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Correction of metal artefacts
around orthodontic mini-implants
—a micro-CT study in the rat tall
model
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Bert van Rietbergen® & Kathrin Becker***

Micro-CT enables volumetric analysis of peri-implant tissue, but grey value alterations due to metal
artefacts can impair analyses. This study aimed to assess to which extent peri-implant grey values

are affected by metal artefacts at increasing distance to the implant, and whether mathematical
correction is possible. In nine rats, two Ti6Al4V orthodontic mini-implants (OMIs), 0.8 mm in diameter
and 3.0 mm in length, were placed in a single tail vertebra. Micro-CT scans were performed before (T0)
and after (T1) careful removal of the OMIs. Consecutive micro-CT scans were registered and differences
in local grey values were computed at increasing distance to the implant (10.4 pm to 405.6 pm).
Correction coefficient (CC) computation was performed using a smoothing spline fit, with the distance
to the implant and the grey value difference as independent and dependent variable, respectively. To
validate the effectiveness of the CC, the amount of calcified bone volume per total volume (BV/TV) was
assessed within a standardized volume of interest (VOI) reaching up to 1 mm around the OMIs before
and after the application of CC, and the T1-TO differences between corrected and uncorrected scans
were compared using the Wilcoxon signed-rank test. The grey value difference between uncorrected
TO and T1 scans was low in proximity to the implant (32.7%+6.11%) and improved at a distance of at
least 100 pum (93.4%z4.46%). CC computation revealed a satisfactory fit (R>=0.989, RMSE =0.031)

and the difference in grey values was significantly lower after correction (p <0.001). Most VOIs showed
significant improvement, though overcorrection was observed in a few cases. Within the limitations

of the study, metal artefacts decreased with increasing distance to the OMiIs, and significant
improvement was possible using the CC.

Keywo rds Micro-CT, Peri-implant bone, Peri-implant artefacts, Metal artefact correction, Bone
morphometry, Rat tail model

Micro-computed tomography (micro-CT) has been employed for bone microstructural analysis since the late
1980s and its utilization has increased considerably since then!. It enables high-resolution, three-dimensional
(3D) analysis of trabecular and cortical bone??. A high agreement has been confirmed through the comparison
of micro-CT scans with their corresponding histological samples*. Moreover, an additional advantage of micro-
CT imaging is its non-destructive nature combined with its capability to provide 3D data? enabling in vivo
analyses of specimens®.

Despite the aforementioned advantages, a major limitation of peri-implant tissue analyses in micro-CT
images are grey value alterations owing to metal artefacts®~8, including beam hardening (streaking and cupping),
Compton scatter, and blooming artefacts’. As a consequence, grey values in reconstructed images may not
correspond to the original specimen and grey value alterations may mask the nearby structures or add non-
existing ghost elements'*!3. Due to metal artefacts, bone-to-implant contact (BIC) values, representing the ratio
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of peri-implant bone volume per tissue volume, tend to be systematically overestimated in micro-CT images
but could be partially corrected when measurements were performed by a trained observer?. Thus, it might be
suspected that an adaption of the grey values in proximity to the implant could have similar effects.

In addition, some authors aimed to perform artefact reduction in micro-CT scans by using filtering of the
X-rays, iterative reconstruction algorithms or by performing correction of grey values around highly absorbing
tissues in reconstructed images'*°. Nonetheless, these approaches also have their limitations, as X-ray filtering
obviously cannot be applied after the scan is made while reconstruction algorithms rely on the projection
images still being available, which may not always be the case. Most micro-CT suppliers provide dedicated
algorithms for artefact reduction. However, these tools are often challenging to customize, and to the best
of the authors’ knowledge, there is a quest for straightforward methods to effectively reduce artefacts in the
reconstructed images?’. Moreover, the severity of the artefact will also depend on the implant size and material,
and in particular small implants of titanium may not cause major geometrical artefacts but rather influence the
grey-level of the voxels.

For the present study, we investigated the effects and correction of artefacts around orthodontic mini-
implants (OMIs) made of titanium that were placed in rat tail vertebra, as used in an earlier study?!. The aims of
the present study were: (1) to assess the magnitude to which these peri-implant grey values are affected by metal
artefacts, and (2) to investigate if these values can be corrected using a correction coefficient depending on the
distance to the implant.

Results

Peri-implant grey value comparison, calculation and application of the correction coefficient
(CO)

The discrepancy of the grey values between the TO0 and T1 scans, i.e. before and after removal of the implants,
diminished with increasing distance to the implants (Fig. 1). When analysing the smoothing spline fit, the
goodness of fit was high (R*=0.989 and RMSE=0.031). At a distance of 10.4 um, which corresponds to the
interface between the first two voxel layers from the implant, the original quotient g, was 0.33 £0.06. This value
increased to 0.93+0.05 at a distance of 405.6 pm, corresponding to the interface between voxel layer 39 and 40
from the implant. After CC (z) was applied, g, amounted to 1.00+0.20 at a distance of 10.4 pm and 1.03+0.03
at a distance of 405.6 pm (Fig. 1), where values of 1.0 would represent an ideal fit. The Wilcoxon signed-rank
test revealed a statistically significant difference between the quotient values before (¢,) and after (g,) the
application of CC' (z) (p<0.001).

Validation of the CC by BV/TV value comparison
Analysis of the nine defined peri-implant bone regions revealed that after correction residual values
((BV/TV)pq — (BV/TV)y,) remained above zero in most regions, with values below zero indicating
overcorrection observed only in a few proximal and distal regions (i.e. proximal bottom, distal middle and
distal bottom), that were less affected by metal artefacts (Fig. 2). In seven regions out of nine, the application of
the CC (z) had an impact on the BV/TV calculation; out of these, in five the correction was significant. The
strongest influence of metal artefacts was found lateral from the implant (Fig. 2).

When limiting the nine regions to a 2-5 voxel distance, more severe artefacts were observed for all regions
(Fig. 3). For these regions, significant differences in BV/TV calculation were found in six out of nine regions.

Visual validation
Visual inspection revealed a more evident reduction of metal artefacts on the peri-implant tissue after correction
for the scan with implant, compared to the scan without implant (Fig. 4).
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Fig. 1. (A) Grey value mean quotient q, * SD before CC (x) and (B) g + SD after CC (x) was applied.
Both indicated in orange.

Scientific Reports |

(2025) 15:11133 | https://doi.org/10.1038/s41598-025-93411-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

04 -

0.3 -

0.2 1

0.1

0.0 -

0.3

0.1

(BV/TV) e roron—(BV/TV)1q

0.4

0.3 -

0.2 -

0.1

0.0

04 -
0.2 4

P < 0.001 P < 0.001 P = 0.040

0.0 -

Proximal top Proximal middle Proximal bottom
P < 0.001
Lateral top Lateral middle Lateral bottom

Distal top Distal middle Distal bottom

P =0.016

Without CC WithCC Without CC WithCC Without CC WithCC
Bone Region

Fig. 2. Median BV /TV values + standard deviation and mean values (#) for the nine segmented peri-implant
regions within voxel layer 2-65 from the implant. The amount of peri-implant calcified bone volume per total
volume BV/TV in TO (left boxplot) and the corrected TO” (right boxplot) was calculated and the respective
BV/TV value was subtracted by BV/TV of T1. Therefore, a value of 0.0 represented a perfect agreement of

the corrected/uncorrected scans with those taken without the implant. P values were reported if significant
differences were found. Plots were created including the whole available data (n=9). Lower and upper hinges
correspond to first and third quartiles, whereas upper and lower whiskers extend to the largest/smallest value
no further than 1.5 * IQR (inter-quartile range). Data beyond this range were defined as outliners and plotted
as individual points.

Discussion

This study aimed to present a regional correction approach to reduce metal artefacts around titanium implants
in bone in micro-CT images. Consistent with recent studies?*?, a previous study from our group showed
that, especially in proximity to the implants, grey values were impeded by metal artefacts and BIC values were
systematically overestimated®!. The present study assumed that grey value alteration would decrease with
increasing distance to the titanium implant and therefore, it was expected that a generalized regional correction
would enable more accurate segmentation of the peri-implant bone tissue.

The results from the present study confirmed that voxels in close proximity to the implants were much
more affected by metal artefacts compared to the more distant ones as described earlier'"*2. Analysis of the
computed correction coefficient revealed a logarithmic relationship between distance to the implant and peri-
implant artefacts. By visual inspection of the CC (Fig. 1), the first 100 pm around the implant were most affected,
whereas at increasing distance to the implant, the metal artefact induced elevation of grey values became lower.
This result is in line with what reported in the canine study of Song et al.* suggesting that a minimum distance
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Fig. 3. Median BV/TV values + standard deviation and mean values (#) for the nine segmented peri-implant
BIC regions including only the region within 2-5 voxels from the implant. The amount of peri-implant
calcified bone volume per total volume BV/TV in TO (left boxplot) and the corrected TO’ (right boxplot) was
calculated and the respective BV/TV value was subtracted by BV/TV of T1. Therefore, a value of 0.0 represents
a perfect agreement of scans with and without implant. P values were reported if significant differences were
found. Plots were created including the whole available data (n=9). Lower and upper hinges correspond to first
and third quartiles, whereas upper and lower whiskers extend to the largest/smallest value no further than 1.5 *
IQR (inter-quartile range). Data beyond this range were defined as outliners and plotted as individual points.

of 50 um from the implant surface is necessary for accurate BIC analyses, since regions closer than 50 um
are severely affected by major artefacts. The specific threshold yielding accurate segmentation may vary not
only with distance to the implant, but also depending on implant geometry and material and other factors;
however, as shown in Fig. 1, the corrected values were within a reasonable distance to the implant. A significant
difference between the mean quotients before and after applying the CC was found. This could infer that, after
applying the CC, the grey levels were closer to the grey levels of the dataset without the implant in place (T0).
An approximation of the BV/TV values for the peri-implant bone could be achieved. In detail, when analysing
the correction across the nine defined peri-implant bone regions, residual artefact values above zero in several
regions indicated incomplete correction whereas, overcorrection, marked by values below zero, was observed
only in few regions.

In line with previous studies'"**, a higher amount of peri-implant tissue was segmented as “bone” when the
implant was present and no correction had been applied.

Although the application of the CC largely reduced the amount of artificial bone densification around the
implant, the visual inspection and statistical analyses revealed minor differences between the corrected scans
(T3) and the ones without implant (T1), in particular at the implant tip region.

Another factor to be discussed is the original orientation of the scans during the micro-CT imaging. This
plays a decisive role regarding where and to what extent metal artefacts occur®*>2°. During the scanning process,
the implants were parallel to the reconstruction plane (the plane through which the X-rays pass in during one
rotation). For this reason, artefacts are to be expected to be more pronounced at the lateral sides of the implant,
as well as below its tip. In these regions, the BV/TV values were markly increased compared to the scans without
implant, while a lower increase was observed distally and proximally to the implants”*>%”. It should be noted
that the CC considered only the distance to the implant surface, without accounting for other variables inducing

11,24
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Fig. 4. Representative transverse 2D slices of the same animal vertebra depicting (A) TO scan, (B) Tj scan,
(C) T1 scan, and (D-F) the segmentation of the respective scans above using a threshold of 29%. Peri-implant
over-segmentation due to metal artefacts is visible in the T0 scan (D). Segmentation of Implants using a
threshold of 85% in the T0 scan (G). Scale bar equal to 1 mm.

artefacts around the implants (e.g. orientation of the implants in the micro-CT). Consequently, following the
application of the CC, BV/TV values remained slightly elevated in regions lateral to the implant in comparison
to T1 scans, whereas areas proximal and distal to the implant were slightly overcorrected. However, using the
CC a good approximation of BV/TV values was achieved in most cases. However, it has to be noted that, in
vertical direction, the top and tip region were excluded since their correction was not requested by the authors,
but future studies should also investigate the eligibility of correction in vertical direction outside the implant
boundaries.

Further discussion is warranted regarding the additional limitations of this study. First, the appraoch
introduced here will only be applicable when the scan set-up and positioning of the implant are very similar,
and requires a validation experiment to calculate the correction coefficients. The correction was employing a
smoothing spline fit, however, such correction coefficients may also be obtained by a visual determination of the
threshold value close to the implant only, and subsequent employment of a global smoothing spline, obtained
from different implant geometries and scanning angles. Nonetheless, future studies might investigate if other
methods of interpolation or approximation could be even more beneficial. Second, results may remain specific
for a particular implant material and size, or require these parameters to be set as a variable. As showed in
the systematic review of Terrabuio et al.?%, the implant material is an essential aspect to be considered when
researching metal artefacts. Also the size of the implant has an important effect. The present study was performed
on a rat tail vertebra model using implants with a diameter of 0.8 mm. Owing to their small sizes, they most
likely did not attenuate the x-rays entirely. For larger implants, the metal artefacts may be more pronounced and
the approach used here may not provide satisfying results. In addition, only one implant type was investigated.
To generalise the findings future studies are needed with implants of different sizes, geometries and materials.
It was also decided to employ a multiplicative correction approach, based on the assumption that applying a
weighing factor would facilitate the correction of grey values towards an “average”. In particular, higher values
would be given more weight resulting in an adjustement to a greater extent compared to lower values.

Different types of artefacts usually coexist, however in the present study they were not differentiated. Partial
volume artefacts are hardly possible to correct owing to the incomplete information of the voxels’ reconstructed
grey values. Also Compoton scatter is hard to detect solely by the approach presented here, but owing to the
applied filtering, it is likely that Compton scatter had a minor impact on the results. Thus, it is assumed that the
methodology presented mainly provided beam hardening correction, which occures due to the fact that a higher

Scientific Reports |

(2025) 15:11133 | https://doi.org/10.1038/s41598-025-93411-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

amount of photons is absorbed by metal compared to the bone, which eventually hardens the beam in proximity
to the implant?®. Consequentely it is likely that the produced images show artificially high attenuation in the
surrounding bone, leading to elevated grey values in the peri-implant region. This phenomenon was particularly
observed in the original grey scale images (T0) (Fig. 4A).

It should be noted that the methodology described in the present investigation was specifically developed
for studies in the field of micro-CT analysis. Whether artefacts in in vivo dental CT images can be corrected
using the same approach remains to be explored, as the nature and extent of the artefacts may vary, and since the
fluctuation of grey values among repeated scans is much higher?.

To test differences in mean quotients with and without the CC, one could argue that only regions where
the CC was applied should be included. However, voxels up to the 65th layer were analysed for differences
between (BV/TV); ¢ (ror0y — (BV/TV )y, using Wilcoxon signed-rank test and each combination of
consecutive scans per OMI served as a statistical unit. This approach was specifically designed to demonstrate
that, while regions adjacent to the implant are effectively corrected by the CC up to the first 40 voxel layers, the
entire sample (extending to layer 65) can be utilized for bone morphometric analyses following application of
the correction coefficient to the voxels in proximity to the implant. Nonetheless, the lack of sole application of
a correction coeflicient just to the voxels in proximity to the implant might be considered as a limitation of the
study, since it is known that repeated micro-CT scans have some (minor) fluctuation of grey values, as reported
earlier®. In the present study, calibration with a phantom was performed as recommended by the manufacturer,
ensuring minimal deviation of local grey values. Nevertheless, in proximity to the implant, it is assumed that the
fluctuation ca. be higher especially owing to Compton scatter. Further studies are needed to assess the amount
of fluctuation in these regions, and to derive optimised scanning parameters to enhance agreement of repeated
scans in the presence of titanium implants.

In the present study, analyses revealed no relevant impact of metal artefacts on local grey values within voxel
layer 41-65. Therefore, in this area the correction coeflicient approximated to 1.0. For the reasons specified
earlier, this region was included in the comparison of corrected/uncorrected grey values. Since approximation
does not imply equality, it has to be noted that a biasing effect cannot be fully excluded, which constitutes a
limitation of the study. However, mathematically speaking, excluding the outer regions from the analyses would
represent summation of delta-values that approximate a quasi-constant value since no artefacts were present in
this region, and the x-ray machine had been calibrated.

Within the limitations of the study, it was shown that grey value alterations in peri-implant tissues decrease
with increasing distance to the implant. This simple estimation of a correction coefficient depending solely on
the distance to the implant surface allows for significant improvement of peri-implant grey values. Nevertheless,
it should be pointed out that the artefact reduction protocol presented in the present study has been developed
and applied on customized orthodontic mini implants made of grade V titanium. Thus, future application might
require the recalculation of an adapted CC. This limitation might be overcome in future studies should exploring
the the impact of different implant dimensions, geometries and materials.

Materials and methods

Animals and study design

A total of n=9 female albino rats of the Wistar strain (mean weight 263 +20 g, age 15.4+ 3.9 weeks) were used.
As the present study reports on a subset analysis of a published investigation from our group?!, no sample
size calculation was performed. Indeed, all available ex vivo high-resolution micro-CT scans with and without
implants from the aforementioned study were analysed and utilized to compute the CC. An overview of the
study design is presented in Suppl. Figure 1. The animals were fed with standard laboratory food pellets and
water ad libitum. The study protocol was approved by the appropriate local authority (Landesamt fiir Natur
und Verbraucherschutz, Recklinghausen, Germany) (Re. no. 84-02.04.2016.380), the study was performed in
accordance with the relevant guidelines and regulations and the reporting conformed to the Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines 2.0%!. After an adaptation period of one week, two
customized threaded mini-implants (RISystem AG, Landquart, Switzerland) made of a titanium aluminium
vanadium alloy, 0.8 mm in diameter and 3.0 mm in length, were placed in the dorsal portion of a single rat tail
vertebra and connected with a nickel-titanium contraction spring operating with a randomly assigned loading
force of 0 to 1.5 N. Animals utilized within this study were killed at 8 weeks of loading with an overdose of
pentobarbital. Detailed information on the study protocol is provided in a previous publication?!.

Image acquisition

For each animal, high-resolution micro-CT scans (Viva CT 80, Scanco Medical, Briittisellen, Switzerland) were
performed twice, i.e. immediately after the killing of the animals (T0) and after careful removal of the implants
and the nickel-titanium contraction spring (T1). The scans were performed at 70 kVp, 114 pA, and 250 ms
integration time and reconstructed to a nominal isotropic voxel size of 10.4 pm. Images were calibrated using a
hydroxyapatite phantom.

During scanning, the biopsies were oriented such that the ventro-caudal axis of each vertebra corresponded
to the z-axis of the scanner. As the implants were inserted in the dorsal portion of the vertebrae, this implicated
that the implant axis was oriented in the XY plane (Suppl. Figure 2). Since the whole tail was positioned within
the micro-CT, no other orientation was possible.

Image processing and registration

Dedicated software, i.e. the Image Processing Language (IPL) as well as the programs uct_evaluation and uct_3d
(all from Scanco Medical AG, Briittisellen, Switzerland), were employed for image processing. The periosteal
contour was detected automatically®? and used to identify the outer boundaries of the vertebra.

Scientific Reports |

(2025) 15:11133 | https://doi.org/10.1038/s41598-025-93411-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

All TO scans were rotated such that the implants corresponded to the z-axis (Fig. 5). In all cases this alignment
was performed for both implants separately, resulting in two datasets for TO, being one co-registered to the
proximal and one co-registered to the distal OMI. Thereafter, T1 scans were registered with the TO reference.
During image registration, the region of the implants was excluded as they were only contained in the T0 scans. A
Gaussian filter was applied to all images using 0.8 voxel as sigma and 1 voxel as support33. Segmentation of the

Fig. 5. Representative image of a 2D transverse slice of a rat vertebra with implants in situ and the respective
VOI used for the registration process (green contour), which excludes the implants (white) and defines the
cortical layer and trabecular bone for accurate superimposition of the bone tissue. Scale bar equal to 1 mm.
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implants and bone was performed by means of thresholds, i.e. 85% and 29% of the possible maximum grey
value from all scans, respectively. Furthermore, for implant segmentation, component labelling was employed to
remove residual objects other than the implants.

Peri-implant grey value comparison

To analyse grey value intensities in direct vicinity to the implants and to assess agreement in different regions
later on, twelve standardized cylindric VOIs were determined for each TO scan and distributed within a corridor
of up to 40 voxels (405.6 um) from the implant. The VOIs had a wall thickness of 2 voxels for the 3 cylinders
closest to the implant, of 3 voxels for the next 2 cylinders, and of 4 voxels for the remaining 7 cylinders. To
create these standardized VOIs, the implants were first segmented from the images using a high threshold value.
Following, the implants were progressively dilated by 2 voxels after which the implant geometry of the previous
dilation step was subtracted, thus leaving thin-walled cylindrical masks that were used for identification of the
VOIs. As all T1 scans had been registered and transformed at an earlier step, the VOIs created for T0 scans could
be applied to the respective T1 scan (Fig. 6).

Calculation of the CC

For the calculation of the CC, within the aforementioned 12 cylindrical peri-implant VOIs, the grey values of
individual voxels from T1 scans were divided by those of the respective T0 scans, and the mean value per VOI
was computed, including grey values along the entire length of the embedded OMI:

d!
=) i ( d;“) /n ()

where x defines the mean Euclidean distance to the implant (in mm), d,, the grey value within the image taken
at time point T with T € (0,1) at voxel number 4, ¢ € Z, nthe number of voxels in the VOI and ¢, the resulting
mean quotient within the VOI,. Additionally, the respective standard deviations (SD) were assessed per VOL.

Using Matlabs (The MathWorks Inc., Natick, Massachusetts, United States)?* curve fitting toolbox, a
smoothing spline s (piecewise polynomial consisting of a cubic spline and a least-squares straight-line fit) was
computed for the 12 different shells around the implant employing the (automatically specified) smoothing
parameter p=0.00023 minimizing the equation:

CC (2) = min{p Y +(ys — s(z:))’ + (1~ p) / (jm) dz } @

where i is the number of observations i € Z :1 <4 < 12. It must be noted that in Matlab’s curve fitting
toolbox, p can be defined between 0 and 1. p=0 produces a least-squares straight-line fit to the data, while p=1
produces a cubic spline interpolant. Hence in the present study, a combination of a least-square straight-line fit
and a cubic spline interpolant was utilized.

Application of the CC
CC () was applied to each Voxel d7 , from the TO images, revealing the corrected d;’, grey value within the
corrected TO” image:

Fig. 6. Representative 2D transverse slices of one peri-implant VOI at distance of 39-40 voxels for the T0 scans
(A) and its respective T1 scan (B). Note that the actual VOI is a (hollow) cylindrical region, but as it exhibits
only 2 voxels of thickness it appears to be a circle. Scale bar equal to 0.5 mm.

Scientific Reports |

(2025) 15:11133 | https://doi.org/10.1038/s41598-025-93411-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Proximal top

Proximal middle
Proximal bottom
Lateral top
Lateral middle
Lateral bottom
Distal top

Distal middle

Distal bottom

—
1T mm

Fig. 7. 3D rendering of a rat vertebra with the implants with proximal, lateral, and distal peri-implant VOI.
The nomenclature for the VOI is presented in the table. From Kerberger et al.**.

dyy =d} , x CC (x) 3)

and mean quotients ¢, were compared before (4) and after (5) C'C (x) was applied in dependence of the
distance to the implant, whereby d; . denotes grey values from the scan without an implant, and dfz and d;%,
denote grey values of the uncorrected and corrected scans with an OMI.

di
=) i ( = )/n (4)
1

’ n d’LfE
qz:Zizl (dg’,>/n (5)

Validation of the CC by BV/TV value comparison

Since the amount of local artefacts in micro-CT scans depends on the orientation of the implant in the micro-CT
and the emitted X-ray beams?, the authors anticipated that the levels of artefacts around the implants are not
equally distributed. Therefore, to quantify the goodness of the correction, the amount of peri-implant calcified
bone volume per total volume BV/TV in T0 and the corrected T0’ was calculated to assess the effect of the CC
and the respective BV/TV value was subtracted by BV/TV of T1:

(BV/TV)j e {ro,TOr} — (BV/TV)Tl (6)

Despite varying amounts of artefacts around the implants were expected owing to the fact that metal artefacts are
not equally distributed in all directions around the implant, the CC was solely computed based on the distance to
the implant. Thus, it was necessary to conduct analyses within distinct regions around the implant to verify if the
CC remained sufficiently effective: nine regions were defined around the implant, i.e. proximal, lateral and distal
to the implant, of which each was further divided along the z-axis into top, middle and bottom portions (Fig. 7).

To reduce the impact of partial volume artefacts, the voxels at the interface with the metal implants were
excluded, and the volumes were defined from the second voxel layer onwards. In the first analysis, the regions
extended up to 1 mm, corresponding to the 65th voxel layer from the implant (note that the correction was only

Scientific Reports |

(2025) 15:11133 | https://doi.org/10.1038/s41598-025-93411-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

applied until the 40th voxel layer). Within a second analysis, the regions were limited to the proximity of the
implants by including only the region within 2-5 voxels from the implant (BIC region).

Statistical analysis

The goodness of fit of the smoothing spline fit was analysed in Matlab (The MathWorks Inc.)*® by
calculating the Root mean square error (RMSE) and the R? values of the fit. A Wilcoxon signed-rank test
was performed using R¥ to test differences between ¢, and g, for voxel layers between 2 and 40. Boxplots
for (BV/TV) — (BV/TV),, were created with the R package ggplot2®®. For this data, in

€ {T0,T0s}
addition, the differences was evaluated using Wilcoxon signed-rank test for voxel layers between 2 and 65. Each

combination of consecutive scans per OMI served as a statistical unit. Results were considered significant for
p<0.05.
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