993).

Interestingly, Marotti et al. suggest, due to the interwo-
ven nature of the observed collagen fibers, that lamellar
bone should be considered a type of woven bone (Marotti
et al., 2013). However, Ferretti et al. (2002) and Marotti
(2010) describe woven and lamellar bone as derived from
two different types of osteogenesis, static and dynamic,
respectively. Thus, classifying lamellar bone as a type of
woven bone would mean disregarding the separate origins
of these bone tissues.

They also suggest that the changing orientations of
lamellae observed by other researchers are actually the
changing orientations of collagen fiber bundles within a
lamella. They state the magnification of TEM analyses from
the Giraud-Guille and Weiner studies (e.g., Giraud-Guille,
1988; Weiner et al., 1999) was too high, and the interpreta-
tion of a plywood structure (see below) was on the wrong
scale (Marotti et al., 2013).
2.3. X-ray diffraction and nanotomography

Wagermaier et al. (2006) had similar findings to the
Weiner research group using X-ray diffraction, where
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they also found a twisted plywood pattern. According
to Wagermaier et al. (2006), in humans, collagen fibrils
change orientation by 5–25 degrees approximately every
micrometer and change back to their original orientation
(so a change of more than 30 degrees in the opposite
direction, called a “backflip”) with a periodicity of 5–7 �m,
which corresponds to a single lamella (see Fig. 2C).

Using synchrotron X-ray phase nanotomography, Varga
et al. (2013) propose two additional types of plywood struc-
tures that they observed in human bone in addition to
twisted plywood (Fig. 2D): oscillating plywood (Fig. 2E) and
irregular oscillating plywood. Varga et al. (2013) found no
evidence for the orthogonal plywood structure. However,
their definition of twisted plywood is not the same as that of
Wagermaier et al. (2006) and Weiner et al. (1997). In their
(Varga et al., 2013) definition of twisted plywood, there
is no backflip and the fibril orientations change continu-
ously and in a smooth manner in the same direction, and
their data show that the fibrils change in a smooth manner
across lamellae (Fig. 2D). Consequently, it is not clear how
the smooth changes in fibril orientation relate to the dark
and light bands as seen in polarized light microscopy. Using
the same definition as Varga et al. (2013) (i.e., a continuous
change of fibril orientations without backflip), Schrof et al.
(2014) found twisted and oscillating plywood in the same
osteons.

2.4. Serial surface view and SEM

Recently, a few authors have used serial surface view
(SSV) in addition to SEM. Serial surface view allows very
thin layers (nanometer scale) to be serially removed using
an electron beam, exposing a new layer. Each layer is sub-
sequently scanned by the electron microscope, providing a
detailed three-dimensional image at high magnifications.
Using this technique, these authors have described the
presence of disorganized sub-layers (Faingold et al., 2013;
Reznikov et al., 2013). It is unclear if these sub-layers
could correlate with the interlamellar layers of Boyde and
Hobdell (1968) or the transition zone from Weiner et al.
(1997), for example. Based on Reznikov et al.’s (2013) find-
ing in rats that these layers are less mineralized, Faingold
et al. (2013) propose that the disorganized layers may  sim-
ply be more compliant during polishing and have been
misinterpreted as layers with fibrils oriented parallel to
the cutting plane. Although this seems reasonable enough
at first sight, Faingold et al. (2013) found in their sample
that the disorganized layers occur at a distance of less than
1 �m,  whereas lamellae have a thickness of approximately
5 �m.  In addition, several of the constant fiber orientations
in Faingold et al. (2013) have standard deviations (SD) of
more than 25◦ and would certainly have been interpreted
as being disorganized by Reznikov et al. (2013), who con-
sider an SD (= dispersion) of 22.1◦ typical for disorganized
sub-layers.

Here, we would like to tentatively propose an alter-
native explanation for the appearance of disorganized

sub-layers. They might be an artifact caused, ironically, by
the high precision with which the measurements are made.
The “disorganized” layers almost always occur at intervals
of rapid orientation change of the fibrils (Fig. 9 in Faingold
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et al., 2013; Figs. 2 and 3 in Reznikov et al., 2013; Figs. 6, 7
and 11 in Reznikov et al., 2014). Slices cut at these intervals
are likely to also contain fibrils of the previous and the next
orientation, increasing the standard deviation of the mea-
sured orientation. This effect would be even stronger if the
cut is not exactly parallel to the growth front, which due
to the curvature of the lamellae, the fact that bone is a liv-
ing substance, and inaccuracies during preparations, it will
almost never be. This explanation is also consistent with
the loss of anisotropy observed in some lamellae by Schrof
et al. (2014), which they suggest might be due to the dif-
ference in lamellar thickness and their own measurement
resolution.

3. Discussion

Although it is clear that there is no consensus among
researchers, a notable trend of twisted or oscillating pat-
terns is observed using different approaches. This could
be an extension of the nanoscale organization of collagen
molecules. Experiments have shown (e.g., Giraud-Guille,
1987) that concentrated solutions of collagen fibrils will
naturally, and without cellular aid, organize themselves
into twisted or helicoidal patterns; this pattern is also
commonly observed in other biological materials such as
insect cuticles and plant cell walls (Bouligand, 1972). This
suggests that the helicoidal structure does not need a func-
tional reason for its development; rather it is the nature
of the molecules to form this structure. This lends favor
to the twisted plywood model, and variations thereof, but
does not actually provide insight into how collagen fibers
change orientation between lamellae nor does it address
the influence of mineralization on the structure.

3.1. Variability in Lamellae

Before assessing phylogenetic relationships, the intra-
and inter-variability of lamellae and their organization
should be analyzed to see if there is a significant differ-
ence in different bones or bone tissues (e.g., primary versus
secondary lamellar bone). As noted in the supplementary
material, Appendix 1, lamella thickness has been mea-
sured by several researchers, with mixed findings. For
human bones, Frost (1962) obtained measurements aver-
aging 7 �m in width; Reid (1986) reached measurements
of two  to three micrometers. Yet, both authors had slightly
larger values for secondary osteons or interstitial lamellae
compared to circumferential lamellae. Other authors have
lamellar subdivisions, with different size classes. Ardizzoni
(2001), for instance, found dense lamellae to be around
1 �m in secondary osteons, but the loose lamellae var-
ied, decreasing in size as they approached the Haversian
canal (from around 7 to 2 �m).  Weiner et al. (1997) stated
that a ‘lamellar unit’, consisting of a thin, thick and tran-
sition zone, was around 3 �m for rats. Pazzaglia et al.
(2012) had measured lamellar thickness to be around 9 �m,
with great variation. Curiously, in their SEM images (Fig.

4 of Pazzaglia et al., 2012), they note interlamellar lines,
which they interpret as being collagen-poor. These lay-
ers, however, look very similar to the collagen-rich dense
lamellae from Fig. 2 of Marotti et al. (2013). These diverse
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nterpretations could be related to the method used to mea-
ure (polarized microscopy, electron microscopy, X-ray,
tc.), the bone or bone tissue used, number of measure-
ents made, as well as the species or even the specimen’s

ge. Hence, a thorough study with a consistent approach is
eeded.

Even within different secondary osteons from one
ndividual, there appear to be differences, which may
artly explain the different results obtained by different
esearchers. Studies of Ascenzi and Bonucci (1967, 1968,
972) and Ascenzi et al. (2003, 2008) showed that different
econdary osteons had different mechanical constraints
i.e., some had greater tensile strength, others greater
ompressive strength). These osteon types were based on
ollagen fiber orientation determined from polarized light
icroscopy. They showed that secondary osteons with
ore longitudinally oriented collagen fibers (those that

tayed dark in polarized light) had greater tensile strength
Ascenzi and Bonucci, 1967), and the modulus of elasticity
as greatest in osteons with more transversally oriented
bers (those that appear brightest in polarized microscopy)
Ascenzi and Bonucci, 1968). They also used X-ray diffrac-
ion techniques to corroborate their interpretations of
amellae orientation (Ascenzi et al., 2003). However, these
tudies do not necessary invalidate the idea that lamel-
ae can be compositionally heterogeneous. Hengsberger
t al. (2002) point out that the different mechanical prop-
rties of different lamellae, as found by their studies using
tomic force nanoindentation, could have been derived
rom either differently oriented collagen fibers or different

ineral densities. In their model, both longitudinally ori-
nted collagen fibers, as well as higher mineral densities,
ould result in more resistance, whereas transversely ori-

nted collagen fibers and lower mineral densities would be
eaker. Assuming mechanical properties result from col-

agen fiber orientation may, therefore, be too assumptive
n some cases. Thus, a mechanical study of lamellae should
onsider possibilities other than collagen fiber orientation,
hen interpreting the results.

It should also be noted that when bone is deposited, the
ineralized component is formed at a later stage, and that

lder lamellae are more mineralized than young lamellae
Engström and Engfeldt, 1953). Akkus et al. (2003) noted in
heir study on human femora that primary lamellar bone
ncreased in mineral content over a period of around two
ecades, then tapers off once “fully mineralized”. They also
oted similarly high mineralization content in secondary
steons in older samples. Thus, it is also important to con-
ider the ontogenetic stage of bone development when
ssessing bone.

.2. Phylogenetic considerations

Unfortunately, most studies on lamellae focus on
umans or rats, which make assumptions about whether

 phylogenetic influence is present difficult to answer.

einer et al. (1997) describe a slightly different pattern

n rats compared to humans, with respect to the twisted
lywood model, as, in their study, rats have thinner sub-

ayers. They (Weiner et al., 1997) also note that the changes
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in orientation of the fibers appear to be more gradual in
bovine bone.

Based on the analyses of Wagermaier et al. (2006) and
Weiner et al. (1997), it may  tentatively be hypothesized
that the incremental orientation changes between adja-
cent fiber bundles decrease with increasing body size, or
with increasing growth period. This hypothesis is also sup-
ported by the observation of Faingold et al. (2013) that
the lamellar organization of collagen fibrils in the horse is
morphologically similar to that in the human.

With the SSV method, Reznikov et al. (2014) found the
situation to be slightly different in humans. Where the
rats had organized and disorganized layers, in humans, the
material was  not organized in layers. Rather, the organized
material was organized in rods, which were enveloped by
disorganized material (see Fig. 2F). More work on differ-
ent species needs to be done to know if there is indeed a
phylogenetic signal.

3.3. Future work

The many interpretations of the organization of lamel-
lae are difficult to associate to one another. A more
thorough approach is needed and we propose that the fol-
lowing considerations should be made when examining
the spatial organization of lamellae.

A possible way  to resolve some issues with respect to
the ambiguity or discrepancy of whether observations are
made within or between lamellae is to compare the posi-
tion of osteocyte lacunae. As Marotti et al. (2013) point out
in their interpretations, the osteocyte lacunae occur in only
one type of lamella (which they call loose lamellae). Most
other studies do not mention osteocyte lacunae. It would be
interesting to know how osteocyte lacunae are positioned
in the twisted or the oscillating plywood model; this would
provide a common point of comparison. However, it should
be noted that osteocytes are not necessary in the for-
mation of lamellar bone, as anosteocytic fish have been
observed to produce bone lamellae as well (Atkins et al.,
2014). But for amniotes, at least, osteocyte lacunae could
very well be a decent way  to find correlations between
methods.

The ratio of collagen to mineral and ground substance
appears to be an important point to consider, as variability
in these components exists and can influence observations
made in microscopic analyses. It would be important that
the analysis be at the appropriate scale so the composi-
tion between lamellae is compared rather than within a
single lamella, for instance. Different lamellar bone types
(e.g., secondary osteons, circumferential layers, etc.) should
be assessed to determine if significant differences occur.
It would be interesting to know how the organization of
lamellae is affected by mineral/collagen proportions. It has
been shown that collagen with the embedded apatite is
mechanically improved with increased flexibility and load
bearing capabilities compared to collagen alone (Landis
and Silver, 2002; Landis et al., 2006). However, it is not

clear if the increasing mineralization causes any structural
changes at the histological level.

The three-dimensional organization is also an impor-
tant consideration. With only a two dimensional plane of
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observation, it is very difficult to impossible to fully assess
the true nature of collagen fiber orientations. Methods like
SEM and TEM are useful if transverse and longitudinal
sections are used. They do not seem, however, to suffice
in resolving the problem of the organization of lamel-
lae because interpretations of collagen content of similar
images (e.g., Marotti et al., 2013; Pazzaglia et al., 2012) can
be different. An additional approach, like X-ray diffraction,
is necessary to provide support. The newer methods like
SSV can obtain very fine detail of changes in three dimen-
sions. But to be beneficial, from a histological perspective
of lamellar bone, this method needs to be applicable on the
micrometer scale. As it is used now, the detail is so high
that no clear correlation to lamellae organization studied
with other microscopic methods can be stated.

It would be useful, especially when studying fossil bone,
if the orientation and composition of lamellae could be
correlated to the observations of lamellae in polarized
microscopy (bright, dark layers). However, the organiza-
tion and composition of lamellae seem to be quite varied,
and an accurate interpretation in polarizing microscopy
may  not be feasible. Finally, a multi-species analysis using
the same element and lamellar tissue type would be
interesting to see if any variations are indeed related to
phylogeny.

4. Conclusion

It is clear from the present review that bone lamellae
are complex features in bone histology. The large number of
studies with the huge variability in interpretation of lamel-
lae leads to more confusion than answers. Understanding
the spatial organization and composition of lamellae is
important because we interpret lamellar bone based on
some underlying assumptions, which if not fully correct
or understood can lead to misinterpretation of data.

In general, there needs be a consistent, multi-
methodological approach across a variety of taxa to obtain
a comprehensive understanding of what the different
interpretations mean. With a better understanding of the
organization of lamellae, improved interpretations can be
made with respect to the mechanical, physiological, phy-
logenetic and ecological aspects of bone development.
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