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Abstract: 

Object. This study aimed at evaluating the degree of bone ingrowth and bonding 

stiffness at the surface of hydroxyapatite ceramic (HAC) spacer with different porosity 

using an animal model and at discussing the ideal porous characteristics of HAC for 

anterior vertebral spacer. 

Methods. Twenty-one adult sheep (age 1-2 yrs., avg. 70kg) were used. Surgery 

consisted of lumbar anterior interbody fusion at L2/3 and L4/5, insertion of HAC (size: 

10x13x24mm) with 3 different porosities (0%, 3%, 15%) and single rod anterior 

instrumentation. At postoperative 4 and 6 months, the lumbar spine was harvested. 

Bonding conditions of bone-HAC interface were evaluated radiographically and 

biomechanically. A histologic evaluation was also conducted to examine the state of 

bone ingrowth at the surface of HAC. 

Biomechanical testing showed that the bonding strength of HAC at postoperative 6 

months were 0.047MPa in 0% porosity, 0.39MPa in 3%, and 0.49MPa in 15%. The 

histologic study showed that there was a soft tissue layer at the surface of HAC with 0% 

porosity. Direct bonding was observed between bone and HAC with 3% or 15% 

porosity. Microradiographic images showed direct bonding between the bone and HAC 

with 3% or 15% porosity. No direct bonding was observed in HAC with 0% porosity. 

Conclusions. Dense HAC anterior vertebral spacers did not achieve direct bonding to 

the bone in the sheep model. HAC vertebral spacers with 3% or 15% porosity showed 

the proof of direct bonding to the bone at postoperative 6 months. The higher porosity 

HAC spacer showed better bonding stiffness to the bone,  

 

 

 

 

 



Introduction: 

Among various biomaterials, hydroxyapatite ceramics (HAC) have been widely used 

as bone graft substitutes in spinal surgery. There are two types of HAC that have been 

used for different locations and purposes. One type of HAC is a solid structural type, 

which has been commonly used for anterior spinal fusion after cervical diskectomies or 

posterior lumbar interbody fusions.
2,10,14,16,19,23

 Another type of HAC is a morcelized 

graft material with high porosity for posterior or posterolateral spinal fusion in patients 

with unstable lumbar spine and spinal deformity.
3,11,15,18

 Up to the present, there have 

been numerous animal and clinical studies evaluating the effectiveness of HAC for 

spinal surgery with conflicting results. Some studies reported that HAC was superior or 

equivalent to autogenous bone graft
.8,10,13,16

 Pintar et al. showed that the fusion rate of 

dense HAC was similar to that of autogenous tricortical iliac bone graft in a goat 

model.
13

 Suetsuna et al. and Kim et al. reported good clinical results of anterior cervical 

fusion using porous HAC.
10,16

 On the other hand, there have been other reports 

regarding complications related to HAC, such as cracks, non-union and spinal cord 

compression due to its protrusion into the spinal canal.
5,9,23

 Recently, some investigators 

tried to use high porous HAC as a carrier material for bone morphogenic proteins and 

autogenous stem cells to supply osteoinductive and/or onsteogenic components with 

osteoconductive HAC material.
3,11,15

 



As a synthetic interbody fusion material, there have been no clinical studies regarding 

the use of porous HAC blocks or spacers for posterior lumbar interbody fusion (PLIF) 

and for anterior reconstruction surgery in the thoracolumbar spine. One of the main 

reasons for the scarcity of reports about the use of porous HAC spacer for load sharing 

purposes may be due to the relative mechanical weakness and brittleness of porous 

HAC. In order to improve the mechanical strength of HAC for PLIF or anterior 

reconstruction in the lumbar spine, some clinical studies have tried to use dense HAC 

despite less bone ingrowth at the HAC-bone interface and the possibility of loosening.
2
 

To date, the ideal porosity, pore sizes and biomechanical strength of HAC for interbody 

fusion in load bearing situations remain unclear. Since optimal porous characteristics 

and biomechanical strength of HAC may differ according to the areas to which it is 

applied in the spine, determination of porous sizes and orientations of HAC are 

indispensable for achievement of high quality fusion at bone-HAC interface and 

satisfactory long-term clinical results in anterior spinal reconstruction surgery.  

 This study aimed at evaluating the degree of bone ingrowth and bonding stiffness at 

the surface of HAC spacer with different porosity using an animal model and at 

discussing the ideal porous characteristics of HAC spacer for anterior spinal 

reconstruction. 



Materials and Methods: 

Animal model and surgical technique. Twenty-one adult male Suffolk sheep (age 1-2 

yrs., weight 65-80kg avg. 70kg) were used under an experimental protocol approved by 

the institutional animal review board. Anesthesia was induced by intravenous 

administration of ketamine(10mg/kg) and diazepam(0.15mg/kg), and maintained with 

endotracheal inhalation of 2% isoflurane throughout the operation.  

The animals were placed in the right lateral decubitous position and the left side of 

the lumbar vertebrae was exposed via a retroperitoneal approach after sterile preparation. 

After total removal of intervetebral discs at L2-3 and L4-5 and upper and lower 

cartilage endplates at both levels in order to obtain the bleeding bony surface, a HAC 

spacer (PENTAX Co., Tokyo, Japan) was inserted in these spaces with mild distraction. 

The HAC used in this study was chemically synthesized by sintering HA powder at 

1200  and shaping it into a 10x13x24mm block after fabrication (Fig.1). During 

synthesis, foaming liquid was mixed with HA powder to produce different size of pores 

in a HAC block. The animals were randomly divided into the three following groups 

according to the porosity of HAC. Group1(n=7); 0% porosity HAC (dense HAC), 

Group 2(n=7): 3% porosity HAC, Group 3(n=7): 15% porosity HAC. The surface 

image of each HAC taken with a scanning electron microscope (SEM) is shown in Fig.2. 



Compressive stiffness of 0%, 3%, and 15% HAC was 735MPa, 710MPa, and 245MPa, 

respectively. Two HAC spacers of the same porosity were implanted at L2-L3 and 

L4-L5 in each animal. After complete diskectomy and placement of HAC at L2-L3 and 

L4-L5, a single screw and rod system (Kaneda-SR, Depuy Acromed, Raynham,MA) 

were applied across L2-L3 and L4-L5 to afford immediate stability over the surgical 

sites. 

At postoperative 4 and 6 months, the animals were euthanized and the whole lumbar 

spine was harvested. In each group, 3 animals were euthanized at postoperative 4 

months and the other 4 animals at 6 months after surgery.  

Radiographic analysis. Bonding conditions of bone-HAC interface were evaluated 

radiographically using CT scan. Two HAC-bone interfaces were evaluated in each 

animal. Bonding conditions between HAC and adjacent vertebral bodies on CT images 

were classified into four grades (slip out, suspicious fusion, probable fusion, absolute 

fusion)(Fig. 3). After taking CT scans, all soft tissues and the spinal implants were 

removed from the lumbar spine. 

Biomechanical testing. Six motion segments containing HAC in each animal group 

euthanized at postoperative 6 months and 4 motion segments in each group euthanized 

at postoperative 4 months were examined biomechanically. Interfacial tensile strength 



between the HAC and the vertebral body was evaluated by a detachment test under 

displacement control using the servohydraulic MTS 858 Mini Bionix 2 System (MTS 

systems, Minneapolis, MN). The vertebral bodies around HAC spacer were removed by 

an automated burr so as to preserve the HAC-vertebral body interface. Then, the upper 

and lower bodies were anchored with stainless steel screws and secured in metal 

fixtures with polyester resin (Fig.4). The tensile load was applied to the top of the upper 

vertebral body at a constant speed of 0.5mm/sec. Load-displacement curves were 

recorded by a data-sampling program (MultiPurpose TestWare, Minneapolis, MN) on a 

personal computer (COMPAQ Deskpro EN,Houston,TX). The curves were analyzed to 

yield peak loads at tensile failure. Tensile failure strength (MPa) was calculated as the 

failure load (N) divided by the cross-sectional area of HAC-bone interface. The 

detached surface of the vertebral body was recorded by a digital camera (Nikon D1, 

Nikon Co., Tokyo, Japan) immediately after the detachment test, and the cross-sectional 

area of the HAC on digital images was measured by I mage J Software (NIH, Bethesda, 

MD).  

Histologic analysis. Four motion segments from each group were examined 

histologically. Among the 4 segments in each group, two segments were taken from the 

animals euthanized at postoperative 4 months and the other 2 were from the animals 



euthanized at postoperative 6 months. Histologic analysis was also conducted to 

examine the state of bone ingrowth at the surface of HAC. The specimens were 

subjected to undecalcified tissue processing and frontal sections of the spinal unit 

containing HAC were examined by light microscopy. The specimens were sectioned by 

a diamond saw into an appropriate thickness and were then ground to obtain 1mm 

thickness. Hematoxylin and eosin and toluidine blue-O staining were performed. Direct 

bonding of HAC to the bone was measured on a histology slide by the ratio of direct 

bonding surface to the total surface of HAC. Three slices of histology slides of one 

HAC spacer were randomly selected for measurement and the average was chosen for 

the representative value (direct bonding ratio: DBR). 

Microradigraphic analysis. Microradiographic evaluation was conducted using 

micro-CT scan (Hitachi MTC-225CB, Mecdico Corp. Japan) to examine the interface 

between the HAC and vertebral bodies of representative animal in each group. 

Statistical analysis. Chi-square test was used to analyze the data obtained by CT 

images for radiographic assessment of fusion. Unpaired t-test was used to assess the 

interfacial tensile strength and DBR. A difference of P-value less than 0.05 was 

considered to be statistically significant.  

 



Results: 

All the animals tolerated the surgery and remained alive throughout the observation 

periods with no evidence of severe pain or neurological impairment. One animal had 

postoperative superficial wound infection, which had healed within 2 weeks after 

surgery. 

Radiographic analysis. 

The results of radiographic evaluation are shown in table 1. There were 2 animals 

with 0% HAC spacer slipping out and 4 with 3% HAC slipping out from the disc space. 

There was no 15% HAC spacer slipping out on CT images. Dense HAC (0% porosity) 

showed the lowest fusion rate both at 4 months and 6 months after surgery. Fusion rates 

with 0% HAC were 0% and 25% at postoperative 4months and 6 months respectively. 

3% HAC showed 50% fusion rate at postoperative 6 months. 15% HAC showed the 

highest fusion rate (75%) at postoperative 6 months. There was no significant statistical 

difference among the groups. 

Biomechanical evaluation. 

As to bonding strength of HAC at postoperative 4 months, 15% HAC averaged 0.071

0.018MPa and 0% HAC and 3% showed 0.061 0.028MPa and 0.058 0.058Mpa 

respectively. There was no statistical difference among the groups at postoperative 4 



months. Bonding stiffness in all groups was extremely low at postoperative 4 months. 

At postoperative 6 months, averaged bonding strength was 0.047 0.026MPa in 0% 

HAC, 0.39 0.32MPa in 3% HAC, and 0.49 0.29MPa in 15% HAC. Statistical 

significance was observed in bonding strength between postoperative 4 months and 6 

months in the group of 3% and 15% HAC. There were significant statistical differences 

in bonding stiffness between 0% and 3% HAC and between 0% and 15% HAC at 6 

months after surgery.  

After the detachment test, remnant parts of 3% and 15% HAC were left at the 

detachment surface of the vertebral bodies, which showed that bonding stiffness 

between HAC and the bone was bigger than the mechanical stiffness of HAC itself 

(Fig.5). 

Histological evaluation of HAC-Bone interface. 

A soft tissue layer was observed at the interface between 0% HAC and the vertebral 

bodies. Around 0% HAC spacer, there was also cartilage tissue as well as fibrous tissue. 

There was no direct bonding between 0% HAC and the bone (Fig.6a). On the contrary, 

there were areas indicating direct bonding between 3% and 15% HAC spacer and the 

vertebral bodies (Fig.6b), though there were some areas showing soft tissues between 



HAC and the bone. There was also a new bone formation in the pores adjacent to the 

vertebral bodies in the group of 3% and 15% HAC. 

DBR (direct bonding ratio) of 0% HAC was 0% both at postoperative 4 months and 6 

months. DBR of 3% HAC at postoperative 4 months and 6 months was 11.3 13.5% and 

17.7 20.5% respectively. DBR of 15% HAC at postoperative 4 months and 6months 

was 9.1 8.0% and 20.8 27.1% respectively. Though high porous HA tended to have 

higher DBR, there was no statistically significant difference among the groups. 

Microradiographic analysis.  

Microradiographic images of 15% HAC at postoperative 6 months are shown in Fig.7. 

There was no gap between trabecular bones of the vertebral bodies and the surface of 

HAC.  

 

Discussion: 

There have been many experimental or clinical studies in terms of the clinical 

benefits and drawbacks of hydroxyapatite ceramics in spinal surgery.
4,6,9,13,21

 The main 

use of HAC in spinal surgery has been as a bone graft expander for posterolateral spinal 

fusion, interspinous blocks after cervical laminoplasty, and anterior strut graft after 

cervical diskectomy.
7,15

 To obtain better bony ingrowth into HAC, high porous HAC 



has been reported to be beneficial compared with low porous HAC.
15

  Therefore, 

industrial companies have been striving to produce higher porous HAC for 

posterolateral spinal fusion or interspinous blocks after cervical laminoplasty. However, 

since higher porosity HAC showed biomechanical weakness and brittleness, which 

often led to cracks or collapse, several reports did not recommend porous HAC for 

anterior column support after resection of intervertebral discs.
9,23

  Therefore, there 

have been some reports utilizing dense HAC spacer for anterior cervical fusion after 

discectomy.
4,13

 Our literature search revealed that the porosity of HAC clinically used 

for anterior spinal fusion had a large variety ranging from 0% to 70%.
4,9,10,13,21,23

  

Several attempts have been made to compensate the biomechanical weakness of high 

porous HAC in clinical situations by using a titanium cage as an outside shell so that the 

titanium cage sustains the load and inner HAC can act only for fusion to the adjacent 

vertebral bodies.
1,3,12,20

 Considering biomechanical characteristics of HAC with 

different porosities, hybrid types of HAC vertebral spacers would be the best so that the 

dense HAC would be outside for load bearing and inner porous HAC for direct bonding 

in a vertebral spacer. At present, however, these composite materials of HAC are not 

commercially available for clinical practice.  

To pursue the biomechanical stiffness of HAC, some industrial companies are 



producing dense HAC for anterior spinal reconstruction surgery. There have been no 

clinical and experimental studies, however, which scientifically prove what is the lowest 

porosity of HAC for direct bonding between HAC and bone when used for anterior 

column support in spinal surgery. The present animal study showed that HAC with 0% 

porosity had no possibility of direct bonding to the bone at 6 months after implantation. 

It is still unknown whether 0% HAC spacer could obtain direct bonding to the bone 

later than postoperative 6 months. This animal study showed that HAC should require at 

least 3% porosity for anterior strut graft in order to obtain direct bonding between HAC 

and the bone. Though there was no statistical difference in DBA between 3% and 15% 

porosity in the histologic evaluation, biomechanical bonding strength of 15% HAC 

tended to be superior to that of 3% HAC. This result was compatible with previous 

studies indicating that higher porosity offered greater possibility for bony ingrowth into 

the surface of HAC.
15,22

  

Taking into account the fact that compressive strength of 15% HAC is equal to 

human cortical bone of the femur, porosity lower than 15% can be used as an alternative 

graft material for anterior spinal reconstruction surgery from a biomechanical standpoint. 

Biomechanical strength of HAC decreases as its porosity increases. When HAC with 

high porosities was used for anterior strut graft, standalone HAC grafting may cause 



higher rates of collapse because of its biomechanical weakness. Some studies 

recommended the combined use of metal instrumentation with HAC spacers to afford 

more biomechanical stiffness to the surgical site for better fusion.
17,23  

Ideal porosity 

and biomechanical strength of HAC for anterior strut graft need to be identified in 

future studies.
 

 Other factors to obtain better direct bonding between HAC and the bone were its 

surface characteristics. The present study utilized smooth surfaced HAC spacers so that 

there were some animals whose 0% or 3% HAC was slipping out at the final follow-up. 

Lower rate of slipping out in 15% HAC might be due to its rough surface than that of 

0% or 3% HAC. The rough surface of HAC may be better to prevent HAC from 

slipping out at the site of implantation. Optimal surface design is another important 

factor for preventing HAC spacers from slipping out and obtaining better contact 

between HAC spacer and bone. Development in manufacturing process of HAC spacers 

may help to advance the surface design of HAC spacer in the future.  

Conclusions. 

Dense HAC anterior vertebral spacers did not achieve direct bonding to the bone at 6 

months after surgery in a sheep model. HAC vertebral spacers with 3% or 15% porosity 

showed the capability of direct bonding to the bone at postoperative 6 months. Though 



there was no statistical significance, there was a tendency that HAC with 15% porosity 

gained stronger bonding to the bone than that with 3% porosity. 
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Figure Legends: 

Fig.1: A rectangular block of HAC was used in this study. The width, height, and length 

of the block were 10mm, 13mm, and 24mm.  

Fig.2a: Surface of 0% HAC is shown by scanning electron microscope (SEM) (x3000). 

The surface of HAC is smooth and there is no pore on its surface. 

Fig.2b: Surface of 3% HAC is shown by SEM (x3000). There are numerous small pores 

seen on its surface. The pore diameter was approximately 1µm. 

Fig.2c: Surface of 15% HAC is shown by SEM (x3000). There are both small pores and 

large pores in the same image. The diameter of a small pore was 1µm and that of a large 

pore was 20µm. 

Fig.3: Radiologic finding was graded into the four following categories. Fig3.a is a 

typical CT image of slipping out of HAC spacer. Fig. 3b is suspicious fusion. Fig.3c is 

probable fusion. Fig.3d is definite fusion. 

Fig 4: This is the biomechanical testing set-up used in this study. Pure detachment 

strength at the HAC-bone interface was measured. The vertebral bodies excluding the 

area of pure HAC-bone interface was removed by an automated diamond burr. 

Fig.5: The surface of vertebral body after detachment test was shown. The remnant of 

HAC was left on the vertebral body. Since the bonding strength of HAC to the bone was 



bigger than the mechanical stiffness of HAC, the cracks occurred inside the HAC with 

3% and 15% porosity. 

Fig.6a: A histologic image of the interface between 0% HAC and bone is shown (x100). 

B indicates bone, C does cartilage and H does hydroxyapatite spacer. Soft tissue layer 

or cartilage layer was seen at the interface between 0% HAC and the bone. There was 

no evidence of direct bonding of 0% HAC to the bone. 

Fig 6b: A histologic image of 15% HAC is shown (x100). B indicates bone and H does 

hydroxyapatite spacer. Direct bonding of 15% HAC to bone is evident without any soft 

tissue layer between HAC and the bone. 

Fig.7: A microradiographic image of around 15% HAC showed that there was no gap 

between 15% HAC spacer and the bone and trabecular bone directly connected to the 

bone. B indicates bone and H does hydroxyapatite. 
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Table 1: Radiographic Evaluation of Fusion between HAC Spacer and Bone 

 

Absolute 0 0 0 0 1 3 

Probable 0 2 0 4 1 3 

Suspicious 5 5 4 2 4 2 

Slip out 1 1 2 2 0 0 

Porosity of HAC 0% 0% 3% 3% 15% 15% 

Time after Surgery 4 months 6 months 4 months 6 months 4 months 6 months 

Fusion rates 0%(0/6) 25%(2/8) 0%(0/6) 50%(4/8) 33%(2/6) 75%(6/8) 

 

Two HAC spacers were inserted in each animal and CT image of each HAC was evaluated. 

Absolute or probable fusion was defined as radiologic fusion between HAC spacer and bone. 

 




