Current Osteoporosis Reports (2019) 17:105-115
https://doi.org/10.1007/511914-019-00508-y

OSTEOCYTES (J KLEIN NULEND, SECTION EDITOR)

®

Check for
updates

Inter-site Variability of the Human Osteocyte Lacunar Network:
Implications for Bone Quality

Petar Milovanovic 2 - Bjérn Busse '

Published online: 12 April 2019
© Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract

Purpose of Review This article provides a review on the variability of the osteocyte lacunar network in the human skeleton. It
highlights characteristics of the osteocyte lacunar network in relation to different skeletal sites and fracture susceptibility.
Recent Findings Application of 2D analyses (quantitative backscattered electron microscopy, histology, confocal laser scanning
microscopy) and 3D reconstructions (microcomputed tomography and synchrotron radiation microcomputed tomography)
provides extended high-resolution information on osteocyte lacunar properties in individuals of various age (fetal, children’s
growth, elderly), sex, and disease states with increased fracture risk.

Summary Recent findings on the distribution of osteocytes in the human skeleton are reviewed. Quantitative data highlighting
the variability of the osteocyte lacunar network is presented with special emphasis on site specificity and maintenance of bone
health. The causes and consequences of heterogeneous distribution of osteocyte lacunae both within specific regions of interest
and on the skeletal level are reviewed and linked to differential bone quality factors and fracture susceptibility.

Keywords Osteocyte distribution - Inter-site differences - Osteocyte lacunar number - Mechanical loading - Bone strength -
Aging - Bone development

Introduction Skeletal development, aging, and various diseases can

cause alterations in the bone remodeling process. Changes in

Bones have the exceptional characteristic to change in size,
mass, and morphology through adaptation to present mechan-
ical needs [1]. In the process of bone remodeling, osteoclasts
remove the old bone matrix, while functionally coupled to
osteoblasts that secrete collagenous matrix as basis for miner-
alization of newly formed bone [1-4].
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the bone remodeling dynamics may lead to imbalance be-
tween the degree of bone resorption and formation, which
can increase the risk of fractures, such as in age-related bone
loss [5].

With more than 25,000 osteocytes per mm® of mineralized
bone matrix, osteocytes are the most abundant cell type in
bone [6]. During the embedding of osteoblasts in osteoid,
osteoblasts turn into pre-osteocytes and later on to osteocytes
residing in newly formed mineralized matrix. Osteocytes de-
velop multiple dendritic processes enabling them to form a
global network throughout the bone tissue. This functional
osteocyte network is a structural prerequisite for cellular con-
nectivity and function, whereby dendritic connections are en-
abled by gap junctions formed by connexin 43 proteins [7].
The osteocyte network is encased within the fluid-filled lacu-
nae and canaliculi, therefore serving the purpose of
mechanosensation and mechanotransduction [8]. The
lacuno-canalicular network provides a means of nutrient trans-
port and waste removal, which are essential to osteocyte via-
bility. These cells have been identified as central orchestrators
of bone remodeling [9]. Osteocytes are the first cells to sense
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mechanical alterations in bone and react to this by upregulat-
ing the expression of RANKL to attract osteoclasts [10], or by
producing sclerostin to inhibit osteoblast function [11, 12]. In
addition to osteocytes role in biomechanical signaling, osteo-
cytes play an endocrine role through secretion of fibroblast
growth factor 23 which acts on the kidney and regulates vita-
min D and phosphate metabolism [13]. Osteocytes also ex-
press a high level of dentin matrix protein 1, regulating bone
matrix mineralization [14].

Since bone remodeling is orchestrated by a global network
of mechanosensitive osteocytes in a spatiotemporal manner
[15], local osteocyte viability (Fig. 1a, b) and function play a
critical role in maintaining bone’s physiological repair pro-
cesses, which is a prerequisite for preventing the accumulation
of fatigue damage and microcracks that could subsequently
develop into fractures [20, 21]. Therefore, local changes to the
osteocyte network characteristics (Fig. 1a—k) need to be un-
derstood to shed more light on the origins of site-specific bone
fragility in aging and disease.

Distribution of Osteocytes Among Different
Skeletal Sites

The osteocyte lacuno-canalicular network spreads throughout
the entire bone matrix. However, osteocytes’ presence has
been reported not to be homogenously distributed throughout
the skeleton (Table 1), and even within an individual bone,
there is a large variation in osteocyte density (Fig. 1d, e).

Although studies that have focused on inter-site differences
of osteocyte density are rare, a few reports have indicated that
different numbers of osteocyte lacunae per bone area are pres-
ent in different skeletal sites. Hunter and Agnew [28e¢] ana-
lyzed undecalcified bone specimens from the femoral
midshaft, diaphysis of the radius, and midshaft of ribs by
optical microscopy in 30 individuals in the age group above
50 years. They found that the osteocyte lacunar number per
bone area (Ot.Lc.N/B.Ar) was significantly higher in the radi-
us in comparison to both femur and ribs (radius 1074.49 vs.
femur 939.8 and rib 939.23/mm?). While they did not find
sex-related differences, there was a slight but significant age-
related reduction in Ot.Lc.N/B.Ar exclusively occurring in the
femur, while ribs were not subject to age-related changes. In
future research, larger sample sizes and wider age ranges are
needed to provide additional support for such site-specific
peculiarities. Nevertheless, the available data shows that fe-
murs, as “weight-bearing” long bones, are more affected by
aging than “non-weight-bearing” bones such as the radius and
ribs. More pronounced age-related loss of osteocyte lacunae in
“weight-bearing” sites may stem from accumulating larger
amounts of linear microdamage at these sites due to higher
mechanical loading [28e].
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Gauthier et al. performed synchrotron radiation (SR)
microcomputed tomography on the midcortical region of the
femoral diaphysis, femoral neck, and distal radius in eight
women aged 50 to 91 years [29+¢]. They showed significantly
higher numbers of lacunae per bone volume in the femoral neck
than in the radius (26,123/mm3 VSs. 21,191/mm3), while the
femoral diaphysis showed slightly higher values than the radius
(21,617/mm3 VS. 21,191/mm3). In addition to changes in lacu-
nar number per bone volume, Gauthier et al. also showed inter-
site differences in 3D lacunar shape, where more elongated and
narrower lacunae were found in the radius than in the femoral
neck. The authors also showed that osteocyte lacunar number
per bone volume poorly correlated between the femoral neck
and radius diaphysis (»=0.17) or even between the femur’s
neck and diaphysis (= 0.62) [29+¢]. Such findings suggest that
extrapolations from one skeletal site to other skeletal sites are
unreliable (even for bone regions that are in close proximity to
each other, e.g., femurs’ neck and diaphysis).

Additional information about the heterogeneity of the
osteocytic network can be obtained from studies analyzing
osteocyte lacunar density in a specific region of interest.
Although comparisons between some studies are challenging
due to methodological differences in quantitative imaging of
different skeletal sites (2D methods: backscattered electron
microscopy, histology, confocal laser scanning microscopy
vs. 3D reconstructions: microcomputed tomography, synchro-
tron radiation microcomputed tomography; different sampling
areas; different patient characteristics, etc.), the data provides
valuable insights into the variability of the osteocytic network
throughout the skeleton (Table 1).

The majority of reports that presented osteocyte lacunar data
were focusing on femurs, as femurs are among the most com-
mon fracture sites. Frequently, researchers analyzed the
subtrochanteric region of the femoral diaphysis [18, 22, 25¢e,
26°+, 32-34], which has been a prominent site for atypical fem-
oral fractures [35, 36]. Data on the osteocyte distribution in the
midshaft of the femur is also available [37]. Although the fem-
oral neck is the most frequently broken part of the femur, data
about osteocyte characteristics associated with femoral neck
bone quality have been rather scarce. Valuable information
about the number and size of the femoral neck’s osteocytes in
young and aged women has been published recently [28e]
(Table 1; also see the next section for more details).

Bach-Gansmo and coworkers investigated iliac crest corti-
cal bone from 46 women and 42 men of a wide age range
using SR-microCT and microCT [23]. They found unchanged
lacunar volume with age and sex, but the number of lacunae
per bone volume was higher in young (15,700/mm?) than in
aged individuals (14,600/mm>) when women and men were
pooled. They speculated that a decline in lacunar density with
age arises from hypermineralization of some osteocyte lacu-
nae, while a lack of changes in lacunar volume may reflect
methodological limitations of microCT [17]. Rolvien et al.
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Fig. 1 Human osteocyte characteristics affecting bone quality. a, b
Osteocyte viability is a prerequisite to orchestrate bone remodeling.
Stained nuclei in histological sections signify viable osteocytes (left:
toluidine blue stain, right: modified silver stain/thionin). ¢ Osteocyte
cell death/apoptosis often results in micropetrosis where the lacunar
space is impregnated with calcified material (backscattered electron
imaging, adapted from Milovanovic et al. [16¢°]). d, e The distribution
of osteocyte lacunae is dependent on the skeletal site (e.g., left:
superolateral vs. right: inferomedial femoral neck), mechanical loading,
age, and/or disease status (microcomputed tomography, adapted from
Rolvien et al. [17¢¢]). f, g Canalicular connections between osteonal and
interstitial osteocytes are important for cellular communication (scanning
electron microscopy of acid-etched cortical bone specimens, adapted
from Milovanovic et al. [18]). h Microcrack in interstitial bone.

Micropetrosis

:
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Systematic distribution of osteocytes in the bone matrix enables
detection of microdamage. Preserved osteocyte lacuna-canalicular
network is essential to initiate bone repair (backscattered electron
microscopy). i Micropetrotic lacunae are permanent indicators of
osteocytes’ death and do not participate in microdamage detection but
present themselves as highly mineralized spots in the bone matrix
(backscattered electron imaging, adapted from Milovanovic et al. [16¢]).
j Osteocyte lacunae may affect the propagation of cracks (backscattered
electron imaging, adapted from Busse et al. [19]). k Connections between
osteocyte lacunae and Haversian canals via canaliculi ensure nutrition and
oxygen supply to the cells (scanning electron microscopy of acid-etched
cortical bone specimens, adapted from Milovanovic et al. [18]). Scale
bars represent 10 um in all panels except for (h) and (j) where scale
bars display 100 um
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investigated transiliac crest bone biopsies in 2D in 30 adults
with vitamin D deficiency and 30 control cases. The authors
showed that vitamin D deficiency was associated with de-
creased numbers of viable osteocytes accompanied by im-
paired lacunar connectivity and increased osteocyte apoptosis
[38]. While the number of osteocyte lacunae between 15 vi-
tamin D-deficient and 15 vitamin D-sufficient older adults
was similar in a 3D assessment of transiliac bone biopsies,
spherical lacunae were 14% larger in volume in vitamin D-
deficient subjects [19].

Specific Distribution of Osteocyte Lacunae
Within a Single Bone Section

Not only does the osteocytic network differ between individ-
ual bones but even in a single cross section of bone various
distributions of osteocytes can be found.

From 2D studies focusing on cortical bone histology
[39-41] as well as from 3D microCT imaging of trabecular
bone [42, 43], we can deduce that patterns of microarchitec-
ture and porosity are very heterogeneous within the femoral
neck. Rolvien et al. [17¢¢] compared inferomedial and
superolateral cortices of the femoral neck in young and aged
women and demonstrated 19% higher osteocyte lacunar den-
sity (2D) and 72% higher lacunar number per bone volume in
the inferomedial neck compared with the superolateral neck
(Fig. 1d, e). Osteocyte lacunar density was lower in aged
individuals, while there was a modest reduction in inter-site
differences with aging (inferomedial neck had 22% higher
Ot.Lc.N/B.Ar than superolateral neck in young cases, com-
pared with 16% in aged cases). Of note, osteocyte lacunar size
did not differ between the sites [17¢¢].

In terms of osteocyte lacunar density, trabecular and corti-
cal areas can be clearly distinguished. In iliac crest bone biop-
sies, it was shown that cortical bone had fewer osteocyte la-
cunae per bone area than trabecular bone [27].

In cross sections of long bones, subdivision into four ana-
tomical quadrants (i.e. anterior, medial, posterior, lateral) often
revealed substantially different densities of osteocyte lacunae
highlighting heterogeneous osteocyte distribution within a sin-
gle cross section. Our previous study showed a tendency of
higher osteocyte numbers in the medial than in other quadrants
of the femoral diaphyseal cross section in both sexes, especially
in the periosteal region of young individuals [44]. Also, Carter
et al. showed that the highest number of lacunae occurs in the
medial zone of the femoral cortex in young healthy males [34]
and suggested that differences in loading are likely responsible
for differences in lacunar density between the quadrants.
Subdivision of cortical bone into periosteal and endocortical
compartments showed that osteocyte distribution varies already
within the cortical shell of one individual. Specifically, we
found in femoral diaphyseal cross sections that the periosteal
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compartment presented significantly higher numbers of osteo-
cyte lacunae along with lower numbers of mineralized lacunae
(i.e., micropetrotic lacunae) in comparison to the endosteal cor-
tex [25¢¢]. Together with a lower degree of mineralization in the
periosteal compartment [25¢], our findings reinforced the no-
tion that the periosteal surface is associated with bone apposi-
tion (i.e., radial growth) continuously during life [45-47].
While Ashique and coworkers have not reported differences
in the periosteal, midcortical, and endocortical zones when an-
alyzing exclusively the anterior region in the proximal femoral
diaphysis [22], our assessment of human femurs from young,
aged, osteoporotic, and alendronate-treated elderly female do-
nors [25¢, 44] showed a significant elevation in osteocyte la-
cunar density towards the periosteal cortex when compared
with the endocortical zone.

The Reasons and Origins for Inter-site
Variability

There is still insufficient data to explain comprehensively the
origins of inter-site variability of the osteocyte lacunar net-
work. However, the prevalent opinion is that inter-site differ-
ences can be explained to a certain degree by different loading
scenarios. Present osteocyte densities may be the result of
former adaptation processes to the magnitude or type of me-
chanical loading through bone remodeling [34]. The femoral
neck is indeed an interesting skeletal region to study such
adaptation processes because the inferomedial and
superolateral subregions are subject to different stress and
strain rates [48, 49]. Under habitual mechanical loading of
the skeleton, the inferomedial region of the femoral neck is
subject to substantial compressive loads [49]. In sharp con-
trast, the superolateral region is only exposed to minor load
[50]. The latter mechanical circumstance would provide fewer
stimuli for osteocyte survival and likely result in lower osteo-
cyte numbers in the superolateral neck due to relative
unloading [17]. This is further supported by the fact that
the superolateral neck also exhibits a thinner cortex and thin-
ner, more separated and frequently rod-shaped trabeculae [42,
43, 51]. Nevertheless, considering that the center of mass of
the femoral neck is shifted towards the inferomedial border
early after birth [52], it is likely that there is also certain ge-
netic preprogramming of bone structure and cell distribution
[52, 53]. Additional information about the significance of me-
chanical loading in relation to osteocyte distribution can also
be obtained from studies on immobilization and disuse
[54-57], while additional research is needed on the effects of
prolonged bed rest or inactivity as it will become a common
problem in the present society of ever-increasing ages [58].
Auditory ossicles are intriguing bones that are well-suited
for studying the variations in osteocyte characteristics.
Auditory ossicles are the smallest bones in the body, located



109

Curr Osteoporos Rep (2019) 17:105-115

siso10dooyso pajean-ajeuoydsoydsiq gg ‘s1s010dod)so ‘Og0 ‘AydeiSowo) peynduwoosorornu uonerper UONOIYIUAS 7H1ys ‘Adoosoronu Ael-X € ‘WYXTE (AdoosoIdru uonod[o paronedsyoeq ‘WIS-7Sg

JUU/6°98¢ “s1edk {1 udIp[Iy)

- LUWY/Z/ 0SL WURJUL PUB [B19,]

AUWYRT'001 ‘sieak (L < w9 60| ‘sreak op >

JUW/[E1°TT “STedk (G < -

LU/ 19T “STeaK (G < _

JUW/ETT9T “STeAK (G < -

JUW/ET 6E6 ‘STEA G < -

JUW/GE 0T ‘SIBRA G < -

AU/ 66 ‘SIeak 6t < _

Jwy0$8°0T “(suosiad aures) s1eak TTF 9GS WW/RTH TT ‘(UWOM) 1K 6°] F 161
Jy/egG/ T “(suosiod owes) s1edk 77 F 9 MW/ZOR L] ‘(Uotom) sieak 61 F 61

NAS-asd stsAyderp-prur ferowo g
NHS-dSd qu oy} JO YeyspiN

Snipey

sisAyderp [erowa,|

1oM¥s 3[O0U [RIOW, ]

qL oy} JO YeyspiN

sniper dyp jo sisAyderq

Adoosoromu eond 1JeUSPIUW [RIOWD

2U0q IB[NO2qRN—ISAID JBI|]

NIXd¢ X9L00—ISAI JRI[|

[1€] 6102 T8 10 uvBULIDWWIZ
lo€] 6107 T8 ¥ worysarg

[++6T] 810T Te 12 JoryIneD

[++87] 910T MUY pue Iojuny

(L] L10T Te 10 1MLy

- LU/ L6 ‘SIBIA (S < AW [T ‘S1BdK (G > A30101STH  X9p00—sIsAyderp erowd) ouLjURyOONqNS [92] L10Z ‘Te 32 Suoy,
JAW/S86T dd

JAW/E96T *0dO AUW/9°(LT STeK (9 < JMW/9 ¢ STBIK O > INFS-dSd Xa1100—sIsAyderp [erowdy [ewrxold [«e$z] STOT ‘T8 12 ALAOUBAOIIA
- AW/ 61T “STedk (9 < LU/ [6G ‘SIeak 67> NFS-dSd S9[oIss0 A1o)pny [++2] 810T & 10 uaIA[OY

- JLwy/009°p 1 ‘steak £ < /0L GT “STedk /G > 1OoMIS X91100—3s210 JBI[]  [€7] 9107 'Te 10 owsuen)-yoeg

- AUW/9pG ‘SI8OK 98—(L AUW/S69 ‘s1eak £7-07 WTISO XOMOo—YeyspIul [eIOWS{ [22] L10T T 10 onbiysy

- Aoy T°L0g ‘steak (L < AU/ 9¢ ‘steak (g > INAS-dSd XOMOO—{03U [BIOWD | [e«L 1] 810T 'T& 12 USIA[OY

ENEN g pasy P8uno)  popowr Surdewy IS [RIR[S s1oyny

(6102 01 G107 woiy paysiqnd a1om SAIPNIS PI)SI]) UOIO[OYNS ULINY I} JO SIS [BI[NS JUDIJJIP Ul SWNJOA JO BAIE du0q Jod Ioquinu Jeunde| 9)£00)sQ | d|qel

pringer

Qs



110

Curr Osteoporos Rep (2019) 17:105-115

in the middle ear [59]. Specifically, the absence of bone re-
modeling in auditory ossicles makes them an interesting entity
to study changes in osteocyte network viability across life.
Recently, it has been shown that a large proportion of osteo-
cytes in ossicles dies during the first year of life, which is
associated with a striking decrease in viable osteocytes, lower
osteocyte lacunar density, and an increase in mineralized la-
cunae (i.e., micropetrotic lacunae) [24¢]. Considering that os-
teocytes need stimulation to survive [60], minor mechanical
loading occurring during sound transmission is likely insuffi-
cient and rapidly leads to apoptosis of the majority of osteo-
cytes [24¢]. Obviously, viable osteocytes are not necessary for
the function of auditory ossicles during sound transmission.
Moreover, it seems that osteocyte death-driven initiation of a
new bone remodeling cycle is suppressed to ensure ossicles’
structural integrity for stable transmission of sound waves
[24¢]. Specifically, while bone remodeling would support the
maintenance of the number of viable osteocytes, bone remod-
eling would create a temporary increase in porosity (i.e., re-
sorption lacunae) which would likely damage the structural
integrity and function of the small-sized ossicles. Therefore, a
currently unknown mechanism of preventing osteocyte
death—driven initiation of bone remodeling seems to be in play
in auditory ossicles [24¢].

Apart from the inter-site variations in osteocyte lacunar num-
bers, the key reason for the loss of the osteocyte network at a
single site during life is osteocyte apoptosis [61-65]. Osteocyte
apoptosis is a process that is frequently followed by mineraliza-
tion of canaliculi and lacunae [16e, 24+, 25¢]. There seems to be
spatial selectivity in osteocyte death, given that most of the min-
eralized lacunae are found in old interstitial regions [25¢e, 44];
nevertheless, osteonal osteocytes may also die and leave
micropetrosis as an imprint of previous osteocyte apoptosis
[16e, 25¢¢]. In midcortical bone of the femoral diaphysis in aged
individuals, we observed in particular dramatic losses of canalic-
uli traversing cement lines [18]. Therefore, communication be-
tween multiple osteons and interstitial bone regions (Fig. 1f, g) is
hampered [18] providing evidence for spatially heterogeneous
disruption of the lacuno-canalicular network. In addition, Repp
et al. identified intra-osteonal zones without signs of lacuno-
canalicular network, possibly due to inaccessibility of these
zones to fluorescent stain due to micropetrosis [37].

Inter-site differences in osteocyte distribution may also be
related to local bone turnover changes. In Paget’s disease of bone,
a patchwork of lamellar and woven bone within a locally limited
bone volume can be found due to a local bone remodeling defect,
where osteocyte lacunae are substantially enlarged and more
frequent [66]. Woven and lamellar bone show distinguishing
characteristics in terms of the osteocyte lacunar morphology. In
woven bone, osteocyte lacunae are larger and more densely
packed in comparison to osteocyte lacunae in lamellar bone
packets. The latter pattern was found in rats [67] but also in
humans [31]. Hence, the proportion of woven bone per total bone
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would affect the overall osteocyte numbers. Zimmermann et al.
showed microstructural properties of fetal/infant bone tissue with
predominantly woven bone areas, whereas the bone from chil-
dren between 2 and 14 years showed rather lamellar bone with
smaller osteocyte lacunar sizes [31]. The occurrence of larger and
densely packed osteocyte lacunae in the woven bone areas may
originate from rapid bone formation leading to lower matrix
deposition, and/or due to relative calcium deficiency, that causes
enlarged osteocyte lacunae [4, 31, 54, 68, 69].

While the magnitude of experienced loads is considered
crucial for osteocyte number and distribution, there are several
studies also linking the magnitude and/or type of mechanical
loading to lacunar size and shape [70]. The relationship be-
tween osteocyte characteristics and loading was further sup-
ported by specific mechanosensitivity responses by round-
shaped and flat-shaped osteocytes [71, 72]. Namely, in vitro
studies showed that the round-shaped osteocytes are more
mechanosensitive than flat-shaped osteocytes [71], and Vatsa
et al. reported that skeletal sites with a rather low loading (i.e.,
calvaria) are specifically equipped with round osteocytes [72].
It is our impression that this pattern of enlarged lacunae may
be considered as a “safety factor” to ensure that osteocytes
receive enough stimulation for survival, even in the skeletal
sites that are neither strictly weight-bearing nor heavily loaded
by muscle actions. Hemmatian et al. analyzed the fibula of
lactating mice and showed that mechanical loading led to
higher sclerostin expression in osteocytes, while osteocyte
lacunae were larger compared to controls [73¢]. The authors
suggested that osteocytes residing in larger lacunae are more
mechanoresponsive [73¢]. Wu et al. [74¢] conducted a study in
patients with partly edentulous posterior maxilla who
underwent maxillary sinus-floor elevation and analyzed oste-
ocyte number, morphology, and orientation in the bone areas
where a single tooth was missing (single gap) but also where
several rear teeth were missing (free ends). While no signifi-
cant differences in osteocyte numbers were found, bone tissue
in single-gap regions showed 1.5 times higher osteocyte sur-
face area and more cranially-caudally oriented osteocytes than
in free ending regions in those cases with multiple teeth miss-
ing. The authors concluded that higher osteocyte area and
anisotropic cranio-caudal orientation corresponded to higher
and vertically oriented tensile strains observed in their finite
element model [74¢]. Additional studies providing three-
dimensional datasets from bone undergoing different loading
patterns would be helpful to further explore osteocyte lacunar
shapes and sizes in the skeleton.

Importance of Osteocyte Characteristics
for Bone Quality

The number of osteocyte lacunae and the viability of their
inhabitant cells are important determinants of fracture
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susceptibility [25™, 44, 75]. In the superolateral femoral neck
of elderly women, significantly lower osteocyte lacunar den-
sity was found in fracture cases in comparison to non-fracture
cases (226 +27 vs. 247 + 32/mm?, p=<0.05) [75]. Further cor-
relations between osteocyte lacunar density and fracture sus-
ceptibility were deduced from comparisons of superolateral
and inferomedial regions of the femoral neck [17e°].
Namely, the superolateral femoral neck is considered as a
point of origin for hip fractures [76, 77]. The microstructure
of the superolateral femoral neck typically reflects an adapta-
tion to low habitual loads [48, 49], which becomes a problem
during sideways falls where it suddenly experiences high im-
pact stress and strain [75, 78, 79]. The superolateral femoral
neck does not only reflect disadvantageous bone architecture
since early childhood [52] but also reveals pronounced decay
of microstructure during aging [42, 43, 51, 80, 81]. In contrast,
the inferomedial femoral neck achieves better microarchitec-
ture already in childhood [52], while also aging processes are
less harmful to its microstructure [42].

Analysis of the proximal femoral diaphysis revealed that
the number of osteocyte lacunae in alendronate-treated pa-
tients was higher than in treatment-naive osteoporosis cases,
while mineralized lacunae as the long-term witnesses of pre-
vious osteocyte death were less frequent following
alendronate therapy [25¢¢]. Indeed, there is both in vivo and
in vitro data about bisphosphonates’ mode of action, which
includes the prevention of osteocyte apoptosis [82, 83]. The
well-documented reduction of fracture risk following antire-
sorptive treatment therefore may be partially explained by BPs
positive effects on the osteocyte network. Although in several
pre-clinical animal studies significant accumulation of
microdamage due to bisphosphonates suppressing bone turn-
over was of concern [84, 85], in humans, osteocyte viability
and microdamage repair seem to be maintained during osteo-
porosis therapy with alendronate [25¢, 86]. Osteocytes’ via-
bility is an important factor for maintaining bone quality and
fracture resistance, while preservation of osteocytes’ viability
may be even more important in human bone in comparison to
animal bone associated with shorter lifetimes. Of note,
micropetrosis, i.e., lacunar occlusion (Fig. 1c) has so far only
been reported in human bone but not in animal bone.

The human skeleton is exposed to a variety of loading
scenarios. Depending on the load level, accumulation of
microdamage represents a typical physiological phenomenon
[87]. However, when the rate of microdamage formation ex-
ceeds the rate of tissue repair via appropriate remodeling,
microcracks can develop more easily into macrocracks and
bone fracture [88]. In physiological conditions, where the
stress and strain is quite low, the microdamage accumulation
process can be adjusted through osteocytes’ capability to de-
tect damages [89, 90]. Based on the so-called “scissor”” model
[91], it is assumed that the rupture of dendrites/canaliculi
through microcracks spawns a new bone remodeling cycle

starting with bone resorption [92, 93]. Because of osteocytes’
ability to sense stress and strain [94], a decline of the wide-
spread network of osteocytes represents a crucial risk for delay
or absence of bone (re)modeling [18, 21, 25¢].

Once cracking of the microstructure has taken place
(Fig. 1h), osteocyte lacunae could affect crack propagation.
Here, osteocyte lacunae represent small interfaces within the
mineralized hard tissue consisting of mineralized lamellar
bone, osteocyte lacunar walls with different mineralization
characteristics (Fig. 1i) [16°] and soft cellular components
within the lacunae. Such interfaces have the ability to either
arrest or deflect propagating cracks (Fig. 1j) [95, 96].
Interestingly, microcracks can be often observed in interstitial
bone regions (Fig. 1h) with high mineral content and low
viable osteocyte density that are far away from nutrition and
oxygen sources supplied by Haversian canals (Fig. 1k) [44].
However, bone fracture is essentially the result of low bone
quality in combination with high-impact loads [75]. As bones
are usually not subject to unusually high or traumatic impact
forces, bone tissue with lower osteocyte density is not neces-
sarily prone to fracture [97, 98]. The study of Zimmermann
et al. [31] compared woven bone of infants with lamellar
bones of children between 2 to 14 years; it was shown that
lamellar bone has substantially higher stiffness and strength
than woven bone despite osteocyte numbers being lower in
lamellar bone. However, woven bone consists of enlarged
osteocyte lacunae, undeveloped canalicular connections, dis-
organized collagen, and altered mineral-to-matrix ratios,
which translates to inferior mechanical competence [31].

Conclusions

Recent research on osteocyte characteristics employing high-
resolution techniques broadened our understanding on the dis-
tribution of osteocyte lacunae in various skeletal sites. While
there is still a need for further research with special emphasis on
osteocyte characteristics in various skeletal sites of the skeleton,
currently available datasets reveal that the osteocyte lacunar
network varies not only between different bones of the skeleton
but also within individual bones. Here, differences were found
between (i) anatomical quadrants of cross-sectioned bone, (ii)
cortical and trabecular bone, (iii) periosteal and endocortical
compartments, and (iv) osteonal and interstitial bone packets
in human cortical bone. These differences might originate from
specific distribution of mechanical loading and may be associ-
ated with a certain genetic preprogram pre-determining the os-
teocyte population. The origin of bone fragility is heavily influ-
enced by alterations to the integrity of osteocyte network. When
osteocytes’ ability to sense/respond to mechanical signals di-
minishes and osteocytes are unable to orchestrate bone remod-
eling along repair of microdamage, the bone quality framework
is endangered. Additional studies should provide further
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insights into the importance of osteocyte lacunar networks for
maintaining bone quality while the effects of age, disease, mo-
bility, lifestyle, and/or pharmacological interventions are of spe-
cial concern to the integrity of the osteocytic network.
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