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a b s t r a c t 

To study in vivo the bioactivity of biodegradable magnesium implants and other possible biomaterials, 

we are proposing a previously unexplored application of PET-CT imaging, using available tracers to fol- 

low soft tissue and bone remodelling and immune response in the presence of orthopaedic implants. 

Female Wistar rats received either implants (Ti6Al7Nb titanium or WE43 magnesium) or corresponding 

transcortical sham defects into the diaphyseal area of the femurs. Inammatory response was followed 

with [18 F]FDG and osteogenesis with [18 F]NaF, over the period of 1.5 months after surgery. An additional 

pilot study with [68 Ga]NODAGA-RGD tracer specic to αv β3 integrin expression was performed to follow 

the angiogenesis for one month. 

[18 F]FDG tracer uptake peaked on day 3 before declining in all groups, with Mg and Ti groups exhibit- 

ing overall higher uptake compared to sham. This suggests increased cellular activity and tissue response 

in the presence of Mg during the initial weeks, with Ti showing a subsequent increase in tracer uptake 

on day 45, indicating a foreign body reaction. [18 F]NaF uptake demonstrated the superior osteogenic po- 

tential of Mg compared to Ti, with peak uptake on day 7 for all groups. [68 Ga]NODAGA-RGD pilot study 

revealed differences in tracer uptake trends between groups, particularly the prolonged expression of 

αv β3 integrin in the presence of implants. 

Based on the observed differences in the uptake trends of radiotracers depending on implant material, 

we suggest that PET-CT is a suitable modality for long-term in vivo assessment of orthopaedic biomaterial 

biocompatibility and underlying tissue reactions. 

Statement of signicance 

The study explores the novel use of positron emission tomography for the assessment of the inu- 

ence that biomaterials have on the surrounding tissues. Previous related studies have mostly focused on 

material-related effects such as implant-associated infections or to follow the osseointegration in pros- 

thetics, but the use of PET to evaluate the materials has not been reported before. The approach tests the 

feasibility of using repeated PET-CT imaging to follow the tissue response over time, potentially improv- 

ing the methodology for adopting new biomaterials for clinical use. 

© 2024 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/ ) 

1. Introduction 

The increasing interest in biodegradable implants in recent 

years has resulted in the development of a wide range of poten- 

tially suitable materials. Metals, polymers and ceramics include 

materials that can naturally disappear after their role has been 
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completed, thus avoiding further patient discomfort or complica- 

tions that may lead to implant removal surgeries increasing health- 

care costs and health hazards for the patients. While traditional 

permanent implants, for example made from titanium or stainless 

steel, are focused on bioneutrality and corrosion resistance, they 

still carry with them the risk of stress shielding effect due to the 

differences in Young’s modulus [ 1 ] and other complications such 

as chronic inammation and undesired attachment between im- 

plant surfaces and mobile soft tissues such as tendons [ 2 ]. The 
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biodegradable implants become a part of the body’s metabolism as 

the implant components react with the surrounding tissues, and 

are heavily dependent on their component materials that can af- 

fect the body by acting together or separately in a dose-dependent 

way. The need to ensure the safety of degradation products and 

reasonable degradation rate while maintaining the desired me- 

chanical properties is one of the challenges in the eld. 

One of the promising materials is magnesium, a metal naturally 

present as a microelement in the human body [ 3 ] that has been 

used as implant material since the 19th century. As its Young’s 

modulus is close to cortical bone (5–23 GPa) [ 4 ], it is attractive 

for orthopaedic use due to the reduced risk of stress shielding. 

Research has also produced results, suggesting the benecial ef- 

fect of magnesium on tissue healing. Notably the release of Mg+ 

ions has been reported to participate in multiple molecular and 

cellular mechanisms regulating inammatory response and tissue

regeneration [ 5 ], positively affecting blood vessel and new bone 

formation [ 6 , 7 ]. At the same time, magnesium is highly reactive, 

causing rapid degradation and gas release, which limited the ap- 

plication of magnesium in clinical use [ 8 ]. To deal with this and 

adjust mechanical properties, magnesium can be alloyed with alu- 

minium (Al), zinc (Zn), calcium (Ca), copper (Cu), manganese (Mn) 

and lithium (Li), and also rare earth metals such as yttrium (Y) 

and gadolinium (Gd) [ 9–11 ]. However, such additives can be toxic 

at high concentrations or cause allergic reactions [ 10 ]. 

It is therefore unavoidable that a large number of material com- 

binations, alloys and surface treatments are developed in an at- 

tempt to combine biocompatibility with the other desired prop- 

erties suitable for specic application. The current methods of 

implant assessment are limited in long-term in vivo evaluations. 

Positron emission tomography with computed tomography (PET- 

CT) is an established method for in vivo metabolic imaging with 

anatomical registration. While optical imaging methods like pho- 

toacoustic imaging (PAI) can also image specic molecular targets, 

they are limited in imaging depth and area. For implant imaging, 

PET-CT has the advantage of being non-magnetic and universal, 

avoiding the imaging artefacts, risk of heating or implant move- 

ment that complicates the imaging of ferromagnetic materials with 

magnetic resonance imaging (MRI). Being non-invasive, PET-CT is 

well suitable for repeated use during the extended period of ob- 

servation necessary for biodegradable implants. A large variety of 

radiotracers has been developed for specic biomarkers, providing 

options for targeting selected metabolic activity pathways, includ- 

ing inammation, bone regeneration and neoangiogenesis [ 12 ]. 

In this study we used a rat model to explore the previously un- 

studied potential of using PET-CT with [18 F]FDG and [18 F]NaF trac- 

ers for evaluation of differences in inammation and bone mineral- 

ization linked to the presence of magnesium or titanium implants 

with sham defect as a control. The aim of this study is to test the 

capacity of PET-CT imaging modality to detect and differentiate the 

possible long-term metabolic changes caused by implant materials 

and interpret the results based on the current understanding of the 

tissue response. 

[18 F]FDG is a long-established tracer for imaging inammatory 

reactions. As a glucose analogue, it participates in the glycolytic 

pathway and accumulates in the regions of increased metabolic ac- 

tivity. Abnormal cellular metabolism highlighted by tracer uptake 

can be associated with inammatory reaction, infections and tu- 

mours [ 13 , 14 ]. In case of orthopaedic implants, [18 F]FDG has pre- 

viously been used to study implant-related osteomyelitis and in- 

fections [ 15 , 16 ], with studies giving varied results in eciency of 

diagnosing periprosthetic joint infections [ 17 , 18 ]. 

[18 F]NaF is the tracer suitable for studying bone growth and 

mineralization, and has been used to study bone pathologies, ma- 

lignancies [ 19 ] and fracture healing [ 13 ]. In a study by Cofano et al. 

(2022), [18 F]NaF was used to successfully indicate the osseointegra- 

Fig. 1. Implant dimensions and target site. The implant dimensions allow reliable 

implantation into the diaphyseal area and sucient contact with surrounding soft 

tissues to promote peri–implant interaction. 

Table 1 

Ti6Al7Nb titanium alloy composition by

manufacturer. 

Element % w 

Titanium bulk 

Aluminium 5.5–6.50 

Niobium 6.5–7.50 

Iron < 0.25 

Oxygen < 0.13 

Carbon < 0.08 

Nitrogen < 0.05 

tion of trabecular titanium cages during lumbar arthrodesis [ 20 ], 

supporting the idea of using the tracer for implant assessment 

studies. The tracer action mechanism relies on uoride ion (F−). 
It binds with hydroxyapatite to form uorapatite on mineralizing 

newly formed bone according to the formula [ 19 , 21 ] 

Ca5 (PO4 )3 OH + F- → Ca5 (PO4 )3 F + OH- 

The downside of [18 F]NaF is ion bonding to dead bone and cal- 

cium phosphate materials [ 22 ]. This can cause mistaken evaluation 

if bone particles remain in the wound. 

Additionally, a limited pilot study was performed with 

[68 Ga]NODAGA-RGD tracer to evaluate angiogenesis. The peptide 

component, arginylglycylaspartic acid (RGD), binds to αv β3 inte- 

grin, known for its role in new blood vessel formation [ 23–27 ]. 

However, αv β3 integrin has also been found to be expressed by 

osteoclasts [ 28 , 29 ], which may result in false interpretation due to 

their active role in bone remodelling phase during normal heal- 

ing and in bone resorption in case of complications such as os- 

teomyelitis [ 30 ] or stress shielding [ 31 ]. 

2. Material and methods 

2.1. Implants 

Implants used were in the shape of 1.6 × 8 mm cylindrical pins 

( Fig. 1 ) produced from Ti6Al7Nb titanium (purchased from Medical 

University of Graz, Graz, Austria and manufactured by Acnis Inter- 

national, France) and WE43 magnesium alloy (Syntellix AG, Han-

nover, Germany). 

The compositions of the alloys as reported by manufacturers are 

presented in Tables 1 and 2 . 

2.2. Animals

Female Wistar rats were purchased from Envigo RMS s.r.l. (S. 

Pietro al Natisone, Udine Italy), and after a week of quarantine 

462



L. Riehakainen, E. Mota-Silva, C. Kusmic et al. Acta Biomaterialia 184 (2024) 461–472

Fig. 2. Implantation site location in schematic (A) and during surgery with spread femoris muscles (B). WE43 implant before implantation (C) and in ex vivo extracted 

sample (D). Schematic drawing (A) from Nijhuis et al. (2013) [ 32 ] reproduced under Creative Commons Attribution 4.0 International (CC BY) licence. 

Table 2 

WE43 magnesium alloy composition by man- 

ufacturer. 

Element % w 

Magnesium 85.20–95.89 

Rare Earth content 2.50–5.00 

Yttrium 1.50–5.00 

Zirconium 0.10–2.50 

Zinc 0.01–0.80 

Total possible impurities < 1.00 

Aluminum as impurity < 0.50 

were 10–13 weeks old at the beginning of the experiment. Ani- 

mals were housed in plastic cages with well-ventilated stainless 

steel grid tops, lined with wood chip bedding and equipped with 

cardboard and acrylic hiding tunnels. The housing room was main- 

tained at steady temperature (21 ±0.5 °C) and humidity (55 ±2 %), 

with 12 h light/dark cycles. Upon arrival, rats were acclimatised for 

two weeks and fed standard chow (StD, Teklad Global 16 % Pro- 

tein Rodent Diet, Envigo, Udine, Italy) and supplied with tap water 

ad libitum . Animals were kept in cages in pairs, except for the su- 

ture healing period after surgery. A total of 84 rats were operated 

for longitudinal study, with the aim to have n = 10 samples per 

implant group. Exclusion criteria included bone fracture and lame- 

ness (due to accidental sciatic nerve damage). While the bilateral

surgery provided two samples per animal, the study interruptions 

during 2020–2021 pandemic required additional surgeries to en- 

sure sucient number of samples for later time points. 

2.3. Surgery 

Implantation surgery was performed under general anaesthe- 

sia/analgesia using Zoletil 

(zolazepam + tiletamine) 10 mg/kg (Virbac, Switzerland) + Xy- 

lazine 5 mg/kg (Rompun Elanco, Italy) administered intraperi- 

toneally. 

Before surgery, the lateral side of the animal’s posterior legs 

were shaved using a depilatory cream (Veet, Reckitt Benckiser 

Healthcare S.p.A., Italy) and carefully cleaned to avoid skin burns 

from contact with the cream. The anaesthetised animal was placed 

on a heated platform on its left side. 

The surgery area was cleaned with 70 % ethanol and an incision 

was made perpendicular to the femur shaft in mid-diaphysis area. 

All skin layers were cut through and femoris muscle tissues were 

carefully spread apart to expose the diaphyseal region of the femur 

( Fig. 2 ). 

The bone was cleaned from soft tissue with a sterilised cotton 

tip and a 1.55 mm diameter drill was used to create a transcorti- 

cal hole on the femur. A low drilling rotational speed was selected, 

and physiological saline (Fresenius Kabi, Italy) was dripped to min- 

imise frictional heat and thermal damage to the tissue. 

The implant was inserted by gentle tapping, resulting in a uni- 

form press t. After pin placement, the wound site was cleaned 

with sterile cotton tips for remaining bone debris and the wound 

was closed with white resorbable sutures (Johnson & Johnson 

Medical, Italy). The contralateral hindlimb was operated similarly 

and using the same implant type. Sham surgery was conducted 

identically to the implantation procedure, with the exception of 

implant insertion, resulting in a naturally healing defect. 

Animals were injected intraperitoneally with 0.1 ml of Ketoro- 

lac and left to wake up in their individual cages under an infrared 

lamp to avoid hypothermia. The animals were kept under obser- 

vation until awakening and resumption of the basic physiological 

activities. 

Postoperatively, additional prophylactic painkiller Ketorolac 

(6 mg/kg) was also administered via intraperitoneal injec- 

tion. Antibiotic (Baytril 5 mg/100 ml) and painkiller (Tramadol 

3 mg/100 ml) were supplied with the drinking for a week fol- 
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Table 3 

PET acquisition settings in IRIS PET/CT used in the study. 

PET acquisition protocol 

Acquisition Time (sec) 900 

Number of bed positions 1 

PET preprocessing protocol 

Frame Protocol 3 by 300 s each 

Energy Window (keV) 350–750 

Corrections Decay, Dead Time, Randoms 

Gating No cardiac/respiratory gating 

PET reconstruction protocol 

Algorithm 3D-OSEM-MC 

Subsets 8 

Iterations 8 

Voxel Size Standard 

Normalization Yes

Attenuation Correction Yes 

Quantitative Image Yes 

Table 4 

CT acquisition settings in IRIS PET/CT used in the 

study. 

CT acquisition protocol 

Frames 1 

Number of bed positions 1 

Scan Type Full Scan 

Tube Voltage (kV) 80 

Tube Current Full (Low Noise) 

Number of Projections 800 

Exposure Time (ms) 50 

Rotation Type Continuous 

Sensitivity Mode Standard 

CT preprocessing protocol 

Voxel Size 120 μm 

Transversal FOV Full FOV 

Axial FOV 100 % 

Respiratory Gating No 

CT reconstruction protocol 

Filter Window Normal 

Voxel Size Standard 

Beam Hardening Correction Yes 

Ring Artifact Pre-Correction Yes 

Ring Artifact Post-Correction No 

lowing the surgery. Regular observations of gait, posture and be- 

haviour revealed no discomfort that implants could have caused to 

the animals. 

2.4. PET-CT 

Animals with titanium or magnesium implants or sham de- 

fects were imaged on days 1, 3, 7, 14, 28 and 45 after surgery 

with [18 F]FDG and [18 F]NaF tracers or on days 7, 15 and 32 with 

[68 Ga]NODAGA-RGD tracer. The injected activity was ca 14 MBq for 

[18 F]-isotope containing tracers and ca 18 MBq for [68 Ga]NODAGA- 

RGD. 

Imaging was performed using IRIS PET/CT (Inviscan Imaging 

System, Strasbourg, France) [ 33 , 34 ], acquisition settings are out- 

lined in Tables 3 and 4 . 

For tracer injection and imaging, animals underwent inhala- 

tion anaesthesia with 5 % induction and 2.5 % maintenance isou- 

rane concentration with oxygen ow of around 3l/min (vaporizer 

Fortec 3, Cyprane Ltd). After injection, animals were left to recover 

in their cages in lead-lined cabinet under infrared lamp. 60 min 

after tracer injection, animals were imaged with PET for 15 min 

(3 × 5 min frames). 

A Medical Image Data Examiner (AMIDE) was used for im- 

age analysis. Implants or sham defect sites were located using CT 

modality to assist in drawing volumes of interest (VOIs). The VOIs 

were designed to cover the region affected by the implantation, 

dened by the extent of damage during surgery and observation of 

increased tracer uptake region during the early stage of the study. 

For [18 F]FDG and [68Ga]NODAGA-RGD, 4.8 × 8 mm cylindrical VOI 

was centred over the implant or in the case of sham group, over 

the defect, aiming to centre it along the drilled defect axis. For 

[18 F]NaF, 4.8 × 4 mm VOI was drawn axially centred on the im- 

plant and transaxially covering the bone. PET VOI data were ex- 

ported into Excel document for further analysis. The median VOI 

concentration values were all corrected using linear estimation to 

represent the tracer activity concentration at 60 min after injection 

and standardised uptake values (SUVs) were calculated. The result- 

ing values were plotted using OriginPro Version 2022 (OriginLab

Corporation, Northampton, MA, USA). 

2.5. Implant material attenuation test 

In order to test the magnitude of the effect that the difference 

in linear absorption coecients of magnesium and titanium im- 

plants have on PET acquisition, preliminary testing was performed 

ex vivo . The extracted rat femurs, with magnesium or titanium pins 

implanted as in the main study, were placed in 15 ml Falcon tubes. 

The same volume and concentration of [18 F]FDG was added into 

both Falcon tubes and imaged at the settings of the main study 

( Tables 3 and 4 ), except that acquisition was set to one 5-minute 

frame. Samples were imaged together and separately. 

The resulting images were analysed with the main study 

[18 F]FDG workow with the same VOIs applied. The results showed 

a max 0.27 % difference between the median concentration val- 

ues of the magnesium and titanium sample VOIs, but 12.7 % 

between mean values. Samples with titanium implants also had 

much higher variation (115.85 %), standardised deviation (63.3 %) 

and maximum (63.91 %) values. Based on these results, median 

values were consequently used in main study PET-CT calculations 

and statistics. 

2.6. Statistical analysis 

For statistical calculations, the acquired values were analysed 

using a generalised additive model (GAM) to compensate for the 

data not tting both linearity and normality assumption and also 

being intermittent due to interruptions caused by global pandemic 

during the experimental phase of the project. 

GAM, an expansion of the general linear model (GLM) can be 

used to generalise a general linear model by allowing additivity of 

non-linear functions of the variables [ 35 ]. Calculations were per- 

formed in R software (Core Team (2018). R: A language and en- 

vironment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria) dened using the bam() function from 

the mgcv package. 

Sensitivity analysis was conducted to include different random 

effects into the model. The performance of each of them was 

evaluated over different statistical parameters to pick the opti- 

mal choice. These included Akaike’s Information Criterion (AIC), 

second-order (or small sample) AIC with a correction for small 

sample sizes (AICc), Bayesian Information Criterion (BIC), r-squared 

value (R2), root mean squared error (RMSE) and residual standard 

deviation (Sigma). 

The model utilises the SUV values as the outcome variable and 

represents them as a function of two predictor variables: treatment 

and a random smooth function of day. These predictors are further 

dened through the interaction of the implant group (Mg, Ti, and 

sham) and the site of implantation (hindlimb laterality delineated 
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as “left” or “right” legs). This is dened using random smooth in- 

teractions [ 36 ]. The primary objective of the model is to accu- 

rately capture the curve that describes the relationship between 

the response values and the remaining variables in the formula. 

This includes accounting for non-linear and visually observed non- 

monotonic relationships that may exist over time between treat- 

ments and variations in laterality (left or right legs). To address all 

inquiries, pairwise contrasts were conducted using marginal con- 

trast analysis. To estimate individual pairwise contrasts across im- 

plants and contrasts for each time point within the study group, 

the estimate_contrasts function from the "modelbased" package in 

R was utilised. 

To reduce type I error, all pairwise contrasts considered are ad- 

justed following the false discovery rate procedure (FDR) [ 37 ], with 

alpha signicance level of 0.05. 

Prior to analysing the statistical model, a preliminary step

was taken to identify one-dimensional outliers within the dataset. 

These outliers were identied regardless of the relationships be- 

tween variables, instead, they were grouped based on the implant 

group and the day of observation, automating these steps of the 

procedure. The identication of outliers was facilitated using the 

"identify_outliers" function available in the rstatix statistical pack- 

age in R. 

2.7. Histology 

To conrm and evaluate the differences in effects that the im- 

plant materials have on tissue healing and response, randomly 

chosen animals from each group were euthanised for qualita- 

tive assessment. The extracted femur diaphysis from rat speci- 

mens were immersed in 10 % neutral-buffered formalin for a min- 

imum of 72 h to achieve xation and processed for histology using 

haematoxylin and eosin (HE) and Levai-Laczko staining. 

For on-site HE staining, the samples were rinsed under running 

tap water for approximately 10–15 min, and the bones underwent 

decalcication for a duration of 4 weeks using a 12 % EDTA so- 

lution (pH 7.4) (Osteodec from Bio Optica, Milan, Italy). Solution 

was changed weekly, and the decalcication process was moni- 

tored. Once the bones attained a slightly elastic texture after a few 

days, the implants were delicately extracted, and the bones fully 

decalcied. 

The samples were then rinsed under running tap water for 

15 min, and the standard dehydration procedure was carried out 

using a series of gradually increasing ethanol solutions (70 % 

overnight, 80 % for 40 min, 96 % for 40 min, and three cycles of 

100 % for 40 min each). Subsequently, the samples were immersed 

in xylene for three cycles of 40 min each, and then embedded in 

paran through four 40-minute cycles. Tissue sections were pro- 

duced using a rotary microtome. 

The deparanization was done by treating with xylene for 20 

min, followed by 100 % and 96 % ethanol for 10 min each and 

subsequent 5–10 min rehydration in distilled water. The sections, 

with a thickness of 5 μm, were stained with Mayer’s haematoxylin 

solution for 5 min, rinsed in running tap water for 10 min, and 

then stained in eosin Y aqueous solution for 2 min. The slides were 

rinsed in distilled water, dehydrated quickly using graded alcohol, 

cleared with xylene, and permanently mounted on slides. 

Levai-Laczko staining was outsourced (LLS ROWIAK LaserLab- 

Solutions GmbH, Germany). The formalin-xed samples were de- 

hydrated in a grade series of alcohol and embedded in methyl- 

methacrylate (MMA)(Technovit 9100 neu, Kulzer, Germany). Laser 

microtome (TissueSurgeon, LLS ROWIAK LaserLabSolutions, Han- 

nover, Germany) was used to section samples lengthwise, to a 

thickness of approximately 10 μm. The samples were stained and 

mounted on slides. 

Histological images were captured using a light microscope 

(Olympus BX43, Japan) and digitised using an RGB video camera 

(Olympus DP 20, Japan). 

3. Results 

With [18 F]FDG, a total of 37 ( n = 15 Mg, 15 Ti, 7 sham) and 

with [18 F]NaF, a total of 23 ( n = 8 Mg, 9 Ti, 6 sham) animals were 

imaged and analysed. For pilot study with [68 Ga]NODAGA-RGD, a 

total of 6 ( n = 2 Mg, 2 Ti, 2 sham) animals were imaged and anal- 

ysed. Example images for tracers and implants acquired on highest 

SUV days are presented in Fig. 3 . 

3.1. [18 F]FDG tracer uptake 

With alpha value 0.05, statistically signicantly different uptake 

of [18 F]FDG between compared pairs was found to be as follows 

( Fig. 4 ): 

• Mg vs Ti: Mg implant group had higher uptake than Ti group 

on day 7. 

• Mg vs sham: Mg group showed higher uptake than sham group 

from day 1 to 14. 

• Ti vs sham: Ti group had higher uptake than sham group on 

days from 1 to 7, and on days 28–45. 

The performance analysis of the GAM model (Supplementary 

Figure 1.D) validated the use of the model. The laterality had an 

insignicant effect on the results (Supplementary Figure 1.B), sug- 

gesting that there was little effect on the results caused by me- 

chanical loading differences from the dominant limb. However, the 

diagnostic plot expressing the difference between residuals against 

linear prediction (Supplementary Figure 1.C) showed a horizontal 

cone trend, indicating heteroskedasticity of residuals in the model. 

This is likely due to limited sample pool, related to interruptions 

in imaging schedule. 

3.2. [18 F]NaF tracer uptake 

The pairwise comparison analysis showed statistically signif- 

icantly different tracer uptake (with alpha value 0.05) between 

compared pairs ( Fig. 5 ) was found to be: 

• Mg vs Ti: Mg implant resulted in higher SUVs than Ti from day 

7 to 28. 

• Mg vs sham: Mg group’s tracer uptake was above sham from 

day 1 to 28. 

• Ti vs sham: Ti implant group had higher uptake than sham 

from day 1 to 7. 

The GAM performance values (Supplementary Figure 2.D) also 

validated the performance of the model for [18 F]NaF tracer data. 

The laterality had likewise insignicant effect on the uptake of the 

tracer (Supplementary Figure 2.B). The diagnostic plot for the dif- 

ferences between the residuals and linear prediction (Supplemen- 

tary Figure 2.C) similarly produced a horizontal cone trend imply- 

ing a heteroskedasticity of residuals in the model. As was in the 

case of [18 F]FDG results, this is likely due to interruptions in imag- 

ing schedule and resulting limited sample pool. 

3.3. [68 Ga]NODAGA-RGD tracer uptake 

The SUV results are plotted in Fig. 6 below, showing differ- 

ent dynamics of tracer uptake over time between groups. Notably, 

SUVs for sham injury group on day 15 have sharply declined, 

reaching the level similar to the values on day 32. That is differ- 

ent from implant groups, where the values remain elevated from 

day 7 to 15. Because of the limited number of samples in this pilot 

study, no statistical analysis was performed. 
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Fig. 3. Distribution of [18 F]FDG on day 3 (A), [18 F]NaF (B) and [68 Ga]NODAGA-RGD (C) on day 7 after surgery. Magnesium implants (1.A-C), titanium implants (2.A-C), sham 

defect (3.A-C). Implant and sham defect locations indicated with white arrows. Histograms have been individually adjusted to provide optimal view of uptake at the site of 

interest. All tracers showed increased uptake at the implant/defect site. In CT; magnesium implants show similar radiopacity to bone, while titanium is signicantly more 

dense, which can result in characteristic streaks of beam hardening. 

Fig. 4. [18 F]FDG PET results. Asterisks highlight statistically different group pairs within time point. For all groups, the tracer uptake peaks on day 3, and gradually reduces 

towards the end. Notably, titanium shows an increase in median SUVs on nal time point, suggesting foreign body reaction. 
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Fig. 5. [18 F]NaF PET results until day 45. Asterisks highlight statistically different group pairs within time a point. Tracer uptake for all groups peaks on day 7 when all 

groups show signicant statistical differences, and then steadily decreases until there is no statistically signicant difference between groups on day 45. 

Fig. 6. Median VOI SUVs of [68 Ga]NODAGA-RGD on days 7, 15 and 32 after surgery. The tracer uptake for sham injury is distinctly different from implants, going from highest 

median SUVs between groups on day 7 to lowest on day 15. 

3.4. Histological observations 

The Levai-Laczko stained micrographs showing the in situ in- 

teraction between implants and bone are presented in Fig. 7 . Addi- 

tionally, the gas generated from the degradation of magnesium im- 

plants is prominent in the intramedullary cavity ( Fig. 7 .1.A), differ- 

ent from the dense cell aggregation that is otherwise seen around 

the titanium implant in Fig. 7 .2.A. 

The micrographs shown in Fig. 8 , from decalcied samples with 

removed implants and stained with haematoxylin and eosin, focus 

on cellular response of the tissues. On day 7, the healing response 

in the presence of both magnesium and titanium implants primar- 

ily involves periosteal reaction. This response is characterised by 

the formation of new bone following the injury to the periosteum 

covering the bone at the implantation site. Both implants induce 

the development of reactive periosteal callus, consisting predomi- 

nantly of chondrocytes, surface osteoblasts, and newly formed wo- 

ven and lamellar bone ( Fig. 8 .1.B-C and 2.B). This increased bone 

formation could be one of the factors contributing to the elevated 

uptake of [18 F]FDG and [18 F]NaF observed in PET scans. 

In the medullary cavity surrounding the magnesium implants 

( Fig. 8 .1.), voids similar to those observed in Fig. 7 .1. are present, 

resulting from the release of gas during the degradation of mag- 

nesium. However, the cellular composition of the region adjacent 

to the bone defect within the medullary cavity indicates an ac- 

tive bone repair process ( Fig. 8 .1.D), as mesenchymal osteoblasts 

are surrounded by a recognizable woven bone matrix. 

In the micrographs of the medullary cavity surrounding the ti- 

tanium implant ( Fig. 8 .2.A and 2.C), despite the presence of mes- 

enchymal osteoblasts and the formation of new woven bone, the 

active healing processes occur further away from the immediate 

vicinity of the implant. Histological observations suggest that the 

titanium implant leads to the formation of a reactive vascular- 

ized connective tissue layer, isolating the implant from the bone 

( Fig. 8 .2.D), previous studies have demonstrated that this may re- 

sult in poorer long-term osseointegration of the Ti implant com- 

pared to the Mg pins [ 38–40 ]. 

Fig. 8 .3 displays a sham injury at day 14, demonstrating a direct 

bone repair mechanism (gap repair) facilitated by marrow-derived 

vessels and mesenchymal osteoblasts, without involving a cartilage 
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Fig. 7. Levai-Laczko staining of samples from day 7 after surgery for magnesium (1) and titanium (2) groups. Magnication set to 2x for A and 10x for B. Red arrows: soft 

callus formed around the implant and bone. Yellow arrows: implant-tissue contact. Green arrows: the contact of implants with the intramedullary cavity. Black arrow: gas 

cavities from Mg degradation. 

phase. The bone defect is largely lled with newly formed woven 

bone ( Fig. 8 .3.C). The repair process originates from the marrow 

and extends toward the cortex by lling the defects. 

Frames 1.A-D: Representative micrographs of bone tissue re- 

actions in the presence of magnesium implant. Frame 1.A: im- 

age taken at 2x magnication through the entire implanted re- 

gion (scale bar: 500 μm). Frames 1.B-C: Inset at 20x magnica- 

tion (scale bar: 50 μm) shows the details of periosteal callus sur- 

rounding the pin. Frame 1.D: Inset at 20x magnication (scale bar: 

50 μm) present the details of the medullary cavity. The defect 

edges are marked with blue dashed lines. Red arrows: mesenchy- 

mal osteoblast. Green arrows indicate surface osteoblasts. Black ar- 

rows: voids from gas released by magnesium degradation in the 

medullary cavity. BM: bone marrow; C: chondrocytes; G: gas bub- 

ble; L: lamellar bone; W: newly formed woven bone. 

Frames 2.A-D: Representative micrographs of bone tissue reac- 

tions in the presence of titanium implant. Frame 2.A: image taken 

at 2x magnication through the entire implanted region (scale bar: 

500 μm). Frame 2.B: Inset at 20x magnication (scale bar: 50 μm) 

shows the periosteal callus surrounding the pin. Frame 2.C: In- 

set at 10x magnication (scale bar: 100 μm) presents the details 

of medullary cavity. Frame 2.D: Inset at 40x magnication (scale 

bar 20 μm) demonstrates the reactive connective tissue grown 

between the bone surface and the titanium implant. The defect 

edges are marked with blue dashed lines. Green arrows: surface 

osteoblasts. Black arrows: red blood cells present into the reactive 

neovascularization. BM: bone marrow; C: chondrocytes; L: lamellar 

bone; W: newly formed woven bone. 

Frames 3.A-C: Representative micrographs of bone tissue reac- 

tions to femoral defects in the sham group. Frame 3.A: image taken 

at 2x magnication through the entire defect region (scale bar: 

500 μm). Frame 3.B: Inset at 10x magnication (scale bar: 100 μm) 

demonstrates an islet of newly formed woven bone (W). Frame 

3.C: Inset at 40x magnication (scale bar: 20 μm) shows details 

of bone repair processes. The defect edges are marked with blue 

dashed lines. Black arrows: mesenchymal osteoblasts. BM: bone 

marrow; L: lamellar bone; W: newly formed woven bone. 

The histological observations show that titanium implants de- 

velop a noticeable peri–implant layer, absent from magnesium 

samples, that can be indicative of brous capsule formation 

( Fig. 8 .2.D). Both implants showed noticeable outside callus forma- 

tion ( Fig. 8 .1-2), one of the possible reasons for increased [18 F]FDG 

and [18 F]NaF uptake observed in PET. 

4. Discussion 

The aim of the study was to investigate the use of PET imag- 

ing to analyse the metabolic changes caused by differences in im- 

plant material. Through monitoring the changes in radiotracer up- 

take, we were observing the tissue responses in the presence of 

biodegradable magnesium, permanent titanium and sham injury. 

The overview of statistical uptake differences between groups for 

[18 F]FDG and [18 F]NaF is presented in Table 5 . 

The summary of median SUVs and standard deviations in each 

experimental group is presented in Table 6 . 

The differences between implant groups had a common char- 

acteristic for both [18 F]FDG and [18 F]NaF tracers – in all statisti- 

cally signicantly different comparisons, magnesium implant sam- 

ples had higher SUVs than titanium, which in turn had higher 

SUVs than sham operated controls. Signicantly, the observed dif- 

ferences between implant groups were less compared to their con- 

trast with sham. The increased uptake values of both tracers for 

magnesium may be attributed to its bioactivity and metabolic ef- 

fects of Mg+ ions [ 5 ] combined with improved cell adhesion to 

implant surface due to the combination of corrosion layer com- 

posed of magnesium hydroxide and the additional deposition of 
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Fig. 8. HE staining of samples from day 7 for magnesium (Frame 1) and titanium (Frame 2) groups, and day 14 for sham injury (Frame 3). 

Table 5 

Tracer uptake contrasts between groups. Less ( < ) and greater ( > ) signs indicate the 

relationship between groups. 1 sign P ≤ 0.05, 2 signs P ≤ 0.01, 3 signs P ≤ 0.001. 

[18 F]NaF uptake differences between groups 

Group 1 Day 1 Day 3 Day 7 Day 14 Day 28 Day 45 Group 2 

Mg >>> >>> >> Ti 

Mg > >>> >>> >>> >> Sham 

Ti >>> >> > Sham 

[18 F]FDG uptake difference between groups 

Group 1 Day 1 Day 3 Day 7 Day 14 Day 28 Day 45 Group 2 

Mg > Ti 

Mg >>> >>> >>> > Sham 

Ti >>> >>> >>> > > Sham 

phosphorus, calcium and proteins [ 41 , 42 ]. The osteogenic proper-

ties of magnesium have also been reported to result in better os- 

seointegration of magnesium implants compared to titanium ana- 

logues [ 43 ], which was also observed in histological evidence. A 

study by Lindter et al. (2013) using undecalcied histology shows 

direct bone contact at day 30 (4 weeks) in a rodent model of femur 

diaphyseal transcortical implantation of a Mg-Y-Nd-HRE, slow de- 

grading alloy from the family of WE-alloys (Rare earth base alloys) 

[ 44 ]. Additionally, Kawamura et al. (2020) reported undecalcied 

histology results with periosteal bone growth at 14 days in ani- 

mals implanted with Mg-alloy and the presence of a brotic cap- 

sule around Ti implants at 14 and 30 days [ 45 ]. Titanium, while 

considered to be largely inert, may have contributed to increased 

tracer uptake levels compared to sham by a combination of fac- 

tors: foreign body reaction causing the creation of brous capsule 

around it already on day 7 as observed in histology and reported 
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Table 6 

Median SUVs and standard deviations by tracer, group and time 

point. 

[18 F]FDG 

Median SD 

Day Mg Ti Sham Mg Ti Sham 

1 26.31 23.65 18.60 5.97 5.92 4.25 

3 30.76 31.76 19.41 7.25 7.13 7.92 

7 26.32 22.01 0.00 7.78 4.90 0.00 

14 14.55 13.89 9.72 3.86 2.38 3.68 

28 11.80 12.99 8.69 3.18 3.52 2.43 

45 9.68 14.36 7.75 3.46 4.37 2.33 

[18 F]NaF 

Median SD 

Day Mg Ti Sham Mg Ti Sham 

1 66.69 71.89 54.46 6.67 14.32 12.56 

3 75.95 67.57 58.10 10.33 23.40 18.63 

7 144.12 83.03 71.52 61.11 26.38 22.66 

14 82.38 55.95 49.20 72.05 13.95 12.19 

28 51.43 35.91 32.28 57.65 14.05 9.19 

45 38.39 33.02 26.65 27.07 10.61 6.82 

[68 Ga]NODAGA-RGD 

Median SD 

Day Mg Ti Sham Mg Ti Sham 

7 4.75 5.04 5.62 0.59 0.84 0.52 

15 4.53 4.78 2.93 0.84 0.45 0.24 

32 2.87 3.65 2.52 0.45 0.63 0.19 

previously, continuous damage to soft tissue during movement by 

the extended ends of the implant, osteoconductive effect of the 

titanium oxide layer [ 46–48 ], and press-tted placement promot- 

ing gap healing between implant and bone surface [ 49 ]. Notably, 

the increase in SUVmedian for [18 F]FDG for titanium group on day 

45 (from 12.99 on day 28 to 14.36 on day 45, 10.02 % increase 

after steady decrease over previous time points) suggests chronic 

inammatory response due to foreign body response. The histo- 

logical evidence also suggests that the presence of implants may 

contribute to the elevated levels of [18 F]FDG and [18 F]NaF tracer 

uptake compared to sham injury due to the formation of callus 

around the point of contact of implant and bone surface. 

Anti-inammatory properties, often mentioned in other re- 

search, weren’t observed with [18 F]FDG. This may be explained by 

the pro-inammatory property of higher Mg+ concentration val- 
ues [ 5 ] that has also been reported as non-cytotoxic and bene- 

cial by acute stimulation of immune response promoting further 

angiogenesis and healing [ 6 ]. These effects would be expected to 

show a statistically signicant increase in SUV between Mg and Ti 

groups also before day 7, which was not observed in this study. At

the same time, the observed values on days 1–14 were generally 

higher for Mg group (SUVmedian larger by 10.64 % on day 1, 17.83 % 

larger on day 7 and 4.64 % larger on day 14), with only on day 3 

titanium implant group having median uptake values higher than 

magnesium group by 3.20 %. This can be explained by the accumu- 

lation of gas released in the process of magnesium corrosion creat- 

ing voids near magnesium implants in soft tissues and medullary 

cavity, causing an underestimation of tracer uptake. Additionally, 

the histology of magnesium samples showed increased cellular ac- 

tivity that would lead to increased metabolism and FDG uptake. 

Sham injury could cause least observed uptake due to the defect 

remaining open, causing larger bleeding and haematoma, delaying 

the onset of healing. Also, the implant-long VOI in [18 F]FDG analy- 

sis may have in some sham group cases extended beyond the body, 

possibly causing an underestimation of the median uptake values. 

At the same time, there is a distinct difference in peak SUV time 

point between two tracers: for all groups, [18 F]FDG uptake peaked 

on day 3, while the peak for [18 F]NaF uptake was on day 7. This 

corresponds to the results by Ben Amara et al. (2023), who re- 

ported peak inammatory response for subcutaneous magnesium 

discs on day 3 [ 6 ]. [18 F]NaF uptake values culminating on day 7 

are likely caused by the onset of osteoclast activity as the acute 

inammatory stage was over and tissue healing was in progress. 

While also present to a lesser extent in [18 F]FDG results, from day 

7 onwards, the magnesium group had multiple outliers showing 

signicantly elevated SUVs for [18 F]NaF. Since these outliers be- 

longed to the same animals, we hypothesise that these are a result 

of either damage caused during explantation due to the increased 

effort required to overcome the friction from reacting magnesium 

surface (thus requiring more healing to nish) or the animals mov- 

ing before injury could stabilise. The latter hypothesis is supported

by the fact that the outliers are not prominent on days 1 and 3, 

when animals are still likely to feel the aftereffects of the surgery. 

Such self-damaging behaviour is possibly linked to magnesium in- 

hibiting calcium ions from entering cells by blocking N-methyl-d- 

aspartate (NMDA) receptors resulting in analgesic effect [ 50 ]. 

The pilot study with [68 Ga]NODAGA-RGD tracer had limited 

sample size to conduct statistical analysis, but the observed re- 

sults provide interesting insight into peri–implant αv β3 integrin 

expression. It is notable how in observed cases, SUVs in magne- 

sium and titanium groups remained increased through days 7 and 

15 (SUVmedian change from 4.75 to 4.53, 4.74 % difference for Mg, 

from 5.04 to 4.78, 5.30 % difference for Ti) before the gradual ob- 

vious reduction at day 32 (on day 32, SUVmedian for Mg = 2.87, 

44.8 6 % reduction from day 14; for Ti day 32 SUVmedian = 3.65, 

23.93 % reduction from day 14). It is distinctly different from 

SUVs of sham injury group, which exhibited peak uptake on day 

7 (SUVmedian = 5.62), above implanted groups, before steep de- 

crease on day 15 (SUVmedian = 2.93, 62.92 % from day 7) with less 

change in uptake at day 32 (SUVmedian = 2.52, 15.04 % change from 

day 15). The prolonged increase of αv β3 expression in the pres- 

ence of implants can be attributed to the damage of the adjacent 

blood vessels during movement, angiogenic properties of magne- 

sium ions, vascularized capsule formation around implants (espe- 

cially titanium) and osteoclast activity during bone remodelling in 

gap closure and callus formation that was observed in histology. 

Sham injury, due to the absence of implants, probably passed the 

peak angiogenesis and osteoclast expression stages before day 15, 

which also corresponds to the decrease in observed [18 F]FDG and 

[18 F]NaF uptake values in the period between days 7 and 14. 

5. Conclusions 

The use of PET-CT demonstrated good results in monitoring the 

tissue response and healing biomarkers between different groups. 

The observed differences conrm that PET-CT is a viable tool to 

study the metabolic effects of implant materials such as biodegrad- 

able metal alloys, an application previously largely unexplored. 

A major limitation of the study analysis is a that the histolog- 

ical images were used only for qualitative assessment, and a very 

small sample size was allocated for this purpose. Without an ad- 

vance understanding of the possible differences between groups, 

immunohistochemical analysis was not included. Since the focus 

of the study was on long-term imaging, following the principles 

of 3Rs (Replacement, Reduction and Renement), we limited early 

time point sacrices. One of the limitations of current study in- 

terpretation include uncertainty in the effects of voids caused by 

accumulated gas from magnesium degradation on tracer uptake 

quantication in the surrounding tissues. Another limitation is 

caused by the alternative binding targets of the tracers, such as 

[18 F]NaF uptake by dead bone. Furthermore, different implant ma- 
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terials, geometry, orientation and placement in combination with 

differences in correction algorithms and build of different imaging 

systems pose a challenge for standardisation of the technique. 

While the heterogeneity of individual responses and radiologi- 

cal burden currently limit the application of the method in clinical 

routine, it is well suitable for preclinical research. After rening the 

approach and further studies with different tracers, this can be a 

potential method for quantitative evaluation of biological effects, 

promoting the development and assessment of biomaterials, espe- 

cially biodegradable implants that need to be monitored over an 

extended period of time. 
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