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theless lacking, especially for monetite-based CaPs. However, a monetite-based composite implant has
recently shown promising cranial reconstructions, with both CaP degradation and bone formation. In this
study, the volumetric change at the implant site was quantified longitudinally by clinical computed to-

Keywords: mography (CT).

Cranioplasty The retrospective CT datasets had been acquired postoperatively (n=10), in 1-year (n=9) and 3-year
Bioceramics (n=5) follow-ups. In the 1-year follow-up, the total volumetric change at the implant site was -8 + 8%.
Calcium phosphate A volumetric increase (bone formation) was found in the implant-bone interface, and a volumetric de-

Computed tomography

Quantitati i crease was observed in the central region (CaP degradation). In the subjects with 2- or 3-year follow-ups,
uantitative analysis

the rate of volumetric decrease slowed down or plateaued. The reported degradation rate is lower than
previous clinical studies on monetite, likely due to the presence of pyrophosphate in the monetite-based
CaP-formulation. A 31-months retrieval specimen analysis demonstrated that parts of the CaP had been
remodeled into bone. The CaP phase composition remained stable, with 6% transformation into hydroxya-
patite. In conclusion, this study demonstrates successful bone-bonding between the CaP-material and the
recipient bone, as well as a long-term volumetric balance in cranial defects repaired with the monetite-
based composite implant, which motivates further clinical use. The developed methods could be used in
future studies for correlating spatiotemporal information regarding bone regeneration and CaP degrada-
tion to e.g. patient demographics.

Statement of significance

In bone defect reconstructions, the use of calcium phosphate (CaP) bioceramics ideally results in a volu-
metric balance between bone formation and CaP degradation. Clinical data on the volumetric balance is
nevertheless lacking, especially for monetite-based CaPs. Here, this concept is investigated for a compos-
ite cranial implant. The implant volumes were quantified from clinical CT-data: postoperatively, one year
and three years postoperatively.

In total, -8 £8% (n=9) volumetric change was observed after one year. But the change plateaued,
with only 2% additional decrease at the 3-year follow-up (n=5), indicating a lower CaP degradation rate.
Osseointegration was seen at the bone-implant interface, with a 9 & 7% volumetric change after one year.
This study presented the first quantitative spatiotemporal CT analysis of monetite-based CaPs.
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1. Introduction

Being inherently bioactive and osteoconductive, calcium phos-
phates (CaPs) are excellent synthetic bone substitutes [1]. Addi-
tionally, their biodegradability facilitates osteoconduction at the
surface and inside the pores of the implant. The degradation oc-
curs either passively by dissolution or actively by cell-mediated re-
sorption, where the CaP phase directs the degradation rate. Ideally,
bone formation and CaP degradation take place at a similar rate,
resulting in volumetric balance and mechanical stability at the im-
plant site [1].

Reconstruction of large cranial defects following neurosurgery
or trauma remains a major clinical challenge [2]. Currently used re-
construction methods include either autologous bone or synthetic
implants. The reported complication rate is high (~20%) and in-
fection is the most common complication [2,3]. As the most fre-
quently used synthetic implant materials, e.g. PMMA or PEEK, are
bioinert and lack osteoconductivity, the use of bioactive and osteo-
conductive materials could lead to improved clinical outcomes [4—
7]. The clinically used bioactive implants are either calcium phos-
phate based implants [4,5,7], or fiber-reinforced bioglass composite
implants [6,8,9]. Implants with osteoinductive factors (BMP-2) have
also been used [10,11], but no wide-spread clinical use is seen for
these implants so far. As for CaP-based implants, sintered hydrox-
yapatite (HA) have demonstrated both osteoconduction and bone-
bonding! at the implant interface [5]. However, the biodegradabil-
ity of HA is generally slower than bone formation [12]. Osteocon-
duction could possibly be improved by using CaP phases with a
higher degradation rate, e.g. brushite or monetite [13]. Neverthe-
less, longitudinal studies on CaP degradation in patients are rare
[14], especially for monetite [13]. Such data would be of high im-
portance since the CaP degradation rate observed in patients is of-
ten different compared to that in animal models [14,15]. To the
best of the authors’ knowledge, only one study has quantified
monetite degradation in patients. Tamimi et al. (2010) implanted
monetite granules into alveolar bone defects of five patients [15].
After six months, the amount of regenerated bone (60%) and re-
sorbed monetite (74%) was significantly higher compared to the
control (bovine hydroxyapatite). The healing of large cranial defects
requires more time than six months. A more suitable degradation
rate seems to be obtained when monetite is combined with less
soluble CaP phases, and implanted in blocks rather than granules
[4].

This study focuses on a recently developed patient-specific cal-
cium phosphate-titanium (CaP-Ti) cranial implant, which uses the
above-mentioned monetite-based CaP [4,16-20]. The CaP formula-
tion consists mainly of monetite (~86%), with small fractions of g-
tricalcium phosphate (~8%; B-TCP) and B-calcium pyrophosphate
(~6%; B-CPP). The presence of B-CPP has been shown to slow
down the degradation rate [17,21]. An additively manufactured ti-
tanium structure reinforces the implant, since CaP materials on
their own have limited mechanical performance [22]. Promising
outcomes have been observed in pre-clinical and clinical studies
for this implant [4,16-20]. A recent retrospective study showed a
particularly promising outcome [16]. The study evaluated a cohort
of 50 subjects who previously had a 64% failure rate with autolo-
gous bone or other synthetic implants. In this complex cohort a to-
tal of 53 cranioplasties were performed using the CaP-Ti implant,
of which only 7.5% subsequently developed complications that led
to implant removal. Most of the removals were related to wound
dehiscence in patients with thin and fragile soft tissue [16]. In re-
trieval implants, bone formation has been demonstrated in four

T In this study, the term bone-bonding describes contact between the implant
and the recipient bone, similar to the term osseointegration - more frequently used
for intact implants (e.g. metal implants).
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patients [16,17,19]. Nevertheless, the increased and successful clin-
ical use of the implant has sparked an interest for more detailed
knowledge of the longitudinal degradation and bone regeneration
capacity of this specific CaP formulation in patients.

Computed tomography (CT) is the standard imaging method for
clinical follow-up of cranial reconstruction. Hence, these images
could be evaluated retrospectively in further analyses. Quantita-
tive analysis of CT images involves the calculation of specific pa-
rameters, such as volume and density [23]. Hounsfield units (HU)
are commonly used to describe the X-ray attenuation in CT im-
ages and relate this to density [24]. In the field of cranioplasty,
to the best of the authors’ knowledge, only three studies have ap-
plied image analysis techniques to systematically evaluate autolo-
gous bone resorption in CT images [25-27]. Quantitative CT eval-
uation of bone formation in HA cranial implants have been at-
tempted only in three previous studies [27-29]. In two of these
studies, the analysis was restricted to qualitative scoring of the de-
gree of bone-bonding at the implant interface and evaluation of
HU [27,28]. Qualitative scoring comes with inherent limitations of
subjectivity. One previous study used image analysis for volumet-
ric quantification of sintered HA implants [29]. The study provided
interesting results, where bone-bonding at the interface could be
objectively measured. However, this and the previously mentioned
studies compared isolated time-points [27-29]. The image analysis
methods could be further developed by using techniques applied
in other longitudinal imaging studies [30], such as image registra-
tion, i.e. by superimposing scans from different time-points.

The aim of this study was to conduct longitudinal volumet-
ric investigations on the CaP-Ti implant under clinical conditions.
In addition, a retrieval specimen from one of the subjects was
available and analyzed in more detail. The hypothesis was that
the volume at the implant site is maintained through a balance
between bone formation and CaP degradation. Overall, the study
makes methodological advancements on clinical evaluations of
CaPs by spatiotemporal quantitative analysis of clinical CT images.
The study furthermore demonstrates successful bone-bonding and
long-term volumetric balance in the clinical use of the CaP-Ti cra-
nial implant, and reports longitudinal volumetric clinical data for a
monetite-based CaP.

2. Materials and methods
2.1. Subjects and clinical procedures

This retrospective study included a subset of subjects from a
larger cohort in a previous study [16]. Subjects eligible for the
study had undergone cranioplasty with a CaP-Ti implant (OssD-
sign Cranial PSI, OssDsign AB, Uppsala, Sweden) following an open
cranial defect, from November 2014 until June 2016 at the Depart-
ment of Neurosurgery, or at the Plastic Surgery Section (Karolin-
ska University Hospital, Stockholm, Sweden). Subjects who did not
have at least one postoperative (baseline) and one follow-up CT
scan were excluded from the study. Subjects were excluded if the
CaP-Ti implants had been placed either in combination with an-
other implant or in small defects (< 25 cm?). Furthermore, in or-
der to verify the scan quality between time-points, an additional
exclusion criterion based on similarity between the scans in a con-
trol region was applied (further described in Section 2.2.3).

The manufacturing of the implants (OssDsign Cranial, OssDsign,
Uppsala, Sweden) has been described previously [4]. In short, the
implants are designed based on the patients CT-images. The ti-
tanium mesh-type structures (~1.8 mm thickness) are then addi-
tively manufactured in Ti-6Al-4V. CaP is molded around the im-
plant in hexagonally shaped tiles (~6 mm thickness). Fixation arms
are incorporated in the titanium structures. During surgery, these
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are used when inserting screws for fixation into the cranial bone
of the patient.

Approval from the institutional review board was given by the
regional ethics committee at Karolinska University hospital, Stock-
holm (Dnr 2017/251031). The patient with the retrieval specimen
provided signed informed consent. All the postoperative CT-scans
were part of the clinical follow-up regimen.

2.2. Quantitative analysis of clinical CT images

The CT images were obtained as DICOM-files. The metadata
of the scanning parameters was collated from each scan. Subse-
quently, image processing and image analysis were completed in
3D slicer (http://www.slicer.org) [31]. An overview of the image
processing workflow is presented in Fig. 1. Each analysis step is
briefly presented below, more details are given in the supplemen-
tary material (S1).

2.2.1. Registration

For the same subject, the baseline and follow-up images were
superimposed by rigid registration. The registration aligned scans
from the different time-points. After registration, all scans from the
same patient had common coordinates, which later ensured that
the quantifications were conducted in the same implant regions
across all time-points. Further information about the registration
parameters can be found in the supplementary material (S1).

2.2.2. Segmentation

A semiautomatic segmentation process was performed in order
to separate the bone and implant from the surrounding soft tissue.
Bone and CaP had to be segmented together since these phases

1. Registration
Postop

1 year — registered
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were not possible to separate due to their similar X-ray attenuation
and the limited resolution of the clinical CT images. The full im-
plant was included in the segmentation (and later in the quantita-
tive measurements), i.e. all hexagonal calcium phosphate tiles and
the titanium structure (Fig. 1). The segmentation was conducted
using a global threshold based on the Otsu method [32]. To remove
noise, only segmented clusters above 5 voxels were included. Fur-
ther details and an analysis of the sensitivity of the thresholding
process can be found in the supplementary material (S1).

2.2.3. Quantification in the control region

For each subject, part of the cranial bone was used as control
for the image processing (Fig. 1). The bone volume was quantified
in the same circular control region (¢=80mm) across all time-
points for each subject, the region of interest (ROI) was referred
to as ROl gpro- In this region, the bone remodeling should be sta-
ble. Hence, no volumetric changes were expected between base-
line and the follow-ups. The absolute volumetric difference in the
control region, between baseline and each follow-up, was calcu-
lated for each subject. Subjects with an absolute volumetric change
above 3% across time-points were excluded from further analysis
due to the possibly low quality of the CT scans. A variation of
3% has been found for non-changing objects in clinical images in
a previous study [33], and similar numbers have also been sug-
gested in another study [25]. It was accordingly set as the low-
est detectable volumetric difference. In addition, the Dice similar-
ity coefficient (DSC) and Hausdorff distance (HD) were calculated
in the control region between time-points to measure the overlap
[34,35]. The DSC measures the spatial overlap, from zero to one,
where one equals full overlap. HD is the greatest distance from a
point in one volume to the closest point in the other volume.

2. Segmentation

1 year — segmented

3. Quantification

Control region

N

.
&
L

5cm

A/Implant region

RQl, ROl

—» Volumetric and relative HU changes

Fig. 1. An overview of the different image processing steps in the workflow. Registration: CT images in the coronal plane for one subject. The images are from the post-
operative CT, and the 1-year follow-up after registration. Segmentation: CT image from the same 1-year follow-up, where the implant region has been segmented (blue).
Quantification: The regions used in the quantification are indicated in 3D rendered models of the segmented volume. The implant region (i.e. the implant and the bone
defect edge, ROljmpian;) and the control region (ROIconiror) are visualized in blue and green, respectively (left). The different regions of interest (ROIs) are visualized in different

colors (right); ROI; (orange), ROI, (yellow), ROI; (green), and ROl (purple).
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2.2.4. Quantifications in the implant region

The ROIs of the implant were created semi-automatically (for
details, see supplementary material S1). In brief, a ROI covering the
bone defect edge and implant was created based on the titanium
structure referred to as ROljmpign; (Fig. 1). Four additional ROIs were
created in order to quantify changes in different locations of the
implant. ROI; was created around seven tiles selected in the mid-
dle of each implant. ROI; and ROI; were created on the remaining
part of the implant, in the same shape as the outline of the im-
plant and divided by half the distance to the implant edge. The
remaining region, ROIly, corresponded to the interface between the
implant and the bone defect edge. The regions can be observed in
Fig. 1. The segmented volume was quantified for each time-point
in each of the following regions: ROliniror, ROlimpianss ROI;, ROIy,
ROI3, and ROIl,. The volumetric differences between the baseline
scan and the later time-points were calculated for each subject.

A distance map of ROljypiqn Was created for each subject to vi-
sually observe the volumetric changes. The distance maps compare
the distances between the follow-up and the baseline volumes in
the implant region. The changes observed in the distance maps
were also compared visually to the CT images. The implant size
of each implant was calculated based on the titanium structure.
Subsequently, the subjects could be divided into two size groups:
< 100 cm? and > 100 cm?.

2.2.5. Relative density in the implant region

Since no phantom (with controlled density) was included dur-
ing the CT-scans in this study, the HU-values were not calibrated
for densities close to bone and CaP material. The HU-values could
therefore vary between time-points due to e.g. small differences
in scanning protocols [36,37]. The use of intra-patient calibration
of HU-values has been shown to improve the reliability in such
datasets [25,38]. Therefore, an average HU-value was calculated in
the segmented control regions (HU_qps0;)- This value was then used
for an intrasubject calibration of relative HU-values for each CT-
scan.

To estimate changes in density for each region (ROljypiant, ROI,
ROI,, ROI3, and ROI4) between time-points, mean HU-values were
obtained from the respective segmented regions for each follow-
up. The mean HU-values were calculated in the volume segmented
in the last follow-up i.e. the 1-year follow-up for most subjects.
Subsequently, an intrasubject calibration of the obtained HU-values
was conducted by dividing the mean HU-value for each scan by
the HU_.po for the same scan. The change in relative HU-value
was reported for each subject between baseline and follow-ups.

2.3. CaP material characterization and analysis of a retrieval
specimen

2.3.1. The retrieval specimen

One subject underwent tumor resection of an osseous sphe-
noidal wing meningioma and was reconstructed with a CaP-Ti
implant. In the clinical CT quantifications, the affected parts of
the implant were excluded. The implant was removed thirty-one
months later due to tumor regrowth in the orbit, which required
surgery [16]. The retrieved specimen was fixated in formalin and
embedded in PMMA. The embedded specimen was sectioned, and
the histology sections were stained with paragon. The histology re-
sults have been reported previously [16], but are included in this
study together with more detailed analysis of the material. Addi-
tionally, the remaining intact parts of the specimen were analyzed
by micro-computed tomography (1CT) — desktop and synchrotron-
based - following histology sectioning. Again, parts of the implant
affected by the meningioma were excluded.

The desktop puCT (SkyScan1172, Bruker Corp., Belgium) was per-
formed at 100kV and 100 pA, with a Cu-Al filter. An isotropic pixel
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size of 54 um was used. Cross sections were reconstructed us-
ing NRecon (NRecon 1.7.1.0, Bruker Corp., Belgium). Following the
analysis of the desktop pCT images, three parts of the retrieval
specimen were selected to be analyzed by synchrotron radiation
phase contrast uCT (SR-pCT). The SR-uCT was performed at the
TOMCAT beamline (Paul Scherrer Institute (PSI), Switzerland) at a
3.25 um isotropic voxel size with a phase-contrast method [39,40].
The beam energy during the scanning was 30keV, and the ring
current 400 mA. The images from the SR-puCT were reconstructed
in Image] using a plug-in [41,42].

To identify any changes in the CaP material after 31 months in
vivo, two control tiles of CaP-material were analyzed. The control
tiles originated from the same batch as the CaP tiles in the re-
trieval specimen and had been stored for quality control in steril-
ization bags for 31 months at room temperature. These tiles were
scanned at the TOMCAT beamline (Paul Scherrer Institute, Switzer-
land). Both the scanning and the reconstruction of the images were
performed with the same settings as for the retrieval specimen.
All image processing of uCT images was conducted in CTAn (CTAn
1.16.4.1, Bruker Corp., Belgium).

2.3.2. Validation of clinical CT results with desktop uCT

The reconstructed images from the desktop pCT were seg-
mented by an automatic global threshold, based on the Otsu
method. The parts of the retrieval specimen were visualized in 3D
and compared to the clinical CT. On cross-sectional images from
both imaging modalities, linear 2D measurements were made to
determine the thickness of 10 different tiles.

2.3.3. Porosity analysis of CaP and retrieval specimen

In the SR-uCT datasets of the retrieval specimen, a ROI
(2x4x3mm) was created in the middle of five different tiles,
in between the titanium structure. A ROI of the same size was
also created in the CaP tiles that had been stored on the shelf for
31 months. Following an automatic global threshold based on the
Otsu method, the porosity and pore size distribution were calcu-
lated.

2.3.4. Verification of bone formation in CT images through SR-uCT
and histology

The SR-uCT datasets of the retrieval specimen were further an-
alyzed and compared to the histology sections in order to identify
regenerated bone. Moreover, a 3D visualization of the bone and the
remaining CaP material was performed. All image processing was
made in CTAn. In the segmentation process, the identification of
bone and CaP was made using the histology and a previously de-
veloped method [43].

2.3.5. Phase composition

During the tumor resection surgery, loose fragments of the im-
plant were collected and subsequently ground into a fine powder
for phase characterization. Two additional powders, prepared from
CaP tiles that initially came from the same batch as the CaP tiles in
the retrieval specimen, were characterized: pre-implantation and
stored 31 months on the shelf in sterilization bags at room tem-
perature. The phase characterizations were performed by X-ray
diffraction (XRD; D8 Advance, Bruker, AXS GmbH, Karlsruhe, Ger-
many) using Ni-filtered Cu-Ko irradiation in a theta-theta setup
with scanning diffraction angles (20) 4-70° in steps of 0.02°
with 0.25s per step, and a rotation speed of 80rpm. In the pre-
implantation sample, the scanning diffraction angles were 20-46°
The phase compositions were quantitatively evaluated by Rietveld
refinement (http://www.bgmn.de) [44] with a graphical user inter-
face (http://www.profex.doebelin.org) [45]. Crystalline references
used in the refinement were PDF #04-008-8714 for B-TCP [46],
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PDF #04-013-3344 for brushite [47], PDF #04-009-3876 for 8-
CPP [48], PDF #04-009-3755 for monetite [49], PDF #01-074-
0565 for HA [50] and PDF #04-013-3883 for octacalcium phos-
phate (OCP) [51]. No other phases were identified in the diffraction
patterns.

2.4. Statistical analysis

Statistical analysis was performed in R (version 3.5.2) [52]. A
paired t-test was performed in order to assess differences between
volumetric change in the control and the implant region.

3. Results
3.1. Subjects and clinical procedures

Complete CT-datasets were available for 12 out of 31 eligible
subjects. Two subjects were excluded due to a substantial volu-
metric change (above 3% between time-points) in the control re-
gion from the postoperative CT to the 1-year follow-up. Based on
this criteria, three later follow-up CTs from the ten included sub-
jects were also excluded. The included postoperative and 1-year
postoperative datasets had the following acquisition parameters:
the same scanner (Discovery CT750 HD, GE Healthcare, Wiscon-
sin, USA), at 100 or 120 kVp, with a pixel spacing of 0.4mm, a
slice thickness off 0.625mm or 1.25mm, and reconstructed with
the same convolution kernel (Boneplus). For the included sub-
jects, the baseline CT had been performed between zero and five
days postoperatively. The first follow-up was performed around
one year postoperatively, between 285 and 462 days. In five sub-
jects, additional CT datasets from roughly 3-years postoperative
follow-ups (between 940 and 1173 days) were included. One sub-
ject only had a 2-year follow-up. The spread in acquisition pa-
rameters were larger for the later follow-ups: scanning at 100 or
120 kVp, with a pixel spacing of 0.4 mm, and a slice thickness off
0.8 mm, 0.625 mm or 1.25 mm. Three scanners had been used: Dis-
covery CT750 HD (GE Healthcare, Wisconsin, USA), IQon Spectral
CT (Philips Healthcare, Best, the Netherlands) and Aquilion ONE
(Toshiba Medical Systems, Otawara, Japan). All images were recon-
structed with bone convolution kernels (Boneplus-GE, YC-Philips
and FC30-Toshiba).

The time-points for all CT-scans, and the age, sex and implant
area of all subjects are presented in Table 1. The mean age of the
subjects was 48 418 years, and five males and five females were
included.

3.2. Quantitative analysis of clinical CT images

The longitudinal volumetric differences are shown in Fig. 2.
The mean absolute volumetric difference between all time-points

Table 1
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Fig. 2. Volumetric change vs. time for the control region (a) and the implant region

(b).

was 0.8 +0.5% in ROl .y, An overlap of the segmented volumes
in ROl onor Was demonstrated by the DSC being close to one
(0.97+0.01) and by the low HD (0.14+0.04mm). In ROLimpiant,
the mean absolute volumetric difference was 12 +5%. The abso-
lute mean volumetric differences in ROlcypsro; and ROljmpiane Were
significantly different (p=0.004). A decrease in volume was seen
in 7 out of 9 subjects at the 1-year follow-up in ROliypiqn:, With a
mean volumetric change of -84+ 8%. For the two subjects with an
increase in volume, both implant sizes were below 100 cm?. In the
2- or 3-year follow up (n=6), the total mean volumetric change
was -10+13%, only a 2% additional change since the 1-year follow
up. The volumetric difference ranged from —23% in a 3 year and 3
months follow-up (implant size > 100 cm?), to 13% in a 2 year and
7 months follow-up (implant size < 100 cm3). The mean relative
HU change in ROljppiqn; Was 7+4% in the 1-year follow-up, with
an increase in eight out of nine subjects.

Overall, the implants remained in place and the registration al-
lowed for a detailed subject specific observation (Fig. 3). New bone
formation and CaP degradation could be observed in all subjects. In
general, the loss in volume of the CaP material mainly took place
at the outer part of the implant, towards the scalp. Bone-bonding,
defined as contact between the CaP-tiles and the recipient bone,
was observed in large parts of the bone-implant interface (a quan-
tification of the bone-bonding frequency can be found in the sup-
plementary material S1). As expected, full bridging was more com-
monly seen at the later follow-ups. The full bridging was more fre-
quently seen in cases where the implant had been placed closer to
the bone defect edge (Fig. 3).

The longitudinal quantifications in the different implant regions
can be seen in Fig. 4. In the central region of the implant (ROI;),
all subjects had a volumetric decrease (Fig. 4a). The mean volu-
metric change in the 1-year follow-up was -14 + 8% for the small
implant group (< 100 cm?), and -18 +2% for the large implant
group (> 100 cm?). In the subjects with a 2 and 3-year follow-
up, the change tended to decrease or plateau. In the five subjects

Summary of the different CT scans. The age, sex and implant area for each subject. In addition, the number of
days and volumetric difference (ROljmpianc) Postoperatively are presented for all subjects.

CT1 CT 2 CT 3 CT1 CT 2 CT 3
Age  Sex Implant area [cm?] days days days volume  volume  volume

Subject 1 30 F 25 0 462 940 0% 8% 13%
Subject 2 70 F 75 1 - 683 0% - —2%
Subject 3 59 F 117 3 367 1092 0% —14% -16%
Subject 4 51 F 47 0 368 - 0% 4% -
Subject 5 66 M 106 1 351 1173 0% -13% —23%
Subject 6 18 M 41 2 405 1139 0% -10% -16%
Subject 7 24 M 129 5 356 - 0% -13% -
Subject 8 41 M 205 2 362 - 0% -12% -
Subject 9 64 F 121 1 351 - 0% —14% -
Subject 10 48 M 76 5 285 1011 0% —6% —14%

506



S. Lewin, L. Kihlstrom Burenstam Linder, U. Birgersson et al.

Acta Biomaterialia 128 (2021) 502-513

.°

—
N
3
o
=
=
=i
(7))

-

v
¢
)

'

Fig. 3. Visualization of longitudinal follow-ups for two subjects. A 3D overview of the implants with two indicated sections across the implants (left). For these sections,
the postoperative and last follow-up CT images are shown (scalebar =10 mm). The difference in volumes are compared in 3D distance maps of the full implants (right).
Volumetric increase is shown in blue, decrease in orange and the neutral regions (change within one voxel) in white. (a) CT images at both section 1 and 2 show full
bridging and bone-bonding at the implant interface. (b) Full bridging is seen at the superior side of the bone-implant interface. At the inferior side, no bridging has occurred
at section 2. For both subjects the CaP tiles have lost volume, mainly observed at the outer part of the implant.

with a 3-year follow-up, the volumetric change between the post-
operative and the 1-year follow-up was -16 + 6%, but the change at
the later follow-up only had 64 6% additional difference (in total
=22 +9%).

In ROI; and ROI3, the results were similar for all subjects (Fig.
4c and 4e). In both ROI, and ROI3, at the 1-year follow-up, there
was less mean volumetric change in the smaller implant group (-
84 6% and -6 + 11%) than in the larger implant group (-16 £ 1% and
-18 +3%). Volumetric decreases were observed in all except for two
subjects (implant sizes < 100 cm?), which had an increase in vol-
ume in ROI3 (Fig. 4e) at the 1- and 3-years follow-up. In the region
covering the bone-implant interface (ROIl4), no overall volumetric
loss was observed (Fig. 4g). Instead a total volumetric increase was
observed in all subjects (9+7%). In the 1-year follow-up, the volu-
metric change was 134+ 11% and 6 & 1% for the small and large im-
plant group, respectively. In the five subjects with 3-year follow-
ups, the volume change from the postoperative CT to the 1-year
follow-up was 94 10%, and the change from the postoperative CT
to the 3-year follow-up was in total 12 £+ 13%.
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The relative HU change in the 1-year follow-up increased in
seven out of nine subjects in ROI; (246%) (Fig. 4b). The relative
change in ROI, (5+3%) and ROI3 (5+5%), was higher in all sub-
jects (Fig. 4d and 4f) regardless of implant size. In ROIly, the rela-
tive HU change was 11 £ 5% (Fig. 4h) in the 1-year follow-up. In the
subjects with longer follow-ups, the relative change in HU-value
increased or plateaued in all regions.

3.3. CaP material characterization and analysis of a retrieval
specimen

3.3.1. Validation of clinical CT with desktop uCT

The parts of the retrieval specimen were obtained following
histology sectioning. Comparison of the desktop-puCT and to the
last follow-up clinical CT for the same subject allowed for identifi-
cation of the location of each part (Fig. 5a-d). Nevertheless, it was
observed that damage had been caused at the removal of the im-
plant and during the histological sectioning. The desktop pCT im-
ages were therefore used for identifying less damaged parts, which
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Fig. 4. Quantitative longitudinal changes in the different implant regions. The vol-
umetric change (left) and relative HU change (right) vs. time for the different ROIs:
ROI; (a-b), ROI, (c-d), ROI; (e-f) and ROl (g-h). The implant sizes are marked by
solid (< 100 cm?) or dashed lines (> 100 cm?).

were used in the SR-uCT analysis. The comparison between the
measured tile thickness in the desktop pCT was 5.7 +£0.5 mm vs.
the clinical CT 5.8 £0.6 mm.

3.3.2. Porosity analysis of CaP and retrieval specimen

The parts of the retrieval specimen analyzed by SR-uCT are
marked in red in Fig. 5b. The difference between the desktop puCT
and the SR-uCT images can be appreciated in Fig. 5d-e. Newly
formed bone, as well as CaP resorption was observed in all scanned
parts of the specimens.

The CaP tiles stored on the shelf had a lower porosity, 12%
(n=2), than the tiles from the retrieval specimen, which ranged
from 14 to 19% (n=5). It was observed that the pores in the re-
trieval specimen were larger than in the CaP stored on the shelf.
Measurements of the pore size distribution confirmed these ob-
servations. Compared to the CaP stored on the shelf, the pore vol-
ume of the retrieval specimen had both an increased microporosity
(< 100pm) and an increased size of the larger pores (Fig. 6). The
range of the largest pore were 416 - 501 um in the retrieval speci-
men, and 254 - 267 pm in the CaP material stored on the shelf.
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3.3.3. Bone formation in SR-uCT and histology

The histology presented in Fig. 7a confirmed the presence of
newly formed bone in direct contact with the CaP. A SR-uCT image
of a part of the implant was compared to a closely neighboring
histological cross-section (Fig. 7b). The locations of newly formed
bone in the SR-uCT images could be confirmed by histology. The
same region of the implant is shown in an SR-uCT image from the
top-view. Based on the histology, a threshold to separate the bone
from the CaP in the SR-uCT dataset could be determined. A 3D-
model of the bone formation around and within the CaP tiles is
presented in Fig. 7c.

3.3.4. Phase composition

The phase compositions obtained from the XRD analysis and Ri-
etveld refinement are presented in Fig. 8a. Prior to implantation,
the phase composition consisted of monetite (85%), 8-TCP (9%) and
B-CPP (6%). After 31 months on the shelf, the CaP phase composi-
tion was similar: monetite (85%), B-TCP (9%) and B-CPP (5%), but
also HA (1%). The material analyzed after 31 months in vivo had
a larger amount of HA (6%) and also octacalcium phosphate (OCP;
2%). The dominating phase was still monetite (72%), followed by S-
TCP (14%) and B-CPP (6%). One representative XRD-pattern for each
specimen is presented in Fig. 8b, together with reference patterns
for the identified phases.

4. Discussion

The overall aim of this study was to investigate the volumet-
ric balance of the CaP-Ti implants under clinical conditions. More
specifically, it aimed to longitudinally quantify and compare the
bone and implant volume in CT images from ten subjects after
cranial reconstruction. The quantitative image analysis revealed an
initial overall decrease in CaP tile volume during the first year
postoperatively, although a volumetric increase was found at the
bone defect-implant interface in all subjects. At the longer follow-
ups this decrease had slowed down or plateaued. The dominating
mechanisms for the volumetric changes were bone formation and
CaP degradation. An increase in relative HU values was observed in
9 out of 10 subjects over time in the implant region, indicating an
increase in apparent density due to bone formation. Investigations
of a 31-months retrieval specimen demonstrated concomitant bone
formation and CaP degradation by histology and pCT analysis, and
allowed for phase composition XRD-analysis.

A limited number of previous studies on sintered HA implants,
have performed CT evaluations by combining quantitative meth-
ods and qualitative scoring [27-29]. Moles et al. (2018) found no
sign of bone-bonding in 51% of the subjects (n=37) in 2-year
follow-ups [27]. Maenhoudt et al. (2018) reported quantitative CT
evaluations in follow-ups on average 39 months postoperatively:
in 29% no sign of bone-bonding was observed (n=17). Neverthe-
less, in one third of the subjects bone-bonding was deemed higher
than 50% [29]. In contrast, a study of six children (mean age 9.6
years) observed bone-bonding in all subjects [28]. Although bone-
bonding seems to be limited in adult patients, sintered HA im-
plants have shown positive clinical outcomes [5]. Further bone in-
growth would stabilize CaP implants mechanically and lead to in-
creased vascularization in the defect region, which in turn could
decrease the infection rate [53]. All subjects in the present study,
independent of age, showed bone formation at the bone-implant
interface in the 1-year follow-up. In six out of ten subjects, more
than 50% bone-bonding was observed at the implant interface (see
measurements on bone-bonding frequency in the supplementary
material S1). However, a loss in volume was seen for the CaP tiles
especially in the central part of the implant. Nevertheless, at the
later time-points (n=6) the CaP degradation rate had decreased or
plateaued.
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(b) Desktop micro-CT:
retrieval specimen 31 months

Fig. 5. Overview of the data for the subject from which the retrieval specimen was obtained. The clinical CT data is shown as a 3D rendered overview of the skull, with the
location of the implant visible (a). A 3D rendering of the different parts of the retrieval specimen (b) reconstructed from the desktop puCT images, with the parts that were
analyzed with SR-uCT marked in red. Coronal cross-sectional CT images from the clinical CT (c) and the desktop uCT (d). A region around a large pore is magnified (d), the
same region is shown from a SR-uCT image (e). The lighter gray regions in (d) and (e) are the CaP material (#), the darker regions are newly formed bone (*).

()
-~

4.0e8
3.0e8

2.0e8

e
"l\
1

= = 31 months on shelf
1 31 months in vivo

W,
1.0e8 S

~
LW gt : . .

(b) 31 months in vivo

4

Volume of pores [um3] __

X
0.0e0 —

0 50 100 150 200 250 300 350 400 450 500 550

Pore size [um]

31 months on shelf

e ———

2""."

Fig. 6. Pore size distribution from the SR-uCT images from the CaP stored 31 months (black dashed lines) and from the 31 months retrieval specimen (gray solid lines) (a).
A higher volume of microporosity was calculated for the in vivo compared to the on shelf specimen, and pore sizes > 270 um was only observed in the in vivo specimen.

Reconstructed volumes in 3D (2 x 4 x 3 mm) for each specimen type (b).

Apart from bone formation at the interface, bone was detected
in other locations, and frequently on the implant side towards the
dura. Similar observations of ossification in connection to the dura
have previously been made in a pre-clinical study on the same
CaP-Ti combination [20], and in a clinical study on autologous
bone [25]. The CaP tiles lost volume mainly on the outer side, to-
ward the scalp, which also was seen in the uCT and histology of
the retrieval specimen. The puCT and histology revealed that, to-
ward the dura, the CaP tiles either appeared to remain intact or
had started to remodel into bone. It is likely that the degradation
during the first year was caused by an initial dissolution, in com-
bination with a tribological effect between the scalp and the tiles,
whereas the degradation in the remodeling process might also be
cell-mediated - most likely macrophages-mediated [20,54].

The relative HU measurements showed an increase in 9 out of
10 subjects in ROljpiane- The increase was larger toward the bone
defect edge, especially at the 1-year follow-up. The increase in rel-
ative HU indicates an increase in apparent density. The change in
relative HU was determined in the segmented volume (implant
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and bone) from the last time-point, so that the CaP degradation
toward the scalp did not affect the measurement. However, this
led to areas were bone had formed in the last time-point being
included in the first time-point, although they were then empty,
and consequently the average HU-value in these areas was affected
not only by changes in density but also in volume. Therefore, the
apparent density increase at the interface (ROIl;) can most likely
be explained by osseous bridging at the defect edge-implant in-
terface. Nevertheless, an apparent density increase was also ob-
served in ROI, and ROI3, more clearly than in ROI; (central re-
gion). In these regions an overall volume loss was often observed.
A general CaP degradation was observed in the retrieval specimen,
which was confirmed by an increase in porosity for the CaP mate-
rial (Fig. 6). Bone formation was observed between the tiles, on the
edges of the tiles and also within the porosity of the tiles in this
specimen (Fig. 7). In the CT images of this subject, an increase in
relative HU values could be observed before implant retrieval. The
increase in relative HU for most other subjects could therefore in-
dicate similar bone formation. Korhonen et al. (2018) used similar
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Fig. 7. Bone formation and CaP degradation in the 31-months retrieval specimen. One of the histology sections (a) with magnifications at areas of bone remodeling. The
same part, and a closely neighbooring cross-section, of the specimen in the SR-uCT (b). In the SR-uCT, the specimen is also shown from the top. The newly formed (NB)
as well as the recipient (RB) bone is marked in the histology. Newly formed bone (*) and remaining CaP (#) are marked in both the histology and the SR-puCT images. A
3D-model of the SR-uCT images are presented in (c), showing bone (orange), CaP (light gray) and titanium (dark gray).

methods to evaluate autologous bone resorption in cranial recon-
structions [25]. Nevertheless, HU-values in clinical images have not
been widely used for evaluating CaP degradation and bone remod-
eling and this method should be validated in future studies.

In this study, the implant sizes ranged from 25 cm? to 205
cm?. These cranial defects would take several years to bridge with
normal bone formation. Based on previous pre-clinical and clin-
ical studies, the use of pure monetite in this application could
lead to an excessively high degradation rate [15,55]. During pre-
clinical studies in the development phase of the CaP-Ti implant,
it was noted that the presence of S-CPP retarded the degradation
rate [17,21]. Another study, which investigated brushite cement
with and without the addition of pyrophosphate, found increased
bone formation when using pyrophosphate [56]. That study sug-
gested that pyrophosphate delays the conversion of brushite into
the more stable HA phase, and stimulates bone formation. More-
over, B-CPP has shown a slower cell-mediated resorption in vitro,
in comparison to other CaPs [57]. Future studies on the 5-CPP con-
taining monetite formulation would be of high interest for explain-
ing this mechanism. In the studied CaP formulation, monetite was
the dominant phase (85%) pre-implantation. The phase composi-
tion was different after 31 months in vivo, but monetite was still
the dominating phase. Being the most soluble phase, the monetite
amount decreased in vivo (to 72%). This caused an increase in the
relative amount of S-TCP (from 9% to 14%), while 8-CPP remained
in the same amount (6%). In addition, an in vivo transformation
into HA (6%), and its in vivo precursor OCP (2%), was observed. The
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transformation to HA, the most stable calcium orthophosphate at
physiological pH, could explain the lower amount of degradation
or remodeling in some CaP tiles as well as the decreased degra-
dation rate at longer follow-ups. The observed phase transforma-
tions would be expected after extended exposure in vivo [58,59].
The same CaP formulation has previously been studied in vitro,
and no phase transformations were observed after four weeks in-
cubation in cell-media [54]. In future studies, it would be interest-
ing to compare the phase composition from longer in vitro studies
to those reported from clinical in vivo studies. This would be an
important comparison that could lead to a better understanding
of how in vitro conditions can simulate in vivo conditions for CaP
material.

Omar et al. (2020) recently studied bone regeneration for the
same monetite-based CaP formulation in ovine animal models [19].
Samples were implanted at skeletal (skull) and non-skeletal (sub-
cutaneous) sites for 12 and 3 months, respectively. One clinical 21-
months retrieval implant was also analyzed. Morphological, ultra-
structural, and compositional analyses were conducted by histol-
ogy, electron microscopy, and Raman spectroscopy. Bone formation
was demonstrated at both skeletal and non-skeletal sites. Ultra-
structural union between new bone and the CaP material was ob-
served, and the bone was compositionally similar to native bone.
Notably, the CaP material induced bone formation also at the sub-
cutaneous site [19]. Bone was more frequently detected in the cen-
tral part of the implant — which is typical for osteoinduction [60].
After in vivo exposure, Omar et al. (2020) detected a phase com-
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Fig. 8. Results from the XRD phase composition analysis. The relative phase composition from the Rietveld refinement (a) are presented pre-implantation, after 31 months
on shelf and after 31 months in vivo. Two XRD patterns are shown for reference for samples from the analysis after 31 months on shelf and after 31 months in vivo (b).

position in the retrieval implant of 69.5% calcium deficient HA,
15% magnesium substituted TCP, 6.3% B-TCP, 6.5% B-CPP and 2.6%
monetite. The reason why this differs from the XRD results in the
present study is likely that they analyzed a part of the implant that
was well integrated in the bone, while this study analyzed a part
of the implant that fell off during retrieval surgery - the brittle
behavior indicating that it was not well integrated with the bone.
Hence, the found phase composition is likely not representative of
the full implant due to the limited amount of sample. Neverthe-
less, the main purpose of the XRD analysis in the present study
was to compare phase composition changes after implantation and
storage of the same material, and not to indicate bone formation
since this was evaluated through other analyses.

To the authors’ knowledge, the present study is the first to carry
out longitudinal quantifications of volume and density across a
whole CaP implant site in patients. The methods developed in this
study allowed for longitudinal measurements in spatially different
locations of the cranial implants. Limitations of this method are
related to the lack of contrast between the bone and CaP in the
clinical CT images due to their similar X-ray attenuation and the
relatively low CT resolution. It is clear that the volumetric reduc-
tions of the CaP tiles are CaP degradation, and that the volumetric
increase is bone formation. Remodeling of CaP into bone was ob-
served in the histology and pCT, but could not be revealed in the
clinical CT images.

Several parameters are important in quantitative analysis of CT
image data: standardizing the scanner and data acquisition set-
tings, minimizing image artifacts, selecting an appropriate recon-
struction algorithm, and maximizing repeatability and objectiv-
ity during the analysis [23]. As this study was made retrospec-
tively, the settings for acquiring the CT images were not con-
trolled. Nevertheless, the same scanner, similar resolution and
the same reconstruction methods were used for the postopera-
tive and 1-year postoperative datasets. There were differences in
the scanning acquisition parameters with regard to voltage (100
or 120 kVp) and slice thickness (0.625mm or 1.25mm) for some
scans. There was more spread in acquisition parameters at the
later follow-ups, which could explain why three such CT datasets
were excluded at the validation step. A fully automatic analysis
of the images was not possible due to differences in the sizes
and shapes of the implants. However, the quantitative analysis
was conducted as repeatable and objective as possible by keep-
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ing segmentation and construction of the analyzed regions (ROIs)
to semiautomatic methods. All CT-images have an inherent limit
in the resolution, if a voxel contain several tissues the HU-value
will be averaged. This effect is commonly referred to as the par-
tial volume effect. A thorough analysis of the measurement er-
rors caused by the above mentioned issues was not possible, as
it would have required phantoms of a known similar volume of
the analyzed implant (and bone) scanned with all the used set-
tings. However, several measures were taken in order to ensure
and demonstrate that the measurements were of high quality. The
validation step made on ROl confirmed that the image quality
did not change between time-points in a way that affected rela-
tive volumetric measurements (scans with >3% difference were ex-
cluded). A high spatial overlap of volumes in between time-points
in ROl ynror Was demonstrated by measurements of DSCs and HDs.
Moreover, the measured thickness of the tiles in the retrieval spec-
imen pCT was similar as compared to the clinical CT, 5.7 +£0.5 mm
vs. 5.8+ 0.6 mm. The relative change in volume and density in re-
lation to the baseline CT was always reported, instead of abso-
lute values. Relative measurements were more situatable since no
calibration with phantoms were made. A baseline CT was always
included so that measurements of relative changes could be per-
formed instead of absolute values. Lastly, intrasubject calibration
was used for the HU-values [25,38].

A limitation of this study was the low number of subjects. Fu-
ture studies should increase both the number of subjects and the
number of time-points for each subject. The present study iden-
tified time-points of interest. Early CaP degradation would be of
great interest to analyze in three to six months postoperative CT
scans. Furthermore, longer follow-ups would be necessary to in-
vestigate whether the volumetric balance is kept and if the bone
formation continues, e.g. if the gaps between the tiles would close
on the long term. The relatively low number of subjects included
in the present study did not allow for any statistical analysis with
respect to patient demographics. In relation to CaP degradation
and bone regeneration, it would be of interest to analyze e.g. age
or impact of radiation therapy. Moreover, the position of the de-
fect might affect the result since a superior healing capacity in
the frontal bone as compared to parietal/temporal bones has pre-
viously been identified [10,61], and would be of interest to further
investigate. Finally, it is not known how bone regeneration and
CaP degradation affect the mechanical properties of CaPs. These



S. Lewin, L. Kihlstrom Burenstam Linder, U. Birgersson et al.

mechanical properties could be investigated through longitudinal
quantitative data on bone formation and CaP degradation in com-
bination with computational models (e.g. [62]).

5. Conclusions

This is the first study that quantitatively measures longitudinal
volumes of monetite-based CaPs in an entire clinical implant site.
One year after implantation, the volume of the CaP-Ti implant had
decreased due to CaP degradation, but the change plateaued at the
3-year follow-up. Bone formation, as detected by an increased vol-
ume, was seen at the implant-bone interface of all subjects. The
results of this study show a long-term volumetric balance and os-
teoconduction in cranial defects with the CaP-Ti implant, which is
of great importance for successful clinical results in larger defects.
The present study makes methodological advancements in clinical
quantitative assessment of calcium phosphate materials. The devel-
oped methods could be used in future studies for correlating bone
regeneration and CaP degradation with patient demographics and
implant site location.
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