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a b s t r a c t 

The use of calcium phosphates (CaPs) as synthetic bone substitutes should ideally result in a volumetric 

balance with concomitant bone formation and degradation. Clinical data on such properties is never- 

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- 

mography (CT). 

The retrospective CT datasets had been acquired postoperatively ( n = 10), in 1-year ( n = 9) and 3-year 

( n = 5) follow-ups. In the 1-year follow-up, the total volumetric change at the implant site was -8 ± 8%. 

A volumetric increase (bone formation) was found in the implant–bone interface, and a volumetric de- 

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

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. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Being inherently bioactive and osteoconductive, calcium phos- 

hates (CaPs) are excellent synthetic bone substitutes [1] . Addi- 

ionally, their biodegradability facilitates osteoconduction at the 

urface and inside the pores of the implant. The degradation oc- 

urs either passively by dissolution or actively by cell-mediated re- 

orption, where the CaP phase directs the degradation rate. Ideally, 

one formation and CaP degradation take place at a similar rate, 

esulting in volumetric balance and mechanical stability at the im- 

lant site [1] . 

Reconstruction of large cranial defects following neurosurgery 

r trauma remains a major clinical challenge [2] . Currently used re- 

onstruction methods include either autologous bone or synthetic 

mplants. The reported complication rate is high ( ∼20%) and in- 

ection is the most common complication [ 2 , 3 ]. As the most fre-

uently used synthetic implant materials, e.g. PMMA or PEEK, are 

ioinert and lack osteoconductivity, the use of bioactive and osteo- 

onductive materials could lead to improved clinical outcomes [4–

] . The clinically used bioactive implants are either calcium phos- 

hate based implants [ 4 , 5 , 7 ], or fiber-reinforced bioglass composite

mplants [ 6 , 8 , 9 ]. Implants with osteoinductive factors (BMP-2) have

lso been used [ 10 , 11 ], but no wide-spread clinical use is seen for

hese implants so far. As for CaP-based implants, sintered hydrox- 

apatite (HA) have demonstrated both osteoconduction and bone- 

onding 1 at the implant interface [5] . However, the biodegradabil- 

ty of HA is generally slower than bone formation [12] . Osteocon- 

uction could possibly be improved by using CaP phases with a 

igher degradation rate, e.g. brushite or monetite [13] . Neverthe- 

ess, longitudinal studies on CaP degradation in patients are rare 

14] , especially for monetite [13] . Such data would be of high im-

ortance since the CaP degradation rate observed in patients is of- 

en different compared to that in animal models [ 14 , 15 ]. To the

est of the authors’ knowledge, only one study has quantified 

onetite degradation in patients. Tamimi et al. (2010) implanted 

onetite granules into alveolar bone defects of five patients [15] . 

fter six months, the amount of regenerated bone (60%) and re- 

orbed monetite (74%) was significantly higher compared to the 

ontrol (bovine hydroxyapatite). The healing of large cranial defects 

equires more time than six months. A more suitable degradation 

ate seems to be obtained when monetite is combined with less 

oluble CaP phases, and implanted in blocks rather than granules 

4] . 

This study focuses on a recently developed patient-specific cal- 

ium phosphate-titanium (CaP–Ti) cranial implant, which uses the 

bove-mentioned monetite-based CaP [ 4 , 16–20 ]. The CaP formula- 

ion consists mainly of monetite ( ∼86%), with small fractions of β- 

ricalcium phosphate ( ∼8%; β-TCP) and β-calcium pyrophosphate 

 ∼6%; β-CPP). The presence of β-CPP has been shown to slow 

own the degradation rate [ 17 , 21 ]. An additively manufactured ti- 

anium structure reinforces the implant, since CaP materials on 

heir own have limited mechanical performance [22] . Promising 

utcomes have been observed in pre-clinical and clinical studies 

or this implant [ 4 , 16–20 ]. A recent retrospective study showed a

articularly promising outcome [16] . The study evaluated a cohort 

f 50 subjects who previously had a 64% failure rate with autolo- 

ous bone or other synthetic implants. In this complex cohort a to- 

al of 53 cranioplasties were performed using the CaP–Ti implant, 

f which only 7.5% subsequently developed complications that led 

o implant removal. Most of the removals were related to wound 

ehiscence in patients with thin and fragile soft tissue [16] . In re- 

rieval implants, bone formation has been demonstrated in four 
1 In this study, the term bone-bonding describes contact between the implant 

nd the recipient bone, similar to the term osseointegration – more frequently used 

or intact implants (e.g. metal implants). 

t

t

p
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atients [ 16 , 17 , 19 ]. Nevertheless, the increased and successful clin-

cal use of the implant has sparked an interest for more detailed 

nowledge of the longitudinal degradation and bone regeneration 

apacity of this specific CaP formulation in patients. 

Computed tomography (CT) is the standard imaging method for 

linical follow-up of cranial reconstruction. Hence, these images 

ould be evaluated retrospectively in further analyses. Quantita- 

ive analysis of CT images involves the calculation of specific pa- 

ameters, such as volume and density [23] . Hounsfield units (HU) 

re commonly used to describe the X-ray attenuation in CT im- 

ges and relate this to density [24] . In the field of cranioplasty, 

o the best of the authors’ knowledge, only three studies have ap- 

lied image analysis techniques to systematically evaluate autolo- 

ous bone resorption in CT images [25–27] . Quantitative CT eval- 

ation of bone formation in HA cranial implants have been at- 

empted only in three previous studies [27–29] . In two of these 

tudies, the analysis was restricted to qualitative scoring of the de- 

ree of bone-bonding at the implant interface and evaluation of 

U [ 27 , 28 ]. Qualitative scoring comes with inherent limitations of 

ubjectivity. One previous study used image analysis for volumet- 

ic quantification of sintered HA implants [29] . The study provided 

nteresting results, where bone-bonding at the interface could be 

bjectively measured. However, this and the previously mentioned 

tudies compared isolated time-points [27–29] . The image analysis 

ethods could be further developed by using techniques applied 

n other longitudinal imaging studies [30] , such as image registra- 

ion, i.e. by superimposing scans from different time-points. 

The aim of this study was to conduct longitudinal volumet- 

ic investigations on the CaP–Ti implant under clinical conditions. 

n addition, a retrieval specimen from one of the subjects was 

vailable and analyzed in more detail. The hypothesis was that 

he volume at the implant site is maintained through a balance 

etween bone formation and CaP degradation. Overall, the study 

akes methodological advancements on clinical evaluations of 

aPs by spatiotemporal quantitative analysis of clinical CT images. 

he study furthermore demonstrates successful bone-bonding and 

ong-term volumetric balance in the clinical use of the CaP–Ti cra- 

ial implant, and reports longitudinal volumetric clinical data for a 

onetite-based CaP. 

. Materials and methods 

.1. Subjects and clinical procedures 

This retrospective study included a subset of subjects from a 

arger cohort in a previous study [16] . Subjects eligible for the 

tudy had undergone cranioplasty with a CaP–Ti implant (OssD- 

ign Cranial PSI, OssDsign AB, Uppsala, Sweden) following an open 

ranial defect, from November 2014 until June 2016 at the Depart- 

ent of Neurosurgery, or at the Plastic Surgery Section (Karolin- 

ka University Hospital, Stockholm, Sweden). Subjects who did not 

ave at least one postoperative (baseline) and one follow-up CT 

can were excluded from the study. Subjects were excluded if the 

aP-Ti implants had been placed either in combination with an- 

ther implant or in small defects ( < 25 cm 

2 ). Furthermore, in or- 

er to verify the scan quality between time-points, an additional 

xclusion criterion based on similarity between the scans in a con- 

rol region was applied (further described in Section 2.2.3 ). 

The manufacturing of the implants (OssDsign Cranial, OssDsign, 

ppsala, Sweden) has been described previously [4] . In short, the 

mplants are designed based on the patients CT-images. The ti- 

anium mesh-type structures ( ∼1.8 mm thickness) are then addi- 

ively manufactured in Ti-6Al-4 V. CaP is molded around the im- 

lant in hexagonally shaped tiles ( ∼6 mm thickness). Fixation arms 

re incorporated in the titanium structures. During surgery, these 
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re used when inserting screws for fixation into the cranial bone 

f the patient. 

Approval from the institutional review board was given by the 

egional ethics committee at Karolinska University hospital, Stock- 

olm (Dnr 2017/251031). The patient with the retrieval specimen 

rovided signed informed consent. All the postoperative CT-scans 

ere part of the clinical follow-up regimen. 

.2. Quantitative analysis of clinical CT images 

The CT images were obtained as DICOM-files. The metadata 

f the scanning parameters was collated from each scan. Subse- 

uently, image processing and image analysis were completed in 

D slicer ( http://www.slicer.org ) [31] . An overview of the image 

rocessing workflow is presented in Fig. 1 . Each analysis step is 

riefly presented below, more details are given in the supplemen- 

ary material (S1). 

.2.1. Registration 

For the same subject, the baseline and follow-up images were 

uperimposed by rigid registration. The registration aligned scans 

rom the different time-points. After registration, all scans from the 

ame patient had common coordinates, which later ensured that 

he quantifications were conducted in the same implant regions 

cross all time-points. Further information about the registration 

arameters can be found in the supplementary material (S1). 

.2.2. Segmentation 

A semiautomatic segmentation process was performed in order 

o separate the bone and implant from the surrounding soft tissue. 

one and CaP had to be segmented together since these phases 
ig. 1. An overview of the different image processing steps in the workflow. Registratio

perative CT, and the 1-year follow-up after registration. Segmentation: CT image from 

uantification: The regions used in the quantification are indicated in 3D rendered mo

efect edge, ROI implant ) and the control region ( ROI control ) are visualized in blue and green, 

olors (right); ROI 1 (orange), ROI 2 (yellow), ROI 3 (green), and ROI 4 (purple). 

504 
ere not possible to separate due to their similar X-ray attenuation 

nd the limited resolution of the clinical CT images. The full im- 

lant was included in the segmentation (and later in the quantita- 

ive measurements), i.e. all hexagonal calcium phosphate tiles and 

he titanium structure ( Fig. 1 ). The segmentation was conducted 

sing a global threshold based on the Otsu method [32] . To remove 

oise, only segmented clusters above 5 voxels were included. Fur- 

her details and an analysis of the sensitivity of the thresholding 

rocess can be found in the supplementary material (S1). 

.2.3. Quantification in the control region 

For each subject, part of the cranial bone was used as control 

or the image processing ( Fig. 1 ). The bone volume was quantified 

n the same circular control region ( ø = 80 mm) across all time- 

oints for each subject, the region of interest (ROI) was referred 

o as ROI control . In this region, the bone remodeling should be sta- 

le. Hence, no volumetric changes were expected between base- 

ine and the follow-ups. The absolute volumetric difference in the 

ontrol region, between baseline and each follow-up, was calcu- 

ated for each subject. Subjects with an absolute volumetric change 

bove 3% across time-points were excluded from further analysis 

ue to the possibly low quality of the CT scans. A variation of 

% has been found for non-changing objects in clinical images in 

 previous study [33] , and similar numbers have also been sug- 

ested in another study [25] . It was accordingly set as the low- 

st detectable volumetric difference. In addition, the Dice similar- 

ty coefficient (DSC) and Hausdorff distance (HD) were calculated 

n the control region between time-points to measure the overlap 

 34 , 35 ]. The DSC measures the spatial overlap, from zero to one,

here one equals full overlap. HD is the greatest distance from a 

oint in one volume to the closest point in the other volume. 
n: CT images in the coronal plane for one subject. The images are from the post- 

the same 1-year follow-up, where the implant region has been segmented (blue). 

dels of the segmented volume. The implant region (i.e. the implant and the bone 

respectively (left). The different regions of interest (ROIs) are visualized in different 

http://www.slicer.org
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.2.4. Quantifications in the implant region 

The ROIs of the implant were created semi-automatically (for 

etails, see supplementary material S1). In brief, a ROI covering the 

one defect edge and implant was created based on the titanium 

tructure referred to as ROI implant ( Fig. 1 ). Four additional ROIs were 

reated in order to quantify changes in different locations of the 

mplant. ROI 1 was created around seven tiles selected in the mid- 

le of each implant. ROI 2 and ROI 3 were created on the remaining 

art of the implant, in the same shape as the outline of the im- 

lant and divided by half the distance to the implant edge. The 

emaining region, ROI 4 , corresponded to the interface between the 

mplant and the bone defect edge. The regions can be observed in 

ig. 1 . The segmented volume was quantified for each time-point 

n each of the following regions: ROI control , ROI implant , ROI 1 , ROI 2 ,

OI 3 , and ROI 4 . The volumetric differences between the baseline 

can and the later time-points were calculated for each subject. 

A distance map of ROI implant was created for each subject to vi- 

ually observe the volumetric changes. The distance maps compare 

he distances between the follow-up and the baseline volumes in 

he implant region. The changes observed in the distance maps 

ere also compared visually to the CT images. The implant size 

f each implant was calculated based on the titanium structure. 

ubsequently, the subjects could be divided into two size groups: 

 100 cm 

2 and ≥ 100 cm 

2 . 

.2.5. Relative density in the implant region 

Since no phantom (with controlled density) was included dur- 

ng the CT-scans in this study, the HU-values were not calibrated 

or densities close to bone and CaP material. The HU-values could 

herefore vary between time-points due to e.g. small differences 

n scanning protocols [ 36 , 37 ]. The use of intra-patient calibration 

f HU-values has been shown to improve the reliability in such 

atasets [ 25 , 38 ]. Therefore, an average HU-value was calculated in 

he segmented control regions ( HU control ). This value was then used 

or an intrasubject calibration of relative HU-values for each CT- 

can. 

To estimate changes in density for each region ( ROI implant , ROI 1 , 

OI 2 , ROI 3 , and ROI 4 ) between time-points, mean HU-values were 

btained from the respective segmented regions for each follow- 

p. The mean HU-values were calculated in the volume segmented 

n the last follow-up i.e. the 1-year follow-up for most subjects. 

ubsequently, an intrasubject calibration of the obtained HU-values 

as conducted by dividing the mean HU-value for each scan by 

he HU control for the same scan. The change in relative HU-value 

as reported for each subject between baseline and follow-ups. 

.3. CaP material characterization and analysis of a retrieval 

pecimen 

.3.1. The retrieval specimen 

One subject underwent tumor resection of an osseous sphe- 

oidal wing meningioma and was reconstructed with a CaP–Ti 

mplant. In the clinical CT quantifications, the affected parts of 

he implant were excluded. The implant was removed thirty-one 

onths later due to tumor regrowth in the orbit, which required 

urgery [16] . The retrieved specimen was fixated in formalin and 

mbedded in PMMA. The embedded specimen was sectioned, and 

he histology sections were stained with paragon. The histology re- 

ults have been reported previously [16] , but are included in this 

tudy together with more detailed analysis of the material. Addi- 

ionally, the remaining intact parts of the specimen were analyzed 

y micro-computed tomography (μCT) – desktop and synchrotron- 

ased – following histology sectioning. Again, parts of the implant 

ffected by the meningioma were excluded. 

The desktop μCT (SkyScan1172, Bruker Corp., Belgium) was per- 

ormed at 100 kV and 100 μA, with a Cu-Al filter. An isotropic pixel
505 
ize of 5.4 μm was used. Cross sections were reconstructed us- 

ng NRecon (NRecon 1.7.1.0, Bruker Corp., Belgium). Following the 

nalysis of the desktop μCT images, three parts of the retrieval 

pecimen were selected to be analyzed by synchrotron radiation 

hase contrast μCT (SR-μCT). The SR-μCT was performed at the 

OMCAT beamline (Paul Scherrer Institute (PSI), Switzerland) at a 

.25 μm isotropic voxel size with a phase-contrast method [ 39 , 40 ].

he beam energy during the scanning was 30 keV, and the ring 

urrent 400 mA. The images from the SR-μCT were reconstructed 

n ImageJ using a plug-in [ 41 , 42 ]. 

To identify any changes in the CaP material after 31 months in 

ivo, two control tiles of CaP-material were analyzed. The control 

iles originated from the same batch as the CaP tiles in the re- 

rieval specimen and had been stored for quality control in steril- 

zation bags for 31 months at room temperature. These tiles were 

canned at the TOMCAT beamline (Paul Scherrer Institute, Switzer- 

and). Both the scanning and the reconstruction of the images were 

erformed with the same settings as for the retrieval specimen. 

ll image processing of μCT images was conducted in CTAn (CTAn 

.16.4.1, Bruker Corp., Belgium). 

.3.2. Validation of clinical CT results with desktop μCT 

The reconstructed images from the desktop μCT were seg- 

ented by an automatic global threshold, based on the Otsu 

ethod. The parts of the retrieval specimen were visualized in 3D 

nd compared to the clinical CT. On cross-sectional images from 

oth imaging modalities, linear 2D measurements were made to 

etermine the thickness of 10 different tiles. 

.3.3. Porosity analysis of CaP and retrieval specimen 

In the SR-μCT datasets of the retrieval specimen, a ROI 

2 × 4 × 3 mm) was created in the middle of five different tiles, 

n between the titanium structure. A ROI of the same size was 

lso created in the CaP tiles that had been stored on the shelf for 

1 months. Following an automatic global threshold based on the 

tsu method, the porosity and pore size distribution were calcu- 

ated. 

.3.4. Verification of bone formation in CT images through SR-μCT 

nd histology 

The SR-μCT datasets of the retrieval specimen were further an- 

lyzed and compared to the histology sections in order to identify 

egenerated bone. Moreover, a 3D visualization of the bone and the 

emaining CaP material was performed. All image processing was 

ade in CTAn. In the segmentation process, the identification of 

one and CaP was made using the histology and a previously de- 

eloped method [43] . 

.3.5. Phase composition 

During the tumor resection surgery, loose fragments of the im- 

lant were collected and subsequently ground into a fine powder 

or phase characterization. Two additional powders, prepared from 

aP tiles that initially came from the same batch as the CaP tiles in 

he retrieval specimen, were characterized: pre-implantation and 

tored 31 months on the shelf in sterilization bags at room tem- 

erature. The phase characterizations were performed by X-ray 

iffraction (XRD; D8 Advance, Bruker, AXS GmbH, Karlsruhe, Ger- 

any) using Ni-filtered Cu-K α irradiation in a theta-theta setup 

ith scanning diffraction angles (2 θ ) 4–70 ° in steps of 0.02 °
ith 0.25 s per step, and a rotation speed of 80 rpm. In the pre-

mplantation sample, the scanning diffraction angles were 20–46 °
he phase compositions were quantitatively evaluated by Rietveld 

efinement ( http://www.bgmn.de ) [44] with a graphical user inter- 

ace ( http://www.profex.doebelin.org ) [45] . Crystalline references 

sed in the refinement were PDF #04–008–8714 for β-TCP [46] , 

http://www.bgmn.de
http://www.profex.doebelin.org
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DF #04–013–3344 for brushite [47] , PDF #04–009–3876 for β- 

PP [48] , PDF #04–009–3755 for monetite [49] , PDF #01–074–

565 for HA [50] and PDF #04–013–3883 for octacalcium phos- 

hate (OCP) [51] . No other phases were identified in the diffraction 

atterns. 

.4. Statistical analysis 

Statistical analysis was performed in R (version 3.5.2) [52] . A 

aired t -test was performed in order to assess differences between 

olumetric change in the control and the implant region. 

. Results 

.1. Subjects and clinical procedures 

Complete CT-datasets were available for 12 out of 31 eligible 

ubjects. Two subjects were excluded due to a substantial volu- 

etric change (above 3% between time-points) in the control re- 

ion from the postoperative CT to the 1-year follow-up. Based on 

his criteria, three later follow-up CTs from the ten included sub- 

ects were also excluded. The included postoperative and 1-year 

ostoperative datasets had the following acquisition parameters: 

he same scanner (Discovery CT750 HD, GE Healthcare, Wiscon- 

in, USA), at 100 or 120 kVp, with a pixel spacing of 0.4 mm, a

lice thickness off 0.625 mm or 1.25 mm, and reconstructed with 

he same convolution kernel (Boneplus). For the included sub- 

ects, the baseline CT had been performed between zero and five 

ays postoperatively. The first follow-up was performed around 

ne year postoperatively, between 285 and 462 days. In five sub- 

ects, additional CT datasets from roughly 3-years postoperative 

ollow-ups (between 940 and 1173 days) were included. One sub- 

ect only had a 2-year follow-up. The spread in acquisition pa- 

ameters were larger for the later follow-ups: scanning at 100 or 

20 kVp, with a pixel spacing of 0.4 mm, and a slice thickness off

.8 mm, 0.625 mm or 1.25 mm. Three scanners had been used: Dis- 

overy CT750 HD (GE Healthcare, Wisconsin, USA), IQon Spectral 

T (Philips Healthcare, Best, the Netherlands) and Aquilion ONE 

Toshiba Medical Systems, Otawara, Japan). All images were recon- 

tructed with bone convolution kernels (Boneplus-GE, YC-Philips 

nd FC30-Toshiba). 

The time-points for all CT-scans, and the age, sex and implant 

rea of all subjects are presented in Table 1 . The mean age of the

ubjects was 48 ± 18 years, and five males and five females were 

ncluded. 

.2. Quantitative analysis of clinical CT images 

The longitudinal volumetric differences are shown in Fig. 2 . 

he mean absolute volumetric difference between all time-points 
Table 1 

Summary of the different CT scans. The age, sex and impla

days and volumetric difference (ROI implant ) postoperatively a

CT 1 

Age Sex Implant area [cm 

2 ] days 

Subject 1 30 F 25 0 

Subject 2 70 F 75 1 

Subject 3 59 F 117 3 

Subject 4 51 F 47 0 

Subject 5 66 M 106 1 

Subject 6 18 M 41 2 

Subject 7 24 M 129 5 

Subject 8 41 M 205 2 

Subject 9 64 F 121 1 

Subject 10 48 M 76 5 

506 
as 0.8 ± 0.5% in ROI control . An overlap of the segmented volumes 

n ROI control was demonstrated by the DSC being close to one 

0.97 ± 0.01) and by the low HD (0.14 ± 0.04 mm). In ROI implant , 

he mean absolute volumetric difference was 12 ± 5%. The abso- 

ute mean volumetric differences in ROI control and ROI implant were 

ignificantly different ( p = 0.004). A decrease in volume was seen 

n 7 out of 9 subjects at the 1-year follow-up in ROI implant , with a

ean volumetric change of -8 ± 8%. For the two subjects with an 

ncrease in volume, both implant sizes were below 100 cm 

2 . In the 

- or 3-year follow up ( n = 6), the total mean volumetric change 

as -10 ± 13%, only a 2% additional change since the 1-year follow 

p. The volumetric difference ranged from −23% in a 3 year and 3 

onths follow-up (implant size > 100 cm 

3 ), to 13% in a 2 year and

 months follow-up (implant size < 100 cm 

3 ). The mean relative 

U change in ROI implant was 7 ± 4% in the 1-year follow-up, with 

n increase in eight out of nine subjects. 

Overall, the implants remained in place and the registration al- 

owed for a detailed subject specific observation ( Fig. 3 ). New bone 

ormation and CaP degradation could be observed in all subjects. In 

eneral, the loss in volume of the CaP material mainly took place 

t the outer part of the implant, towards the scalp. Bone-bonding, 

efined as contact between the CaP-tiles and the recipient bone, 

as observed in large parts of the bone–implant interface (a quan- 

ification of the bone-bonding frequency can be found in the sup- 

lementary material S1). As expected, full bridging was more com- 

only seen at the later follow-ups. The full bridging was more fre- 

uently seen in cases where the implant had been placed closer to 

he bone defect edge ( Fig. 3 ). 

The longitudinal quantifications in the different implant regions 

an be seen in Fig. 4 . In the central region of the implant ( ROI 1 ),

ll subjects had a volumetric decrease ( Fig. 4 a). The mean volu- 

etric change in the 1-year follow-up was -14 ± 8% for the small 

mplant group ( < 100 cm 

2 ), and -18 ± 2% for the large implant

roup ( ≥ 100 cm 

2 ). In the subjects with a 2 and 3-year follow- 

p, the change tended to decrease or plateau. In the five subjects 
nt area for each subject. In addition, the number of 

re presented for all subjects. 

CT 2 CT 3 CT 1 CT 2 CT 3 

days days volume volume volume 

462 940 0% 8% 13% 

– 683 0% – −2% 

367 1092 0% −14% −16% 

368 – 0% 4% –

351 1173 0% −13% −23% 

405 1139 0% −10% −16% 

356 – 0% −13% –

362 – 0% −12% –

351 – 0% −14% –

285 1011 0% −6% −14% 
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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. 
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ith a 3-year follow-up, the volumetric change between the post- 

perative and the 1-year follow-up was -16 ± 6%, but the change at 

he later follow-up only had 6 ± 6% additional difference (in total 

22 ± 9%). 

In ROI 2 and ROI 3 , the results were similar for all subjects ( Fig.

 c and 4 e). In both ROI 2 and ROI 3 , at the 1-year follow-up, there

as less mean volumetric change in the smaller implant group (- 

 ± 6% and -6 ± 11%) than in the larger implant group (-16 ± 1% and

18 ± 3%). Volumetric decreases were observed in all except for two 

ubjects (implant sizes < 100 cm 

2 ), which had an increase in vol- 

me in ROI 3 ( Fig. 4 e) at the 1- and 3-years follow-up. In the region

overing the bone–implant interface ( ROI 4 ), no overall volumetric 

oss was observed ( Fig. 4 g). Instead a total volumetric increase was 

bserved in all subjects (9 ± 7%). In the 1-year follow-up, the volu- 

etric change was 13 ± 11% and 6 ± 1% for the small and large im- 

lant group, respectively. In the five subjects with 3-year follow- 

ps, the volume change from the postoperative CT to the 1-year 

ollow-up was 9 ± 10%, and the change from the postoperative CT 

o the 3-year follow-up was in total 12 ± 13%. 
a

507 
The relative HU change in the 1-year follow-up increased in 

even out of nine subjects in ROI 1 (2 ± 6%) ( Fig. 4 b). The relative

hange in ROI 2 (5 ± 3%) and ROI 3 (5 ± 5%), was higher in all sub- 

ects ( Fig. 4 d and 4 f) regardless of implant size. In ROI 4 , the rela-

ive HU change was 11 ± 5% ( Fig. 4 h) in the 1-year follow-up. In the

ubjects with longer follow-ups, the relative change in HU-value 

ncreased or plateaued in all regions. 

.3. CaP material characterization and analysis of a retrieval 

pecimen 

.3.1. Validation of clinical CT with desktop μCT 

The parts of the retrieval specimen were obtained following 

istology sectioning. Comparison of the desktop-μCT and to the 

ast follow-up clinical CT for the same subject allowed for identifi- 

ation of the location of each part ( Fig. 5 a-d). Nevertheless, it was

bserved that damage had been caused at the removal of the im- 

lant and during the histological sectioning. The desktop μCT im- 

ges 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 1 (a-b), ROI 2 (c-d), ROI 3 (e-f) and ROI 4 (g-h). The implant sizes are marked by 

solid ( < 100 cm 

2 ) or dashed lines ( ≥ 100 cm 

2 ). 
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ere used in the SR-μCT analysis. The comparison between the 

easured tile thickness in the desktop μCT was 5.7 ± 0.5 mm vs. 

he clinical CT 5.8 ± 0.6 mm. 

.3.2. Porosity analysis of CaP and retrieval specimen 

The parts of the retrieval specimen analyzed by SR-μCT are 

arked in red in Fig. 5 b. The difference between the desktop μCT 

nd the SR-μCT images can be appreciated in Fig. 5 d-e. Newly 

ormed bone, as well as CaP resorption was observed in all scanned 

arts 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 

rom 14 to 19% ( n = 5). It was observed that the pores in the re-

rieval specimen were larger than in the CaP stored on the shelf. 

easurements of the pore size distribution confirmed these ob- 

ervations. Compared to the CaP stored on the shelf, the pore vol- 

me of the retrieval specimen had both an increased microporosity 

 < 100 μm) and an increased size of the larger pores ( Fig. 6 ). The

ange of the largest pore were 416 – 501 μm in the retrieval speci- 

en, and 254 – 267 μm in the CaP material stored on the shelf. 
508 
.3.3. Bone formation in SR-μCT and histology 

The histology presented in Fig. 7 a confirmed the presence of 

ewly formed bone in direct contact with the CaP. A SR-μCT image 

f a part of the implant was compared to a closely neighboring 

istological cross-section ( Fig. 7 b). The locations of newly formed 

one in the SR-μCT images could be confirmed by histology. The 

ame region of the implant is shown in an SR-μCT image from the 

op-view. Based on the histology, a threshold to separate the bone 

rom the CaP in the SR-μCT dataset could be determined. A 3D- 

odel of the bone formation around and within the CaP tiles is 

resented in Fig. 7 c. 

.3.4. Phase composition 

The phase compositions obtained from the XRD analysis and Ri- 

tveld refinement are presented in Fig. 8 a. Prior to implantation, 

he phase composition consisted of monetite (85%), β-TCP (9%) and 

-CPP (6%). After 31 months on the shelf, the CaP phase composi- 

ion was similar: monetite (85%), β-TCP (9%) and β-CPP (5%), but 

lso HA (1%). The material analyzed after 31 months in vivo had 

 larger amount of HA (6%) and also octacalcium phosphate (OCP; 

%). The dominating phase was still monetite (72%), followed by β- 

CP (14%) and β-CPP (6%). One representative XRD-pattern for each 

pecimen is presented in Fig. 8 b, together with reference patterns 

or the identified phases. 

. Discussion 

The overall aim of this study was to investigate the volumet- 

ic balance of the CaP–Ti implants under clinical conditions. More 

pecifically, it aimed to longitudinally quantify and compare the 

one and implant volume in CT images from ten subjects after 

ranial reconstruction. The quantitative image analysis revealed an 

nitial overall decrease in CaP tile volume during the first year 

ostoperatively, although a volumetric increase was found at the 

one defect–implant interface in all subjects. At the longer follow- 

ps this decrease had slowed down or plateaued. The dominating 

echanisms for the volumetric changes were bone formation and 

aP degradation. An increase in relative HU values was observed in 

 out of 10 subjects over time in the implant region, indicating an 

ncrease in apparent density due to bone formation. Investigations 

f a 31-months retrieval specimen demonstrated concomitant bone 

ormation and CaP degradation by histology and μCT analysis, and 

llowed for phase composition XRD-analysis. 

A limited number of previous studies on sintered HA implants, 

ave performed CT evaluations by combining quantitative meth- 

ds and qualitative scoring [27–29] . Moles et al. (2018) found no 

ign of bone-bonding in 51% of the subjects ( n = 37) in 2-year 

ollow-ups [27] . Maenhoudt et al. (2018) reported quantitative CT 

valuations in follow-ups on average 39 months postoperatively: 

n 29% no sign of bone-bonding was observed ( n = 17). Neverthe- 

ess, in one third of the subjects bone-bonding was deemed higher 

han 50% [29] . In contrast, a study of six children (mean age 9.6 

ears) observed bone-bonding in all subjects [28] . Although bone- 

onding seems to be limited in adult patients, sintered HA im- 

lants have shown positive clinical outcomes [5] . Further bone in- 

rowth would stabilize CaP implants mechanically and lead to in- 

reased vascularization in the defect region, which in turn could 

ecrease the infection rate [53] . All subjects in the present study, 

ndependent of age, showed bone formation at the bone–implant 

nterface in the 1-year follow-up. In six out of ten subjects, more 

han 50% bone-bonding was observed at the implant interface (see 

easurements on bone-bonding frequency in the supplementary 

aterial S1). However, a loss in volume was seen for the CaP tiles 

specially in the central part of the implant. Nevertheless, at the 

ater time-points ( n = 6) the CaP degradation rate had decreased or 

lateaued. 
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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 μCT images, with the parts that were 

analyzed with SR-μCT marked in red. Coronal cross-sectional CT images from the clinical CT (c) and the desktop μCT (d). A region around a large pore is magnified (d), the 

same region is shown from a SR-μCT image (e). The lighter gray regions in (d) and (e) are the CaP material (#), the darker regions are newly formed bone ( ∗). 

Fig. 6. Pore size distribution from the SR-μCT 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 μm was only observed in the in vivo specimen. 

Reconstructed volumes in 3D (2 × 4 × 3 mm) for each specimen type (b). 
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Apart from bone formation at the interface, bone was detected 

n other locations, and frequently on the implant side towards the 

ura. Similar observations of ossification in connection to the dura 

ave previously been made in a pre-clinical study on the same 

aP–Ti combination [20] , and in a clinical study on autologous 

one [25] . The CaP tiles lost volume mainly on the outer side, to- 

ard the scalp, which also was seen in the μCT and histology of 

he retrieval specimen. The μCT and histology revealed that, to- 

ard the dura, the CaP tiles either appeared to remain intact or 

ad started to remodel into bone. It is likely that the degradation 

uring the first year was caused by an initial dissolution, in com- 

ination with a tribological effect between the scalp and the tiles, 

hereas the degradation in the remodeling process might also be 

ell-mediated – most likely macrophages-mediated [ 20 , 54 ]. 

The relative HU measurements showed an increase in 9 out of 

0 subjects in ROI implant . The increase was larger toward the bone 

efect edge, especially at the 1-year follow-up. The increase in rel- 

tive HU indicates an increase in apparent density. The change in 

elative HU was determined in the segmented volume (implant 
509 
nd bone) from the last time-point, so that the CaP degradation 

oward the scalp did not affect the measurement. However, this 

ed to areas were bone had formed in the last time-point being 

ncluded in the first time-point, although they were then empty, 

nd consequently the average HU-value in these areas was affected 

ot only by changes in density but also in volume. Therefore, the 

pparent density increase at the interface ( ROI 4 ) can most likely 

e explained by osseous bridging at the defect edge–implant in- 

erface. Nevertheless, an apparent density increase was also ob- 

erved in ROI 2 and ROI 3 , more clearly than in ROI 1 (central re- 

ion). In these regions an overall volume loss was often observed. 

 general CaP degradation was observed in the retrieval specimen, 

hich was confirmed by an increase in porosity for the CaP mate- 

ial ( Fig. 6 ). Bone formation was observed between the tiles, on the 

dges of the tiles and also within the porosity of the tiles in this 

pecimen ( Fig. 7 ). In the CT images of this subject, an increase in

elative HU values could be observed before implant retrieval. The 

ncrease in relative HU for most other subjects could therefore in- 

icate 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-μCT (b). In the SR-μCT, 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-μCT images. A 

3D-model of the SR-μCT images are presented in (c), showing bone (orange), CaP (light gray) and titanium (dark gray). 
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ethods to evaluate autologous bone resorption in cranial recon- 

tructions [25] . Nevertheless, HU-values in clinical images have not 

een widely used for evaluating CaP degradation and bone remod- 

ling and this method should be validated in future studies. 

In this study, the implant sizes ranged from 25 cm 

2 to 205 

m 

2 . These cranial defects would take several years to bridge with 

ormal bone formation. Based on previous pre-clinical and clin- 

cal studies, the use of pure monetite in this application could 

ead to an excessively high degradation rate [ 15 , 55 ]. During pre-

linical studies in the development phase of the CaP–Ti implant, 

t was noted that the presence of β-CPP retarded the degradation 

ate [ 17 , 21 ]. Another study, which investigated brushite cement 

ith and without the addition of pyrophosphate, found increased 

one formation when using pyrophosphate [56] . That study sug- 

ested that pyrophosphate delays the conversion of brushite into 

he more stable HA phase, and stimulates bone formation. More- 

ver, β-CPP has shown a slower cell-mediated resorption in vitro , 

n comparison to other CaPs [57] . Future studies on the β-CPP con- 

aining monetite formulation would be of high interest for explain- 

ng this mechanism. In the studied CaP formulation, monetite was 

he dominant phase (85%) pre-implantation. The phase composi- 

ion was different after 31 months in vivo, but monetite was still 

he dominating phase. Being the most soluble phase, the monetite 

mount decreased in vivo (to 72%). This caused an increase in the 

elative amount of β-TCP (from 9% to 14%), while β-CPP remained 

n the same amount (6%). In addition, an in vivo transformation 

nto HA (6%), and its in vivo precursor OCP (2%), was observed. The 
510 
ransformation to HA, the most stable calcium orthophosphate at 

hysiological pH, could explain the lower amount of degradation 

r remodeling in some CaP tiles as well as the decreased degra- 

ation rate at longer follow-ups. The observed phase transforma- 

ions would be expected after extended exposure in vivo [ 58 , 59 ].

he same CaP formulation has previously been studied in vitro, 

nd no phase transformations were observed after four weeks in- 

ubation in cell-media [54] . In future studies, it would be interest- 

ng to compare the phase composition from longer in vitro studies 

o those reported from clinical in vivo studies. This would be an 

mportant comparison that could lead to a better understanding 

f how in vitro conditions can simulate in vivo conditions for CaP 

aterial. 

Omar et al. (2020) recently studied bone regeneration for the 

ame monetite-based CaP formulation in ovine animal models [19] . 

amples were implanted at skeletal (skull) and non-skeletal (sub- 

utaneous) sites for 12 and 3 months, respectively. One clinical 21- 

onths retrieval implant was also analyzed. Morphological, ultra- 

tructural, and compositional analyses were conducted by histol- 

gy, electron microscopy, and Raman spectroscopy. Bone formation 

as demonstrated at both skeletal and non-skeletal sites. Ultra- 

tructural union between new bone and the CaP material was ob- 

erved, and the bone was compositionally similar to native bone. 

otably, the CaP material induced bone formation also at the sub- 

utaneous site [19] . Bone was more frequently detected in the cen- 

ral part of the implant – which is typical for osteoinduction [60] . 

fter 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). 
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osition in the retrieval implant of 69.5% calcium deficient HA, 

5% magnesium substituted TCP, 6.3% β-TCP, 6.5% β-CPP and 2.6% 

onetite. The reason why this differs from the XRD results in the 

resent study is likely that they analyzed a part of the implant that 

as well integrated in the bone, while this study analyzed a part 

f the implant that fell off during retrieval surgery – the brittle 

ehavior indicating that it was not well integrated with the bone. 

ence, the found phase composition is likely not representative of 

he full implant due to the limited amount of sample. Neverthe- 

ess, the main purpose of the XRD analysis in the present study 

as to compare phase composition changes after implantation and 

torage of the same material, and not to indicate bone formation 

ince this was evaluated through other analyses. 

To the authors’ knowledge, the present study is the first to carry 

ut longitudinal quantifications of volume and density across a 

hole CaP implant site in patients. The methods developed in this 

tudy allowed for longitudinal measurements in spatially different 

ocations of the cranial implants. Limitations of this method are 

elated to the lack of contrast between the bone and CaP in the 

linical CT images due to their similar X-ray attenuation and the 

elatively low CT resolution. It is clear that the volumetric reduc- 

ions of the CaP tiles are CaP degradation, and that the volumetric 

ncrease is bone formation. Remodeling of CaP into bone was ob- 

erved in the histology and μCT, but could not be revealed in the 

linical CT images. 

Several parameters are important in quantitative analysis of CT 

mage data: standardizing the scanner and data acquisition set- 

ings, minimizing image artifacts, selecting an appropriate recon- 

truction algorithm, and maximizing repeatability and objectiv- 

ty during the analysis [23] . As this study was made retrospec- 

ively, the settings for acquiring the CT images were not con- 

rolled. Nevertheless, the same scanner, similar resolution and 

he same reconstruction methods were used for the postopera- 

ive and 1-year postoperative datasets. There were differences in 

he scanning acquisition parameters with regard to voltage (100 

r 120 kVp) and slice thickness (0.625 mm or 1.25 mm) for some 

cans. There was more spread in acquisition parameters at the 

ater follow-ups, which could explain why three such CT datasets 

ere excluded at the validation step. A fully automatic analysis 

f the images was not possible due to differences in the sizes 

nd shapes of the implants. However, the quantitative analysis 

as conducted as repeatable and objective as possible by keep- 
511 
ng segmentation and construction of the analyzed regions (ROIs) 

o semiautomatic methods. All CT-images have an inherent limit 

n the resolution, if a voxel contain several tissues the HU-value 

ill be averaged. This effect is commonly referred to as the par- 

ial volume effect. A thorough analysis of the measurement er- 

ors caused by the above mentioned issues was not possible, as 

t would have required phantoms of a known similar volume of 

he analyzed implant (and bone) scanned with all the used set- 

ings. However, several measures were taken in order to ensure 

nd demonstrate that the measurements were of high quality. The 

alidation step made on ROI control confirmed that the image quality 

id not change between time-points in a way that affected rela- 

ive volumetric measurements (scans with > 3% difference were ex- 

luded). A high spatial overlap of volumes in between time-points 

n ROI control was demonstrated by measurements of DSCs and HDs. 

oreover, the measured thickness of the tiles in the retrieval spec- 

men μCT was similar as compared to the clinical CT, 5.7 ± 0.5 mm 

s. 5.8 ± 0.6 mm. The relative change in volume and density in re- 

ation to the baseline CT was always reported, instead of abso- 

ute values. Relative measurements were more situatable since no 

alibration with phantoms were made. A baseline CT was always 

ncluded so that measurements of relative changes could be per- 

ormed instead of absolute values. Lastly, intrasubject calibration 

as used for the HU-values [ 25 , 38 ]. 

A limitation of this study was the low number of subjects. Fu- 

ure studies should increase both the number of subjects and the 

umber of time-points for each subject. The present study iden- 

ified time-points of interest. Early CaP degradation would be of 

reat interest to analyze in three to six months postoperative CT 

cans. Furthermore, longer follow-ups would be necessary to in- 

estigate whether the volumetric balance is kept and if the bone 

ormation continues, e.g. if the gaps between the tiles would close 

n the long term. The relatively low number of subjects included 

n the present study did not allow for any statistical analysis with 

espect to patient demographics. In relation to CaP degradation 

nd bone regeneration, it would be of interest to analyze e.g. age 

r impact of radiation therapy. Moreover, the position of the de- 

ect might affect the result since a superior healing capacity in 

he frontal bone as compared to parietal/temporal bones has pre- 

iously been identified [ 10 , 61 ], and would be of interest to further

nvestigate. Finally, it is not known how bone regeneration and 

aP degradation affect the mechanical properties of CaPs. These 
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echanical properties could be investigated through longitudinal 

uantitative data on bone formation and CaP degradation in com- 

ination with computational models (e.g. [62] ). 

. Conclusions 

This is the first study that quantitatively measures longitudinal 

olumes of monetite-based CaPs in an entire clinical implant site. 

ne year after implantation, the volume of the CaP–Ti implant had 

ecreased due to CaP degradation, but the change plateaued at the 

-year follow-up. Bone formation, as detected by an increased vol- 

me, was seen at the implant–bone interface of all subjects. The 

esults of this study show a long-term volumetric balance and os- 

eoconduction in cranial defects with the CaP–Ti implant, which is 

f great importance for successful clinical results in larger defects. 

he present study makes methodological advancements in clinical 

uantitative assessment of calcium phosphate materials. The devel- 

ped methods could be used in future studies for correlating bone 

egeneration and CaP degradation with patient demographics and 

mplant site location. 
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