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A B S T R A C T

Physical exercise has been shown to induce positive reactions in bone healing but next to nothing is known about
how it affects the nanostructure, in particular around implants. In this study, we established this link by using
small-angle X-ray scattering tensor tomography (SASTT) to investigate nanostructural parameters in 3D such as
mineral particle orientation and thickness. As a model system, rat femoral bone with a bio-resorbable implant
(ultra-high purity magnesium) was used. One-half of the rats underwent treadmill exercise while the other half
were moving freely in a cage. At two- and six-weeks post-surgery, rats were sacrificed, and samples were taken.
Our results point to an earlier start and stronger remodeling when physical exercise is applied and to a stronger
reorientation of the mineralized collagen fibers around the implant. This study reveals the nanostructural
response of bone with bio-resorbable implants to physical exercise. Understanding this response is very
important for designing post-surgery treatments.
Statement of Significance: Physical exercise is known to have beneficial effects on the human body and is often
incorporated into the recovery process following orthopedic surgeries. While the response of bone to physical
exercise is well-documented, the structural response of bone to early exercise after implant placement, partic-
ularly its impact on the nanostructure, has not been extensively studied. In this study, we identify the effects of
physical exercise on the bone nanostructure and the remodeling process around a bioresorbable implant. These
findings could help develop tailored physical exercise strategies for post-surgery recovery in patients.

1. Introduction

Bone fractures reduce the mechanical stability of bones and can
jeopardize the structural integrity of the musculoskeletal system. Or-
thopedic implants are often necessary to stabilize the fractured bone
during the healing process but both fractures and implants completely
disrupt the pre-existing load distribution in the bone. After an injury, the

bone will try to adjust to the new loading pattern. The quality of the
healing bone depends on its ability to remodel and adapt to the new
mechanical environment. This remodeling process is governed by
mechanotransduction whereby cells (osteocytes) convert mechanical
signals into biochemical, electrical, or chemical responses [1–3] which
induce osteoblast and osteoclast activity and differentiation of mesen-
chymal stem cells [4,5]. Controlled physical exercise can be used to
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create and moderate mechanical cues in the bone. There are prior
studies on rat models without fractures or implants that focused on the
macro- and microscopic effects of exercise from a medical perspective
[6,7]. Positive effects were reported for parameters like bone mineral
density and bone mass [8]. Exercise has been shown to improve the
healing of non-critical-sized bone defects, suggesting a positive effect
both of preemptive [9] and post-operative exercise [10]. Bourzac et al.
also reported increased osteogenesis and elevated osteoblast activity
[9].

Bio-resorbable implants are gaining increasing attention due to their
possible advantages over conventional titanium (Ti) implants in ortho-
pedics [11]. For load-bearing applications, such as fracture fixation,
magnesium-based alloys seem very promising, and their biocompati-
bility and general suitability have already been demonstrated in the
literature [12–14]. Some insights have been gathered about the response
of bone structure to the placement of such implants [15–17]. However,
no information exists about how physical exercise might influence the
bone structure in the vicinity of a magnesium implant during the healing
process. In particular, the continuous degradation of such implants
causes a locally evolving situation with a continuously changing
bone-implant interface and changing mechanical load patterns.

Bone has a complex hierarchical structure over multiple length scales
all of which contribute to its mechanical properties and performance
[18–21]. At the nanostructural level, bone is composed of mineralized
collagen fibers. Some of their characteristics such as the fiber orientation
or the degree of mineralization highly influence bone’s mechanical
properties [22] and details on the actual arrangement of the mineral
fraction are still emerging [23–28]. Further insights into the nano-
structural behavior are therefore essential for modeling and predicting
bone healing in the future.

Traditional methods to study the bone structure, such as histology or
computed tomography, do not give access to the bone nanostructure. In
contrast, X-ray scattering methods provide a unique tool to characterize
bone at this length scale [29–31]. In previous studies, these methods
were used to show that the placement of an implant made from titanium
(Ti) [32], zirconium (Zr) [33], or magnesium (Mg) [17] changed the
preferential orientation of the mineral-collagen composite and thickness
of the mineral particles in this composite at the bone-implant interface.
A study using 2D small-angle and wide-angle X-ray scattering (SAXS,
WAXS, resp.) showed changes in the bone nanostructure already one
month after the implantation of an Mg implant: instead of aligning with
the bone’s usual direction along its main axis, mineral particles reor-
ganized to follow the implant surface [15,16].

2D scattering methods, however, are limited to flat samples and are,
thus, very dependent on sample orientation and preparation. To over-
come this, 3D scattering methods such as SAXS tensor tomography
(SASTT) were developed. With SASTT, 3D orientations of the nano-
structure of 3D samples can be studied [34,35]. The technique was used,
for instance, to report on reorientations of the bone nanostructure
around the surface of a Mg-implant [36].

However, the impact of physical exercise on the bone nanostructure
around Mg-implants, and – to the best of our knowledge - around im-
plants in general, has not been studied.

Therefore, in the present work, we used SASTT and 2D SAXS tech-
niques to determine the effects of early physical exercise applied shortly
after implantation on the bone nanostructure around bio-resorbable
implants during healing. We investigated bone samples from rats with
a bio-resorbable implant that had been subjected to a treadmill exercise
regime and were explanted 2 weeks and 6 weeks after the surgery. The
results of the exercised samples are compared to non-exercised equiva-
lent samples. We find distinct differences in nanostructural parameters
such as degree of orientation of the mineral-collagen composite, direc-
tion of orientation, and mineral particle thickness in the exercised
samples, suggesting a pronounced impact of early exercise.

2. Materials and methods

2.1. Samples

All animal experiments for this study were approved by the Austrian
Federal Ministry for Science and Research under the following permit:
BMWFW-2020-0.363.120. The animal experiments were carried out in
accordance with the “European Convention for the protection of verte-
brate animals used for experimental and other scientific purposes”.

Male Sprague Dawley rats were randomly divided into two experi-
mental groups, non-exercised (nEx) and exercised (Ex). At 6 weeks of
age, all the rats underwent surgery as described in Suljevic et al. 2023
[10]: “After cleaning the surgical field with alcohol, transverse skin
incision was made on both femur diaphysis. A cylindrical hole was then
created by using a surgical drill with 1.55 mm bur at the femur diaph-
ysis. XHP-Mg pins were implanted in a transcortical fashion by using the
needle holder. The skin was closed with absorbable sutures. To ensure
post-operative analgesia, all rats subcutaneously received 200 mg/kg
Caprofen (Rimadyl, Pfizer Corporation, Vienna, Austria).
Post-operatively, the rats were permitted to move unrestrainedly in their
cages and with unrestricted weight bearing. The rat’s behavior was
monitored each day until the end of the experiment.” More details can
be found in the reference and more information about the implant is
given by Okutan et al. [37]. After the implantation procedure, μCT
measurements were performed. Starting on the second day after im-
plantation, rats from the Ex-group underwent a 2-week (5 days per
week) running exercise on a treadmill machine, as described in Suljevic
et al. In this paper, it was shown that this protocol yields positive effects
for bone regeneration and induces osteogenesis [10]. Animals were
euthanized at 2 and 6 weeks after implantation.

Explanted bones were fixed, dehydrated, and embedded in PMMA,
Technovit 9100 New (Heraeus Kulzer, Wehrheim, Germany) as
described in Suljevic et al. [10]. Two groups of samples were cut/ma-
chined using a precision saw “Struers Accutom 50″ (Struers, Ballerup,
Denmark). 1) Small cylinders (5–7 mm length, 3 mm diameter) which
contained the implant plus surrounding bone, with the longitudinal
implant axis and the cylinder axis co-aligned for SASTT measurements.
Four samples were prepared, one for each time point and exercise
condition: 2w-nEx (2-week non-exercised), 2w-Ex (2-week exercised),
6w-nEx (6-week non-exercised), and 6w-Ex (6-week exercised). Each
sample came from a different animal. 2) Thin slices (200 µm thickness)
of bone with implant which were cut in a plane containing longitudinal
bone and implant axes for SAXS measurements. Three samples of
different animals were prepared for each time point and exercise con-
dition except for 2w-nEx where only 2 samples were possible to obtain
due to sample preparation problems with one sample. All samples
correspond to the left leg of the animal except the SASTT 2w-nEx and
two of the SAXS 2w-Ex where the right leg was used due to problems
with the left-leg samples.

2.2. MicroCT

In vivo micro-computed tomography (μCT) of femoral bones was
performed using a Bruker Skyscan (Bruker Skyscan, Kontich, Belgium)
directly after surgery. During the μCT rats were positioned on their back
with femur bones oriented at a 90◦ angle. The image reconstruction was
performed using NRecon software (Skyscan, Kontich, Belgium). Rele-
vant parameters for measurements and reconstructions are provided in
Supplementary Table S2.

2.3. Small-angle X-ray scattering

Small-angle X-ray scattering (SAXS) experiments were performed at
the cSAXS beamline of the Swiss Light Source (SLS) at the Paul Scherrer
Institute, Villigen, Switzerland, using a monochromatic beam of
12.4 keV. The beam was focused to a beamsize of 25 × 20 µm2. To
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minimize air scattering, an evacuated flight tube was placed between the
sample and the Pilatus 2M detector. The sample-detector distance was
2.18 m, which covers a q-range of 0.1–5 nm-1, where q is the scattering
vector q= 4π/λ sin(θ), where λ is the wavelength and θ the half scat-
tering angle. The direct beam intensity was measured using light scat-
tered from a 1.5 mm steel beamstop inside the flight tube. The samples
were mounted on a motorized stage with X-Y movement and scanned
with a step size of 20 µm in both directions, with fly scans in the Y-di-
rection and an exposure time of 30 ms.

2.4. SAXS tensor tomography

SAXS tensor tomography (SASTT) experiments were also performed
at the cSAXS beamline with a monochromatic beam of 17.8 keV focused
to approximately 60 × 30 µm2. Other details from the setup are similar
to the small-angle X-ray scattering experiments described above. The
cylindrical samples were mounted on a needle and placed on a two-axis
goniometer which allows for tilt δ, rotation γ, and translation in the X-Y
plane to scan the samples. More details about the SASTT setup can be
found in Liebi et al. [34]. The samples were scanned with a step size of
65 µm and an exposure time of 30 ms. Between 298 and 338 projections
were acquired for each sample. Projections were captured at 7 different
tilt angles (δ), equally distributed between 0 and 45◦ For δ = 0◦, the
rotation angle γ was varied from 0◦ to 180◦ For all other tile angles, γ
ranged from 0◦ to 360◦ For more details about the specific experimental
parameters with which each sample was measured see Supplementary
Table S1. The small differences in experimental parameters between
samples are not significant enough to affect the SASTT results.

The total dose of the experiments was estimated as described by Silva
Barreto [38] following Eq. (1):

Dose =
E Ioτ A

ΔxΔyΔz ρN (1)

where E is the X-ray energy, I0 the photon flux, τ the exposure time, A the
absorption of the sample, ΔxΔyΔz the sample volume, ρ the density of
the sample, and N the number of projections.

The total dose of the measurements was 55 kGy for each sample. In
between changes of tilt angle, and extra projection at δ = 0◦ and γ =

0◦ was acquired to inspect changes due to radiation damage and no
noticeable changes were observed in the mineral component of the
bone.

2.5. SASTT data analysis

All the data, including the 2D SAXS measurements was integrated
azimuthally in 16 segments using the cSAXS MATLAB package [39].

For SASTT reconstructions, the scattering signal of the mineral par-
ticles was analyzed for q = 0.407–0.698 nm-1. All the projections were
aligned using an iterative method [40] and the reconstruction was
performed as described in Liebi et al. [41]. The 3D reciprocal space map
in each voxel is described by spherical harmonics with coefficients alm,
with orders m = [0,0,0,0] and degrees l = [0,2,4,6] and the orientation
parameterized with the spherical angles θ and φ.

From the reconstructed 3D reciprocal space map, the main orienta-
tion and the degree of orientation were obtained. The degree of orien-
tation is calculated as defined in Liebi et al. [41].

2.5.1. Mineral particle dimensions
To estimate the mineral particle thickness, a q-resolved reconstruc-

tion was performed. The q vector was divided into 175 logarithmically
spaced segments in the q-range [0.04–5.6 nm-1] and a reconstruction of
the symmetric scattering intensity was performed for each one of them,
i.e., a reconstruction by optimizing the first coefficient (m = 0, l = 0).

The T-parameter was calculated using the stack-of-cards model [42],
which models the mineral platelets as randomly spaced, parallel stacked

particles. The T-parameter can be obtained from Eq. (2), where P is the
Porod constant (extracted from the Porod plot Iq4 vs q4) and G(x) is a
rescaled function described in Eq. (3) and x=qT. In Eq. (3), α denotes the
damping of the oscillations and β represents the spatial correlation be-
tween particles.

q2I(q) =
π
4
PT2G(x) (2)

G(x) =
4
π

x2 + (α − 1)
(
α2 + β2

)

(
x2 + α2 − β2

)2
+ 4α2β2

(3)

This model assumes a two-phase system with sharp interfaces,
platelet-shaped particles, and a mineral volume fraction of 50 % [43].

The Guinier exponent (R) is calculated with a power-law fit in the
Guinier region, following Eq. (4). The T-parameter was then calculated
for each pixel where R < 2 to comply with the boundary conditions of
the T-parameter analysis, along with a symmetric intensity threshold of
2 to eliminate signals that have not originated from bone.

I(q) = aq− R (4)

2.6. Further processing of tomography data

Previous studies showed that some nanostructural parameters vary
with the distance to the implant [15,32,36]. The following steps were
taken to enable and simplify this distance-resolved analysis. Samples
were carefully machined and later, during the measurement, positioned
so that the implant axis was parallel to the Y-axis of the experimental
setup (see Fig. 1 for coordinate system). From the SASTT absorption
tomogram, a virtual slice in the X-Z plane was extracted at each end of
the implant. First, an edge-finding algorithm was used to detect the
interface between the implant and surrounding material. Then, a
circle-finding algorithm was used to fit a circle into the results of the
edge finding and extract the center coordinates. Using the center co-
ordinates at both sides of the implant, a linear function was constructed,
and implant center coordinates were extrapolated for each X-Z slice.
Afterward, the distance to the implant center was calculated for each
voxel within the respective X-Z slice. The implants were manufactured
with a diameter of 1.6 mm and the bone samples were machined into
cylinders with a diameter of approximately 3 mm. According to these
specifications, voxels with a distance to the implant center between
0.8–1.5 mm were considered for the distance-to-implant analysis. This
dataset was grouped into ten distance ranges, each covering 70 μm
radially. The median value of each parameter of interest was calculated
for each distance group and plotted at the mean distance of the group
respectively.

2.6.1. Segmentation
We distinguished between bone that had been present right after the

implantation (previously existing) and bone that formed during the re-
covery period (newly formed). For this purpose, we used in vivo micro-
CT measurements, performed shortly after the implantation surgery (as
described in Section 2.2), and the SASTT measurements, performed on
the explanted samples. If bone was present in the same location in both
measurements, then this area was labeled as previously existing bone.
Alternatively, if bone was present only in SASTT but not in the µCT
dataset, it was labeled as newly formed bone, as it must have formed
between implantation and sacrifice. To determine if bone is present in
the same location, we spatially correlated the voxels of the two datasets.
First, both datasets of the same sample were aligned by visually
matching morphological characteristics using Paraview software (http
://www.paraview.org). Every subsequent step was performed with
self-written Python scripts.

The coordinates of the μCT dataset were transformed in order to
place the aligned tomograms in one coordinate system. It must be
considered that the volume of a voxel from one dataset could correspond
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to multiple voxels of the other dataset. In our approach, a µCT voxel was
assigned to the SASTT voxel that held most of its volume fraction. Since
the μCTwas performed with a smaller voxel size (40 μm) than SASTT (65
μm), every SASTT voxel was correlated with one or more µCT voxels. In
the case that the correlation was done with multiple µCT voxels these
were only labeled as bone if >50 % of the corresponding voxels were
considered bone. A SASTT voxel was considered bone if it fulfilled the
requirements described in Section 2.5.1 whereas voxels in the μCT were
considered bone if the grey level of the voxel was higher than a threshold
of 120.

2.6.2. Statistics
Statistical analysis was performed for SASTT data comparing

consecutive distance steps using one-way analysis of variance (ANOVA),
which is a statistical method that allows us to compare multiple groups
(in this case, distance steps) at once to determine if there are significant
differences between them. Specifically, ANOVA compares the variation
within each group to the variation between groups. If the differences
between groups are greater than the differences within groups, this
signals that there is a meaningful difference in at least one of the groups.

After ANOVA identified an overall difference, we conducted a post
hoc Bonferroni test to pinpoint where those differences lie. The Bon-
ferroni test adjusts the significance level to account for the increased risk
of finding differences purely by chance due to the number of compari-
sons being made. By reducing the chance of false positives, it ensures
that we only consider a difference significant if there is strong enough
evidence that the difference is not due to random variation.

Significant differences were identified using a p-value threshold of
0.05, meaning that if the probability of observing a difference as large as
the one seen (or larger) purely by chance is <5 %, the difference is
considered statistically significant. These significant differences were
marked in the respective figures to help visualize which distance steps
were meaningfully different from one another.

The results of the statistical analysis are presented in Supplementary
Figure S1.

2.6.3. Standard error of mean
The standard error of the mean was calculated for each sample at

each distance step, and it includes every voxel located at each distance
step (i.e., a few thousand voxels). We furthermore want to point out that
the nanoscale information presented is an average over the whole voxel
volume.

3. Results

To investigate the effects of physical exercise on bone remodeling
around Mg implants, rat femur samples with an implanted Mg-pin were
studied at different time points and after an exercise regime had been
applied. The rats were divided into two groups: those who underwent a
running exercise (Ex) and those who were moving freely in a cage (nEx)
(see Section 2.1 for details). The animals were euthanized 2 and 6 weeks
after the implantation surgery (2 w and 6 w).

Once the femurs were explanted, the samples were prepared
including the implant and surrounding bone, covering the area delimi-
ted by the red square in Fig. 1a. One sample of each group was measured
with SAXS tensor tomography (SASTT). This allowed us to obtain in
each voxel of a three-dimensional sample the three-dimensional orien-
tation of the mineralized collagen fibers and the degree of orientation.
Fig. 1b shows a SASTT reconstruction of one of the samples, with an
extracted magnified subvolume in Fig. 1c. In the SASTT reconstructions,
the direction of the glyphs represents the preferred orientation of the
fibers, the glyph size scales with the scattering intensity, and the color
represents the degree of orientation (DOO).

To add statistics and study larger fields of view, 2D SAXS measure-
ments were performed. (Supplementary Figures S2-S3).

In the acquired 3D data, we observed endosteal and periosteal callus
formation after implantation. For this reason, we segmented the data
into previously existing bone and newly formed bone to study the effect
of physical exercise and the implant in these two regions. Fig. 2a shows
the segmented bone volume for the 6w-Ex sample, the other samples can
be found in Supplementary Figure S4. This segmentation was performed
as described in the methods section (Section 2.6.1). Bone that had been
present at the time of implantation was labeled as previously existing
bone (Fig. 2b-d) whereas bone that had not been present, i.e., appeared
after implantation as a response to the fracture and the implant, was
labeled as newly formed bone (Fig. 2e-g). Since bone remodels
constantly, the term ‘previously existing bone’ designates the spatial
area where bone was present right after the implantation, not that bone
within this area stayed unaltered.

3.1. Degree of orientation

In scattering experiments, the anisotropy of the mineral-collagen
composite can be evaluated by the degree of orientation (DOO) [44].
This parameter is defined as the ratio between the anisotropic scattering
and the total scattering, which gives an indication of how much fibers
are aligned to each other in each voxel.

Fig. 2 (c,f) illustrates the degree of orientation for each sample as a

Fig. 1. Experimental procedure. (a) In vivo μCT reconstruction of the femur with implant. The red square delimits the part that was extracted and measured with
SASTT. (b) SASTT reconstruction of the implant (grey) with the surrounding bone. The glyphs represent the main orientation of the mineralized collagen fibers in
each voxel (direction), scattering intensity (size) and degree of orientation (color). (c) Extracted subvolume of SASTT reconstruction, area delimited by red square
in b).
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function of the distance from the bone-implant interface. The data is
averaged over all voxels in the sample falling within a specific distance
range as explained in the methods section (Section 2.6).

In previously existing bone (Fig. 2c), all samples, except 2 weeks
non-exercised (2w-nEx), show a steep increase and comparable values
within the first 300 μm from the implant. Farther from the implant,
samples that underwent physical exercise exhibit higher DOO values
than their non-exercised counterparts. In the newly formed bone regions
(Fig. 2c), we observed a more constant increase of the DOO towards
greater distances. While there is a generally higher DOO in previously
existing bone regions compared to newly formed bone, exercised sam-
ples exhibit higher DOO values than their non-exercised equivalents in
both bone regions. In the newly formed bone region, there is also a
difference between the two time points, with the 6 weeks samples
exhibiting generally higher DOO than the 2 weeks samples.

3.2. Mineral particle thickness

In Fig. 2 (d,g), the T-parameter, an indicator of the thickness of
mineral particles [29], for each sample is presented as a function of the
distance from the bone-implant interface.

In both previously existing bone (Fig. 2d) and newly formed bone
(Fig. 2g) regions, we see a rather constant value of the T-parameter in
the non-exercised samples while the exercised samples exhibit an in-
crease towards higher distances. In general, the T-parameter at 6 weeks
(6 w) is notably higher in the exercised sample in both bone regions.
Also, the time point seemed to play a role, with the 2-week samples
showing generally lower T-parameters than the 6-week samples, except
for previously existing bone region of the 2w-nEx sample.

3.3. Orientation of the mineral-collagen composite

We analyzed the main orientation in every voxel to understand
changes due to implant placement and the exercise regime. In this

analysis, it is assumed that the direction obtained from the SAXS of the
mineral component is coaligned with the fibrillar direction of the
collagen as demonstrated in previous studies [45].

Here, we are interested in knowing howmuch the local orientation in
each voxel differs from the typical preferred orientation of the mineral-
collagen composite in the shaft of long bones, i.e., the longitudinal bone
axis. For this purpose, we calculated the angle between the main
mineral-collagen orientation in each voxel and the longitudinal bone
axis, derived from the dot product of the two vectors. In Fig. 3a this
angle is plotted as a function of the distance to the bone-implant inter-
face for areas of previously existing bone. The 2w-nEx sample shows the
smallest orientation deviation from the longitudinal bone axis (X-axis)
and a rather constant trend. The other three samples exhibit a more
pronounced deviation from the bone axis close to the bone-implant
interface. With increasing distance, the alignment becomes increas-
ingly parallel to the bone axis and seems to approach a common base-
line. The mineral-collagen composite in exercised samples shows greater
deviation from the longitudinal bone axis than in the corresponding nEx
samples.

These findings are also visible when looking at Fig. 3b. Here, each
glyph represents the median of the orientation of the mineral-collagen
composite of all voxels along the implant direction (Y-axis). The color
shows the median along the Y-axis of the angle between the longitudinal
bone axis (X) and the main orientation in each voxel. A dark blue glyph
represents an orientation parallel to the bone axis and a red one
perpendicular to it.

In Fig. 3b we see that in the previously existing bone region of the
2w-nEx sample the mineral-collagen composite is strongly oriented
along the main bone axis (mostly dark blue glyphs). The same holds for
the 2w-Ex samples, although slight deviations are visible. In both 6-week
samples (6w-nEx and 6w-Ex), there are regions with an orientation away
from the main direction of the bone axis, shown in red. These areas are
located close to the implant, in proximal and distal directions. In a 3D
visualization of the data (Supplementary Video S1-S4), it can be seen

Fig. 2. Segmented bone nanostructural properties. (a) Segmentation of previously existing and newly formed bone of 6w-Ex sample. Separated volumes of previously
existing bone (b) and newly formed bone (e). Degree of orientation (DOO) as a function of distance to the implant interface for previously existing bone (c) and newly
formed bone (f). T-parameter as a function of distance to the implant interface for previously existing bone (d) and newly formed bone (g). Each sample is represented
by a curve and labeled by their time point of extraction (2 weeks or 6 weeks) and the physical exercise regime (non-exercised (nEx) or exercised (Ex)). The shaded
regions represent the standard error of the mean. The line plots (c-d, f-g) with statistical analysis to mark significant differences between consecutive distance steps
can be found in Supplementary Fig. S1.
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how the reorientation is forming a wrapping pattern of mineralized fi-
bers, around the implant. This wrapping is more pronounced in the 6-
week exercised sample than in the 6-week non-exercised sample.

For newly formed bone (Fig. 3d-f) the behavior is different. At 2
weeks it can be observed in Fig. 3e that there are seemingly randomly
localized areas, whose orientations differ from the main bone axis, for
both, Ex and nEx samples. At 6 weeks, the wrapping pattern that has
been described above for the previously existing bone (Fig. 3b) is also
present for both Ex and n-Ex samples. We note that the effect is
considerably more pronounced in the exercised sample 6w-Ex, where
strong orientation away from the longitudinal bone axis and along the
implant surface was observed close to the implant (Fig 3. d-e). In gen-
eral, in the newly formed bone regions, a greater amount of random
orientation and a stronger wrapping effect was observed than in the

previously existing bone.
The results of degree of orientation and T-parameter are supported

by the results of 2D SAXSmeasurements (Supplementary Figures S2-S3).
As in scanning SAXS only one plane is measured instead of a 3D full
volume in SASTT, and the orientation and therewith the degree of
orientation are only measured as a projection within this plane, dis-
crepancies are expected. However, the general shape agrees for the
degree of orientation which is larger at 6 weeks when compared to 2
weeks, and the DOO of the 6w-Ex sample increases far away from the
implant. In the case of the T-parameter, 6-week samples show higher
values than 2 weeks but the differences between exercised and non-
exercised samples are not as clear as with SASTT. No detailed orienta-
tion analysis was done in this case, because analyzing the orientations in
2D does not allow for a meaningful comparison with the 3D orientation

Fig. 3. Orientation results for previously existing bone (a-c) and newly formed bone (d-f). (a,d) Line plots of the angle between the longitudinal bone axis and the
local orientation as a function of distance to the bone-implant interface. (b,e) Median of the orientation of the mineral-collagen composite along the implant (Y-
direction). Orientations are represented by colored glyphs. The color represents the median along the Y-axis of the angle between the longitudinal bone axis (X-
direction) and the main mineral-collagen composite orientation in each voxel. Glyphs are not scaled with any magnitude. (c,f) 3D visualization of the segmented
sample (6w-Ex) and coordinate system as a reference. The line plots (a,d) with statistical analysis to mark significant differences between consecutive distance steps
can be found in Supplementary Figure S1.
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angles from SASTT results.

4. Discussion

4.1. Effects of physical exercise

In this study, we investigated the impact of physical exercise on the
remodeling of bone around bio-resorbable implants. While exercise has
been shown to have a positive impact on bone healing in terms of bone
mineral density and osteogenesis [8,9], this study shows, as a major
result, that physical exercise has distinct effects also on the bone
nanostructure aroundmagnesium implants. This information is essential
for understanding the healing process of bone around such implants and
obtaining information about the impact of mechanical stimuli. Specif-
ically, our results show that the degree of orientation (DOO) of the
mineral-collagen composite was generally higher in exercised bone,
specifically at the time point of 6 weeks after implantation (Fig. 2c,f).
This phenomenon is particularly pronounced in newly formed bone
which could indicate enhanced healing of callus tissue whereby woven
bone is remodeled into lamellar bone. This transition can also be
observed in histological images of stained bone slices from samples that
underwent the same protocol (Supplementary Figure S5). The
morphology of the newly formed bone changes in appearance over time,
transitioning from a more fibrous and immature-looking structure in the
2-week samples to a more compact structure in the 6-week samples.
During early stages of bone formation, poorly ordered woven bone is
laid down and slowly replaced by lamellar bone which is known to have
a higher DOO, as described in Liu et al. [46]. In this paper, the authors
show a biphasic mineralization process with a first wave of unorganized,
woven bone tissue formation within 2–6 weeks and a second wave of
transformation into organized, lamellar bone within 6–9 weeks. It has
been shown in mice, that the woven bone is characterized by a lower
degree of mineralization and orientation as well as slightly thicker
mineral particles compared to lamellar bone [47]. We hypothesize that
the training is accelerating the transformation process from woven bone
to lamellar bone.

Furthermore, the mineral platelet thickness, which is an indicator of
bone maturity, was smaller at the interface to the implant in the exer-
cised samples and greater in regions further away from the implant
(Fig. 2d,g) whereas it remained more constant in the non-exercised
samples. Both of these results suggest that physical exercise acceler-
ates the start and/or development of structural changes in the bone.

In mature/healthy bone, i.e., without an implant, the mineral-
collagen composite tends to orient along the longitudinal bone axis in
both humans [20,48], and rats [49,50]. However, it has been shown that
mechanical stimuli can alter the orientation of the mineral-collagen
composite [51,52]. Moreover, bone orientation often differs locally
from this alignment around macrostructural features such as cement
lines, blood vessels, etc., underlining the importance of studying local
orientations [24,53–55]. In this study, we observed a more pronounced
preferred orientation away from the bone axis in exercised rats than in
non-exercised rats, which is indicative of a stronger structural adapta-
tion of bone to the new geometry and the changed loading pattern. We
also observed a more isotropic behavior close to the bone-implant
interface (Fig. 3).

While our results clearly show nanostructural changes around the
implant, it is in general difficult to determine the onset of nanostructural
remodeling. Basic multicellular units (BMU) at the bone-implant inter-
face were observed as early as two weeks after administration of a Ti
implant [56], and altered mineralized nanostructure was confirmed as
early as one month after implantation [36]. However, information
regarding earlier time points is limited. Our results show that without
exercise no significant amount of altered mineralized nanostructure is
present after two weeks post-surgery. If physical exercise is applied, the
remodeling process seems to proceed quicker and altered mineralized
nanostructure is already formed after two weeks as can be seen in the

degree of orientation (Fig. 2c) and orientation of the mineralized fibers
(Fig. 3a).

According to our results, exercise leads to a decrease in the mineral
particle thickness close to the implant and a stronger reorientation of the
mineral-collagen fibers. Thinner mineral particles are associated with
younger bone [29] expected during primary or early secondary miner-
alization in the remodeling process. While reorientation of the fibers
around implants has been observed before, the impact of physical ac-
tivity had not been studied. Here we show for the first time that physical
exercise leads to a faster and stronger reorientation of the
collagen-mineral composite around the implant in the form of a wrap-
ping pattern. Therefore, we hypothesize that those effects on the
nanostructure originate from stronger remodeling around the implant
initiated by physical exercise. Enhanced remodeling in rat bone due to
exercise, specifically in previously existing bone, has not been reported
in literature yet, possibly because of insufficient sensitivity of common
biochemical markers used to track changes in bone remodeling.

To the best of our knowledge, our study is the first one to provide
insight into the effect of exercise on the nanostructure of bone around
implants. Since it is well known that the nanostructure in turn influences
the mechanical properties of bone, this information can become crucial
to assess and potentially even predict bone quality after implant place-
ment and subsequent exercise.

4.2. Further implant-induced effects

Prior studies on the effects of bio-resorbable and permanent implants
on bone nanostructure found several features that are believed to be a
direct consequence of the presence of an implant.

The mineral-collagen composite exhibited a general decrease in de-
gree of orientation near the implant. This response is commonly
observed in bone adjacent to orthopedic implants, as evidenced by 2D
SAXS [16,17,32,52,57] and SASTT [36]. The most plausible explanation
is that the ongoing healing/remodeling process gives rise to a locally
higher ratio of early-stage woven bone, which has been shown to be
more isotropic than more mature bone [58]. We did not see this effect in
the 2w-nEx sample, possibly because remodeled structures are not suf-
ficiently mineralized yet to be detected by SAXS/SASTT. However, we
observed different DOO trends in previously existing and newly formed
bone. In the case of previously existing bone, there is a marked decline in
DOO near the implant, a pattern likely due to the remodeling predom-
inantly occurring in this area. Conversely, the DOO trend in newly
formed bone exhibits a more gradual decline, which might be attributed
to a gradient in bone maturation due to successive bone deposition.

Another prominent reaction of bone to implants is a distinct reor-
ientation of mineral particles along the implant surface in surrounding
bone [16,32,36]. The consensus is that the implant surface acts as a
directional guide for deposited collagen fibers, such as for bone growing
in scaffolds [59,60]. Since the reorientation had also been observed
further away from the implant surface, local stress distributions are
believed to be an additional factor driving this reorientation.

Our results for orientation in previously existing bone show a reor-
ientation along the implant surface, close to the implant. This reor-
ientation occurs primarily in areas with high angles between the long
bone axis and implant surface (proximal and distal directions). Areas
where reorientation is less pronounced are mostly located where the
angle between long bone axis and implant surface is low and less local
stress is acting. This general alignment with the implant surface agrees
well with reported findings in literature [16,32,36].

Only the non-exercised 2-week sample does not show much reor-
ientation and is primarily aligned parallel to the bone axis. Again, we
hypothesize that the adjustment to the implant and associated remod-
eling is not yet evolved enough to be detectable by SAXS/SASTT at this
time after implantation.

At 2 weeks after implantation, mineral particles in newly formed
bone may appear to have a random orientation, suggesting a disordered
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growth pattern akin to woven bone. Subsequently, at 6 weeks after
implantation, the orientation of the bone seems to align with the
implant, similar to the alignment observed in pre-existing bone but with
a more pronounced reorientation.

An explanation for these observations could lie in the significant
changes within the local mechanical environment, as bone regenerates.
Initially, small sections of bone form in response to the prevailing
loading patterns. As these segments undergo mineralization and stabi-
lize, they alter the mechanical environment. This, in turn, affects the
orientation of subsequent bone formation, aligning it with the new
mechanical context.

It is important to note that our study also faces some limitations.
First, due to the limited access to synchrotron experiments, we could
only perform 3D SASTT measurements of one sample per group. An
advancement in this regard will be the current advent of fourth gener-
ation synchrotrons which allows for faster measurements. In this study,
we tried to mitigate this limitation by performing 2D SAXS experiments
to increase the relevance of the study and confirm our 3D observations
on more 2D samples. The second limitation is that our study focuses on
XHP-Mg implants but the effect of physical exercise on bone might vary
when exposed to different implant materials. Moreover, as highlighted
by Sulvejic et al. [10], different exercise protocols may yield other re-
sults, and more protocols need to be explored to gain a comprehensive
understanding of the effects. Lastly, while our study focused on the
short-term effects of exercise, an expansion towards the long-term
evolution of the nanostructure as the implant degrades would be
desirable. This aspect will be particularly important when considering
potential implications for applications in a medical setting.

All in all, our results suggest that bone remodeling around implants is
highly susceptible to exercise, which not only gives insight into the
interplay between mechanical stimuli and bone healing but might also
influence future clinical approaches involving targeted training of
patients.

5. Conclusion

The effect of physical exercise on the bone nanostructure around bio-
resorbable Mg implants was studied in 3D with SAXS tensor tomography
and 2D SAXS. We observed significant effects of exercise on the nano-
structure, which point to an earlier start of remodeling when physical
exercise is applied and to a stronger remodeling from woven to cortical
bone. The remodeling was characterized by a reorientation of the
mineralized collagen fibers around the implant.

This study provides insight into bone’s nanostructural behavior
around Mg implants and its response to physical exercise. Although
more research is needed, our results may eventually contribute to
optimizing the recovery process of patients after the insertion of an or-
thopedic implant with a more active approach towards rehabilitation.
The results of this study will also contribute to predicting bone quality
and mechanical performance in the presence of (bio-resorbable)
implants.
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