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ABSTRACT

Immobilization as a result of long-term bed rest can lead to gradual bone loss. Because of their distribution throughout the bone
matrix and remarkable interconnectivity, osteocytes represent the major mechanosensors in bone and translate mechanical into bio-
chemical signals controlling bone remodeling. To test whether immobilization affects the characteristics of the osteocyte network in
human cortical bone, femoral diaphyseal bone specimens were analyzed in immobilized female individuals and compared with age-
matched postmenopausal individuals with primary osteoporosis. Premenopausal and postmenopausal healthy individuals served as
control groups. Cortical porosity, osteocyte number and lacunar area, the frequency of hypermineralized lacunae, as well as cortical
bone calcium content (CaMean) were assessed using bone histomorphometry and quantitative backscattered electron imaging
(gBEIl). Bone matrix properties were further analyzed by Fourier transform infrared spectroscopy (FTIR). In the immobilization group,
cortical porosity was significantly higher, and qBEI revealed a trend toward higher matrix mineralization compared with osteoporotic
individuals. Osteocyte density and canalicular density showed a declining rate from premenopausal toward healthy postmenopausal
and osteoporotic individuals with peculiar reductions in the immobilization group, whereas the number of hypermineralized lacunae
accumulated inversely. In conclusion, reduced osteocyte density and impaired connectivity during immobilization are associated
with a specific bone loss pattern, reflecting a phenotype clearly distinguishable from postmenopausal osteoporosis. Immobilization
periods may lead to a loss of survival signals for osteocytes, provoking bone loss that is even higher than in osteoporosis states,
whereas osteocytic osteolysis remains absent. © 2020 The Authors. Journal of Bone and Mineral Research published by American Soci-
ety for Bone and Mineral Research.
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Introduction medications, as well as lifestyle factors (smoking, alcohol con-
sumption, physical activity)." Considering that mechanical load-

steoporosis is the most common bone disease affecting ing is essential for bone maintenance, long-term reduced
women especially after menopause and causing increased physical activity and immobilization can notably increase the risk
bone fragility and fractures.” Although individuals with advanced of fracture.** Prolonged immobilization via bed rest in hospitals
age, female sex, and with genetic predisposition have nonmodifi- and/or after an acute hospitalization is an epidemic phenomenon
able susceptibility for osteoporosis, there are modifiable risk in elderly patients, and bed rest in this age group is associated with
factors that include hormone levels, nutrition, use of certain long-term  functional impairment, muscle mass reduction,
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accelerated aging, and overall negative health outcomes.””’ Only
10 days of bed rest were sufficient to cause loss of 1 kg lean mass
and substantial loss of lower-extremity strength in healthy aged
individuals.”) Bone loss also occurs albeit at a slower rate; although
insufficient data are available across age groups, it was shown in
young adults that a 3-month duration of bed rest leads to
decreased bone mineral density accompanied by low bone forma-
tion and increased bone resorption. Similarly, microgravity expo-
sure has been found to be associated with low bone mass in
humans,” as well as decreased trabecular and cortical bone
formation,®'® reduced bone strength!” and reduced bone min-
eralization'? in rats. However, detailed understanding of the
structural basis of bedridden bone loss in aged individuals is still
lacking, and it remains unknown whether the mechanisms of
bone mechanical deterioration in immobilization-based osteopo-
rosis essentially differ from postmenopausal osteoporosis in
humans.

Osteocytes are the most abundant cells in bone and believed
to be central regulators of bone structural and mechanical adap-
tation by orchestrating bone remodeling via bone-forming oste-
oblasts and bone-resorbing osteoclasts."® Moreover, osteocytic
osteolysis, a process where osteocytes presumably directly dis-
solve their surrounding matrix, receives coevally attention.?
The osteocytes’ viability is an essential determinant of bone
strength, and their apoptosis could seriously hamper bone frac-
ture resistance." Age-dependent reduction in osteocyte num-
ber has already been demonstrated,'® as well as a decreased
osteocyte number and osteocyte lacunar size in osteoporosis
cases.1””1® |t was shown that osteocyte apoptosis is induced
by immobilization in mice,*'® and there is evidence that
in vitro mechanical strain by stretching or pulsatile fluid flow
can prevent apoptosis in cultured osteocytes.?® Considering
the obvious importance of mechanical stimulation for osteocyte
survival, immobilization with dramatic reduction in mechanical
loading may lead to deteriorated bone structure in those individ-
uals by inducing osteocyte apoptosis. Namely, it is expected that
dying osteocytes would trigger osteoclastic bone resorption,
whereas it is still unknown whether direct osteocytic osteoly-
sis?" also contributes to bone loss in immobilization." More-
over, it is still unknown whether osteocyte number and lacunar
interconnectivity via canaliculi are reduced in immobilized indi-
viduals that would compromise the osteocytes’ mechanosen-
sory potential and overall bone adaptation to mechanical
loading conditions.*® Furthermore, the presence of micropetro-
sis®® (ie, the specific process of mineral deposition after osteo-
cyte apoptosis leading to hypermineralized osteocyte lacuna®”
that has been identified in aged’® and osteoporotic bone,?”
as well as underloaded bone of auditory ossicles®®) has not
been investigated in femoral cortical bone subject to immobili-
zation and thus endangered bone quality.

Currently, the precise structural determinants of increased bone
fragility in immobilization are not yet fully elucidated, and it is
unknown whether immobilization-induced bone loss shares the
same structural patterns with postmenopausal osteoporosis. Here
we analyze the characteristics of osteocyte lacuno-canalicular
network and mineralization of the femoral cortex in four groups
of individuals: (i) immobilization cases, (ii) postmenopausal
osteoporosis cases, (iii) postmenopausal healthy controls, and
(iv) premenopausal healthy controls. We specifically focused on
the cellular, structural, and compositional characteristics of human
femurs, which are notably exposed to loading and unloading and
are the strongest bones in the human body.??® We hypothe-
sized that immobilization-induced bone loss is mechanistically

different from postmenopausal bone loss in osteoporosis, where
immobilization leads to pronounced decay of microstructure
and osteocyte characteristics.

Materials and Methods

Study cohort

Femoral bone samples were obtained from 51 female donors at
autopsy within 24 hours after death. Circumstances leading to
death were traumatic injuries or aging-associated diseases. Indi-
viduals suffering from cancer, renal diseases, primary hyperpara-
thyroidism, and Paget's disease were excluded from the study.
As controls, 12 healthy individuals in the young/premenopausal
group (mean age 34 + 7 years) and 9 individuals in the healthy
aged/postmenopausal group (mean age 81 + 7 years) were
included. The osteoporosis group consisted of 11 women (mean
age 80 + 7 years) with manifested osteoporosis based on medical
records but no documented immobilization exposure or antire-
sorptive osteoporosis treatment. Osteoporosis was diagnosed
from the medical record and according to the World Health Orga-
nization (WHO) definition (T-score < —2.5 measured by dual-
energy X-ray absorptiometry). The fourth group consisted of
19 women (mean age 83 + 12 years) satisfying criteria of long-
term immobilization, such as decubitus ulcer degree 3 or higher,
muscle contractures, and documented long-term bed rest in their
medical record for more than 3 months, respectively. These immo-
bilization criteria were checked precisely during autopsy and from
medical records. Approval to obtain the specimens for this study
was obtained. The study was approved by the local ethics commit-
tee (Hamburg Chamber of Physicians) under WF-05/16.

Bone sample preparation

The femoral bone specimens were cut in cross sections 11 cm
inferior to the greater trochanter and the lateral quadrant of the
section was further processed for all the analyses (Fig. 1A-F). At
this point, the entire bone is cortical. These cross sections were
fixed in 3.7% formaldehyde for 3 days, dehydrated with an
ascending alcohol series, and embedded in methyl-methacrylate.
Embedded specimens were cut on a Microtec rotation microtome
(Techno-Med GmbH, Munich, Germany) in sections of 5 pm and
were subsequently stained with toluidine blue.

Histological analysis

Osteocyte measurements were performed using a Zeiss bright-
field microscope (Carl Zeiss Vision GmbH, Jena, Germany)
equipped with an Osteomeasure system (Osteometrics, Atlanta,
GA, USA). All cellular and structural indices were measured
according to the ASBMR nomenclature committee.?® Ten visual
fields were sampled per defined bone area (20x objective) by
moving the specimen in equally sized steps in the x and
y directions. In this way, a total bone area of approximately
1 mm? per subject was measured to determine lacunar and oste-
ocyte numbers. The number of lacunae occupied by osteocytes
and the number of empty lacunae per bone area were measured
in the cortical bone. Viable osteocytes appeared as cells with
dark blue stained cell nucleus, whereas empty lacunae were
defined as lacunae without any visible cell remnants. The param-
eters were quantified as described previously®? the number of
lacunae occupied by osteocyte cell nucleus per bone area
(N.Ot/B.Ar, 1/mm?), number of empty lacunae per bone area
(N.Empt.Lc/B.Ar, 1/mm?), fraction of empty lacunae (number of
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Fig. 1. Multiscale assessment of cortical bone properties. (A) Cross sections were obtained 11 c¢m inferior to the greater trochanter (overview shown with
X-ray imaging). (B) Contact radiography of the cross sections and marking of the lateral quadrant where analyses were performed. (C, D) Assessment of
osteocytes and lacunar canaliculi via histology and acid etching. (E, F) Matrix composition determined via quantitative backscattered electron imaging

(gBEI) and Fourier transform infrared spectroscopy (FTIR).

empty lacunae/total number of lacunae, %), and total lacunar
number per bone area (Tt.Lc.N/B.Ar, 1/mm?).

Quantitative backscattered electron imaging (qBEI)

After preparing histological sections, the embedded bone sam-
ples from the lateral quadrant of the cross section were polished
to a coplanar finish and carbon coated. Quantitative backscat-
tered electron imaging was performed, as described
previously,'®*'32) using a scanning electron microscope (LEO
435 VP; LEO Electron Microscopy Ltd., Cambridge, UK) with a
backscattered electron detector (Type 202; K.E. Developments
Ltd., Cambridge, UK). The scanning electron microscope was
operated at 20 kV and 665 pA at a constant working distance.
Three images per specimen were acquired and further analyzed
using ImageJ analysis software (ImageJ 1.42, National Institutes
of Health, Bethesda, MD, USA). The total analyzed area was
5 mm? per specimen. As the generated gray values represent
the mean calcium content (mean Ca-Wt%) of the cross-sectioned
bone,®” the technique was used to measure the bone mineral
density distribution but also to image and analyze the osteocyte
lacunae. For each sample, the cortical porosity (Ct.Po), the mean
calcium content (CaMean), peak calcium content (CaPeak), min-
eralization heterogeneity (CaWidth), the number of osteocyte
lacunae per bone area (Tt.Lc.N/B.Ar), and mean osteocyte lacu-
nar area (Lc.Ar) were measured using a custom MATLAB-based
program (TheMathWorks, Inc.,, Natick, MA, USA), while the
number of hypermineralized osteocyte lacunae per bone area
(N.Mn.Lc/B.Ar) were quantified in Imagel.

Acid etching

Acid etching of the embedded human cortical bone was per-
formed, as reported previously®>*® and following the report of
Kubek and colleagues.®® Briefly, the specimens were immersed
in 9% phosphoric acid, deionized water, and eventually exposed
to 5% sodium hypochlorite. Subsequently they were dried, sput-
ter coated with gold, and imaged by scanning electron micros-
copy. The number of canalicular profiles per osteocyte lacuna
(N.Ot.Ca profiles/Lc) and the mean value of maximum canalicular
lengths (Ca.Le) were measured from the obtained images using
Imagel. Maximum canalicular length corresponds to the length
of the longest visible canaliculi in each of the analyzed osteons

with the criteria that measured canaliculi reach the outermost
lamella of the specific osteon.

Fourier transform infrared spectroscopy (FTIR)

For further bone compositional analysis, mineral and matrix charac-
terization via FTIR was performed. Each specimen was scanned at
the periosteal region using attenuated total reflectance (ATR) mode
of a Frontier FTIR spectrometer (Universal ATR, Perkin Elmer, Wal-
tham, MA, USA). Spectra were acquired over a spectral range of
4000 to 570 cm™". Each spectrum was acquired 12 times, automat-
ically averaged for better signal to noise ratio and background sub-
tracted using the software of the manufacturer (Spectrum
v. 10.4.4.449, PerkinElmer). Images were acquired using the ATR
mode of a Spotlight 400 (PerkinElmer) attached to the Frontier FTIR
spectrometer with 8 scans per pixel at the same spectral range of
4000 to 570 cm™". Further data processing was carried out using a
customized MATLAB routine. Automatic PMMA correction®**>
was performed at the region of 1790 cm™' for weighting the contri-
bution of PMMA to the measured spectrum and subtracting
it. Mineral-to-matrix ratio was calculated by dividing the area of
the phosphate peak (1154-900 cm™") by the area of the amide |
peak (1710-1600 cm™").%>3” Carbonate-to-phosphate ratio was
determined by dividing the area of the peak at 890-850 cm™' and
1154-900 cm ™" 2537 Matrix maturity ratio was calculated after sub-
peak fitting the amide | peak with respect to the second derivative
and dividing the subpeak areas at 1661 cm™" and 1692 cm™'.%

Statistical analysis

SPSS version 15 (SPSS, Inc., Chicago, IL, USA) was used for statis-
tical analysis. The Kolmogorov-Smirnov test was applied to test
for normal distribution. One-way analysis of variance (ANOVA)
was performed to check for significant differences in the evalu-
ated parameters between four groups (young, aged, osteoporo-
sis, and immobilization). If the ANOVA results were significant,
post hoc tests were carried out using a Bonferroni correction
for multiple comparisons. To specifically analyze differences in
the morphological pattern of osteoporosis and immobilization
groups, for each analyzed parameter the pooled values of both
groups were binarized (classified by the numerical values to
those below versus those equal or higher than the common
mean value of both groups pooled). Chi-square test (or Fisher's
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exact probability test if there was at least one cell with expected
frequency below 5) was then used to evaluate whether osteopo-
rosis and immobilization groups showed different distribution of
values in relation to the common mean. In all the analyses, a
p value of 0.05 or less was considered as statistically significant.

Results

High cortical porosity along with low number of
osteocytes and high fraction of empty lacunae in
immobilization cases

The cortical porosity in the femoral diaphysis showed a linear
trend (p <.001) from the lowest values in the young group
(5.0 + 1.9%) to very high porosity values in the immobilization
group (20.0 £+ 7.3%). The immobilization group showed signifi-
cantly higher values than osteoporosis, aged, and young cases
(p=.035, p <.001, p < .001, respectively) (Fig. 24, B). Histological
measurements of the osteocyte number per bone area revealed
a significant declining trend from the premenopausal
(205.2 + 41.4/mm?) to the immobilization group (92.3 + 16.5/
mm?) (p < .001), whereas the fraction of empty lacunae per total
lacunae showed the opposite trend (p < .001) with 32.0 + 7.2%
of empty lacunae in the premenopausal group versus
53.2 &+ 6.4% in immobilization group (Fig. 2C-F). Moreover, we
were able to detect a significantly lower number of total

osteocyte lacunae in the immobilization cases than in the young,
aged, and osteoporosis groups, as determined in histological
sections (p < .001, p = .008, p = .053, respectively). Chi-square
or Fisher's test revealed that the immobilization group was
mostly distributed in the top 50th percentile (above median) in
terms of cortical porosity values (p = .058) and fraction of empty
lacunae (p =.021), whereas osteocyte density values (p =.05) and
osteocyte lacunar density values (p = .005) were located in the
lower 50th percentile (below median), when compared with
the osteoporosis group.

Lower mineralization heterogeneity in immobilization
compared with osteoporosis

The overall bone mineral density distribution (BMDD) assessed
by backscattered signal intensities was only marginally altered
between young and immobilized bone, yet tended to differ
from the osteoporotic BMDD (Fig. 3A). The mean calcium content
(CaMean) was lowest in the osteoporosis group (24.71 + 0.65 wt
%), but without reaching statistical significance between the
groups (p = .197). CaMean and CaPeak in the immobilization
group were similar to the young and old cases (Fig. 3C, D). Miner-
alization heterogeneity in terms of CaWidth differed significantly
between the groups (p = .008), tending to lower values in the
immobilization than in osteoporosis cases (p = .079), indicating
an overall low bone remodeling state during immobilization
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Fig. 2. Cortical porosity and osteocyte characteristics. (A) Degree of cortical porosity between young, aged, osteoporotic (Opo), and immobilized (Immo)
individuals shown in gBEIl images. (B) Substantially increased cortical porosity with immobilization. (C) Histological images of toluidine blue-stained bone
sections illustrating reduced number of osteocyte lacunae and predominance of empty lacunae in immobilization compared with the osteoporosis group.
(D) Lower number of osteocytes per bone area with immobilization. (E) No significant differences in number of empty lacunae per bone area, but a higher
fraction of empty lacunae with immobilization is evident (F). *p < .05, **p < .01.
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Fig. 3. Bone mineral density distribution and bone matrix composition. (A) BMDD values were calculated from the backscattered signal intensities as
shown in the exemplary images. (B) Representative FTIR maps reflecting the mineral-to-matrix ratio in the four study groups. (C) Degree of mineralization
reflected by calcium mean values. (D) Calcium peak values between the different groups. (E) Mineralization heterogeneity in terms of CaWidth shows
increased mineral heterogeneity in postmenopausal osteoporosis than in immobilization. (F) The mineral-to-matrix ratio was significantly lower in post-
menopausal osteoporosis and immobilization compared with young cases, although a tendency toward higher mineralization was noted in immobiliza-

tion. (G) Carbonate-to-phosphate ratio. *p < .05, **p < .01, %05 < p < .1.

(Fig. 3E). Chi-square/Fisher’s test revealed that the immobiliza-
tion group tended to be mostly distributed within the top 50th
percentile of CaMean and CaPeak values (p = .058, p = .063),
whereas the CaWidth (p = .058) values were found in the lower
50th percentile, when compared with the osteoporosis group.
The ratio of bone mineral per collagenous matrix was measured
using the FTIR-based mineral-to-matrix ratio (Fig. 3B). Here osteo-
porotic bone revealed the lowest mineral-to-matrix ratio
(3.74 + 0.28) adding additional information to the qBEI data
pointing toward a lower mineral content, whereas the highest

mineral-to-matrix ratio (4.53 + 0.32) (Fig. 3F) was found in the
group of young individuals. The mineral-to-matrix ratio in immobi-
lization and osteoporosis groups was lower than in young and
aged groups (p < .05 each). The carbonate-to-phosphate ratio
did not differ between the groups, indicating an equal mineral
maturity at the measured region (p = .864, Fig. 3G). Additionally,
to quantify the collagen quality, the matrix maturity was evaluated
but did not show any significant differences among the groups
(p = .952). Based on the Chi-square test, there was a tendency
showing that the immobilization group’s mineral-to-matrix ratios
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Fig. 4. Osteocyte lacunar and canalicular characteristics. (A) Reduction of osteocyte number and size as well as the increase of micropetrotic lacunae
(white arrows) are evident in gBEI images from young to immobilization group. (B) Osteocyte lacunae were imaged using acid-etching and subsequent
SEM to quantify the osteocyte canalicular profiles. (C) The total lacunar number decreased significantly between young and immobilized cases. (D) Lacu-
nar area was not different between the groups. (E) The number of mineralized lacunae is the lowest in the young group and then show rising numbers
with reaching a maximum in immobilization. (F) The number of osteocyte canalicular profiles per lacuna is high in the young group and then shows a
declining rate. The lowest number of canalicular profiles was found in the immobilization cases. (G) Canalicular mean maximum length measured between
outermost lacuna to the Haversian canal is highest in the young group. *p < .05, **p < .01, %05 < p < .1.

were distributed in the top 50th percentile in comparison to the
distribution of the mineral-to-matrix ratios of the osteoporosis
group (p =.115).

Low canalicular number and high density of micropetrotic
lacunae in immobilization

A decline of total osteocyte lacunar density in aged, osteoporosis,
and immobilization groups compared with the young (p = .007,
p = .059, p < .001, respectively) group was confirmed by back-
scattered electron microscopy (Fig. 4A, C). The lacunar area

(Lc.Ar) did not show significant intergroup differences (p = .327;
Fig. 4D). Highly mineralized (micropetrotic) osteocyte lacunae
were most frequently found in immobilized cases (20.7 4 8.5/

m?), significantly higher than in the young group (8.4 £ 11.2/
mm?) (p =.002) (Fig. 4E).

The analysis of canalicular connections by acid etching and
subsequent scanning electron microscopy of the plastic-
embedded bone revealed that the number of osteocyte canalic-
uli profiles per osteocyte lacuna was lower in the immobilization
group than in the young, aged, and osteoporosis group
(p < .001, p < .001, p =.008) (Fig. 4F). Canalicular mean maximum
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length was higher in the young group than in the other three
study groups (p < .05) (Fig. 4G).

Chi-square/Fisher’s test revealed that in contrast to the osteo-
porosis group, the immobilization group tended to be distrib-
uted within the lower 50th percentile of values for Ot.Lc.N/B.Ar
(p = .058) and N.Ot.Ca profiles/Lc (p = .141), as well as in the
top 50th percentile of the values for Mn.Lc.N/B.Ar (p = .058).

Discussion

The present study on healthy and diseased human cortical bone
was carried out to assess the effects of immobilization on osteo-
cyte density and characteristics compared with postmenopausal
osteoporosis as well as to young and aged individuals and to
healthy reference subjects. Next to the increased cortical poros-
ity and higher matrix mineralization, immobilization cases
showed a lower osteocyte density accompanied by a higher pro-
portion of empty lacunae, which reflects an increased osteocyte
death in immobilization when compared with postmenopausal
osteoporosis. Increased osteocyte death was also reflected in
exceptionally high numbers of mineralized lacunae per bone
area found in immobilization cases. Our ex situ findings in immo-
bilization patients are in agreement with the data from in vitro
studies having reported that mechanical forces provide signals
to maintain osteocyte viability, so that lack of mechanical stimu-
lation is followed by apoptosis.'>?°*® Dying osteocytes, con-
versely, presumably trigger osteoclast recruitment, thus
resulting in increased bone resorption and bone loss as reflected
in increasing cortical porosity in our study. As a consequence of a
reduced osteocyte lacuno-canalicular network that we showed
in this study (ie, lower number of osteocyte lacunae, fewer viable
osteocytes, fewer canalicular connections), there is substantial
risk for impaired mechanosensitivity'*? and decreased detection
of microcracks.®® Moreover, the remarkable high number of
hypermineralized osteocyte lacunae underline the failure of
bone remodeling in immobilized human bone, as it was previ-
ously shown in conditions with specific skeletal loading scenar-
jos: periosteal and endocortical cortices of aged bone,'®
osteoarthritic bone,*” as well as in the human auditory ossicles
that are subject to limited mechanical loading.®® The high per-
centages of empty osteocyte lacunae measured in osteoporosis
and immobilization group was comparable to the data reported
by Power and colleagues in the femoral neck of elderly individ-
uals with and without a fracture.*"

A major messenger involved in these reorganization processes
is the anti-anabolic protein sclerostin,“? which inhibits bone for-
mation and which was reported to be elevated during bed rest
as well as by mechanical unloading in osteocytes in vitro.“**¥
Locally elevated levels of sclerostin may explain the higher miner-
alization in immobilized cases, since the dissociation of high bone
resorption and low bone formation is accompanied by insufficient
replacement of bone and subsequent aging of the bone tissue.
This would also have therapeutic consequences, as one would
favor sclerostin antibodies”’ in immobilization-induced osteopo-
rosis. The osteocyte death by immobilization could not only be an
effect of unloading itself but also of the apparent muscle atrophy
in immobilization as muscle and bone are subjects of an effective
molecular cross-talk.“®4”

The analysis of bone mineral density distribution and FTIR
spectroscopy in the femoral cortex showed that immobilized
bone exhibited slightly higher bone mineralization than osteo-
porotic bone. Generally, while higher tissue age is associated

with a higher degree of mineralization,**->% aged and osteopo-

rotic individuals usually show lower calcium content due to a
high remodeling rate, thus replacing old tissue by newly built
bone tissue at a lower mineralization.®® Our results confirmed
lower mean calcium content in the cohort of postmenopausal
osteoporosis, whereas in the immobilization group, the mineral
content was found to be in the range of young control speci-
mens. However, CaWidth as a measure of matrix mineralization
heterogeneity tended to be lower in the immobilization cases
than in the osteoporosis cases, indicating that the high matrix
mineralization in immobilization is due to absence of newly
formed bone at bone surfaces. However, FTIR imaging revealed
that although the mineral content in immobilized bone was
higher than in osteoporosis cases, interestingly there was no
increase in degree of carbonate substitution in hydroxyapatite
(evident through the unchanged carbonate-to-phosphate ratio)
and no change in the matrix and collagen quality. Obviously,
the bone exposed to immobilization featured a different miner-
alization pattern than osteoporotic bone, which underlines that
the mechanism of bone loss might be different.

Our results are in contrast to the observation that increased
osteocyte perilacunar remodeling is one major process contrib-
uting to bone loss in immobilization.®" In fact, the osteocyte
lacunar size in immobilized individuals did not differ from the
controls and osteoporosis. Because immobilization may lead to
hypercalcemia® due to osteoclastic resorption, we propose that
in this condition lacunar remodeling is suppressed to a minimum
level since there is no need for additional calcium removal
around the osteocyte lacunae as opposed to, for example, lacta-
tion®? or vitamin D deficiency,®>*® both conditions in which
osteocyte lacunar areas are increased. Our findings of
unchanged lacunar area are compatible with experiments in
rats.*¥ Namely, Bach-Gansmo and colleagues®® reported that
the bone architecture and not osteocyte lacunar properties dom-
inated the bones’ response to immobilization as well as the sub-
sequent recovery in rats. However, although osteocyte lacunar
area was unchanged, we found further peculiar impairment of
osteocyte characteristics as a hallmark of immobilization in
humans, which was not found in animal studies. In particular,
mineralization of osteocyte lacunae occurs exclusively in human
bone and not in rodent bone.’® Osteocyte characteristics
derived from experiments in rodents should be taken with cau-
tion because they do not reflect the width of changes in terms
of osteocyte lacunar properties in humans.

The observed changes in bone material composition indicate
impaired mechanosensitive behavior of immobilized bone. In
addition, considering that ANOVA intergroup differences were
more visible in mineral-to-matrix ratio than in CaMean, it seems
that mineral-to-matrix ratio is a highly sensitive parameter when
detecting compositional and mechanical alterations in condi-
tions of aging, osteoporosis, and immobilization. The influence
of immobilization on the mechanical properties of bone pin-
points the need of musculoskeletal loading during states of
immobilization.®>>®

The study has a few limitations: Clinical fracture risk assess-
ment by osteodensitometry could not be performed in the
immobilization group (autopsy cases). Nevertheless, the histo-
logical analysis of the immobilization group showed a striking
increase in cortical porosity compared with both the controls
and the postmenopausal osteoporosis group. Furthermore, we
did not measure biochemical or histomorphometric markers of
bone turnover (eg, CTX, DPD, number of osteoblasts/osteoclasts)
or calcium homeostasis because this was a postmortem study
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focusing on the micromorphology and osteocyte characteristics.
In this study, we have focused predominantly on one anatomical
quadrant of a femoral cross section. As other quadrants may
show specific morphological patterns due to different loading
conditions, future studies should include regions of interest in
relation to habitual loading. The absolute canalicular numbers
per lacuna in our assessment by SEM on acid-etched plastic-
embedded specimens are certainly lower than in a full 3D assess-
ment using synchrotron nanoCT®” or FIB-SEM.®® However, pre-
paring and analyzing all specimens in a consistent manner
ensured reliable intergroup comparisons. One advantage of the
SEM approach applied here compared with SR-nanoCT or FIB-
SEM is that a higher number of cases and larger bone areas could
be assessed per time period, while the visualization of almost all
canaliculi per lacunae provides valuable 3D information.®”

In conclusion, although the morphological patterns of post-
menopausal osteoporosis and immobilization share some char-
acteristics, we identified that there is a mechanistically distinct
pathology indicating that individuals subject to immobilization
show significantly higher cortical porosity with tremendous oste-
ocyte death and lacunar mineralization (ie, micropetrosis), while
there is no evidence of osteocytic osteolysis in a highly mineral-
ized matrix of immobilized bone.
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