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Abstract

Although osteoporotic bone, with low bone mass and deteriorated bone architecture, pro-
vides a less favorable mechanical environment than healthy bone for implant fixation, there
is no general agreement on the impact of osteoporosis on peri-implant bone (re)modeling,
which is ultimately responsible for the long term stability of the bone-implant system. Here,
we inserted an implant in a mouse model mimicking estrogen deficiency-induced bone loss
and we monitored with longitudinal in vivo micro-computed tomography the spatio-temporal
changes in bone (re)modeling and architecture, considering the separate contributions of
trabecular, endocortical and periosteal surfaces. Specifically, 12 week-old C57BL/6J mice
underwent OVX/SHM surgery; 9 weeks after we inserted special metal-ceramics implants
into the 6" caudal vertebra and we measured bone response with in vivo micro-CT weekly
for the following 6 weeks. Our results indicated that ovariectomized mice showed a reduced
ability to increase the thickness of the cortical shell close to the implant because of impaired
peri-implant bone formation, especially at the periosteal surface. Moreover, we observed
that healthy mice had a significantly higher loss of trabecular bone far from the implant than
estrogen depleted animals. Such behavior suggests that, in healthy mice, the substantial
increase in peri-implant bone formation which rapidly thickened the cortex to secure the
implant may raise bone resorption elsewhere and, specifically, in the trabecular network of
the same bone but far from the implant. Considering the already deteriorated bone structure
of estrogen depleted mice, further bone loss seemed to be hindered. The obtained knowl-
edge on the dynamic response of diseased bone following implant insertion should provide
useful guidelines to develop advanced treatments for osteoporotic fracture fixation based on
local and selective manipulation of bone turnover in the peri-implant region.
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Introduction

The remarkable load-bearing ability of healthy bone is based on a constant renewal of bone tis-
sue as well as on a continuous adaptation of bone architecture to changes in the mechanical
demands. The biological process responsible for bone maintenance and adaptation comprises
both the removal of aged or mechanically redundant bone and the formation of new bone.
Resorption and formation can either be spatially coupled with formation following resorption
at the same site (a situation traditionally referred to as bone remodeling) or occurring at differ-
ent locations (even far apart) and therefore allowing for growth and changes in bone architec-
ture (a process named bone modeling). The general term used to describe all processes
involving bone formation and resorption with no distinction between spatially coupled or un-
coupled events is bone (re)modeling [1].

Impairments in the (re)modeling process such as increase in bone turnover together with
an imbalance between formed and resorbed bone can lead to a rapid loss of bone mass [2]
accompanied by a deterioration of bone architecture and material properties [3, 4], causing a
generalized weakening of the bone [5]. This is a typical scenario occurring in osteoporotic
individuals, which increases the likelihood for a bone fracture to happen under small loading
forces (referred to as fragility fracture) [6]. Such fractures may need to be stabilized with ortho-
pedic devices and the impact of osteoporosis on fracture fixation and implant anchorage is still
rather controversial, mainly because of the lack of strong clinical evidence correlating the oste-
oporotic condition with implantation outcome [7]. Nevertheless, numerous biomechanical
experiments suggest that implant anchorage in osteoporotic bone likely will be reduced [8-
11]. Firstly, a peri-implant bone bed of low quality (typical in osteoporotic patients) presents
less bone surface to anchor the implant as well as a weaker bone structure to receive the loads
transmitted via the implant, therefore reducing the so-called initial (or primary) implant sta-
bility [8, 12, 13]. A second critical aspect for implant anchorage in osteoporotic individuals is
the bone regeneration process taking place after implant insertion. This is a highly complex
and dynamic activity which has several features in common with bone healing [14]: an initial
inflammatory phase is usually followed by rapid bone formation, typically occurring directly
on the implant surface to secure the implant [15], as well as by elevated bone resorption, espe-
cially targeted to remove peri-implant bone damaged caused by the insertion process [16].
After the acute healing response, bone (re)modeling continues within the peri-implant region
and this process is ultimately responsible for the long-term (or secondary) stability of the
bone-implant system. In osteoporotic subjects, bone (re)modeling can be disturbed: high turn-
over osteoporosis, for instance, is characterized by increased rates of bone resorption and for-
mation (i.e. high bone remodeling), not only during the peri-menopausal period but also
several years later [17]. Furthermore, bone healing, which combines traditional modeling and
remodeling of bone, seems to be partially delayed in osteoporotic patients [18], although the
precise reasons are still not well understood [19].

Implant placement modifies bone (re)modeling: recent studies using longitudinal in vivo
micro-computed tomography (micro-CT) to monitor the spatio-temporal changes in peri-
implant bone (re)modeling have demonstrated that bone responds to the presence of the
implant essentially by increasing the rate of bone formation as well as of bone resorption in a
time and location specific manner [20, 21]. Whether the ability of healthy bone to respond to
implantation by rapidly adapting bone formation and resorption would be jeopardized in oste-
oporotic subjects is still an open question. This is highly relevant in the clinical setting for
improving therapeutic modalities but cannot be assessed in a systematic way in human
patients; thus, animal models are the preferred pre-clinical research approach. However, cur-
rent results on peri-implant bone (re)modeling in ovariectomized (OVX) animals (which are
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used as surrogates of osteoporotic patients) are quite controversial. Some authors have found
bone formation around implants to be significantly less in OVX animals [22-24] while others
have reported no significant differences [25-28] or differences occurring only in the early
stages of osseointegration [29]. In all the above mentioned studies bone (re)modeling has been
measured with dynamic histomorphometry. This technique provides valuable information
especially on the different tissues present in the peri-implant bone [14], but it has also recog-
nized limitations when used to assess bone (re)modeling, the most serious being the impossi-
bility of a proper characterization of bone resorption, the fact that it provides only two-
dimensional information based on slices of the bone and therefore relative to a limited region,
and its cross-sectional nature, which does not allow following the very same animal over time,
therefore suffering from a higher variability [21, 30, 31].

In the present study, we investigated the time course of bone formation and resorption as
well as the corresponding architectural modifications following the insertion of special metal-
ceramics implants [20] into the 6™ caudal vertebra of mice. The animals at 12 weeks of age
underwent OVX/SHM surgery; 9 weeks after ovaries removal we performed implantation and
we monitored bone response for the following 6 weeks using longitudinal in vivo micro-CT
imaging. We hypothesized that OVX animals would exhibit an impaired bone (re)modeling
process with peri-implant bone formation and resorption being jeopardized by estrogen
removal. We further hypothesized that such modifications would have a negative impact on
peri-implant bone structure with a decreased ability to augment bone mass around the
implant.

Methods
Animal experiment

For the animal experiment, described according to the ARRIVE Guidelines (S1 File), 12-week
old female C57BL/6] mice (JANVIER, Saint Berthevin Cedex, France) were used. The mice
were ovariectomized bilaterally (OVX group, n = 9) to provoke bone loss and structural deteri-
oration. The sham group (SHM, n = 8) underwent surgery but the ovaries were not removed.
We monitored body weight before and after OVX/SHM surgery for 3 days as an indicator of
animal health, with the criterion that a weight loss larger than 10% would require intervention
and higher than 15% euthanasia; however, both scenarios never happened as animals showed
a maximum weight loss of 5% after surgery which was promptly recovered. After a recovery
period of 9 weeks which allowed, in genetically identical mice of similar age, estrogen-deficient
bone loss to reach a plateau [32], special needle-shape implants (Composite Metal Technology
Limited, Hampshire, United Kingdom) were inserted into the sixth caudal vertebra (CV6) of
both OVX and SHM animals. Implants and implantation procedure were already described in
detail elsewhere [20]. In short, the implantation site was located with fluoroscopic imaging
and small metal-ceramic implants (diameter of 0.5 mm and length of 1.5 mm) with a sharp tip
were inserted using a well-established pinning procedure [33]. Implants were placed into CV6
sideways, i.e. along the left/right axis and perpendicularly to the dorsoventral axis (Fig 1b) and
only one implant per animal was inserted. Before insertion, implants were coated with a tita-
niferous layer of about 30 nm (pfm medical titanium gmbh, Nuremberg, Germany) and steril-
ized with autoclave. Implantation was performed under isoflurane anesthesia and the mice
were sacrificed 6 weeks after implant insertion. All animal procedures were approved by the
local authorities (Kantonales Veterindramt Ziirich, License No. 190/2010, Switzerland).
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Fig 1. a) Timeline of the study: the mice were ovariectomized (OVX) at the age of 12 weeks and an initial scan was taken; 9 weeks after the
surgery a check scan was done to confirm the bone loss; implant was inserted into the vertebra at the age of 21 weeks and a scan was
performed right after implantation, followed by weekly scans for 6 weeks. The check scan and the scan at week0O were acquired one day
apart. b) Schematic illustration of the implanted vertebra: the implant was inserted into CV6 along the left right axis. Image modified with
permission from [1]. c) Image processing steps: the original grey-scale micro-CT scan (left) was segmented from the background and the
three-dimensional reconstruction of the bone (light grey) with the implant (black) was produced (middle); different regions close to and far
from the implant where bone (re)modeling was monitored were defined including periosteal and endocortical surfaces as well as trabecular
bone (right).

https://doi.org/10.1371/journal.pone.0184835.9001
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In vivo micro-CT scans, image processing and measured parameters

The timeline of the in vivo imaging experiment is displayed in Fig 1a: the entire CV6 was
scanned nine consecutive times using longitudinal in vivo micro-CT (vivaCT 40, Scanco Medi-
cal, Briittisellen, Switzerland). The first two scans were performed before OVX/SHM surgery
and 9 weeks after surgery (i.e., one day before implantation), respectively. The third scan was
acquired right after implant insertion (week 0), and the remaining measurements were per-
formed weekly for the following 6 weeks (week 1, week 2, etc.). The second and third scans
were performed one day apart to measure structural parameters right before and after implant
insertion, with the aim to monitor early structural changes due to implantation. The scanning
procedure followed an optimized protocol for bone-implant systems [20]: images were
acquired at a nominal isotropic voxel-size of 10.5 um, with an integration time of 350 ms, 500
projections, 21 mm field of view and no frame averaging. The corresponding spatial resolution
for an object positioned in the center of the field of view is 17.2 um measured by the manufac-
turer as the 10% threshold of the modular transfer function (10% MTF). The peak voltage and
the current of the micro-CT were set to 55 kVp and 145 uA, respectively. The total scanning
time for imaging the entire vertebra with the implant was about 15 minutes. The estimated
total dose delivered within the entire experiment was about 6 Gy [34] distributed over 15
weeks; based on previous knowledge of radiation effects, such a dose is not expected to cause
large modifications of bone architecture and (re)modeling [35-37].

Image processing involved several steps (summarized in Fig 1c), which have been conceived
and refined in earlier work on longitudinal in vivo micro-CT imaging of mouse vertebrae [37,
38]. The virtual reconstructions of the vertebra were first aligned along the cranio-caudal axis
[39]. Three dimensional regions of bone formation and bone resorption due to (re)modeling
were obtained by registering two consecutive scans of the same vertebra with the implant
within a two-week time interval (Fig 2). Specifically, images were registered using a rigid inten-
sity-based, least-squared registration method [40], with interpolation algorithm based on
B-Splines [39]. We did not register on the basis of the implant alone as, especially in the very
early time points following insertion, the implant could still slightly move due to the daily
activity of the animal. Even if small, those movements would cause a systematic shift of the
measured rates of bone formation and resorption towards too large values. By registering the
entire implanted bone, the effect of possible implant movements on remodeling rates was min-
imized and the presence of the implant did not increase the typical registration error of the
procedure [20]. After registration, a Gaussian filter (support 1, sigma 1.2) was applied to the
grey-scale images to reduce the noise. A global fixed threshold, corresponding to 560 mg HA/
cm® (or 31.6% of the maximum grey value), was used to separate the bone-implant system
from the background (Fig 1c, left). Bone voxels only present in the first scan were considered
resorbed bone, while voxels only present in the second scan were consider formed bone. Single
formed and resorbed voxels were discarded from the analysis to decrease registration and par-
tial volume errors [20]. Cortical and trabecular bone were detected in a fully automatic manner
with an algorithm described elsewhere [37, 41] while the implant was separated from the sur-
rounding bone using a semi-automatic approach which involved minimal user interaction
[20]. The growth plates were identified as previously reported [37] and excluded from the anal-
ysis. The amount of bone (expressed in percentage of the total length of the vertebra) which
was not analyzed as being part of the growth plates was 20% and 25% for trabecular and corti-
cal compartment, respectively.

Within the cortical compartment, we distinguished between periosteal and endocortical
surfaces, which were identified by extracting the outer and inner surface voxels of the cortical
shell, respectively (Fig 1c, right). Being interested in the changes close to and far from the
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Fig 2. Three-dimensional visualization of the bone formation and bone resorption sites over time in cortical (top) and
trabecular (bottom) bone for a representative ovariectomized (OVX) and sham-operated (SHM) mouse.

https://doi.org/10.1371/journal.pone.0184835.9002
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implant, the different bone regions analyzed (i.e., trabecular, periosteal and endocortical bone)
were further divided into a peri-implant (i.e., bone voxels located up to 420 pm away from the
implant surface) and a distant (i.e., bone voxels situated more than 420 pm away from the
implant surface) region (Fig 1, left). The value of 420 pm (which is close to the value of
implant diameter) was chosen to include in peri-implant bone the damaged zone induced by
implant insertion, which was visually detectable in the micro-CT scans [20]. Depending on
implant dimension, bone type and insertion procedure, microdamage regions ranging from
100 to 1000 um have been reported [14, 16, 21].

Bone architecture was characterized by measuring full tissue volume (TV), full vertebral
length (VL) along the cranio-caudal axis of the entire CV6 (including growth plates), cortical
thickness (Ct.Th), cortical area fraction (Ct.Ar/Tt.Ar), cortical porosity (Ct.Po), trabecular
bone volume fraction (BV/TV), trabecular thickness (Tb.Th) and trabecular number (Tb.N).
Those parameters were measured right before OVX/SHM surgery, 9 weeks after surgery and
for the 6 consecutive weeks after implantation. Bone (re)modeling was characterized by bone
formation rate (BFR), bone resorption rate (BRR) and net rate of bone (re)modeling (i.e., BFR
minus BRR). Formation and resorption rates were computed based on formed and resorbed
voxels [37] within a two-week time interval (Fig 2), which allowed the occurrence of sufficient
changes for accurate detection with the current image resolution of the in vivo micro-CT [20].
At the periosteal and endocortical surfaces, BFR and BRR were normalized to the actual bone
surface (BS) while in the trabecular compartment they were normalized to the present bone
volume (BV). Net (re)modeling rate was computed by subtracting BRR to BFR with the corre-
sponding normalizations. All architectural and (re)modeling parameters were calculated and
reported according to standard guidelines [42].

Statistics

Architectural and (re)modeling parameters were tested for significant differences between
OVX and SHM using the Mann-Whitney Rank Sum Test as the two groups did not always fol-
low a normal distribution indicated by the Kolmogorov-Smirnov normality test nor did they
always have equal variance in each time point. The Mann-Whitney Rank Sum Test is consid-
ered a suitable alternative to ANOVA when the assumption for normality and equal variance
of the data cannot be met. Since during the monitoring time, the two groups did not receive
any specific repeated treatment (e.g. mechanical loading or drug administration) we were not
concerned about possible interactions among multiple factors. The same test was used to
investigate differences between periosteal and endocortical surface within OVX and SHM
mice. To test the significance between the first and last time point within the same group a
paired t-test was used after verifying normal distribution of the data; a Wilcoxon Signed Rank
Test was applied otherwise. P-values smaller than 0.05 were considered significant and all data
are shown as mean * standard error.

Results
Structural modification after OVX/SHM surgery and before implantation

Ovary removal deteriorated the structure of both cortical and trabecular bone in the mouse
caudal vertebra CV6 (Table 1). Nine weeks after surgery, cortical thickness decreased by ~7%
in OVX mice, in contrast with the behavior of SHM, where an increase of practically the same
magnitude was observed. The cortex in OVX animals was not only thinner but also more
porous (around 14%) whereas Ct.Po in SHM mice diminished of about 10%. The periosteal
surface expanded considerably in OVX (13%) but stayed practically constant in SHM. The
endocortical surface showed a minor increase in the OVX group (around 3.5%), whereas it
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Table 1. Changes in bone architecture after estrogen removal.

Parameter

Full bone

TV [mm®]

VL [mm]
Cortical bone
Ct.Th [mm]
Ct.Ar/Tt.Ar [%]
Ct.Po [%]

Periosteal surface [mm?]
Endocortical surface [mm?]

Trabecular bone
BV/TV [%]
Tb.Th [mm]
Tb.N[1/mm]

ovX SHM

Before surgery After surgery Change [%] Before surgery After surgery Change [%]
6.98+0.19 7.63+0.19 9.34+0.66#|7.19+0.16 7.51+£0.17 4.49+0.22 #
3.87£0.03 4.10+0.03 5.91+0.32# | 3.86 £ 0.04 3.92+0.04 * 1.55+0.18 #
0.159 + 0.002 0.147 £ 0.002 -7.39+1.13# | 0.163 £ 0.002 0.173+0.003 * 7.47+0.97 #
43.77 £0.47 38.74 +0.64 -11.43+1.55# | 44.69 £ 0.57 47.52+0.74 * 6.37+1.18 #
17.47£0.25 19.95+0.46 14.20+2.20# | 16.93 £ 0.21 15.16+0.26 * -10.43+1.05#
16.82£0.34 19.02£0.47 13.01£0.83#|16.12+0.35 16.18+0.34 * 0.43+0.34
12.76 £ 0.35 13.20+£0.39 3.45+0.74#|12.15+0.25 11.25+0.15 * -7.32+0.94 #
15.67 £ 0.61 10.37 £0.40 -33.35+2.58# | 16.93+0.63 21.90+0.51 * 30.10+3.51 #
0.076 +0.001 0.068 + 0.001 -11.02+2.17 # | 0.080 £ 0.001 0.094 +0.002 * 17.68 £1.95 #
2.43+0.07 2.17+£0.04 -10.42+1.62 # | 2.51 £0.07 2.56 £0.07 * 2.02+1.23

Bone architectural parameters before surgery and 9 weeks after surgery (i.e., one day before implant insertion) for ovariectomized (OVX) and sham-
ovariectomized (SHM) mice. Percentage changes were calculated for each animal and averaged.
# denotes a significant difference (p < 0.05) before and after surgery within the same group.
* denotes a significant difference (p < 0.05) between groups within the same time point. Data reported as mean + standard error.

https://doi.org/10.1371/journal.pone.0184835.t001

decreased by 7% in SHM animals. The loss of trabecular bone volume fraction (BV/TV) due to
OVX surgery was substantial and amounted to roughly 33%. The loss was caused by the tra-
beculae getting thinner and eventually even disappearing from the trabecular network. Con-

versely, SHM mice showed a pronounced increase in BV/TV of about 30% mainly due to

trabecular thickening and not to an increase in trabecular number. One additional effect of
OVX at the level of whole bone was an increase in vertebral length (VL, Table 1), with the rela-
tive increase 9 weeks after OVX surgery being significantly higher in OVX (almost 6%) when
compared to SHM (~1.5%).

Time course of bone (re)modeling close to the implant

Cortical bone. A common feature of both periosteal and endocortical surfaces of peri-

implant cortical bone is that bone formation rate (BFR) increased transiently after implant
insertion as indicated by the peak-shaped curves of both SHM and OVX animals (Fig 3a and

3b). In SHM, the maximum values of BFR occurred always at week interval 2-4 (i.e., from two
to four weeks after implantation): there, the relative increase in BFR with respect to week inter-
val 0-2 (i.e., right after implantation) was about 155% and 52% for periosteal and endocortical
surface, respectively. In week interval 2-4, cortical BFR in SHM was significantly higher than
in OVX (29% for periosteal surface and 40% for endocortical surface). In all the remaining
week intervals, BFR values of SHM and OVX were not statistically different. The behavior of
peri-implant bone resorption was fairly dissimilar between the two surfaces analyzed (Fig 3d
and 3e): periosteal BRR (Fig 3d) was always significantly smaller than endocortical BRR (Fig
3e); at the end of the monitoring period (i.e., week interval 4-6), only a minimal amount of
periosteal bone resorption was detected with, however, significantly higher values for OVX
than SHM. Conversely, a high BRR was measured at endocortical bone but only in SHM ani-
mals and soon after implant placement: for instance, in week interval 0-2 BRR in SHM was
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Fig 3. Bone (re)modeling rates for ovariectomized (OVX) and sham-ovariectomized (SHM) mice in peri-implant region of
periosteal surface (a, d and g), endocortical surface (b, e and h), and trabecular bone (c, f and i). * denotes a significant difference
(p < 0.05) between groups within the same time interval. Significant differences between first and last time interval are marked by # in

Table 2. Data reported as mean + standard error.

https://doi.org/10.1371/journal.pone.0184835.9003

roughly a factor of two higher than in OVX. In general, BRR in SHM had a decreasing trend
whereas the opposite was observed for OVX, although time changes between initial and final
BRR were not statistically significant (see also Table 2). Considering net (re)modeling rate at
the periosteal surface (Fig 3g) both SHM and OVX mice had bone formation slightly
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Table 2. Bone (re)modeling post implantation close to the implant.

Parameter ovX SHM

Week 0 Week 6 Variation [%] Week 0 Week 6 Variation [%)]
Periosteal
BFR [um®/um?/d] 0.41+0.04 0.71+0.05 83.13+18.35# 0.40 £ 0.05 0.56 +0.08 24.38+16.86
BRR [um®/um?/d] 0.26+0.05 0.12+0.02 -46.29 + 13.95 # 0.27 £0.06 0.06 + 0.01 -68.26 +5.74 #
Net rate [um®/um?/d] 0.15+0.07 0.59 £ 0.05 266.8 +98.57 # 0.13+0.10 0.49 +0.09 210.3+58.77 #
Endocortical
BFR [um®/um?/d] 0.53+0.07 0.30 £ 0.04 -40.65+ 17.68 # 0.63+0.05 0.34 +0.05 -38.27 £+ 14.08 #
BRR [um®/um?/d] 0.38 +0.06 0.60 +0.07 50.83+18.19 0.77+0.18 * 0.40+0.11 -35.34 + 20.51
Net rate [um®/um?/d] 0.15+0.10 -0.31+£0.10 -215.3+79.57 # -0.14+0.21 -0.06 £0.14 52.3+21.13
Trabecular
BFR [%/d] 1.583+0.05 1.10+0.20 -26.14 +14.71 1.05+0.07 1.14+0.37 13.83+ 37.51
BRR [%/d] 1.78+0.18 1.61+0.18 -3.27+14.71 1.50+0.23 1.26+0.23 -10.67 +13.39
Net rate [%/d] -0.25+0.20 -0.51+£0.24 -91.65+77.31 -0.45+0.25 -0.12+£0.33 51.99+14.43

Bone (re)modeling rates post implantation (week interval 0—2) and at the end of the monitoring period (week interval 4-6) for ovariectomized (OVX) and
sham-ovariectomized (SHM) mice. Percentage changes were calculated for each animal and averaged.

# denotes a significant difference (p < 0.05) between first and last week interval within the same group.

* denotes a significant difference (p < 0.05) between groups within the same time interval. Data reported as mean + standard error.

https://doi.org/10.1371/journal.pone.0184835.t1002

prevailing over bone resorption, and implantation tipped the balance even further towards
bone formation with the relative increase in net (re)modeling being almost a factor of four and
quite similar between SHM and OVX (Table 2). Endocortical net bone (re)modeling was
somewhat dephased in time when comparing SHM and OVX (Fig 3h): there was a positive
peak occurring at week interval 1-3 in OVX and at week interval 2-4 in SHM. At the end of
the monitoring period, both groups had a slight imbalance towards bone resorption.

Trabecular bone. In the peri-implant trabecular bone, (re)modeling rates of OVX and
SHM were not statistically different (Fig 3¢ and 3f). Both groups showed a small peak in BRR
at week interval 1-3 (Fig 3f) followed, one week later, by a corresponding (limited) increase in
BER (Fig 3¢). In general, OVX animals had slightly higher (re)modeling rates throughout the
entire monitoring period, with the exception of BFR in the last week interval. Net bone (re)
modeling was predominantly negative in both groups, indicating prevailing bone resorption
not only at the early stages post implantation but also 6 weeks later (Fig 3i).

Time course of bone (re)modeling far from the implant

Cortical bone. In the region far from the implant, (re)modeling rates of SHM and OVX
had substantially different time courses, especially considering bone formation (Fig 4). In the
first week interval post implantation, the absolute values of both periosteal and endocortical
BER in OVX mice were about 80% and 50% higher than in SHM (Fig 4a and 4b). In SHM
mice, however, the trajectories of BFR peaked in week interval 2-4 on both inner and outer
surfaces (as observed also close to the implant), with the relative increase with respect to the
initial week interval being much higher for periosteal (113%) than for endocortical (21%)
bone. BFR values in the last week interval were either similar to initial BFR (endocortical sur-
face) or still higher (periosteal surface) (Table 3). A comparable increasing trend in BFR after
implant insertion was not observed in OVX mice: endocortically BFR even substantially
decreased (roughly 54% when comparing the first and last week interval) whereas at the
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between groups within the same time interval. Significant differences between first and last time interval are marked by # in Table 3. Data
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https://doi.org/10.1371/journal.pone.0184835.g004

periosteal surface the trend was less regular, showing a peak at week interval 1-3 and with ini-
tial and final values being not significantly different (Table 3). Regarding cortical bone resorp-
tion, the major distinctions between SHM and OVX were concentrated within the first two
week intervals following implantation where SHM mice had a slightly higher BRR than OVX
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Table 3. Bone (re)modeling post implantation far from the implant.

Parameter ovX SHM

Week 0 Week 6 Variation [%)] Week 0 Week 6 Variation [%]
Periosteal
BFR [um®/um?/d] 0.27£0.03 0.25+0.01 2.01+14.50 0.15+0.02 * 0.21+£0.03 34.92 £20.02
BRR [um®/um?/d] 0.16£0.02 0.07 £0.01 -50.24 £ 10.44 # 0.20 + 0.01 0.06 + 0.01 -69.68 + 6.98 #
Net rate [pm®/um?/d] 0.11+£0.04 0.18 £ 0.04 65.02 + 43.93 -0.05+0.03 * 0.15+0.03 275.0+85.32 #
Endocortical
BFR [um®/um?/d] 0.36 + 0.03 0.15+0.01 -54.15+6.50 # 0.24+0.03 * 0.22+£0.03 -13.15+17.24
BRR [um®/um?/d] 0.56 +0.06 0.44+0.03 -15.04 £10.45 0.72+0.12 0.36+£0.04 -46.25+6.74 #
Net rate [um®/um?/d] -0.19+0.08 -0.29+0.04 -114.9+83.74 -0.48+0.13* -0.14+0.03 * 64.74+8.81 #
Trabecular
BFR [%/d] 1.40+0.16 0.76 £0.11 -35.80+12.43 # 0.43+0.05* 0.58+0.08 28.16+19.03
BRR [%/d] 1.87+0.17 1.02+0.07 -42.83+5.21 # 1.58+0.16 1.01+£0.13 -29.35+13.90 #
Net rate [%/d] -0.48 £ 0.31 -0.25+0.12 50.73+31.84 -1.15+0.16 * -0.43+£0.10 65.95+8.58 #

Bone (re)modeling rates post implantation (week interval 0—2) and at the end of the monitoring period (week interval 4-6) for ovariectomized (OVX) and
sham-ovariectomized (SHM) mice. Percentage changes were calculated for each animal and averaged.

# denotes a significant difference (p < 0.05) between first and last week interval within the same group.

* denotes a significant difference (p < 0.05) between groups within the same time interval. Data reported as mean + standard error.

https://doi.org/10.1371/journal.pone.0184835.t003

and always showed a well-defined peak in the second week interval corresponding to a relative
increase in BRR with respect to the initial value of 15% for periosteal (Fig 4d) and 21% for
endocortical (Fig 4e) bone. The difference between SHM and OVX got smaller towards the
end of the monitoring period as indicated by the overlapping of the two time courses with no
significant differences between the two groups after week interval 1-3 (Fig 4d and 4e). In gen-
eral, BRR decreased significantly in both groups and in both surfaces with the larger decrease
(about 70%) observed in SHM at the periosteal location (Table 3). Additionally, periosteal
BRR (Fig 4d) was always at least a factor of two smaller than endocortical BRR (Fig 4e). Post
implantation in the distant cortical bone, (re)modeling balance was predominantly positive at
the periosteal location (Fig 4g) but always negative at the endocortical (Fig 4h) surface. There
were significant differences in net (re)modeling rate between SHM and OVX mice, with OVX
having significantly higher values for either one (endocortical bone, Fig 4h) or two (periosteal
bone, Fig 4g) week intervals following implant insertion. At the end of the experiment, only
the (re)modeling balance at the endocortical surface was still significantly different between
SHM and OVX with the former having slightly smaller values indicating less net bone resorp-
tion (Fig 4h).

Trabecular bone. Post implantation, OVX and SHM had also substantially different
behaviors in the rate of trabecular bone formation far from the implant. At early stages after
implantation, BFR in OVX was up to a factor of three higher than in SHM (week interval 0-2,
Fig 4c). Such initially elevated BFR decreased with time (about 39% already after three week
intervals) whereas in SHM mice did not change significantly with time (Table 3). At the end of
the monitoring period, similar BFR were observed for both groups. Bone resorption had a
well-defined decreasing time course, with the exception of a peak observed in SHM at week
interval 1-3 where BRR showed a relative increase of about 27% compared to the initial week
interval (Fig 4f). Similar to the cortical region, the difference between groups became progres-
sively smaller towards the end of the monitoring period; however, no significant differences
between groups were detected in any of the week intervals considered (Fig 4f). (Re)modeling
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balance in the distant trabecular bone was always negative, with the net (re)modeling rate in
SHM being significantly higher (in absolute values) than in OVX up to the mid time point of
the experiment (Fig 4i) and indicating a scenario vastly dominated by bone loss. However, this
difference was no longer present in the last two week intervals of the monitoring period.

Architectural changes close to and far from the implant

Changes in the (re)modeling process following implant insertion caused substantial modifica-
tion in bone architecture (Fig 5 and Table 4). Peri-implant Ct.Th in SHM started to increase
(linearly) three weeks after implantation (Fig 5b) with a speed of around 8 pm/week, and at
the end of the experiment (i.e. week 6) it was higher than at week 0 of about 14% (Fig 5f). Ct.
Th in OVX right after implantation was about 15% smaller than in SHM and also showed a
slight increase, although the difference between week 0 and week 6 was not statistically signifi-
cant (Fig 5f). Close to the implant, the generally negative (re)modeling balance in trabecular
bone was responsible for the progressive bone loss (Fig 5d) which amounted to 6% in OVX
and 11% in SHM when comparing week 0 to week 6 (Fig 5f). Noteworthy, the initial amount
of trabecular bone around the implant was almost a factor of two larger in SHM (~14%) than
OVX (~7.5%).

Considering bone located far from the implant surface, the different (re)modeling behav-
iors at the periosteal and endocortical surfaces resulted in a virtual steady-state cortical bone
architecture, as indicated by a marginal increase in cortical thickness for both OVX and SHM,
with no significant differences in the relative increase over time between groups (Fig 5f and
Table 4). Again, at week 0 bone structure was weaker in OVX mice which had a cortex roughly
19% thinner than SHM (Fig 5c). Conversely, (re)modeling caused major structural changes in
trabecular bone architecture far from the implant (Fig 5e), especially in SHM mice which suf-
fered from a BV/TV loss of about 29% within a time period of 6 weeks (Fig 5f and Table 4).
The loss was highest between week 1 and 3 (around 2%/week) and slowed down in the subse-
quent weeks (around 0.5%/week between week 4 and 6). The amount of BV/TV lost post-
implantation in OVX was limited to 7% (Fig 5f and Table 4).

Considering whole bone changes, variations in vertebral length (VL) after implant place-
ment were minor, with OVX and SHM showing similar trends (Fig 5a). In particular, relative
changes in VL calculated in the same two-week time intervals used for assessing bone (re)
modeling were always less than 0.85% in OVX and 1.2% in SHM. Interestingly, when compar-
ing first (week 20) and last (week 27) time point, SHM animals showed a slightly larger
increase in vertebral length than OVX (2.5% and 1.7%, respectively, Table 4).

Discussion

In this study, we followed the changes in bone (re)modeling and bone architecture after
implant insertion in healthy and estrogen-depleted mice. Although it is fairly clear that osteo-
porotic bone, with low bone mass and deteriorated bone architecture, provides a less favorable
mechanical environment than healthy bone for implant fixation, there is no general agreement
on the impact of osteoporosis on peri-implant bone (re)modeling, which is ultimately respon-
sible for the long term stability of the bone-implant system. Here, using a mouse model mim-
icking estrogen deficiency-induced bone loss combined with longitudinal in vivo micro-CT,
we investigated bone formation, bone resorption, and the consequent architectural modifica-
tions around the implant and in the whole implanted bone for 6 weeks following implantation.
Specifically, we detailed the (re)modeling behavior on three different surfaces, which are
known to respond differently to implant insertion [20, 28] as well as to osteoporosis [43, 44].
In general, trabecular bone is exposed to more (re)modeling events due to its bigger surface

PLOS ONE | https://doi.org/10.1371/journal.pone.0184835 September 14,2017 13/22


https://doi.org/10.1371/journal.pone.0184835

o @
@ : PLOS | ONE Peri-implant bone re(modeling) in healthy and ovariectomized mice monitored with in vivo micro-CT

Age [WeeK]
12 20 22 24
g 4212 .
— % * *
= 411 Sd 0 opo& wo®
o &
S a0l S
= & !
539 % 4 4 4 ¢
2 38
Peri-implant Distant
0.24 - f
022 {P) ; ’},-»f |
€ 0.20 1 =T . BV/TV
E0XFH3-1 — 2
'=0.18 W_H &
— Tl * % * * ok =]
% o s
' 1 * * * * . I_|
012~ ovx —a— 7 i . OVX
27 - d) SHM —--A&— E e) SHM TTTTTTTTTTTThTTT
24 A BVTIV
)
=211 b - —m 2
|2 18 - =X _g
S 15 '}- +~{_{_{._{_ ‘{ * * . . . o
@012 1 1 Ct.Th . &
9 4% * * * X % *
— g3
6

o 4

01 2 3 4 5 6 1 2 3 4 5 6 30 -20 -10 O 10 20
Weeks Weeks Change [%)]

Fig 5. Changes in the length of the implanted vertebra monitored for the entire experiment (including OVX/SHM surgery and
implant insertion). On the right, a three-dimensional visualization of bone remodeling in the whole vertebra is reported, with the lengthening
corresponding to high bone formation localized in the growth plates (which were excluded from the analysis of bone (re)modeling) (a). Time
evolution of cortical thickness (Ct.Th) and bone volume fraction (BV/TV) in the peri-implant (b, d) and distant bone (c, €) for ovariectomized
(OVX) and sham-ovariectomized (SHM) mice following implantation. Differences in Ct.Th and BV/TV between the first and the last time
point in the peri-implant and distant region are also shown in percentage changes (f). * denotes a significant difference (p < 0.05) between
groups. Significant differences between first and last time point are marked by # in Table 4. Data reported as mean * standard error.

https://doi.org/10.1371/journal.pone.0184835.9005
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Table 4. Changes in bone architecture following implant placement.

Parameter ovX SHM

Week 0 Week 6 Change [%)] Week 0 Week 6 Change [%]
Full bone
TV [mm®] 7.48+0.19 8.00+0.16 7.10+£0.70 # 7.27+0.16 7.76+0.18 6.85+0.45 #
VL [mm] 4.09+0.03 4.16+0.03 1.72+0.31# 3.91+0.04 * 4.01+£0.03 * 2.49+0.31#
Peri-implant region
Cortical bone
Ct.Th [mm] 0.176 + 0.006 0.184 +0.006 498+220#| 0.196+0.007 * 0.223 +0.007 * 14.43+2.80 #
Ct.Ar/Tt.Ar [%] 43.35+1.43 44.42 +1.45 2.90+3.09 50.64 +1.40 * 54.12+1.86 * 7.27 £4.05
Ct.Po [%] 23.77 +£0.81 23.38+0.77 -1.37+2.57 21.61+0.67 18.55+0.64 * -13.70+ 3.81 #
Trabecular bone
BV/TV [%] 7.55+0.80 7.15+0.83 -6.07 £4.08 14.33+1.97 * 13.04+2.10* -10.98 + 3.03 #
Tb.Th [mm] 0.074 +0.002 0.083 +0.002 11.72+3.38# | 0.089+0.003 * 0.104 + 0.004 * 17.37+3.62 #
Tb.N[1/mm] 2.22+0.10 1.98+0.15 -10.90 £ 4.65 2.57+0.13 2.20+0.13 -14.74+2.31 #
SMI [-] 2.01+0.11 1.86+0.15 -7.40+6.23 1.71+0.19 1.68 +0.21 0.32+7.37
Distant region
Cortical bone
Ct.Th [mm] 0.132+0.003 0.136 + 0.002 2.83+1.57| 0.155+0.004 * 0.159 + 0.006 * 2.25+2.09
Ct.Ar/Tt.Ar [%] 40.74 +£0.64 39.14+0.72 -3.83+1.83 49.56+1.06 * 46.66 +1.74 * -5.84 £2.80
Ct.Po [%] 22.96 +0.49 23.04+0.50 0.58+2.38 17.69+0.40 * 19.01+£0.74 * 7.28+2.77 #
Trabecular bone
BV/TV [%] 12.73+0.59 11.71£0.64 -7.08+5.12 25.64+0.86 * 18.11+0.77 * -28.93+3.48 #
Tb.Th [mm] 0.068 + 0.002 0.075 +0.001 9.41+2.55# 0.93+0.002 * 0.090 + 0.003 * -3.05 +3.09
Tb.N[1/mm] 2.51+0.02 2.19+0.04 -12.70+1.62 # 2.76 £0.09 * 2.55+0.11* -6.57 £6.20

Bone architectural parameters at the first (week 0) and last (week 6) time point for ovariectomized (OVX) and sham-ovariectomized (SHM) mice.
Percentage changes were calculated for each animal and averaged.

# denotes a significant difference (p < 0.05) between first and last time point within the same group.

* denotes a significant difference (p < 0.05) between groups within the same time point. Data reported as mean * standard error.

https://doi.org/10.1371/journal.pone.0184835.t1004

and thus suffers from a larger osteoporotic bone loss compared to cortical bone. Nevertheless,
osteoporosis also alters cortical bone (re)modeling mainly by stimulating bone resorption at
the inner endocortical surface without a corresponding increase in bone formation at the
outer periosteal location, resulting in a net thinning of the cortical shell [43].

In our study, the main feature of peri-implant bone formation was a short—term accelera-
tion of BFR in all the regions examined, with the relative increase in BFR being higher in
healthy than estrogen depleted bone. Another study also reported a transient increase in for-
mation rate post-implantation around the implant [28] but did not find clear-cut differences
in (re)modeling rates between sham-operated and healthy rodents. One advantage of our
approach is the possibility to measure (re)modeling in a direct three-dimensional way and to
follow the very same animal over time (Fig 2). This may help to detect subtle differences which
do not emerge from cross-sectional studies [21, 31, 37]. Considering peri-implant bone resorp-
tion, which we could assess directly from the longitudinal in vivo micro-CT images, a generally
higher BRR was measured at the endocortical surface compared to periosteal bone in both
groups. In genetically similar adult mice, periosteal resorption has been shown to be practically
absent [44], therefore we could assume that implantation to some extent re-activate bone
resorption at the periosteal surface, which, however, after one or two weeks decreased again to

PLOS ONE | https://doi.org/10.1371/journal.pone.0184835 September 14,2017 15/22


https://doi.org/10.1371/journal.pone.0184835.t004
https://doi.org/10.1371/journal.pone.0184835

@° PLOS | ONE

Peri-implant bone re(modeling) in healthy and ovariectomized mice monitored with in vivo micro-CT

very low values, with SHM-operated mice having a faster and more pronounced decrease than
OVX. Furthermore, BRR in SHM and OVX had rather different time course post-implanta-
tion also at the endocortical surface: a decreasing trend (starting from fairly high values) char-
acterized SHM and a slight increasing behavior was measured for OVX. As previously noted
[20], implantation had a long range effect, which involved the whole implanted vertebra, espe-
cially considering bone resorption. In fact, values of BFR in distant cortical bone were about
60% smaller than close to the implant whereas BRR had comparable magnitudes. This is in
agreement with the results of Kettenberger and colleagues showing that modification in bone
formation decayed faster than in bone resorption when moving away from the implant [21].
Far from the implant we could still detect a significant effect of estrogen removal, which again
limited the relative increase in BFR post-implantation at the periosteal surface and, endocorti-
cally, caused a significantly lower BFR in OVX than SHM in later weeks. The fact that, at the
initial time point, BFR but not BRR was significantly higher in OVX, may suggest that the tran-
sient increase in remodeling rates caused by estrogen removal (also referred to as remodeling
transient [45]) was already over for bone resorption but not for formation. Overall, the
reduced ability of OVX mice to increase peri-implant bone formation together with the
delayed response in terms of peri-implant bone resorption is in line with previous results on
fracture healing, which seems to be partially hindered in estrogen depleted animals [46].

One factor that could potentially contribute to (re)modeling differences between SHM and
OVX may be the susceptibility to inflammatory reaction following implant insertion. Inflam-
mation is a key player in the sequence of biological events occurring after implantation, espe-
cially in the early stages of the bone response [14]. Although the complex role of estrogen
removal on the inflammation process is still not well grasped [47], there are indications that
estrogen deficiency dysregulates bone (re)modeling by interacting with the immune system
[48]. In our study, we only checked for obvious signs of inflammatory reaction such as swelling
in the region around the implant, and did not find differences between SHM and OVX. How-
ever, as we did not measure markers of inflammation (which would have required a cross-sec-
tional approach) we cannot exclude that the complex interplay between estrogen loss and
inflammation state would have an impact on the (re)modeling behavior observed here. It is
also known that OVX animals have the tendency to gain more weight than SHM: in a previous
study on 15-week-old genetically identical mice, we found—5 weeks after surgery—a weight
gain of about 23% and 11.5% for OVX and SHM animals, respectively [49]; whether weight
differences per se could cause variations in the remodeling behavior is still an open question.
Assuming that OVX and SHM animals would have the same level of physical activity, a higher
weight would induce higher mechanical loading which, at least in healthy mice, would reduce
bone resorption and increase bone formation [31, 37]. However, caudal vertebrae are not
highly loaded skeletal locations and such effects, being superimposed to the well documented
modifications in bone remodeling rates following OVX [32], cannot be clearly investigated
with the present animal experiment. The (re)modeling behavior measured here is influenced
by the metabolic state of the animal and its possible impact on bone growth. It is known that
ovaries removal can increase not only animal weight but also vertebral length [32]. Our data
showed that the largest increase in vertebral length occurred during a nine-week period fol-
lowing OVX/SHM surgery (Fig 5a). Conversely, after implant insertion, the variations in ver-
tebral length in SHM and OVX were marginal and with similar trends. The increase in
vertebral length was mainly due to high bone formation at the growth plates [32]: considering
a nominal vertebral length of 4 mm, 1% increase in length would imply that each growth plate
“moved” 20 um, corresponding to roughly two voxels per week. Such small shift did not pre-
vent our rigid registration approach, whereas much higher growth rates (e.g. after PTH admin-
istration) may require different strategies to superimpose the scans [50, 51]. Here, as the
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growth plates were excluded from the analysis of bone (re)modeling, the rather elevated bone
formation at the growth plates did not bias the main results. In fact, after implant insertion,
SHM animals showed a slightly higher increase in vertebral length than OVX. If such change
in shape entered in our results, we would expect to see higher bone formation far from the
implant (i.e. closer to the growth plates) for SHM. However, we measured exactly the opposite
behavior, confirming that the effect of bone growth was ruled out by removing the growth
plates.

Differences in bone (re)modeling were directly responsible for dissimilar modifications in
peri-implant architecture; among all the architectural parameters measured (Table 4) we
focused on the time course of Ct.Th and BV/TV as those two indices are most relevant for the
mechanical competence of the vertebra [32, 52] and for the stability of the bone-implant sys-
tem [8, 11]. The relative increase in cortical thickness was significantly higher in SHM than
OVX mice: an initially higher BFR together with lower values of BRR towards the end of the
study both contributed to the larger relative increase of cortical thickness in healthy mice.
Such increase was mainly due to the expansion of the periosteal surface as indicated by the net
periosteal and endocortical (re)modeling behavior. The adverse influence of hormonal status
on peri-implant bone rearrangement confirms previous findings, which reported a decreased
amount of peri-implant bone in estrogen depleted animals either in the initial days post
implantation [29] or up to two weeks after implantation [24]. Here, we demonstrated that
architectural differences between SHM and OVX were still present even six weeks after
implant placement. The positive modifications in peri-implant cortical bone were contrasted
by substantial bone loss, especially far from the implant and in SHM mice. There, the loss was
caused by very low BFR, which could not counteract the high values of BRR. In SHM animals,
the quick and substantial thickening of peri-implant cortical bone could have required bone to
be resorbed elsewhere, for instance due to changes in the loading pattern. The interpretation
might be that bone “shifts” from the trabecular network away from the implant to the cortical
shell close to the implant to favor implant anchorage. Such “shift” may be hindered in OVX
mice: in fact, considering the absolute values of BV/TV (Fig 5) it is clear that OVX animals had
an initial bone volume fraction which was almost a factor of two smaller than SHM. Therefore,
it may be that the bone volume is so low that, for the same level of physiological mechanical
stimulations, the strains are much higher in OVX than SHM therefore preventing additional
significant bone loss, which would further compromise whole vertebral bone strength.

There were limitations in the presented study that need to be mentioned. The statistical
tests performed when data was not normally distributed may be less stringent than traditional
ANOVA and, as a consequence, small differences that were identified as statistically significant
should be interpreted with some caution. However, the main conclusions of our work are
based on parameters which show high variations (i.e. always larger than 20%) between SHM
and OVX at least in one time interval, namely: Ct.Th and BV/TV (Fig 5) as well as BFR and
endocortical BRR (Figs 3 and 4). The resolution of the micro-CT is a limiting factor for detect-
ing modification in trabecular thickness [53] as well as in the amount of formed/resorbed
bone [30, 31]. Here, the minimum number of voxels that have to appear when superimposing
two consecutive scans to be counted as formed/resorbed bone is one, with the additional con-
strains that the voxel must have in its closest neighborhood at least one additional voxel of the
same type, i.e. identified as formed/resorbed. Image resolution also constrains the minimum
time interval between two scans: assuming a mineral apposition rate of 2 um per day [20], a
minimum lag period of 5 days is required between two scans. We superimposed scans taken
14 days apart, therefore the average thickness of formed and resorbed bone packets is around
28 um, which is above the nominal as well as true resolution of the micro-CT. The experimen-
tal error of our technique, mainly due to image registration (i.e., rotation of the coordinate
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system and interpolation) [39], has been previously quantified using repeated ex vivo measure-
ments (including repositioning between the scans) of vertebrae measured after animal sacrifice
and registered on the in vivo dataset: the quantity of erroneously formed/resorbed voxels per
bone volume was less than 5% [1] and, in general, remodeling parameters could be assessed
with fairly low precision errors similarly to standard architectural parameters [20, 30, 31, 54,
55]. It is worth mentioning that measurements of bone formation based on in vivo micro-CT
of entire mice vertebrae as well as of specific regions of mice tibiae showed very high correla-
tions with dynamic histomorphometry, which is considered gold standard to quantify bone
remodeling [30, 31]. The mouse vertebral model used here may not adequately represent
human cortical bone: adult mice are still growing in length while human cortical bone practi-
cally stops growing in early adulthood. Moreover, murine bone lacks osteons, which are piv-
otal features for the classical remodeling behavior of human cortical bone [56]: therefore, a
cortical shell without osteons may not be fully representative for the behavior of thicker shells
with osteons. Here, bone (re)modeling was monitored only after implantation, while the (re)
modeling rates before implantation or without the implant were not characterized in the same
animals. However, in a previous study, we compared the (re)modeling behavior of genetically
identical mice of similar age with and without the implant and we found that in distant bone,
formation was only marginally affected by the presence of the implant, whereas the same was
not true for resorption [20]. Being mainly interested in the relative differences between OVX
and SHM in bone (re)modeling post-implantation, the lack of a suitable control for bone (re)
modeling should not affect the main conclusions of our study. In the present study we could
not state whether bone changes induced by implant insertion and measured far from the
implantation site would also appear in neighboring vertebrae (e.g., CV5 and CV7). Although
there is evidence that during fracture repair and healing of large bone defects, a local accelera-
tion of osteogenesis could trigger a systemic acceleration of bone formation [57, 58], in previ-
ous pilot studies we could not detect architecture and remodeling differences in CV6 when
comparing scenarios with or without pins in neighbor vertebrae [33, 52, 59]. Likewise, the
absence of effects on neighboring bones following the insertion of small pins was reported for
a rat tail loading model [60, 61]. We also did not perform a direct mechanical assessment to
characterize the impact of the observed architectural changes on implant anchorage. Destruc-
tive implant pull-out tests could be performed after animal sacrifice; however, considering that
SHM bones had higher cortical thickness and bone volume fraction both close to and far from
the implant, we would not expect mechanical testing to give much more insights than we
could infer from the architectural changes. We did not directly asses bone implant contact,
which is an important biomechanical parameter for (primary) implant stability. Although our
approach in principle would allow measuring it, as metal artifacts were eliminated, we pre-
ferred to exclude surface voxels in contact with the implant from our analysis as those are most
influenced by imaging and registration artifacts and therefore may have a grey value no repre-
senting the reality [20, 54] and typically overestimating the amount of bone in contact with the
implant.

In conclusion, our hypotheses that OVX animals would have a decreased ability to modify
bone (re)modeling and that the corresponding structural changes in peri—implant bone
would be less effective for implant stability were confirmed in cortical bone. There, due to dis-
turbed bone formation, estrogen depleted animals had a reduced capability to thicken the cor-
tical shell in response to implant placement, which in turn indicates decreased implant
fixation strength [11]. We also showed that the rapid increase in peri-implant cortical thick-
ness observed in healthy animals may raise bone resorption elsewhere and, specifically, in the
trabecular network far from the implant. The obtained knowledge on the dynamic response of
diseased bone following implant insertion should provide useful guidelines to develop
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advanced treatments for osteoporotic fracture fixation which could be based, for instance, on
selective manipulation of bone turnover in the peri-implant region by a local delivery of medi-
cations or by judicious administration of mechanical stimulation.
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