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a b s t r a c t 

There is an unmet clinical need for a spinal fusion implant material that recapitulates the biological and 

mechanical performance of natural bone. We have developed a bioceramic, Sr-HT-Gahnite, which has 

been identified as a potential fusion device material. This material has the capacity to transform the fu- 

ture of the global interbody devices market, with follow on social, economic, and environmental benefits, 

rooted in its remarkable combination of mechanical properties and bioactivity. In this study, and in line 

with FDA requirements, the in vivo preclinical systemic biological safety of a Sr-HT-Gahnite interbody fu- 

sion device is assessed over 26 weeks in sheep under good laboratory practice (GLP). Following the in-life 

phase, animals are assessed for systemic biological effects via blood haematology and clinical biochem- 

istry, strontium dosage analysis in the blood and wool, and histopathology examination of the distant 

organs including adrenals, brain, heart, kidneys, liver, lungs and bronchi, skeletal muscle, spinal nerves 

close to the implanted sites, ovaries, and draining lymph nodes. Our results show that no major changes 

in blood haematology or biochemistry parameters are observed, no systemic distribution of strontium to 

the blood and wool, and no macroscopic or histopathological abnormalities in the distant organs when 

Sr-HT-Gahnite was implanted, compared to baseline and control values. Together, these results indicate 

the systemic safety of the Sr-HT-Gahnite interbody fusion device. The results of this study extend to the 

systemic safety of other Sr-HT-Gahnite implanted medical devices in contact with bone or tissue, of sim- 

ilar size and manufactured using the described processes. 

Statement of significance 

This paper is considered original and innovative as it is the first that thoroughly reports the systemic 

biological safety of previously undescribed bioceramic material, Sr-HT-Gahnite. The study has been per- 

formed under good laboratory practice, in line with FDA requirements for assessment of a new interbody 

fusion device, making the results broadly applicable to the translation of sheep models to the human cer- 

vical spine; and also the translation of Sr-HT-Gahnite as a biomaterial for use in additional applications. 

We expect this study to be of broad interest to the readership of Acta Biomaterilia. Its findings are 

directly applicable to researchers and clinicians working in bone repair and the development of synthetic 

biomaterials. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Globally, bone and joint-related degenerative problems are a 

ajor cause of half of all chronic diseases in people aged over 50 

1] . Bone graft products are used widely in surgical orthopaedic 

pplications to prevent movement in the spine, repair injured 

one/joints, accelerate repair of fractures with bone loss, or as 

one void fillers. Bone grafting for spinal fusion accounts for over 

alf of all bone grafting procedures [2] . In 2017 the global inter- 

ody fusion cage market accounted for USD 1.89 Billion and is es- 

imated to grow at a compound annual growth rate (CAGR) of 3.4% 

rom 2018 to 2023, to USD 2.30 Billion. While market growth is 

riven by ageing of the population and incidence of spinal and 

ports injuries, it is hampered by the high cost of spinal fusion 

urgeries, lack of trained professionals, and stringent rules and reg- 

lations for using such devices [3] . 

The key shortcoming of clinically available ceramic synthetic 

one graft substitutes is that they are unable to both with- 

tand significant mechanical loads and concurrently integrate into 

he bone structure, so are thus restricted in their application 

o bone fillers and non-load-bearing applications [4] . Current ce- 

amic synthetic bone substitutes are therefore not suitable for use 

n the load bearing spinal column. Existing spinal cage devices 

re manufactured from permanent, load-bearing materials such 

s polyetheretherketone (PEEK) and titanium [5] . However, clini- 

ally available spinal fusion devices offer minimal bone integration 

 6 , 7 ], undergo regular subsidence and migration [ 8 , 9 ], contribute

o infection and inflammation [ 10 , 11 ], and require bone grafting, 

ringing additional surgical risk and hospital time [12] and ongo- 

ng health complications [13] . There is an unmet clinical need to 

evelop a spinal fusion implant material that duplicates the per- 

ormance of natural bone, achieving the critical combination of 

echanical properties required for load-bearing applications and 

ioactivity required for bone regeneration and integration. 

To address this challenge, we developed a multi-component 

eramic comprising strontium-doped Hardystonite (Ca2ZnSi2O7) 

nd Gahnite (ZnAl2O4), hereafter called Sr-HT-Gahnite, (Sr–

a2ZnSi2O7–ZnAl2O4). To date, we have demonstrated that Sr- 

T-Gahnite scaffolds possess exceptional properties in compressive 

trength and toughness and have outstanding bone regeneration 

bility without the need for supplementary bone grafting [14–20] . 

ith no current competitor device delivering these properties con- 

urrently, Sr-HT-Gahnite has the potential to transform the future 

f the USD 2.3 Billion global interbody devices market, with hu- 

an, economic, and environmental benefits. 

To progress this Sr-HT-Gahnite technology towards commercial 

utcomes, and in line with FDA requirements we test the safety of 

D printed Sr-HT-Gahnite in an in vivo GLP large preclinical sheep 

odel. Development of the ceramic 3D-printing process for an ap- 

roved off-the-shelf cervical interbody fusion device may facilitate 

uture tailoring of the medical devices for personalised use. Since 

he architecture and surface topography of 3D-printed devices is 

pecific to the manufacturing method and influence the material 

roperties, specific assessment of the safety profile with respect to 

he 3D-printing method is required. The study endpoints cover sys- 

emic biological safety evaluations of clinical pathology blood anal- 

sis, systemic strontium distribution via blood and wool dosage 

esting, necropsy and macroscopic examinations, and histopatho- 

ogical analysis of the organs. This study was based on ISO 10,993–

, Biological Evaluation of Medical Devices, Part 6 (2016): Tests for 

ocal Effects after Implantation; Guidance for Industry and FDA 

taff: Class II Special Controls Guidance Document: Intervertebral 

ody Fusion Device [21] ; and ASTM F2884, Standard Guide for Pre- 

linical in vivo Evaluation of Spinal Fusion. We demonstrate ab- 

ence of any deleterious systemic distant tissue effects, including 

o systemic distribution of strontium in the blood and wool, indi- 
215 
ating the systemic safety of Sr-HT-Gahnite devices in spinal im- 

lantation. This study supports continued clinical investigation of 

r-HT-Gahnite spinal devices, including evaluation of implant per- 

ormance and local biological safety. 

. Materials and method 

.1. Study design 

Eighteen skeletally mature female sheep (weight 56 to 79 kg, 

ge 2.3 to 4.0 years, breed Blanche du Massif Central) underwent 

nterior cervical discectomy and fusion at two non-adjacent cer- 

ical disc levels (C2/C3 and C4/C5 levels) and were evaluated at 

6 weeks. The cervical spine fusion involved the implantation of 

n interbody fusion device (test or control article). In addition, the 

ank of each animal was implanted with one subcutaneous im- 

lant, to increase overall exposure for evaluation of systemic ef- 

ects, thereby each animal representing one experimental unit. 

The sheep model was selected because it is a well-established 

odel for similar studies; the ovine and human cervical spines 

ave similar properties regarding anatomy and biomechanics [22–

5] . The implant is intended for use in humans between the C2-C3 

isc space and the C7-T1 disc space, with a maximum of two de- 

ices implanted per patient. To match the maximum of two cervi- 

al implants, as well as accounting for practical limitations in the 

heep model of restricted access below the C5 vertebrae, two cer- 

ical implantations were performed. 

The subcutaneous implantation allowed a three-device implan- 

ation (two cervical, one subcutaneous) scheme to ensure an exag- 

erated worst-case exposure for evaluation of strontium in blood 

nd wool concentration, since only a maximum of two devices 

ould be accommodated in the sheep cervical spine. Strontium was 

lso dosed in wool because trace metals are incorporated into the 

ool structure through diet and exposure to exogenous sources. 

Sheep were implanted with either the test article (Sr-HT- 

ahnite Cervical Fusion Cage, Allegra Orthopaedics) or the control 

rticle (Valeo C, CTL Amedica Corporation), with eight animals in 

ach group plus two reserve animals implanted with the test de- 

ice to cover cases of premature euthanasia due to the long-term 

ature of the study. The systemic effect of each article was evalu- 

ted through (1) blood biochemistry analysis and complete blood 

ount, (2) strontium dosage in blood and wool, and (3) histopatho- 

ogic evaluation of distant organs. Blood analyses were performed 

hroughout the study to assess the general health of the animals. 

n analysis of blood and wool strontium levels was done to evalu- 

te systemic distribution of strontium from the test article. 

.2. Fabrication and identification of study materials 

.2.1. Fabrication of test article 

The test article was Sr-HT-Gahnite Cervical Fusion Cage , man- 

factured by 3D printing and provided by Allegra Orthopaedics 

 Fig. 1 ); a single-component device with a solid outer wall and 

nternal porous core that supports bone growth. It functions as a 

hysical scaffold to bear load and support bone ingrowth during 

ertebral fusion; no use of supplementary bone graft was required. 

recursor ceramic powder for producing 3D printed Sr-HT-Gahnite 

caffolds was prepared using the sol-gel method, with aluminium 

xide (Al 2 O 3 ) powder, as previously described [14] . The powder 

as ground using a ball mill machine (Across International, Aus- 

ralia) to obtain median particle sies of 5 μm (Horiba, Japan). Test 

rticles with outer dimensions of 12 mm (D) x 16 mm (W) x 5 mm

H) and parallel superior/inferior surfaces were produced by stere- 

lithography, with controlled heat treatment to decompose the or- 

anic material in the scaffolds f ollowed by heating up to 1230 °C 
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Fig. 1. Test article, Sr-HT-Gahnite Cervical Fusion Cage, Allegra Orthopaedics. 

Fig. 2. Control article, Valeo C, CTL Amedica Corporation. 
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o sinter the ceramic particles. Articles were sterilised by ethylene 

xide. 

The test article implanted subcutaneously measured 14 mm (D) 

 18 mm (W) x 10 mm (H), with parallel surfaces. The test article

epresents the final form intended for clinical use, so no supple- 

ental bone graft was utilized. 

.2.2. Identification of control article 

The control article was Valeo C , manufactured and provided by 

TL Amedica Corporation ( Fig. 2 ). Valeo C features a convex, bullet 

ose design and an axial void designed to hold bone graft mate- 

ial. The devices are designed with angular teeth to allow the im- 

lant to grip the superior and inferior verterbral end plates, thus 

esisting expulsion. Manufactured from MC2 ceramic material (sil- 

con nitride) and sterilised by gamma irradiation, the control arti- 
216 
les were FDA-approved, clinically available devices. According to 

he instructions for use, the control article was packed with bone 

utograft, sampled on the iliac crest of the sheep. 

The control article implanted in the cervical spine measured 

2 mm (D) x 16 mm (W) x 5 mm (H), with parallel supe- 

ior/inferior surfaces. The test article implanted subcutaneously 

easured 14 mm (D) x 17 mm (W) x 10 mm (H), with a 6-degree

ordosis angle. 

.2.3. Supplemental fixation 

The test and control articles were secured in the interverte- 

ral space using an anterior fixation plating system, sterilized by 

team at 134 °C for 18 min. Fixation plates were 1-level, 24 mm 

r 26 mm in length while fixation screws measured 4.0 x 15 mm 

NuVasive, Australia). 

.3. Test facility, housing and diet 

The study was performed at NAMSA, Chasse-sur-Rhône, France. 

AMSA is an AAALAC international accredited facility and is regis- 

ered with the French Department of Agriculture for animal hous- 

ng, care, and investigations. Conditions conformed to the European 

equirements on the protection of animals used for scientific pur- 

oses (EU Directive 2010/63/EU). Animals were housed in groups 

nder laboratory conditions, with temperature fixed to 15 - 24 °C 

nd the light cycle controlled using an automatic timer (12 h of 

ight, 12 h of dark). Standard hay was provided ad libitum and sup- 

lemented with a commercially available pelleted sheep feed (Spe- 

ial Diet Services, France). Minerals were provided ad libitum (Sodi- 

outon, Salins Agriculture). Potable water was delivered ad libitum 

hrough species appropriate containers or delivered through an au- 

omatic watering system. No contaminants present in the feed or 

ater were expected to adversely impact the results of this study. 

.4. Animal preparation 

Sheep were enrolled into the study based on minimum weight 

f 50 kg at implantation, and age of 2.0 to 4.0 years, with skeletal 

aturity confirmed. Sedation, analgesia, anaesthesia, and antibiotic 

reatments were administered pre-, intra-, and post-operatively as 

equired and according to standard animal care. Each sheep was 

ntubated, mechanically ventilated, and electrocardiogram (ECG), 

eripheral non-invasive arterial blood pressure and oxygen satura- 

ion were monitored. The surgical areas were clipped free of wool, 

crubbed with povidone iodine (Vetedine savon®, Vetoquinol), 

iped with 70% isopropyl alcohol (Savetis), painted with povidone 

odine solution (Vetedine solution®, Vetoquinol) and draped. The 

heep were placed in the lateral or supine position (for the subcu- 

aneous or cervical implantation, respectively) on a warmed pad. 

he neck of the sheep was maintained using an appropriate sup- 

ort to minimise movement during the cervical implantation pro- 

edure. A rectal temperature probe and a rumen tube were placed 

uring surgery. Two implantation procedures were performed each 

ay, one test group and one control group, with the order alter- 

ated daily to account for surgical or environmental factors. 

.5. Anterior cervical discectomy and fusion (ACDF) procedure 

For the control article, bone autografts were harvested from the 

ight iliac crest of each animal before starting the cervical implan- 

ation and stored on a saline soaked gauze to prevent drying. Upon 

ompletion of the procedures, incisions were closed using standard 

urgical technique and disinfected using povidone iodine solution 

Vetedine solution®, Vetoquinol). 

A single skin incision was made on the flank of the sheep to im- 

lant a device and also harvest bone as necessary. A pocket large 
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nough to accommodate each test article or control article (with- 

ut bone autograft) was formed by blunt dissection in the subcu- 

aneous tissue. The article was entirely introduced into the pocket. 

he skin was closed and disinfected. 

The Smith-Robinson style approach was used to access the an- 

erior surface of the cervical disc spaces to be implanted. The levels 

f the exposed cervical intervertebral discs were confirmed with 

uoroscopy. Each cervical disc level to be implanted was oper- 

ted separately, and a Caspar distractor was placed for interverte- 

ral distraction. A discectomy was performed at each implant site 

nd the endplates of the adjacent vertebral bodies were rasped 

nd burred (5.0 mm drill, Stryker®) to accommodate the arti- 

le while maintaining the posterior longitudinal ligament. Animals 

ere implanted with a test or control article at two nonadjacent 

ervical disc levels (C2/C3 and C4/C5). Surgeon blinding was not 

ossible due to visible differences between the test and control 

evices. 

After implantation, the vertebral distractor was released, and 

he anterior aspect of the vertebral bodies were prepared to pro- 

ide an even surface for placement of a cervical plate. Test and 

ontrol articles were maintained within the intervertebral space 

ith a 1-level fixation plate and two pairs of screws fixed in the 

djacent vertebrae. Immediately after implantation, radiographs of 

he cervical spine were performed (fronto-dorsal and lateral views) 

nd the position of the article was validated by the surgeon. Upon 

ompletion of the ACDF procedure, skin and muscles were closed 

sing standard surgical technique. 

.6. Clinical observations 

An individual post-operative follow-up of each animal was con- 

ucted daily during the postoperative period for 14 days post- 

urgery and then once a week until week 6. This post-operative 

xamination included but was not limited to paresis, paralysis, 

ain on palpation of the surgical sites, swelling of the surgical 

ites, abnormal neck position, and dysphagia. The implantation 

ites were examined daily for adverse reactions until sutures and 

taples removal after complete healing (approximately 2 weeks fol- 

owing surgery). A detailed clinical examination including general 

ehaviour and appearance, locomotion, posture, gastro-intestinal, 

rinary, respiratory, cardiovascular system observations, abdomi- 

al, cutaneous, subcutaneous, ocular, buccal, nasal, and genital or- 

ans and homoeostasis observations of the animals was conducted 

t least once every two weeks. Body weights were recorded to the 

earest whole kilogram every two weeks for the first 6 weeks, 

hen monthly. 

.7. Blood and wool sampling 

Venous blood was sampled prior to implantation (Day 0), at 4, 

, 13 and 20 weeks after implantation and at termination (Week 

6) for complete blood count (CBC), biochemistry and strontium 

oncentration analysis. Blood samples for strontium concentration 

nalysis were collected in EDTA K 3 and dry tubes, stored between 

25 °C to −15 °C. Blood samples for biochemistry analysis were 

ollected in dry tubes, stored at 15 °C to 25 °C, and blood samples

or complete blood count were collected in EDTA K 3 tubes, stored 

t 15 °C to 25 °C. 

Wool was sampled before implantation and at termination for 

trontium concentration analysis. Wool was collected from the 

ubcutaneous implantation area (a minimum area of approximately 

0 x 20 cm), weighed, and stored at room temperature (15 °C to 

5 °C). 

Due to the limitations on sample analysis under GLP validated 

onditions, samples collected from n = 6 of the n = 10 avail- 

ble test animals, and n = 4 of the n = 8 available control ani-
217 
als were selected for strontium analysis at each timepoint. Test- 

ng operators were blinded to the experimental group of each 

nimal. 

.8. Terminal procedure 

At week 26 following implantation, the animals were weighed 

nd euthanized by an intravenous injection of a lethal solution 

Doléthal®, Ve toquinol). Final radiographs of the whole cervical 

pine were performed (fronto-dorsal and lateral views). The subcu- 

aneous implanted sites were macroscopically examined, collected, 

nd fixed in 10% neutral buffered formalin (NBF, VWR) for storage. 

he animals were placed in supine position to allow removal of 

he ventral neck skin and head, and sampling of the mandibular 

ymph nodes. Samples were excised from the brain and the axil- 

ary and caudal deep cervical draining lymph nodes. Then the tra- 

hea and oesophagus were removed to expose the implanted cer- 

ical sites. The neck was removed from the body between C7 and 

1 vertebrae. The spinal nerves and muscle were consistently sam- 

led as close as possible to the implanted sites. Radiographs were 

erformed to localize the C4/C5 vertebrae, and the neck was sec- 

ioned between these two vertebrae. The muscle was gently dis- 

ected from the C2/C3 and C4/C5 implanted sites. 

The implanted sites were macroscopically examined and pho- 

ographed, and any gross changes in tissues surrounding each ar- 

icle were recorded using the following parameters: size, shape, 

olour, consistency, distribution, and any other observations, as ap- 

ropriate. Macroscopic implant stability, and the presence of im- 

lant and material debris were described. The two cervical sites 

ith the vertebral bodies above and below each article were orien- 

ated. The C2/C3 implanted sites were fixed in 10% neutral buffered 

ormalin (VWR, USA) for histopathologic analysis. The C4/C5 im- 

lanted sites were harvested and kept frozen ( −25 °C to −15 °C) 

ut not further evaluated. Organs (adrenals, brain, heart, kidneys, 

iver, lungs and bronchi, skeletal muscle, spinal nerves close to the 

mplanted sites, ovaries, and draining lymph nodes) were macro- 

copically examined, sampled, and fixed in 10% NBF for histopatho- 

ogic analysis. Since the two reserve test animals were not required 

o be used as replacement animals, all n = 10 test animals were 

vailable for analysis. 

.9. Clinical pathology 

Blood biochemistry and complete blood count were analysed 

or all animals, n = 10 for the test group and n = 8 for the con-

rol group. Analysis parameters for haematology complete blood 

ount were haemoglobin, total white blood cell count, and dif- 

erential white blood cell count (neutrophils, lymphocytes, mono- 

ytes, eosinophils, and basophils) – absolute and relative counts. 

nalysis parameters for clinical biochemistry were sodium, potas- 

ium, chloride, calcium, inorganic phosphorus, blood urea nitro- 

en, creatinine (serum), total cholesterol, triglycerides, total biliru- 

in, alkaline phosphatase, aspartate aminotransferase, and alanine 

minotransferase. Testing operators were blinded to the experi- 

ental group of each animal. 

.10. Histopathology 

After complete fixation in 10% NBF (VWR), lymph nodes, organs 

nd anomaly samples were dehydrated in alcohol solutions of in- 

reasing concentration, cleared in xylene, and embedded in paraf- 

n. One central transverse section per block was cut with a micro- 

ome (4.5 μm thickness) and stained with safranin-hematoxylin- 

osin (SHE). 

Organs and draining lymph nodes underwent qualitative and 

emi-quantitative histopathological analysis for any article-related 
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orphological changes, potential degradation particles and sys- 

emic effects. Histopathologic findings of the sampled organs were 

raded in severity using a five-point system of minimal, slight, 

oderate, marked, or severe according to the rules of General 

athology. Representative photomicrographs were taken of the ar- 

as of interest. Due to the limitations on sample analysis under 

LP validated conditions, samples collected from n = 6 of the 

 = 10 available test animals, and n = 4 of the n = 8 available

ontrol animals were selected for histopathological analysis. Blind- 

ng was not possible due to visible differences between the test 

nd control devices. 

.11. Statistical analysis 

The test article was evaluated and compared to the control ar- 

icle. All data have been expressed as mean ± standard devia- 

ion, along with the individual data points, unless otherwise stated. 

tatistical significance was evaluated for two groups using a two- 

ailed Student’s t -test, with normality assumed. P-value < 0.05 was 

onsidered statistically significant. 

. Results 

.1. Operative and post-operative observations indicate tolerance of 

he articles 

The bone autograft harvesting, subcutaneous implantation and 

ervical implantation of the articles were performed without dif- 

culty. The radiographs performed at the end of implantation 

howed no abnormality and good placement of the articles and 

lates/screws ( Fig. 3 ). 

Individual body weight data are shown in Table 1 . Globally, all 

heep gained weight or had a stable weight throughout the study, 

ndicating satisfactory health throughout implantation. 

Transitory swelling of the cervical sites was observed in 5/8 

62%) of the control sheep and 2/10 (20%) of the test sheep. This 
ig. 3. C2/3 Implantation of test article prior to applying supplemental fixation (left), 

adiograph of C2/3 and C4/5 implantation sites (right). 

Table 1 

Body Weight at implantation and termination. Data expressed 

Group 

Body Weight at 

Implantation (kg) 

Body Weight at 

Termination (kg) 

Control 70 ± 7 78 ± 7 

Test 65 ± 6 68 ± 8 

218 
welling was related to the surgical procedure including device 

mplantation, appearing between Day 1 and Day 13, and usually 

asted one to five days. The swelling was attributed to the surgery 

s they were observed with the same severity and frequency in 

he test and control sheep ( p > 0.05), likely affected by the limi- 

ations of assessing swelling via gross examination. Clinical abnor- 

alities such as pneumonia, liver parasites, and presence of bac- 

erial colonies in the lungs, were deemed incidental and not re- 

ated to the article implantation, since they are background dis- 

ases commonly found in farm sheep. 

.2. Clinical pathology parameters demonstrate absence of infection 

ndicators 

There were no major changes in haematology parameters at ter- 

ination after implantation of the test articles when compared to 

aseline and control values ( Table 2 ). Data for timepoints through- 

ut implantation are shown for haemoglobin ( Fig. 4 ) and total 

hite blood cell count ( Fig. 5 ). All data variations between test and

ontrol groups at each timepoint, as well as between baseline (day 

) and each timepoint for both test and control groups, are not 

tatistically significant at p < 0.05. 

.3. Blood clinical biochemistry parameters remain stable throughout 

mplantation 

There were no major changes in clinical chemistry parameters 

fter implantation of the test articles when compared to baseline 

nd control values ( Table 3 ). 

.4. Presence of test article does not affect strontium concentration in 

lood or wool 

Blood samples were analysed for strontium concentration and 

he results are shown in Fig. 6 . The presence of test article did 

ot affect strontium concentration in blood. All data variations be- 

ween baseline (day 0) and each timepoint value for the test group 
final implantation including supplemental fixation prior to site closure (centre), 

as mean ± standard deviation. 

Body Weight Variation between Termination and 

Implantation 

kg % 

8 ± 2 12 ± 4 

3 ± 4 4 ± 6 
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Table 2 

Haematology parameters at implantation and termination. Data expressed as mean ± standard deviation. 

Haematology 

Parameter Units 

Test Control 

Day 0 (Implantation) Week 26 (Termination) Day 0 (Implantation) Week 26 (Termination) 

Haemoglobin (HB) g/L 125 ± 14 120 ± 14 128 ± 13 118 ± 5 

Total White Blood Cell Count (WBC) giga/L 6.15 ± 3.05 4.98 ± 1.45 6.90 ± 1.29 5.33 ± 0.92 

Neutrophils 

(PCN) 

% WBC 53.3 ± 16.0 59.4 ± 16.0 61.1 ± 10.5 45.7 ± 10.4 

giga/L 3.47 ± 2.49 2.99 ± 1.24 4.29 ± 1.36 2.47 ± 0.81 

Eosinophils 

(PCE) 

% WBC 6.4 ± 3.1 2.4 ± 1.3 6.3 ± 2.0 3.3 ± 2.2 

giga/L 0.41 ± 0.32 0.12 ± 0.07 0.43 ± 0.14 0.17 ± 0.09 

Basophils 

(PCB) 

% WBC 0.4 ± 0.8 0.0 ± 0.0 0.2 ± 0.3 0.2 ± 0.4 

giga/L 0.02 ± 0.04 0.00 ± 0.00 0.02 ± 0.03 0.01 ± 0.02 

Lymphocytes % WBC 35.1 ± 12.7 35.3 ± 15.2 29.6 ± 10.0 47.9 ± 11.0 

giga/L 1.99 ± 0.89 1.74 ± 0.92 1.97 ± 0.61 2.54 ± 0.69 

Monocytes % WBC 4.8 ± 4.3 2.9 ± 2.5 2.8 ± 1.4 2.7 ± 2.8 

giga/L 0.25 ± 0.18 0.13 ± 0.10 0.19 ± 0.09 0.13 ± 0.12 

Fig. 4. Blood Haemoglobin content throughout implantation. 
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Fig. 5. Blood total white blood cell count throughout implantation. 

Fig. 6. Strontium Concentration in Blood throughout implantation, ∗p < 0.05. 
re not statistically significant at p < 0.05. Comparison of test and 

ontrol values at each timepoint reveal non-significant fluctuations, 

xcept for the week 13 group, which is influenced by the results of 

ne outlier animal in the test group with a naturally higher base- 

ine strontium value – Day 0 samples were taken prior to implan- 

ation, and thus represent the non-implanted strontium value for 

ach animal. Globally, standard deviations in the test group were 

igher than in control group at all time points, due to this test 

roup animal. After exclusion of the results of this sheep from the 

nalysis, standard deviations between control and test groups be- 

ame comparable, as well as mean concentrations at each time 

oint. 

Wool samples were analysed for strontium concentration and 

he results are shown in Fig. 7 . Strontium concentrations in wool 

ere similar between control and test group at Day 0, with all data 

ariations between test and control groups at each timepoint, as 

ell as between baseline (day 0) and each timepoint for both test 

nd control groups, not statistically significant at p < 0.05. The ap- 
219 
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Table 3 

Biochemistry parameters at implantation and termination. Data expressed as mean ± standard deviation. 

Biochemistry 

Parameter Units 

Test Control 

Day 0 (Implantation) Week 26 (Termination) Day 0 (Implantation) Week 26 (Termination) 

Sodium mmol/L 146 ± 2 148 ± 2 145 ± 3 146 ± 2 

Potassium (K) mmol/L 4.8 ± 0.5 4.8 ± 0.2 4.9 ± 0.3 4.7 ± 0.3 

Chlorine (Cl) mmol/L 104 ± 2 107 ± 2 103 ± 2 107 ± 2 

Calcium (Ca) mmol/L 2.54 ± 0.13 2.52 ± 0.09 2.55 ± 0.11 2.44 ± 0.12 

Inorganic Phosphorus (P) mmol/L 1.88 ± 0.45 1.84 ± 0.22 1.72 ± 0.33 1.66 ± 0.39 

Blood Urea Nitrogen (BUN) mmol/L 4.0 ± 1.0 3.2 ± 0.8 4.1 ± 0.6 3.2 ± 1.1 

Creatine, serum (CREA) μmol/L 73 ± 12 73 ± 9 84 ± 10 87 ± 11 

Total Cholesterol (CHOL) mmol/L 1.69 ± 0.39 1.59 ± 0.23 1.71 ± 0.35 1.55 ± 0.22 

Triglycerides (TG) mmol/L 0.20 ± 0.07 0.22 ± 0.06 0.18 ± 0.04 0.22 ± 0.09 

Total bilirubin (TBIL) μmol/L 1.6 ± 0.7 1.5 ± 0.6 1.9 ± 0.6 1.5 ± 1.1 

Aspartate Aminotransferase (ASAT) UI/L 162 ± 50 135 ± 40 147 ± 52 119 ± 27 

Alanine Aminotransferase (ALAT) UI/L 37 ± 8 30 ± 10 33 ± 6 31 ± 6 

Alkaline Phosphatase (ALP) UI/L 87 ± 25 97 ± 45 98 ± 42 106 ± 51 

Fig. 7. Strontium Concentration in Wool throughout implantation. 
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arent increase was more pronounced for the control group com- 

ared to the test group and was considered as physiologic or in- 

idental. The presence of test article did not affect strontium con- 

entration in sheep wool. 

.5. Presence of test article does not produce macroscopic or 

istopathological abnormalities in distant organs 

No abnormality assignable to the implanted articles was found 

n the observed organs. Hard masses in the lungs and livers of 

he sheep were observed in both groups. These observations were 

orrelated to clinical signs observed during the in-life phase. The 

istopathological analysis confirmed the diagnosis of expected dis- 

ases seen in farm sheep – pneumonia and parasites, and were 

onsidered background changes, unrelated to the articles. 

There were no treatment-related observations in the distant 

rgans. All macroscopic and histologic findings were incidental 

nd/or associated with background diseases seen in sheep kept in 

 farm environment. Implant-related histopathologic changes were 

een in the spinal nerves in two animals, one from the control 
220 
roup and one from the test group, related to the implantation 

rocedure, not the articles themselves. No muscle lesion was seen 

n any of the animals. 

There was no noticeable difference between the control and 

est article groups when looking at the lymph nodes (mandibu- 

ar, axillary, deep caudal cervical lymph nodes). Findings in 

he lymph nodes of golden-brown granular pigment, mainly 

ithin macrophages, were investigated, and determined to be 

emosiderin, a degradation product from haemoglobin, not unex- 

ected in lymph nodes as an incidental finding following surgery. 

. Discussion and conclusion 

The purpose of this nonclinical GLP study was to evaluate the 

istant tissue effects and performance of a cervical fusion cage ( Sr- 

T-Gahnite Cervical Fusion Cage ) after sheep anterior cervical dis- 

ectomy and fusion surgery. The test article was compared to a 

arketed control article ( CTL Amedica Valeo C ) in a sheep cervical 

pine fusion model 26-week post-implantation. Two cervical sites 

er sheep were implanted with either the control or the test article 

ith a third article implanted subcutaneously to increase device 

xposure. The distant tissue effects were evaluated by blood bio- 

hemistry analysis and complete blood count, as well as strontium 

osage in blood and wool throughout the study, and by qualitative 

nd semi-quantitative histopathologic analysis of selected distant 

rgans. 

Regarding the systemic effects, there were no major changes 

n haematology and clinical chemistry parameters after implanta- 

ion of the test articles when compared to control group values. 

tability of these parameters, including the absence of increased 

hite blood cells demonstrate that the implant was well tolerated 

hroughout implantation, with no observed infection indications. 

he strontium concentrations in sheep blood and wool were not 

odified after implantation of the test article, compared to the 

ontrol group values. Together, the blood and wool results reveal 

hat there is no bolus or sustained systemic distribution of stron- 

ium from the device, and no evidence of accumulation of stron- 

ium systemically; with comparison to a non-strontium-containing 

ontrol demonstrating that all fluctuations are attributable to inci- 

ental factors. While strontium has been linked to cardiovascular 

isk factors this effect is thought to be related to the ranelic acid 

ontained in the strontium ranelate medication, rather than stron- 

ium itself [26–28] . The results of this study support this, show- 

ng that there is no evidence of risk associated with the incorpo- 

ation of strontium in the Sr-HT-Gahnite fusion cage. It is specu- 

ated that any strontium released from device is excreted through 

ormal physiological body processes. In the selected organs that 

ere examined histologically, no test article-related findings were 

bserved. 
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It is acknowledged that this study is limited by only one termi- 

al timepoint being presented. This is deemed acceptable for sys- 

emic safety evaluation, but further studies that investigate the ef- 

cacy of the material for clinical use in the spine and other ap- 

lications should incorporate additional timepoints. Additionally, 

hile this study focused on systemic safety, future quantitative 

valuation of acute and local safety at the implantation site is re- 

uired. The results of this study demonstrate the systemic safety 

f the Sr-HT-Gahnite Cervical Fusion Cage following ACDF surgery 

nd continued clinical investigation of Sr-HT-Gahnite spinal devices 

s supported. 

thics approval 

The protocol of this study was approved by the NAMSA Ethi- 

al Committee. Each protocol is part of a project authorization that 

s reviewed every five years by the Ministry of Education, Higher 

ducation and Research, France. The project authorization number 

ssociated with this study is #22,062–2,019,091,916,114,859 v4. An- 

mals were managed according to the standard operating proce- 

ures of this facility. 

eclaration of Competing Interest 

The authors declare a potential competing interests through the 

artial funding of the described studies by the company Allegra 

rthopaedics. Study was performed and data generated by test fa- 

ility, NAMSA. 

cknowledgements 

The authors acknowledge the following funding sources: the 

ustralian Research Council and the Australian National Health and 

edical Research Council (APP1155767), and Allegra Orthopaedics. 

he authors acknowledge CTL Amedica for provision of the control 

rticles for comparative analysis. 

eferences 

[1] T.T. Roberts , A.J. Rosenbaum , Bone grafts, bone substitutes and orthobiologics: 

the bridge between basic science and clinical advancements in fracture heal- 
ing, Organogenesis 8 (4) (2012) 114–124 . 

[2] Grand View ResearchBone Graft And Substitutes Market Size, Share & Trends 
Analysis Report By Material Type (Allograft, Synthetic), By Application (Cran- 

iomaxillofacial, Dental, Foot & Ankle), By Region, And Segment Forecasts, 2021 
2021 –2028 [online] [Accessed 19 February 2021] . 

[3] Allied Market Research, Surgery Type (Anterior, Transforaminal, Posterior, and 

Lateral), and End User (Hospital, Clinic, Ambulatory Surgical Center, and Oth- 
ers) - Global Opportunity Analysis and Industry Forecast, in: Interbody Fu- 

sion Cage Market by Product (Lumbar, Cervical, Thoraco-lumbar, and Thoracic), 
2018, pp. 2017–2023. [online] [Accessed 19 February 2021] . 

[4] A.F. Khan , M. Saleem , A. Afzal , A. Ali , A. Khan , A.R. Khan , Bioactive behavior
of silicon substituted calcium phosphate based bioceramics for bone regenera- 

tion, Mater. Sci. Eng.: C 35 (2014) 245–252 . 

[5] J.H. Peck , D.C. Sing , S. Nagaraja , D.G. Peck , J.C. Lotz , A.E. Dmitriev , Mechanical
performance of cervical intervertebral body fusion devices: a systematic anal- 

ysis of data submitted to the Food and Drug Administration, J. Biomech. 54 
(2017) 26–32 . 

[6] J.M. Toth , M. Wang , B.T. Estes , J.L. Scifert , H.B. Seim III , A.S. Turner ,
Polyetheretherketone as a biomaterial for spinal applications, Biomaterials 27 

(3) (2006) 324–334 . 
221 
[7] R. Ma , T. Tang , Current strategies to improve the bioactivity of PEEK, Int. J. Mol.
Sci. 15 (4) (2014) 5426–5445 . 

[8] P.D. Kim , E.M. Baron , M. Levesque , Extrusion of expandable stacked interbody 
device for lumbar fusion: case report of a complication, Spine 37 (18) (2012) 

E1155–E1158 . 
[9] T.V. Le , A .A . Baaj , E. Dakwar , C.J. Burkett , G. Murray , D.A. Smith , J.S. Uribe , Sub-

sidence of polyetheretherketone intervertebral cages in minimally invasive lat- 
eral retroperitoneal transpsoas lumbar interbody fusion, Spine 37 (14) (2012) 

1268–1273 . 

[10] D.J. Gorth , S. Puckett , B. Ercan , T.J. Webster , M. Rahaman , B.S. Bal , Decreased
bacteria activity on Si3N4 surfaces compared with PEEK or titanium, Int. J. 

Nanomed. 7 (2012) 4829 . 
[11] R.H. Khonsari , P. Berthier , T. Rouillon , J.P. Perrin , P. Corre , Severe infectious

complications after PEEK-derived implant placement: report of three cases, J. 
Oral Maxillofac. Surg. Med. Pathol. 26 (4) (2014) 477–482 . 

12] N. Kumar , S.A. Ramakrishnan , K.G. Lopez , S.M.M. Pharm , M.R.D. Ramos ,

J.Y.H. Fuh , J. Hallinan , C.P. Nolan , L.M. Benneker , B.A. Vellayappan , Can PEEK
dethrone titanium as the choice implant material for metastatic spine tumor 

surgery? World Neurosurg. (2021) . 
[13] C.L. Schnee , A. Freese , R.J. Weil , P.J. Marcotte , Analysis of harvest morbidity and

radiographic outcome using autograft for anterior cervical fusion, Spine 22 (19) 
(1997) 2222–2227 . 

[14] S.I. Roohani-Esfahani , C.R. Dunstan , J.J. Li , Z. Lu , B. Davies , S. Pearce , J. Field ,

R. Williams , H. Zreiqat , Unique microstructural design of ceramic scaf- 
folds for bone regeneration under load, Acta Biomater. 9 (6) (2013) 7014–

7024 . 
[15] J.J. Li , C.R. Dunstan , A. Entezari , Q. Li , R. Steck , S. Saifzadeh , A. Sadeghpour ,

J.R. Field , A. Akey , M. Vielreicher , O. Friedrich , A novel bone substitute with
high bioactivity, strength, and porosity for repairing large and load-bearing 

bone defects, Adv. Healthc. Mater. 8 (8) (2019) 1801298 . 

[16] S.I. Roohani-Esfahani , P. Newman , H. Zreiqat , Design and fabrication of 3D 
printed scaffolds with a mechanical strength comparable to cortical bone to 

repair large bone defects, Sci. Rep. 6 (1) (2016) 1–8 . 
[17] J.J. Li , M. Ebied , J. Xu , H. Zreiqat , Current approaches to bone tissue engineer-

ing: the interface between biology and engineering, Adv. Healthc. Mater. 7 (6) 
(2018) 1701061 . 

[18] S.I. Roohani-Esfahani , Y. Chen , J. Shi , H. Zreiqat , Fabrication and characteriza-

tion of a new, strong and bioactive ceramic scaffold for bone regeneration, 
Mater. Lett. 107 (2013) 378–381 . 

[19] A. Entezari , S.I. Roohani-Esfahani , Z. Zhang , H. Zreiqat , C.R. Dunstan , Q. Li , Frac-
ture behaviors of ceramic tissue scaffolds for load bearing applications, Sci. 

Rep. 6 (1) (2016) 1–10 . 
20] G. Wang , S.I. Roohani-Esfahani , W. Zhang , K. Lv , G. Yang , X. Ding , D. Zou , D. Cui ,

X. Jiang , Effects of Sr-HT-Gahnite on osteogenesis and angiogenesis by adipose 

derived stem cells for critical-sized calvarial defect repair, Sci. Rep. 7 (1) (2017) 
1–11 . 

21] Food Drug Administration Center for Devices and Radiological Health , Guid- 
ance for Industry and FDA Staff - Class II Special Controls Guidance Document, 

Intervertebral Body Fusion Device, 2007 . 
22] Kandziora , et al. , Influence of cage design on interbody fusion in a sheep cer-

vical spine model, J. Neurosurg. 96 (3 suppl) (2002) 321–332 . 
23] F. Kandziora , R. Pflugmacher , M. Scholz , T. Eindorf , K.J. Schnake , N.P. Haas ,

Bioabsorbable interbody cages in a sheep cervical spine fusion model, Spine 

(Phila. Pa. 1976) 29 (17) (2004) 1845–1855 . 
24] M.H. Pelletier , N. Cordaro , V.M. Punjabi , M. Waites , A. Lau , W.R. Walsh ,

PEEK versus Ti interbody fusion devices resultant fusion, bone apposition, 
initial and 26-week biomechanics, Clin. Spine Surg. 29 (4) (2016) E208–

E214 . 
25] M.A. Slivka , D.B. Spenciner , H.B. Seim , W.C. Welch , H.A. Serhan , A.S. Turner ,

High rate of fusion in sheep cervical spines following anterior interbody 

surgery with absorbable and nonabsorbable implant devices,”, Spine (Phila. Pa. 
1976) 31 (24) (2006) 2772–2777 . 

26] B. Abrahamsen , E.L. Grove , P. Vestergaard , Nationwide registry-based analysis 
of cardiovascular risk factors and adverse outcomes in patients treated with 

strontium ranelate, Osteoporos. Int. 25 (2) (2014) 757–762 . 
27] J.Y. Reginster , Cardiac concerns associated with strontium ranelate, Expert 

Opin. Drug Saf. 13 (9) (2014) 1209–1213 . 

28] M.S. Ali , K. Berencsi , K. Marinier , N. Deltour , S. Perez-Guthann , L. Pedersen ,
P. Rijnbeek , F. Lapi , M. Simonetti , C. Reyes , J. Van der Lei , Comparative cardio-

vascular safety of strontium ranelate and bisphosphonates: a multi-database 
study in 5 EU countries by the EU-ADR Alliance, Osteoporos. Int. 31 (12) (2020) 

2425–2438 . 

http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0001
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0001
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0001
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0002
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0003
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0004
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0004
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0004
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0004
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0004
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0004
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0004
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0005
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0006
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0007
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0007
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0007
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0008
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0008
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0008
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0008
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0009
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0010
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0011
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0011
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0011
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0011
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0011
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0011
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0012
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0013
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0013
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0013
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0013
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0013
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0014
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0015
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0016
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0016
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0016
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0016
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0017
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0017
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0017
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0017
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0017
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0018
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0018
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0018
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0018
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0018
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0019
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0020
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0021
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0021
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0022
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0022
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0022
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0023
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0024
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0025
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0026
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0026
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0026
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0026
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0027
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0027
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028
http://refhub.elsevier.com/S1742-7061(22)00045-9/sbref0028

	\advance \chk@titlecnt \@ne Design and evaluation of 3D-printed Sr-HT-Gahnite bioceramic for FDA regulatory submission: A Good Laboratory Practice sheep study\global \chk@titlecnt =\z@ 
	1 Introduction
	2 Materials and method
	2.1 Study design
	2.2 Fabrication and identification of study materials
	2.2.1 Fabrication of test article
	2.2.2 Identification of control article
	2.2.3 Supplemental fixation

	2.3 Test facility, housing and diet
	2.4 Animal preparation
	2.5 Anterior cervical discectomy and fusion (ACDF) procedure
	2.6 Clinical observations
	2.7 Blood and wool sampling
	2.8 Terminal procedure
	2.9 Clinical pathology
	2.10 Histopathology
	2.11 Statistical analysis

	3 Results
	3.1 Operative and post-operative observations indicate tolerance of the articles
	3.2 Clinical pathology parameters demonstrate absence of infection indicators
	3.3 Blood clinical biochemistry parameters remain stable throughout implantation
	3.4 Presence of test article does not affect strontium concentration in blood or wool
	3.5 Presence of test article does not produce macroscopic or histopathological abnormalities in distant organs

	4 Discussion and conclusion
	Ethics approval
	Declaration of Competing Interest
	Acknowledgements
	References


